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Abstract

Rationale: Prior approaches to measuring healthcare capacity
strain have been constrained by using individual care units,
limited metrics of strain, or general, rather than disease-specific,
populations.

Objectives: We sought to develop a novel composite strain
index and measure its association with intensive care unit (ICU)
admission decisions and hospital outcomes.

Methods: Using more than 9.2 million acute care encounters from
27 Kaiser Permanente Northern California and Penn Medicine
hospitals from 2013 to 2018, we deployed multivariable ridge logistic
regression to develop a composite strain index based on hourly
measurements of 22 capacity-strain metrics across emergency
departments, wards, step-down units, and ICUs. We measured
the association of this strain index with ICU admission and
clinical outcomes using multivariable logistic and quantile
regression.

Results: Among high-acuity patients with sepsis (n=90,150) and
acute respiratory failure (ARF; n = 45,339) not requiring mechanical

ventilation or vasopressors, strain at the time of emergency
department disposition decision was inversely associated with

the probability of ICU admission (sepsis: adjusted probability
ranging from 29.0% [95% confidence interval, 28.0-30.0%] at the
lowest strain index decile to 9.3% [8.7-9.9%] at the highest strain
index decile; ARF: adjusted probability ranging from 47.2% [45.6-
48.9%] at the lowest strain index decile to 12.1% [11.0-13.2%)]

at the highest strain index decile; P < 0.001 at all deciles). Among
subgroups of patients who almost always or never went to the ICU,
strain was not associated with hospital length of stay, mortality,
or discharge disposition (all P=0.13). Strain was also not
meaningfully associated with patient characteristics.

Conclusions: Hospital strain, measured by a novel composite
strain index, is strongly associated with ICU admission among
patients with sepsis and/or ARF. This strain index fulfills the
assumptions of a strong within-hospital instrumental variable for
quantifying the net benefit of admission to the ICU for patients with
sepsis and/or ARF.
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ORIGINAL RESEARCH

Healthcare capacity strain is an operations
concept that can be defined as approaching
or exceeding the limits of a care team’s,
hospital’s, or health system’s ability to
provide high-quality care for all patients
who may need it at a given time (1, 2).
Considerable research has shown that
capacity-strain metrics in the intensive

care unit (ICU) (3-12), ward (13, 14),

and emergency department (15-17) are
associated with variability in the processes of
care—including disposition decisions and
timing, limitations in life-sustaining therapy,
physician rounding time, and adherence

to evidence-based clinical practices—and
certain adverse clinical outcomes.

Although prior studies by us and
others have identified associations between
hospital capacity strain and key processes of
care and clinical outcomes, they have been
limited to specific hospital treatment
locations (e.g., the ICU or the emergency
department), individual or narrowly focused
strain characteristics, or data measured at
nongranular time intervals (3-6, 12, 13).
Although strain is increasingly understood
as a system-level construct, no robust
hospital-wide index of capacity strain exists.
Such a tool could prove useful for clinical
care and research and in work to improve
patient safety and hospital operations.

We therefore sought to develop a
composite, multivariable strain index based
on granular measurements of multiple
capacity strain metrics across emergency
departments, wards, step-down units, and
ICUs in two diverse health systems and to
examine its association with emergency
department disposition decisions (i.e., ICU
vs. ward admission) and clinical outcomes
among patients admitted with sepsis and/or
acute respiratory failure (ARF). Furthermore,
we sought to validate this strain index as a
within-hospital instrumental variable for use
in determining the net benefit of ICU
admission for patients with sepsis and/or
AREF, conditions that are common, morbid,
and expensive (18-23), and for patients
for whom optimal ICU admission practices
are unknown (4, 12, 24-26).

Methods

The study protocol was approved with

a waiver of informed consent by the
institutional review boards of Kaiser
Permanente Northern California and the
University of Pennsylvania.

Study Overview, Sites, and

Data Sources

This study has two components: ) creation
of the strain index and 2) measurement of
the association of the strain index with ICU
admission and clinical outcomes among
patients with sepsis and/or ARF. We used
the electronic health record data of patients
treated at 22 Kaiser Permanente Northern
California hospitals and 5 Penn Medicine
hospitals between 2013 and 2018 to create
two distinct patient populations. First, the
strain population, whose data contributed to
construction of the strain index, included all
patients who spent any time in any medical
or medical-surgical acute care location
during the study period. Second, the clinical
cohorts were defined as adult patients

(age =18 yr) with sepsis and/or ARF

who were admitted from the emergency
department to a medical or medical-surgical
ward, step-down unit, or ICU.

Strain-Index Components

We developed the composite strain index by
including hospital data from adult medical
or medical-surgical inpatient locations
(i.e., general wards, step-down units,

and ICUs) and from all patients in the
emergency departments (including pediatric
and obstetric patients). We sought candidate
strain metrics that captured the direct
workload of ICU care teams, perceived
strain on ICU care teams, and strain in non-
ICU locations (including emergency
departments, wards, and step-down units)
to account for patients competing for ICU
beds or strain that might impact ICU
throughput. Final capacity strain metrics
included measures of patient volume,
measures of illness acuity, and use of certain
life-support therapies determined within
prespecified time intervals (Table 1). We
assessed patient occupancy on an hourly
basis in all locations. As additional measures
of acuity and bedside workload, and to
capture patients who might be competing
for ICU beds, we measured counts of
patients requiring vasopressors, mechanical
ventilation, bilevel positive airway pressure,
and other respiratory support (a composite
of non-rebreather mask, high-flow nasal
cannula, or fraction of inspired oxygen
[Fip,] = 60%) in all locations using sliding
8-hour windows. To capture ICU-specific
strain with greater detail, we measured daily
census illness acuity using the mean
Laboratory-based Acute Physiology Score

Anesi, Chowdhury, Small, et al.: Novel Index of Hospital Capacity Strain

version 2 (LAPS2), a severity score
calibrated for all hospitalized adults with 24
variable inputs, including vital signs,
neurologic assessment, laboratory values,
and demographics (possible range, 0-414)
(27, 28). We also measured ICU turnover
(number of newly admitted patients in the
prior 24 h) and discharges (number of
discharged patients in the prior 24 hours,
excluding within-hospital transfers) hourly.
All count measures were standardized to the
bed capacity of the units in which they were
measured (6, 9), and then all measures were
standardized by the absolute difference from
their local median on the basis of the unit,
hospital, and calendar year. (See Appendices
1-3 in the online supplement for additional
details regarding capacity strain metrics.)

Sepsis and ARF Clinical

Cohort Development

We defined our clinical cohorts on the basis
of clinical definitions for sepsis or ARF
occurring during the emergency department
stay. We defined the emergency department
stay as the interval of time each patient
was physically located in the emergency
department, including any emergency
department boarding time (i.e., the period
after an admission order was placed but
before physical transfer to a non-emergency
department location).

We defined sepsis on the basis of an
adaptation of the Sepsis-3 criteria (29, 30)
requiring suspected or confirmed infection
and at least one physiologic criterion
indicative of organ failure during the
emergency department stay. Suspected or
confirmed infection was defined as at least
one antimicrobial order and at least one
microbiologic culture order. Physiologic
criteria included 1) Sequential (Sepsis-
related) Organ Failure Assessment (SOFA)
score = 2 (29, 30), 2) quick SOFA score =2
(4, 29, 30), 3) serum lactate = 4 mmol/L, 4)
a single oxygen saturation measurement
by pulse oximetry < 85% during receipt of
any supplemental oxygen, 5) receipt of
Fip, = 60% or via a non-rebreather mask for
at least two measurements at least 2 hours
apart, or 6) receipt of any noninvasive
ventilation (including bilevel positive airway
pressure and continuous positive airway
pressure) or high-flow nasal cannula. For all
scores, we calculated maximum values on
the basis of the sum of the most abnormal
subscores recorded during the emergency
department stay.
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Figure 1. Association of the strain index with intensive care unit (ICU) admission among patients with sepsis
and acute respiratory failure (ARF). As the strain index increases by decile (x-axis), the adjusted predicted
probability of ICU admission decreases for patients with sepsis and ARF (y-axis). Note that the strain-index
deciles were calculated separately for the sepsis and ARF cohorts. Squares and whiskers display point
estimates and 95% confidence intervals for the adjusted predicted probability of ICU admission.

Because ARF is a clinical syndrome
with multiple potential etiologies that lacks
a single standardized clinical or research
definition (22), we defined ARF for this
study on the basis of indicators of
hypoxemic or hypercarbic respiratory
failure at any time during the emergency
department stay, including 1) a single
oxygen saturation measurement by pulse
oximetry < 85% during receipt of any
supplemental oxygen, 2) receipt of
supplemental oxygen =6 L/min or
Fip, = 40% for at least two measurements
at least 2 hours apart; 3) arterial carbon
dioxide partial pressure > 45 mm
Hg or mixed venous carbon dioxide partial
pressure > 50 mm Hg and respiratory
rate = 22 breaths/min, 4) arterial carbon
dioxide partial pressure > 60 mm
Hg or mixed venous carbon dioxide partial
pressure > 65 mm Hg and pH<7.3 on a
single blood gas, or 5) receipt of any
noninvasive ventilation.

Because our focus was on patients who
could potentially be admitted to either
the ward or the ICU, patients receiving
either invasive mechanical ventilation or
vasopressors in the emergency department
were excluded from the primary clinical
cohorts. We also excluded patients who
were on comfort measures only or who had
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hospice status in the emergency
department, but we included patients with
simple do-not-resuscitate or do-not-
intubate status (4). Patients could be
included in one or both of the sepsis and
ARF cohorts. We considered multiple
hospital admissions by the same patient as
unique events for all analyses (4). (See
Table E1 in the online supplement for
additional details regarding the clinical
cohorts).

Assignment of Strain Metrics to
Clinical Cohorts

We defined emergency department
disposition time—when clinical cohort
patients were being evaluated in the
emergency department and a disposition
decision (i.e., ICU vs. ward admission) was
likely being made—as a 4-hour window
starting from 1 hour before to 3 hours
after the first collection time of routine
emergency department laboratory results
(i.e., complete blood count, basic metabolic
profile, lactate, or venous or arterial blood
gas). For each patient in the clinical cohorts,
we calculated the mean of each strain metric
at that patient’s hospital across the five
on-the-hour values included within their
emergency department disposition time
window. (See Appendix 4 in the online

supplement for additional details regarding
assignment of strain metrics.) These values
represented the average hospital-wide strain
experienced by each patient during the time
of their emergency department disposition
decision-making.

Composite Strain-Index Development
We first used L2 penalized (ridge) logistic
regression to measure the association of the
capacity strain metrics at the time of the
emergency department disposition decision
with admission to the ICU versus the ward,
adjusted for patient characteristics. Ridge
regression is used for analyzing regression
data with a large number of variables that
systematically penalizes outlier variable
coefficients by moving them closer to the
null (31). We included a priori-designated
patient-level covariates: age, sex, race,
ethnicity, insurance status, LAPS2, and
Comorbidity Point Score version 2
(COPS2), a comorbidity burden score based
on the 12 months of preceding International
Classification of Diseases diagnosis coding
(possible range, 0-1,014) (27, 28, 32). From
this “coefficient creation model,” we
extracted B-coefficients for each strain
metric; for each clinical cohort patient,

we then calculated their strain index as a
sum of the products of each strain metric
B-coefficient and each standardized strain
metric value at that patient’s hospital (33—
36).

Final Strain-Index Model

Because our study included two clinical
cohorts and hospitals with distinct
characteristics (e.g., teaching status, urban
vs. rural, small vs. large, with and without
step-down units, etc.), we evaluated how the
composite strain index differed when 1)
using clinical cohort-specific (i.e., sepsis or
ARF) strain B-coefficients for each metric,
2) using health system-specific or hospital-
specific strain B-coefficients, 3) stratifying
by the presence of a step-down unit,

and 4) restricting to higher-acuity patients
alone (i.e., LAPS2 = 100). To balance
discrimination with parsimony, we selected
a final composite strain index that I) used
disease- and hospital-specific B-coefficients
by stratifying the regression-coefficient
creation model by clinical cohort and
hospital, 2) did not stratify by the presence
of a step-down unit but imputed step-
down-unit strain metric values =0 for
hospitals without step-down units
(equivalent to no deviation from
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Table 1. Capacity-strain metrics, locations, and time intervals

Strain Metric

Measurement Location

Measurement Interval

ICU Ward SDU Emergency Department
Occupancy Measured Measured Measured Measured Hourly
Census acuity Measured Not measured Not measured Not measured Daily at 7 am.
Turnover Measured Not measured Not measured Not measured Hourly
Discharges Measured Not measured Not measured Not measured Hourly
Vasopressors Measured Measured Measured Measured 8-h windows (7 to 3
Mechanical ventilation Measured Measured Measured Measured 3 \,',VLA t0W1 1(P Q'M'ﬁ b MP";AC',’ 7 AM)
BiPAP Measured Measured Measured Measured o o o o
Other respiratory support* Measured Measured Measured Not measured

Definition of abbreviations: BiPAP = bilevel positive airway pressure; ICU =intensive care unit; SDU = step-down unit.
*Composite of non-rebreather mask, high-flow nasal cannula, or fraction of inspired oxygen = 60%.

standardized baseline), and 3) included only
high-acuity patients with a LAPS2 =100
(because lower-acuity patients were
infrequently admitted to the ICU). The
single-value composite strain index
therefore takes into account strain metric
values standardized to hospital, clinical
cohort, bed capacity, timing of emergency
department disposition decision, and the
unit-, hospital-, or year-specific median and
is adjusted for, but does not include, patient-
level covariates. Put differently, we created
54 hospital-specific sets of strain metric
B-coefficients, one for each of the 27
hospitals in each of the sepsis and ARF
clinical cohorts, such that the B-coefficients
varied in strength of contribution both
within and among hospital-specific sets. (See
Appendix 5 in the online supplement for
additional details regarding development of
the composite capacity strain index; see
Table E2 in the online supplement for an
example set of strain metric B-coefficients).

Statistical Analysis
We sought to demonstrate that a novel
composite strain index fulfills the
assumptions of a strong within-hospital
instrumental variable for use in determining
the net benefit of admission to the ICU
for patients with sepsis and/or ARF by
validating the necessary assumptions that it
is 1) highly associated with ICU versus ward
admission (the exposure of interest); 2) not
associated with clinical outcomes of interest,
other than through its association with the
exposure of interest; and 3) not meaningfully
associated with potentially confounding
patient-level characteristics (26).
Association of the strain index with ICU
admission. To test our hypothesis that the

strain index would be inversely associated
with ICU admission, we used multivariable
logistic regression, stratified by clinical
cohort and adjusted for patient-level
covariates with hospital as a fixed effect, with
a primary outcome of ICU admission from
the emergency department. Because
hospital-level analyses were superior to
health system-level analyses during strain-
index development, we opted to adjust for
hospital rather than health system in all
analyses. On the basis of prior work, we
classified step-down-unit admissions as
ward admissions for this outcome
assessment (4).

To determine whether the composite,
multivariable strain index improved the
discrimination between ICU and ward
admission compared with a simpler
measure of strain, we repeated the above
analyses using the ICU occupancy strain
metric alone as an exposure; in prior work,
we have shown its association with ICU
admission (4).

Association of the strain index with
clinical outcomes. Determining whether the
strain index is associated with clinical
outcomes independently of its potential
association with emergency department
disposition decision required that we
evaluate cohorts whose emergency
department disposition decision was not
sensitive to strain. To do so, we identified
separate sepsis and ARF subcohorts
whose emergency department disposition
decision was minimally impacted by the
strain index: patients almost always
admitted to the ward and patients almost
always admitted to the ICU. We defined the
“usually-ward” subcohorts as I) sepsis
patients without end-organ dysfunction
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(i.e., SOFA =0) and 2) ARF patients with a
LAPS2 =< 50, on the basis of low observed
ICU admission rates. In both cases, we
excluded patients who required mechanical
ventilation or vasopressors in the emergency
department. We defined “usually-ICU”
sepsis and ARF subcohorts as those in whom
both invasive mechanical ventilation and
vasopressors were started in the emergency
department.

The primary clinical outcome was
hospital length of stay (LOS), defined as the
time from inpatient admission to hospital
discharge, using a “placement-of-death”
approach. To account for in-hospital deaths,
defined as death at discharge or a transition
to hospice, deaths were ranked as equivalent
to undesirable hospital LOSs, including the
95th or 99th percentile of hospital LOS, or to
the longest observed hospital LOS (37, 38).
To analyze the ranked LOS outcome, we
performed multivariable median quantile
regression (39) to measure the association
between the strain index and median
hospital LOS, adjusted for patient-level
covariates with hospital as a fixed effect.
Quantile regression estimates were
calculated with bootstrapped 95%
confidence intervals (95% ClIs) using 5,000
runs. Quantile regression estimates can be
interpreted to represent the predicted
change in median hospital LOS with a 1-unit
change in the strain index at the specified
quantile. Secondary outcomes of hospital
mortality and hospital discharge disposition
(i.e., discharge home vs. not home) were
analyzed using multivariable logistic
regression.

Association of the strain index with
patient-level characteristics. Finally, to
determine whether the strain index was
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Table 2. Clinical cohort patient characteristics

Characteristics

Age, mean yr (SD)

73.6 (15.1)

Sepsis Cohort (n =90,150)

ARF Cohort (n=45,339)

72.9 (14.7)

Male, n (%) 46,994 (52.1) 22,232 (49.0)
Race, n (%)
White 54,732 (60.7) 27,715 (61.1)
Black 11,171 (12.4) 6,807 (15.0)
Asian 9,073 (10.1) 4,169 (9.2)
Other* 15,174 (16.8) 6,648 (14.7)
Hispanic ethnicity, n (%) 8,869 (9.8) 3,662 (8.1)
Insurance, n (%)
Private 70,939 (78.7) 33,348 (73.6)
Medicare/Medicaid 12,252 (13.6) 7,563 (16.7)
Other/unknown 6,959 (7.7) 4,428 (9.8)
LAPS2," mean (SD) 130.2 (24.3) 132.3 (25.7)
COPS2,* mean (SD) 109.9 (61.4) 114.8 (60.2)
Admitted to the ICU, n (%) 18,456 (20.5) 13,370 (29.5)
Hospital LOS, d, median (IQR) 3.9 (2.4-6.7) 3.9 (2.2-5.8)
Discharge home, n (%) 51,880 (57.6) 26,240 (57.9)
Hospital mortality,S n (%) 15,465 (17.2) 9,146 (20.2)

Definition of abbreviations: ARF = acute respiratory failure; COPS2 = Comorbidity Point Score version
2; ICU =intensive care unit; IQR =interquartile range; LAPS2 = Laboratory-based Acute Physiology
Score version 2; LOS =length of stay; SD = standard deviation.

*Includes Hawaiian or Pacific Islander, American Indian or Native American, self-reported race as

“multiple” or “other,” or unknown.

TLAPS?2 possible range of 0-414 and univariate relationship with hospital mortality (before applying
inclusion and exclusion criteria): 0-49, 0.7%; 50-99, 16.9%; =100, 82.5%. Inclusion criteria were
restricted to patients without mechanical ventilation or vasopressors and with a LAPS2 =100 in the

emergency department.

+COPS2 possible range of 0-1,014 and univariate relationship with hospital mortality (before
application of inclusion and exclusion criteria): 0-64, 17.1%; =65, 82.9%.

$Defined as death or transition to hospice.

associated with patient characteristics, we
used analysis of variance (ANOVA) testing.
Given the large sample size, for any
statistically significant relationships in the
ANOVA results, we visually inspected the
associations with the strain index by using
box and scatter plots and, for continuous
variables, by using the Pearson correlation
coefficient (R).

Exposure, covariate, and outcome
variables were missing at low rates (<1%),
allowing for complete case analysis. P
values < 0.05 were considered statistically
significant. Analyses were conducted using
Stata (StataCorp), R language for statistical
computing (R Foundation), and SAS
computer programming language (SAS
Institute).

Results

Clinical Cohorts and the Strain Index
The clinical cohorts included 90,150
patients who met criteria for sepsis and
45,339 patients who met criteria for ARF
(26,404 patients were included in both
clinical cohorts). The 86.1% and 83.4% of
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patients with sepsis and ARF, respectively,
came from Kaiser Permanente Northern
California, consistent with it providing 22 of
the 27 hospitals (81.5%) in the sample.
Among patients with sepsis and ARF with a
LAPS2 =100, mean age was 73.6 and 72.9
years, 60.7% and 61.1% were of white race,
20.5% and 29.5% were admitted to the ICU,
median hospital LOS was 3.9 and 3.9 days,
and observed in-hospital mortality was
17.2% and 20.2%, respectively (Table 2). We
used 9,278,610 acute care encounters to
develop the strain index, which had a range
of —6.19 to 7.97. Figures E1 and E2 display
the strain-index variability among and
within hospitals over time.

Association of the Strain Index with
ICU Admission

Among patients with sepsis and/or

ARF who did not require mechanical
ventilation or vasopressors but had high
acuity (LAPS2 = 100) in the emergency
department, higher strain at the time

of the emergency department disposition
decision was associated with decreased
probability of ICU admission (Figure 1 and
Table E3). Among patients with sepsis, the

adjusted predicted probability of ICU
admission decreased from 29.0% (95% CI,
28.0-30.0%) when emergency department
disposition occurred during the lowest
strain index decile to 9.3% (95% CI, 8.7—
9.9%) during the highest strain index decile.
Compared with the lowest (first) strain
index decile, the odds ratios (ORs) for ICU
admission decreased monotonically from
the second strain index decile (OR, 0.72;
95% CI, 0.67-0.77) to the highest (10th)
strain index decile (OR, 0.25; 95% CI, 0.23-
0.27) (all P<0.001). Among patients with
AREF, the adjusted predicted probability of
ICU admission decreased from 47.2% (95%
CI, 45.6-48.9%) during the lowest strain
index decile to 12.1% (95% CI, 11.0-13.2%)
during the highest strain index decile.
Similar to the sepsis ORs, the ARF ORs for
ICU admission decreased from the second
strain index decile (OR, 0.62; 95% CI, 0.57-
0.68) to the highest strain index decile (OR,
0.15; 95% CI, 0.14-0.17) (all P <0.001).

When the analyses were repeated using
ICU occupancy alone as the strain exposure,
rather than using the composite strain
index, ranges of adjusted predicted
probabilities of ICU admission between the
lowest and highest strain deciles were
narrower and, in many cases, did not
decrease monotonically across deciles
(Figure E3). Among patients with sepsis, the
adjusted predicted probability of ICU
admission decreased from 20.0% (95% CI,
19.1-20.9%) in the lowest ICU occupancy
decile to 14.3% (95% CI, 13.6-15.1%) in the
highest. Among patients with ARF, the
adjusted predicted probability of ICU
admission decreased from 30.3% (95% CI,
28.9-31.8%) in the lowest ICU occupancy
decile to 20.1% (95% CI, 18.9-21.3%) in the
highest (Table E4).

Independent Association of the
Strain Index with Hospital LOS,
Hospital Mortality, and Hospital
Discharge Disposition

Usually-ward subgroup. Patients who met
inclusion criteria for sepsis but who had a
SOFA score=0 and did not require
mechanical ventilation or vasopressors in
the emergency department (n =6,562) were
admitted to the ward 88.9% of the time.
Patients who met inclusion criteria for
ARF but who had a LAPS2 <50 and did
not require mechanical ventilation or
vasopressors in the emergency department
(n=3,571) were admitted to the ward 88.5%
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of the time. Among these lower-acuity
patients with sepsis or ARF, the strain index
was not associated with hospital LOS
(Table 3), hospital mortality (Table E5), or
discharge home (Table E5) (all P=0.33).
Usually-ICU subgroup. Patients with
sepsis who required mechanical ventilation
and vasopressors in the emergency
department (1 =2,169) were admitted to the
ICU 99.5% of the time. Patients with ARF
who required mechanical ventilation and
vasopressors in the emergency department
(n=3,150) were admitted to the ICU 99.2%
of the time. Among these higher-acuity
patients with sepsis or ARF, the strain index
was not associated with hospital LOS
(Table 3), hospital mortality (Table E5), or
discharge home (Table E6) (all P> 0.13).

Association of the Strain Index with
Patient Characteristics

Among patients with sepsis who did not
require mechanical ventilation or vasopressors
but had high acuity (LAPS2 = 100) in

the emergency department, the strain
index demonstrated statistically significant
associations with age, race, LAPS2,

COPS2, and insurance (all ANOVA
P<0.001). Among patients with ARF
who did not require mechanical ventilation
or vasopressors but had high acuity
(LAPS2 = 100) in the emergency
department, the strain index demonstrated
statistically significant associations with
race, LAPS2, COPS2, and insurance (all
ANOVA P <0.001). Although these
associations were statistically significant,
box and scatter plots revealed minute effect
sizes and, for continuous variables, very
small correlations (R=—0.026 to 0.015)
(Table E7 and Figures E4-E17).

Discussion

This study rectifies limitations among prior
examinations of capacity strain, including
those by our own group, by creating a
hospital-wide composite strain index

that 1) is based on temporally granular
measurements of multiple capacity strain
metrics across emergency departments,
wards, step-down units, and ICUs; 2) was
measured across many hospitals in two

diverse health systems; and 3) is optimized
for selected diagnoses and hospitals. Our
first key finding is that this composite strain
index, as a measure of hospital strain,

was highly associated with emergency
department disposition to the ICU versus
the ward for patients with sepsis and/or
ARF who did not require mechanical
ventilation or vasopressors but had high
acuity in the emergency department.
Between the lowest and highest deciles

of strain, there was at least a threefold
difference in admissions to the ICU. This
trend persisted in a consistent dose—
response manner across the entire spectrum
of strain (i.e., not just comparing the lowest
with the highest strain deciles), among and
within different hospitals and health
systems, and across clinical cohorts. This
finding suggests that although patient triage
would ideally be dictated by convictions
regarding where patients receive optimal
care, the capacity strain of the system plays a
major role in influencing these critical
choices. This tremendous variability
highlights the subjectivity of ICU admission

Table 3. Association of strain index with hospital LOS in “usually-ward” and “usually-ICU” subgroups of patients with sepsis and ARF

Cohort

Death set as 95th-percentile LOSS
Sepsis/
ARFT

Death set as 99th-percentile LOS*™
Sepsis
ARF

Death set as longest observed LOS™
Sepsis
ARF

Quantile Regression Estimate (Bootstrap 95% CI)*; P Value

Usually Ward'

—0.07 (—0.06 to 0.46); 0.58
—0.06 (—0.23 to 0.17); 0.58

—0.07 (~0.02 to 0.50); 0.55
—0.06 (—0.24 to 0.19); 0.55

—0.07 (—0.03 to 0.49); 0.56
—0.06 (—0.24 to 0.20); 0.54

Usually ICU*

~0.35 (—1.
—0.07 (—1.

oo

6 to 2.67); 0.70
110 0.77); 0.89

—0.55 (

—2.46 to 10.41); 0.84
~0.19 (-4.35 t

0 2.33); 0.91

10.36 (—24.87 to 70.25); 0.64%*
1.27 (—35.27 to 20.43); 0.92%

Definition of abbreviations: 95% Cl=95% confidence interval; ARF = acute respiratory failure; ICU =intensive care unit; LOS =length of stay.
Models were adjusted for patient-level covariates of age, sex, ethnicity, race, insurance, Laboratory-based Acute Physiology Score version 2, Comorbidity

Point Score version 2, and hospital.
*Based on 5,000 runs.

TSepsis patients with Sequential (Sepsis-related) Organ Failure Assessment = 0 and no mechanical ventilation or vasopressors in the emergency department
(88.9% admitted to the ward). ARF patients with Laboratory-based Acute Physiology Score version 2 < 50 and no mechanical ventilation or vasopressors in
the emergency department (88.5% admitted to the ward).

*Mechanical ventilation and vasopressors in the emergency department (99.5% of patients with sepsis and 99.2% of patients with ARF admitted to the ICU).
SFor the usually-ward group, the 95th-percentile LOS=12.7 days for sepsis and 10.8 days for ARF; for the usually-ICU group, the 95th-percentile
LOS=31.2 days for sepsis and 29.7 days for ARF.

In = 6,562 for the usually-ward group, and n=2,169 for the usually-ICU group.

n=3,571 for the usually-ward group, and n =3,150 for the usually-ICU group.

**For the usually-ward group, the 99th-percentile LOS =26.5 days for sepsis and 25.1 days for ARF; for the usually-ICU group, the 99th-percentile
LOS=58.5 days for sepsis and 56.6 days for ARF.

™For the usually-ward group, the longest observed LOS =288.9 days for sepsis and 83.7 days for ARF; for the usually-ICU group, the longest observed
LOS=341.0 days for sepsis and 341.0 days for ARF.

HDivergent point estimates in these analyses are due to the presence of outlier patients with extremely long hospital LOS in the usually-ICU subgroup that
then serve as the LOS assignment for deaths in the “placement-of-death” approach.
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decisions that could potentially be improved
with evidence-based guidelines.

The second important finding of our
study is that this novel composite strain
index fulfills the requirements to be used
as a within-hospital instrumental variable
for future studies of which patients may
benefit from ICU versus ward admission.
Obtaining such unbiased measurements
is methodologically challenging. Traditional
approaches to risk adjustment in
retrospective data are unlikely to account
for confounding-by-indication between
ICU and ward cohorts. Prospective
randomization, although possible (40),
carries significant logistical and ethical
hurdles. Finally, prior efforts at using
instrumental variables (26, 41) have
examined those that vary among hospitals
rather than within hospitals, making them
unable to address the clinically relevant
decision between whether to admit a patient
to the ICU or the ward within the same
hospital. Our study demonstrates that
the composite strain index fulfills the
assumptions of a strong within-hospital
instrumental variable as it is 1) highly
associated with ICU versus ward admission
(the exposure of interest); 2) not associated
with hospital LOS, hospital mortality, or
hospital discharge disposition (outcomes of
interest) when the exposure of interest is
held constant; and 3) not meaningfully
associated with potentially confounding
patient-level characteristics (26). This is
important because a promising approach for
enhancing the cost-effectiveness of acute
care delivery is to only admit patients to the
ICU who truly benefit from such resource-
intensive care (18).

Third, although the magnitude of the
data and the analytic complexity of the
strain index construction would require

substantial analytic resources to replicate
in other health systems, we have shown
that such an investment would provide
benefits beyond those obtainable with
simpler, and more commonly used,
approaches to gauging strain. Specifically,
the discrimination between ICU and ward
admission generated by the novel strain
index is considerably greater than that
produced by simpler measures of ICU
occupancy, and these simpler approaches
may not discriminate at all in the
middles of their distributions. These
findings suggest that many factors within
and outside of ICUs influence triage.

Limitations

The results of this study should be
interpreted in the context of a number of
limitations. First, in this large, clinical
retrospective analysis, the most likely
potential source of data error is in accurate
counts of interventions that are routinely
turned on and off over time (e.g.,
vasopressors and noninvasive respiratory
support). Use of these interventions may
not be documented with perfect fidelity,
and documentation may vary across
hospitals and health systems on the basis of
electronic health record software, local
implementation, and clinical workflows.
Undercounts, however, would bias toward
decreased strain index discrimination
rather than toward type I error. Second,
we rely on bed capacity as a standardizing
denominator. Although we took into
account known bed-capacity changes
during the study period—such as the
opening of a new ICU or the phasing-out of
a ward—we were not able to take into
account changes in functional bed capacity
such as temporary maintenance closures,
staffing-associated closures, double-

bedding, and hallway beds, among others.
The impact of these uncaptured bed-
capacity changes is partially, but not fully,
accounted for by standardizing to hospital-
and unit-specific yearly medians. Finally,
although this is, to our knowledge, the most
extensive hospital-wide measure of capacity
strain to date, there are certainly additional
strain metrics not included in our index, in
particular dynamic measures of bedside
nursing workload, such as those that
required higher nurse-to-patient ratios (13).

Conclusions

In summary, we find that although patient
disposition ought to be predicated on
estimates of optimal care for a given
patient, for high-acuity patients with sepsis
and ARF in the emergency department, it
is in fact often influenced by strain across
the hospital. Furthermore, such hospital
strain is strongly associated with ICU
admission, with as much as a threefold
reduction in the likelihood of ICU
admission, and is not associated

with hospital outcomes or patient
characteristics, thereby fulfilling the
assumptions of a strong within-hospital
instrumental variable. This provides a
potential method for producing unbiased
estimates of the net benefit of ICU
admission for patients with sepsis and/or
AREF. Future work will estimate these
benefits, explore whether they can be
generalized for other diagnoses and
hospitals, and examine their potential

for enhancing the understanding of
organizational and care-delivery
characteristics that may account for
outcome differences. M

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