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WIDE variation in surgical outcomes persist across hos-
pitals and countries despite decades of research and 

quality improvement efforts.1,2 Strategies such as team train-
ing and checklists, first demonstrated to decrease adverse 
events in aerospace and aviation, have now been incorpo-
rated into health care.3,4 In addition, the electronic health 
record (EHR), novel diagnostic technology, and minimally 
invasive surgical options should theoretically improve patient 
outcomes. However, the advent of new data streams has 
created a new challenge: “alarm fatigue,” which may result 
in harm due to the failure to recognize actionable patient 
deterioration.5

Concurrently, observational studies of large databases and 
prospective trials have found associations between intraopera-
tive physiologic management and postoperative outcomes.6–8 
Specifically, reduced episodes of intraoperative hypotension, 
improved ventilation management, tighter glucose control, 

and more restrictive fluid management have all been associ-
ated with improved postoperative outcomes.6–17 Management 

What We Know about This Topic

•	 The extent to which intraoperative decision support systems 
guide care and improve outcomes remains unclear.

•	 The authors compared a novel decision support system to 
a historical control group and to a matched (nonrandomized) 
contemporaneous control group.

What This Article Tells Us That Is New

•	 Most improvements were time-dependent. Decision support 
was associated with improved process-of-care measures 
compared to contemporaneous control patients, but not with 
improved clinical outcomes.

•	 Decision support systems should be formally evaluated 
because the extent to which they will enhance patient care 
is not obvious.
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ABSTRACT

Background: The authors hypothesized that a multiparameter intraoperative decision support system with real-time visualiza-
tions may improve processes of care and outcomes.
Methods: Electronic health record data were retrospectively compared over a 6-yr period across three groups: experimental cases, in 
which the decision support system was used for 75% or more of the case at sole discretion of the providers; parallel controls (system 
used 74% or less); and historical controls before system implementation. Inclusion criteria were adults under general anesthesia, 
advanced medical disease, case duration of 60 min or longer, and length of stay of two days or more. The process measures were avoid-
ance of intraoperative hypotension, ventilator tidal volume greater than 10 ml/kg, and crystalloid administration (ml · kg–1 · h–1). The 
secondary outcome measures were myocardial injury, acute kidney injury, mortality, length of hospital stay, and encounter charges.
Results: A total of 26,769 patients were evaluated: 7,954 experimental cases, 10,933 parallel controls, and 7,882 historical controls. 
Comparing experimental cases to parallel controls with propensity score adjustment, the data demonstrated the following medians, 
interquartile ranges, and effect sizes: hypotension 1 (0 to 5) versus 1 (0 to 5) min, P < 0.001, beta = –0.19; crystalloid administra-
tion 5.88 ml · kg–1 · h–1 (4.18 to 8.18) versus 6.17 (4.32 to 8.79), P < 0.001, beta = –0.03; tidal volume greater than 10 ml/kg 28% 
versus 37%, P < 0.001, adjusted odds ratio 0.65 (0.53 to 0.80); encounter charges $65,770 ($41,237 to $123,869) versus $69,373 
($42,101 to $132,817), P < 0.001, beta = –0.003. The secondary clinical outcome measures were not significantly affected.
Conclusions: The use of an intraoperative decision support system was associated with improved process measures, but not 
postoperative clinical outcomes.
Visual Abstract: An online visual overview is available for this article at http://links.lww.com/ALN/B632. (Anesthesiology 
2018; 128:272-82)
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of these interventions in the hyperacute intraoperative setting 
requires a single anesthesiology provider to integrate second-
to-second changes in more than 40 distinct physiologic 
parameters in the context of specific patient comorbidities 
and the dynamic surgical insult itself. However, there are 
mixed data regarding the value of alert systems in demon-
strating a measurable change in clinical decision-making or 
patient outcomes.4,14,18,19 Unsuccessful trials have relied on 
basic alphanumeric paging and EHR-based screen pop-ups, 
and have been limited to blood pressure or brain function 
monitoring data.4,18 There are promising results for improved 
management of hyperglycemia.14,19

It has been suggested that anesthesia adopt tactics estab-
lished in the aviation industry, such as multifunction displays 

and decision support systems, which integrate across the dis-
parate data sources, devices, and contexts to highlight and 
recommend specific interventions.4,19–21 An intraoperative 
multiparameter decision support system with novel real-
time visualizations for anesthesia care has received US Food 
and Drug Administration (FDA) clearance.22 With real-time 
data extracted from physiologic monitors, EHRs, and peer-
reviewed literature transformed into a readily understandable 
schematic view of organ systems, the system integrates mul-
tiple streams of data and knowledge into a single user interface 
(fig. 1).22 We sought to determine whether implementation of 
an integrated decision support display was associated with: (1) 
improved adherence to care processes; and (2) reduced postop-
erative complications and mortality.

Fig. 1. The primary patient-specific visualization used in the multiparameter decision support system evaluated in this study, Alert-
Watch. The aortic arch is red (signifying the mean arterial pressure is below the hypotension threshold of 55 mmHg; there is a scrolling 
red text alert signifying current hypotension as well as the cumulative duration of hypotension thus far during the case). If the patient’s 
mean arterial pressure is greater than 60 mmHg, the aortic arch would be green, with no text alerts. If the mean arterial pressure is 
between 55 and 60 mmHg, the aortic arch would be colored yellow, with a text alert giving the current mean arterial pressure, indi-
cating that the hypotension threshold of 55 mmHg is approaching. The decision support system display receives information from 
physiologic monitors, anesthesia information management system, and laboratory systems, and displays it in easily identifiable icons 
of human organs. It is color-coded to signify normal (green), slightly abnormal (yellow), and abnormal (red) ranges. Organs highlighted 
in orange have comorbidities. The left side of the display provides patient case data and the calculated input and output balance, as 
well as the presence of infectious disease, the preoperative pain score, and the presence of infusions. Text alerts are presented on the 
right side of the display in the following hierarchy: black text is informational, red text is for important alerts, and scrolling red alerts are 
those that need immediate attention. There are more than 47 alerts originating from the 250 pieces of information continuously being 
extracted from the medical records. The central portion of the display is composed of icons of organ systems: brain, lungs, heart, liver, 
and kidneys. The level within the heart signifies the fluid status with respect to input and output balance: green (±20% of the estimated 
blood volume), yellow (high or low, representing ±20 to 40% of the estimated blood volume), and red (very low or very high level, 
representing greater than 40% positive or negative fluid balance). If there is an invasive arterial catheter or central venous catheter, the 
level of fluid level and color within the heart is guided by the normal ranges of systolic pressure variation or central venous pressure. 
Note: in this patient, the fluid level in the heart is in the normal range with a systolic pressure variation of 6 mmHg.
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Materials and Methods
Institutional Review Board approval was obtained for this 
retrospective analysis (University of Michigan, Ann Arbor, 
Michigan); patient consent was waived because no direct 
patient identifiers were collected or used during the conduct 
of this study. The study protocol was reviewed, approved, 
and registered by the Department of Anesthesiology’s Anes-
thesia Clinical Research Committee before data extraction or 
analysis. The patient inclusion, exclusion, primary outcome, 
and proposed statistical analysis plan were prespecified and 
included in this protocol. The study is reported in consulta-
tion with the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) recommendations.23

Intervention
AlertWatch OR (AlertWatch; Ann Arbor, Michigan), a FDA-
cleared, multifunction decision support system, is composed of 
real-time data extracted from physiologic monitors and EHR 
data displayed in a readily identifiable schematic view of organ 
systems (fig. 1). The system extracts, analyzes, and presents more 
than 250 pieces of information, providing a “live” organ system 
view with a beating heart, expanding aortic arch, and ventilat-
ing lungs.18,22 The display is color coded to indicate normal 
range (green), borderline abnormal range (yellow), and abnor-
mal range (red) for the data related to each organ system or 
lab value. Organs or systems with underlying comorbidities are 

outlined in orange (fig. 1). The display also has 48 digital text 
alerts and two audible alerts (both related to blood pressure). 
The text alerts, which appear in the upper right alert section 
of the display, come in three hierarchies: black text for general 
information, red text for important information, and scroll-
ing red text for information that should be addressed immedi-
ately (fig. 1). There are multiple calculations conducted in the 
background for clinical purposes.18,22 The system provides an 
audible alert when the mean arterial pressure drops below 55 
mmHg (a triple beep with a decreasing tone), the aortic arch 
turns red, and a red text scrolling alert is displayed in the upper 
right alert section of the display, noting the actual mean pres-
sure (fig. 1). The aortic arch turns yellow as a warning when the 
mean arterial pressure decreases to 60 mmHg or less. Similar 
alerts are included for intraoperative tidal volume in ml/kg ideal 
body weight and fluid balance (incorporating fasting duration, 
insensible losses, fluid administration blood loss; fig. 2).

Patient Population and Study Groups
The analysis was divided into two periods; a historical control 
period defined as the 22-month period before the initiation of 
the decision support system (July 1, 2010 to April 30, 2012) and 
a parallel control period for when the decision support system 
was available (July 1, 2012 to June 30, 2016). The two months 
between May 1, 2012 and June 30, 2012 were an implementa-
tion transition period while supplemental screens were installed 

Fig. 2. This figure shows the window that opens when the input and output balance is tapped. This window shows the itemized input and 
output fluid balance using standard rules. In this case, the patient has received 2,500 ml of crystalloid, has had 400 ml of estimated blood 
loss, has a urine output of 500 ml, and insensible loss of 1,953 ml, resulting in an overall fluid balance of –1,153 ml. Lower in the window the 
nil per os time is noted, which can be changed. There is also an option to add additional fluid loss through the third-space surgical losses.
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on the anesthesia workstations to display the decision support sys-
tem. Patients aged 18 yr or older with advanced comorbid medical 
disease (defined as American Society of Anesthesiologists Physical 
Status III or IV documentation) undergoing non–liver transplant 
surgical procedures requiring general anesthesia with a duration 
greater than 1 hr and postoperative hospital length of stay of two 
days or more were included. Because cardiac, thoracic, and vas-
cular procedures are performed at a distinct facility, these patients 
were not included. Patients with a preoperative mean arterial pres-
sure less than 55 mmHg were excluded. A few intrathoracic proce-
dures performed as part of multispecialty surgery were performed 
at the study location and included in the analytic dataset.

The treatment group was defined as the decision support 
system being viewed for 75% or more of the duration of the 
case. The use of this Web-based display was at the sole discre-
tion of the anesthesia providers. In the primary intention-to-
treat analysis, a case in which the decision support system 
was used less than 75% of case duration was considered a 
parallel control. Historical controls were cases before imple-
mentation of the system. These groups were retrospectively 
assigned during the analysis phase of the study.

The coprimary outcomes were three process measures: hypo-
tension (the number of minutes the patient experienced a mean 
arterial pressure below 55 mmHg),7 inappropriate ventilation 
(intraoperative mechanical ventilation with a median tidal vol-
ume greater than 10 ml/kg ideal body weight for patients with 
an ideal body weight of 50 kg or less), and fluid resuscitation 
rate (crystalloid infused in ml · kg–1 · h–1 in patients who had 
an estimated blood loss of less than 500 ml and did not receive 
a blood transfusion). We chose to compare fluid resuscitation 
in patients with less than 500 ml blood loss because of the high 
degree of variability in accuracy of estimated blood loss, espe-
cially in cases with large blood loss.24,25 The inappropriate venti-
lation patient population was chosen because previous literature 
showed that female patients, or those with short stature, remain 
at risk for excessively large intraoperative tidal volumes, and our 
default ventilator tidal volume setting (500 ml) is appropriate for 
patients greater than 50 kg.26

The secondary clinical outcome measures were myocar-
dial injury after noncardiac surgery (defined as a postopera-
tive troponin greater than or equal to 0.3 µg/l [upper limit 
of normal = 0.3 µg/l]) or postoperative acute kidney injury 
(AKI), defined as Kidney Disease: Improving Global Out-
comes criteria stage 1 or 2, within 7 days after surgery.27 
Patients with preoperative creatinine greater than 3 mg/dl,  
or patients missing creatinine, were excluded from the AKI 
analysis. In addition, hospital length of stay in days, hospi-
tal charges, and 30-day all-cause in-hospital mortality were 
compared. Hospital charges were not specified in the origi-
nal protocol as the data were not available at the time of 
proposal review; they were included as a secondary outcome.

Statistical Analysis
Three distinct analyses were performed: a combined analysis 
of AlertWatch versus historical control and parallel controls 

together; AlertWatch versus parallel controls; and AlertWatch 
versus historical controls. Covariates considered for risk and 
selection bias adjustment are delineated in table 1. For analy-
sis of hypotension, inappropriate ventilation, fluid resusci-
tation, myocardial injury, and AKI, we used male sex, age 
in decades of life (reference age group: 18 to 30 yr), World 
Health Organization body mass index categories (reference 
group: normal body mass index), log-transformed surgi-
cal duration in minutes, inexperienced provider (defined as 
clinical anesthesia first-year resident), and in-room provider 
type (certified registered nurse anesthetist vs. resident), surgi-
cal urgency (emergency vs. nonemergency), and individual 
clinical comorbidities as covariates. Each clinical comorbidity 
was identified by extracting clinical and administrative diag-
noses from our EHR and enterprise research data warehouse. 
They were grouped into specific comorbidities (e.g., diabe-
tes with complications vs. diabetes without complications) 
using previously published and validated Elixhauser comor-
bidity definitions for use with International Classification of 
Diseases, Ninth and Tenth Revision.28 Surgical duration was 
log-transformed due to nonnormal distribution. In addition, 
we incorporated procedure-specific risk using a categorical 
variable of the anesthesiology base Current Procedural Ter-
minology (CPT) code. Each anesthesia base CPT code (275 
distinct codes) was collapsed into one of 18 distinct groups, 
which reflect similar procedural invasiveness and body area. 
For example, a colostomy takedown with re-anastomosis ver-
sus pancreatectomy would each be represented in a different 
categorical risk group in our analysis (Supplemental Digital 
Content 1, http://links.lww.com/ALN/B588, a table listing 
all CPT categories used). For 30-day mortality and length of 
stay, the clinical comorbidities and CPT category covariates 
were replaced by the Risk Stratification Index,29 which has 
been validated for comparison across patients and hospitals 
for these outcomes. The Risk Stratification Index incorporates 
procedure- and patient-specific risk using discharge procedure 
and diagnoses codes, and is derived from a national dataset of 
more than 35 million patients.29

For the parallel control analysis, we used a two-stage mod-
eling process. First, the aforementioned covariates were used 
to derive a propensity score that predicted the use of Alert-
Watch. We assumed that the decision to use AlertWatch was 
not distributed randomly across cases, and some underly-
ing variation in patient or procedural risk was likely present. 
This propensity score reflects the probability that a patient 
would be provided care using AlertWatch and improves the 
ability to address provider selection bias in choosing to use 
AlertWatch for more or less complex patients and proce-
dures. Next, this propensity score was used as a covariate 
in a multivariable model combined with AlertWatch use to 
model the dependent outcome variables. Use of a propensity 
score via covariate adjustment helps to address underlying 
selection bias when evaluating the impact of nonrandomly 
assigned treatments, such as the use of AlertWatch.30
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For the historical control and overall combined analy-
ses, a propensity score is not applicable because all histori-
cal control patients have zero probability of AlertWatch use; 
the decision support tool was not available for use before its 
implementation. In lieu of a propensity score, the covari-
ates described above and delineated in table  1 were used 
individually in multivariable modeling. Across all analyses, 
a generalized linear model using Poisson distribution was 
employed for continuous outcomes and a logistic regres-
sion model was used for dichotomous outcomes. C-statistics 
and Akaike information criterion were used to evaluate the 

discriminating capacity of logistic and linear models, respec-
tively. Bonferroni correction for multiple testing of three 
coprimary outcomes was performed to establish the statisti-
cal significance threshold: P = 0.05 / 3 = 0.0167.

In a post hoc sensitivity analysis, calendar year was included 
as a covariate in the parallel control analysis to assess the 
possible impact of “learning” over time, as AlertWatch-
based clinical guidelines impacted the care of patients even if 
AlertWatch was not being used.18 In addition, post hoc sensi-
tivity analyses of three distinct provider subgroups was per-
formed: certified registered nurse anesthetists, residents, and 

Table 1.  Descriptive Characteristics of Studied Patient Population, Providers, and Follow-up Laboratory Testing

Characteristic
AlertWatch Used  
(N = 7,954), n (%)

Historical Controls  
(N = 7,882), n (%)

Parallel Controls  
(N = 10,933), n (%)

Age, yr* 60 [50–70] 60 [50–70] 61 [50–70]
Male sex 3,995 (50) 4,017 (51) 5,770 (53)
Body mass index (kg/m2)* 30 [25–36] 29 [24–35] 29 [25–35]
ASA III 7,079 (89) 6,736 (86) 9,577 (88)
ASA IV 875 (11) 1,146 (15) 1,356 (12)
Cardiac arrhythmias 1,264 (16) 1,111 (14) 2,161 (20)
Chronic pulmonary disease 1,443 (18) 1,525 (19) 2,359 (22)
Coagulopathy 468 (5.9) 639 (8.1) 846 (7.7)
Congestive heart failure 640 (8.0) 665 (8.4) 999 (9.1)
Deficiency anemia 404 (5.1) 408 (5.2) 625 (5.7)
Diabetes with end-organ complications 280 (3.5) 405 (5.1) 438 (4.0)
Diabetes without end-organ complications 1,750 (22) 1,975 (25) 2,655 (24)
Hypertension with end-organ complications 734 (9.2) 1,020 (13) 1,314 (12)
Hypertension without end-organ complications 3,759 (47) 4,404 (56) 5,708 (52)
Liver disease 760 (9.6) 803 (10) 1,105 (10)
Metastatic cancer 983 (12) 1,292 (16) 1,619 (15)
Pulmonary circulation disorders 440 (5.5) 449 (5.7) 705 (6.4)
Solid tumor without metastasis 1,679 (21) 1,926 (24) 2,411 (22)
Valvular heart disease 415 (5.2) 343 (4.4) 651 (6.0)
Duration in room (min)* 206 [142–304] 204 [138–303] 206 [141–305]
Emergent procedure 948 (12) 833 (11) 1,480 (14)
Procedure category    
 � Head 1,068 (13) 918 (12) 1,432 (13)
 � Neck 753 (9.5) 744 (9.4) 1,086 (9.9)
 � Thorax (extrathoracic) 232 (2.9) 379 (4.8) 377 (3.4)
 � Spine or spinal cord 701 (8.8) 636 (8.1) 1,068 (9.8)
 � Upper abdomen 2,212 (28) 2,023 (26) 2,643 (24)
 � Lower abdomen 442 (5.6) 547 (6.9) 619 (5.7)
 � Urologic 733 (9.2) 902 (11) 1,335 (12)
 � Gynecology 115 (1.4) 123 (1.6) 133 (1.2)
 � Pelvis 102 (1.3) 71 (0.9) 106 (1.0)
 � Lower extremity 937 (12) 1,074 (14) 1,186 (11)
 � Upper extremity 182 (2.3) 211 (2.7) 265 (2.4)
 � Radiologic 306 (3.8) 95 (1.2) 373 (3.4)
 � Burn management 52 (0.7) 82 (1.0) 123 (1.1)
 � Other 68 (0.9) 51 (0.6) 103 (0.9)
Missing procedure type 51 (0.6) 26 (0.3) 84 (0.8)
Clinical anesthesia first-year resident 3,154 (40) 3,076 (39) 2,998 (27)
Certified registered nurse anesthetist 2,083 (26) 2,014 (26) 4,225 (39)
Postoperative troponin drawn 953 (12) 1,299 (17) 1,435 (13)
Postoperative creatinine drawn 7,453 (94) 7,474 (95) 10,302 (94)

*Data presented as median [25th to 75th percentile].
ASA = American Society of Anesthesiologists Physical Status.
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clinical anesthesia first-year residents only. Finally, a post hoc 
sensitivity analysis was performed to evaluate whether the 
definition of “AlertWatch usage” as 75% or greater of case 
duration was affected by variant thresholds (greater than or 
equal to 60%, 70%, 80%, or 90%) or “AlertWatch parallel 
control” as 0% of case duration usage.

Results
A total of 26,769 patients were included in the final dataset: 
7,954 AlertWatch cases, 10,933 parallel controls, and 7,882 
historical controls (fig. 3). Overall, the studied populations 
demonstrated a high comorbidity burden (table 1) and rela-
tively high rates of postoperative troponin (12% or greater 
for all groups) and creatinine measurement (94% or greater 
for all groups), consistent with their high risk (table 2).

Robust multivariable adjustment demonstrated that in 
both the overall combined analysis (across all three groups) 
and parallel control analysis (using propensity score covari-
ate adjustment), all three coprimary outcome process mea-
sures demonstrated statistically significant improvement 
(tables 2 and 3). C-statistics for the combined analysis mul-
tivariable logistic regressions varied from 0.70 (stage 1 AKI) 

to 0.85 (mortality), indicating satisfactory model discrimi-
nating capacity, and consistent with previously published lit-
erature such as the Risk Stratification Index.29 Hypotension 
demonstrated a statistically significantly lower risk-adjusted 
duration for AlertWatch cases than parallel and historical 
control (beta coefficient –0.29; P < 0.001; 95% CI, –0.30 to 
–0.27; table 2), although the median duration was clinically 
similar across all groups (1 to 2 min). AlertWatch patients 
demonstrated a statistically and clinically significant lower 
percentage of cases where the median tidal volume was 
greater than 10 ml/kg ideal body weight (28% AlertWatch 
vs. 37% parallel control and 57% historical control [adjusted 
odds ratio 0.39; P < 0.001; 95% CI, 0.32 to 0.47]) and lower 
median crystalloid ml · kg–1 · h–1 weight (5.88 ml · kg–1 · h–1 
AlertWatch vs. 6.17 parallel control and 7.40 historical con-
trol [beta coefficient –0.09; P < 0.001; 95% CI, –0.10 to 
–0.07]; table 2).

In the overall combined analysis (table  2), AlertWatch 
use was found to be an independent predictor and protec-
tive against postoperative myocardial injury (adjusted odds 
ratio 0.68; P < 0.001; 95% CI, 0.55 to 0.84) and associated 
with shorter hospital length of stay (beta coefficient –0.05; 
P < 0.001; 95% CI, –0.06 to –0.04), but did not demonstrate 

ASA 1 - 4 Adult Patients Under General Anesthesia
N = 64,388

Exclusion:
ASA 1 or 2
N = 30,215

Total Study Population
N = 26,769

Historical Controls
N = 7,882

Parallel Controls
N = 10,933

Alert Watch Used
N = 7,954

Exclusion:
ASA Missing

N = 495

Exclusion:
LOS ≤ 1 day

N = 6,374

Exclusion:
Mean Arterial Pressure < 55 mmHg

N = 535

Fig. 3. Flow diagram delineating process by which initial patient population was refined to analytical data set. ASA = American 
Society of Anesthesiologists Physical Status; LOS = length of stay.
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statistically significant improvement in stage 1 or 2 AKI or 
mortality (table  2). When compared to historical controls 
(table 3), AlertWatch use was found to be an independent 
predictor and protective against the secondary outcomes of 

postoperative myocardial injury (adjusted odds ratio 0.54; 
95% CI, 0.42 to 0.69), stage 1 AKI (adjusted odds ratio 
0.86; 95% CI, 0.78 to 0.94), stage 2 AKI (adjusted odds 
ratio 0.77; 95% CI, 0.63 to 0.95), mortality (adjusted odds 

Table 2.  Comparison of Process and Outcome Measures in Historical Controls, Parallel Controls, and AlertWatch Use Patients, with 
Combined Multivariable Analysis across All Three Groups

 

AlertWatch Used  
≥ 75% of the case  

(N = 7,954)
Historical Controls  

(N = 7,882)

Parallel  
Controls  

(N = 10,933)

Adjusted Odds Ratio or Beta 
Coefficient for AlertWatch 

Use in Multivariable Analysis  
(95% CI)‡ P Value

Process measures
 � Minutes of mean arterial 

pressure < 55 mmHg, 
median [25th to 75th 
percentile]

1 [0–5] 2 [0–7] 1 [0–5] Beta –0.29 (–0.30 to –0.27) < 0.001

 � Crystalloid ml · kg–1 · h–1, 
median [25th to 75th 
percentile]*

5.88 [4.18–8.18] 7.40 [5.26–10.27] 6.17 [4.32–8.79] Beta –0.09 (–0.10 to –0.07) < 0.001

 � Median tidal volume  
> 10 ml/kg†

233/843 (28%) 490/859 (57%) 401/1,073 (37%) 0.39 (0.32 to 0.47) < 0.001

Outcome measures
 � Postoperative myocardial 

injury
119/7,954 (1.5%) 207/7,882 (2.6%) 230/10,933 (2.1%) 0.68 (0.55 to 0.84) < 0.001

 � Stage 1 acute kidney injury 1,048/6,733 (15.6%) 1,248/6,705 (18.6%) 1,575/9,333 (16.9%) 0.95 (0.88 to 1.03) 0.24
 � Stage 2 acute kidney injury 175/6,733 (2.6%) 235/6,705 (3.5%) 259/9,333 (2.8%) 0.91 (0.75 to 1.09) 0.30
 � Mortality 30 day 185/7,954 (2.3%) 255/7,882 (3.2%) 293/10,933 (2.7%) 0.86 (0.69 to 1.06) 0.16
 � Median length of hospital 

stay in days [25th to 75th 
percentile]

5 [3–11] 6 [3–14] 6 [3–12] Beta –0.05 (–0.06 to –0.04) < 0.001

*Patients < 500 ml estimated blood loss and no packed red blood cells given. †Patients with ideal body weight ≤ 50 kg. ‡Adjusted for patient demograph-
ics, anthropometrics, clinical diagnoses, procedural risk, and in-room provider characteristics. For dichotomous outcomes, a logistic regression model was 
used. For continuous outcomes, generalized linear model with Poisson distribution was used. Measure of effect size of binary outcomes are reported as 
adjusted odds ratios and 95% CI. Measure of effect size for continuous outcomes are reported as beta coefficients and 95% CI. The beta coefficient indi-
cates in what direction the use of AlertWatch demonstrated impact: a lower (negative beta coefficient) or a higher (positive beta coefficient) expected value.

Table 3.  Multivariable Model Results for Comparison of AlertWatch Cases to Parallel Controls and Historical Controls

 Parallel Controls Historical Controls

P Value

Adjusted Odds Ratios or Beta 
Coefficient for AlertWatch  

Use (95% CI) P Value

Adjusted Odds Ratios or  
Beta Coefficient for AlertWatch 

Use (95% CI)

Process measures
 � Minutes mean arterial pressure  

< 55 mmHg*
< 0.001 Beta –0.19 (–0.21 to –0.18) < 0.001 Beta –0.41 (–0.42 to –0.39)

 � Crystalloid ml · kg–1 · h–1* < 0.001 Beta –0.03 (–0.04 to –0.02) < 0.001    Beta –0.16 (–0.18 to –0.15)
 � Median tidal volume > 10 ml/kg < 0.001 0.65 (0.53 to 0.80) < 0.001 0.21 (0.17 to 0.27)

Outcome measures
 � Myocardial injury 0.15 0.84 (0.66 to 1.05) < 0.001 0.54 (0.42 to 0.69)
 � Stage 1 acute kidney injury 0.71 1.02 (0.93 to 1.11) 0.002 0.86 (0.78 to 0.94)
 � Stage 2 acute kidney injury 0.90 0.99 (0.81 to 1.21) 0.02 0.77 (0.63 to 0.95)
 � Mortality 30 day 0.90 0.99 (0.81 to 1.21) 0.03 0.77 (0.61 to 0.98)
 � Length of hospital stay* 0.64 Beta –0.003 (–0.01 to –0.008) < 0.001 Beta –0.12 (–0.13 to –0.11)
 � Encounter charges* < 0.001 Beta –0.003 (–0.003 to –0.003) N/A† N/A†

Odds ratios and beta coefficients reflect impact associated with AlertWatch use. Adjusted for patient demographics, anthropometrics, clinical diagnoses, 
procedural risk, and in-room provider characteristics. For dichotomous outcomes, a logistic regression model was used. For continuous outcomes, general-
ized linear model with Poisson distribution was used.
*Continuous outcomes and therefore measure of effects size (adjusted odds ratios and 95% CI) are not available for reporting. The beta coefficient and 
95% CI for AlertWatch use is reported. The beta coefficient indicates in what direction the use of AlertWatch demonstrated impact: a lower (negative beta 
coefficient) or a higher (positive beta coefficient) expected value. †Historical comparison for encounter charges was not performed due to changes in cost 
accounting processes.
N/A = Not applicable.
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ratio 0.77; 95% CI, 0.61 to 0.98), and hospital length of 
stay (beta –0.12; 95% CI, –0.13 to –0.11; table 3). How-
ever, when compared to parallel controls using propensity 
score covariate adjustment, AlertWatch no longer demon-
strated a significant impact on postoperative myocardial 
injury, AKI, mortality, or hospital length of stay (table 3). 
The median encounter charges for parallel controls was 
$69,373 (25th to 75th percentile, $42,101 to $132,817), 
while the median encounter charges for AlertWatch cases 
was $65,770 ($41,237 to $123,869), a statistically signifi-
cant decrease (beta coefficient –0.003; P < 0.001; 95% CI, 
–0.003 to –0.003).

A post hoc sensitivity analysis incorporating calendar year 
of procedure into the propensity score adjusted parallel con-
trols analysis demonstrated an attenuation of all process and 
outcome measure effects, with only minutes of hypotension 
retaining significance. Additional post hoc sensitivity analyses 
comparing AlertWatch cases to parallel controls (propen-
sity score adjusted), evaluating each in-room provider type 
as a subgroup analysis, demonstrated results similar to the 
primary analysis. For certified registered nurse anesthetists 
or residents overall, process-of-care measures were reliably 
improved compared to historical and parallel controls with 
statistical significance and similar effect sizes. However, for 
clinical anesthesia first-year residents only, only hypotension 
met the Bonferroni-corrected statistical significance thresh-
old of P < 0.0167 (Supplemental Digital Content 2 [http://
links.lww.com/ALN/B589], 3 [http://links.lww.com/ALN/
B590], and 4 [http://links.lww.com/ALN/B591], tables 
listing analysis specific to these provider subgroups). A post 
hoc sensitivity analysis evaluating different AlertWatch usage 
definitions—greater than or equal to 60%, 70%, 80%, or 
90% of case duration—demonstrated the same process and 
outcome measure differences to be statistically significantly 
associated with AlertWatch usage as the primary analysis 
definition (greater than or equal to 75% of case duration). 
A final post hoc sensitivity analysis defining “parallel control” 
as cases with AlertWatch used for 0% of the cases demon-
strated that use of AlertWatch was associated with not only 
improvements in hypotension, lower fluid administration, 
improved tidal volume management, and lower encounter 
charges, but also shorter median length of stay (Supplemen-
tal Digital Content 5, http://links.lww.com/ALN/B592, a 
table describing the results of this sensitivity analysis).

Discussion
Our implementation of a novel decision support system, 
including real-time visualizations, was associated with a risk-
adjusted improvement in process-of-care measures among 
high-risk patients undergoing major inpatient surgery. We 
did not observe an effect on postoperative clinical out-
comes or length of hospital stay, although a slight decrease 
in encounter charges was noted. The impact upon studied 
processes of care (hypotension, inappropriate ventilation, 
fluid resuscitation) is resilient across multiple analyses: 

comparison to combined historical and parallel controls and 
propensity score adjusted parallel controls. Previous efforts 
at modeling healthcare improvement efforts in the mold 
of other high-risk, data-driven industries, such as aviation, 
have typically disappointed. The current analysis provides 
encouraging data regarding the potential for intraoperative 
anesthesiology decision support tools integrating EHR and 
real-time physiologic data in the hyperacute operating room 
environment.

The aviation industry has been a leader in applying tech-
nology to improve quality and safety.31 Starting in the 1970s, 
a new method of integrating the increasingly complex flight 
data into a display was developed, referred to as the “glass 
cockpit.”32 The purpose of this display was to present infor-
mation to the pilot in a more usable format, enabling rapid 
interpretation while flying the aircraft, especially during 
acute situations. The adoption of the “glass cockpit” was 
associated with a significant improvement in safety. The 
intraoperative anesthesiologist’s “cockpit” and development 
of safety monitoring technology has paralleled that of the 
aviation industry; starting with advanced monitoring stan-
dards, emergency protocols, team training, high-fidelity 
simulators, and checklists.3,33,34

The analyses of the data do not demonstrate a reliable 
association between use of the decision support tool and post-
operative outcomes, although a small decrease in encounter 
charges was noted in the primary analysis, as well as both 
encounter charges and length of stay in a sensitivity analysis. 
Encounter charges in the parallel control analysis (propen-
sity score adjusted) do demonstrate a statistically significant 
decrease in costs associated with AlertWatch use ($65,770 
[25th to 75th percentile, $41,237 to $123,869] AlertWatch 
use vs. $69,373 [$42,101 to $132,817] parallel controls; P < 
0.001; beta coefficient –0.003). However, no other clinical 
or resource utilization outcomes studied were found to be 
statistically different between AlertWatch and parallel con-
trols. The overall combined analysis and historical control 
analysis did note differences in some postoperative outcomes 
(tables 2 and 3), but the validity of this observation is ques-
tionable given the inherent limitations of before-and-after 
analyses and the absence of significance in the parallel con-
trol analysis. The impact of underlying practice change over 
time was also highlighted by the fact that the effect size of 
any process-of-care improvement was attenuated when com-
pared to parallel controls, rather than to historical controls 
(table 3).

It is also unclear why improvements in process-of-care 
measures did not yield measurable improvements in the 
studied postoperative outcomes of AKI, myocardial injury, 
or mortality. Although intraoperative hypotension, inap-
propriate lung ventilation, and excessive fluid administra-
tion are all associated with postoperative complications, the 
multitude of care processes (preoperative, intraoperative, 
and postoperative) not impacted by an intraoperative deci-
sion support system may have overwhelmed any possible 
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beneficial value to impacting these three processes of care. 
It is also possible that postoperative outcomes that were not 
evaluated in this study, such as pulmonary complications or 
surgical site infections, were impacted, but not observed as 
part of this analysis. Previous literature has demonstrated the 
value of decision support systems to improve not only glyce-
mic management processes of care, but also rates of surgical 
site infections.14,19

Other efforts have failed to demonstrate the value of 
automated alerts to prevent hypotension.4,18 Panjasawat-
wong et al. investigated the use of a visual and paging alert 
for hypotension in a prospective randomized trial.4 This 
study of more than 3,000 patients had disappointing results; 
the alert did not statistically significantly improve the man-
agement of blood pressure or reduce hospital length of stay.4 
McCormick et al. recently evaluated an alert for low blood 
pressure and low bispectral index. Although they were able 
to observe a small decrease in duration of so-called “double-
low,” this effect waned during the conduct of the study and 
they did not observe a difference in the primary outcome, 
90-day mortality.18 Unlike the system implemented by these 
institutions, the decision support system evaluated in the 
current study includes alerts designed to provide warning 
before crossing critical thresholds. For example, the display 
provides a primary visual alert when blood pressure drops 
into the “yellow range” (mean arterial pressure less than 60 
mmHg) by having the aortic arch turn yellow, thereby giving 
the clinician a warning that they are approaching a critical 
blood pressure range of 55 mmHg. This may have caused 
providers to treat hypotension more aggressively. Although 
the absolute, unadjusted minutes of mean arterial pressure 
less than 55 mmHg were clinically similar across groups, 
multivariable risk-adjusted analysis showed a statistically 
significant impact (table 2). The clinical significance of this 
finding, and any associated impact at other blood pressure 
levels, warrants further study.

A protective lung ventilation bundle that includes the 
use of intraoperative tidal volumes less than 10 ml/kg ideal 
body weight has been demonstrated to decrease postopera-
tive pulmonary complications in both operative and critical 
care literature, although some controversy remains.11,35,36 
The decision support system determines if the tidal volume 
is greater than 10 ml/kg ideal body weight. If so, a text alert 
recommends a change to a specific tidal volume range that 
corresponds to 6 to 8 ml/kg, ideal body weight.11 The control 
groups had a greater percent of cases that had tidal volume 
out of the recommended range, especially in the histori-
cal controls. Any tactic that may contribute to a decreased 
incidence of postoperative pulmonary complications would 
have a significant impact on costs and length of stay.37

Restrictive fluid administration during the intraoperative 
period is a nearly universal element of modern enhanced 
recovery after surgery protocols.13 Although controversy 
exists regarding the value of “goal-directed” fluid therapy 
and the definition of “restrictive” versus “liberal” thresholds, 

epidemiologic, meta-analysis, and randomized controlled 
trial data continue to demonstrate that our historical fluid 
administration practices were likely excessive and that lower 
fluid balance may be associated with improved postopera-
tive bowel function, wound healing, and pulmonary func-
tion across surgical specialties.15–17,38 It is interesting to note 
that the AlertWatch group demonstrated not only less crys-
talloid in ml · kg–1 · h–1 in both the historical and control 
comparison, but also lower variability of fluid resuscitation. 
We feel this implies tighter crystalloid control by targeting 
the amount of crystalloid based on the constant presenta-
tion of the input and output calculation and/or the invasive 
objective measures of systolic pressure variation and central 
venous pressure (table 2; figs. 1 and 2).

There are several significant limitations to this study. 
First, it is an observational study; therefore, by definition, 
it cannot prove cause and effect, only associations. Second, 
the two control groups in this study, a historical control and 
a parallel control, each have limitations. The historical con-
trol cannot control for the improvement of care over time, 
while the parallel control group has the limitation of selec-
tion bias. It is possible that individual practitioners’ experi-
ence levels may have affected the results; we mitigated this 
bias by including experience level in the risk adjustment. In 
addition, due to within-provider cluster size limitations, we 
were unable to employ a multilevel fixed and random effects 
model to control for individual provider effects. Importantly, 
our results and conclusions are limited to a specific subset of 
patients: those with advanced medical disease undergoing 
major surgical procedures requiring general anesthesia and 
inpatient care. Next, we were unable to collect reliable pul-
monary complication data given the nuances of a pneumo-
nia, atelectasis, or pulmonary edema diagnosis. In addition, 
although the AlertWatch exposure group was defined as the 
use of the decision support application for 75% of case dura-
tion, it is entirely possible that the clinician was ignoring the 
application alerts, or had it covered by another clinical appli-
cation, rendering the visual alerts hidden; this would bias 
toward the null hypothesis of no impact on process of care or 
postoperative outcome measures. Another limitation of this 
observational study is that the data for troponin and creati-
nine are only available for patients from whom those values 
were collected. It is possible that there were many patients 
who had organ injury that were missed. We feel this limita-
tion would cause the data to underestimate the true inci-
dence of organ injury rate in both the treatment and control 
groups in a similar fashion, and therefore would not affect 
the conclusions of the study. Next, the post hoc sensitivity 
analysis incorporating the year of procedure demonstrates 
that provider learning and underlying practice improvement 
may eventually supersede the incremental impact of decision 
support system use.

Overall, the results of this study demonstrate that a deci-
sion support system employed during anesthesia care is reli-
ably associated with an improvement in multiple process 
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measures. Given the increasing availability of patient care 
data, promulgation of practice guidelines, and the need to 
implement those guidelines acutely at the bedside in patients 
with dynamic clinical status, the current trend of more 
devices with auditory, static high/low threshold alarms may 
not be the only answer.
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