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Abstract

Rationale: Existing studies of risk factors for physical impairments
in acute lung injury (ALI) survivors were potentially limited by
single-center design or relatively small sample size.

Objectives: To evaluate risk factors for three measures of physical
impairments commonly experienced by survivors of ALI in the first
year after hospitalization.

Methods: A prospective, longitudinal study of 6- and 12-month
physical outcomes (muscle strength, 6-minute-walk distance,
and Short Form [SF]-36 Physical Function score) for 203
survivors of ALI enrolled from 12 hospitals participating in the
ARDS Network randomized trials. Multivariable regression
analyses evaluated the independent association of critical
illness–related variables and intensive care interventions with
impairments in each physical outcome measure, after adjusting
for patient demographics, comorbidities, and baseline functional
status.

Measurements and Main Results: At 6 and 12 months,
respectively, mean (6 SD) values for strength (presented as
proportion of maximum strength score evaluated using manual
muscle testing) was 92% (6 8%) and 93% (6 9%), 6-minute-walk
distance (as percent-predicted) was 64% (6 22%) and 67% (6 26%),
and SF-36 Physical Function score (as percent-predicted) was 61%
(6 36%) and 67% (6 37%). After accounting for patient baseline
status, there was significant association and statistical interaction of
mean daily dose of corticosteroids and intensive care unit length of
stay with impairments in physical outcomes.

Conclusions: Patients had substantial impairments, from predicted
values, for 6-minute-walk distance and SF-36 Physical Function
outcomemeasures.Minimizing corticosteroid dose and implementing
existing evidence-based methods to reduce duration of intensive care
unit stay and associated patient immobilization may be important
interventions for improving ALI survivors’ physical outcomes.
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Survivors of critical illness and acute lung
injury (ALI) frequently experience new,
long-lasting physical impairments (1–7). To
advance research and improve patient
outcomes, clinicians and researchers
need a better understanding of these
impairments, their trajectories of recovery
(8), and associated patient- and intensive
care–related risk factors (9). Larger-sized,
multicentered, follow-up studies, with
careful retention of research participants
and evaluation of impairments across the
spectrum of physical outcome measures,
including strength, function, and quality of
life, are needed (9, 10). Together these data
are important to better inform patients,
families, and clinicians caring for patients
during and after their critical illness.

Corticosteroids may be an important
risk factor for physical impairments after
critical illness. A landmark study by De
Jonghe and coworkers (11) demonstrated
that administration of corticosteroids was
independently associated with in-hospital

muscle weakness. However, there is
uncertainty regarding this relationship
because no association was observed
between muscle weakness and duration
or cumulative dose of corticosteroids in
this study (11) or in subsequent research
(1). Moreover, a systematic review
demonstrated no consistent relationship
between corticosteroids and neuromuscular
abnormalities in critical illness (12), and
recent detailed analyses of muscle wasting
in mechanically ventilated patients also
demonstrated no association (13, 14).
The nature of any association between
corticosteroids and physical impairments
may be complex and may vary with
corticosteroid dose, the physical outcome
evaluated, and the trajectory of patient
recovery. For example, there was
a statistically significant association of
corticosteroids at 28-day follow-up, but
not at hospital discharge, in one study
evaluating neuromyopathy (15). In another
study evaluating 6-minute-walk distance,
a significant association was found at 3-
month, but not at 6- and 12-month, follow-
up (2). To further elucidate the potential
association of corticosteroid use and dosage
with physical impairments, additional
research is needed. Ideally such research
will build on prior studies, with larger
sample sizes and a multicentered design to
permit variability in corticosteroid usage
and dosing, and with evaluation of several
physical outcome measures at different
time points.

The ARDSNet Long-Term Outcomes
Study (ALTOS) was designed to assess
survivors of Acute Respiratory Distress
Syndrome Network (ARDSNet) trials at
6 and 12 months after ALI. Recently,
ARDSNet reported on two coenrolling
randomized trials of aerosolized albuterol
versus placebo (ALTA trial), and of early
versus delayed enteral feeding (EDEN trial)
factorialized with a trial of placebo versus an
omega-3 fatty acid and antioxidant
supplement (OMEGA trial). The ALTA and
OMEGA trials were terminated early (n =
282 and 272, respectively) because of a lack
of efficacy (16, 17), whereas the EDEN trial
enrolled its full 1,000-patient sample size
and demonstrated no significant difference
in both short-term end points (e.g.,
ventilator-free days and mortality) and in
6- and 12-month physical outcomes
(including patient-reported and
performance-based outcome measures)
(18–20). Hence, pooling patients from these

trials, which shared similar eligibility
criteria and were enrolled from the same
study sites during a similar time period,
allows for a unique multicentered
evaluation of 6- and 12-month physical
outcomes and related risk factors in
a relatively large population of survivors
of ALI.

Methods

Five of the 12 ARDSNet research centers,
representing 12 hospitals, participated
in prospective, longitudinal, in-person
evaluation of trial survivors, with follow-up
occurring between June 2008 andMay 2012.
The study was approved by the institutional
review boards at all participating hospitals.
Informed consent to participate in this
follow-up study was obtained from each
patient or their proxy when the patient
was incapable of consent.

Study Population
The eligibility criteria of the ARDSNet trials
have been previously reported (16–18), with
major exclusion criteria including severe
comorbid malnutrition, lung, liver, or
neuromuscular diseases, or limitations in
life support at time of eligibility. These
ARDSNet trial participants were excluded
from ALTOS follow-up if they had
potential baseline cognitive impairment
(ascertained via medical records review
and/or patient/proxy interview), or were
non-English speaking, homeless, or
younger than 18 years old. All patients were
managed with simplified versions of the
ARDSNet treatment protocols for lung-
protective ventilation (21) and fluid-
conservative hemodynamic management
(22), with blood glucose control targeted
80–150 mg/dl (with tighter control
permitted), using institution-specific
insulin protocols (18). Across all study sites
participating in ALTOS, clinical practice
regarding use of corticosteroids and
neuromuscular blockers for patients with
ALI was not standardized and three-
quarters of sites, representing 75% of all
evaluated patients in this analysis, did
not routinely provide early mobility or
rehabilitation services in the intensive
care unit (ICU).

Study Procedures
Research personnel collected patient
demographics and baseline functional and

At a Glance Commentary

Scientific Knowledge on the
Subject: Acute lung injury (ALI)
survivors frequently experience new
physical impairments, lasting long after
their intensive care unit (ICU) stay.
Prior studies have been single-center
and/or had smaller sample sizes that
potentially limited generalizability and/
or statistical power to evaluate a wide
range of potential patient and ICU-
related risk factors for a spectrum of
physical impairments commonly
reported after ALI.

What This Study Adds to the
Field: After accounting for patient
baseline factors associated with worse
physical outcomes, there are significant
associations and statistical interaction
of mean daily dose of systemic
corticosteroids and ICU length of stay
with ALI survivors’ impairments in
muscle strength, 6-minute-walk test,
and Short Form-36 Physical Function
scores. Further investigation is
necessary to elucidate the interplay
between corticosteroid dose and
duration of ICU stay in their
association with post-ALI physical
impairment.
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comorbidity status (including both the
Charlson [23] and the Functional [24]
Comorbidity Indices, the latter specifically
used for predicting the Short Form [SF]-36
physical function domain score in ARDS
survivors [25]), and daily medication use in
the ICU after study enrollment for systemic
corticosteroids and neuromuscular
blocking agents. For data analysis,
corticosteroids doses were converted to
prednisone-equivalents using standard
conversions (26). Research personnel
underwent in-person training and annual
in-person quality assurance reviews for
conducting the standardized battery of
physical measures in this study. These
evaluations were performed, masked to
treatment allocation, at 6 and 12 months
after ALI onset and included the following
measures, as previously described (19):
(1) arm muscle area as a percentage of
predicted value, based on upper arm
anthropometric assessment (27, 28); (2)
muscle strength as a percentage of
maximum score, evaluated by manual
muscle strength testing using the Medical
Resource Council (MRC) sum score (29,
30), (range, 0–60; ,48 designated as “ICU-
acquired weakness” [11]); (3) hand grip
strength as percentage of predicted value
(31); (4) maximum inspiratory pressure as
a percentage of predicted value (32, 33); (5)
4-m timed walking speed (in meters per
second) (34–36); (6) 6-minute-walk test
(6MWT) as a percentage of predicted value
(37, 38); and (7) the Medical Outcomes
Study SF-36 Physical Function domain
score (SF-36 PF) as a percentage of
predicted value (39). Published methods
were used to minimize loss to follow-up
(40–46), including conducting research
visits at patients’ location of residence for
those who were unable to attend a research
clinic.

Primary Physical Outcome Measures
As primary outcomes for analytical
purposes, we selected three a priori physical
measures (from among the seven measures
described previously) as representative
long-term outcome measures (10): (1)
manual muscle testing strength (a measure
of overall extremity strength), (2) 6MWT (a
measure of physical functioning), and (3)
SF-36 PF (a measure of quality of life).

Statistical Methods
Descriptive statistics were performed, at
6 and 12 months, for the three primary

outcomes. For both 6- and 12-month time
points, Pearson correlation coefficients were
calculated for each of the three primary
outcomes versus the full set of seven tests in
the physical battery, with only correlations
at the 6-month time point presented
given similarity with correlations observed
at 12-month follow-up.

Separate linear regression models were
used to evaluate the association between
each of the three primary outcomes and an
a priori set of patient baseline variables and
ICU measures (i.e., “exposure” variables)
(Table 1). Post hoc sensitivity analyses
evaluated the randomized treatments used
in the ARDSNet trials for any potential
interaction with the significant ICU
exposure variables and the physical
outcome measures. The initial regression
models separately evaluated associations
between exposures and outcomes at each of

the 6- and 12-month follow-up time points.
However, given that these exposure-
outcome associations did not vary
significantly between the 6- and 12-month
time points (evaluated using statistical
interaction terms in the multivariable
regression models), a simplified approach
was used in which the bivariable
associations at both 6 and 12 months were
evaluated in the same linear regression
model, using an indicator for time
(i.e., 6 vs. 12 mo follow-up) and generalized
estimating equations with an exchangeable
correlation structure. Exposure variables
with a potentially significant bivariable
association (P , 0.20) were then included
in multivariable linear regression models
constructed in the same manner as the
bivariable models.

In the multivariable regression models,
a single statistical interaction was evaluated

Table 1: Characteristics for 203 Patients with ALI*

Characteristic
Mean (SD), Unless
Otherwise Specified

Baseline status before hospital admission
Age, yr 48 (15)
Male, No. (%) 100 (49)
Body mass index, kg/m2 31 (8)
Living independently at home, No. (%) 187 (92)
Functional Comorbidity Index 1.9 (1.5)
Charlson Comorbidity Index 1.2 (1.6)
Specific comorbidities

Psychiatric, No. (%) 77 (38)
Substance abuse, No. (%) 53 (26)
Pulmonary, No. (%) 34 (17)
Rheumatologic, No. (%) 28 (14)
Cardiac, No. (%) 28 (14)
Neurologic, No. (%) 17 (8)

Status while in intensive care unit after enrollment
Pneumonia or sepsis as ALI risk factor, No. (%) 177 (87)
APACHE III score 85 (25)
PaO2

/FIO2
ratio , 200, ever during first 3 d, No. (%) 128 (80)

Brussels score: mean proportion of failing organs, % 31 (13)
Cumulative 7-d fluid balance, L 20.6 (7.6)
Mean daily 8 a.m. blood glucose, mg/dl 126 (29)
Proportion of days with catecholamine use, % 17 (23)
Any dialysis, No. (%) 29 (16)
Any neuromuscular blocker, No. (%) 54 (27)
Any systemic corticosteroids,† No. (%) 85 (43)
Mean daily corticosteroid dose among those who

received any dose, mg (prednisone-equivalent)
52 (81)

Mechanical ventilation duration, d 11 (9)
Intensive care unit length of stay, d 14 (11)

Definition of abbreviations: ALI = acute lung injury; APACHE = Acute Physiology and Chronic Health
Evaluation.
*Number of unknown or missing data: Charlson Comorbidity Index, 3; Functional Comorbidity Index, 3;
APACHE III, 9; PaO2

/FIO2
ratio, 42; cumulative 7-day fluid balance, 62; dialysis, 17; catecholamine, 3;

dialysis, 17; neuromuscular blocker, 3; corticosteroids, 3.
†Of those receiving any corticosteroids, 59% (n = 50) received a mean daily dose less than 40 mg of
prednisone-equivalents.
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for ICU length of stay and mean daily
corticosteroid dose with some evidence
of statistical significance. Hence, this
interaction term was retained in the
multivariable models. Linearity of the
association of each continuous exposure
variable with each primary outcome was
separately assessed using locally weighted
scatterplot smoothing (LOWESS plots).
Standard regression diagnostics were
assessed for all multivariable models,
including evaluating the effect of outlier
values of mean corticosteroid doses
by sensitivity analyses that removed
such values. These sensitivity analyses
demonstrated no important change from
the primary results and thus were not
reported. If two covariates were highly
correlated, only one was used in the
multivariable models, with variance
inflation factors confirming no
multicollinearity in the final models (47). To
illustrate the effect of the most important
ICU-related risk factors (as determined
from the multivariable models) on the
primary physical outcomes, estimates of
outcome measures were presented for
a range of risk factor values occurring for
a prototypical patient that had mean values
for all continuous exposure variables and
mode values for all binary exposures.
Statistical analyses were performed using
SAS version 9.3 (SAS Institute Inc., Cary,
NC). A two-sided P value less than 0.05 was
considered statistically significant.

Results

At the 12 hospital study sites participating
in ALTOS, 419 patients were enrolled in
the ARDSNet trials. Of these patients, 20%
died before hospital discharge, 7% died
after discharge and before initial follow-up,
and 25% met exclusion criteria (Figure 1).
For the 203 survivors who consented and
were eligible for follow-up in this study
(29 in ALTA, 33 in EDEN/OMEGA, 123
in EDEN, and 18 in ALTA plus EDEN/
OMEGA), the mean (6 SD) age was 48
(6 15) years, 49% were male, and 92%
lived independently at home before
hospitalization, with 80% ever having
a PaO2

/FIO2
ratio less than 200 during the

first 3 days after enrollment (Table 1).
Systemic corticosteroids were received by
85 (43%) patients on 660 (25%) of 2,596
ICU days evaluated in this study. In these
patients, 71 (84%) received corticosteroids

by Day 3 after ICU admission, with
a mean (SD) daily dose of 52 (6 81) mg
of prednisone-equivalents and duration
of use of 8 (6 8) days. Among all days of
steroid use, 89% occurred while patients
were receiving mechanical ventilation.
Mean (SD) duration of mechanical
ventilation and intensive care stay were
11 (6 9) and 14 (6 11) days, respectively.

Physical Outcomes at 6 and 12
Months: Mean Values and
Correlations between
Physical Measures
At 6-month follow-up, the mean (6 SD)
muscle strength, as a percentage of
maximum MRC sum-score, was 92%
(6 8%), with 8% (13 of 169) having ICU-
acquired weakness, and the mean (6 SD)
percent-predicted values for 6MWT and
SF-36 PF were 64% (6 22%) and 61%
(6 36%), respectively. There was relatively
small improvement observed in mean
physical outcome measures between 6 and
12 months (Table 2). Correlations between
the three primary physical outcomes and
all seven measures in the physical test
battery found the strongest correlations
(0.52–0.56; P , 0.001) between the 6MWT,
4-m timed walk speed, and SF-36 PF
(Table 2).

Associations of Patient
Characteristics and Primary Physical
Outcome Measures
In evaluating the linearity of the association
of each continuous variable with each
primary outcome (see STATISTICAL
METHODS), corticosteroids was the only
variable with a nonlinear relationship.
Across each of the three primary outcomes,
there was a change in the slope of the linear
relationship occurring at an average
daily dose of approximately 40 mg of
prednisone-equivalents (Figure 2). Hence,
to permit appropriate modeling of this
continuous exposure variable, the
regression models for each of the primary
outcomes included a linear spline term for
mean corticosteroid dose, using a “knot”
at 40 mg (48). Separate sensitivity analyses
conducted with a “knot” at 30 and 50 mg
were similar to the primary results using
a “knot” at 40 mg and thus are not
reported.

Bivariable associations of the patient
characteristics with each of the primary
outcomes are reported in Table 2, with
multivariable regression model results
reported in Table 3. In the multivariable
regression models, after adjusting for age
and sex (by including age and sex in the
regression models and/or use of predicted

Figure 1. Patient flow diagram. *One site joined the follow-up study late; hence, 27 patients enrolled
into the ALTA and/or EDEN/OMEGA trials from that site were ineligible for follow-up.
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values that adjusted for age and sex),
comorbidity, and baseline functional
status, two ICU-related exposure variables
(modeled with their interaction as
described in STATISTICAL METHODS) were
significantly associated with worse
outcomes across the primary physical
measures: ICU length of stay and mean
corticosteroid dose up to 40 mg/day of
prednisone-equivalent. There was no
significant association noted for use of
neuromuscular blockers. Across the
three primary physical outcomes, each
additional week of ICU stay (in patients
not receiving corticosteroids) was
associated with a 1.33–4.59% decrease in
the percent maximum muscle strength
score or percent predicted 6MWT and SF-
36 PF scores (P = 0.016 to , 0.001)
(Table 4). Moreover, using an example
ICU length of stay of 14 days, each
10-mg increase in mean daily prednisone-
equivalent dose (up to 40 mg) was
associated with a 2.52% (P = 0.032) and
4.08% (P = 0.005) decrease in percent
predicted for 6MWT and SF-36 PF,
respectively, with no significant change
in outcomes for dose increases above
a mean daily dose of 40 mg of prednisone-
equivalents (Table 4).

Across each of the three physical
outcomes, there was statistical interaction
between ICU length of stay and steroid dose

(Table 4), indicating that the negative effect
of corticosteroids (up to a mean daily
dose of 40 mg of prednisone-equivalents)
was greatest in patients with a shorter
ICU length of stay. For example, using
a prototypical patient from this multicenter
cohort with an ICU length of 5 versus
15 days, use of systemic corticosteroids
(modeled as 30 vs. 0 mg of mean daily
prednisone-equivalent dose) was associated
with an absolute decrease in percent-
predicted SF-36 PF score of 15% versus
12%, respectively (Table 5).

Post hoc sensitivity analyses
demonstrated no material change in study
results with (1) exclusion of the 17
patients with neurologic comorbidity; (2)
inclusion of a treatment indicator for the
antioxidant supplement received by 29
patients in the OMEGA trial and for the
aerosolized albuterol intervention
received by 19 patients in the ALTA trial
or the interactions of each of these
randomized interventions with blood
glucose levels or with each of the
corticosteroid and the ICU length of stay
exposure variables; (3) inclusion of mean
daily dose of propofol, benzodiazepines,
and opioids in the multivariable model;
and (4) evaluation for a statistical
interaction of study center with the
corticosteroid and ICU length of stay
exposures.

Discussion

In this 1-year, multicenter, longitudinal,
follow-up study (the ALTOS study) of
203 survivors of ALI from the ARDSNet
ALTA and EDEN/OMEGA trials, patients
demonstrated substantial impairments
in percent-predicted values for 6MWT and
SF-36 PF physical outcome measures,
with ICU length of stay and mean daily dose
of systemic corticosteroids significantly
associated with these impairments.

The results for the muscle strength
outcome measure revealed less impairment
than for the 6MWT and SF-36 PF measure.
This finding reflects that factors other than
strength alone contribute to impairments in
physical functioning (6MWT) and quality of
life (SF-36 PF), including issues of muscle
endurance, cardiopulmonary function, and
psychological status (2, 49, 50). Moreover,
this result may also reflect that the ordinal
MRC sum-score, used to evaluate muscle
strength, has a ceiling effect that does not
occur with the 6MWT and SF-36
outcome measures.

There are important similarities and
differences in the physical outcomes
reported in this study versus prior
longitudinal, follow-up evaluations of
survivors of ALI. The 6MWT and SF-36 PF
results reported herein were remarkably
similar to those reported by Herridge and

Table 2: Summary of Physical Outcomes and Correlations with All Physical Measures at 6 Months

Physical Outcome
Strength (% of Maximum
MMT Score) (n = 191)*

6-Minute-Walk Test
(% Predicted ) (n = 183)*

SF-36 Physical Function
(% Predicted ) (n = 200)*

6-month, mean (SD) 92 (8)† 64 (22)‡ 61 (36)
12-month, mean (SD) 93 (9)† 67 (26)‡ 67 (37)
Correlation (P value) of measure at 6-mox
Arm muscle area, % predictedx 0.11 (0.177) 20.06 (0.483) 20.04 (0.643)
Strength, % of maximum MMT score 1.00 (0) 0.32 (,0.001) 0.44 (,0.001)
Hand grip strength, % predicted 0.40 (,0.001) 0.28 (,0.001) 0.32 (,0.001)
Maximal inspiratory pressure, % predicted 0.14 (0.079) 0.40 (,0.001) 0.35 (,0.001)
4-meter timed walk speed, m/s 0.38 (,0.001) 0.52 (,0.001) 0.56 (,0.001)
6-minute-walk test, % predicted 0.32 (,0.001) 1.00 (0) 0.54 (,0.001)
SF-36 Physical Function, % predicted 0.44 (,0.001) 0.54 (,0.001) 1.00 (0)

Definition of abbreviations: MMT = manual muscle testing for muscle strength using Medical Research Council scale (30); SF-36 = Short Form-36.
*N represents the number of unique patients with an outcome measure at either 6 or 12 months. The number of missing values for 6 and 12 months,
respectively: MMT, 22, 31; 6-minute-walk test, 25, 34; and SF-36 PF, 3, 16.
†Frequency of intensive care unit–acquired weakness (i.e., strength score ,80% of maximum) and mean (SD) MMT scores at 6 and 12 months,
respectively were 8% (13 of 169) and 6% (10 of 160), and 55 (5) and 55 (5) meters. The proportion of patients with muscle strength assessments who had
a missing score for an extremity at 6 and 12 months is 0.6% (1 of 169) and 1.9% (3 of 160), respectively.
‡Mean (SD) walk distances at 6 and 12 months, respectively, were 368 m (139) and 388 m (159).
xSample sizes for correlation analyses by primary outcome: (1) for MMT: 156 for arm muscle area, 169 for MMT, 167 for grip, 159 for maximum inspiratory
pressure, 161 for 4-m timed walk speed, 156 for 6-minute-walk test, 165 for SF-36 physical function; (2) for 6-minute-walk test: 148 for arm muscle area,
156 for MMT, 155 for grip, 148 for maximum inspiratory pressure, 153 for 4-m timed walk speed, 158 for 6-minute-walk test, 154 for SF-36; (3) for
SF-36 physical function: 153 for arm muscle area, 165 for MMT, 164 for grip, 156 for maximum inspiratory pressure, 157 for 4-m timed walk speed,
154 for 6-minute-walk test, 197 for SF-36 physical function.
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coworkers (2) in their landmark single-
center study conducted 10 years previously.
However, the physical outcomes in this
study were modestly less impaired than
those reported by Fan and coworkers (1) in
their single-center study conducted 5 years
previously. Because pre-ALI baseline
physical test values cannot be obtained for
participants, 6MWT and SF-36 PF tests are
typically compared with matched normal
values (1–3). Consequently, the 6- and 12-
month impairments reported in this study

and in prior research (1–3) may reflect
some amount of pre-ALI impairment.
However, the survivors evaluated in our
study were relatively young (mean age, 48
yr) with 92% living independently at home
before ALI. Moreover, as further evidence
of physical impairments being ICU-
acquired, a prior report on this cohort
indicated that over 1-year follow-up,
56% of EDEN survivors required new
institutionalization post-ALI and/or
physical rehabilitation, with only 48% of

previously employed survivors returning to
work (20). In addition, in mechanically
ventilated patients, there is clear evidence of
early and rapid muscle wasting (13, 14),
especially in patients with more severe
oxygenation impairment (e.g., ALI) and
multiorgan failure (13). Existing cohort
studies with prospective measurement
of pre-ICU status also have clearly
demonstrated the occurrence of important
new post-ICU physical impairments (4–6).
Hence, these physical impairments after
an ICU stay are important findings.

The significant associations of ICU
length of stay and corticosteroid dose with
impaired physical outcomes in 183 survivors
of ALI from our multicenter study builds on
prior research conducted in both general
populations of mechanically ventilated and
ICU patients (11, 51, 52) and in patients
with ALI. For instance, in studies of
patients with ALI specifically, a single-
center study of 83 survivors at 6- and
12-month follow-up demonstrated an
independent negative association for the
use of any corticosteroids with 6MWT, but
this association did not reach statistical
significance (P > 0.14), possibly because of
a smaller sample size than our study (2).
Similarly, in another single-center study of
136 survivors of ALI, Fan and coworkers
(1) demonstrated that the duration of bed
rest, which closely paralleled ICU length of
stay in that study, was significantly and
independently associated with decreased
muscle strength at 12 months and was
marginally associated at 6 months (1).
Similar to this prior research (1), in our
study, we believe that ICU length of stay
also approximates duration of bed rest
because most of our patients were in study
sites not providing early mobility or
rehabilitation services in the ICU, a finding
consistent with (1) data from control
groups in US trials of ICU rehabilitation
(53–55), (2) a US national survey that
reported only 10% of hospitals had criteria
for initiating physical therapy in the ICU
(56), and (3) large-scale international point
prevalence studies of ICU mobility (57, 58).

Importantly, the duration of bed rest is
clearly associated with physical impairments
(59), and is a modifiable risk factor for
such impairments (53, 54, 60, 61). More
specifically, both a metaanalysis of
randomized trials and studies of routine
ICU clinical practice have demonstrated
that early rehabilitation decreases ICU
length of stay (60, 62, 63). Hence, early

Figure 2. Scatterplot of the physical outcomes versus mean corticosteroid dose. The solid line in
each panel represents the change in mean value of the physical outcome measure as a function of
mean daily dose of corticosteroid (prednisone-equivalent dose in milligrams) using locally weighted
scatterplot smoothing (LOWESS). The x axis of each panel is truncated at 300 mg, excluding a single
patient with an average dose greater than 300 mg. 6MW = 6-minute-walk test; MRC = Medical
Resource Council.
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rehabilitation may have a direct benefit
on physical impairment, plus an indirect
benefit from reducing ICU length of stay,
thus making length of stay a modifiable risk
factor for physical impairment. In addition,
randomized trials have demonstrated other
evidence-based practices that consistently

reduce ICU length of stay, including using
less sedation and standardized ventilator
liberation practices (64–68).

This study also demonstrates new
evidence of potential interplay between
mean daily dose of corticosteroids and ICU
length of stay, demonstrating that the

magnitude of the corticosteroid effect is
attenuated with larger doses and with
a longer ICU stay. This finding builds on
prior research. For instance, in a secondary
analysis of the ARDS Network’s
randomized trial of methylprednisolone
(15, 69), corticosteroids were significantly

Table 3: Bivariable Associations of Physical Outcomes and Patient Characteristics*

Risk Factor

Strength (% of
Maximum MMT
Score) (n = 191) P Value

6-Minute-Walk Test
(% Predicted) (n = 183) P Value

SF-36 Physical Function
(% Predicted) (n = 200) P Value

Age, yr 20.16 (20.22 to 20.10) ,0.001 20.13 (20.37 to 0.10) 0.259 20.40 (20.73 to 20.08) 0.016
Male 4.13 (2.01 to 6.25) ,0.001 0.81 (25.97 to 7.60) 0.814 6.81 (22.81 to 16.43) 0.165
Body mass index, kg/m2 20.09 (20.25 to 0.07) 0.271 20.23 (20.63 to 0.16) 0.248 20.65 (21.24 to 20.06) 0.030
Living independently at
home

4.51 (0.28 to 8.73) 0.037 33.04 (17.49 to 48.59) ,0.001 35.67 (20.50 to 50.85) ,0.001

Functional Comorbidity
Index

20.47 (21.29 to 0.35) 0.258 23.89 (26.44 to 21.34) 0.003 27.69 (210.84 to 24.54) ,0.001

Charlson Comorbidity Index 20.18 (20.87 to 0.51) 0.612 22.98 (25.32 to 20.64) 0.013 23.10 (25.64 to 20.56) 0.017
Psychiatric comorbidity 22.06 (24.26 to 0.15) 0.067 26.31 (213.15 to 0.52) 0.070 215.45 (224.88 to 26.01) 0.001
Substance abuse
comorbidity

20.77 (23.40 to 1.85) 0.564 22.56 (29.78 to 4.65) 0.486 27.69 (218.05 to 2.66) 0.145

Pulmonary comorbidity 21.30 (24.28 to 1.67) 0.390 216.77 (225.59 to 27.94) ,0.001 27.71 (219.60 to 4.19) 0.204
Rheumatologic comorbidity 22.00 (24.78 to 0.77) 0.156 22.65 (211.00 to 5.71) 0.534 210.31 (222.64 to 2.02) 0.101
Cardiac comorbidity 21.60 (24.69 to 1.48) 0.309 22.24 (212.15 to 7.68) 0.658 28.77 (221.42 to 3.89) 0.175
Neurologic comorbidity 21.54 (26.01 to 2.94) 0.501 22.86 (217.12 to 11.39) 0.694 26.73 (222.15 to 8.70) 0.393
Pneumonia or sepsis as ALI
risk factor

1.84 (22.58 to 6.26) 0.415 21.19 (211.23 to 8.86) 0.817 0.83 (213.53 to 15.18) 0.910

APACHE III score 20.03 (20.07 to 0.00) 0.073 20.04 (20.18 to 0.10) 0.532 20.12 (20.33 to 0.09) 0.252
PaO2

/FIO2
ratio ,200, ever

during first 3 d
20.04 (22.57 to 2.48) 0.972 21.11 (28.65 to 6.43) 0.773 6.12 (25.52 to 17.75) 0.303

Brussels score: mean
proportion of failing
organs

20.08 (20.16 to 0.00) 0.053 20.13 (20.38 to 0.12) 0.318 20.27 (20.63 to 0.09) 0.140

Cumulative 7-d fluid
balance, L

20.09 (20.24 to 0.07) 0.266 0.05 (20.42 to 0.51) 0.844 20.07 (20.85 to 0.71) 0.865

Mean daily 8 a.m. blood
glucose, mg/dl

0.00 (20.03 to 0.03) 0.844 0.02 (20.07 to 0.11) 0.715 20.08 (20.23 to 0.07) 0.273

Proportion of days with
catecholamine use

24.16 (210.35 to 2.03) 0.187 20.05 (213.54 to 13.44) 0.994 214.32 (231.41 to 2.76) 0.100

Any dialysis 0.73 (21.84 to 3.30) 0.576 0.27 (28.97 to 9.52) 0.954 3.60 (210.67 to 17.88) 0.621
Any neuromuscular blocker 22.45 (25.04 to 0.14) 0.064 21.44 (28.95 to 6.06) 0.706 25.46 (216.01 to 5.10) 0.349
Any corticosteroids 22.97 (25.2 to 20.75) 0.009 27.51 (214.04 to 20.98) 0.024 215.13 (224.53 to 25.73) 0.002
Mean corticosteroid dose†
(per 10 mg of
prednisone-equivalent
increase in mean dose
when mean , 40 mg)

20.29 (21.07 to 0.49) 0.465 23.40 (25.65 to 21.15) 0.003 23.98 (27.06 to 20.90) 0.011

Mean corticosteroid dose†
(per 10 mg of
prednisone-equivalent
increase in mean dose
when mean > 40 mg)

20.50 (21.0 to 0.00) 0.052 0.83 (20.19 to 1.85) 0.109 20.04 (21.04 to 0.96) 0.944

Mechanical ventilation
duration, per week

21.26 (22.25 to 20.26) 0.013 21.14 (23.59 to 1.30) 0.360 23.24 (26.50 to 0.00) 0.050

Intensive care unit length of
stay, per week

21.42 (22.23 to 20.62) 0.001 21.76 (23.60 to 0.09) 0.062 23.44 (26.11 to 20.77) 0.012

Definition of abbreviations: ALI = acute lung injury; APACHE = Acute Physiology and Chronic Health Evaluation; MMT = manual muscle testing for muscle
strength using Medical Research Council scale (30); SF-36 = Short Form-36.
*Values represent the average increase (or decrease) in the physical outcome measure for a one-unit increase in a continuous exposure, or the average
increase (or decrease) for presence (vs. absence) of a binary exposure.
†For regression modeling, mean corticosteroid dose was calculated for all patients, across all patient days, with a dose of zero used for days in which no
corticosteroid was given.
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associated with neuromyopathy within the
first 28 days after randomization, but not
with its cumulative incidence over the
entire hospital stay. Moreover, a landmark
study demonstrated that in-hospital muscle
weakness was independently associated
with receipt of corticosteroids, but not with
its duration of use or cumulative dosage
(11). When evaluated together, our results
and prior research provide new insights
into understanding the association between
corticosteroids and post-ICU physical
impairments. These findings may be
explained by the cumulative probability of

ICU-acquired physical complications being
so high after a long hospital stay that
it becomes difficult to detect an effect
uniquely attributable to corticosteroid
use in the ICU. Alternatively, there may
be competing risks (e.g., an effect of
corticosteroids on duration of mechanical
ventilation) that complicate the
understanding of the direct association
between corticosteroids and physical
outcomes (70). Further mechanistic and
clinical investigation of these findings is
required, ideally conducted within the
setting of any future masked randomized

trial evaluating the use of corticosteroids in
ALI (69, 71), to control for bias arising
from differences in patient and ICU-factors
associated with use of corticosteroids. Such
studies could provide important insights
through specifically evaluating the effect
of corticosteroids on muscles, including
assessment of potential mediation via their
effect on adrenal function and other aspects
of endocrine function (51).

These data on the use of corticosteroids
and their dose–response relationship with
physical impairments, in addition to recent
data on corticosteroids’ association with

Table 4: Multivariable Associations of Physical Outcomes and Patient Characteristics

Risk Factor

Strength, % of
Maximum MMT
Score (n = 191) P Value

6-minute-walk
Test, % Predicted

(n = 183) P Value

SF-36 Physical
Function, % Predicted

(n = 200) P Value

Age, yr 20.16 (20.21 to 20.10) ,0.001 20.23 (20.56 to 0.10) 0.165
Male 4.25 (2.41 to 6.09) ,0.001 4.34 (24.93 to 13.61) 0.359
Body mass index, kg/m2 20.45 (21.09 to 0.19) 0.171
Living independently at
home

3.44 (20.83 to 7.72) 0.115 27.88 (11.13 to 44.64) 0.001 23.93 (7.88 to 39.98) 0.003

Functional Comorbidity
Index

21.36 (23.94 to 1.22) 0.303 26.43 (210.86 to 22.01) 0.004

Charlson Comorbidity
Index

21.56 (24.24 to 1.13) 0.256 20.65 (23.43 to 2.14) 0.650

Psychiatric comorbidity 20.37 (22.11 to 1.37) 0.677 21.63 (28.79 to 5.54) 0.656 23.53 (214.17 to 7.11) 0.515
Substance abuse
comorbidity

210.91 (220.53 to 21.30) 0.026

Pulmonary comorbidity 211.04 (219.60 to 22.49) 0.011
Rheumatologic comorbidity 20.18 (22.82 to 2.45) 0.893 2.69 (29.83 to 15.20) 0.674
Cardiac comorbidity 12.34 (20.42 to 25.10) 0.058
APACHE III score 0.02 (20.01 to 0.05) 0.113
Brussels score: mean
proportion of failing
organs

20.04 (20.12 to 0.03) 0.256 0.13 (20.30 to 0.56) 0.561

Proportion of days with
catecholamine use

23.23 (29.41 to 2.95) 0.305 26.60 (225.85 to 12.65) 0.502

Any neuromuscular blocker 22.23 (24.67 to, 0.22) 0.074
Mean corticosteroid dose*
(per 10 mg of
prednisone-equivalent
increase in mean dose
when mean ,40 mg) at
ICU LOS = 14†

20.15 (20.81 to 0.52) 0.666 22.52 (24.31 to 20.19) 0.032 24.08 (26.95 to 21.21) 0.005

Mean corticosteroid dose*
(per 10 mg of
prednisone-equivalent
increase in mean dose
when mean >40 mg) at
ICU LOS = 14†

20.12 (20.42 to 0.18) 0.421 0.69 (20.40 to 1.78) 0.216 0.45 (20.84 to 1.75) 0.494

ICU LOS among patients
with no corticosteroid
use, per week†

21.33 (21.93 to 20.74) ,0.001 22.81 (25.09 to 20.53) 0.016 24.59 (28.04 to 21.14) 0.009

Definition of abbreviations: APACHE = Acute Physiology and Chronic Health Evaluation; ICU = intensive care unit; LOS = length of stay.
*For regression modeling, mean corticosteroid dose was calculated for all patients, across all patient days, with a dose of zero used for days in which no
corticosteroid was given.
†Multivariable regression model includes statistical interaction term for ICU length of stay and mean corticosteroid dose (using linear spline with a knot at
40 mg of prednisone-equivalents). The interaction term coefficient (95% confidence interval) for each physical outcome measure for mean corticosteroid
dose less than 40 mg and greater than or equal to 40 mg, respectively, are as follows: (1) MMT strength: 0.46 (0.20 to 0.72; P, 0.001) and20.25 (20.34
to 20.16; P , 0.001); (2) 6-minute-walk test: 0.97 (0.01 to 1.93; P = 0.048) and 20.58 (21.57 to 0.41; P = 0.249); and (3) SF-36 Physical Function: 0.71
(20.94 to 2.35; P = 0.399) and 20.40 (20.81 to 0.01; P = 0.057).

ORIGINAL ARTICLE

Needham, Wozniak, Hough, et al.: Risk Factors for Impaired Physical Outcomes after ALI 1221

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




ICU delirium (72) and other in-hospital
adverse effects (52), should help inform
clinicians when considering indications for
corticosteroid use and weighing the risks
versus potential benefits of corticosteroid
use and associated dosing and duration of
use. Given substantial practice variability
in corticosteroid prescribing in the ICU
setting (52, 73), clinicians should critically
evaluate the indications for corticosteroid
use, and their dose and duration, because
corticosteroid may be a potentially
modifiable risk factor for physical
impairments after hospital discharge.

In considering our study, there are
important strengths, including detailed
collection of patient baseline status, daily
collection of relevant ICU-related exposure
variables (e.g., daily corticosteroid dose),
and use of a detailed battery of performance-
based and patient-reported physical tests,
ranging across the span of muscle strength,
physical function, and quality of life, at
6- and 12-month follow-up, with low
rates of missed visits. However, this study
also has potential limitations. First, as an
observational study, we cannot assess
causality of the associations of ICU length of
stay and corticosteroids with post-ALI
physical impairments. However, our results
are consistent with detailed ultrasound,
histologic, and biochemical muscle
evaluations in mechanically ventilated ICU
patients, which demonstrate early and rapid
muscle wasting that is progressive with
increasing ICU length of stay (13, 14),
and with preclinical data on the effect of
corticosteroids on muscles (74, 75). Patient
characteristics and the medical indications

for administering corticosteroids may
confound the association with physical
complications. Consequently, our analyses
evaluated relevant factors potentially
related to corticosteroid administration,
including preexisting pulmonary and
rheumatologic comorbidities and use of
catecholamines (as a marker of septic
shock). Data on the exact indication for
corticosteroid use and residual confounding
remain limitations of the existing analyses.
Detailed evaluations of physical outcomes
in any future randomized trial of
corticosteroids would be invaluable in
helping assess causality and confirming the
associations observed in this study and
prior research. Second, the results may not
be generalizable to all ALI or ICU survivors
because the survivors were relatively young
(mean age, 48 yr) and the ARDSNet trials
had exclusion criteria, including severe
malnutrition, lung, liver, or neuromuscular
disease, and primarily included patients
with pneumonia and nonpulmonary sepsis.
However, generalizability is aided by the
marked similarity in survivors’ age in our
study versus prior research (1, 2) and by the
multicenter nature of the study (12
hospitals from five study centers). Third,
the absence of physical measures before the
onset of ALI, because of the nonfeasible
nature of such measurement within the
context of clinical trials, and the lack of
short-term physical outcome measures at
ICU or hospital discharge are important
limitations,. Finally, despite the relatively
large sample size, the study is
underpowered for detecting additional
potential statistical interactions.

In conclusion, in this 1-year,
multicenter, longitudinal follow-up study,
survivors of ALI demonstrated substantial
impairments in 6MWT and SF-36 PF
physical outcome measures at 6- and 12-
month follow-up. ICU length of stay (a
proxy for duration of bed rest in this study)
and mean corticosteroid dose were
important, potentially modifiable risk
factors for these physical impairments,
whereas use of neuromuscular blockers was
not associated with such impairments.
These findings, in the context of the prior
literature, suggest that minimizing
corticosteroid usage, dose, and duration,
and implementing existing evidence-based
strategies to reduce ICU length of stay and
associated bed rest may be important
changes in clinical practice to improve ALI
survivors’ frequent and long-lasting
physical impairments. n
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Table 5: Estimated Effects of Mean Corticosteroid Dose and ICU LOS with Physical
Outcomes for a Prototypical Patient at 6 Months after ALI*

Mean Steroid
Dose (mg)

ICU LOS
5 d 15 d

Strength, % of maximum MMT score 0 93 91
30 91 91

6-minute-walk test, % predicted 0 72 68
30 61 61

SF-36 Physical Function, % predicted 0 74 67
30 59 55

Definition of abbreviations: ALI = acute lung injury; ICU = intensive care unit; LOS = length of stay;
MMT = manual muscle testing for muscle strength using Medical Research Council scale; SF-36 =
Short Form-36.
*Estimates were calculated using multivariable linear regression (as described in Table 4) with an
interaction term for ICU length of stay and mean corticosteroid dose (using linear spline with a knot at
40 mg of prednisone-equivalents) for a prototypical patient from this multicenter ALI cohort with mean
values for all continuous covariates and mode values for all binary covariates.
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de Réflexion et d’Etude des Neuromyopathies en Réanimation.
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