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Background—The volume-outcome relationship associated with intensive care unit (ICU) experience with managing acute
myocardial infarction (AMI) remains inadequately understood.

Methods and Results—Within a multicenter clinical ICU database, we identified patients with a primary ICU admission diagnosis of
AMI between 2008 and 2010 to evaluate whether annual AMI volume of an individual ICU is associated with mortality, length-of-
stay, or quality indicators. Patients were categorized into those treated in ICUs with low-annual-AMI volume (<50th percentile, <2
AMI patients/month, n=569 patients) versus high-annual-AMI volume (>90th percentile, >8 AMI patients/month, n=17 553
patients). Poisson regression and generalized estimating equation with negative binomial regression were used to calculate the
relative risk (95% Cl) for mortality and length-of-stay, respectively, associated with admission to a low-AMI-volume ICU. When
compared with high-AMI-volume, patients admitted to low-AMI-volume ICUs had substantially more medical comorbidities, higher
in-hospital mortality (11% versus 4%, P<0.001), longer hospitalizations (6.94+7.0 versus 5.04+5.0 days, P<0.001), and fewer
evidence-based therapies for AMI (reperfusion therapy, antiplatelets, B-blockers, and statins). However, after adjustment for
baseline patient characteristics, low-AMI-volume ICU was no longer an independent predictor of in-hospital mortality (relative risk
1.17 [0.87 to 1.56]) or hospital length-of-stay (relative risk 1.01 [0.94 to 1.08]). Similar findings were noted in secondary analyses
of ICU mortality and ICU length-of-stay.

Conclusions—Admission to an ICU with lower annual AMI volume is associated with higher in-hospital mortality, longer
hospitalization, and lower use of evidence-based therapies for AMI. However, the relationship between low-AMI-volume and
outcomes is no longer present after accounting for the higher-risk medical comorbidities and clinical characteristics of patients
admitted to these ICUs. (J/ Am Heart Assoc. 2015;4:e001225 doi: 10.1161/JAHA.114.001225)
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hospitals have designated specialty ICUs to improve resource
utilization and clinical outcomes when treating patients with
primary cardiac, surgical, medical, or neurologic diagnoses.??
For example, patients with acute myocardial infarction (AMI)
admitted to an ICU often require specialized management
strategies such as early recognition and treatment of
ventricular arrhythmias, unique anticoagulation therapies,
and use of intra-aortic balloon pump or ventricular assist
devices.* These AMI therapies may require skills, resources,
and experience that are not readily available in ICUs with
lower annual AMI volume. Although several studies have
demonstrated better outcomes among AMI patients treated

early 6 million adults are admitted annually to intensive
N care units (ICUs) in the United States, and hospital
expenditures for ICU patients exceed $70 billion each year.'
Given the complexity of contemporary ICU patients, many
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by physicians or hospitals with higher patient volume,>® these
volume-outcome relationships have not been explored at the
ICU level.

To better understand the relationship between ICU expe-
rience and AMI outcomes, we used a multicenter clinical ICU
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database to identify and characterize ICUs with low AMI
volume (LMIV) and those with high AMI volume (HMIV). We
then evaluated whether management of AMI patients in ICUs
with LMIV is associated with differences in mortality, length-
of-stay, or quality metrics for AMI when compared with
patients admitted to ICUs with HMIV.

Methods

Patient Population

The data source for this observational study is the Philips
elCU Research Institute (eRI) data repository, a multicenter
clinical database of 795 780 patients admitted to 348 ICUs
between January 2008 and September 2010. The elCU® is a
remote ICU monitoring system that provides medical over-
sight for ICU patients from centralized monitoring centers at
>300 hospitals across the United States.”

We identified 35 806 adult patients with AMI as the
admitting ICU diagnosis within the eRI repository (Figure 1).
Only the first ICU admission per patient was included. To
avoid confounding from patients who received minimal ICU
management prior to death or transfer (eg, to the operating
room for bypass surgery, or to another ICU), patients with an
ICU length of stay of <2 hours were excluded. We also
excluded patients with non-ICU status (ie, overflow from
medical floors or “stepdown” units), patients who remained
hospitalized at the end of the eRI data collection period in
September 2010, and those with missing or invalid Acute

Total eICU Admissions
N = 795,780
---------------------------- 759’974 Admissions Excluded
(Other Primary Diagnosis)
35,806 AMI Admissions
1,397 Admissions Excluded
............................ (Systematic Confounders¥)

* Not first AMI admission, length-of-stay <2hrs,
non-ICU status, discharge not during study period

6,657 Patients Excluded
(Data Irregularities**)

** Missing or invalid APACHE scores, age <18,
discrepant admission/discharge times

| 27,752 patients With Complete Data |

............................. 5,198 Patients Excluded
(ICcUs in <250-Bed Hospitals)

‘ FINAL ELIGIBLE COHORT ‘

N = 22,554 Patients With AMI

T~

ICUs <50th Percentile ICUs 290th Percentile
(n = 569 Patients) (n = 17,553 Patients)
“Low AMI Volume” Group “High AMI Volume” Group

Figure 1. Study flow outlining inclusion and exclusion criteria for
ICU patients admitted primarily for AMI. AMI indicates acute
myocardial infarction; APACHE, Acute Physiology And Chronic
Health Evaluation; elCU, remote ICU monitoring system; ICU,
intensive care unit.

Physiology And Chronic Health Evaluation-Fourth Revision
(APACHE-IV®) scores.® In order to focus on ICU triage at
hospitals with multiple specialty ICUs, hospitals with <250
beds were excluded, as these hospitals were expected to have
fewer ICUs and more combined units (medical-cardiac ICU,
medical—surgical ICU, etc), which could confound the inter-
pretation of ICU triage for AMI patients. After applying these
inclusion and exclusion criteria, there were 22 554 unique
patient admissions eligible for analysis.

When evaluating annual AMI volume across ICUs, the
distribution curve was continuous from the lowest to the
highest AMI volume per ICU. As a result, there was no clear
cut point for evenly dividing the analytic cohort into ICUs with
low versus high AMI volume. Since our goal was to specifically
evaluate whether any relationship existed between admission
to an ICU with limited AMI experience and differential patient
characteristics and outcomes, we elected to sacrifice statis-
tical power to maximize interpretability of the study findings.
As such, patients admitted to ICUs with intermediate AMI
volume were excluded to provide the best opportunity to
compare patients in ICUs with “unequivocal” experience
treating AMI versus those ICUs with much more limited AMI
experience. We therefore defined ICUs at or below the 50th
percentile of annual AMI admissions per year as LMIV-ICUs,
and ICUs at >90th percentile of annual AMI admission volume
as HMIV-ICUs. This translated into HMIV units admitting at
least 8 AMI patients per month, and LMIV units admitting
fewer than 1.3 AMI patients per month.

Data Definitions

Patient-level medical diagnoses were systematically collected
for APACHE-IV scoring by elCU nurses or other staff,
according to the standard clinical protocol at each elCU
monitoring center. Diagnoses for the present study were
derived from the APACHE-IV data,’ with study inclusion based
on AMI as the primary reason for ICU admission, and other
diagnoses drawn directly from the active problem list for each
patient. When specific medical comorbidities were not
captured by APACHE, these additional diagnoses were
obtained from the International Classification of Diseases-
Ninth Revision codes at ICU admission. Medications, vital
signs, and laboratory studies were obtained directly from the
eRl data repository, as previously described.'® The Acute
Physiology Score—a measure of acute illness severity at
presentation—also was calculated for each patient.'’

Study Outcomes

The primary outcomes for the multivariable analyses were
hospital length-of-stay and in-hospital mortality. Secondary
outcomes were ICU length-of-stay and ICU mortality. Additionally,
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we examined standard quality metrics for patients with AMI (-
blocker use among patients without contraindications, aspirin
within the first 24 hours, statin prescription during hospital-
ization, oral antiplatelet therapy for AMI) and for ICU care in
general (prophylaxis against venous thromboembolism among
patients at risk, stress ulcer prophylaxis with mechanical
ventilation >24 hours) (Table 1).'? Since the elCU acts as a
second level of medical oversight for ICU patients beyond
bedside nurses and physicians at individual hospitals, the
number of elCU interventions per patient (by remote physicians
and by elCU nurses/pharmacists) also was calculated for each
patient, as an additional marker of resource utilization.

Statistical Approach

We first compared characteristics of ICUs with LMIV and
HMIV using ¢ test, %, and nonparametric alternatives, as
appropriate. We then compared patient characteristics and
AMI quality indicators of AMI patients admitted to LMIV and
HMIV units.

Mortality rates for patients admitted to ICUs with LMIV and
HMIV were compared using % tests. To determine whether
admission to an ICU with LMIV was independently associated
with higher mortality, modified Poisson regression with robust
error variance (to account for clustering within an ICU) was
used to estimate the relative risk of death for patients
admitted to an ICU with LMIV after adjusting for patient
characteristics. This analysis was performed using in-hospital
mortality as the primary outcome, but given the potential
impact of ICU management on early mortality after admission
for AMI, the regression models were rerun using ICU mortality
as a secondary outcome of interest.

When evaluating length-of-stay, we used generalized
estimating equations with negative binomial regression to
compare the overall duration of hospitalization between
patients admitted to LMIV and HMIV units, both before and

after adjustment for demographic and clinical characteristics.
We then repeated these analyses to assess ICU length-of-
stay, as a secondary outcome. The exponentiated coefficients
from these models were interpreted as the relative increase or
decrease in hospital days or ICU days between the LMIV and
HMIV groups.

Candidate variables for the multivariable models were
those with nominal significance from bivariate analysis (at
P<0.1 level) and included demographics (age, sex, race, body-
mass index); medical history (diabetes, hypertension, dyslipi-
demia, tobacco use, peripheral arterial disease, cerebrovas-
cular disease, chronic lung disease, renal dysfunction,
metastatic cancer, leukemia or lymphoma, liver failure or
cirrhosis, and immune deficiency or suppression); cardiac
pathology (prior AMI, ischemic heart disease, and heart
failure); presenting ICU diagnoses (ST-elevation AMI, location
of AMI, cardiac arrest, heart block, cardiogenic shock,
noncardiogenic shock, hypotension, sepsis, pneumonia, pul-
monary embolism, respiratory failure, acute renal failure, and
gastrointestinal bleeding); hemodynamics (admission and
worst mean blood pressure and heart rate within the first
24 hours in the ICU); laboratory studies (admission and worst
blood counts, creatinine, glucose, creatine kinase-MB sub-
fraction, and troponin levels); and important medical inter-
ventions (percutaneous coronary intervention, thrombolytic
therapy, endotracheal intubation, inotropic or vasopressor
support, and acute dialysis). As a sensitivity analysis, all
multivariable models were repeated after including APACHE-
IV score as a covariate. In addition, given the potential for
competing predictors of mortality among the candidate
variables, the multivariable models were assessed for multi-
collinearity using the variance inflation factor.'

Furthermore, to evaluate whether the differences in
outcomes may have been explained by differences among
ICU subtype designations, we calculated interaction terms for
the comparison of LMIV and HMIV units, and the ICU specialty

Table 1. Best Practice Measures and Adherence Criteria in the elCU® Research Institute Database

Best Practice Measure

Inclusion Criteria

Exclusion Criteria

Treatment Criteria

{3-Blocker administration*

Acute coronary syndrome diagnosis

Medication allergy, asthma, bronchospasm,
bradycardia, hypotension, ophthalmic
route of administration

Active order within 24 hours of inclusion
criterion documentation, in the absence
of contraindications

Venous thromboembolism
prophylaxis’

ICU length of stay >24 hours

Documented lack of risk such as active
ambulation, coagulopathy, already fully
anticoagulated

Active order for extremity compression
device, anticoagulant medication, or
inferior vena cava filter

Stress ulcer prophylaxis

Mechanical ventilation >24 hours

Medication allergy

Active order for proton pump inhibitor,
histamine-2 receptor blocker, sucralfate,
or antacids

elCU® indicates remote ICU monitoring system; ICU, intensive care unit.
*Patients undergoing coronary artery bypass surgery were not included in the at-risk category for B-blocker administration.
Prophylaxis criteria consistent with those endorsed by The Joint Commission and the National Quality Forum (NQF) for ICU patients (NQF #0372).
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subtype (ie, cardiac versus noncardiac). ICUs with a cardiac
focus were those defined as cardiac ICUs, cardiovascular
ICUs, cardiothoracic ICUs, or cardiac surgery ICUs. Noncar-
diac ICUs were those labeled as medical ICUs, medical-
surgical ICUs, neurologic ICUs, surgical ICUs, trauma ICUs,
and ventilator ICUs. Specific comparisons also were made
between LMIV and HMIV patients admitted to cardiology-
specific ICUs, without including the surgical ICUs (ie, only
those AMIs managed in cardiac ICUs or cardiovascular ICUs).
Lastly, given the significant clinical differences noted between
the patient population admitted to LMIV and HMIV units, we
performed a propensity match (1:3, meaning 1 LMIV patient
matched to 3 HMIV patients) to evaluate mortality and length-
of-stay after accounting for these differences between the 2
populations. All baseline clinical characteristics, plus adverse
outcomes occurring in the ICU, were used to perform this
confirmatory match analysis.

Given the structure of this retrospective analysis of de-
identified clinical data, the security schema for the eRl was
certified as meeting safe harbor standards by Privacert, Inc
(Pittsburgh, PA). The study protocol was deemed exempt by
the Institutional Review Board of the University of Maryland
School of Medicine under 45 CFR 46.101(b). All authors have
reviewed these data and agree to the manuscript as written.

Results

ICU and Patient Characteristics

The final analytic cohort consisted of 569 patients treated in 81
ICUs that had LMIV and 17 553 patients from 41 ICUs that
were HMIV units (Figure 1). Most ICUs in our analysis were
located at nonteaching hospitals, but hospital size and teaching
hospital status were not significantly different between the
ICUs with LMIV and HMIV (Table 2). ICUs with LMIV were more
commonly designated as medical, surgical, neurological, or
mixed ICUs. In contrast, ICUs with HMIV were more likely to be
labeled as coronary or cardiovascular surgical ICUs. The 10
most common admission diagnoses for the LMIV group
encompassed a variety of surgical, medical, and neurologic
diagnoses, whereas admission ICU diagnoses for patients in
the HMIV group were almost exclusively cardiac (Table 3).
Patients admitted to ICUs with LMIV were older, more
likely to be female, and more likely to have atherosclerotic
risk factors and established cardiovascular disease than
patients admitted to ICUs with HMIV (Table 4). These
individuals also were more likely to have non-Q-wave AMI,
other comorbid illnesses in addition to the primary admission
diagnosis of AMI, and worse vital signs and laboratory studies
plus higher rates of endotracheal intubation and inotropic or
pressor support. However, peak troponin levels were lower in
the LMIV group, and both medical and coronary reperfusion

Table 2. Characteristics of ICUs With LMIV and HMIV

Characteristic LMIV (n=81) HMIV (n=41) P Value

Hospital size (beds) 0.27
251 to 500 31 (38%) 20 (49%)
>500 50 (62%) 21 (51%)

Hospital type 0.30
Teaching 25 (31%) 9 (22%)

Nonteaching 56 (69%) 32 (78%)

ICU type <0.001
Coronary care 5 (6%) 18 (44%)
Cardiovascular surgical | 2 (2%) 11 (27%)

Mixed 38 (47%) 11 (27%)
Medical 8 (10%) 1 (2%)
Surgical 17 (21%) 0 (0%)
Neurological 9 (11%) 0 (0%)
Trauma 2 (2%) 0 (0%)

HMIV and LMIV indicates high and low annual volume of acute myocardial infarction,
respectively; ICU, intensive care unit.

therapies for AMI were universally prescribed at lower
frequencies than in the HMIV group (Figure 2). Overall, these
findings suggested a significantly higher degree of acute and
chronic illness at ICU admission, as reflected by markedly
higher APACHE-IV scores (52424 versus 41+19, P<0.001)
and Acute Physiology Score scores (38+22 versus 30+16,
P<0.001) among AMI patients admitted to ICUs with LMIV. As
an exploratory analysis, we also performed 3-way compari-
sons of these patient characteristics across the LMIV,
intermediate volume, and HMIV units. In general, these data
confirmed the graded decrease in overall risk profile when
moving from LMIV to HMIV. For example, average patient age
decreased, medical comorbidities such as diabetes, cerebro-
vascular disease, and renal dysfunction decreased, and the
use of coronary reperfusion therapies increased while moving
from LMIV to intermediate volume to HMIV (data not shown).

Patient Outcomes

Patients with AMI admitted to LMIV units had higher in-
hospital mortality than those admitted to HMIV units (11%
versus 4%, P<0.001) (Figure 3). Hospital length-of-stay was
also nearly 2 days longer in these individuals (6.9£7.0 versus
5.045.0 days, P<0.001). Similar findings were noted for ICU
mortality (6% versus 3%, P<0.001) and ICU length-of-stay
(2.9+£3.6 versus 2.3+2.6 days, P<0.001).

Other adverse clinical events also occurred more commonly
among patients in the LMIV group (Table 5), including both
cardiovascular complications (atrial arrhythmias, hypotension,
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Table 3. Top 10 Admission Diagnoses for ICUs With Low and High Annual Volume of AMI

81 ICUs With Low AMI Volume 41 1CUs With High AMI Volume

(Total Admissions=212 007)* (Total Admissions=133 586)*

Admission Diagnosis N (%) Admission Diagnosis N (%)
Stroke 8557 (4.0) Acute myocardial infarction 20 231 (15.1)
Coronary bypass surgery 8064 (3.8) Unstable angina 8275 (6.2)
Other respiratory (medical) 7248 (3.4) Congestive heart failure 7482 (5.6)
Intracranial hemorrhage/hematoma 5229 (2.4) Supraventricular rhythm disturbance 5124 (3.8)
Bacterial pneumonia 4383 (2.1) Chest pain, unknown origin 5053 (3.8)
Coma/change in level of consciousness 4224 (2.0) Cardiac arrest 4478 (3.4)
Sepsis, pulmonary 4184 (2.0) Other respiratory (medical) 3887 (2.9)
Diabetic ketoacidosis 3778 (1.8) Other cardiovascular (medical) 3657 (2.7)
Gastrointestinal bleeding 3753 (1.8) Coronary bypass surgery 3520 (2.6)
Congestive heart failure 3749 (1.8) Conduction defect 3109 (2.3)

AMI indicates acute myocardial infarction; ICU, intensive care unit.

*After excluding patients with missing Acute Physiology and Chronic Health Evaluation—Fourth Revision (APACHE-IV) admission diagnoses.

other acute coronary syndromes) and noncardiovascular events
(sepsis, pneumonia, respiratory failure, renal failure, and
gastrointestinal bleeding). Fewer patients in the LMIV group
were discharged from the ICU to home or hospital floors, with
more than 3-fold greater likelihood of being transferred to
another ICU than the HMIV patients.

When examining quality metrics, more patients in the LMIV
group were at risk for noncardiac ICU complications (eg,
venous thromboembolism, stress ulcers), but prophylactic
therapies were prescribed at similar or higher rates than the
ICUs with HMIV. Of the cardiovascular quality indicators,
nearly twice as many patients had contraindications to f-
blocker therapy in the LMIV group, yet similar proportions of
eligible patients (ie, those without contraindications) were
treated with these medications. Among patients with ST-
elevation AMI, percutaneous or thrombolytic coronary revas-
cularization was performed less frequently within the first
24 hours of ICU admission in the LMIV patients. Of note,
interventions by remote monitoring, by both elCU physicians
and other elCU medical personnel, were performed more
commonly for AMI patients treated in ICUs with LMIV.

Multivariable Models

When evaluating mortality, the unadjusted likelihood of
experiencing in-hospital death (relative risk [RR] 2.80 [2.20
to 3.55]) or ICU death (RR 2.39 [1.73 to 3.31]) was higher for
AMI patients treated in an ICU with LMIV, when compared
with HMIV patients (Figure 4). However, after adjustment for
demographics, medical comorbidities, vital signs, and ICU
interventions, admission to an ICU with LMIV was no longer
associated with either hospital mortality (adjusted RR 1.17

[0.87 to 1.56]) or ICU mortality (adjusted RR 0.96 [0.66 to
1.41]). Similarly, admission to an ICU with LMIV was
associated with longer hospital length-of-stay (RR 1.41
[1.32 to 1.51]) and ICU length-of-stay (RR 1.32 [1.21 to
1.43]) in the initial analyses, but these differences were no
longer significant after multivariable adjustment (adjusted RR
1.04 [0.97 to 1.12] for hospital length-of-stay, and adjusted
RR 0.89 [0.82 to 1.00] for ICU length-of-stay). Of note, the
variance inflation factor on the LMIV variable was 1.48,
suggesting that collinearity between LMIV and the other
independent variables in the multivariable models was low
(usual cutoffs generally <5 or <10 in contemporary statistical
literature).

Exploratory Analyses

In the secondary analysis evaluating whether ICU subtypes
were related to clinical outcomes, for hospital mortality the
interaction P-value was 0.18, and for ICU mortality the
interaction P-value was 0.19. This implies that the effect of
being admitted to an ICU with LMIV, in terms of both hospital
and ICU mortality, did not depend on the ICU subtype (ie,
cardiac versus noncardiac). Comparisons of patient charac-
teristics among the subgroup of patients admitted to cardi-
ology-specific ICUs demonstrated similar findings to the
overall study, as AMI patients admitted to cardiology-specific
ICUs with lesser AMI experience generally had more severe
clinical presentations, lower utilization of evidence-based
therapies, and worse in-hospital outcomes (Tables 6 and 7).
In-hospital mortality for this subgroup of patients in cardiol-
ogy-specific ICUs was 8% for those admitted to ICUs with
LMIV, versus 4% in the ICUs with HMIV (P=0.10). Length-of-
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LMIV Patients | HMIV Patients
Characteristic (n=569) (n=17 553) P Value
Demographics
Age, y 68-+14 6314 <0.001
Female sex, % 4 33 <0.001
White race, % 76 78 0.37
Body-mass index, kg/m? | 31+18 30+11 0.22
Medical history
Diabetes, % 24 19 0.002
Hypertension, % 23 23 0.95
Dyslipidemia, % 9 13 0.003
Cerebrovascular disease, | 4 1 <0.001
%
AMI in past 6 months, % | 5 3 0.013
Systolic heart failure, % 13 6 <0.001
Chronic kidney disease, 9 5 <0.001
%
Chronic lung disease, % 10 6 0.001
AMI location
Anterior, % 15 21 <0.001
Inferior, % 21 35 <0.001
Non-Q-wave AMI, % 52 32 <0.001
Objective findings at ICU admission
Mean blood pressure, 85+20 88+17 0.004
mm Hg
Heart rate, beats per 84+20 78+16 <0.001
minute
White blood cell count, 1245 1145 <0.001
x1000/pL
Hemoglobin, g/dL 1242 1342 <0.001
Creatinine, mg/dL 1.5+1 1.141 <0.001
Glucose, mg/dL 154+73 147+71 0.015
Troponin-1, ng/mL 20+67 36469 <0.001
Troponin-T, ng/mL 3+6 5+11 0.026
Worst laboratory studies within 72 hours
Lowest hemoglobin, g/dL | 1142 1242 <0.001
Highest creatinine, mg/dL | 1.7+2 1.34+1 <0.001
Highest glucose, mg/dL 198493 180+93 <0.001
Peak troponin-I, ng/mL 24+70 45478 <0.001
Peak troponin-T, ng/mL 4+7 5+11 0.031
Major interventions during first 24 hours
Thrombolytic therapy, % 18 21 0.027
Percutaneous coronary 66 78 <0.001
intervention, %
Continued

Table 4. Continued

LMIV Patients | HMIV Patients
Characteristic (n=569) (n=17 553) P Value
Endotracheal intubation, 16 5 <0.001
%
Inotropic or pressor 9 4 <0.001
support, %
APACHE-IV 52424 41419 <0.001
APS 38422 30+16 <0.001

Values are expressed as percentages or mean=standard deviation. AMI indicates acute
myocardial infarction; APACHE-IV, Acute Physiology and Chronic Health Evaluation,
Fourth Revision; APS, Acute Physiology Score; HMIV and LMIV, high and low annual
volume of acute myocardial infarction, respectively; ICU, intensive care unit.

stay also was longer in this exploratory analysis: 9£11 days
in the LMIV group, versus 5+5 days in the HMIV group
(P<0.001). Similar findings were noted when comparing ICU
mortality (3% versus 3%, P=0.73) and ICU length-of-stay
(4£5 days versus 2£3 days (P<0.001) between the LMIV
and HMIV groups in cardiology-specific ICUs. As a whole, this
subgroup analysis was consistent with findings from the
overall study—albeit with fewer statistically significant com-
parisons due to the low numbers of patients in cardiology-
specific LMIV ICUs.

In the confirmatory match analysis, 543 of the 569 patients
from the original LMIV group were able to be matched with
HMIV patients, using all baseline characteristics from Table 4
and the adverse cardiovascular and noncardiovascular events
from Table 5. After propensity matching, there were slight
differences in body-mass index (31418 kg/m? versus
29410 kg/m? P=0.037) and both admission troponin-I values
(20468 ng/mL versus 314+72 ng/mL, P=0.007) and peak
troponin-l values (24471 ng/mL versus 41480 ng/mL,
P<0.001). None of the other 42 variables were significantly
different after the match (all ~>0.05). Within this matched
population, there were no differences between LMIV and HMIV
patients in experiencing in-hospital mortality (11% versus 10%,
P=0.78), ICU mortality (6% versus 7%, P=0.53), hospital length-
of-stay (6.947.0 versus 6.7+7.0 days, P=0.66), or ICU length-
of-stay (2.9+£3.6 versus 3.1£3.8 days, P=0.23).

Discussion

In this large clinical database of ICU patients managed with
additional remote clinical oversight, we found that most
patients with a primary diagnosis of AMI were admitted to
ICUs with high annual AMI volume, and only a small
proportion of these individuals (<5%) were triaged to ICUs
with limited experience in AMI management. However, AMI
patients in ICUs with LMIV represented an important minority
as they required greater elCU involvement, experienced
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p<0.001 p<0.001 p<0.001 p=0.24 p<0.001 p<0.001

u LMIV

Percent

L HMIV

Aspirin in Oral anti- IV anti- 1V anti- Beta blocker Statin
first 24hrs platelet platelet thrombotic in first 24hrs

Figure 2. Cardiovascular medications in ICUs with low vs high annual volume of acute myocardial
infarction. HMIV and LMIV indicates high and low annual volume of myocardial infarction, respectively; ICU,
intensive care unit; 1V, intravenous.

longer hospital courses, and were treated less frequently with adverse clinical events, including both ICU death and in-

therapies designated as quality indicators for AMI. Most hospital death, although these differences were no longer

importantly, these individuals experienced higher rates of significant after accounting for chronic medical comorbidities
p<0.001 p<0.001 p<0.001 p<0.001

In-hospital death (%) ICU death (%) Hospital length-of-  ICUlength-of-stay
stay (days) (days)

Figure 3. Mortality and length-of-stay among patients admitted to ICUs with low vs high annual volume of
acute myocardial infarction. HMIV and LMIV indicates high and low annual volume of myocardial infarction,
respectively; ICU, intensive care unit.
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Table 5. Clinical Outcomes, Quality Metrics, and Resource

Utilization
LMIV Patients HMIV Patients
Event (n=569) (n=17 553) P Value
Adverse cardiovascular events in ICU*
Other acute coronary 5 4 0.06
syndrome, %
Cardiac arrest, % 1 2 0.44
Atrial arrhythmia, % 8 4 <0.001
Ventricular arrhythmia, % | 2 2 0.41
Cardiogenic shock, % 3 2 0.16
Hypotension, % 8 2 <0.001
Adverse noncardiovascular events*
Sepsis, % 2 <1 <0.001
Pneumonia, % 5 1 <0.001
Respiratory failure, % 14 4 <0.001
Acute renal failure, % 9 3 <0.001
Gastrointestinal bleeding, | 3 1 <0.001
%
Disposition from ICU
Home, % 4 10 <0.001
Hospital floor, % 56 61 0.020
Telemetry floor, % 10 13 0.06
Step-down unit, % 7 6 0.21
Other ICU, % 14 4 <0.001
ICU quality indicators
At risk for venous 53 44 0.06
thromboembolism, %
At risk for venous 96 90 0.012
thromboembolism and
receiving prophylaxis, %
Ventilated >24 hours at 7 2 <0.001
risk for stress ulcers, %
Ventilated >24 hours 100 98 1.00
receiving stress ulcer
prophylaxis, %
[3-Blockers 19 10 <0.001
contraindicated
despite AMI, %
[3-Blockers prescribed 84 88 0.1
among AMI patients
without
contraindications,
%
ST-elevation AMI treated | 80 89 0.047
with mechanical or
thrombolytic
revascularization within
24 hours, %
Continued

Table 5. Continued

LMIV Patients HMIV Patients
Event (n=569) (n=17 553) P Value
elCU® resource utilization
elCU physician 1.0+3.6 0.4+1.4 <0.001
interventions per day
elCU non-physician 0.1+0.5 0.2+0.7 <0.001
interventions per day

AMI indicates acute myocardial infarction; eICU®, remote ICU monitoring system; HMIV
and LMIV, high and low annual volume of acute myocardial infarction, respectively; ICU,
intensive care unit.

*Occurring within 24 hours of ICU admission.

and the acuity of illness at presentation. Similar findings were
noted in multiple secondary analyses of ICU subgroups and
patient subpopulations. As a result, patients with AMI
admitted to ICUs with LMIV appear to represent sicker
patients with a greater burden of noncardiac comorbidities,
which likely explains both their worse clinical outcomes and
their lower use of evidence-based therapies for AMI, when
compared with patients in the ICUs with HMIV.

Comparison With Prior Studies

To our knowledge, only 1 study has specifically evaluated the
relationship between admission ICU and clinical outcomes
after care in a specialty ICU. In an evaluation of ICUs
participating in the initial APACHE-IV database between 2002
and 2005, Lott et al found higher mortality rates among the
8% of patients admitted to “non-ideal specialty” ICUs for
several different admission diagnoses, including the 6% of
patients with AMI admitted to “non-ideal” units.? Our
analysis adds to these findings by including patients
admitted to unselected ICUs outside of the APACHE-IV
study. In addition, specialty ICU designation in the APACHE-
IV study was identified by local study coordinators, whereas
we avoided ambiguity related to the name of an ICU by
specifically identifying ICU categories based on annual AMI
volume.

Although our approach may allow for some degree of
confounding related to the primary patient subgroup treated
in a given ICU (such as the higher rates of coronary artery
bypass graft noted in the HMIV group of ICUs), these ICUs
would nonetheless have familiarity with AMI management
according to AMI volumes (ie, based on the definitions of
HMIV and LMIV in this study). Furthermore, this volume-
outcome relationship has been demonstrated in multiple prior
studies of patients with specific cardiovascular illnesses, as
physicians or hospitals with greater experience managing
these conditions generally demonstrate better clinical out-
comes.>® "7 For example, patients treated for heart failure
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A
Multivariable Models
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Add Comorbidities*
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Hospital Mortality: RR (95% Cl)
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failure, gastrointestinal bleed

ventilation in first 24 hrs

* Comorbidities: diabetes, cerebrovascular disease, prior AMI within past 6 mos, systolic heart failure, other acute coronary syndrome, atrial
arrhythmia, cardiogenic shock, noncardiogenic shock, hypotension, sepsis, pneumonia, pulmonary embolus, respiratory failure, acute renal

** Vitals / interventions: mean admission blood pressure, admission heart rate, coronary revascularization in first 24 hrs, mechanical

Figure 4. Relationship between admission to an ICU with low annual volume of acute myocardial infarction and (A) in-hospital mortality, or (B)
ICU mortality, after adjustment for patient characteristics. AMI indicates acute myocardial infarction; ICU, intensive care unit; RR, relative risk;

STE-AMI, ST-segment elevation AMI.

by cardiologists had a reduced risk of readmission within
6 months and overall improved clinical outcomes, when
compared with heart failure patients managed by internal
medicine or family practitioners.'” Other studies have dem-
onstrated higher rates of guideline-based therapy and better
clinical outcomes among higher-volume hospitals treating
AML.> 16 Our study extends these findings to AMI patients
requiring ICU care, which could provide an opportunity for
individual hospitals to carefully evaluate their existing ICU
triage systems between specialty units.

Clinical Implications

A key finding in this study is the difference in patient
populations between those AMI patients admitted to ICUs
with LMIV versus HMIV, as the burden of noncardiac
comorbidities among those in the LMIV group likely contrib-
utes to the worse clinical outcomes in these individuals.
Although multiple prior studies have demonstrated significant
variability in ICU triage patterns for patients with differing
degrees of acute illness,?°° the relationship between ICU
triage and clinical outcomes cannot be reliably evaluated in
our study. As a result, it remains unclear whether prospective
triage of AMI patients at larger hospitals into a cardiac ICU
would affect quality metrics, length-of-stay, or adverse clinical
outcomes in these individuals. In addition, the high rates of
best-practice metrics in both groups, with minimal difference

in medical therapy between LMIV and HMIV units, likely
reflects the oversight by elCU personnel during daily clinical
practice, and may have reduced any potential differences in
quality metrics and outcomes between the 2 groups of ICUs
studied.

Furthermore, while some studies have suggested that local
hospital triage measures may improve resource utilization and
use of guideline-based therapies,>>%* the marked difference
in patient characteristics in our study instead suggests that a
prominent minority of ICU patients require critical care
services that cross the boundaries of ICU-subspecialty
expertise. Further assessment of ICU triage decisions at the
hospital level may help improve local system-based care at
some larger hospitals with multiple specialty ICUs, but we
believe that a better understanding of cross-collaboration
patterns between specialists may be even more important to
best serve the most complex of ICU patients.

This issue was raised by a recent scientific statement from
the American Heart Association regarding the evolution of
critical cardiac care,?® and was echoed by the president of the
Society of Critical Care Medicine in 2012.2° In these
statements, the authors comment how the management of
critically ill cardiac patients has changed dramatically over
time, with increasing prevalence of noncardiac comorbidities
and noncardiac ICU issues such as mechanical ventilation,
sepsis, and multiorgan system failure. As a result, some of the
lack of differences in length-of-stay or mortality noted in our
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Table 6. Patient Characteristics Among the Subset of
Patients Admitted to Cardiology-Specific ICUs

LMIV Patients

HMIV Patients

Characteristic (n=60) (n=12 907) P Value
Demographics
Age, y 66+12 63+14 0.09
Female sex, % 37 33 0.56
White race, % 77 81 0.38
Body-mass index, kg/m? 30+7 30+11 0.97
Medical history
Diabetes, % 22 19 0.53
Hypertension, % 23 23 1.00
Dyslipidemia, % 18 13 0.19
Cerebrovascular disease, % | 2 1 0.46
AMI in past 6 months, % 7 3 0.08
Systolic heart failure, % 18 5 <0.001
Chronic kidney disease, % | 7 5 0.43
Chronic lung disease, % 7 6 0.88
AMI location
Anterior, % 20 21 0.88
Inferior, % 20 33 0.027
Non-Q-wave AMI, % 43 33 0.09
Objective findings at ICU admission
Mean blood pressure, 84+18 8817 0.045
mm Hg
Heart rate, beats per 86+19 78+16 <0.001
minute
White blood cell count, 12+5 11+4 0.054
x1000/puL
Hemoglobin, g/dL 12+2 13+£2 0.10
Creatinine, mg/dL 1.3+1 1.141 0.11
Glucose, mg/dL 148+67 146+69 0.78
Troponin-1, ng/mL 25+53 35+70 0.52
Troponin-T, ng/mL 343 5411 0.35
Worst laboratory studies within 72 hours
Lowest hemoglobin, g/dL 1142 1242 <0.001
Highest creatinine, mg/dL 1.6+1 1.3+1 0.033
Highest glucose, mg/dL 214496 178+£92 0.003
Peak troponin-I, ng/mL 27453 44478 0.33
Peak troponin-T, ng/mL 4+4 6+12 0.38
Major interventions during first 24 hours
Thrombolytic therapy, % 13 22 0.10
Percutaneous coronary 83 75 0.15
intervention, %
Endotracheal intubation, % | 28 5 <0.001
Continued

Table 6. Continued

LMIV Patients | HMIV Patients
Characteristic (n=60) (n=12 907) P Value
Inotropic or pressor 12 5 0.009
support, %
APACHE-IV 52428 41419 <0.001
APS 40426 30417 <0.001

Values are expressed as percentages or mean=standard deviation. AMI indicates acute
myocardial infarction; APACHE-IV, Acute Physiology and Chronic Health Evaluation,
Fourth Revision; APS, Acute Physiology Score; HMIV and LMIV, high and low annual
volume of acute myocardial infarction, respectively; ICU, intensive care unit.

study may stem from the gradual development of systematic
oversight from local hospital measures to account for the
multiple medical problems affecting contemporary AMI
patients. At a simple level, these may include additional
cardiology consultations or external oversight from intensi-
vists (or the elCU in our study) providing additional noncardiac
care.”” Reducing additional barriers such as obtaining timely
ECGs, identifying nurses with greater experience with access-
site monitoring after catheterization, or medication titrations
performed by cardiology consultants rather than ICU intens-
ivists alone could also impact the care of AMI patients in the
ICUs with LMIV.

Study Limitations

Our study findings should be interpreted in the context of
several important limitations. In addition to the selection and
survival biases inherent to observational studies, the
patients in our data set were admitted to ICUs with
telemonitoring by elCU nurses and physicians—an extra
level of medical oversight previously demonstrated to be
associated with improved outcomes and quality metrics.?”2°
As a result, our findings may not be readily extrapolated to
ICUs without remote monitoring. The presence of elCU care
may have prevented additional deficiencies in medical care
for patients with AMI (as noted by the higher rates of elCU
interventions among the LMIV patients), and thus our use of
an elCU data set may have attenuated the observed
differences in care and outcomes between ICUs with LMIV
and HMIV when compared with ICUs without such elCU
oversight.

Another important limitation is the inability to identify ICUs
within the same hospital, due to privacy concerns related to
potential risk of re-identification within the eRI database. This
restricted our ability to account for similarities of patients or
practice patterns at the hospital level, although we used
extensive statistical adjustments to account for latent clustering
of patients. Furthermore, the impact of management strategies
such as open versus closed ICU care; nurse-to-patient ratio;
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Table 7. Clinical Outcomes, Quality Metrics, and Resource
Utilization Among the Subset of Patients Admitted to
Cardiology-Specific ICUs

LMIV HMIV
Patients Patients
Event (n=60) (n=12 907) P Value
Adverse cardiovascular events in ICU*
Other acute coronary 8 4 0.054
syndrome, %
Cardiac arrest, % 2 2 0.96
Atrial arrhythmia, % 8 4 0.08
Ventricular arrhythmia, % 3 2 0.49
Cardiogenic shock, % 10 2 <0.001
Hypotension, % 8 2 0.001
Adverse noncardiovascular events*
Sepsis, % 3 <1 <0.001
Pneumonia, % 0 1 0.39
Respiratory failure, % 18 4 <0.001
Acute renal failure, % 12 3 <0.001
Gastrointestinal bleeding, % 0 1 0.40
Disposition from ICU
Home, % 3 <1 <0.001
Hospital floor, % 75 66 0.12
Telemetry floor, % 3 9 0.12
Step-down unit, % 3 5 0.65
Other ICU, % 8 5 0.19
ICU quality indicators
At risk for venous 52 43 0.18
thromboembolism, %
At risk for venous 100 89 0.048
thromboembolism and
receiving prophylaxis, %
Ventilated >24 hours at risk for 15 2 <0.001
stress ulcers, %
Ventilated >24 hours receiving 100 97 0.61
stress ulcer prophylaxis, %
3-Blockers contraindicated 26 9 0.002
despite AMI, %
B-Blockers prescribed among 88 86 0.76
AMI patients without
contraindications, %
ST-elevation AMI treated with 82 88 0.44
mechanical or thrombolytic
revascularization within
24 hours, %
elCU® resource utilization
elCU physician interventions 0.4+1.4 0.4+1.5 0.86
per day
elCU non-physician 0.2+0.6 0.3+0.8 0.49
interventions per day

AMI indicates acute myocardial infarction; eICU®, remote ICU monitoring system; HMIV
and LMIV, high and low annual volume of acute myocardial infarction, respectively; ICU,
intensive care unit.

*Occurring within 24 hours of ICU admission.

ICU structure, staffing, and transfer patterns; cardiology
consultation rates; overall AMI, interventional, and coronary
artery bypass graft volumes per hospital; or physician specialty
for a given ICU or patient were not assessed. Any of these
important data points may have further influenced AMI
outcomes, particularly among the sickest of AMI patients
requiring ICU care. Nonetheless, the use of generalized
estimating equations for statistical analysis may have helped
mitigate some of the differences in hospital-level variability
across ICUs, as this approach accounts for the multilevel
correlation structure, including clustering on the top-level
cluster (ie, hospital site in the present analysis).>® Furthermore,
the documentation of admission diagnoses, quality indicators,
and medical care was performed by experienced critical care
physicians and nurses in an elCU rather than coding specialists
with limited medical training, and as a result the fidelity and
accuracy of medical variables in the eRIl database is likely to be
quite high. Although underascertainment of individual patient
comorbidities may have occurred while focusing on the critical
ilinesses prompting ICU admission, there is no a priori reason to
expect that such under-reporting would vary according to annual
AMI volume of a given ICU, and therefore would be unlikely to
affect the overall study findings.

Conclusions

In summary, we found that patients with AMI who are
admitted to ICUs with low annual AMI volumes have more
extensive acute and chronic medical conditions, and are less
likely to receive urgent coronary revascularization or other
best-practice measures for AMI. Despite these findings,
patients in ICUs with low AMI volume had similar mortality
rates and lengths-of-stay when compared with patients in
ICUs with high annual AMI volumes, after accounting for the
differences in clinical characteristics and comorbidities within
this sicker patient population.
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