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Abstract

Objective

Available reports on critically ill adults with cystic fibrosis (CF) suggest improving short-term
outcomes. However, there is marked heterogeneity in reported findings, with studies mostly
based on single-centered data, limiting generalizability. We sought to examine population-
level patterns of demand for critical care resources, and the characteristics, resource utiliza-
tion, and outcomes of ICU-managed adults with CF.

Methods

We used the Texas Inpatient Public Use Data File to identify ICU admissions with CF aged
>18 years in Texas between 2004—2013. We examined ICU utilization at population level
(using CF Foundation annual reports) and, among ICU admissions, socio-demographic
characteristics, burden of comorbidities, organ failure, life-support utilization and hospital
disposition. Linear regression and multilevel logistic regression were used to examine tem-
poral trends and predictors of short-term mortality (hospital death and discharge to hospice),
respectively.

Results

Of 9,579 hospitalizations of adults with CF, 1,249 (13%) were admitted to ICU. The inci-
dence of ICU admission among adults with CF in Texas increased between 2004-2005 and
2012—2013 from 16.7 to 19.2 per 100 person-years (p = 0.0181), with ICU admissions aged
>30 years accounting for 80.3% of the change. Among ICU admissions the following
changes were noted between 2004—2005 and 2012—2013: any organ failure 30.2% vs.
56.3% (p = 0.0004), mechanical ventilation 11.5% vs. 19.2% (p = 0.0216), and hemodialysis
1.0% vs. 8.1% (p = 0.0007). Short-term mortality for the whole cohort and for those with
mechanical ventilation was 11.4% and 41.8%, respectively, with corresponding home dis-
charge among survivors 84% and 62.1%, respectively. Key predictors (adjusted odds ratios
[aOR (95% CI)]) of short-term mortality included age >45 years (2.051 [1.231-3.415]),
female gender (1.907 [1.237-2.941]), and mechanical ventilation (7.982 [5.001-12.739]).
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Conclusions

Adults with CF had high and rising population-level burden of critical iliness. Although ICU
admissions were increasingly older and sicker, the majority survived hospitalization, with
most discharged home, supporting short-term benefits of critical care in the present cohort.

Introduction

Cystic fibrosis (CF) is a heritable, life-shortening disease caused by dysfunction of the CF
transmembrane conductance regulator, leading to progressive multisystem organ damage,
with lung involvement being the predominant cause of morbidity and mortality. Remarkable
strides were made over the past 2 decades in the care of CF patients, driven by advances in
basic science, development of robust clinical trial network and multidisciplinary, evidence-
based management in care centers, such as those accredited by the CF Foundation in the
United States (US) [1, 2]. As a result, dramatic improvement was noted in long-term survival
of CF patients, with over 50% being 18 year or older, reaching recently a predicted median sur-
vival of nearly 42 years [3], with projected median survival over 50 years, if the recently
observed decrease in mortality continues at the same rate [4].

The increasing long-term survival into adulthood is expected to result in patients increas-
ingly manifesting the cumulative impact of CF-, age-, and therapy-related morbidity [4]. Thus,
the frequency of acute health crises, including those progressing to critical illness, can be
expected to rise with the expanding adult CF population. The growing number of CF patients
surviving into adulthood has in turn introduced challenges to maintain high quality of care as
patients transition from pediatric to adult care systems, including the ICU [2, 4]. While earlier
studies demonstrated the futility of intensive care and especially invasive mechanical ventila-
tion in CF patients [5], more recent reports [6], showing improved outcomes among critically
ill adults with CF, led to the proposition that critical care for CF “is no longer an oxymoron”
[7]. Nevertheless, a debate continues about use of critical care [8] and invasive mechanical ven-
tilation [9, 10] in adults with CF.

Data on the contemporary patterns of use of critical care services among adults with CF,
and the characteristics and outcomes of ICU-managed patients can inform preventive and
interventional efforts at the clinician and health system levels. However, data on the epidemiol-
ogy and clinical features in these patients remains scant. There have not been, to our knowl-
edge, population-based studies of critically ill adults with CF in the US. The investigations
reported to date were based, for the most part, on singe-centered data with small cohort size,
and the largest multicenter report included 136 ICU admissions [6]. The reported short-term
mortality in these cohorts ranged widely from 18.3% [11] to 73% [12] for all critically ill
patients, and from 0% [13] to 100% [14] of those undergoing invasive mechanical ventilation,
though the majority of studies on the later subgroup reported mortality rates between 32.3%
[15] and 58% [11]. Thus, the findings of the available studies may not be generalizable, and
most reports on ICU-managed adults with CF described cohorts from as late as the early 2000s
[6,11, 12, 14-16]. In addition, given the sparsity of contemporary data, combined with lack
of longitudinal studies, it is unknown whether general improvements in critical care and
advances in CF-related management extend to outcomes of critically ill adults with CF.

The objectives of the present study were to conduct a population-level examination of
adults with CF to evaluate the a) temporal patterns of utilization of critical care services b)
characteristics, resource utilization and outcomes of those admitted to ICU and c) patient-
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and hospital- level factors associated with short-term mortality. We studied the CF population
in Texas, a state with a large, demographically diverse population, with a high-quality adminis-
trative data that systematically reports on admission to ICU.

Materials and methods

This was a retrospective, population-based cohort study. The study was determined to be
exempt from formal review by the Texas Tech Health Sciences Center’s Institutional Review
Board due to use of a publicly available, de-identified data set.

Data sources and study population

We used the Texas Inpatient Public Use Data File (TIPUDEF), an administrative data set main-
tained by the Texas Department of State Health Services [17].The use of TIPUDF has been pre-
viously described [18]. Briefly, the data set includes de-identified inpatient discharge data on
the demographic, clinical, resource utilization, and outcome domains from state-licensed, non-
tederal hospitals, and captures 93% to 97% of all hospital discharges in the state. The state of
Texas masks gender and zip code data of hospitalizations with a diagnosis of infection with the
human immunodeficiency virus (HIV), ethanol or drug abuse; in addition, zip code data are
masked in specific categories of hospitalizations with small number from a given zip code of res-
idence or small number discharges from a specific hospital. In addition, the state provides only
broad age group data for hospitalizations with a diagnosis of infection with the human immu-
nodeficiency virus (HIV), or with alcohol or drug abuse, to protect patient privacy. Thus, age
groups for the latter category of hospitalizations are reported as 18-44 years, 45-64 years, 65-74
years, and >75 years. TIPUDF provides discharge-level, rather than patient-level information,
precluding accounting for repeated admissions in the data set. We thus report number of hospi-
talizations and ICU admissions as units of analysis, rather than number of patients.

We identified hospitalizations of state residents with CF, aged >18 years during the years
2004-2013, using International Classification of Diseases, Ninth Revision, Clinical Modifica-
tion codes 277.0X. CF hospitalizations with transplantation of any organ were excluded. Hos-
pitalizations with ICU admission served as the primary analytic cohort.

ICU admissions

Hospitalizations with ICU admission were identified based on unit-specific revenue codes for
an intensive care unit or a coronary care unit. Intermediate care units or step-down units were
not included. Because administrative data sets do not include information of the temporal
course of hospitalization, it could not be determined whether ICU admissions occurred at the
start of hospitalization or later during hospital course. Similarly, the proximate indications for
ICU admission were not available.

Outcomes

Our primary outcome measure was short-term mortality of ICU-admitted hospitalizations,
defined as the combination of hospital mortality and discharge to hospice. Secondary out-
comes included temporal patterns of ICU utilization, burden of chronic illness, organ failure,
use of life-support interventions, resource utilization, and hospital disposition.

Study variables

We accounted for patient characteristics and hospital attributes. Patient-level covariates of
ICU admissions included: a) demographics (age, gender, race/ethnicity [categorized as non-
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Hispanic black (black), non-Hispanic white (white), Hispanic, and Other], health insurance
[categorized as Private, Medicare, Medicaid, Uninsured, and Other], rural residence [defined
as >50% rural population at the zip code of residence [19]], and median income at the zip
code of residence, based on US Census data [20] [reported as quartiles]) b) comorbid condi-
tions, based primarily on the Deyo modification of the Charlson Comorbidity Index [21, 22];
in addition, we collected data on reported depression, anxiety, alcohol and drug abuse, and
tobacco use [S1 Table], and malnutrition [23]); we reported broad age categories for the whole
cohort in order to provide full representation of study population since, as noted above, the
state of Texas suppresses more granular age data to protect the privacy of those with diagnoses
of infection with HIV, or with ethanol or drug abuse; additional data on age group distribution
were provided for those ICU admissions without the aforementioned 3 diagnosis categories c)
medical or surgical hospitalization (based on the primary diagnosis-related grouping) d) organ
failures [24] e) use of invasive mechanical ventilation (termed mechanical ventilation hereaf-
ter), hemodialysis, and blood transfusion [S1 Table] f) hospital disposition [categorized as rou-
tine home, home with home health, transfer to another hospital, transfer to a nursing facility,
death, hospice, and a leave against medical advice] and g) year of hospitalization.

Hospital-level covariates included the total number of hospital beds, ICU capacity (fraction
of total beds that are ICU), teaching status, rural designation, and whether the facility was
accredited as part of the CF Foundation Care Center Network. The American Hospital Associ-
ation’s Annual Survey data from 2004 through 2013 were used to ascertain hospitals’ total and
ICU bed numbers. Teaching status was derived from TIPUDF facility designation. Rural des-
ignation of hospitals was obtained from the Texas State Office for Rural Health [25] and CF
Foundation Care Center Network designation was obtained from Foundation’s website [26].

In addition, we collected data on hospital length of stay and total hospital charges of ICU
admissions. Total hospital charges were adjusted for inflation using the consumer price index
and reported in 2013 US dollars [27]. TIPUDF and the state of Texas do not provide tools for
conversion hospital charges to costs.

Data analysis

We summarized patient and hospital characteristics as numbers and percentages for categori-
cal variables, while continuous variables were reported as mean (standard deviation [SD]) or
median (interquartile [IQR]). Because prior reports on utilization of hospital resources gener-
ally provided data on the means of abnormally distributed variables, we reported both mean
and median data to allow comparisons. We used the chi-square test for group comparison
involving categorical variables and Cochran-Armitage test for trend, as appropriate. The t-test,
Mann-Whitney test, and Kruskall-Wallis test were used for comparison of continuous vari-
ables, as appropriate. The Cochran-Armitage test for trend for used for categorical variables
and the Jonckheere-Terpstra trend test was used with Kruskal-Wallis comparisons.

We examined ICU utilization as incidence of ICU admission among the adult CF population
in Texas, the rate of ICU admission among all hospitalized adults with CF, and the rate of ICU
admission across age strata of CF hospitalizations. We used the incidence of ICU admission as a
proxy measure of the burden population-level critical illness. To estimate the number of adults
with CF in Texas during each study year we first obtained the state-specific number of those
included in the CF Foundation’s Patient Registry, using the Annual Reports by the CF Founda-
tion [28]. Because it has been estimated that the Patient Registry includes 83% to 87% of the CF
population in the United States [4, 19, 29, 30], we used the mid-estimate of 85% with the coeffi-
cient of 1.18 to derive an estimate of all adults with CF in the state for each year, similar to the
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approach described by Hamosh and colleagues [29]. The incidence of ICU utilization among the
adult CF population in the state is reported as number of ICU admissions per 100 person-years.

We used 2-year time periods (2004-2005, 2006-2007, 2008-2009, 2010-2011, and 2012-
2013) for group comparisons, trend analyses, and to examine for secular trends of short-term
mortality in logistic regression analyses. Two-year time periods were used in order to increase
group size and power for detection for statistically significant differences.

We used linear least squares regression of log-transformed data to examine the temporal
trends of ICU utilization, comorbidity burden, development of any organ failure and number
of failing organs, resource utilization, and hospital disposition. Trends were reported as aver-
age biennial percent change and corresponding 95% confidence intervals (95% CI). For trend
analysis of hospital disposition we combined outcomes into the following categories: short-
term mortality (as defined earlier), home (combined home and home with health services),
and discharge to another facility (combined discharge to another hospital and to a nursing
facility).

Because temporal changes in ICU utilization may be affected by changes in threshold of
ICU admission, rather than changing needs, we examined the corresponding temporal trends
of measures of severity of illness, using the number of organ failures. Because temporal
changes in reported organ failure may reflect upcoding and reimbursement-related incentives
[31], we further compared the rates of utilization of organ-specific life-support interventions
among ICU admissions with a specific organ failure (i.e., use of mechanical ventilation among
hospitalizations with reported respiratory failure and hemodialysis among those with acute
renal failure) at the start and end of study period.

We used multivariate logistic regression modeling to examine predictors of short-term mor-
tality of ICU admissions. Univariate logistic regressions were carried out, with covariates with
p < 0.1 considered for multivariate analysis. Candidate covariates were then examined for mul-
ticollinearity. The multivariate logistic model included the following covariates: age, gender,
race/ethnicity, congestive heart failure, malignancy, metastatic tumor, drug abuse, malnutrition,
organ failure, blood transfusion, hemodialysis, mechanical ventilation, and teaching status of
facilities. Year of hospitalization (as 2-year time periods) was used as adjustment covariate. Co-
variates were entered using backward stepwise selection. Model’s discrimination was assessed
as area under receiver operating characteristic (AUROC) and its calibration by using the Hos-
mer-Lemeshow’s goodness-of-fit test. Because disparity in long-term survival among adult
women with CF was recently reported to vary across age groups, with similar long-term survival
among older patients [32], we checked for interaction between gender and age to assess whether
similar patterns are observed for short-term mortality and included the interaction term in the
final model. We further performed exploratory analyses to compare short-term gender-specific
mortality rates among ICU admissions across age strata. We reported model findings as adju-
sted odds ratios (aOR) and their corresponding 95% CIL.

Data management was performed using Excel and Access (Microsoft, Redmond, Washing-
ton) and statistical analyses were performed with MedCalc version 17.5.5 (MedCalc Software,
Ostend, Belgium) and SAS version 9.3 (SAS Institute, Cary, North Carolina). A 2-sided p
value < 0.05 was considered statistically significant.

Results
ICU utilization patterns

There were 9,579 hospitalizations of adults with CF during study period, of which 1,249 (13%)
were admitted to ICU. The biennial number of hospitalizations of adults with CF and the cor-
responding number of ICU admissions are detailed in S2 Table.
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Fig 1. The biennial incidence of ICU admission among the adult population with cystic fibrosis in
Texas, 2004—2013.

https://doi.org/10.1371/journal.pone.0186770.g001

The temporal trends of the incidence of ICU admissions among the adult CF population in
Texas are presented in Fig 1. The number of ICU admissions among adults with CF in the
state between 2004-2005 and 2012-2013 rose from 16.7 to 19.2 per 100 person-years (+3.2%/
2-years [95% CI 1.0% to 5.4%]). The rate of ICU admissions among hospitalized adults with
CF did not change significantly over time (+3.6%/2-years [95% CI -2.1 to 9.3]). The rate of
ICU admission among CF hospitalizations rose with age, being 11.8%, 22.9%, and 32.4% for
age groups of 18-44 years, 45-64 years and >65 years, respectively (p < 0.0001 for trend). The
number of ICU admissions increased from 192 in 2004-2005 to 334 in 2012-2013, with 80.3%
of the change accounted for by ICU admissions aged >30 years.

Characteristics, resource utilization, and outcomes of ICU admissions

The characteristics of ICU admissions are detailed in Table 1. Hospitalizations aged >45 years
accounted for 17.1% of ICU admissions, while racial and ethnic minorities comprised 28%.
The age distribution among ICU admissions without diagnoses of HIV infection, alcohol or
drug abuse (n = 1,154) aged 18-29 years, 30-44 years, 45-64 years, and >65 years was 64.4%,
17.8%, 11.1%, and, 6.7%, respectively. Health insurance by Medicare or Medicaid was used by
half of ICU admissions. Non-pulmonary comorbidities (among those included in the Deyo
comorbidity index) were reported in 26.2% of ICU admissions, with diabetes (24.1%), liver
(11.8%) and renal (9.0%) diseases being the most common. Between 2004-2005 and 2012-
2013 there has been no change in the frequency of diabetes (22.4% vs. 20.7%; p = 0.6397),
while occurrence of renal (3.1% vs. 14.4%; p < 0.0001) and liver (9.4% vs. 16.6%; p = 0.0293)
disease rose substantially. Malnutrition was reported in 29.5% and depression and/or anxiety
in 22.6%. Alcohol and drug abuse were uncommon and tobacco use was reported in 7.8%.
HIV infection was reported in two ICU admissions. One or more organ failures occurred in
44.6% of ICU admissions (mean [SD] 0.7 [0.9]), with the respiratory (29.2%) and renal
(18.9%) systems most commonly affected. The median (IQR) number of organ failures and
Deyo comorbidity index scores increased across the 18-44 years, 45-64 years and >65 years
age groups (0 [0-1], 0.5 [0-1], and 1 [0-1]; p = 0.0005 and p = 0.0027 for trend; 1 [0-1], 1 [1-
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Table 1. The characteristics, hospital resource utilization, and outcOmes of ICU admissions.

ICU Admissions

Variables n=1,249
Age, years (%)
18-44 1,035 (82.9)
45-64 134 (10.7)
>65 80 (6.4)
Gender (n = 1,152 [%])*
Female 559 (48.5)
Race/ethnicity (%)
White 899 (72.0)
Hispanic 199 (15.9)
Black 73(5.8)
Other 78 (6.2)
Median income (n = 1,114)*
Mean (US dollars) 44,925
Quartile 1 (lowest) 612 (54.9)
Quartile 2 423 (38.0)
Quartile 3 68 (6.1)
Quartile 4 (highest) 12 (1.0)
Rural residence (1,114) (%)* 146 (13.1)
Health insurance (%)
Private 512 (41.0)
Medicare 314 (25.1)
Medicaid 319 (25.5)
Uninsured 63 (5.0)
Other 26 (2.1)
Missing 15(1.2)
Deyo comorbidity index (mean [SD]) 1.2(1.6)
Non-pulmonary comorbidities (%)
Any® 326 (26.2)
Diabetes® 301 (24.1)
Liver disease® 147 (11.8)
Renal disease® 113 (9.0)
Congestive heart failure® 100 (8.0)
Malignancy® 25 (2.0)
Malnutrition 369 (29.5)
Alcohol abuse 37 (3.0)
Drug abuse 75 (3.0)
Smoking 98 (7.8)
Anxiety 115 (9.2)
Depression 212 (17.0)
Type of hospital admission (%)
Medical 944 (75.6)
Surgical 305 (24.4)
Number of organ failures (%)
0 692 (55.4)
1 368 (29.5)
2 119 (9.5)

(Continued)
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Table 1. (Continued)

ICU Admissions

Variables n=1,249
3+ 70 (5.6)
Type of organ failures (%)
Respiratory 365 (29.2)
Cardiovascular 69 (5.5)
Renal 236 (18.9)
Hepatic 29 (2.3)
Hematological 105 (8.4)
Metabolic 98 (7.8)
Neurological 47 (3.8)
Mechanical ventilation (%) 213(17.1)
Hemodialysis (%) 61(4.9)
Blood transfusion (%) 211 (16.9)
Hospital length of stay (days)
Mean (SD) 12.6 (14.2)
Median (IQR) 9 (4-16)
Total hospital charges
Mean (SD) 143,465 (189,620)
Median (IQR) 79,394 (37,745-174,073)
Hospital disposition (%)
Routine home 774 (62.0)
Home with home health 160 (12.8)
Another hospital 127 (10.2)
Nursing facility 24 (1.9)
Leave against medical advice 21(1.7)
Death 126 (10.1)
Hospice 16 (1.3)
Missing 1(<0.1)

A Gender was masked in 97 ICU admissions; Zip codes were masked in 135 of ICU admissions
B Comorbidities other than chronic lung disease within those included in the DEyo comorbidity index
C Part of the Deyo comorbidity index

https://doi.org/10.1371/journal.pone.0186770.t001

3],and 2 [1-3]; p < 0.0001 and p < 0.0001 for trend, respectively). When ICU admissions
without diagnoses of HIV infection, alcohol or drug abuse were examined, their median (IQR)
number of organ failures and Deyo comorbidity index scores increased across the 18-29 years,
30-44 years, 45-64 years, and >65 years age groups (0 [0-1], 0 [0-1], 0.5 [0-1], and 1 [0-1];

p = 0.000 and p = 0.0007 for trend; 1 [0-1], 1 [0-1], 1 [1-3], and 2 [1-3]; p < 0.0001 and

p < 0.0001 for trend, respectively). Mechanical ventilation and hemodialysis were used in
17.1% and 4.9% of all ICU admissions, respectively. When examined among ICU admissions
with respiratory and renal system organ failures, mechanical ventilation and hemodialysis
were used in 58.4% and 25.8%, respectively. The median (IQR) hospital length of stay and
adjusted total hospital charges were markedly higher among ICU admissions who had
mechanical ventilation, as compared to those who had not (14 [8-26] vs. 8 [4-14 days];

p < 0.0001 and $180,410 [90,290-375,345] vs. $66,359 [32,269-137,301; p < 0.0001, respec-
tively). The corresponding mean (SD) lengths of stay and adjusted total hospital charges
among ICU admissions who had mechanical ventilation, as compared to those who had not
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Table 2. ICU admissions according to hospital characteristics.

ICU Admissions

Hospital characteristic n=1,249
Bed numbers (%)
<200 119 (9.5)
200-399 248 (19.9)
400-599 440 (35.2)
>600 442 (35.4)
ICU capacity (%)
<10 254 (20.3)
10-15 733 (58.7)
>15 262 (21.0)
Teaching facility (%) 631 (50.5)
CFF Care Center (%)" 163 (6.2)
Rural hospital (%) 21(1.7)

CFF: Cystic Fibrosis Foundation
A Afacility that is part of the Cystic Fibrosis Foundation-accredited care centers

https://doi.org/10.1371/journal.pone.0186770.t002

were 20.4 (23.4) vs. 11.0 (10.8) days and $265,961 (276,821) vs. $118,280 (154,714),
respectively.

The number of ICU admissions across examined hospital attributes is described in Table 2.
Over 70% of ICU admissions were in hospitals with 400 or more beds and 50.5% occurred in
teaching facilities. ICU admissions in rural hospitals and those that were part of accredited CF
Foundation Network Care Center were uncommon.

The short-term mortality for the whole cohort was 11.4% and after excluding those, 84% of
the remainder were discharged home. Among the 213 ICU admissions requiring mechanical
ventilation, short-term mortality was 41.8%. Among the remainder (n = 124), 62.1% were dis-
charged home, 35.5% were discharged to another hospital, and 2.4% were discharged to a
nursing facility. When analyzed across age groups, short-term mortality for age groups 18-44
years, 45-64 years, and >65 years was 10.4%, 13.4%, and 20.0%, respectively (p = 0.0078 for
trend). The corresponding short-term mortality for age groups 18-29 years, 30-44 years, 45-
64 years, and >65 years among ICU admissions without diagnoses of HIV infection, alcohol
or drug abuse, was 9.7%, 15.6%, 14.1%, and 20.8%, respectively (p = 0.0012 for trend).

Temporal trends among ICU admissions

The mean Deyo-Charlson index increased from 0.9 to 1.5 between 2004-2005 and 2012-2013
(+14.3%/2 years [95% CI 2.9% to 25.7%]). Occurrence of one or more organ failures rose from
30.2% to 56.3% between 2004-2005 and 2012-2013 (+16.3%/2 years [95% CI 13.3% to 19.3%])
and the mean number of failing organs increased from 0.4 to 0.9 over the same period (+20.4%/
2 years [95% CI 13.1% to 27.7%]).

The frequency of respiratory failure and acute renal failure increased between 2004-2005
and 2012-2013 from 18.8% to 32.6% (p = 0.0006) and from 9.9% to 28.1% (p < 0.0001),
respectively. The frequency of chronic renal disease among ICU admissions with acute renal
failure increased between 2004-2005 and 2012-2013 from 26.3% to 50% (p = 0.0600). Over
the same period, use of mechanical ventilation and hemodialysis among all ICU admissions
rose from 11.5% to 19.2% (p = 0.0216) and from 1.0% to 8.1% (p = 0.0007), respectively. The
use of mechanical ventilation among those with respiratory failure and hemodialysis among
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those with acute renal failure did to not change significantly between 2004-2005 and 2012-
2013, being 61.1% vs. 58.7% (p = 0.8004) for mechanical ventilation and 10.5% vs. 28.7%
(p = 0.0992) for hemodialysis.

The median (interquartile range) hospital length of stay decreased between 2004-2005 and
2012-2013 from 12 (6-18) to 8 (4-16) days, respectively (-9.3%/2 years [-18.2% to -0.3%]),
while the median adjusted total hospital charges remained unchanged (+5.0%/2 years [-9.6%
to 19.5%]).

There was no significant change over time in short-term mortality (p = 0.9471), discharge
home (p = 0.6942), or discharge to another facility (p = 0.1532).

Predictors of short-term mortality

The findings on univariate analyses and those on covariates removed on backward analyses of
multivariate logistic regression are provided in S3 Table and S4 Table, respectively. The results
of multivariate analysis are detailed in Table 3. The model’s AUROC (95% CI) was 0.850
(0.814-0.886) and goodness-of-fit test showed X* = 3.035 and p = 0.932. The predictive model
showed that older ICU admissions and women had increased adjusted odds of short-term
mortality, as were those receiving blood transfusion and developing increasing number of fail-
ing organ. Requirement of mechanical ventilation was the strongest predictor of short-term
mortality among ICU admissions with aOR 7.982.

None of the other examined socio-demographic factors, non-pulmonary comorbidities, or
hospital-level characteristics predicted short-term mortality on adjusted analyses.

Although there was a significant interaction between age and gender on univariate analysis
(p = 0.082), it was insignificant on adjusted analysis (p = 0.1140). On the exploratory subgroup
analyses, short-term mortality was markedly higher among female ICU admissions younger

Table 3. Multivariate logistic regression of predictors of short-term mortality among ICU admissions.

Variables Adjusted odds ratio (95% ClI) p value
Age
<45years 1
> 45 years 2.051(1.231-3.415) 0.0058
Gender
Male 1
Female 1.907 (1.237-2.941) 0.0035
Race/ethnicity 0.0897
White 1
Hispanic 1.142 (0.650-2.008)
Black 0.344 (0.098-1.215)
Other 1.942 (0.932—4.050)
Organ failures <0.0001
0 1
1 2.784 (1.605-4.831)
2 3.662 (1.856—7.225)
3+ 5.427 (2.510-11.733)
Blood transfusion 1.810(1.125-2.911) 0.0144
Mechanical ventilation 7.982 (5.001-12.739) < 0.0001
Year of hospitalization® 0.881 (0.766—1.014) 0.0582
A adjusted odds ratio is per 2-year period of hospitalization
https://doi.org/10.1371/journal.pone.0186770.t003
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than 45 years than that among their age group-similar male counterparts (14.1% vs. 7.4%,
respectively; p = 0.0009). On the other hand, short-term mortality was similar between female
and male ICU admissions aged 45 years and older (16.4% vs. 16.8%, respectively; p = 0.9270).

Discussion

In this population-based cohort study we found increasingly high ICU utilization among adults
with CF in Texas, with ICU admissions becoming sicker, showing rise in the burden of comor-
bidities and development of organ failure. The increased volume of ICU admissions was driven
predominantly by older adults. Nevertheless, most ICU admissions and those requiring mechan-
ical ventilation survived hospitalization with the majority of the reminder were discharged
home. Adjusted odds of short-term mortality were higher among women, with older age,
increasing number of organ failures and need for blood transfusion and mechanical ventilation.

We found high and rising burden of critical illness among adults with CF in Texas, averag-
ing nearly 1 ICU admission per 5 adults per year in the state, by the end of study period. The
burden of critical illness among adults with CF can be put in perspective by the finding that
their incidence of ICU admission in the present study is over 7-fold higher than that in the
general population in the US [33].

Our finding of over 3-fold rise in rates of ICU admissions with increasing age among CF
hospitalizations likely reflects the noted corresponding incremental burden of comorbidities
and number of organ failures. These findings indicate that with increasing aging of CF popula-
tion, ICU utilization is expected to rise substantially.

Organ failures affected predominantly the respiratory and renal systems. However, unlike
the expected predominance of respiratory failure among CF ICU admissions with organ fail-
ure, acute renal failure, shown to rise nearly 3-fold during study period, has not been generally
associated with cystic fibrosis, including critical illness events. While the proximate causes of
acute renal failure could not be ascertained from administrative data, the corresponding rapid
rise in reported chronic renal disease was likely among the key contributors.

Prior studies of consecutive ICU admissions of adults with CF showed that 74% [6] to 90%
[11, 16] of patients were admitted for respiratory crises. In contrast, a key finding of our study
is that the majority of adults with CF admitted to ICU in Texas did not have acute respiratory
system failure. Although specific indications for ICU admission were not available in the
TIPUDEF data, the later finding suggests marked population-level broadening of the spectrum
of ICU admissions among adults with CF, and may explain in part the relatively low short-
term mortality in our cohort. Further population-based studies are needed to examine the con-
temporary patient mix of critically ill adults with CF in other healthcare settings.

Only limited data were reported on measures of hospital resource utilization among ICU-
managed adults with CF [13, 14, 16]. The marked decrease in hospital length of stay in our
cohort, without concomitant decline in severity of illness or rise in discharge to other facilities,
suggests increase in care efficiency.

The hospital-level fiscal footprint of hospitalizations with ICU admission of adults with CF
has not been previously reported. The mean hospital charges per ICU admission for the whole
cohort were nearly 4-fold higher than those per hospitalization in the general population in
Texas in 2013 [34] and, when adjusted for inflation, over 2-fold higher than those per ICU
admission in the general population in the US [35]. Importantly, the unchanged adjusted hos-
pital charges over time, coupled with decreased hospital length of stay suggest marked increase
in daily care intensity in our cohort.

The short-term mortality in our cohort is among the lowest reported among critically ill
adults with CF, with prior studies describing mortality ranging from 0% [13] to 73% [12]. Our
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findings also highlight the previously noted low use of hospice and palliative care services in
general among CF patients [36, 37], underscoring future opportunities for practice improve-
ment. Short-term mortality rose with age, likely reflecting the corresponding incremental bur-
den of chronic illness and organ failure. Direct comparisons of mortality in our cohort with
prior studies are challenging due to the noted predominance of single-center data, with most
described patients treated during the 1990s and early 2000s [6, 11, 12, 14-16], and the
markedly higher ICU bed availability in the US, as compared to other high-income countries
[38]. Nevertheless, our study extends findings from prior reports showing a pattern toward
improving outcomes among critically ill adults with CF.

In contrast with the relatively low mortality for the whole cohort, our findings on the short-
term mortality among the subset of ICU admissions undergoing mechanical ventilation are
within the range reported by the majority of prior studies, with mortality rates in these reports
ranging from 32.3% [15] to 58% [11]. Although the study by Sood and colleagues [6] prompted
a pronouncement in 2001 that critical care in patients with CF “is no longer an oxymoron” [7],
significant debate remains about the use of mechanical ventilation in critically ill patients with
CF. Indeed, some have suggested that as most critically ill patients with CF have end-stage dis-
ease, intensive care should not be considered and that it is only rarely appropriate “to ventilate
patients with CF who have respiratory failure” [8]. Nevertheless, available data suggest that
considerable progress was made in the short-term outcomes of mechanically ventilated adult
CF patients since the often-cited study by Davis et al, which found near uniform fatality [5].
Our study demonstrates that the population-level short-term mortality in a heterogeneous
cohort of adults with CF who received mechanical ventilation is comparable to that of patients
with the acute respiratory distress syndrome in the general population [39], for whom there is
no debate on the usefulness of mechanical ventilation.

The hospital disposition of survivors of critical illness has not been described in prior stud-
ies of adults with CF. About 3 out of 4 of ICU admissions in our cohort were discharged home.
As importantly, nearly 2 in 3 of the survivors in the subgroup that received mechanical ventila-
tion (that is, after excluding those who died in the hospital or were discharged to hospice) were
discharged home, representing a markedly higher rate than that (46.6%) reported among hos-
pital survivors of the acute respiratory distress syndrome [40]. Thus, as critical illness in adults
with CF is no longer mostly a fatal event, emphasis in future studies should shift to address
longer-term consequences of survivorship [41], including, as is increasingly recognized in the
general population, related physical, cognitive, and mental health dysfunction [42], as well as
trajectories of subsequent increased use of health care resources [43, 44] and lower long-term
survival [44].

Only patient-level covariates were associated with short-term mortality in our cohort, being
restricted to advanced age, gender and, as expected, incremental organ failure and use of life-
support interventions, with need for mechanical ventilation having the strongest adverse
impact.

Gender-related disparities in long-term survival continue to affect adult women with CF
[4], despite the noted progress in patient care. Our study shows that this survival gap among
women extends to short-term mortality among critically ill patients. However, although the
interaction of gender and age was not significant on multivariate analysis, we found on explor-
atory analyses that the worse short-term mortality among women in our cohort was driven
exclusively by those younger than 45 years. These later findings are in line with those reported
recently by Nick and colleagues, who have showed that among long-term survivors of CF, the
survival gap was no longer observed among older women [32].

The odds of adjusted short-term mortality, though not statistically significant, tended to
decrease over time. This trend was contrary to an expected rise, as ICU admissions were
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getting older and with increasing occurrence of organ failure and need for life-support inter-
ventions. However, apparent improvements in short-term mortality may represent an under-
estimated death rate when critically ill patients are increasingly discharged to other facilities
[45]. Because there was no significant change in rates of discharge to another facility during
study period, the combined findings of lack of rise of adjusted odds of death and unchanged
unadjusted short-term mortality in our cohort may reflect improving care of critically ill adults
with CF over time.

The rarity of ICU admissions of critically ill adults with CF among the general population
of the critically ill limits development of institutional and clinicians’ expertise, and may poten-
tially favor larger hospitals and ICUs and those facilities with broad disease-specific expertise.
However, hospital-level characteristics did not affect risk of short-term mortality in our cohort,
though they are well-known to impact outcomes in the general ICU population [46].

Only a small minority of ICU admissions were managed at the CF Foundation’s accredited
care center facilities. This finding reflects the geographical reality where the latter facilities
(n =11) [26] represent a small fraction of the hundreds of hospitals in Texas [17], while the
state population is dispersed over a land area larger than France [20]. Although CF patients in
Texas can have periodic outpatient follow-up at the CF Foundation’s accredited care centers,
the noted geographical constraints can preclude ready close-by access to inpatient care at these
facilities at times of acute severe health crises. Since the TIPUDF data set does not include
information on the outpatient care of hospitalizations, the association between the location or
quality indicators of outpatient care and the risk of critical illness and related outcomes in our
cohort cannot be inferred.

The long-term outcomes of patients followed at the CF Foundation accredited care centers
were not been systematically compared with those not followed in these centers. Nevetheless,
we hypothesized that short-term mortality of critically ill patients may be more favorable
among those managed in facilities that were part of the CF Foundation care center network. A
positive short-term prognostic impact for critically ill patients managed in these facilities may
have supported consideration of regionalization of critical care of adults with CF, in line with
similar proposals for the general population [47]. The sources of the apparently neutral out-
come impact of care in hospitals that were part of the CF Foundation accredited care center
network cannot be inferred from administrative data. However, the overall short-term mortal-
ity in the present study has been among the lowest reported to date in this population, while
the short-term mortality among those requiring mechanical ventilation has been well compa-
rable to that reported in many referral centers [11, 16, 48]. Thus, a key message of the present
study is that at a population level the examined hospital-level factors did not adversely affect
short-term outcomes of critically ill adults with CF.

Although our model demonstrated good predictive performance, we cannot exclude effects
of residual confounding on our findings, due to the observational, retrospective study design.
In addition, although we examined a large cohort of ICU admissions, we cannot exclude lack
of significant prognostic impact of some of the examined covariates due to small subgroup
numbers and possibly resultant type II errors.

The key strengths of our study include general and longitudinal examination of a large,
unselected, population-based cohort of ICU admissions, transcending local variability in
patient-mix, care, and outcome patterns. In addition, the study focused on a state with a
diverse population, with interrogation of a high-quality data set.

Nevertheless, our findings should be considered in the context of several important limita-
tions, related to the retrospective study design and use of administrative data. As a result, hos-
pitalizations with CF may have been improperly identified or under-identified. However, CF
hospitalizations were identified using an approach similar to prior epidemiological studies [49,
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50]. As noted earlier, the timing and indications for ICU admission were not available, nor
were data on the clinical variables that have affected clinicians’ triage to ICU or use of mechan-
ical ventilation or hemodialysis. In addition, although our models demonstrated excellent dis-
crimination and good calibration for prediction of short-term mortality, lack of data on some
of the key characteristics known to affect long-term outcomes of CF patients, such as pulmo-
nary function state, specific CF transmembrane conductance regulator gene mutations or
chronic colonization patterns of the respiratory tract may have affected our findings. Finally,
although we studied a large heterogeneous population, our findings may not reflect the popu-
lations of ICU-managed adults with CF in the remainder of the US or internationally.

Conclusions

In this first population-based study in the US, we demonstrate incrementally high burden of
critical illness among adults with CF. Although ICU admissions were increasingly older and
sicker, most, including those requiring mechanical ventilation, survived hospitalization, with
the majority of survivors discharged home, suggesting considerable short-term benefits of crit-
ical care in the present cohort. Increased risk of short-term mortality was associated with select
demographic characteristics, acute organ failure and need of life-support interventions, while
examined socio-economic features, non-pulmonary comorbidities and hospital-level attributes
did not affect risk of death. While clinicians invariably individualize care decisions on use of
life-support interventions, our results support consideration of mechanical ventilation in criti-
cally ill adults with CF. Although challenging due to the small number of affected patients in
individual facilities, further studies are needed in other healthcare settings to enhance our
understanding of the changing landscape of the population of critically ill adults with CF.

Supporting information

S$1 Table. ICD-9-CM codes used to identify selected comorbidities and ICU procedures.
(DOCX)

$2 Table. The biennial number of hospitalizations and ICU admissions of adults with cys-
tic fibrosis in Texas, 2004-2013.
(DOCX)

$3 Table. Univariate logistic regression of predictors of short-term mortality among ICU
admissions.
(DOCX)

$4 Table. Variables eliminated on backward stepwise selection for the multivariate logistic
regression of predictors of short-term mortality of ICU admissions.
(DOCX)

Acknowledgments
I would like to thank Philip Watkins for his assistance with select data analyses.

Author Contributions
Conceptualization: Lavi Oud.
Data curation: Lavi Oud.

Formal analysis: Lavi Oud.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186770 October 24, 2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186770.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186770.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186770.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186770.s004
https://doi.org/10.1371/journal.pone.0186770

@° PLOS | ONE

Critical illness in cystic fibrosis

Funding acquisition: Lavi Oud.

Investigation: Lavi Oud.

Methodology: Lavi Oud.

Project administration: Lavi Oud.

Resources: Lavi Oud.

Software: Lavi Oud.

Supervision: Lavi Oud.

Validation: Lavi Oud.

Visualization: Lavi Oud.

Writing - original draft: Lavi Oud.

Writing - review & editing: Lavi Oud.

References

1.

10.

1.

12.

13.

14.

Heltshe SL, Cogen J, Ramos KJ, Goss CH. Cystic Fibrosis: The Dawn of a New Therapeutic Era. Am J
Respir Crit Care Med. 2017; 195:979-984. https://doi.org/10.1164/rccm.201606-1250PP PMID:
27710011

Mogayzel PJ Jr, Dunitz J, Marrow LC, Hazle LA. Improving chronic care delivery and outcomes: the
impact of the cystic fibrosis Care Center Network. BMJ Qual Saf. 2014; 23 Suppl 1: i3-8.

Patient Registry Annual Data Report, 2015. Cystic Fibrosis Foundation. Available from: https://www.cff.
org/Our-Research/CF-Patient-Registry/2015-Patient-Registry-Annual-Data-Report.pdf

MacKenzie T, Gifford AH, Sabadosa KA, Quinton HB, Knapp EA, Goss CH, et al. Marshall BC. Longev-
ity of patients with cystic fibrosis in 2000 to 2010 and beyond: survival analysis of the Cystic Fibrosis
Foundation patient registry. Ann Intern Med. 2014; 161:233—-241. https://doi.org/10.7326/M13-0636
PMID: 25133359

Davis PB, di Sant’Agnese PA. Assisted Ventilation for Patients With Cystic Fibrosis. JAMA. 1978; 239:
1851-1854. PMID: 642113

Sood N1, Paradowski LJ, Yankaskas JR. Outcomes of intensive care unit care in adults with cystic fibro-
sis. Am J Respir Crit Care Med. 2001; 163:335-338. https://doi.org/10.1164/ajrccm.163.2.2003076
PMID: 11179102

Wallick K, Nick JA, Rodman DM. Cystic fibrosis critical care: no longer an oxymoron. Am J Respir Crit
Care Med. 2001; 163:310-312. https://doi.org/10.1164/ajrccm.163.2.ed2000d PMID: 11246640

Thomas SR. The pulmonary physician in critical care. lllustrative case 1: cystic fibrosis. Thorax. 2003;
58: 357-360. https://doi.org/10.1136/thorax.58.4.357 PMID: 12668804

Rosenthal M. Patients with cystic fibrosis should not be intubated and ventilated. J R Soc Med. 2010;
103 Suppl 1: S25-6.

Ketchell I. Patients with cystic fibrosis should be intubated and ventilated. J R Soc Med. 2010; 103
Suppl 1: S20—4.

Texereau J, Jamal D, Choukroun G, Burgel PR, Diehl JL, Rabbat A, et al Loirat P, Parrot A, Duguet A,
Coste J, Dusser D, Hubert D, Mira JP. Determinants of mortality for adults with cystic fibrosis admitted
in Intensive Care Unit: a multicenter study. Respir Res. 2006; 7: 14. https://doi.org/10.1186/1465-9921-
7-14 PMID: 16438722

Slieker MG, van Gestel JP, Heijerman HG, Tramper-Stranders GA, van Berkhout FT, van der Ent CK,
et al Jansen NJ. Outcome of assisted ventilation for acute respiratory failure in cystic fibrosis. Intensive
Care Med. 2006; 32: 754—748. https://doi.org/10.1007/s00134-006-0085-x PMID: 16518642

Hayes D Jr, Mansour HM. Improved outcomes of patients with end-stage cystic fibrosis requiring inva-
sive mechanical ventilation for acute respiratory failure. Lung. 2011; 189: 409-415. https://doi.org/10.
1007/s00408-011-9311-6 PMID: 21805164

Ellaffi M, Vinsonneau C, Coste J, Hubert D, Burgel PR, Dhainaut JF, et al Dusser D. One-year outcome
after severe pulmonary exacerbation in adults with cystic fibrosis. Am J Respir Crit Care Med. 2005;
171: 158-164. https://doi.org/10.1164/rccm.200405-6670C PMID: 15502116

PLOS ONE | https://doi.org/10.1371/journal.pone.0186770 October 24, 2017 15/17


https://doi.org/10.1164/rccm.201606-1250PP
http://www.ncbi.nlm.nih.gov/pubmed/27710011
https://www.cff.org/Our-Research/CF-Patient-Registry/2015-Patient-Registry-Annual-Data-Report.pdf
https://www.cff.org/Our-Research/CF-Patient-Registry/2015-Patient-Registry-Annual-Data-Report.pdf
https://doi.org/10.7326/M13-0636
http://www.ncbi.nlm.nih.gov/pubmed/25133359
http://www.ncbi.nlm.nih.gov/pubmed/642113
https://doi.org/10.1164/ajrccm.163.2.2003076
http://www.ncbi.nlm.nih.gov/pubmed/11179102
https://doi.org/10.1164/ajrccm.163.2.ed2000d
http://www.ncbi.nlm.nih.gov/pubmed/11246640
https://doi.org/10.1136/thorax.58.4.357
http://www.ncbi.nlm.nih.gov/pubmed/12668804
https://doi.org/10.1186/1465-9921-7-14
https://doi.org/10.1186/1465-9921-7-14
http://www.ncbi.nlm.nih.gov/pubmed/16438722
https://doi.org/10.1007/s00134-006-0085-x
http://www.ncbi.nlm.nih.gov/pubmed/16518642
https://doi.org/10.1007/s00408-011-9311-6
https://doi.org/10.1007/s00408-011-9311-6
http://www.ncbi.nlm.nih.gov/pubmed/21805164
https://doi.org/10.1164/rccm.200405-667OC
http://www.ncbi.nlm.nih.gov/pubmed/15502116
https://doi.org/10.1371/journal.pone.0186770

@° PLOS | ONE

Critical illness in cystic fibrosis

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Thomas SR, Evans TW, Geddes TW, et al. CF in adults: outcome after admission to intensive care unit.
Pediatr Pulmonol. 2000; 20 (Suppl):292

Vedam H, Moriarty C, Torzillo PJ, McWilliam D, Bye PT. Improved outcomes of patients with cystic
fibrosis admitted to the intensive care unit. J Cyst Fibros. 2004; 3: 8—14. https://doi.org/10.1016/j.jcf.
2003.12.003 PMID: 15463881

Texas inpatient public use data file. Texas Department of State Health Services, Center for Health Sta-
tistics, Austin, Texas. Available from: http://www.dshs.state.tx.us/thcic/hospitals/Inpatientpudf.shtm.

Oud L, Watkins P. Contemporary trends of the epidemiology, clinical characteristics, and resource utili-
zation of necrotizing fasciitis in Texas: a population-based cohort study. Crit Care Res Pract. 2015;
2015:618067. https://doi.org/10.1155/2015/618067 PMID: 25893115

Schechter MS, Shelton BJ, Margolis PA, Fitzsimmons SC. The association of socioeconomic status
with outcomes in cystic fibrosis patients in the United States. Am J Respir Crit Care Med. 2001;
163:1331-1337. https://doi.org/10.1164/ajrccm.163.6.9912100 PMID: 11371397

United States Census Bureau. Available from: http://www.census.gov/topics/population.html#.

Quan H, Sundararajan V, Halfon P, Fong A, Burnand B, Luthi JC, et al Saunders LD, Beck CA, Feasby
TE, Ghali WA. Coding algorithms for defining comorbidities in ICD-9-CM and ICD-10 administrative
data. Med Care. 2005; 43:1130—1139. PMID: 16224307

Quan H, Li B, Couris CM, Fushimi K, Graham P, Hider P, et al Januel JM, Sundararajan V. Updating
and validating the Charlson comorbidity index and score for risk adjustment in hospital discharge
abstracts using data from 6 countries. Am J Epidemiol. 2011; 173:676—682. https://doi.org/10.1093/aje/
kw433 PMID: 21330339

Weiss AJ (Truven Health Analytics), Fingar KR (Truven Health Analytics), Barrett ML (M.L. Barrett,
Inc.), Elixhauser A (AHRQ), Steiner CA (AHRQ), Guenter P (American Society for Parenteral and
Enteral Nutrition), et al Brown MH (Baxter International, Inc.). Characteristics of Hospital Stays Involving
Malnutrition, 2013. HCUP Statistical Brief #210. September 2016. Agency for Healthcare Research and
Quality, Rockville, MD. Available from: http://www.hcup-us.ahrq.gov/reports/statbriefs/sb210-
Malnutrition-Hospital-Stays-2013.pdf.

Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United States from 1979
through 2000. N Engl J Med. 2003; 348: 1546—1554. https://doi.org/10.1056/NEJMoa022139 PMID:
12700374

Rural Hospitals. Texas State Office of Rural Health. Texas Department of Agriculture. Available from:
http://www.texasagriculture.gov/Portals/O/forms/ER/RuralHealth/Rural%20Hospitals %20%202017.pdf

Find a CF Care Center. Cystic Fibbrosis Foundation. Available from: https://www.cff.org/Care-Centers/
Find-a-CF-Care-Center/

Bureau of Labor Statistics. United States Department of Labor. Available from: http://www.bls.gov/bls/
inflation.htm.

CF Patient Registry Reports. Cystic Fibbrosis Foundation. Available from: https://www.cff.org/
Research/Researcher-Resources/Patient-Registry/CF-Patient-Registry-Reports/

Hamosh A, FitzSimmons SC, Macek M Jr, Knowles MR, Rosenstein BJ, Cutting GR. Comparison of the
clinical manifestations of cystic fibrosis in black and white patients. J Pediatr. 1998; 132:255-259.
PMID: 9506637

Watts KD, Seshadri R, Sullivan C, McColley SA. Increased prevalence of risk factors for morbidity and
mortality in the US Hispanic CF population. Pediatr Pulmonol. 2009; 44: 594—601. https://doi.org/10.
1002/ppul.21037 PMID: 19437506

Lagu T., Rothberg M. B., Shieh M. S., Pekow P. S., Steingrub J. S., Lindenauer P. K. Hospitalizations,
costs, and outcomes of severe sepsis in the United States 2003 to 2007. Critical Care Medicine. 2012;
40: 754-761. https://doi.org/10.1097/CCM.0b013e318232db65 PMID: 21963582

Nick JA, Chacon CS, Brayshaw SJ, Jones MC, Barboa CM, St Clair CG, et al Young RL, Nichols DP,
Janssen JS, Huitt GA, Iseman MD, Daley CL, Taylor-Cousar JL, Accurso FJ, Saavedra MT, Sontag
MK. Effects of gender and age at diagnosis on disease progression in long-term survivors of cystic fibro-
sis. Am J Respir Crit Care Med. 2010; 182: 614—626. https://doi.org/10.1164/rccm.201001-00920C
PMID: 20448091

Angus DC, Barnato AE, Linde-Zwirble WT, Weissfeld LA, Watson RS, Rickert T, et al Rubenfeld GD;
Robert Wood Johnson Foundation ICU End-Of-Life Peer Group. Use of intensive care at the end of life
in the United States: an epidemiologic study. Crit Care Med. 2004; 32:638—-643. PMID: 15090940

HCUPnet. Healthcare Cost and Utilization Project. Agency for Healthcare Research and Quality. U.S.
Department of Health & Human Services. Available from: https://hcupnet.ahrg.gov/#setup

Barrett ML, Smith MW, Elixhauser A, Honigman LS, Pines JM. Utilization of intensive care services,
2011. HCUP Statistical Brief #185. December 2014. Agency for Healthcare Research and Quality.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186770 October 24, 2017 16/17


https://doi.org/10.1016/j.jcf.2003.12.003
https://doi.org/10.1016/j.jcf.2003.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15463881
http://www.dshs.state.tx.us/thcic/hospitals/Inpatientpudf.shtm
https://doi.org/10.1155/2015/618067
http://www.ncbi.nlm.nih.gov/pubmed/25893115
https://doi.org/10.1164/ajrccm.163.6.9912100
http://www.ncbi.nlm.nih.gov/pubmed/11371397
http://www.census.gov/topics/population.html#
http://www.ncbi.nlm.nih.gov/pubmed/16224307
https://doi.org/10.1093/aje/kwq433
https://doi.org/10.1093/aje/kwq433
http://www.ncbi.nlm.nih.gov/pubmed/21330339
http://www.hcup-us.ahrq.gov/reports/statbriefs/sb210-Malnutrition-Hospital-Stays-2013.pdf
http://www.hcup-us.ahrq.gov/reports/statbriefs/sb210-Malnutrition-Hospital-Stays-2013.pdf
https://doi.org/10.1056/NEJMoa022139
http://www.ncbi.nlm.nih.gov/pubmed/12700374
http://www.texasagriculture.gov/Portals/0/forms/ER/RuralHealth/Rural%20Hospitals%20%202017.pdf
https://www.cff.org/Care-Centers/Find-a-CF-Care-Center/
https://www.cff.org/Care-Centers/Find-a-CF-Care-Center/
http://www.bls.gov/bls/inflation.htm
http://www.bls.gov/bls/inflation.htm
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/CF-Patient-Registry-Reports/
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/CF-Patient-Registry-Reports/
http://www.ncbi.nlm.nih.gov/pubmed/9506637
https://doi.org/10.1002/ppul.21037
https://doi.org/10.1002/ppul.21037
http://www.ncbi.nlm.nih.gov/pubmed/19437506
https://doi.org/10.1097/CCM.0b013e318232db65
http://www.ncbi.nlm.nih.gov/pubmed/21963582
https://doi.org/10.1164/rccm.201001-0092OC
http://www.ncbi.nlm.nih.gov/pubmed/20448091
http://www.ncbi.nlm.nih.gov/pubmed/15090940
https://hcupnet.ahrq.gov/#setup
https://doi.org/10.1371/journal.pone.0186770

@° PLOS | ONE

Critical illness in cystic fibrosis

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

Rockville, MD. Available from: https://www.hcup-us.ahrg.gov/reports/statbriefs/sb185-Hospital-
Intensive-Care-Units-2011.pdf

Estrada-Veras J, Groninger H. Palliative care for patients with cystic fibrosis #265. J Palliat Med. 2013;
16:446-447. https://doi.org/10.1089/jpm.2013.9515 PMID: 23442038

Lanken PN, Terry PB, Delisser HM, Fahy BF, Hansen-Flaschen J, Heffner JE, et al Levy M, Mularski
RA, Osborne ML, Prendergast TJ, Rocker G, Sibbald WJ, Wilfond B, Yankaskas JR; ATS End-of-Life
Care Task Force. An official American Thoracic Society clinical policy statement: palliative care for
patients with respiratory diseases and critical illnesses. Am J Respir Crit Care Med. 2008; 177:912—
927. https://doi.org/10.1164/rccm.200605-587ST PMID: 18390964

Wounsch H, Angus DC, Harrison DA, Collange O, Fowler R, Hoste EA, et al de Keizer NF, Kersten A,
Linde-Zwirble WT, Sandiumenge A, Rowan KM. Variation in critical care services across North America
and Western Europe. Crit Care Med. 2008; 36:2787—2793. https://doi.org/10.1097/CCM.
0b013e318186aec8 PMID: 18766102

Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al Gattinoni L, van Haren F, Larsson A,
McAuley DF, Ranieri M, Rubenfeld G, Thompson BT, Wrigge H, Slutsky AS, Pesenti A; LUNG SAFE
Investigators; ESICM Trials Group. Epidemiology, Patterns of Care, and Mortality for Patients With
Acute Respiratory Distress Syndrome in Intensive Care Units in 50 Countries. JAMA. 2016; 315: 788—
800. https://doi.org/10.1001/jama.2016.0291 PMID: 26903337

Wang CY, Calfee CS, Paul DW, Janz DR, May AK, Zhuo H, et al Bernard GR, Matthay MA, Ware LB,
Kangelaris KN. One-year mortality and predictors of death among hospital survivors of acute respiratory
distress syndrome. Intensive Care Med. 2014; 40:388-396. https://doi.org/10.1007/s00134-013-3186-
3 PMID: 24435201

Iwashyna TJ. Survivorship will be the defining challenge of critical care in the 21st century. Ann Intern
Med. 2010; 153:204—-205. https://doi.org/10.7326/0003-4819-153-3-201008030-00013 PMID:
20679565

Needham DM, Davidson J, Cohen H, Hopkins RO, Weinert C, Wunsch H, et al Zawistowski C, Bemis-
Dougherty A, Berney SC, Bienvenu OJ, Brady SL, Brodsky MB, Denehy L, Elliott D, Flatley C, Harabin
AL, Jones C, Louis D, Meltzer W, Muldoon SR, Palmer JB, Perme C, Robinson M, Schmidt DM, Scruth
E, Spill GR, Storey CP, Render M, Votto J, Harvey MA. Improving long-term outcomes after discharge
from intensive care unit: report from a stakeholders’ conference. Crit Care Med. 2012; 40: 502-509.
https://doi.org/10.1097/CCM.0b013e318232da75 PMID: 21946660

Ranzani OT, Zampieri FG, Besen BA, Azevedo LC, Park M. One-year survival and resource use after
critical illness: impact of organ failure and residual organ dysfunction in a cohort study in Brazil. Crit
Care. 2015; 19: 269. https://doi.org/10.1186/s13054-015-0986-6 PMID: 26108673

Hill AD, Fowler RA, Pinto R, Herridge MS, Cuthbertson BH, Scales DC. Long-term outcomes and
healthcare utilization following critical illness—a population-based study. Crit Care. 2016; 20: 76.
https://doi.org/10.1186/s13054-016-1248-y PMID: 27037030

Zimmerman JE, Kramer AA, Knaus WA. Changes in hospital mortality for United States intensive care
unit admissions from 1988 to 2012. Crit Care. 2013; 17: R81. https://doi.org/10.1186/cc12695 PMID:
23622086

Sakr Y, Moreira CL, Rhodes A, Ferguson ND, Kleinpell R, Pickkers P, et al Kuiper MA, Lipman J, Vin-
cent JL; Extended Prevalence of Infection in Intensive Care Study Investigators. The impact of hospital
and ICU organizational factors on outcome in critically ill patients: results from the Extended Prevalence
of Infection in Intensive Care study. Crit Care Med. 2015; 43:519-526. https://doi.org/10.1097/CCM.
0000000000000754 PMID: 25479111

Kahn JM, Branas CC, Schwab CW, Asch DA. Regionalization of medical critical care: what can we
learn from the trauma experience? Crit Care Med. 2008; 36: 3085—-3088. https://doi.org/10.1097/CCM.
0b013e31818c37b2 PMID: 18824900

Stephenson A, Hux J, Tullis E, Austin PC, Corey M, Ray J. Higher risk of hospitalization among females
with cystic fibrosis. J Cyst Fibros. 2011; 10:93-99. https://doi.org/10.1016/j.jcf.2010.10.005 PMID:
21131240

Kopp BT, Wang W, Chisolm DJ, Kelleher KJ, McCoy KS. Inpatient healthcare trends among adult cystic
fibrosis patients in the U.S. Pediatr Puimonol. 2012; 47:245-251. hitps://doi.org/10.1002/ppul.21535
PMID: 21901854

Okumura MJ, Campbell AD, Nasr SZ, Davis MM. Inpatient health care use among adult survivors of
chronic childhood illnesses in the United States. Arch Pediatr Adolesc Med. 2006; 160: 1054—1060.
https://doi.org/10.1001/archpedi.160.10.1054 PMID: 17018465

PLOS ONE | https://doi.org/10.1371/journal.pone.0186770 October 24, 2017 17/17


https://www.hcup-us.ahrq.gov/reports/statbriefs/sb185-Hospital-Intensive-Care-Units-2011.pdf
https://www.hcup-us.ahrq.gov/reports/statbriefs/sb185-Hospital-Intensive-Care-Units-2011.pdf
https://doi.org/10.1089/jpm.2013.9515
http://www.ncbi.nlm.nih.gov/pubmed/23442038
https://doi.org/10.1164/rccm.200605-587ST
http://www.ncbi.nlm.nih.gov/pubmed/18390964
https://doi.org/10.1097/CCM.0b013e318186aec8
https://doi.org/10.1097/CCM.0b013e318186aec8
http://www.ncbi.nlm.nih.gov/pubmed/18766102
https://doi.org/10.1001/jama.2016.0291
http://www.ncbi.nlm.nih.gov/pubmed/26903337
https://doi.org/10.1007/s00134-013-3186-3
https://doi.org/10.1007/s00134-013-3186-3
http://www.ncbi.nlm.nih.gov/pubmed/24435201
https://doi.org/10.7326/0003-4819-153-3-201008030-00013
http://www.ncbi.nlm.nih.gov/pubmed/20679565
https://doi.org/10.1097/CCM.0b013e318232da75
http://www.ncbi.nlm.nih.gov/pubmed/21946660
https://doi.org/10.1186/s13054-015-0986-6
http://www.ncbi.nlm.nih.gov/pubmed/26108673
https://doi.org/10.1186/s13054-016-1248-y
http://www.ncbi.nlm.nih.gov/pubmed/27037030
https://doi.org/10.1186/cc12695
http://www.ncbi.nlm.nih.gov/pubmed/23622086
https://doi.org/10.1097/CCM.0000000000000754
https://doi.org/10.1097/CCM.0000000000000754
http://www.ncbi.nlm.nih.gov/pubmed/25479111
https://doi.org/10.1097/CCM.0b013e31818c37b2
https://doi.org/10.1097/CCM.0b013e31818c37b2
http://www.ncbi.nlm.nih.gov/pubmed/18824900
https://doi.org/10.1016/j.jcf.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/21131240
https://doi.org/10.1002/ppul.21535
http://www.ncbi.nlm.nih.gov/pubmed/21901854
https://doi.org/10.1001/archpedi.160.10.1054
http://www.ncbi.nlm.nih.gov/pubmed/17018465
https://doi.org/10.1371/journal.pone.0186770

