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Background: Acute respiratory distress syndrome (ARDS) is a common cause of
respiratory failure in patients in intensive care unit (ICU). The therapeutic value of
glucocorticoids (GCs) in the prognosis of ARDS remains controversial. The aim of this
research is studying the impacts of GCs treatment on ARDS patients in ICU.

Methods: We retrospectively studied 2,167 ARDS patients whose data were collected
from the public elCU Collaborative Research Database, among which 254 patients
who received glucocorticoid (GCs) treatment were 1:1 matched by propensity matching
analysis (PSM). The primary outcome was ICU mortality. Every oxygenation index
(PaO2/Fi02) measurement before death or ICU discharge was recorded. A joint model
(UM) which combined longitudinal sub-model (mixed-effect model) and time-to-event
sub-model (Cox regression model) by trajectory functions of PaO2/FiO2 was conducted
to determine the effects of GCs treatment on both ICU mortality and PaO2/FiO2 level and
further PaO2/FiO2’s effect on event status. The marginal structural cox model (MSCM)
adjusted the overall PaO2/FiO2 of patients to further validate the results.

Results: The result of the survival sub-model showed that GCs treatment was
significantly associated with reduced ICU mortality in ARDS patients [HR (95%
Cl) = 0.642 (0.453, 0.912)], demonstrating that GCs treatment was a protective factor
of ICU mortality. In the longitudinal sub-model, GCs treatment was not correlated to the
Pa02/FiO2. After adjusted by the JM, the HR of GCs treatment was 0.602 while GCs
was still not significantly related to PaO2/FiO2 level. The JM-induced association showed
that higher PaO2/FiO2 was a significant protective factor of mortality in ARDS patients
and the HR was 0.991 which demonstrated that one level increase of PaO2/FiO2 level
decreased 0.9% risk of ICU mortality. MSCM results also show that GCs can improve
the prognosis of patients.
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Conclusion: Rational use of GCs can reduce the ICU mortality of ARDS patients in ICU.
In addition to the use of GCs treatment, clinicians should also focus on the shifting trend
of Pa02/FiO2 level to provide better conditions for patients’ survival.

Keywords: ARDS, glucocorticoids, ICU mortality, joint model, marginal structural cox model

INTRODUCTION

Acute respiratory distress syndrome (ARDS) has a high incidence
and is one of the most common severe diseases in intensive
care unit (ICU) (1, 2), which is a manifestation of lung
parenchymal disease and represents various serious conditions,
ranging from transient dyspnea to rapid respiratory failure (3).
In the United States, about 200,000 patients are diagnosed
with ARDS each year, and about 75,000 of them die. Globally,
ARDS affects 3 million people every year, accounting for
10% of the ICU and 24% of the mechanically ventilated
patients in the ICU (4). A vital early step in the inflammatory
response to ARDS is recruiting macrophages (5), which then
combine with the vascular endothelium to penetrate the vascular
wall (pulmonary microvascular endothelial cells) and tissue
(6), leading to extravascular accumulation of protein-filled
edema fluid, which is a key pathophysiological mechanism
of ARDS. Glucocorticoids (GCs) counteract lung injury by
improving epithelial permeability, reducing edema, inhibiting
local, systemic inflammation and reducing apoptosis (7).
However, GCs use may also cause immunosuppression and drug
resistance (8). Whether corticosteroids improve the prognosis
of ARDS remains controversial (9), especially regarding their
dosage and duration. At present, a large number of studies
are further verifying the relationship between GCs and ARDS
(10, 11). A randomized trial by Tomazini et al. showed that
the use of intravenous dexamethasone can increase the survival
days of patients with COVID-19 and moderate or severe ARDS
(12). Another randomized study showed that dexamethasone
reduced 28-day mortality in COVID-19 patients on mechanical
ventilation (13). However, there are still many studies that have
shown no beneficial effects of GCs use in patients with severe
pulmonary infection or ARDS (14). For example, GCs use within
3 days of admission to the ICU has been shown to be associated
with increased 90-day mortality in patients with COVID-19 (15).
Applying the joint model (JM) to longitudinal and time to event
data has become a valuable follow-up data analysis tool (16)
that combines a linear mixed model with a Cox proportional
hazard model based on trajectory function for longitudinal
data and time-event data. Compared to the individual model,
the JM provides a more effective way to predict how event
status (survival) was impacted by treatment and estimate how
longitudinal data, usually be as biomarkers, was impacted by
treatment. In addition, the JM can induce the correlation between
the biomarker and the event status. Compared to the individual
model, JM can reduce the overall prediction bias and provides
more accurate results. Therefore, this study intends to extract
ARDS patients from the public eICU Collaborative Research
Database (eICU), and use JM to investigate the effects of GCs on
the level of PaO2/FiO2 and survival of patients.

MATERIALS AND METHODS

Data Source

The data analyzed in this study were extracted from the eICU
Collaborative Research Database, which is a public multicenter
intensive care unit (ICU) database containing data on over
200,000 patients (17, 18). As a multi-center database, eICU
contains electronic medical records among 208 hospitals from
2014-2015. All information about patient’s identity is hidden,
so the patients informed consent is not required. The author
had participated in a series of courses provided by NIH and
obtained authorization to access the eICU database after passing
the required assessment (certificate number 38601114). All data
were extracted using SQL (Structured Query Language) before
further analysis. The variables were longitudinal measurements
of PaO2/FiO2, age, sex, and race, BMI, first care unit, ventilator
use, vasopressor use, continuous renal replacement therapy
(CRRT), SOFA score, and APACHE 1V score.

Study Population

This study initially included 2,167 patients diagnosed with ARDS.
After excluded patients without an APACHE IV score, patients
with ICU stay shorter than 24h and patients with abnormal
PaO2 or FiO2 values, 1,557 patients remained, among which 254
received GCs. After 1:1 propensity score matching (PSM) for
GCs treatment status based on demographic data including age,
sex, and race, 508 patients were eventually selected for the study
(Figure 1). The primary study outcome was ICU mortality, the
secondary outcome was the effect of GCs on PaO2/FiO2.

STATISTICAL ANALYSIS
Longitudinal Data Analysis in JM

The longitudinal data were analyzed by linear mixed effect model
(Formula.1) in which Yj represents the longitudinal outcome
value of ith patient at the jth time of observation. Xjj represents
the trajectory of X of ith patient at the jth time of observation
and Ry is the random effect of ith patient at the jth time and
K’s represented other functions of co-variants of Y while &
represents the coefficient (16). Every PaO2/FiO2 measurement
was observed for each patient before death or ICU discharge.
Linear mixed-effects models were modeled by the trajectory
function and random effects to analyze the longitudinal data. The
dependent variable was PaO2/FiO2 levels, and the independent
variables were PaO2/FiO2 at admission, GCs treatment and its
two-way interaction with observational time to accurately reflect
the relationship between GCs treatment and trend of PaO2/FiO2
level for each patient (16). Adjustments of random effects were set
as the observational time in order to minimize the random noises.

Yij = Xij +§Ki + Ry (1)
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FIGURE 1 | Inclusion and exclusion flowchart of the studly.

Trajectory Function in JM

Sub-models in JM are combined by trajectory function

(Formula.2). The Xj; represents the trajectory

treatment and the trajectory of biomarker (PaO2/FiO2). Cy; and

of longitudinal

biomarker and the Z; represents the treatment (GCs) for
ith patients. The trajectory function represents the linear

relationship between observation times for

patients tj +

Cj; are considered to be random.

Xij = Coit Cii x tij + vZi (2)
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FIGURE 2 | Distribution of 1:1 propensity matching score in cluster (A) and histogram (B) match was based on demographic information included age, sex, and race.

Time-to-Event Data Analyses in JM model (GBM) is a machine learning algorithm that involves an
The time-to-event data were analyzed by the Cox proportional- iterative process using multiple regression trees to provide more
hazards model (Formula.3). The H(t) represents the hazard  accurate estimates of response variables (19). IPTW based on
function of ith patient at t, Ho(t) represents the baseline hazard  this algorithm has been proved to be effective and robust in
at t. B and o represents the coefficient of trajectory for ith  the study of two treatments. Therefore, in this paper, we use
patient and coefficient of treatment indicator at for ith patients  this algorithm to weight each patient and generate two virtual
and K’s represents other co-variables and t’s represents the  populations. The standardized mean differences (SMDs) <0.2
coefficents.Compared to traditional Cox regression (Formula.4),  between the two groups was considered to have no significant
the JM model not only reflects the relationship between treatment  difference in baseline characteristics (20). Then Cox regression
and both event and longitudinal biomarker, but also induces  was conducted again to further prove the validity of the results.
coefficient between biomarker and events. To determine the  Continuous variables were described as median and interquartile
association between GCs treatment and ICU mortality. Cox  values based on their normality and P-values were calculated
proportional risk regression analysis was adjusted for imbalance by Kruskal-Wallis test. Categorical variables were described as

variables between the two groups. number and percentage values, with P-values calculated using
chi-square tests. All statistical analyses were conducted using R
H(t) = Ho(t)exp(BXij + aZi TKj) (3)  software, the JM was constructed using the “JM” package, and

the IPTW was constructed using the “twang” package. A two-side

p-value <0.05 was considered statistically significant.
H(t) = Ho(t)exp(aZi TK;) (4)

Marginal Structural Cox Model

Whether or not patients with ARDS received GCs during ICU  RESULTS

hospitalization was considered a time-dependent variable in

MSCM. Potential baseline confounding factors such as age, sex, ~Patient Characteristics

race, BMI, ICU unit type, ventilator use, vasopressor use, CRRT, =~ Among the 508 ARDS patients after PSM, 254 patients
SOFA, and Apache IV were obtained within 24h of admission  received GCs treatment (Figure 2). Table 1 lists the baseline
to the ICU. PaO2/FiO2 throughout ICU hospitalization was  characteristics of the between GCs groups. The result showed that
included in the model as a time-varying confounding factor.  after the match for demographic information, patients between
The parameters of the MSCM can be estimated using inverse =~ GCs groups were different from first admitted PaO2/FiO2 and
probability of treatment weighing (IPTW). The gradient boosted ~ ventilator use.
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TABLE 1 | Baseline characteristics between GCs unreceived/received group.

GCs unreceived GCs received P
N 254 254
Age (year) 60.00 (49.00, 69.00) 59.00 (49.00, 69.00) 0.655
Sex (%) 1.000
Male 125(49.2) 125(49.2)
Female 129 (50.8) 129 (50.8)
Race (%) 0.080
White 189 (74.4) 178 (70.1)
Black 21(8.3) 37 (14.6)
Others 44 (17.3) 39 (15.4)
BMI 28.76 (24.39, 36.81) 29.10 (24.52, 35.58) 0.770
First care unit (%) 0.235
clcua 40 (15.7) 44 (17.3)
sicuP 174 (68.5) 154 (60.6)
MICU 33 (13.0) 48 (18.9)
NICU® 7(2.8) 8(3.1)
Ventilator (%)
no 101 (39.8) 42 (16.5) <0.001
yes 153 (60.2) 212 (83.5)
Vasopressor (%)
no 140 (55.1) 124 (48.8) 0.183
yes 114 (44.9) 130 (51.2)
CRRT (%) 0.247
no 214 (84.3) 203 (79.9)
yes 40 (15.7) 51 (20.1)
First PaO2/FiO2 134.77(83.00,219.76)  113.06(75.00,170.00) 0.004
Apache IV score 75.50 (60.25, 96.75) 78.50 (58.00, 99.75) 0.680
SOFA score 8.00(6.00,11.00) 7.00(6.00,10.00) 0.155

ajnclude Cardiac ICU, CCU-CTICU, CTICU, CSICU; Pinclude Med-sug ICU, SICU;
Crepresent Neuro ICU.

Joint Model

The distribution of longitudinal observation of 7,789 PaO2/FiO2
measurements can be shown using trajectory function and
plotted using interaction figures. Figure 3 shows the density
of PaO2/FiO2 values and the trajectory of each patient
in different time periods. This plot indicates that most
observations were concentrated in the first 5 days after
patient admission. The result of multivariable Cox regression
demonstrated that GCs treatment was associated with ICU
mortality in ARDS patients [HR (95% CI) =0.642 (0.453,
0.912)], demonstrating that receiving GCs treatment is a
protective factor in ARDS patients. The Survival curve also
showed that GCs received group had lower risk of ICU
mortality (P = 0.012) (Figure 4). Linear mixed-effects models
demonstrated that GCs treatment was not correlated to
PaO2/FiO2 trajectory after controlled by potential confounders.
The result revealed that GCs had no effect on trend of
PaO2/FiO2 level. The JM combined the linear mixed-effects
model and the Cox regression model to a less biased and
fixed result for both models. The results indicated that after
the adjustment, GCs treatment was still a protective factor for

ARDS patients (HR = 0.602), indicating that patients who
received GCs treatments had 39.8% lower risk of mortality.
In the JM, GCs was still not related to PaO2/FiO2. The JM
also demonstrated an association between PaO2/FiO2 and the
event status (HR = 0.991), indicating that one unit increase
in PaO2/FiO2 will lower 0.9% of the ICU mortality risk
of ARDS patients (Table 2).

Marginal Structural Cox Model

In our study, the MSCM included patients’ overall PaO2/FiO2,
GCs treatment during ICU hospitalization, and baseline
characteristics within 24h after admission. SMDs after IPTW
were <0.2 in both groups of virtual population. Baseline
characteristics were shown in Supplementary Table 1. MSCM
results showed that GCs use was associated with a significant
improvement in ICU mortality in the ARDS population
[HR (95%CI) = 0.597 (0.552, 0.646); P < 0.001]. See
Table 2.

DISCUSSION

In the present study, although the GCs was not significantly
associated with the improvement of PaO2/FiO2, under the
Cox sub-model, the JM, and the MSCM results showed that
receiving GCs may reduce the ICU mortality of patients
with ARDS. And the longitudinal sub-model showed that
increased PaO2/FiO2 also had beneficial effects on the survival
of ARDS patients. There is extensive evidence that the use
of GCs can reduce systemic inflammation and accelerate the
regression of ARDS, and it is also involved in adaptive lung
repair and the improvement of extrapulmonary physiology
(21, 22). The mechanism is that GCs can stimulate and
promote the apoptosis of helper T cells, inhibit the production
of pro-inflammatory cytokines, reduce the snowball effect of
inflammatory response from the source (23), inhibit adhesion
expression molecules, prevent them from rolling and adhesion
in the inflammatory site, and weaken the chemotaxis of
neutrophils (24). CCs can also induce membrane coupling
protein expression and promote the separation and apoptosis of
neutrophils, therefore inhibiting the inflammatory response and
induce macrophage gene expression (25), increase macrophage
phagocytic activity, improve natural immune function, and
inhibit the excessive proliferation of capillaries and fibroblasts
and the onset of pulmonary fibrosis (26). There are many
studies supporting the effectiveness of GCs in the treatment
of ARDS, for example, a multi-center study showed that
early administration of GCs can reduce the duration of
mechanical ventilation and overall mortality in patients with
confirmed moderate to severe ARDS (27). A meta-analysis
of 1703 COVID-19 patients showed systemic corticosteroid
administration was associated with lower 28-day all-cause
mortality (28). So GCs seem to be a treatment for acute
respiratory distress syndrome. The oxygenation index is a
vital sign for the diagnosis of ARDS. The Berlin definition
is classified by hypoxia severity, suggesting that more-severe
hypoxia increases the probability of mortality and the survival
time with mechanical ventilation (29). JM result indicated similar
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trends, with the risk of death decreasing by 0.9% for each unit
increase in PaO2/FiO2. In our study, the use of GCs had no
effect on PaO2/FiO2 trends but the reduced 39.8% of mortality
rate. Plenty of factors affect the oxygenation index, the most
common factors include the concentration of inhaled oxygen
and PEEP (30). In patients with ARDS, the primary goal of GCs

therapy is to improve pulmonary and systemic inflammatory
conditions, and the improvement of PaO2/FiO2 may also require
ventilator and other comprehensive treatments. Therefore,
combining the GCs treatment and rational management
of PaO2/FiO2 could significantly increase the survival of
ARDS patients.
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STRENGTHS AND LIMITATIONS OF THE
STUDY

As a multi-center study, the results of this study are more
representative and reliable. The matching results of PSM
show that confounding factors are well-adjusted. Compared
with independent Cox regression, JM has less bias and more
accurate correlation coefficients, so the results of this article
have higher reliability. In addition, we use the MSCM to
further verify the results. Of course, this study only also

had limitations. This research only analyzed whether patients
received GCs treatment but did not specifically analyze the type,
dose, and duration of GCs, which needs further analysis in
the future.

CONCLUSIONS

The rational use of GCs therapy can reduce the ICU mortality
of ARDS. Although GCs cannot improve PaO2/FiO2, combining
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TABLE 2 | Result of effects between two sub-models, joint model and marginal structural cox model.

coxX LME JM MSCM

HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P HR(95%Cl) P
Treatment effect on survive 0.642 (0.453,0.912)  0.013 0.602(0.416-0.870)  0.007  0.597 (0.552,0.646)  <0.001
Treatment effect on PaO2/FI02 0.001(0.000-11.491)  0.150  0.000(0.000-1.359)  0.060
Pa02/Fi02 effect on survival 0.991(0.987-0.995)  <0.001

Cox, cox proportional hazards model; LME, linear mixed effect model; JM, joint model; MSCM: marginal structural cox model.
Coef, coefficient; SE, standard error. The hazard ratios (HRs) and 95% confidence intervals (error bars) were calculated from Coef and SE.

Cox sub-model included: First admitted PaO2/FiO2 level and ventilator use.
LME sub-model included: GCs'time, first admitted PaO2/FiO2 level, ventilator use.

MSCM included: Age, Sex, Race, BMI, First care unit, Ventilator use, Vasopressor use, CRRT, SOFA score, Apache IV score, overall PaO2/FiO2.

GCs treatment and increasing PaO2/FiO2 can better improve
patient survival.
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