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Abstract The aim of this study was to quantify the impact of
ProCCESs AWARE, Ambient Clinical Analytics, Rochester,
MN, a novel acute care electronic medical record interface, on a
rangeof care process andpatient health outcomemetrics in inten-
sive care units (ICUs). ProCCESs AWARE is a novel acute care
EMR interface that contains built-in tools for error prevention,
practice surveillance, decision support and reporting. We com-
paredoutcomesbeforeandafterAWAREimplementationusinga
prospective cohort and a historical control. The study population
includedallcritically illadultpatients (over18yearsold)admitted
to four ICUs at Mayo Clinic, Rochester, MN, who stayed in

hospital at least 24 h. The pre-AWARE cohort included 983 pa-
tients from 2010, and the post-AWARE cohort included 856 pa-
tients from2014.We analyzed patient health outcomes, care pro-
cess quality, and hospital charges.After adjusting for patient acu-
ity and baseline demographics, overall in-hospital and ICUmor-
tality odds ratios associatedwithAWARE interventionwere 0.45
(95%confidence interval 0.30 to0.70) and0.38 (0.22,0.66). ICU
length of stay decreased by about 50%, hospital length of stay by
37%, and total charges for hospital stay by 30% in post AWARE
cohort (by $43,745 after adjusting for patient acuity and demo-
graphics). Better organization of information in the ICU with
systems like AWARE has the potential to improve important pa-
tient outcomes, such as mortality and length of stay, resulting in
reductions in costs of care.
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Introduction

Medical errors simultaneously increase expenses to the
healthcare system while decreasing quality of care, particularly
in the intensive care unit (ICU). A recent Department of Health
and Human Services report highlights the high incidence of
medical errors in the intensive care setting in acute care hospi-
tals, resulting in harm to patients and nearly $324 million in
monthly costs to the Centers for Medicare & Medicaid
Services (CMS) [1].While some institutions have achieved sub-
stantial quality improvement using protocolized bundles and
checklists, evidence points to a persistence of errors and poor
compliance with best practices in real world care.

The initial findings from The Healthcare Information and
Management Systems Society (HIMSS) show a positive im-
pact of electronic medical records (EMR) on clinical out-
comes [2]. However, despite high expectations, the
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implementation of healthcare information technologies (HIT)
in the acute care hospital setting has not been shown to con-
sistently decrease errors or reduce costs [3]. In one extremely
concerning example, implementation of HIT in a pediatric
ICU was associated with a doubling of the mortality rate
among critically ill children [4]. The discrete nature of data
stored in the EMR, translated directly from the paper environ-
ment, can result in fragmented, provider-centered care deliv-
ery and impede effective communication. Delayed and poorly
contextualized presentation of an enormous amount of rapidly
changing data, coupled with information overload, is an im-
portant cause of HIT failure in the ICUs [5, 6].

Patient Centered Cloud-based Electronic System: Ambient
Warning and Response Evaluation (ProCCESs AWARE) is a
novel acute care EMR interface, developed at the Mayo
Clinic, Rochester, MN, with funding from a CMS Health
Care Innovation Award. AWARE contains built-in tools for
error prevention, practice surveillance, decision support and
reporting, built on an advanced understanding of cognitive
and organizational ergonomics. In preliminary studies this
system has significantly decreased the cognitive load of bed-
side clinicians, reduced medical errors [6], and was associated
with improved communication, care efficiency, and ease of
clinical data management compared to the standard EMR [7].

The aim of this study is to quantify the impact of AWARE on
a range of care process and patient health outcome metrics. We
compare outcomes of patients through several levels of adoption
of AWARE to historical controls pre-AWARE implementation.

Methods

Study design and enrollment

We performed a comparison before and after ProCCESs
AWARE implementation using a prospective cohort from
2014, compared to a historical control. The study enrolled
all critically ill adult patients (over 18 years old) in four adult
ICUs at Saint Mary’s andMethodist campuses ofMayo Clinic
Hospital in Mayo Clinic, Rochester MN, who stayed in the
hospital at least 24 h. The control group was drawn from 2010,
in order to avoid contamination effects of the use of early
versions of the AWARE system, which were introduced dur-
ing 2011–2013.

Intervention

AWARE is an ICU-specific patient viewer/monitoring system
based on. NET technology, a standard software framework
developed by Microsoft. The routine use of AWARE in clin-
ical practice started in July 2012 in the medical ICU at Mayo
Clinic Rochester (MN) [7]. The complex system of ranks and
decision rules allow AWARE to extract and to organize

relevant patient data in comprehensive patient-oriented infor-
mation blocks. User interface provides patient identification,
clinical data, administrative information, and task-specific
views within patient-specific boxes displayed in the context
of a global overview of the physical layout of ICU beds. Each
box can be selected to expand patient-specific information
such as the clinical problem list [8], procedures, and detailed
(notes, procedures, labs, tests, medications) organ system in-
formation. Seven color-coded pictograms (central nervous
system, cardiovascular, respiratory, renal, gastrointestinal,
blood & coagulation, and infection status) represent clinical
significance of the current problem. (Supplemental Digital
Content - Figures S1 and S2). Patient-specific checklist com-
pliance and decision support tools are available for each pa-
tient. Shared electronic task lists are used for communication
and hand off between team members [9]. Smart alerts and
reminders are integrated with predefined escalation path.
Administrative dashboard shows statistics on the user interac-
tion with the system, such as checklist compliance and deci-
sion support tool utilization rates (Supplemental Digital
Content - Figures S3 and S4).

While the use of AWARE was not mandatory to all pro-
viders, it was encouraged by local champions and critical care
leadership. Access to this system was available at every hos-
pital’s workstation and through mobile devices. All clinical
personnel including nurses, nurse practitioners, physician as-
sistants, respiratory therapists, and physicians were able to use
the system during morning rounds and at any other time dur-
ing the patients’ ICU stay.

AWARE adoption levels were defined apriori using the
percentage of patients with completed checklists of best prac-
tices of care: high >80% and moderate >50%.

The Institutional Review Board reviewed and approved
this minimal risk study, and granted a waiver of informed
consent for data collection.

Data collection

Data were extracted from the AWARE system and hospital
systems, including electronic medical records and administra-
tive information systems, using previously developed real
time informatics infrastructure for syndrome surveillance, de-
cision support, reporting, and modeling of critical illness [10].
These data are used for quality report generation and decision
support systems and were found to be consistent throughout
the study period [11, 12].

Financial data were adjusted for inflation using the
Consumer Price Index and reported in 2014 US dollars.

Outcome measures

We analyzed data characterizing care process quality and pa-
tient health outcomes.
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Health outcomes evaluated included: overall and ICU
length of stay (LOS), inpatient and ICU mortality, central line
infections, urinary catheter infections, and ventilator associat-
ed events (VAE). Centers for Disease Control/National
Healthcare Safety Network (CDC/NHSN) VAE definition
was used [13, 14]. In addition we evaluated the overall cost
of hospitalization in terms of hospital charges.

The main process outcomes in this study included resource
utilization in terms of days with central line usage, days with
urinary catheter usage, days of antibiotic usage, days on con-
tinuous intravenous (IV) sedation, and days on mechanical
ventilation. These measures were detailed during the study
ICU stay as utilization days per ICU day. Ventilation days
were measured per entire hospital stay. For patients on me-
chanical ventilation, we assessed compliance with lung-
protective mechanical ventilation best practices based on
Acute Respiratory Distress Syndrome Network (ARDSNet)
definition [15], and reported as average and median% of daily
compliance per patient on ventilation. In addition we assessed
compliance with the daily ventilator bundle, a best practice
guideline for care of ventilated patients [16]. The ventilator
bundle included deep vein thrombosis (DVT) prophylaxis,
gastrointestinal (GI) prophylaxis, sedation holidays, assess-
ment of readiness to extubate, and elevation of the head of
the bed. This measure was reported as average and median %
of daily compliance per patient on ventilation.

Additional process outcomes in this study included docu-
mentation for a number of best practices of care. We measured
documented assessment of central line removal (mean number
of assessments per days with central line), documented assess-
ment of antimicrobial discontinuation (mean number per days
on antimicrobials), documented family conference (mean
number of conferences per patient ICU stay), and palliative
care offered (% of patients).

Statistical methods

We examined the difference in process and outcome metrics
from baseline data collected prior to AWARE implementation
to those measures collected subsequent AWARE implementa-
tion using non-parametric Wilcoxon tests for continuous char-
acteristics and chi-square tests for categorical measures. We
use a significance level of p = 0.05.

Due to the observational nature of this study, covariate
adjustments were made to control for known biases and con-
founding. The adjustments included patient acuity and comor-
bidities using APACHE III scores, patient age, gender, and
ICU. We used spline adjustment on the continuous measures
of age and APACHE III score (measured at 24 h after admis-
sion) to control for non-linearity. The analysis of financial data
(charges) was also adjusted by patient surgical vs medical
status. In order to test for the effect of the intensity of adoption
as a “dose-response effect”, we also ran models for the

mortality and LOS measures, adjusting for level of adoption
at the study ICU as a binary variable.

Mortality measures were modeled using logistic regres-
sions. Skewed measures, such as length of stay in the hospital
or the ICU and the charges for study hospitalization, were
modeled using linear regressions with log-adjusted dependent
variable. Generalized linear models were used to model
changes in event rates using Poisson outcome distributions.

All analyses used the SAS software version 9.4 (SAS
Institute Inc., Cary, NC, USA).

Results

The baseline demographics are described in Table 1. The pa-
tients in the study group were slightly younger with a slightly
higher proportion male (59% vs 55%), and similar racial/
ethnic profiles(about 91% white). The mean APACHE scores
were higher in the study group, 62.8 compared with 49.1
(p < 0.0001). The proportion of patients on mechanical venti-
lation was lower in the study group, 40% compared with 54%.

Table 2 shows the unadjusted rates of outcome measures.
There was a lower overall and ICU mortality (from 7.2% to
6.1% and from 4.6% to 3.4%, respectively), but the differences
did not reach statistical significance. There were statistically
significant reductions in overall and ICU LOS (from 12.1 to
8.2 days and from 4.1 to 2.5 days, respectively), and in total
charges (from $149,593 to $103,383 average per hospitaliza-
tion). There were significant differences in the number of days
with central line, urinary catheter, continuous IV sedation, num-
ber of patients receiving invasive ventilation and duration of
mechanical ventilation, and the use of antibiotics decreased from
the control group to study group. In fact the proportion of pa-
tients with any central line insertion, urinary catheter insertion,
sedation, ventilation, or the use of antibiotics decreased.

Table 3 shows the results of the unadjusted and adjusted
The odds of death after adjusting for APACHE score and other
relevant confounders was much lower in the study group.
Overall in-hospital and ICU mortality unadjusted odds ratios
for the AWARE intervention were 0.83 and 0.73 (p = 0.33 and
0.2, respectively). After adjusting for patient acuity (APACHE
score) and baseline demographics, the odds ratios were 0.45
and 0.38 (p < 0.001). The ICU length of stay decreased by
about 50%, the hospital length of stay by 37%, and the total
charges for hospital stay by 30% in post AWARE cohort (by
$43,745 after adjusting for patient acuity and demographics).

The analyses adjusting by level of adoption had similar
results to results in Table 3. After adjusting for patient acuity
(APACHE score), baseline demographics, and high level of
AWARE use, the odds ratios for hospital and ICU mortality in
the study group versus the comparator group were 0.48 and
0.39 (p < 0.001), respectively. Fig. 1 shows odds ratios for
hospital mortality by ICU. The ICU and hospital LOS
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decreases were the same with this adjustment as those shown
in the adjusted analysis in Table 3, p < 0.001. In each case high
use ICUwas significantly associated with improved outcomes
compared to moderate use ICU (p < .0001, p = 0.003, and
p = 0.04, respectively), except for hospital LOS (p = 0.2).

In the study group there were reductions in central line
days per day in the ICU (45% reduction to 0.3), urinary
catheter days per ICU day (13% to 0.7), days with anti-
biotic use per ICU day (18% to 0.6), days on continuous
IV sedation per ICU day (30% to 0.3), days on invasive
ventilation (50% when adjusting for patient characteris-
tics). The rates of documented assessment of central line
removal and antibiotic discontinuation were lower by
15% and 57%, respectively. For patients on invasive ven-
tilation, compliance with lung protective ventilation
thresholds of tidal volume improved by 73% (up to 92%
compliance), but there was no statistically significant ef-
fect on the rates of compliance with the ventilator bundle.
We also observed a statistically significant increase in the
use of family conferences per ICU day (26% increase).
Rates of use of palliative care did not change.

Discussion

In our before and after comparison study we evaluated
the effect of implementation of electronic system specif-
ically designed to improve the patient information

integration and provide decision support for clinicians
in the ICU, and we found significant differences in
measured outcomes. Reductions in both hospital and
ICU mortality, length of stay, and costs of hospitaliza-
tion were significant when controlled for patient charac-
teristics and AWARE usage levels.

The process measures showed mixed results. A large
difference in the number of patients receiving MV may be
explained by the increased use of non-invasive ventilation
in recent years as a first line treatment in appropriate cases
comparing to 2010. The use of central lines, urinary cath-
eters, antibiotics and continuous IV sedation decreased, a
positive effect as these factors may increase risks of ad-
verse outcomes in patients [17, 18]. The increase in days
of antibiotics per ICU day may reflect the decreased total
number of days in the ICU. Due to the decreased length
of stay, process outcomes calculated per day of ICU (such
as antibiotic utilization) did not appear to improve.

Rates of compliance with lung-protective mechanical
ventilation best practices improved, although rates of doc-
umented compliance with the ventilator bundle did not
change. The use of family conferences increased, perhaps
indicating more time spent by clinicians communicating
with patients and families. On the other hand, the rates of
documented assessments for central line removal and an-
tibiotic discontinuation decreased, possibly reflecting a
decrease in rates of documentation rather than actual as-
sessment performed by clinicians, or the use of checklists

Table 1 Cohort demographics
and baseline characteristics Pre-AWARE Post-AWARE

n % n %
Mean Med Std Dev Mean Med Std Dev

Age* 64.6 67 16.7 61.9 64 16.9
Gender (% male) 536 54.5% 506 59.1%
Race

White 896 91.1% 779 91.0%
African American 10 1.0% 14 1.6%
Hispanic 1 0.1% 0.0%
Asian/Pacific Islander 8 0.8% 15 1.8%
Native American Indian 10 1.0% 12 1.4%
Other 12 1.2% 21 2.5%
Unknown 46 4.7% 15 1.8%

Ethnicity
Hispanic 16 1.6% 15 1.8%
Non-Hispanic 776 78.9% 791 92.4%
Unknown 191 19.4% 50 5.8%

APACHE III score* 49.1 47 19.7 62.8 60 24.0
Patients on mechanical ventilation 530 53.9% 341 40%
ICU
Mixed ICU (high adoption) 250 25.4% 173 20.2%
Cardiovascular ICU (moderate adoption) 242 24.6% 191 22.3%
Medical ICU (high adoption) 245 24.9% 341 39.8%
Surgical ICU (moderate adoption) 246 25.0% 151 17.6%

*Mean, median, and standard deviation are reported for continuous variables marked with *, and count and
percent for categorical variables otherwise
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which also include assessment to discontinue antibiotics.
We were not able to directly measure behavior related to
these assessments.

Two main ideas could explain the association of AWARE
with improvements in patient care. First, AWARE may directly
impact providers’ provision of care by more ergonomically pro-
viding healthcare providers the information influential for clin-
ical decision making. Second, AWARE may indirectly impact
patient care by allowing providers to more easily treat more
patients, producing a spillover effect by releasing time, which
can be used to benefit the overall census of the ICU. Improved
care processes should in turn improve immediate health out-
comes. Furthermore, AWARE allows ICU directors and man-
ager nurses to control whether a built-in process checklist is
used, a feature that was not available in the EMR system prior
to the implementation of AWARE. Checklists for processes of
care provide guidance to improve adherence to best practice
[19], which may also lead to better outcomes.

Recent experience with a real-time safety-bundle dash-
board, implemented in one of pediatric ICU and focused

on a process of care and resource utilization, reports the
increase of awareness for potential interventions, as well
as modulation of outcomes [20]. However previous stud-
ies failed to demonstrate a sustainable improvement in
mortality or ICU LOS. One study provides evidence for
small but significant changes in reduction of length of
stay and 30-day mortality but no changed in inpatient
mortality with the introduction of a basic EMR in US
hospitals [21].

Limitations

The difficulties with evaluation of the effect of electronic
interventions such as AWARE, and other systems inter-
ventions, are associated with controlling for confounders
and isolating the treatment effect of the intervention.
Unfortunately, this is a common problem with technology
evaluation in real world scenarios as these interventions
cannot be implemented in a traditional randomized con-
trolled trial. Before-after comparison study, while lacking

Table 2 Unadjusted process and health outcomes metrics, pre- and post-aware implementation

Pre-AWARE (N = 983) Post-AWARE (N = 856)

n % n %
Mean Median Std Dev Mean Median Std Dev p-value

Patient Outcomes
Hospital Mortality 71 7.2% 52 6.1% 0.20
ICU Mortality 45 4.6% 29 3.4% 0.33
Central line infections 6 0.6% 0 0.0% 0.033**
Urinary catheter infections 2 0.2% 2 0.2% NS
Ventilator Associated Events 0 0.0% 10 1.2% <0.001**
Length of stay in ICU (days)* 4.1 2 4.9 2.5 2 3.2 <0.0001†
Length of stay in hospital (days)* 12.1 8 14.6 8.2 6 9.1 <0.0001†
Total charges for hospital stay (in 2014 US$)* $149,593 $108,177 $103,383 $77,243 <0.0001†

Process Outcomes
Central line use ♣* 0.65 1 0.45 0.34 0 0.46 <0.0001
Persons with any central line insertions 689 70.1% 306 35.7%
Assessment to discontinue central line per day on central line 24.7% 0.0% 0.35 12.1% 0.0% 0.25 0.004
Urinary catheter use ♣* 0.84 1 0.33 0.72 1 0.43 0.002
Antibiotic use♣* 0.69 1 0.39 0.57 0.75 0.46 0.001
Persons with any antibiotic use days 799 81.3% 548 64.0%
Assessment to discontinue antibiotics per day on antibiotic 61.9% 100.0% 0.45 24.0% 0.0% 0.36 <0.0001
Continuous IV sedation use ♣* 0.39 0.36 0.39 0.30 0 0.40 <0.001
Family conferences per day in ICU 15.7% 0.0% 0.30 19.9% 0.0% 0.32 <0.0001
Palliative care offered (% yes) 18 1.8% 14 1.6% NS

Ventilation Outcomes
Ventilator use (in days) per day in hospital* 0.16 0.09 0.22 0.12 0 0.20 <0.0001
Persons on invasive ventilation 530 53.9% 341 40%
Compliance with lung protective ventilation
(tidal volume < 8 ml/kg) per day on invasive ventilation

48.2% 50.0% 0.44 92.4% 100.0% 0.21 <0.0001

Compliance with ventilator bundle per day on invasive ventilation 0.3% 0.0% 0.026 0.4% 0.0% 0.05 0.16

*Continuous measures presented as mean, median, and standard deviation, otherwise counts and percentages
♣ - the number of days the patient had intervention/medication per the number of total ICU days

P-values for comparisons are based on chi-square tests for categorical variables, with the following exceptions:

**For variables with small numbers of events, the table shows Fisher’s exact test comparisons

† For highly skewed measures, the table shows non-parametric Wilcoxon tests
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the power of randomization, is widely used and typically
the most logistically feasible and practical study design.

Patients in the post-AWARE group appear sicker com-
pared to pre-AWARE group.. Both comparison groups

were drawn from the same ICUs, and analysis controlled
for the patient’s ICU in order to remove confounding due
to the differences in the types of patients by unit, i.e.
medical, surgical, cardiovascular, and other patients. The
analysis also controlled for patient severity, using the
APACHE score as a covariate.

A common criticism of before/after comparison studies
is that changes in outcome measures may be attributed to
other changes or quality improvement initiatives that may
have occurred over time. Unfortunately it is difficult to
assess such impact without availability of a concurrent
control group. Instead we attempted to examine the effect
of the intervention on outcomes by the usage level of the
AWARE intervention. When we analyzed outcomes by
whether the patient was in a high AWARE use unit com-
pared to moderate use AWARE unit, the association be-
tween AWARE and improved outcomes was preserved,
but unfortunately the study was not powered to show a
dose-response effect.

The VAE surveillance definition algorithm was devel-
oped and implemented in the NHSN in January 2013 [22].

Table 3 General linear models for the effect of AWARE intervention, unadjusted and adjusted by patient characteristics

Unadjusted Adjusted

Odds ratio or %
change

95% confidence
intervals

Odds ratio or %
change

95% confidence
intervals

Patient Outcomes
Hospital Mortality* 0.83 (0.57, 1.20) 0.45 (0.30, 0.70)
ICU Mortality* 0.73 (0.45, 1.18) 0.38 (0.22, 0.66)
Length of stay in ICU** 0.56 (0.52, 0.60) 0.48 (0.44, 0.51)
Length of stay in hospital** 0.67 (0.62, 0.72) 0.63 (0.58, 0.68)
Charges (2014 US$, log adjusted)** 0.66 (0.61, 0.71) 0.68 (0.64, 0.73)
Charges (2014 US$, raw) $ (46,210) (−$59,022, −$33,399) $ (43,745) (−$56,310, −$31,180)

Process Outcomes
Central line daysa 0.62 (0.57, 0.66) 0.55 (0.51, 0.60)
Urinary catheter daysa 0.91 (0.85, 0.96) 0.87 (0.81, 0.93)
Antibiotic daysa 0.90 (0.84, 0.96) 0.82 (0.77, 0.88)
Days on sedationa 0.85 (0.78, 0.93) 0.71 (0.64, 0.78)
Family conferencesa 1.54 (1.38, 1.72) 1.26 (1.12, 1.42)
Documented assessment to discontinue central linec 0.80 (0.68, 0.93) 0.85 (0.71, 1.01)
Documented assessment to discontinue antibioticsd 0.43 (0.39, 0.48) 0.43 (0.38, 0.48)
Days on ventilator (during hospitalization)b 0.64 (0.59, 0.69) 0.49 (0.45, 0.53)
Compliance with lung protective ventilation (tidal
volume < 8 ml/kg)e

1.56 (1.42, 1.72) 1.73 (1.54, 1.95)

Compliance with vent bundlee 0.41 (0.12, 1.41) 0.43 (0.11, 1.72)

Covariates in the adjusted models included age, sex, APACHE score, intensive care unit; we used spline adjustment on the continuous measures of age
and APACHE score to control for non-linearity. The covariates for hospital stay charges also included surgical vs medical patient status

*Mortality measures were modeled using logistic regressions; table shows odds ratios

**Skewed measures were modeled using linear regressions with log-adjusted dependent variable; table shows % change in outcome
a Rate variables were evaluated with Poisson regressions offset by the number of days in the ICU, with the following exceptions. Table shows% change
in outcome
b Poisson regression with offset by days in the hospital
c Poisson regression with offset by number of central line days
d Poisson regression with offset by number of antibiotic use days
e Poisson regression with offset by number of days on invasive ventilation

0 0.5 1 1.5 2 2.5 3

Unit 1 (high adopter)

Unit 2 (moderate)

Unit 3 (high)

Unit 4 (moderate)

Overall

Fig. 1 The odds ratios of in-hospital mortality with and without the
AWARE intervention, stratified by study ICU, with multivariate
adjustment. Note: The overall p-value for the unit*intervention
interaction was 0.33
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Pre-AWARE cohort predates implementation of this met-
ric; therefore, the numbers may be underestimated in the
control group.

Since clinicians were free to use AWARE or standard
EMR, the “efficacy” of intervention could be underestimated.
However, a parallel study showed that about ¾ of clinicians
intended to use AWARE after its implementation [23].

Conclusions

Better organization of information in the ICU with systems
like AWARE has the potential to improve important patient
outcomes, such as mortality and length of stay. By reducing
the length of stay in the hospital as well as ICU, the costs of
hospitalization are also greatly reduced. Objectively measur-
able process outcomes, such as use of central lines or contin-
uous IV sedation, also improved in accordance to best prac-
tices of care. However, rates of documentation of care pro-
cesses are not necessarily affected by the system. While there
is much variation among HIT systems and their effect on care
and outcomes, a carefully designed system holds great prom-
ise to improve health and care quality and efficiency.
However, due to study design limitations we cannot prove
causality, and the magnitude of the main outcomes in this
study should be interpreted with caution.
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