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Abstract

Rationale: Survivorship from critical illness has improved;
however, factors mediating the functional recovery of persons
experiencing a critical illness remain incompletely understood.

Objectives: To identify groups of acute respiratory failure (ARF)
survivors with similar patterns of physical function recovery after
discharge and to determine the characteristics associated with group
membership in each physical function trajectory group.

Methods: We performed a secondary analysis of a randomized
controlled trial, using group-based trajectory modeling to identify
distinct subgroups of patients with similar physical function
recovery patterns after ARF. Chi-square tests and one-way analysis
of variance were used to determine which variables were associated
with trajectory membership. A multinomial logistic regression
analysis was performed to identify variables jointly associated with
trajectory group membership.

Results: A total of 260 patients enrolled in a trial evaluating
standardized rehabilitation therapy in patients with ARF and
discharged alive (NCT00976833) were included in this analysis.
Physical function was quantified using the Short Physical
Performance Battery at hospital discharge and 2, 4, and 6 months
after enrollment. Latent class analysis of the Short Physical

Performance Battery scores identified four trajectory groups.
These groups differ in both the degree and rate of physical
function recovery. A multinomial logistic regression analysis
was performed using covariates that have been previously
identified in the literature as influencing recovery after critical
illness. By multinomial logistic regression, age (P, 0.001),
female sex (P = 0.001), intensive care unit (ICU) length of stay
(LOS) (P = 0.003), and continuous intravenous sedation days
(P = 0.004) were the variables that jointly influenced trajectory
group membership. Participants in the trajectory demonstrating
most rapid and complete functional recovery consisted of
younger females with fewer continuous sedation days and
a shorter LOS. The participant trajectory that failed to
functionally recover consisted of older patients with greater
sedation time and the longest LOS.

Conclusions: We identified distinct trajectories of physical
function recovery after critical illness. Age, sex, continuous sedation
time, and ICU length of stay impact the trajectory of functional
recovery after critical illness. Further examination of these groups
may assist in clinical trial design to tailor interventions to specific
subgroups.
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There are more than 5.7 million intensive
care unit (ICU) admissions annually in the
United States, with acute respiratory failure
(ARF) being one of the most common
conditions requiring critical care
management (1). ARF is associated with
prolonged functional impairment in many
individuals (2–5). With advances in critical
care, short-term mortality from ARF has
improved (3, 6); however, recovery from
critical illness is fraught with challenges.
Previous work has shown that survivors of
critical illness have persistent physical
function impairments for months to years
(7–12). For example, even 5 years after
surviving severe acute respiratory distress
syndrome, young, previously employed
patients with few comorbidities continue to
have reduced performance on the 6-minute-
walk distance (4). These impairments persist
despite recovery of pulmonary function (8).
Despite this finding of persistent weakness
in many ICU survivors, physical function
outcomes are understudied in critical care
trials, and factors mediating physical
function recovery after critical illness
remain poorly understood.

A previous study suggested that ICU
survivors identify physical strength, fatigue,
and decreased walking distance as their
three most important outcomes after critical
illness (13). Prior work has shown that age,
hospital length of stay (LOS), sex, ethnicity,
and prior smoking status may influence
physical function recovery after critical
illness (9, 12). Further improvement in our
understanding of the factors that influence
physical function recovery after critical
illness may help inform survivors of the
challenges and milestones of their recovery
period.

The purpose of this study was to
determine whether there were common
patterns of physical function recovery over a
6-month time period after a critical illness
and to evaluate patient-level characteristics
associated with specific trajectory groups.
We performed a secondary analysis on a
cohort of critically ill patients enrolled in a
clinical trial that included objective physical
function assessments measured through 6
months after study enrollment.

Methods

Study Data
We conducted a secondary analysis of a
randomized controlled clinical trial

evaluating standardized rehabilitation
therapy among patients with acute
respiratory failure (14) (NCT00976833).
The study protocol has been previously
described. In brief, 300 previously
independently ambulating patients aged
18 years or older with ARF were recruited
for this single-center trial at Wake Forest
Baptist Medical Center in North Carolina
between October 2009 and May 2014. The
patients could not have been mechanically
ventilated for more than 80 hours or
hospitalized for more than 7 days. The
requirement for independent ambulation
allowed for use of walker or cane and was
reported by either patient or family member
during evaluation for enrollment in the
study. Patients underwent physical function
testing by blinded assessors at hospital
discharge and were subsequently followed
for 6 months with repeat in-person objective
evaluations of function performed at 2,
4, and 6 months after enrollment. The
objective physical function evaluation
included the Short Physical Performance
Battery (SPPB).

Outcome Variable
The SPPB, an objective physical function
measurement designed for low-functioning
individuals, was chosen as the outcome
variable for this trajectory analysis. The
SPPB assesses gait speed, balance, and lower
extremity strength with scores ranging from
0 to 12 (15, 16). Scores between 0 and 3
denote significant physical function
disability, 4 to 6 low function, 7 to 9
intermediate function, and 10 to 12 high
function (15). SPPB scores have been
previously shown to be highly predictive of
disability, hospitalization, institutionalization,
and mortality in older patients (15–17).
Although primarily used in geriatric
populations, the SPPB has also been applied
to other low-functioning populations,
including patients with chronic obstructive
pulmonary disease, human immunodeficiency
virus, and chronic kidney disease (18–20).

Statistical Analysis
Group-based trajectory modeling (GBTM)
was performed using the Statistical Analysis
Software (SAS 9.4, Cary, NC) finite mixture
model procedure PROC TRAJ to identify
distinct subgroups of patients who followed
similar trajectories of SPPB recovery over
time (21, 22). All trajectories were modeled
as a quadratic function of time from hospital
discharge. SPPB was assumed to follow a

censored normal distribution. Models
containing two to six trajectory groups were
tested. A combination of the Bayesian
Information Criterion (BIC) and judgement
(minimal observed group size of 5% and/or
substantially different trajectories) were
used to select the number of trajectory
groups. All subjects included in this analysis
were assigned a posterior probability of
group membership by the TRAJ procedure,
and these probabilities provided a specific
participant’s likelihood of belonging to each
of the model’s trajectory groups (22). The
maximum posterior probability was used to
determine the correct trajectory group for
each participant.

For our data, the BIC increased by less
than one point in going from four to five
groups (see Table E1 in the online
supplement). The posterior probabilities
associated with group assignment in the
four-trajectory model ranged from 0.44 to
1.0. The posterior probability of group
assignment was greater than 50% for 93%
of patients and greater than 75% for 72% of
patients. The median posterior probability
of group membership was 96%.

Chi-square tests and one-way
analysis of variance were used to
determine which variables had an
association with trajectory group
membership in the univariate analysis. A
P value, 0.05 was considered statistically
significant for all analyses (two-tailed).
Subsequently, a multinomial logistic
regression analysis was performed to
identify variables jointly associated with
group membership. All of the covariates
included in the logistic regression model
have been previously identified in the
literature as clinically relevant to recovery
after critical illness, suggesting that there
may be a relationship to physical function
recovery as well.

Addressing Missing Data
Patients known to be deceased were
assigned scores of zero for all planned visits
after their deaths. Some other patients were
lost to follow-up, and data from these
patients were missing after their last known
visit. GBTM provides asymptotically
unbiased estimates when these missing
data are missing at random (22). We
performed additional trajectory analyses
after imputing SPPB values for the missing
data to examine how sensitive the results
were to assumptions regarding the missing
data. Multiple imputation using the SAS
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Procedure MI was used to generate 10
datasets. Markov chain Monte Carlo
methods were used initially to generate a
monotone missing data pattern. Missing
data at each visit were then imputed using
regression methods on the data from the
previous visits. GBTM was then performed
on each of these datasets to determine the
number of groups and the concordance
between our results and those of the four-
group models for each of the imputed
datasets. We also imputed data using low
(mean of 5), intermediate (mean of 8), and
high (mean of 11) values for the missing
data and repeated the GBTM analysis on
these datasets, again noting the number of
groups determined and the concordance
with our results.

Results

Participants
Of the 300 patients who were randomized
in the parent trial, 260 patients were
discharged alive and had at least one SPPB
data point available for the analysis. Baseline
characteristics of the 260 patients are
described in Table 1. The study population
was predominantly non-Hispanic white
with a mean (6 standard deviation) age
of 56.46 15.3 years, slight predominance
of women (53%), and a mean Acute

Physiology and Chronic Health Evaluation
(APACHE) III score of 72.86 25.5 at the
time of study enrollment. Before admission,
21% of patients required home oxygen and
8% required chronic renal replacement
therapy.

Description of Trajectories
The mean SPPB score (695% confidence
interval) over the 6 months after critical
illness of the study population is shown in
Figure 1. The mean SPPB score at hospital
discharge was in the “low functioning”
category and improved by 2 months to
“intermediate function,” where it remained
through 6 months (Figure 1). Using the
PROC TRAJ procedure on the SPPB scores,
four distinct trajectory groups emerged to
characterize physical function recovery in
the 6 months after hospital discharge
(Figure 2). The four-trajectory quadratic
model was chosen as the best fit on the basis
of BIC values and observation of distinctive
trajectories.

As seen in Figure 2, SPPB scores are
highly variable at the time of hospital
discharge in patients recovering from
critical illness. Recovery trajectories differ in
both the degree and rate of physical function
recovery in these groups. Group 1 consisted
of patients who were discharged with
physical function disability that did not
improve by 6 months. Group 2 was
discharged with physical function disability
and showed minimal improvement initially
but remained functionally disabled by
6 months. Patients in Group 3 had low
physical function at discharge and improved
to intermediate physical function. Group 4
had intermediate physical function at
discharge with rapid improvement to high
physical function by 2 months, which was
sustained at 6 months. The greatest change
in physical function appears to occur in the
first 2 months after discharge.

Associations with Trajectory
Group Membership
Table 2 shows the results of univariate
analyses using chi-square tests and one-way
analysis of variance. It describes the
characteristics of the patients in each
trajectory group. The multinomial logistic
regression model consisted of variables that
have been suggested in prior literature to
influence recovery after critical illness
and were therefore of interest in the
investigation of physical function recovery
in this population (Table 2). We excluded

variables that were highly correlated with
another variable of interest. For example,
ICU LOS was highly correlated with
ventilator days and hospital LOS. All three
have been previously implicated in recovery
after critical illness. We included only
ICU LOS in the final model. On the basis
of multinomial nominal regression, age
(P, 0.001), female sex (P = 0.001),
ICU LOS (P = 0.003), and continuous
intravenous sedation days (P = 0.004) were
the variables that jointly influence trajectory
group membership.

Table 1. Baseline characteristics of study
participants at enrollment

Variable No. (%)

N 260
Female 137 (53)
Race/ethnicity
Non-Hispanic white 200 (77)
Black/African American/

Hispanic/Latino
60 (23)

Home oxygen 55 (21)
Prehospital dialysis 20 (8)

Mean (SD)
Age, yr 56.4 (15.3)
APACHE III score 72.8 (25.5)
Mean arterial blood

pressure, mm Hg
76.8 (22.9)

PaCO2
, mm Hg 44.6 (16.9)

PaO2
:FIO2

182.8 (84.2)

Definition of abbreviations: APACHE = Acute
Physiology and Chronic Health Evaluation; FIO2

=
fraction of inspired oxygen; PaCO2

= arterial
carbon dioxide pressure; PaO2

= arterial
oxygen tension pressure; SD = standard
deviation.
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Figure 1. Mean Short Physical Performance
Battery (SPPB) Score during 6-month follow-up
period. SPPB evaluates gait speed, balance,
and lower extremity strength, with scores
ranging from 0 to 12. Scores of 0 to 3 denote
physical function disability, 4 to 6 low physical
function, 7 to 9 intermediate physical function,
and 10 to 12 high physical function. CI =
confidence interval.
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Figure 2. Trajectories of physical function
recovery based on Short Physical Performance
Battery (SPPB) scores over 6 months after critical
illness. Four distinct recovery trajectories are
identified. The rate and degree of physical
function recovery is highly variable in the first
6 months after critical illness. CI = confidence
interval.
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Missing Data
After assigning SPPB scores of 0 for patients
known to be deceased at a follow-up time
point, 19% of possible SPPB values were
missing. Of the 10 datasets generated using
multiple imputation, 8 resulted in four-
group solutions, 1 resulted in a five-group
solution, and 1 resulted in a six-group
solution. Using the four-group solution for
each analysis, the group assignment average
concordance with our results was 89%.
The datasets generated by assigning low,
intermediate, and high SPPB scores to
missing values all resulted in four-group
solutions and showed concordance of 82%
to 85% with our results.

Discussion

In critical illness research, the role of patient
heterogeneity remains underappreciated.
The diagnosis of acute respiratory failure
encompasses a heterogeneous group of
patients, and patients differ in their
trajectory of physical function recovery after
critical illness. Trajectory analysis is one
method of discriminating subpopulations of
patients who behave or respond similarly. In
this analysis, we identify four patient
subgroups that demonstrate differing
patterns of physical function recovery in
the 6 months after hospital discharge after

ARF. Both the rate and degree of physical
function recovery are highly variable and
differ based on trajectory group
membership. Group 4, with the highest
physical function, consists primarily of
younger women with less continuous
sedation time and shorter ICU LOS. In
contrast, Group 1, with persistent physical
function disability, consists primarily of
older patients with longer sedation time
and longer ICU LOS. Trajectory analysis
discriminates these distinct subgroups of
patients with physical function outcomes
that are not captured by a simple analysis of
the means. The variables that influence
trajectory group membership are age,
sex, intravenous sedation time, and
ICU LOS. Patients value physical
function, and functional independence
is of great importance to their well-being
(23). Understanding the role of the
aforementioned variables in influencing
recovery trajectories may help identify
patients who are at greater risk for
physical function disability after critical
illness.

Age has been frequently associated with
increased risk of acquired disability and
mortality after critical illness (9, 24, 25);
however, there is a paucity of data evaluating
long-term physical function outcomes in
older patients. It should be noted that age
alone, though, is not a determinant of

physical function outcome after critical
illness. For example, in our analysis, Group
4 had rapid recovery from intermediate
physical function disability at the time of
hospital discharge to high physical function
by 2 months. Half of the patients in this
group are older than 45 years of age, and the
others are younger. The oldest patient in this
group is 71 years. Although age range also
varies in group 1, this group contains no
patients younger than age 40 years. One
recent study of adult ICU survivors who
required at least 48 hours of mechanical
ventilation found that the number of
preexisting comorbidities was associated
with health-related quality of life and
physical symptoms in the first year of
recovery after critical illness (26). Older
patients who exhibit improved functional
recovery may reflect those who were less
frail and had fewer comorbidities before
their critical illness. There are limited data
available about prehospital functional status
in our patient cohort. APACHE III score
was included as a surrogate marker for
prehospital illness. In our analysis,
prehospital oxygen use, dialysis, or
APACHE III score were not associated with
recovery trajectory.

Several studies have shown that, at least
in the United States, mortality from critical
illness is higher in female than male patients
and that this occurs despite male patients

Table 2. Univariate and multinomial analysis to determine characteristics associated with trajectory group membership

Characteristic Group 1
(n = 38)

Group 2
(n = 48)

Group 3
(n = 131)

Group 4
(n = 43)

Univariate
P Value

Multinomial
P Value

n (%) n (%) n (%) n (%)
Female sex 23 (61) 12 (25) 72 (55) 30 (70) ,0.001 0.001
Non-Hispanic white 35 (92) 36 (75) 97 (74) 32 (74) 0.122 —
Prehospital dialysis 2 (5) 4 (8) 11 (8) 3 (7) 0.970 —
Home NIPPV 4 (11) 2 (4) 13 (10) 1 (2) 0.269 —
Received standardized
rehabilitation therapy

14 (37) 21 (44) 70 (53) 24 (56) 0.207 0.428

Home oxygen 11 (29) 12 (25) 30 (23) 2 (5) 0.028 0.467

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Age 63.3 (11.6) 65.0 (12.4) 56.0 (13.7) 42.4 (15.3) ,0.001 ,0.001
PaO2

:FIO2
* 175.3 (81.0) 172.7 (93.6) 188.4 (82.8) 183.9 (81.4) 0.370 —

APACHE III* 78.8 (23.8) 79.4 (22.4) 69.8 (24.6) 69.4 (30.8) 0.015 0.092
Hospital LOS (d) 21.5 (19.1) 16.1 (23.4) 11.7 (8.4) 8.8 (5.1) ,0.001 —
ICU LOS (d) 11.2 (11.1) 6.8 (5.9) 6.1 (5.4) 4.9 (3.4) 0.004 0.003
Ventilator days 9.5 (12.2) 5.4 (5.7) 4.8 (5.9) 3.8 (3.0) 0.066 —
Restraint days 5.6 (8.9) 3.0 (5.2) 2.2 (3.4) 2.0 (2.6) 0.145 0.422
Continuous IV sedation days 4.3 (5.3) 2.2 (2.8) 3.0 (4.1) 3.0 (2.6) 0.086 0.004

Definition of abbreviations: APACHE = Acute Physiology and Chronic Health Evaluation; FIO2
= fraction of inspired oxygen; LOS = length of stay; ICU = intensive

care unit; IV = intravenous; NIPPV = noninvasive positive pressure ventilation; PaO2
= arterial oxygen tension pressure; SD = standard deviation.

*Measured at enrollment.
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being more likely to be admitted to the ICU
and receiving more aggressive interventions
(27–33). These results contradict rodent
studies, which consistently show a survival
advantage for females after polymicrobial
sepsis (34, 35). In addition, female sex has
been previously identified as a possible risk
factor for ICU-acquired weakness (36, 37).
By contrast, in our study female sex has an
advantage for long-term physical function
recovery. Explanations for these findings
may be related to hormone differences. One
prior study of elderly patients with
infection-associated critical illness showed
that mortality was not dependent on sex but
correlated with elevated levels of 17B-
estradiol in male and female subjects,
elevated progesterone in men, and elevated
testosterone in women (38). In addition, one
study that also stratified patients by age
demonstrated a survival advantage for
women younger than 50 years of age (28).
Additional studies of long-term physical
function after critical illness are needed to
better understand the sex-related differences
in physical function recovery and the
underlying factors that mediate these
differences.

Longer ICU LOS is associated with
reduced physical function recovery in our
analysis. No patients in the group that
demonstrated high physical function
throughout the study period (Group 4) had
a LOS longer than 15 days. Longer ICU
LOS has been previously associated with
higher disability at 1 year after critical
illness (9). In contrast to our analysis, a
recent secondary analysis of physical
function recovery after ARF found that
although patients with prolonged hospital
course after ARF had worse physical
function at 6 months than those discharged
home, the rate of physical function
improvement was similar between the two
groups (39). Interestingly, in our analysis,
physical function shows a slight decline in
Groups 2 and 3 at 6 months. Iwashyna and
colleagues have previously shown that in
patients beyond Day 10 of ICU stay,
admission diagnosis and severity are no
longer more predictive of outcome than
antecedent patient characteristics (40). A
recent secondary analysis has also shown
prehospitalization comorbidity counts to
be the strongest predictor of health-related
quality of life in the year after critical illness

(26). Furthermore, pre-ICU impairments
in hearing and vision among older adults
have been associated with poor physical
function recovery at 6 months (41).
Whether this influence of pre–critical
illness variables on LOS and their role in
physical function recovery can be mitigated
by targeted interventions during ICU care
remains to be further elucidated.

The only modifiable factor shown to
influence physical function recovery
trajectory in our analysis was time receiving
continuous intravenous sedation. In this
population, intravenous sedation days were
defined as any part of a day with continuous
intravenous delivery of morphine, fentanyl,
midazolam, lorazepam, propofol, or
dexmedetomidine. Multiple prior studies
have shown that continuous intravenous
sedation and depth of sedation have a
negative impact on outcomes in critically ill
patients (42–44). Again, there is variability
in continuous intravenous sedation time in
each recovery group, as it is the interplay of
these four variables and not just one that
influences physical function recovery. Our
data support the need to minimize
continuous sedation time in critically ill
patients.

Randomization to standardized
rehabilitation therapy or usual care was
not associated with trajectory group
membership; however, the prespecified
secondary analysis of the parent study did
show improvement in physical function
outcomes, including SPPB (14). Multiple
reasons may explain this finding. Our
analysis was not designed to assess the
impact of standardized rehabilitation
therapy on physical function recovery
trajectory. Prospective studies designed
for enrichment of different trajectory
groups would be needed to adequately
assess for the effect of rehabilitation
therapy.

There are limitations to our study.
One limitation is missing SPPB data due to
death and missingness. To address this,
multiple sensitivity analyses were
performed, as described in METHODS.
Despite this missingness, the concordance
of 82% to 89% between our model with
missing data and those with imputations
suggests that the four-group solution is
fairly robust. As with many critical illness
studies, this sample is a single-center

population in the United States and is
predominantly white, which may limit the
generalizability of results. Another
limitation is that prehospitalization
functional status is not well defined for this
population and may play an important role
in physical function outcomes. Furthermore,
long-term outcome may be significantly
impacted by ICU organ failures (45),
which was not assessed by this study.
In addition, the follow-up time is only
6 months, and patients had a maximum
of four measurements, limiting the
complexity of the regression models.

There are only a few prior studies that
aim to identify functional trajectories of
recovery after critical illness. Herridge and
colleagues evaluate a population of critically
ill patients requiring mechanical ventilation
for at least 7 days, whereas the course of ARF
in many of our patients was considerably
shorter (9). Our patient cohort is also unique
from both studies by Ferrante and
colleagues, which use the Precipitating
Events Cohort, with patients older than
70 years of age and many with high levels
of preexisting disability (41, 46). We
demonstrate that even in a relatively
younger population that was independent in
ambulation before critical illness, recovery
after ARF has very high interindividual
variability. This information contributes to
the field, informing the need to account for
patient heterogeneity in critical care trials of
physical function recovery, as patients in
these recovery groups may respond
differently to interventions aimed at
improving physical function recovery after
critical illness

Patients have distinct physical function
recovery trajectories after critical illness.
Physical function at hospital discharge as
well as the rate and degree of physical
function recovery in the subsequent
6 months are highly variable. Age, sex,
continuous intravenous sedation time, and
ICU length of stay jointly influence the
trajectory of physical function recovery after
critical illness from acute respiratory failure.
Further examination of these groups may
assist in clinical trial design to tailor
interventions to specific subgroups and may
also inform prognosis. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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