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Abstract

Importance

Despite its efficacy, low tidal volume ventilation (LTVV) remains severely underutilized for

patients with acute respiratory distress syndrome (ARDS). Physician under-recognition of

ARDS is a significant barrier to LTVV use. We propose a computational method that

addresses some of the limitations of the current approaches to automated measurement of

whether ARDS is recognized by physicians.

Objective

To quantify patient and physician factors affecting physicians’ tidal volume selection and to

build a computational model of physician recognition of ARDS that accounts for these

factors.

Design, setting, and participants

In this cross-sectional study, electronic health record data were collected for 361 ARDS

patients and 388 non-ARDS hypoxemic (control) patients in nine adult intensive care units

at four hospitals between June 24 and December 31, 2013.
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Methods

Standardized tidal volumes (mL/kg predicted body weight) were chosen as a proxy for phy-

sician decision-making behavior. Using data-science approaches, we quantified the effect

of eight factors (six severity of illness, two physician behaviors) on selected standardized

tidal volumes in ARDS and control patients. Significant factors were incorporated in compu-

tational behavioral models of physician recognition of ARDS.

Results

Hypoxemia severity and ARDS documentation in physicians’ notes were associated with

lower standardized tidal volumes in the ARDS cohort. Greater patient height was associated

with lower standardized tidal volumes (which is already normalized for height) in both ARDS

and control patients. The recognition model yielded a mean (99% confidence interval) physi-

cian recognition of ARDS of 22% (9%-42%) for mild, 34% (19%-49%) for moderate, and

67% (41%-100%) for severe ARDS.

Conclusions and relevance

In this study, patient characteristics and physician behaviors were demonstrated to be asso-

ciated with differences in ventilator management in both ARDS and control patients. Our

model of physician ARDS recognition measurement accounts for these clinical variables,

providing an electronic approach that moves beyond relying on chart documentation or

resource intensive approaches.

Introduction

Despite a broad consensus on the virtues of translating evidence into clinical practice, adop-

tion of evidence-based practices remains slow.[1,2] The use of low tidal volume ventilation

(LTVV) for the treatment of acute respiratory distress syndrome (ARDS) is a prime example.

ARDS is a syndrome of severe acute hypoxemia and non-cardiogenic inflammatory lung

injury with high prevalence (10% of intensive care unit (ICU) admissions) and mortality (35–

46%).[3–6] In the 2000 ARDS Network trial, it was shown that lowering the volume of each

breath–i.e. using LTVV—is an effective therapy for ARDS, with a relative mortality reduction

of 20–25%[7]; since then, LTVV has become recommended practice for the management of

ARDS. [8] Despite this substantial evidence, LTVV use in clinical practice remains as low as

19%.[9–17] Several studies have examined the barriers to LTVV use, including the primary

role of physician under-recognition of ARDS.[3,6,10,12–20] However, the identification of

these barriers has not led to a substantial increase in LTVV use, suggesting a need for further

investigation.

A hallmark of healthcare quality improvement is the consistent measurement of an out-

come (ex: number of infections, checklist use, etc.). In the case of LTVV use for ARDS, mea-

surement of an outcome is challenging for multiple reasons. First, delivering LTVV is a two-

step process comprised of i) recognizing ARDS and ii) selecting and adjusting tidal volumes

based on patient response. Both steps in this process can be affected by patient characteristics.

[3,13,17,20–22] Second, while previous studies have employed LTVV use or physician docu-

mentation of ARDS as surrogates for physician recognition of ARDS, these proxies have
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limitations. The gold standard for measuring physician recognition of ARDS would be to

directly ask physicians if a patient has ARDS. While this approach has been used in the past,[3]

it introduces important biases such as the observer effect, subjective reporting, and priming

clinicians to think about ARDS.[23–25] Furthermore, it is labor and resource intense, making

it an infeasible solution for widespread implementation. An alternative method is to collect

physician documentation of ARDS from electronic health records (EHR). While this approach

is more scalable, physicians may recognize ARDS but not document it in their notes, nor

deliver LTVV despite this recognition.

We sought to use data science approaches on EHR data to address the above challenges

with measurement of physician recognition of ARDS and build an estimate of physician

recognition of ARDS that could be widely implemented. We use tidal volume selection as a

proxy for physician decision-making behavior and quantify the factors affecting tidal vol-

ume selection in both ARDS patients and a novel control cohort of patients who do not

have ARDS. We then build two models of physician recognition of ARDS that account for

these factors. Our methods not only address the issues of bias and resource availability, but

also provide insights into underlying physician behavior that have implications for effective

intervention design.

Materials and methods

Cohort development

We have previously described the development of the ARDS cohort used in this study, which

includes 362 patients who met the Berlin Definition of ARDS[5] (see summary below) via

independent clinician review and were admitted to an ICU at one academic and three commu-

nity hospitals in the Chicago region between June 24, 2013 and December 31, 2013.[16]

Berlin Definition Criteria Summary [5]

1. Hypoxemia: PaO2/FIO2� 300

2. Positive chest imaging: bilateral infiltrates (radiological signs in both lungs)

3. Presence of a known risk factor for ARDS

4. Respiratory failure not fully explained by cardiac failure or fluid overload

Abbreviations: PaO2 –partial pressure of arterial oxygen; FIO2 –fraction of inspired oxygen

For this study, we developed an additional cohort from the same time period and initial

screening population at two of the same hospitals (one academic, one community): 388

patients with acute hypoxemic respiratory failure requiring mechanical ventilation with at

least one instance of PaO2/FIO2� 300 but not with ARDS according to the above Berlin Defi-

nition (“control cohort”). We excluded patients with missing key information (predicted body

weight [PBW], gender, tidal volumes), intubation duration less than 5.67 hours (the shortest

duration of intubation in the ARDS cohort), and PBW less than 25 kg (Fig 1).

Patients were not actively recruited for either cohort, but instead all data was mined from

the electronic health record. The ARDS and control cohorts were similar across several clinical

and demographic measures (S1 Table). These cohorts are representative of the larger popula-

tion of patients with ARDS and non-ARDS acute hypoxemic respiratory failure due to our

broad inclusion criteria, and their similarity to larger cohorts (e.g., LUNG SAFE[3]) with

respect to height, weight, and hypoxemia severity. This study was approved by the Northwest-

ern University Institutional Review Board (STU00208049) with a waiver of consent on Octo-

ber 30, 2018.
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Data acquisition

All patient data was obtained from the electronic health records serving the participating hos-

pitals. We defined study entry as the start of ARDS for the ARDS cohort and the first instance

of PaO2/FIO2� 300 in the control cohort. Study end was defined as the earlier of extubation,

death, or ICU discharge. We recorded gender, height, and all PaO2/FIO2 and weights between

ICU admission and study end. We recorded all tidal volumes (VT) and plateau pressures (Pplat)

Fig 1. Flow of patient screening and enrollment for control cohort.

https://doi.org/10.1371/journal.pone.0222826.g001
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between intubation and study end where available (PPlat was not recorded at two hospitals). Note

that 22% of the ARDS cohort and 44% of the control cohort only had one unique tidal volume

over their study duration. We recorded which ICU the patient was treated in and whether an

ARDS diagnosis was documented in the critical care physician’s notes. For the control cohort, we

recorded whether or not bilateral infiltrates were present for all chest radiographs or computed

tomography scans between intubation and study end.[16] For data availability for both cohorts

and all subgroups, see S2 Table. Patients who met cohort inclusion criteria but were missing

other data points were only excluded from analyses that required those missing data points.

In this study, we use PBW as a gender-adjusted and gender-neutral measurement of height

because LTVV thresholds are defined using PBW. Any references to patient height refer to

PBW (kg) and any references to patient weight refer to a patient’s weight measured at ICU

admission (kg). We calculated PBW according to the ARDS Network definition (see below)

and defined LTVV as a standardized tidal volume (V̂T)� 6.5 mL/kg PBW.

Predicted Body Weight Equations [7]:

Male : PBW ðkgÞ ¼ 50þ 2:3 � ðheightðinÞ � 60Þ

Female : PBW ðkgÞ ¼ 45:5þ 2:3 � ðheightðinÞ � 60Þ

Significance testing

We used α = 0.01 instead of 0.05 to ensure the statistical strength of our findings [26] and

applied the Bonferroni correction for multiple hypotheses. In the regression analyses (see

Results), there were 33 comparisons where V̂T was the dependent variable, thus we set

p< 0.0003 (0.01/33) as the threshold for statistical significance for these analyses. For the

covariate analyses, the threshold was p< 0.005 (0.01/2). For the Kolmogorov–Smirnov tests in

Model Approach #2, the threshold was p< 0.003 (0.01/3).

Results

Analysis of potential factors in tidal volume selection

Factors assessed. We used the lowest standardized tidal volume (V̂T) (mL/kg PBW) for

each patient as the dependent variable in both univariable and multivariable ordinary least

squares (OLS) regressions. V̂T was used as a continuous variable. OLS regressions were imple-

mented using the statsmodels (version 0.6.1) Python package.

We determined the relationship between several factors and V̂T, choosing variables that

have been identified previously in the literature as potential barriers or facilitators of LTVV

use[11,18–21,27]: first PaO2/FIO2� 300, lowest PaO2/FIO2, highest Pplat, patient weight at ICU

admission, ARDS documentation in the patient chart, presence of bilateral infiltrates (control

only), admitting ICU (ARDS only), and patient height (we used the gender neutral PBW).

These factors comprise measures of illness severity (PaO2/FIO2, Pplat, radiographic findings),

patient characteristics (height, weight), and physician behaviors (ARDS documentation,

patient weight). Plateau pressure was included due to the previously reported practice of physi-

cians not lowering tidal volumes in ARDS patients when Pplat� 30 cm H2O.[19,22] Patient

weight was included due to the previously reported barrier of physicians using actual body

weight instead of predicted body weight in the LTVV threshold calculation [19]. Note that we

use a standardized tidal volume (V̂T) as opposed to the recorded tidal volume (VT) and PBW

is included as a control variable. Since V̂T is already normalized for PBW, we expected no
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additional remaining relationship between PBW and V̂T. Input variables were rescaled

between 0 and 1 to allow for comparison of coefficients.

Univariable analysis. The relationship between each factor and V̂T was investigated

through univariable OLS regressions for the ARDS and control cohorts (Table 1). Standard-

ized tidal volume (V̂T) decreased with worsening hypoxemia (lower PaO2/FIO2) and documen-

tation in the ARDS cohort (p< 0.0003), but not in the control cohort (Fig 2, Table 1). In both

cohorts, V̂T decreased with increasing PBW (gender neutral height, p< 0.0003, Fig 3 and

Table 1)–a surprising result since V̂T already takes PBW into consideration. Plateau pressure,

weight at ICU admission, PaO2/FIO2 at study start, admitting ICU (ARDS cohort only), and

the presence of bilateral infiltrates (control cohort only) were not associated with significant

changes in standardized tidal volume in any cohort or subgroup (Table 1, Fig 4).

Covariate analysis. The factors demonstrating a significant association with V̂T in the

univariable analyses were evaluated for covariance with each other using OLS regression.

Three factors were evaluated for covariance: PBW, lowest PaO2/FIO2, and documentation of

ARDS. PBW was not associated with increasing documentation probability (Fig 3) in both

cohorts, which was anticipated. Documentation and lowest PaO2/FIO2 were significantly cor-

related (p< 0.005) in both cohorts (Fig 2). This association was also anticipated as sicker

patients are easier to recognize. To test the strength of the documentation and lowest PaO2/

FIO2 association, we repeated the univariable analysis on the three major subgroups (ARDS

non-documented, control non-documented, and pooled documented) (Fig 4). Only PBW was

associated with lower V̂T in all three subgroups (Table 1, S3 Table). There was no association

between PBW and lowest PaO2/FIO2 in both cohorts.

Multivariable analysis. Significant factors from the univariable analyses were included in

multivariable regressions comprised of all possible linear combinations of the factors and

appropriate interaction terms (see S1 Methods). The “best” multivariable model was selected

using the Akaike and Bayesian Information Criterion (AIC, BIC).

Table 1. Predictors of lowest standardized tidal volume (mL/kg PBW) (β-coefficient [99% CI]).

Factor ARDS Control Pooled Documented

univariable multivariable univariable univariable

Predicted body weight -3.8�

[-4.7, -2.8]

-3.7�

[-4.8, -2.7]

-5.1�

[-6.0, -4.1]

-3.2�

[-5.2, -1.2]

PaO2/FIO2 ratio (lowest) 1.3�

[0.4, 2.4]

1.1

[0.3, 1.9]

0.8

[-0.1, 1.6]

2.3

[-0.3, 4.9]

Documentation -1.3�

[-1.9, -0.6]

-1.2�

[-1.9, -0.6]

-1.2

[-2.3, -0.2]

PaO2/FIO2 ratio (first) 0.7

[-0.19, 1.5]

0.3

[-0.6, 1.1]

1.2

[-0.9, 3.2]

Pplat (highest) -2.2

[-4.1, -0.3]

-1.5

[-3.2, 0.1]

-3.5

[-6.0, -1.0]

ICU admission weight 0.12

[-1.8, 2.0]

-0.4

[-1.7, 0.9]

-0.6

[-3.3, 2.2]

Bilateral infiltrates�� -0.5

[-0.9, 0.0]

Admitting ICU -0.9

[-1.9, 0.1]

� p < 0.0003

�� At least once after hypoxemia onset.

Empty cells indicate category was not used due to data being unavailable or not relevant.

https://doi.org/10.1371/journal.pone.0222826.t001
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In the ARDS cohort, the multivariable regression model that included PBW, lowest PaO2/

FIO2, and documentation as independent variables with no interaction terms resulted in the

lowest AIC and BIC (S4 Table). In this model, PBW and documentation were significantly cor-

related with V̂T (p< 0.0003), while lowest PaO2/FIO2 was not. Of these variables, PBW had the

greatest effect on V̂T (β -3.7, 99% CI -4.8 –-2.7). For the control cohort, only PBW was associ-

ated with V̂T, and therefore no multivariable analysis was performed.

Sensitivity analyses. To test the robustness of our cohort definitions, we conducted two

sensitivity analyses: 1) patients with a study duration longer than 12 hours, and 2) patients within

the 2.5–97.5 percentiles of PBW. The first sensitivity cohort is intended to capture clinician

behavior, which may require longer time scales, such as a shift change and/or patient rounds.

The second sensitivity cohort aimed to evaluate a potential disproportionate effect of PBW outli-

ers on linear trends. Neither sensitivity analyses yielded any difference in the regression results.

Construction of model of and estimation of physician recognition of ARDS

Sixty patients—44 (12.2%) in the ARDS cohort and 16 (4.2%) in the control cohort—had a

documented diagnosis of ARDS by at least one physician. While documentation of ARDS

Fig 2. Effects of lowest PaO2/FIO2 ratio on standardized tidal volume (V̂ T) and ARDS documentation in ARDS and control cohorts. Top panels show patients with

ARDS documented in their chart (purple diamonds) and non-documented patients (tan circles). Gray areas indicate LTVV range from current guidelines[7], with

dashed line at 6.5 mL/kg PBW from currently recommended threshold. Solid lines show linear (V̂ T) and logistic (documentation) fits for scatter plot data (shaded

regions, 95% confidence bands). Reported beta coefficients are for standardized inputs. � p< 0.0003, �� p< 0.0005.

https://doi.org/10.1371/journal.pone.0222826.g002
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implies that the physician recognized ARDS, lack of documentation does not imply that a phy-

sician did not recognize ARDS. Beyond their mere documentation practices, a physician’s clin-

ical management behavior (e.g., selecting a tidal volume) may shed additional light on whether

a physician believes that a patient has ARDS.

We used two approaches to more completely characterize physician recognition of ARDS.

To this end, we split the two main cohorts (ARDS and control) into three major subgroups: 1)

ARDS non-documented (n = 317), 2) Control non-documented (n = 371), and 3) Pooled doc-

umented (n = 60, Fig 4). All patients in the pooled documented cohort have a physician-docu-

mented diagnosis of ARDS in their chart. All patients in the non-documented cohorts do not

have a physician-documented diagnosis of ARDS in their chart. Our two approaches are based

on the assumption that the physician behaviors observed in the ARDS non-documented sub-

group represent a mixture of patient-care scenarios in which patients are either recognized by

their physician as having ARDS or not recognized as having ARDS. If a patient in the ARDS

non-documented subgroup was recognized by their physician as having ARDS, we assume the

physician tidal volume selection would be the same as the tidal volume selection seen in the

pooled documented subgroup. If a patient in the ARDS non-documented subgroup was not

recognized as having ARDS, we assume the physician tidal volume selection would be the

Fig 3. Effects of predicted body weight (gender neutral height) on standardized tidal volume (V̂ T) and ARDS documentation in ARDS and control cohorts. Top

panels show patients with ARDS documented in their chart (purple diamonds) and non-documented patients (tan circles). Gray areas represent LTVV range from

current guidelines[7], with dashed line at 6.5 mL/kg PBW at current recommended threshold. Solid lines show linear (V̂ T) and logistic (documentation) fits for scatter

plot data (shaded regions, 95% confidence bands). Reported beta coefficients are for standardized inputs. � p< 0.0003.

https://doi.org/10.1371/journal.pone.0222826.g003
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same as for control non-documented subgroup. Therefore, the non-documented ARDS sub-

group patients can be viewed as a mixture of the pooled documented subgroup and the non-

documented control subgroup.

Approach #1: Naïve Bayes. We used a Naïve Bayes model for classifying patients in the

non-documented ARDS subgroup as either recognized or unrecognized by their care teams.

We used multivariate kernel density estimation (KDE) to characterize the PBW vs V̂T clusters

for the pooled documented and non-documented control subgroups (Fig 5, top panels). Clas-

sifying a patient in the non-documented ARDS subgroup as recognized or unrecognized was

based on the following conditional probabilities leveraging Bayes Theorem:

PðdocumentedjPBW; V̂ TÞ

PðcontroljPBW; V̂ TÞ
¼

PðPBW; V̂ TjdocumentedÞ � PðdocumentedÞ
PðPBW; V̂ TjcontrolÞ � PðcontrolÞ

In the absence of a reasonable prior for P(documented) and P(control), we assign each term

0.5, assuming equal probability of belonging or not belonging to each subgroup. We were able

to define a boundary in the PBW vs V̂T space where P(documented | PBW, V̂ T) = P(control |
PBW, V̂ T) (Fig 5, top panels, black line). Below this boundary, P(documented | PBW, V̂ T) is

greater than P(control | PBW, V̂ T) and the patient was classified as ‘recognized’. Above this

boundary, P(documented | PBW, V̂ T) is less than P(control | PBW, V̂ T) and the patient was

classified as ‘unrecognized’. Due to the size discrepancy between the non-documented control

and pooled documented subgroups, we bootstrapped (100 iterations) the “non-documented”

control subgroup and repeated this analysis to produce confidence bands (S1 Fig).

The KDE clusters for the pooled documented and control non-documented subgroups as

well as the estimated probability equality line are shown in Fig 5. The peaks of male and female

PBW (gender neutral height) frequency (Fig 5, bottom panel) align with the two peaks in the

pooled documented subgroup (Fig 5, middle panel). Physician recognition of ARDS calculated

for each ARDS severity category was: mild, 26%; moderate, 32%; severe, 57% (Table 2).

Model #2: Mixture Model. In the second model, we incorporate V̂T, hypoxemia severity

(lowest PaO2/FIO2), and PBW with the goal of calculating the fraction of recognized patients

Fig 4. Cohort and subgroup definitions.

https://doi.org/10.1371/journal.pone.0222826.g004
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Fig 5. Kernel Density Estimation for control non-documented and pooled documented patients. Heatmaps of kernel

density estimated probability density for data from control non-documented (yellow, top panel) and documented

(purple, middle panel) subgroups. Solid line shows boundary separating region with unequal probability of belonging to
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in each Berlin Definition ARDS severity category (mild, moderate, and severe).[5] To calculate

physician recognition of ARDS, we estimated the fraction of patients recognized by physicians

in each severity category (f irecognition) from the following set of equations:

PARDSðV̂ T; PBW datajseverityÞ

¼ f irecognitionPdiagnosed ARDSðV̂ T; PBW dataÞ þ ð1 � f irecognitionÞPnon� ARDSðV̂ T; PBW datajseverityÞ

where severity can take the values “mild,” “moderate,” or “severe,” as set forth in the Berlin

Definition [5] (Table 2) and we defined the difference between the probability density func-

tions as the L1 norm:

D ¼
X
jPARDS � fi � Pdiagnosed ARDS þ ð1 � fiÞ Pnon� ARDSj

where the sum extends over all bins for values of V̂ T and PBW.

We determined the optimal value of f irecognition by minimizing Δ. Since the corresponding

optimization problem is formulated as a linear programming problem, we used CPLEX (ver-

sion 12) as a solver. To determine the uncertainty in our estimates of f irecognition, we used boot-

strapping to generate 1000 samples for PARDS (V̂T, PBW | severity) and repeated the

optimization for the bootstrapped samples. As a result, we generated distributions for the opti-

mal value of f irecognition for each hypoxemia severity category and tested the null hypothesis that

these data were drawn from the same distributions with a Kolmogorov–Smirnov test (Python

package scikit-learn (version 0.18.1)).

This approach yielded a mean (99% confidence interval) physician recognition of ARDS:

22% (9%-42%) for mild; 34% (19%-49%) for moderate; and 67% (41%-100%) for severe

(Table 2, S2 Fig). All three recognition distributions were significantly different from each

other (p< 0.003) when compared via a Kolmogorov–Smirnov test.

Discussion

We quantified the potential impact of patient characteristics and physician behaviors on the

decision-making behavior for tidal volume selection by physicians for patients with ARDS and

a novel control cohort. This quantification allowed for the construction of a model to measure

physician recognition of ARDS that is not confounded by these patient characteristics and

clinical factors. These analyses have allowed us to establish several important findings.

First, we corroborated prior studies’ findings that height, hypoxemia severity, and ARDS

documentation are associated with the use of lower tidal volumes in ARDS patients.[3,17,19–

21,27] We found no evidence for an association between other clinical factors—such as plateau

pressure or patient weight—and lower tidal volume use, which have been identified as poten-

tial barriers to LTVV use in prior studies.[11,17,19,21] These barriers may still have an impact

at the level of the individual physician, but the lack of generalizability to the entire physician

population makes them suboptimal for future intervention targets.

Second, our analyses provide additional insight into the previously established relationships

between patient height and LTVV use.[21,27] The most common lowest VT reported in the

ARDS and control cohorts were identical (450, 500, and 600 mL), and constitute 51% and 63%

of the tidal volumes for the ARDS and control cohorts, respectively. This prevalence of a small

documented (below line) and non-documented control (above line). (Bottom panel) Normalized gender frequency

across PBW for combined patient population of documented and control non-documented. Male and female peaks align

with high density regions in above heatmaps.

https://doi.org/10.1371/journal.pone.0222826.g005
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number of lowest VT suggests that clinicians are not following the canonical relationship

between height and lung size originally established in animal studies[28], but instead use a

simpler heuristic based on where the patient falls on the height spectrum of their particular

gender. This theory is supported by the idea that humans select fast and frugal heuristics under

time and knowledge limitations [29], which would both be present in clinical medicine and

heightened in critical care. The utilization of this heuristic would translate to a general use of a

lower standardized tidal volume (V̂T) for taller patients that is closer to or, in some cases,

below the LTVV threshold; which would lead to our observation of the strong relationship

between PBW and V̂T, despite that V̂T already includes PBW in its calculation. Our findings

are strong evidence that at least some delivery of LTVV may be unintentional—i.e., solely of a

default VT (450, 500, or 600 mL)—and not based on ARDS recognition or other clinical deci-

sion-making factors. While evidence for this physician behavior phenomenon has been previ-

ously reported in ARDS patient cohorts [17,27], our findings observe this behavior in a diverse

control cohort, implying that the simpler tidal volume selection heuristic use is not restricted

to ARDS patients alone.

Alternative explanations for the association between height and LTVV use in both cohorts

include some physicians believing in LTVV for patients in the control cohort or some of those

patients being classified by physicians as having ARDS. Supporting the latter possibility, 4.2%

of control cohort patients had a physician-documented diagnosis of ARDS. Nonetheless, these

alternative explanations are less likely because of the low ARDS documentation rate, low use

of LTVV in both cohorts, and the strong correlation between PBW (gender neutral height)

and V̂T in both cohorts. Another alternative explanation is physicians using a non-linear rela-

tionship between tidal volume and PBW, but this is less likely given the low variability in cho-

sen tidal volumes in both cohorts. Our results suggest that the relationship between PBW

(gender neutral height) and V̂T should be accounted for when measuring LTVV use and when

designing implementation strategies to improve LTVV use.

Third, our estimate of physician recognition of ARDS for severe ARDS was comparable to

previous studies [3], while our estimated physician recognition of ARDS rates for mild and

moderate ARDS were lower. We believe our estimated rates are more plausibly representative

of real-world practices. Unlike prior studies, the estimated physician recognition of ARDS

rates in our study do not rely on subjective reporting [18,19], the observer effect [3,9,10,13–

15], or imposed interventions such as additional training of physicians in ARDS recognition

or LTVV use.[3] Our results suggest that the potential impact of these biases was limited to

mild and moderate ARDS and was neutralized by the presence of severe ARDS. This finding

has implications for the selection of implementation strategies: while the mere presence of

severe hypoxemia may be enough to trigger physician recognition of ARDS, additional

prompting or training is required to improve recognition of mild or moderate ARDS.

Table 2. Rates of physician recognition of ARDS by hypoxemia severity.

Severity ARDS

Documented

Recognition

Approach #1: Approach #2: LUNG SAFE study [3]

n % Naïve Bayes (%) Mixture Model

(% [99% CI])

(% [95% CI])

Mild

200 < PaO2/FIO2� 300

5 6 26 22

[9, 42]

51.3

[47.5, 55.5]

Moderate

100 < PaO2/FIO2� 200

8 7 32 34

[19, 49]

65.3

[62.4, 68.1]

Severe

PaO2/FIO2� 100

24 30 57 67

[41, 100]

78.5

[74.8, 81.8]

https://doi.org/10.1371/journal.pone.0222826.t002
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Limitations

Our study has several limitations. First, it was conducted in a single metropolitan area, so we

were unable to address regional or national differences. Second, we were limited to the patient

data recorded in the EHR, which may be overlooked by physicians in lieu of other informa-

tion, such as a visual estimation of height. [30] Third, we did not evaluate physician knowledge

of ARDS or LTVV, specifically the Berlin criteria and what standardized tidal volume thresh-

old they believe qualifies as LTVV. Alternative LTVV thresholds may be justified by the layout

of the ARDS Network tidal volume table, which appears to suggest that tidal volumes ranging

from 4 to 8 mL/kg PBW qualify as LTVV.[5] Finally, we acknowledge that it is possible that

our application of the Berlin definition may have been biased, leading to misclassification of

ARDS or control status—this could also explain why some patients classified as control were

documented by their physicians as having ARDS.

Conclusions

Our findings could have implications for the design of implementation strategies to improve

LTVV use. First, we believe documentation and physician recognition of ARDS should be

unlinked. Whereas previous studies rely on documentation of ARDS as the sine qua non of

physician recognition of ARDS [11,13,16,20], there are likely to be patients whose physicians

recognized ARDS but did not document it. Our study demonstrates two novel approaches for

estimating physician recognition of ARDS that consider additional behaviors beyond docu-

mentation (e.g., tidal volume selection), providing a more complete characterization of physi-

cian recognition of ARDS. Implementation strategies—which commonly rely on behavior

change—should account for the multiple facets involved in physician recognition of ARDS,

and multiple channels of data required to measure recognition.

Second, our approach provides a measurement of physician recognition of ARDS that is

not subject to confounding by patient characteristics and clinical factors. This approach could

be integrated into EHR systems to evaluate an arbitrary number of physicians and sites, which

will allow for the comparison of physician recognition of ARDS not only between individuals

and institutions, but also over different points in time. This methodology could be used to

accurately drive interventions, like clinical decision-support or feedback, to create an even

stronger structure for improving the adoption of evidence-based practices.[31,32]

This study offers a compelling example of how data science methods can use EHR data to

provide new opportunities for measuring and addressing quality of patient care, specifically in

a complex setting such as critical care.[33] While traditional implementation studies allow a

broad analysis of the situation as a whole, they are constrained by high costs, logistical com-

plexity, and potential for bias. Our approach achieved similar, and potentially more represen-

tative results, while minimizing these disadvantages. Furthermore, our methods may be

implementable and sustainable on the local level, providing individual institutions the oppor-

tunity to continuously assess or track evidence-based medicine implementation.

Supporting information

S1 Methods. Multivariable model selection.

(DOCX)

S1 Table. Characteristics of cohorts and subgroups.

(TIF)

S2 Table. Data availability for cohorts and subgroups.

(TIF)
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S3 Table. Predictors of lowest standardized tidal volume (mL/kg PBW) in non-docu-

mented subgroups (β-coefficient [99% CI]).

(TIF)

S4 Table. Multivariable models of lowest standardized tidal volume (mL/kg PBW) in

ARDS cohort.

(TIF)

S1 Fig. Naïve Bayes boundary between recognized and unrecognized regions with 95% con-

fidence intervals from bootstrapping. Scatter plot shows pooled documented patients (purple

diamonds) and control non-documented patients (tan circles). Size of marker represents num-

ber of data points. Solid line shows boundary separating region with unequal probability of

belonging to documented (below line) and non-documented control (above line) with 95%

confidence bands from bootstrapped data (shaded region).

(TIF)

S2 Fig. Distributions of f irecognition from CPLEX analysis of bootstrapped data.

(TIF)
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