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Abstract

Background: Lung-protective ventilation (LPV) improves outcomes for patients with acute respiratory distress
syndrome (ARDS) through the administration of low tidal volumes (≤ 6.5 ml/kg predicted body weight [PBW]) with
co-titration of positive end-expiratory pressure and fraction of inspired oxygen. Many patients with ARDS, however,
are not managed with LPV. The purpose of this study was to understand the implementation barriers and
facilitators to the use of LPV and a computerized LPV clinical decision support (CDS) tool in intensive care units
(ICUs) in preparation for a pilot hybrid implementation-effectiveness clinical trial.

Methods: We performed an explanatory sequential mixed methods study from June 2018 to March 2019 to
evaluate the variation in LPV adherence across 17 ICUs in an integrated healthcare system with > 4000 mechanically
ventilated patients annually. We analyzed 47 key informant interviews of ICU physicians, respiratory therapists (RTs),
and nurses in 3 of the ICUs using a qualitative content analysis paradigm to investigate site variation as defined by
adherence level (low, medium, high) and to identify barriers and facilitators to LPV and LPV CDS tool use.

Results: Forty-two percent of patients had an initial set tidal volume of ≤ 6.5 ml/kg PBW during the measurement
period (site range 21–80%). LPV CDS tool use was 28% (site range 6–91%). This study’s main findings revealed
multi-factorial facilitators and barriers to use that varied by ICU site adherence level. The primary facilitator was that
LPV and the LPV CDS tool could be used on all mechanically ventilated patients. Barriers included a persistent gap
between clinician attitudes regarding the use of LPV and actual use, the perceived loss of autonomy associated
with using a computerized protocol, the nature of physician-RT interaction in ventilation management, and the lack
of clear organization measures of success.
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Conclusions: Variation in adherence to LPV persists in ICUs within a healthcare delivery system that was an early
adopter of LPV. Potentially promising strategies to increase adherence to LPV and the LPV CDS tool for ARDS
patients include initiating low tidal ventilation on all mechanically ventilated patients, establishing and measuring
adherence measures, and focused education addressing the physician-RT interaction. These strategies represent a
blueprint for a future hybrid implementation-effectiveness trial.

Keywords: Acute respiratory distress syndrome (ARDS), Mechanical ventilation, Computerized protocol, Clinical
decision support, Implementation, Barriers and facilitators, Mixed methods

Background
Acute respiratory distress syndrome (ARDS) occurs
when an acute lung injury (e.g., pneumonia, sepsis,
trauma) causes bilateral non-cardiogenic pulmonary
edema and hypoxemic respiratory failure requiring
mechanical ventilation [1]. An international study in 50
countries found that 10% of patients admitted to the in-
tensive care unit (ICU) and 23% of mechanically venti-
lated patients had ARDS [2]. During the 2019 novel
coronavirus (COVID-19) pandemic, 20–42% of hospital-
ized patients and 67–85% of patients admitted to the
ICU will develop ARDS [3]. ARDS is associated with
high morbidity, mortality, and healthcare cost [2, 4, 5].
Lung-protective ventilation (LPV), which combines low
tidal volume ventilation (LTVV) with step-wise co-
titration of positive end-expiratory pressure (PEEP) and
the fraction of inspired oxygen (FiO2), improves out-
comes for patients with ARDS in clinical studies [5, 6]
and is recommended by the American Thoracic Society
(ATS) Clinical Practice Guidelines [7, 8] as well as in
other recent reviews [9, 10].
Barriers to consistent use of LPV persist and have hin-

dered progress toward improved ARDS outcomes [2].
General agreement exists among physicians, respiratory
therapists (RTs), and nurses that LPV is warranted for

patients with ARDS, although studies demonstrate a
substantial divide between belief and actual practice
[11]. Identified barriers to the use of LPV include physi-
cian’s ability to recognize ARDS in a timely fashion [12,
13], lack of written protocols [14, 15], lack of concord-
ance with clinician perceptions of patient needs [11, 12,
14], and perceptions by nurses and RTs that LTVV is
more labor-intensive and that present staffing is inad-
equate to achieve full adherence [11, 14].
Intermountain Healthcare (Intermountain) was in-

volved in early ARDS network studies [5] and demon-
strated high adherence at one hospital site, but high
system-wide adherence was not attained across all sites.
We recently deployed an electronic medical record
(EMR)-integrated LPV clinical decision support (CDS)
tool to the 17 ICUs in our system designed to
standardize LPV practice across all sites and increase
overall LPV adherence. We conducted a mixed methods
study to identify barriers to utilization of LPV and the
LPV CDS tool in patients with ARDS in preparation for
a pilot hybrid implementation-effectiveness trial
(NCT03984175) designed to increase adherence to LPV
and the LPV CDS tool in ARDS patients.

Methods
We performed an explanatory, sequential mixed
methods study (quant -> QUAL) from June 2018 to
March 2019 to (1) measure the variation in adherence to
LPV and to the use of the LPV CDS tool across 17 ICU
sites and (2) understand, through qualitative interviews,
the reasons for variation and to identify implementation
barriers and facilitators to LPV and LPV CDS tool in
routine practice for patients with ARDS at three of those
ICU sites [16, 17]. The research protocol was approved
by the Intermountain Healthcare Institutional Review
Board (IRB# 1050867). We adhered to published best
practices for reporting of mixed methods studies [17, 18]
and qualitative research [19].
Intermountain Healthcare’s 17 ICUs are part of an in-

tegrated, 24-hospital system that includes frontier hospi-
tals, tertiary care centers, and a children’s hospital.
Across the system, roughly 4300 adult patients are venti-
lated annually. Approximately 20% of these ventilated
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patients have ARDS [2, 20]. To improve the use of LPV
in mechanically ventilated patients, a team of critical
care clinicians and researchers developed a novel com-
puterized ventilation protocol integrating open-loop
CDS within the EMR. In open-loop CDS systems, a clin-
ician may receive proposed setting changes from the
CDS tool, but the clinician makes the final determin-
ation each time regarding the actual setting changes.
The tool was deployed across Intermountain hospitals in
parallel with the deployment of a new system-wide EMR
(Cerner Corporation, Kansas City, MO) that began in
April 2016 and was completed in July 2017. The tool in-
tegrates four different open-loop computerized proto-
cols: an LTVV protocol, an oxygenation protocol
targeting normal oxygenation and normal or high PEEP
strategies, a weaning assessment, and a spontaneous
breathing protocol.
To initiate the use of the open-loop protocols, physi-

cians must place an electronic order for each protocol
component. Once ordered, the RT measures patient
height and sets parameters for tidal volume, respiratory
rate, FiO2, and PEEP. The protocol order does not spe-
cify the starting settings. However, if the RT does not
use an LTVV setting, the protocol will give instructions
to the RT to move to an LTVV setting. An arterial blood
gas (ABG) is obtained within 1 h. Oxygenation and ven-
tilation protocols are then run, generating instructions
for the RT to adjust or maintain FiO2, PEEP, tidal vol-
ume, and respiratory rate. The RT must accept or reject
each instruction and, if instructions are rejected, provide
a reason. The ventilation protocol is intended to run
each time an ABG result is received. The oxygenation
protocol is intended to be run after ABG results and also
every 2 h based on oxygen saturation measured from
pulse oximetry (SpO2) during each RT ventilator
assessment.
During initial deployment, LPV CDS tool implementa-

tion strategies included didactic education, communica-
tions, audit and feedback to physicians and RTs, and
executive leadership emphasis on compliance. However,
some ICUs were not achieving consistent adherence to
the initial set tidal volumes ≤ 6.5 ml/kg PBW or consist-
ent utilization of LPV CDS tools in mechanically venti-
lated patients.

Estimating adherence by site
We used two provisional measures to explore the vari-
ation in adherence by site. Using an encounter cohort of
ICU-admitted adult patients (age ≥ 18 years) receiving
invasive mechanical ventilation, we calculated the per-
centage of patient ICU encounters that were treated with
an initial set tidal volume ≤ 6.5 ml/kg PBW. For the sec-
ond measure, we calculated the percentage of patient
ICU encounters that were treated using at least one of

the four protocols in the LPV CDS tool during the stay.
The cohort excludes patients who died on the day of ad-
mission. The cohort represents data from a restricted
study time period from the IMPROVENT clinical trial
(NCT03225807). The measurement period for cohort
identification began on the date the LPV CDS tool was
deployed at each site (ranging from April 2016 to July
2017) and ended on October 31, 2017. The calculations
were made from data queried from the Intermountain
EMR systems. Spearman’s rank test was used to observe
any initial correlation between the two measures. A two-
sample test of proportions was used to explore the
differences in both measures at the aggregate level by
hospital type.

Tailored interview guide development
We developed an interview guide using a deductive,
multi-method approach: a scoping review [21–24] to
examine the barriers and facilitators to the use of LPV
and the LPV CDS tool and interventions to improve ad-
herence; a technical expert panel that included 4 critical
care physicians, 2 hospitalists/health services researchers,
2 ICU nurse managers, 1 emergency department (ED)
physician, 1 respiratory therapist (RT), and 1 implemen-
tation scientist, to identify already known or suspected
barriers to implementation (simultaneous triangula-
tion) [25]; and categorization and summary of find-
ings according to the Consolidated Framework for
Implementation Research (CFIR) [26, 27] by two ex-
perienced implementation scientists (AK, RS). This
approach is consistent with the efforts to develop
contextual implementation frameworks for complex
system interventions [28].
CFIR constructs identified as relevant through both

the scoping review and by the multi-disciplinary expert
panel formed the theoretical basis for the interview
guide questions. Common, relevant CFIR domains (and
related constructs) identified for both LPV and the LPV
CDS tool included the individual (knowledge and be-
liefs), intervention (relative advantage, adaptability, de-
sign quality, and packaging), and the inner setting
(learning climate, compatibility, and available resources).
LPV also included intervention (evidence strength and
quality) and inner setting domains (tension for change,
relative priority, and leadership engagement). The LPV
CDS tool also included individual (individual stage of
change), intervention (complexity), and inner setting do-
mains (goals and feedback). No constructs were initially
identified as relevant from the external setting and im-
plementation domains. Validated interview questions re-
lated to the selected CFIR constructs were then drawn
from the “Barriers to Physician Adherence to Practice
Guidelines” model and adapted for interdisciplinary in-
terviews to guide the assessment of knowledge, attitudes,
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and behaviors of sites and individual caregivers regard-
ing LPV use [29]. To assess the barriers and facilitators
of LPV CDS tool use, validated questions were adapted
from the “Unified Theory of Acceptance and Use of
Technology” (UTAUT) to explain user intentions to use
an information system and subsequent usage behavior
[30]. Upon completion, the interview guide and ques-
tions were reviewed by the Intermountain lead critical
care physician (CG) and respiratory therapist (CW) for
clarity and relevance.

Key informant semi-structured interviews
To understand the primary reasons for the variation in
adherence at each site using a grounded theory approach
[17, 31], key informant semi-structured interviews were
conducted using the interview guide with clinicians at
Intermountain ICUs. To ensure an information-rich
sample [32], three pilot ICU sites were selected by the
research team from the quantitative analysis. The team
used a stratified purposeful sampling approach [33]
based upon site adherence ranking (high-medium-low),
ICU type (medical/surgical, respiratory, cardiac, neuro-
logic, and thoracic), and local leadership support. Local
leadership support was determined through conversa-
tions between the system ICU leader and local site ICU
leaders. Given the study focus on patients with ARDS,
site selection was limited to medical/surgical, trauma,
and respiratory ICU sites.
A two-person team of trained, experienced qualitative

researchers (AJK, DW) conducted the key informant in-
terviews with a purposive sample of 10–20 key infor-
mants using a role-based criterion. Interview participant
roles included the ICU physician director, critical care
physicians, ICU RT manager, ICU RTs, and ICU nurses
with the goal to achieve uniform participation at each
site across roles, with an option to sample additional
roles as needed. For roles that were not limited to a sin-
gle individual at a site (intensivists, RTs, and nurses), in-
terviews continued until thematic saturation was
reached (no new ideas emerged during three consecutive
interviews for a particular role at a site) [34]. Each inter-
view was 30min. While adherence data was available to
individual sites, the investigators did not present site ad-
herence data in the discussion. Research funds were
made available on the day of each site visit at all three
sites to schedule additional clinical resources to ensure
patient coverage. Participants at each site were invited to
participate on the day of the site visit by the local ICU
director and RT manager via email or direct conversa-
tion, subject to availability. Efforts were made to identify
individuals within each role that varied in terms of years
of their experience and attitudes and beliefs regarding
LPV and the LPV CDS tool. Preliminary assessments of
attitudes and beliefs were based upon the local ICU

director or site RT manager’s experience working with
each clinician. The qualitative research team met fre-
quently during each site visit to review interview data
and to assess thematic saturation more generally and to
identify additional interview needs by role. At the end of
each site visit, emerging themes and ideas were summa-
rized and shared with system and site clinical leaders
and were used to identify follow-up interviews to ad-
dress the gaps in understanding.

Qualitative data analysis
A hybrid qualitative content analysis paradigm was ap-
plied to interview data, incorporating both directed and
open-iterative methods to provide a reflexive approach
to identify barriers and facilitators to high adherence to
the use of LPV and the LPV CDS tool [35]. A study in-
vestigator and experienced qualitative researcher (AK)
organized a preliminary codebook by interview guide
question number as the unit of analysis. (The interview
guide was originally organized deductively by relevant
CFIR construct.) Two research assistants were trained
by the study co-investigator on both the clinical and
non-clinical aspects of the study, including specific train-
ing on the use of the preliminary codebook. The study
investigator (AK) then read and conducted line-by-line
coding of a preliminary sample of five interviews using
the preliminary codebook, allowing for the open coding
of new or emerging themes not already captured. The
five transcripts were divided between the two research
assistants who separately read and independently con-
ducted line-by-line coding using a similar approach. For
each coded transcript, the study co-investigator and the
independent reviewers compared the results, agreeing on
the name and definition of each code. This codebook
was then used to assist the researchers in the analysis of
the remaining interview data.
The study team followed a similar process for the

remaining interviews. During the coding process, the
coding team met frequently to identify and agree on new
or emerging concepts not captured in the current code-
book and recoded prior transcripts accordingly. For each
coded transcript, the arbitration for discordant coding
was done through a discussion between the study co-
investigator and the assigned independent reviewer until
consensus was reached. Reported implementation bar-
riers and facilitators were then summarized according to
the levels of the CFIR framework overall, by site and by
clinical role [26]. All coding was done in Atlas.ti version
8.0 (Scientific Software Development GmbH, Berlin,
Germany).

Results
The provisional estimate of the initial set tidal volume ≤
6.5 ml/kg PBW was 42% system-wide. ICU-level
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adherence estimates ranged from 21 to 80% (Table 1).
The estimated LPV CDS tool utilization was 28%, with
ICU-level utilization ranging from 0 to 91%. The five
tertiary care hospitals accounted for 80% of the total
ICU beds and 95% of all mechanically ventilated
patients. Non-tertiary hospitals, which represent smaller
urban, rural, and frontier coverage areas, had
significantly higher rates on both adherence measures
(p < .001) and represented 5% of patient encounters.
Higher ICU-level use of the CDS tool in the
provisional estimates was positively correlated with
the percentage of patients receiving an initial low
tidal volume strategy (ρ = 0.64, p = 0.024).

Qualitative findings on ventilation and ventilator
management practices
Forty-seven key informant interviews were conducted
and analyzed at three ICU sites with varying levels of ad-
herence. Demographic characteristics by role and by site
are shown in Table 2. Saturation was reached with each
role at each site. Initial adherence estimates were incon-
sistent with comments from key informant interviews
that an initial set tidal volume of ≤ 6.5 ml/kg PBW was
the standard practice for patient care at all three sites
and that physicians consistently ordered the LPV CDS

protocols for all mechanically ventilated patients. RTs
reported that of the four protocols, the oxygenation and
ventilation protocols were the most commonly used in
actual practice. Based upon qualitative analysis of the 12
nurse interviews, the principal finding was that nurse ex-
posure to LPV management and use of the LPV CDS
tool was limited to coordinating with the RT on nurse-
related aspects of care, such as sedation management, at
all three sites. Nurses consistently stated they had no
visibility to barriers and facilitators to LPV and LPV
CDS use with limited understanding or influence regard-
ing ventilation management activities. Nurses consist-
ently reported that ventilation management was the
purview of the physician and RT. Given this, the results
below focus on physician and RT implementation bar-
riers only.

Implementation barriers and facilitators—individual/
clinician (Table 3)
Physicians at all three sites were able to recall the key
criteria for the diagnosis of ARDS. Identification of low-
to-moderate severity ARDS cases, shown to be a chal-
lenge in prior studies, remained so for physicians and
RTs in this study. Since non-ARDS mechanically venti-
lated patients were similarly started with an initial tidal

Table 1 Provisional estimates of low tidal volume and computerized protocol use by site

Sites No. of
ICUs

No. of ICU
beds

No. of months CDS tool
in place during the
measurement period

Total no. of ventilated
patient encounters during
the measurement period

Estimated % encounters
treated with initial set tidal
volume ≤ 6.5 ml/kg PBW (%)

Estimated % encounters
treated using at least one
computerized protocol (%)

Site A* 5 84 3 316 80 59

Site B 1 13 11 40 68 83

Site C 1 4 7 24 63 79

Site D 1 4 7 18 61 50

Site E* 1 16 5 65 60 91

Site F 1 6 5 0 60 0

Site G* 1 16 13 753 52 50

Site H 1 6 8 25 52 64

Site I* 1 24 11 648 38 10

Site J 1 8 9 23 30 13

Site K 1 4 11 15 27 40

Site L* 2 38 17 984 21 6

Overall 17 223 2911 42 28

Tertiary
hospitals (%)

59 80 95

Tertiary
hospitals only

10 178 2766 41 27

Non-tertiary
hospitals

7 45 145 61 47

Absolute
difference

20** 20**

*Tertiary site
**Significant at < .001
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volume setting of ≤ 6.5 ml/kg PBW, physicians felt
that the detection of ARDS was less important to
initiate a low tidal volume strategy. Once mechanical
ventilation was initiated, clinicians at the low adher-
ence site more frequently described returning to
alternative ventilation and oxygenation strategies that
they have used in the past versus applying LPV and
LPV CDS tool instructions to non-responsive
patients.

We’re happy to try it. But if it doesn’t work, we’re
not going sit and watch our patient languish when
we have something in our back pocket that in our
experience has worked fine. Physician, low-adhering
site

What we’ve found is… sometimes we’re playing
catch-up…For us it’s hard to keep at a high FIO2, at
a high PEEP, for X number of days, when in the
past we’ve had huge changes and differences as soon
as we’ve swapped to an open lung strategy. RT, low-
adhering site

At the low and moderate adherence sites, uncertainty
regarding the purpose and use of each of the four LPV
CDS tool protocols, including when it was acceptable to
depart from the protocol recommendations, was experi-
enced as impinging on clinician self-efficacy. Despite the
underlying variation in adherence, clinicians at all sites
expressed confidence in their ability to use LPV and
LPV CDS tool technology and expressed the intention to
use them to deliver patient care.

Implementation barriers and facilitators—intervention
(Table 4)
While clinicians at the low- and moderate-adhering sites
resented being told to adopt an intervention that they
did not assist in selecting and developing, physicians at
all sites felt that the use of the LPV CDS tool provided
certain advantages relative to no computerized protocol.
RTs at the high-adhering site felt that the use of the tool
actually increased their self-efficacy when implementing
an LPV strategy for ARDS patients. Critical care physi-
cians and RTs agreed that an LTV setting was beneficial
for patients with ARDS, but there was some

Table 3 Qualitative content analysis of key informant interviews—individual Consolidated Framework for Implementation Research
domain

Qualitative content analysis themes Clinician type Relevant topic Site adherence

Facilitator

Ability to describe factors associated with the diagnosis of ARDS. P LPV M, H

Detection of ARDS is not required to initiate low tidal volume or the protocols. P LPV, CDS L, M, H

High confidence in the ability to use the underlying LPV CDS tool technology for patient care. RT, P CDS L, M, H

Intent to use LPV and the LPV CDS tools RT, P LPV, CDS L, M, H

Barrier

Difficulty detecting low-to-moderate or developing ARDS in patients. P LPV L, M, H

Return to alternative ventilation and oxygenation strategies that they have been successfully
using in the past.

RT, P LPV L, M

Uncertain regarding the purpose and use of each of the four protocols in clinical care. RT CDS L, M

Uncertain when its acceptable to depart from protocol recommendations. RT CDS L, M

Clinician type—respiratory therapist (RT) and physician (P); relevant topic—lung-protective ventilation (LPV) and clinical decision support (CDS) tool; site
adherence—low (L), medium (M), and high (H)

Table 2 Key informant interview participant demographics

Participant characteristics High-adhering site Percent Moderate-adhering site Percent Low-adhering site Percent Total Percent

Sex

Male 5 29 11 61 8 67 24 51

Female 12 71 7 39 4 33 23 49

Role

Intensivist 3 18 7 39 4 33 14 30

Respiratory therapist 9 53 6 33 6 50 21 45

Nurse 5 29 5 28 2 17 12 25
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disagreement regarding the tidal volume threshold for
LTVV. Clinicians at the low-adhering site frequently
identified patient-ventilator dis-synchrony or inadequate
oxygenation as a reason to depart from LPV.

I’m always trying to adapt the ventilator as much as
possible to the work and breathing of the patient…
and trying to stay within their protocols of six mils
per kilo. But sometimes it’s extremely difficult and
near impossible. I worry because I see that patient
retracting and fighting against the ventilator and I see
more lung injury occurring. RT, low-adhering site

This misperception regarding LPV appears associated
at least in part with a misunderstanding regarding the
role and use of PEEP strategies in LPV.
As intervention facilitators, RTs, and critical care phy-

sicians felt that the LPV CDS tool was easy to use after
training and that major changes in the technology were
unnecessary. Critical care physicians noted the benefit of
being able to place a single order to facilitate patient
ventilation management with change orders only re-
quired on an exception basis for significant departures
from the LPV CDS protocols.

I really love the protocols. I worked at the Univer-
sity…and I can see the difference between not

having protocols and having protocols. [At the Uni-
versity], all the vent changes had to be actively man-
aged by the physicians…and it takes up a huge
amount of time…it allows the RTs to really just run
the protocol. Physician, high-adhering site

RTs at the high-adhering site felt that the LPV CDS
tool actually made them more responsive to their pa-
tient’s needs when considering long-term patient health.

The way that we do vent checks every two hours…
makes a big difference. We’re in the patients room
more often, having eyes on the patient and seeing
what’s going on…and then with our experience in
the protocols, I think it does help us make those de-
cisions in a faster way to wean patients and get
them off the vent. RT, high-adhering site

In contrast, RTs at the low and moderate adherence
sites felt that the use of the LPV CDS protocols slowed
their response to patient needs and increased their
workload. More experienced RTs noted that the use of
the LPV CDS tool was not necessary to adhere to an ini-
tial tidal volume setting ≤ 6.5 ml/kg, which was incon-
sistent with the correlation observed in the quantitative
data between LPV CDS tool use and initial tidal volume
setting. More experienced clinicians felt that following

Table 4 Qualitative content analysis of key informant interviews—intervention Consolidated Framework for Implementation
Research domain

Qualitative content analysis themes Clinician
type

Relevant
topic

Site
adherence

Facilitator

Agreement that low tidal volume strategies are most appropriate for ARDS patient care RT, P LPV, CDS L, M, H

Perception that use of a protocol provides certain advantages when treating patients with ARDS P CDS L, M, H

Agreement that LPV CDS tool is easy to use once trained RT, P CDS L, M, H

Belief that use of the protocols reduces physician time on ventilation management activities P CDS L, M, H

Belief that LPV CDS tool use increases self-efficacy and confidence implementing an LPV strategy
treating ARDS patients

RT CDS H

No need for significant changes in the technology design of the LPV CDS tool RT, P CDS L, M, H

Barrier

Resentment to adopting a care process they did not assist locally in selecting and developing RT, P LPV, CDS L, M

Belief that LPV strategies can include initial tidal volume settings > 6.5 ml/kg PBW RT, P LPV L

Perception that patients sometimes cannot tolerate low tidal volumes
(patient-ventilator dis-synchrony)

RT, P LPV L, M

Belief that use of the tool increases time spent on documentation activities for each patient RT CDS L, M

Discomfort with specific instructions from the LPV CDS tool given patient’s circumstances RT, P CDS L, M

Perception that LPV CDS tool use does not facilitate a quick and efficient response to patient
needs

RT CDS L, M

Perception that it is not easier to initiate a low tidal volume setting using the LPV CDS tool versus
no tool

RT CDS L, M, H

Clinician type—respiratory therapist (RT) and physician (P); relevant topic—lung-protective ventilation (LPV) and clinical decision support (CDS) tool; site
adherence—low (L), medium (M), and high (H)
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the LPV CDS tool instructions was not always necessar-
ily useful in making optimal care decisions for patients.

Most of the time…it is a high PEEP protocol.
And so let’s say they’re on a PEEP of 20. It might
prompt me to go down to 18. But I know that in
two hours, I’m going to run this again, and it’s
going to tell me again to wean the PEEP. But
with my experience, I don’t like to wean the
PEEP that fast… And when I have done that, I’ve
seen them go backwards, or I’ve seen bad things
happen and so I’m a little nervous too, I guess.
RT, moderate-adhering site

Just the timeframe. If you run it every two hours
and you’re seeing changes that need to be made…In
most situations, it’s fine. But if you actually have a
patient who is really sick, ARDS can progress really,
really quickly…It’s frustrating to be in a situation
where you know if you follow [the LPV CDS tool],
you’re going to be four hours behind the eight-ball.
RT, low-adhering site

Implementation barriers and facilitators—organization/
inner setting (Table 5)
Clinicians at the low-adhering site resented the percep-
tion that the use of LPV and the LPV CDS tool was a
system-level mandate that limited their autonomy to se-
lect ventilation and oxygenation strategies.

We’ve never been asked. We’ve never been sur-
veyed. We’ve never been talked to. We’ve been told.
Physician, low-adhering site

The lack of agreement both within and across sites re-
garding LPV adherence standards was itself a barrier to
adherence. Clinicians felt a limited degree of account-
ability to achieve high adherence without a clear under-
standing of what constitutes high adherence. The lack of
a clear definition of success impacted perceptions of the
LPV CDS tool, particularly for more influential, experi-
enced RTs who were familiar with earlier iterations of
the tool or with the use of paper-based protocols.
At low-adhering sites, some more experienced RTs

who had this view actively opposed both routine and
consistent applications of LPV as well as utilization of
the LPV CDS tool. These “anti-champions” often de-
scribed being historically given substantial autonomy for
ventilator management and tended to feel the LPV CDS
tool reduced their autonomy. Informant interviews sug-
gested these clinicians’ views were influential, impacting
general attitudes among both RTs and physicians and
low and moderate adhering regarding the benefits of
LPV and the LPV CDS tool. Limited formal training to
assist protocol users, including having convenient, ac-
cessible resources to obtain answers to questions, exac-
erbated frustrations.
While physicians did not indicate discussing the LPV

CDS tool frequently with their peers, physician discus-
sions with RTs and between RTs were commonly re-
ported. Primary reasons for discussions centered on
understanding and responding to instructions generated
by the tool. Under the process, the RT needs to log into
the EMR to conduct the ventilation assessment. Once
the required ventilation assessment is conducted, the
data is automatically loaded into the ventilator protocol.
The RT is then required to open another page and click

Table 5 Qualitative content analysis of key informant interviews—inner setting Consolidated Framework for Implementation
Research domain

Qualitative content analysis themes Clinician
type

Relevant
topic

Site
adherence

Facilitator or barrier

Perception that use of LPV and the LPV CDS tool is a system-level, top-down mandate RT, P LPV, CDS L, M, H

Frequent discussions between team members regarding the use of the LPV CDS protocols RT CDS L, M, H

Barrier

Resentment that clinicians have limited autonomy regarding selection strategies for specific patients RT, P LPV L, M

Lack of clarity at all organization levels about the definition of success using LPV and LPV CDS tool RT, P LPV, CDS L, M

Local site clinical leaders take limited accountability for improvement RT, P LPV L

Local opponents had a meaningful impact on general attitudes regarding the system approach to
LPV and the LPV CDS tool

RT, P LPV, CDS L

Limited formal training was provided to assist users in using the protocols correctly RT, P CDS L, M, H

Perception that there was no conveniently accessible place to obtain consistent answers to questions
on LPV CDS tool

RT CDS L, M

Perception that additional lab tests are required to run the LPV CDS tool RT CDS L

Type—respiratory therapist (RT) and physician (P); relevant topic—lung-protective ventilation (LPV) and clinical decision support (CDS) tool; site adherence—low
(L), medium (M), and high (H)
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for instructions and then read and accept or reject gen-
erated instructions. Reasons for declining instructions
are documented by the RT using a drop-down list. Per-
ceptions of RTs from low-performing sites were that the
additional steps and documentation in the workflow
took too much time. This was particularly true when
they had to repeatedly reject an instruction with each
ventilation assessment.

Impact of the initial approach to LPV CDS tool
implementation (Table 6)
Strategies implemented during the initial rollout led
to a meaningful increase in adherence rates for both
LPV and the LPV CDS tool but were not sufficient
alone to achieve high adherence. Sustainment efforts
following the initial rollout at each site included on-
going executive leadership emphasis in team and
organization meetings and site-level audit and feed-
back reporting. The initial LPV CDS tool implementa-
tion involved the rollout of all four components in a
phased manner by individual site following the imple-
mentation of the new EMR. At the point of this study
initiation, the phased rollout was complete and all 4
CDS tool protocols had been in place from 3 to 17
months, depending on the site. Users struggled to dis-
entangle their sentiments about the LPV CDS tool it-
self from the impact on LPV CDS tool users’
experience of system downtime and network delays
during the broader EMR rollout. There was a system
RT champion available on site during the LPV CDS
tool implementation and a system physician champion
available by phone. The lack of an organized effort to
discern from front-line clinicians what the barriers
were, however, impaired the implementation team’s
ability to understand and address concerns. Adher-
ence data was available by site but was only available
with a 3–4-month lag, limiting transparency to site
and physician-level performance.

Discussion
This study provides a rich understanding of implementa-
tion barriers and facilitators to the use of LPV and an
LPV CDS tool in ICUs in an integrated system that was
an early innovator in the use of LPV strategies, but has
yet to achieve consistent high system adherence. This
study’s main findings revealed multi-factorial facilitators
and barriers to use that varied by ICU site adherence
level. The primary facilitator was that LPV and the LPV
CDS tool could be used on all mechanically ventilated
patients. Barriers included a persistent gap between clin-
ician attitudes regarding the use of LPV and actual use,
the perceived loss of autonomy associated with using a
computerized protocol, the nature of physician-RT inter-
action in ventilation management, and the lack of clear
organization measures of success.
While clinicians consistently agreed that a set tidal

volume ≤ 6.5 ml/kg PBW was optimal for patient care,
we found more variation than expected when clinicians
were asked to define LTVV and the appropriateness of
ventilator modes other than volume control—our system
standard—for the delivery of low tidal volumes. Consist-
ent with prior studies [12, 13], clinician’s failure to
recognize less-severe ARDS cases likely impedes LPV
implementation. However, clinicians did not differentiate
ARDS and non-ARDS patients when ordering the proto-
cols or initiating an initial set tidal volume ≤ 6.5 ml/kg
PBW but applied the standard to all mechanically venti-
lated patients. The fact that clinical teams are not re-
quired to differentiate ARDS patients when making
decisions to utilize the LPV CDS tool or to initiate an
initial low tidal volume setting is an important finding
that simplifies implementation. This becomes important
in situations, such as the COVID-19 pandemic, where
ICUs are experiencing high rates of ARDS and are likely
to benefit from consistent use of LPV [36].
Consistent with earlier studies [11], physician and RT

statements that LPV strategies were most appropriate
for patients with ARDS and indicated that they were

Table 6 Qualitative content analysis of key informant interviews—implementation Consolidated Framework for Implementation
Research domain

Qualitative content analysis themes Relevant topic

Facilitator or barrier

Initial implementation strategies led to meaningful increases in adherence rates for both LPV and the LPV CDS tool.
However, the strategies were not sufficient alone to achieve high adherence.

LPV, CDS

Barrier

Initial implementation of the LPV CDS tool occurred as a small part of a large electronic medical record rollout. CDS

No organized effort to discern from front-line employees what the barriers were to use. LPV, CDS

No formally appointed implementation leaders were trained at each site. LPV, CDS

Adherence data only available with a 3–4-month lag. LPV, CDS

Deviations from the standards were not transparent to clinicians. LPV, CDS

Relevant topic—lung-protective ventilation (LPV) and clinical decision support (CDS) tool
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consistently ordered and that an initial LTVV was used
were not consistent with the provisional adherence data.
This attitude-behavior gap [37] between intent and ac-
tual practice is consistent with earlier studies demon-
strating that clinician beliefs and perceived barriers to
using LPV were not correlated with LPV initiation [11,
14]. Several factors may begin to explain this gap. Efforts
to promote adherence continued between the time when
we generated provisional measurement data and when
field interviews were conducted. These findings also sug-
gest that non-attitudinal barriers such as perceptions of
control; structural elements, such as workflows; and nor-
mative influences, including perceptions by the care
team regarding patient impact [12], may continue to
limit the use of LPV. These findings should be addressed
in the development of implementation strategies [38].
The perceived loss of autonomy associated with fol-

lowing the LPV CDS protocol tools was difficult for
more experienced RTs at low-performing sites. Under
earlier paper-based systems, more experienced RTs may
have felt empowered to function without physician or-
ders in certain circumstances. Under relationship models
theory, the traditional interaction between the physician
and RT is based upon an authority ranking dyad rela-
tionship, asymmetrically ranked in a linear hierarchy
with the critical care physician as the authority [39, 40].
At the low-performing sites, the traditional interaction
was supplanted over time by an informal, negotiated
market pricing relationship between the physician and
RT. The critical care physician sought to optimize time
in exchange for empowering more seasoned RTs to act
in the patient’s interest as the RT saw fit, without always
obtaining a physician’s order. The development of this
informal, mutually protective dyad made it difficult to
isolate and address the actual root causes of low adher-
ence. Given that positive ventilation management out-
comes are associated with the successful interaction of
the physician and the RT, implementation strategies that
target joint determinants should be considered. For
example, using encounter-level data to identify on an
exception basis those dyads that have higher non-
adherence rates and conducting simulation training with
each dyad to ensure that the required interaction is rea-
sonably scripted and understood.
The lack of a definition for successful adherence to

LPV and use of the LPV CDS tool was perceived as a
key barrier at low-adhering sites. Relevant and timely in-
formation about performance on intermediate outcomes
provides transparency at both the team level and with
accountable system leadership and improves perform-
ance [41]. Given the low-volume, high-complexity na-
ture of patient care in the ICU [42], detailed encounter-
level data enables local teams to review performance on
individual cases and diagnose implementation barriers

and facilitators in real-life settings [43]. The lack of a
definition of success also impacted perceptions of the
LPV CDS tool. Teams focused on achieving a high ad-
herence to a low initial tidal volume did not see the LPV
CDS tool as useful in achieving this goal. However,
higher-adhering sites described a broader view of the
LPV CDS tool use benefits that was embedded in the
way they do things, introducing a shared language for
treating ARDS and driving their teams toward
standardization in practice.
This study had certain limitations by design. The study

does not establish a clear causal relationship between spe-
cific implementation barriers and facilitators and adher-
ence. Adherence data available to inform site selection
was initially limited to two provisional measures of per-
formance and included all mechanically ventilated patients
undifferentiated on ARDS status. Inclusion of all mechan-
ically ventilated patients was likely not a significant weak-
ness, however, as clinicians at all three sites indicated that
ordering the protocols and use of an initial low tidal vol-
ume setting was the routine goal for all mechanically ven-
tilated patients. Given that LPV and the LPV CDS tool
protocols are used on all mechanically ventilated patients,
some comments regarding barriers and facilitators to use
may have been referencing all mechanically ventilated pa-
tients and not ARDS patients alone.
We were not able to interview all individuals in each

role at the three selected sites given practical consider-
ations but relied upon local site leadership to identify
people for the team to meet with on the day of the site
visit. Efforts were made to identify individuals within
each role that varied in terms of years of experience and
attitudes and beliefs regarding LPV and the LPV CDS
tool. Evidence of saturation at each site mitigated the
risk that important perspectives were not captured. Fur-
ther, the field interview team reviewed the site interview
list at the beginning of each site visit and debriefed
throughout the day to determine if additional individuals
should be added.
The use of researchers employed by the delivery sys-

tem may have impacted the results, highlighting poten-
tial strengths and challenges of conducting embedded
research linked to healthcare improvement [44–46].
While clear communication regarding the purpose of
the interviews was included in the consent process and
clinicians appeared forthright, we cannot rule out the
possibility that interview participants’ comments were
influenced by the investigator’s institutional alignment.
The investigators’ individual biases, including the em-
ployment relationship, may also impact results.

Conclusions
Variation in adherence to LPV persists in ICUs that
were early adopters of LPV. Multi-factorial strategies
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that address the distinctive implementation barriers and
facilitators of the ICU environment at the individual,
team, and unit level appear necessary to achieve high ad-
herence. As part of an implementation plan, organiza-
tions should consider initiating low tidal volume
ventilation on all mechanically ventilated patients, iden-
tifying and agreeing upon standard adherence measures
and designing education strategies that address
physician-RT interaction during the care process. These
strategies represent a blueprint for a future hybrid
implementation-effectiveness trial.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s43058-020-00057-x.

Additional file 1.

Abbreviations
ABG: Arterial blood gas; ARDS: Acute respiratory distress syndrome;
CDS: Clinical decision support; CFIR: Consolidated Framework for
Implementation Research; ED: Emergency department; EMR: Electronic
medical record; FiO2: Fraction of inspired oxygen; ICU: Intensive care unit;
Intermountain: Intermountain Healthcare; LPV: Lung-protective ventilation;
LPV CDS tool: Lung-protective ventilation clinical decision support tool;
LTVV: Low tidal volume ventilation; PBW: Predicted body weight;
PEEP: Positive end-expiratory pressure; RT: Respiratory therapist;
UTAUT: Unified Theory of Acceptance and Use of Technology

Acknowledgements
The authors would like to acknowledge the physicians, respiratory therapists,
and nurses of Intermountain Healthcare who contributed time and effort to
this research, as well as to their tireless efforts to “help our patients live the
healthiest lives possible.” We also want to acknowledge other participants
including Dr. Kimberly A. Brunisholz, PhD, MST, who participated in the initial
site interviews, as well as Brian Garate Reyes, a research assistant, who
supported the coding of qualitative data.

Authors’ contributions
AK, JB, IP, CG, and RS made substantial contributions to the development of
the mixed methods study design. AK, DW, LA, JJ, LC, CW, IP, CG, and RS
made substantial contributions to the acquisition, analysis, and/or
interpretation of the study data. AK, JK, IP, CG, and RS were the major
contributors in writing the manuscript. All authors read and approved the
final manuscript. Editorial services were not used in the development of this
manuscript.

Authors’ information
Not applicable.

Funding
This study was funded under a U-01 grant from the National Heart, Lung,
and Blood Institute (NHLBI) of the National Institutes of Health (NIH)
[U01HL143505]. Dr. Peltan received additional support from the National In-
stitute of General Medical Sciences (K23GM129661). Dr. Knighton received
additional support from the National Center for Advancing Translational Sci-
ences of the National Institutes of Health (KL2TR002539). The funding bodies
were not involved in the study and collection, analysis or interpretation of
the data, in writing the manuscript.

Availability of data and materials
All provisional quantitative data generated or analyzed during this study is
included as aggregated in the published article in Table 1.
The majority of qualitative data for this study is made available in the
publication tables. However, the detailed interview dataset generated and

analyzed during the current study is not publicly available due to individual
privacy concerns.

Ethics approval and consent to participate
The study was approved by the Intermountain Healthcare Institutes Review
Board, reference number IRB#1050867. All human subjects provided consent
to participate in this study and to have their de-identified interview results
disseminated for research purposes.

Consent for publication
All interview participants consented to have their de-identified interview re-
sults disseminated for research purposes, including publication.

Competing interests
AK, JK, DW, LA, JJ, LC, CW, JB, and CG—the authors have no competing
financial or non-financial interests.
IP—Dr. Peltan has research grants to the author’s institution with Asahi Kasei
Pharma, Immunexpress, Inc. and Janssen Pharmaceuticals.
RS—Dr. Srivastava is a physician founder of the I-PASS Patient Safety Institute.
His employer, Intermountain Healthcare, owns his equity in the I-PASS Pa-
tient Safety Institute.
Dr. Srivastava is supported in part by the Children’s Hospital Association for
his work as executive council member of the Pediatric Research in Inpatient
Settings (PRIS) network. Dr. Srivastava has received monetary awards,
honorariums, and travel reimbursement from multiple academic and
professional organizations for talks about pediatric hospitalist research
networks and quality of care.

Author details
1Implementation Science Research, Healthcare Delivery Institute,
Intermountain Healthcare, 5026 South State Street, 3rd Floor, Murray, UT
84107, USA. 2Population Health Sciences, University of Utah School of
Medicine, 295 Chipeta Way, Salt Lake City, UT 84108, USA. 3Best Practice
Implementation, Healthcare Delivery Institute, Intermountain Healthcare,
5026 South State Street, 3rd Floor, Murray, UT 84107, USA. 4Pulmonary and
Critical Care Research, Intermountain Healthcare, 5121 S Cottonwood St,
Murray, UT 84107, USA. 5Complex Care, Division of General Pediatrics, Boston
Children’s Hospital, Harvard Medical School, 300 Longwood Avenue, Boston,
MA 02115, USA. 6Division of Pulmonary and Critical Care Medicine,
Department of Internal Medicine, University of Utah School of Medicine, Salt
Lake City, USA. 7Division of Pulmonary and Critical Care Medicine,
Intermountain Healthcare, 5121 S Cottonwood St, Murray, UT 84107, USA.
8Intermountain Healthcare, 5121 S Cottonwood St, Murray, UT 84107, USA.
9Healthcare Delivery Institute, Intermountain Healthcare, 5026 South State
Street 3rd Floor, Murray, UT 84107, USA. 10Department of Pediatrics,
University of Utah School of Medicine, 295 Chipeta Way, Salt Lake City, UT
84108, USA.

Received: 3 May 2020 Accepted: 15 July 2020

References
1. Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell

E, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA.
2012;307(23):2526–33.

2. Bellani G, Laffey JG, Pham T. Epidemiology, patterns of care, and mortality
for patients with acute respiratory distress syndrome in intensive care units
in 50 countries. JAMA. 2016;315:788–800.

3. National Center for Immunization and Respiratory Diseases. Interim clinical
guidelines for management of patients with confirmed coronovirus disease
(COVID-19) Washington DC: Centers for Disease Control and Prevention;
2020 [Available from: https://www.cdc.gov/coronavirus/2019-ncov/hcp/
clinical-guidance-management-patients.html.

4. Herridge MS, Moss M, Hough CL, Hopkins RO, Rice TW, Bienvenu OJ, et al.
Recovery and outcomes after the acute respiratory distress syndrome
(ARDS) in patients and their family caregivers. Intensive Care Med. 2016;
42(5):725–38.

5. ARDSNetwork. Ventilation with lower tidal volumes as compared with
traditional tidal volumes for acute lung injury and the acute respiratory
distress syndrome. The Acute Respiratory Distress Syndrome Network. N
Engl J Med. 2000;342(18):1301–8.

Knighton et al. Implementation Science Communications            (2020) 1:67 Page 11 of 12

https://doi.org/10.1186/s43058-020-00057-x
https://doi.org/10.1186/s43058-020-00057-x
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html


6. Needham DM, Yang T, Dinglas VD, Mendez-Tellez PA, Shanholtz C,
Sevransky JE, et al. Timing of low tidal volume ventilation and intensive care
unit mortality in acute respiratory distress syndrome. A prospective cohort
study. Am J Respir Crit Care Med. 2015;191(2):177–85.

7. Fan E, Zakhary B, Amaral A, McCannon J, Girard TD, Morris PE, et al.
Liberation from mechanical ventilation in critically ill adults. An official ATS/
ACCP Clinical Practice Guideline. Ann Am Thorac Soc. 2017;14(3):441–3.

8. Weiss CH, McSparron JI, Chatterjee RS, Herman D, Fan E, Wilson KC, et al.
Summary for clinicians: mechanical ventilation in adult patients with acute
respiratory distress syndrome clinical practice guideline. Ann Am Thorac
Soc. 2017;14(8):1235–8.

9. Thompson BT, Chambers RC, Liu KD. Acute respiratory distress syndrome. N
Engl J Med. 2017;377(6):562–72.

10. Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med. 2013;
369(22):2126–36.

11. Weiss CH, Baker DW, Tulas K, Weiner S, Bechel M, Rademaker A, et al. A
critical care clinician survey comparing attitudes and perceived barriers to
low tidal volume ventilation with actual practice. Ann Am Thorac Soc. 2017.

12. Rubenfeld GD, Cooper C, Carter G, Thompson BT, Hudson LD. Barriers to
providing lung-protective ventilation to patients with acute lung injury. Crit
Care Med. 2004;32(6):1289–93.

13. Kalhan R, Mikkelsen M, Dedhiya P, Christie J, Gaughan C, Lanken PN, et al.
Underuse of lung protective ventilation: analysis of potential factors to
explain physician behavior. Crit Care Med. 2006;34(2):300–6.

14. Dennison CR, Mendez-Tellez PA, Wang W, Pronovost PJ, Needham DM.
Barriers to low tidal volume ventilation in acute respiratory distress
syndrome: survey development, validation, and results. Crit Care Med. 2007;
35(12):2747–54.

15. Umoh NJ, Fan E, Mendez-Tellez PA, Sevransky JE, Dennison CR, Shanholtz C,
et al. Patient and intensive care unit organizational factors associated with
low tidal volume ventilation in acute lung injury. Crit Care Med. 2008;36(5):
1463–8.

16. Palinkas LA, Aarons GA, Horwitz S, Chamberlain P, Hurlburt M, Landsverk J.
Mixed method designs in implementation research. Admin Pol Ment
Health. 2011;38(1):44–53.

17. Creswell JW. Research design: qualitative, quantitative and mixed methods
approaches. 4th ed. Thousand Oaks: Sage Publications; 2014.

18. O’Cathain A, Murphy E, Nicholl J. The quality of mixed methods studies in
health services research. J Health Serv Res Policy. 2008;13(2):92–8.

19. O’Brien BC, Harris IB, Beckman TJ, Reed DA, Cook DA. Standards for
reporting qualitative research: a synthesis of recommendations. Acad Med.
2014;89(9):1245–51.

20. Lanspa MJ, Peltan ID, Jacobs JR, Sorensen JS, Carpenter L, Ferraro JP, et al.
Driving pressure is not associated with mortality in mechanically ventilated
patients without ARDS. Crit Care (London, England). 2019;23(1):424.

21. Arksey H, O’Malley L. Scoping studies: towards a methodological framework.
Int J Soc Res Methodol. 2005;8(1):19–32.

22. Levac D, Colquhoun H, O’Brien KK. Scoping studies: advancing the
methodology. Implement Sci. 2010;5:69.

23. Peters MD, Godfrey CM, Khalil H, McInerney P, Parker D, Soares CB.
Guidance for conducting systematic scoping reviews. Int J Evid Based
Healthcare. 2015;13(3):141–6.

24. Munn Z, Peters MDJ, Stern C, Tufanaru C, McArthur A, Aromataris E.
Systematic review or scoping review? Guidance for authors when choosing
between a systematic or scoping review approach. BMC Med Res Methodol.
2018;18(1):143.

25. Morse JM. Approaches to qualitative-quantitative methodological
triangulation. Nurs Res. 1991;40(2):120–3.

26. Damschroder LJ, Aron DC, Keith RE, Kirsh SR, Alexander JA, Lowery JC.
Fostering implementation of health services research findings into practice:
a consolidated framework for advancing implementation science.
Implement Sci. 2009;4:50.

27. Kirk MA, Kelley C, Yankey N, Birken SA, Abadie B, Damschroder L. A
systematic review of the use of the Consolidated Framework for
Implementation Research. Implement Sci. 2016;11:72.

28. Rojas Smith LAM, Dy SM, Wines RC, Teixera-Poit S. Contextual frameworks
for research on the implementation of complex system interventions.
Rockville: Agency for Healthcare and Research Quality; 2014. Contract No.:
AHRQ Publication No. 14-EHC014-EF.

29. Cabana MD, Rand CS, Powe NR, Wu AW, Wilson MH, Abboud PA, et al. Why
don’t physicians follow clinical practice guidelines? A framework for
improvement. JAMA. 1999;282(15):1458–65.

30. Ammenwerth E. Technology acceptance models in health informatics: TAM
and UTAUT. Stud Health Technol Inform. 2019;263:64–71.

31. Charmaz K. Constructing grounded theory. Thousand Oaks: Sage Publishing;
2006.

32. Patton MQ. Qualitative research and evaluation methods. Thousand Oaks:
Sage Publications; 2002.

33. Palinkas LA, Horwitz SM, Green CA, Wisdom JP, Duan N, Hoagwood K.
Purposeful sampling for qualitative data collection and analysis in mixed
method implementation research. Admin Pol Ment Health. 2015;42(5):533–
44.

34. Francis JJ, Johnston M, Robertson C, Glidewell L, Entwistle V, Eccles MP,
et al. What is an adequate sample size? Operationalising data saturation for
theory-based interview studies. Psychol Health. 2010;25(10):1229–45.

35. Hsieh H-F, Shannon SE. Three approaches to qualitative content analysis.
Qual Health Res. 2005;15(9):1277–88.

36. Alhazzani W, Møller MH, Arabi YM, Loeb M, Gong MN, Fan E, et al. Surviving
Sepsis Campaign: guidelines on the management of critically ill adults with
coronavirus disease 2019 (COVID-19). Read Online: Critical Care Medicine |
Society of Critical Care Medicine. 2020;Online First.

37. Rogers E. Diffusion of Innovations. 5th ed. New York: Simon and Schuster;
2003.

38. Ajzen I. The theory of planned behavior. Organ Behav Hum Decis Process.
1991;50(2):179–211.

39. Fiske AP. The four elementary forms of sociality: framework for a unified
theory of social relations. Psychol Rev. 1992;99(4):689–723.

40. Favre M, Sornette D. A generic model of dyadic social relationships. PLoS
One. 2015;10(3):e0120882-e.

41. Lilford RJ, Brown CA, Nicholl J. Use of process measures to monitor the
quality of clinical practice. BMJ (Clinical research ed). 2007;335(7621):648–50.

42. Allen L, Knighton AJ, Wolfe D, Belnap T, Brunisholz KD, Carmichael H, et al.
Implementing evidence-based clinical practice in the critical care setting.
Qual Manag Healthcare 2020;29(2):123-125.

43. Crowe S, Cresswell K, Robertson A, Huby G, Avery A, Sheikh A. The case
study approach. BMC Med Res Methodol. 2011;11(1):100.

44. Lieu TA, Platt R. Applied research and development in health care - Time for
a Frameshift. N Engl J Med. 2017;376(8):710–3.

45. National Academy of M. In: Whicher D, Rosengren K, Siddiqi S, Simpson L,
editors. The future of health services research: advancing health systems
research and practice in the United States. Washington (DC): National
Academies Press (US). Copyright 2018 by the National Academy of Sciences.
All rights reserved; 2018.

46. Churruca K, Ludlow K, Taylor N, Long JC, Best S, Braithwaite J. The time has
come: embedded implementation research for health care improvement. J
Eval Clin Pract. 2019;25(3):373–80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Knighton et al. Implementation Science Communications            (2020) 1:67 Page 12 of 12


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Estimating adherence by site
	Tailored interview guide development
	Key informant semi-structured interviews
	Qualitative data analysis

	Results
	Qualitative findings on ventilation and ventilator management practices
	Implementation barriers and facilitators—individual/clinician (Table 3)
	Implementation barriers and facilitators—intervention (Table 4)
	Implementation barriers and facilitators—organization/inner setting (Table 5)
	Impact of the initial approach to LPV CDS tool implementation (Table 6)

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

