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Anesthesia information management systems (AIMS) 
are increasingly supplanting paper records. AIMS 
automatically collect, record, and display physio-

logic and anesthesia data. Clinical decision support systems 
(DSS) work in conjunction with AIMS to evaluate data to 
generate real-time clinical guidance. DSS have been shown 
to improve some aspects of the patient care process.1–7

Intraoperative hypotension is common and is associ-
ated independently with adverse perioperative outcomes, 
including stroke, myocardial infarction, acute kidney injury, 
and 1-year mortality.8–14 Furthermore, the duration of hypo-
tension is a strong predictor of acute kidney injury and 
myocardial infarction, suggesting that earlier intervention 
may moderate damage.14

Arterial blood pressure is a key anesthetic variable, and 
the latest value is displayed prominently on every anesthe-
sia workstation. Because hypotension is well understood 
to be harmful, anesthesiologists usually intervene aggres-
sively to ameliorate critically low values. Rapid response to 
critical low blood pressures might well be considered the 
standard of care. Interventions may nonetheless be delayed 
if providers fail to notice hypotension, perhaps because they 

are distracted. An accessory alert may speed responses in 
such cases.

We therefore tested the primary hypothesis that the DSS 
alert for systolic blood pressure (SBP) <80 mmHg decreases 
the duration of intraoperative hypotension. Second, we 
tested the hypotheses that the DSS alert reduces time until 
SBP remains ≥80 mmHg for at least 10 minutes after a hypo-
tensive event and reduces the duration of hospitalization.

METHODS
Our study was registered at ClinicalTrials.gov 
(NCT01654835) and approved by the Cleveland Clinic’s 
IRB. Individual consent was waived by the IRB because (1) 
obtaining individual consent would be nearly impossible; 
(2) the alert we evaluated supplemented current standard-
of-care monitoring and alerts; (3) clinician responses were 
unlikely to be harmful and possibly beneficial; and (4) there 
was no prohibition against intervention in the control group 
or a requirement to respond in the treatment group. Surgical 
patients were given a letter describing the trial preopera-
tively and the opportunity to opt out of the trial.

We enrolled consecutive adults having noncardiac sur-
gery between May 2012 and May 2013 at Hillcrest Hospital 
(a Cleveland Clinic suburban hospital with >500 beds), 
where all anesthesia is administered by attending anesthesi-
ologists or experienced certified registered nurse anesthetists 
(CRNA) under attending supervision. There was no restric-
tion on anesthetic technique, including choice of anesthetic 
and monitoring methods, and all routine monitoring and 
alarms were available throughout each case. Anesthetic and 
surgical patient care followed usual procedures of Cleveland 
Clinic. During surgery, patients’ blood pressures were moni-
tored with arterial catheters, oscillometrically, or both.
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Cleveland Clinic has a proprietary electronic Anesthesia 
Record Keeping System. The system is supplemented by a pro-
prietary Decision Support System (Talis Clinical, Cleveland, 
OH). When arterial catheters were used (18% of patients), 
median blood pressure was recorded and evaluated every 
minute. When blood pressure was measured oscillometrically, 
blood pressure values were available at 1- to 5-minute inter-
vals. Because the frequency of noninvasive SBP measurements 
varied from every 1 to 5 minutes, the DSS was programmed 
to trigger an alert when invasive SBP was <80 mmHg for 3 
consecutive minutes or for any oscillometric SBP <80 mmHg. 
For alert and analysis purposes, oscillometric pressures were 
assumed to remain unchanged until the subsequent value 
became available; that is, the last observation was carried for-
ward. When direct and oscillometric pressures conflicted, the 
lowest value was taken as the basis for triggering alerts.

After blood pressure criteria were met, patients were 
randomly assigned by the DSS to alert or nonalert groups. 
Randomization was thus computer generated; there was no 
stratification, and allocation was consequently concealed 
until enrollment criteria were met. There was no decision 
support intervention for patients randomized to no alerts. 
The alerts, which were generated within 2 additional min-
utes on average, consisted of 2 indicators (1) a nonspe-
cific flashing indicator on the Anesthesia Record Keeping 
System screen that identified an alert status, which when 
touched specified “A Low Blood Pressure condition has 
been detected. Consider hemodynamic support”; and (2) a 
pager notification with the same message. A repeat message 
was generated 10 minutes later if hypotension persisted. 
The pager notification was sent to the attending anesthe-
siologist and the CRNA in the room (when one was used).

Clinicians who received alerts were free to act on the alerts 
or not, and no specific actions were suggested. Common 
responses included giving vasopressors, fluids, Trendelenburg 
positioning, and reducing anesthetic dose. The DSS alert was 
in addition to all routine anesthetic monitoring and whatever 
alarms were programmed into primary monitors.

Our Perioperative Health Documentation System cap-
tured demographic and baseline characteristics, along with 
the complete anesthesia record. The system also recorded 
randomization, detailed record of hypotensive events, alerts 
provided, clinician responses, and SBP responses.

Statistical Methods
The primary outcome was time to return to SBP ≥80 mmHg 
(censored at the end of blood pressure recordings or end of 
the case, whichever comes first). Secondary outcomes were 
time until SBP returning to ≥80 mmHg and subsequently 
remained ≥80 mmHg for at least 10 minutes and the dura-
tion of hospitalization.

Patients randomly assigned to either receive or not 
receive hypotension alerts were compared for balance on 
baseline characteristics using the absolute standardized dif-
ference (ASD), that is, the difference in means or propor-
tions divided by the pooled standard deviation. Baseline 

variables with ASD >0.07 (i.e., 1 96
1

1598
1

1567
0 07. .× + = )  

were deemed imbalanced and adjusted for in all analyses 
comparing randomized groups on outcomes.15

Because of different programmed alert algorithms for 
arterial catheter and oscillometric blood pressure monitor-
ing (see Methods), we created a variable “arterial line use,” 
indicating whether an arterial catheter was used for at least 
80% of the intraoperative blood pressure measurements. We 
considered this as a potential confounding variable and/or 
effect modifier on primary and secondary outcomes in the 
multivariable models below.

We captured surgical procedure by aggregating patient 
primary International Classification of Diseases and Injuries, 
version 9 procedure code into 16 categories by using Clinical 
Classifications Software. This algorithm was developed by 
Agency for Healthcare Research and Quality to collapse 
3900 procedure codes into a smaller number of clinically 
meaningful categories for statistical analysis.a

We assessed the effect of the alert on the primary outcome 
of time to SBP return to at least 80 mmHg using cumulative 
incidence analysis, with time to event censored (and con-
sidered a nonevent) at the earlier of the end of surgery or 
end of monitoring if patient did not return to >80 mmHg. 
Univariably, Kaplan-Meier survival analysis was used to dis-
play the time-to-event curves and compare groups using the 
log-rank test. For the primary analysis, the effect of the alert 
on time to SBP >80 mmHg was estimated as the hazard ratio 
(95% confidence interval [CI]) from a Cox proportional haz-
ards model adjusting for any imbalanced variables in Tables 
1 and 2, as well as arterial line use. We further assessed the 
interaction between arterial line use and time to recover SBP 
of at least 80 mmHg at the 0.10 significance level.

We assessed the effect of the alert on the secondary out-
come of time until SBP returning to >80 mmHg and subse-
quently remained ≥80 mmHg for at least 10 minutes using 
time-to-event analyses as in the primary outcome. For 
duration of hospitalization, the end point was the time to 
discharge alive, with patients censored (and considered non-
events) if they expired during the hospital stay and assigned 
the maximum observed length of hospital stay plus 1 day.

Sample Size Considerations
Pilot data were obtained on 6456 patients from Hillcrest 
Hospital from July 1, 2012, to December 31, 2012, for purposes 
of sample size calculation; n = 820 (13%) had at least 1 epi-
sode of SBP <80 mmHg for 3 minutes or more. The estimated 
median time to return to >80 mmHg was 6.1 minutes (95% CI, 
5.5–6.8) and 25% and 75% of patients returned by 3.2 and 13.1 
minutes, respectively. To have 90% power at the 0.05 signifi-
cance level to detect a hazard ratio of 0.75 or stronger, a maxi-
mum of 711 patients per group was planned. We enrolled 
about twice that many patients over the 1-year accrual period.

The significance level for both the primary and the sec-
ondary outcome was 0.05. SAS statistical software (Cary, 
NC) was used for all analyses.

RESULTS
Between May 2012 and May 2013, 12,620 patients had 
14,506 operations at Hillcrest Hospital. Invasive SBP <80 

aElixhauser A, Steiner C, Palmer L. Clinical Classifications Software (CCS), 
2014. U.S. Agency for Healthcare Research and Quality. Available at: http://
www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp. Accessed June 18, 2015.
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mmHg for 3 consecutive minutes or the most noninvasive 
SBP reading <80 mmHg was detected during 3955 surger-
ies. We excluded 558 operations because they were cardiac 
procedures (n = 97), cesarean deliveries (n = 382), minor 
procedures (n = 61), or missing BP records in the database 
(n =18). We also excluded 232 operations in patients who 
had previously participated in the trial. We thus included 
3165 patients in our analysis: 1598 (50.5%) were randomly 
assigned to the DSS hypotensive alert and 1567 (49.5%) to 
nonalert (Fig. 1).

Most baseline (Table 1) and intraoperative (Table 2) char-
acteristics were well balanced between the randomized 
groups, as indicated by an ASD <0.07, except for race, defi-
ciency anemia, and surgical procedure. Blood pressure was 
measured solely oscillometrically in about 82% of patients, 
and 93% of alerts were triggered by oscillometric measure-
ments (Appendices 1 and 2). Number of incorrect (approxi-
mately 4%) and missed (approximately 2%) alerts were 
similar between the randomized groups (Fig. 1; Appendix 2).

Being randomized to our hypotensive, DSS alert did 
not affect the primary outcome of time to return to SBP 
≥80 mmHg after the first alert, with estimated adjusted 
hazard ratio of 0.99 (95% CI, 0.92–1.06; P = 0.69). The 
median time [25th, 75th percentiles] to return to SBP ≥80 
mmHg was 1 [0, 3] minute in the alert group and 1 [0, 3] 
minute in the nonalert group (Table 3; Fig. 2). We found 
no interaction between randomized alert group and arte-
rial line use on primary or secondary outcomes (i.e., all 
interaction P values >0.10).

The randomized groups did not differ on the secondary 
outcome of time for SBP to return to ≥80 mmHg and subse-
quently remain ≥80 mmHg for at least 10 minutes (adjusted 
hazard ratio [95% CI], 0.99 [0.92–1.06]; P = 0.76). Neither 
did the groups differ on the duration of hospitalization 
(adjusted hazard ratio [95% CI], 1.03 [0.96–1.11]; P = 0.35), 
with median length of hospital stay [25th, 75th percentiles] 
of 2 [1, 4] days in the alert group and 2 [1, 4] days in the 
nonalert group (Table 4).

DISCUSSION
Few clinicians would consider an SBP of 80 mmHg to be 
acceptable in adults having noncardiac surgery. In fact, 
even mean arterial pressures <80 mmHg are associated 
with risk-adjusted mortality.16 We thus assumed that alert 

  Male genital organs 54 (3) 71 (5)
  Female genital organs 175 (11) 156 (10)
  Musculoskeletal 393 (25) 409 (26)
  Integumentary system 103 (6) 109 (7)

MAC hours = minimum alveolar concentration (MAC) hours of desflurane, 
sevoflurane, and isoflurane; BMI = body mass index.
Data are presented as means ± SD or n (%).
aAbsolute standardized difference (ASD) is the absolute difference in means 
or proportions divided by the pooled SD; we considered an ASD > 0.07 as 

an evidence of imbalance (i.e., 1 96
1

1598
1

1567
0 07. .× + = ) following Austin 

(2009).15

bMissing data points for BMI, race, inpatient, and surgical procedure were  
n = 473, 7, 8, and 11, respectively, in the alert group, and n = 486, 7, 7, and 
9 in the nonalert group.

Table 1.  Continued

Factor
Alert  

(n = 1598)
Nonalert  

(n = 1567) ASDa

Table 1.  Baseline Characteristics by the Alert and 
Nonalert Groups

Factor
Alert  

(n = 1598)
Nonalert  

(n = 1567) ASDa

Age (y) 61 ± 16 60 ± 17 0.03
Female, n (%) 952 (60) 929 (59) 0.01
BMI (kg/m2)b 29 ± 7 29 ± 7 0
Race, n (%)b 0.09
  Caucasian 1386 (87) 1308 (84)
  African American 176 (11) 214 (14)
  Other 29 (2) 38 (2)
ASA 0.04
  I 57 (4) 54 (3)
  II 637 (40) 665 (42)
  III 799 (50) 749 (48)
  IV 104 (7) 98 (6)
  V 1 (0) 1 (0)
Inpatient, n (%)b 770 (48) 757 (49) 0
Comorbidities, n (%)
  Congestive heart failure 12 (1) 10 (1) 0.01
  Valvular disease 19 (1) 27 (2) 0.04
  Pulmonary circulation 

disease
17 (1) 19 (1) 0.01

  Peripheral vascular disease 67 (4) 67 (4) 0.00
  Hypertension 242 (15) 254 (16) 0.03
  Paralysis 5 (0) 3 (0) 0.02
  Other neurologic disorders 33 (2) 42 (3) 0.04
  Chronic pulmonary disease 130 (8) 111 (7) 0.04
  Diabetes 34 (2) 32 (2) 0.01
  Hypothyroidism 89 (6) 69 (4) 0.05
  Renal failure 64 (4) 56 (4) 0.02
  Liver disease 8 (1) 11 (1) 0.03
  Peptic ulcer disease × 

bleeding
0 (0) 0 (0) 0

  AIDs 0 (0) 0 (0) 0
  Lymphoma 11 (1) 18 (1) 0.05
  Metastatic cancer 14 (1) 14 (1) 0
  Solid tumor w/out 

metastasis
245 (15) 246 (16) 0.01

  Rheumatoid arthritis/
collagen

16 (1) 19 (1) 0.02

  Coagulopathy 16 (1) 17 (1) 0.01
  Obesity 18 (1) 16 (1) 0.01
  Weight loss 10 (1) 7 (0) 0.02
  Fluid and electrolyte 

disorders
17 (1) 20 (1) 0.02

  Chronic blood loss anemia 0 (0) 0 (0) 0
  Deficiency anemia 78 (5) 103 (7) 0.073
  Alcohol abuse 6 (0) 2 (0) 0.05
  Drug abuse 5 (0) 4 (0) 0.01
  Psychoses 15 (1) 14 (1) 0.01
  Depression 75 (5) 59 (4) 0.05
Principal procedure, n (%)b 0.10
  Nervous system 132 (8) 122 (8)
  Endocrine system 18 (1) 15 (1)
  Eye 9 (1) 9 (1)
  Ear 1 (0) 3 (0)
  Nose, mouth, and pharynx 21 (1) 14 (1)
  Respiratory 34 (2) 31 (2)
  Vascular (noncardiac) 91 (6) 82 (5)
  Hemic and lymphatic 26 (2) 22 (1)
  Digestive 383 (24) 362 (23)
  Urinary 147 (9) 153 (10)

(Continued)
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clinicians would respond to even a single pressure <80 
mmHg and use vasopressors, fluids, or other approaches 
to improve blood pressure. Our supplemental alerts were 
thus designed primarily for clinicians who failed to notice 
or respond to dangerously low blood pressures displayed 
on their workstations, perhaps by virtue of being distracted.

Serious hypotension (SBP <80 mmHg sustained for at 
least 3 consecutive minutes) or a single noninvasive blood 
pressure reading <80 mmHg was fairly common, even in 
a community hospital without resident anesthesiologists, 
with 27% (3955/14,506) of cases demonstrating at least 1 
episode. That low pressures occurred in about a quarter of 
patients shows just how unstable anesthetized patients are 
and the extent to which minute-to-minute management is 
necessary during surgery.

There was, however, no benefit from our supplemental 
alerts. The time required to resolve hypotension once alert con-
ditions were met was low (approximately 1 minute) and was 
not shortened by decision support alerts. The time required to 
return to a stable blood pressure (defined by SBP ≥80 mmHg 
sustained for 10 minutes) also did not differ in the alert and 
nonalert groups. Because there was no difference in blood 
pressures between the randomized groups, it is unsurprising 
that the durations of hospitalization were also comparable.

Our results contrast with those of Nair et al.1 who 
reported that AIMS-based near real-time decision sup-
port reduced the duration and frequency of hypotension 
in patients given >1.25 minimum alveolar concentration 
of a volatile anesthetic. However, there are important dif-
ferences between the studies. Most obviously, Nair et al. 
used a before-and-after approach that potentially suffered 
from (1) unrelated time-dependent practice changes; (2) 
unrecognized confounding factors; and (3) the Hawthorne 
effect. Their approach was thus inherently weak compared 
with our randomized trial of >3000 patients. Our results are 
also consistent with a retrospective analysis by Epstein and 
Dexter,17 showing that desaturation resolves rapidly in rou-
tine clinical practice, presumably because clinicians inter-
vene as necessary.

Table 2.  Intraoperative Characteristics by the Alert 
and Nonalert Groups

Factor
Alert  

(n = 1598)
Nonalert  

(n = 1567) ASDe

Duration of surgery 
(min)

116 [77, 180] 116 [75, 180] 0.01

TWA heart rate (bpm) 75 ± 12a 75 ± 13b 0.04
TWA SBP (mmHg) 105 ± 13 106 ± 13 0.03
Last SBP <80 within  

5 min before 
 alert (mmHg)

75 [71, 78]c 75 [71, 78]d 0.01

Invasive SBP reading  
during surgery  
≥80%, n (%)

220 (14) 237 (15) 0.04

Fluids
  Crystalloids (mL) 1300 [800, 2000] 1200 [800, 2000] 0.01
  Colloids (mL) 0 [0, 0] 0 [0, 0] 0.02
  Total urine output 

(mL)
0 [0, 250] 0 [0, 250] 0

  Estimated blood  
loss (mL)

20 [0, 100] 15 [0, 100] 0.03

  RBC, n (%) 70 (4) 65 (4) 0.01
  FFP, n (%) 11 (1) 11 (1) 0.00
  Platelets, n (%) 6 (0) 11 (1) 0.04
  Cryo, n (%) 1 (0) 3 (0) 0.04
  Cell saver, n (%) 42 (3) 39 (2) 0.01
 MAC hours 1 [0, 2] 1 [0, 2] 0.01
 Propofol (mg) 200 [150, 250] 200 [150, 250] 0.02
 Vasopressors
  Phenylephrine  

 (total μg)
100 [0, 400] 100 [0, 350] 0.06

  Ephedrine (mg) 5 [0, 15] 0 [0, 15] 0.03
 N20, n (%) 148 (9) 119 (8) 0.06
 Staff minutes 117 [80, 173] 117 [79, 172] 0
 CRNA minutes 114 [77, 171] 113 [78, 171] 0

MAC hours = minimum alveolar concentration (MAC) hours of desflurane, 
sevoflurane, and isoflurane; SBP = systolic blood pressure; TWA = time 
weighted average; CRNA = certified registered nurse anesthetist.
Data are presented as means ± SD or n (%).
a, b, c, and d represent 2, 1, 36, and 40 missing data points.
eAbsolute standardized difference (ASD) is the difference in means 
divided by the pooled SD, with >0.07 to be considered as imbalance (i.e., 

1 96 1
1598

1
1567

0 07. .× + = ).

Figure 1. Patient enrollment.
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An important aspect of our study is that it was a trial of 
alert efficacy rather than a study of any particular blood pres-
sure management approach. Our approach thus differed 
markedly from a conventional clinical trial in which response 
to hypotension would normally have been scripted per proto-
col. Our clinicians were entirely free to act on the decision sup-
port hypotension alerts, ignore them, or consider the provided 
information without acting on it as they considered appro-
priate. Furthermore, the alert suggested considering raising 
blood pressure but did not specify any particular approach; 
clinicians accepting the suggestion might thus do so by giving 
a vasopressor, reducing anesthetic administration, augment-
ing vascular volume, or putting the patient into Trendelenburg 
position—or using a combination of approaches.

That decision support alerts did not shorten the 
duration of hypotension in our study might thus result 
for several reasons: (1) the alerts did not provide addi-
tional useful information (e.g., the anesthesiologists were 
already aware of hypotension and doing their best to 
treat it); (2) the alerts provided additional information 
(say to a distracted anesthesiologist), but the responses 
were ineffectual; or (3) the alerts provided additional 
information that was ignored. Given the completely elec-
tronic approach to our trial, we cannot determine which 
of these possibilities dominated, although the first is 
obviously most attractive.

Various definitions of hypotension have been used in 
studies reporting associations between intraoperative blood 
pressure and adverse outcomes, but an SBP <80 mmHg is a 
common choice.11 Furthermore, we have shown that a mean 
arterial pressure <55 mmHg (corresponding roughly to an 
SBP of 80 mmHg) is strongly associated with acute kidney 
injury and myocardial infarction.14 We thus considered SBP 
to be critically low when SBP was <80 mmHg. It is possible 
that alerts would be more effective at another threshold.

Arterial pressure, by nature, varies over time, and 
invasive pressures are especially subject to short-term 
artifact. We thus designed the study to require 3 consecu-
tive minutes with median invasive systolic pressures <80 
mmHg (evaluated at 1-minute intervals) before trigger-
ing the decision support alerts. In contrast, we triggered 
alerts with a single oscillometric SBP <80 mmHg because 
in many cases another value would not be available 
within 3 minutes. When both invasive and oscillometric 
pressures were available, the lowest value was used to 
determine alert triggering. In fact, 93% of the alerts were 
triggered by oscillometric pressures, meaning that our 
results largely apply to single oscillometric values.

Our study was conducted in a high-acuity hospital 
that restricts anesthetic practice to board-certified attend-
ing anesthesiologists working alone or with nurse anes-
thetists. This remains by far the most common practice 
pattern in the United States, making our results gener-
alizable. It remains possible that alerts for hypotension 
would be more effective for residents who are perhaps 
more likely to be distracted or fail to rapidly intervene.

Large randomized trials are generally considered the 
highest level of clinical evidence. However, large trials 
are usually expensive and often require prolonged enroll-
ment periods. Consequently, the number of conventional 
major trials is tiny compared with the number of impor-
tant clinical questions and probably always will be. Our 
study design was innovative, and perhaps unique, in 
using an inexpensive, entirely electronic approach that 
allowed us to enroll >3000 patients in a single moderate-
sized hospital in just a year.

The results of this particular trial were negative, and 
some might say predictably so, because anesthesiolo-
gists should not require an additional alert for serious 
hypotension. However, we note that it is easy to develop 
various alerts and that alerts and alarms for various 

Table 3.  Primary Outcome—Effect of Alert on Time to Return to SBP ≥80 mmHg

First alert Events (%)
SBP back to 80 mmHg 

at alert time (%)a

Median minutes 
required for SBP to 
return to 80a mmHg 

[25th, 75th percentiles]
Hazard ratio  
(95% CI)b P valueb

 Yes (n = 1598) 1591 (99) 562 (35)c 1 [0, 3] 0.99 (0.92–1.06) 0.69
 No (n = 1567) 1553 (99) 571 (36)c 1 [0, 3]

SBP = systolic blood pressure; CI = confidence interval; DSS = decision support systems.
aFor patients who did not have the BP reading at the first alert time, the last observation carried forward (LOCF) method was used to replace missing values.  
n = 9 patients in the nonalert group and n = 12 in the alert group could not use the LOCF method because of artifacts of BP readings before the first alert. 
Therefore, we assumed that the patients in the nonalert group had already been back to 80 mmHg (the best outcome) at the alert time, and the alert group had 
not been back to 80 mmHg (the worse outcome).
bFrom the multivariable Cox proportional hazards model adjusting for the surgical procedure, race, deficiency anemia, and arterial line use (invasive SBP reading 
during surgery ≥80%). The alert × arterial line use P value was 0.74.
cOn average, DSS alert system needed 2 additional minutes to response the trigger and generate an alert. Consequently, SBP was already at least 80 mmHg by 
the time clinicians received the alert in about a third of the cases.

Figure 2. Kaplan-Meier time to return to 80 mmHg or more.  
SBP = systolic blood pressure.
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conditions are increasingly incorporated into anesthesia 
information systems. Many address similarly “obvious” 
patient responses.

An important conclusion we draw is that various 
alerts being incorporated into clinical systems should not 
be assumed to be beneficial. They may even be harmful 
by inducing alarm fatigue or diverting clinicians from 
more important issues, both of which are increasingly 
likely as the number of alerts increases. Using methodol-
ogy similar to ours, the value of proposed clinical alerts 
can be formally tested inexpensively and quickly. And 
they should be!

The methodology we used can also be extended to 
important questions where the results are certainly nonob-
vious. For example, our method could be used to evaluate 
an intraoperative handover checklist or a subtle combina-
tion of patient responses that would be difficult for clini-
cians to otherwise continuously monitor, such as triple lows 
of mean arterial pressure, minimum alveolar concentration, 
and bispectral index.18

In summary, using decision support to detect low SBP 
and generate an additional warning did not reduce the 
duration of intraoperative hypotension or length of hospital 
stay. An additional warning for severe hypotension thus did 
not reduce the duration of hypotension or hospitalization. 
Decision support alarms may be more useful for more com-
plicated situations or when the alarm event is triggered by a 
combination of physiologic variables. E 
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Table 4.  Effect of Alert on Secondary Outcomes
Outcome

Time (min) for SBP to return 
and remain ≥80 mmHg for 
10 min Returned Median (95% CI)b

Hazard ratio  
(95% CI)a P valuea

Alert group × arterial line use 
interaction 

0.17

Alert group
  Yes (n = 1598) 1476 (92%) 45 (42, 49) min 0.99 (0.92–1.06) 0.76
  No (n = 1567) 1434 (92%) 46 (42, 48) min

Hospital LOS Dead in hospital Length of hospital stay

Alert group × arterial line use 0.99
Alert group
  Yes (n = 1598) 27 (1.7%) 2 (1, 4) daysc 1.04 (0.96–1.11) 0.35
  No (n = 1567) 31 (2.0%) 2 (1, 5) daysc

SBP = systolic blood pressure; CI = confidence interval; LOS = length of stay; min = minutes.
aFrom separate multivariable Cox proportional hazards models adjusting for surgical procedure, race, deficiency anemia, and the arterial line use (invasive SBP 
reading during surgery ≥80%).
bEstimates of median time to event from univarian Kaplan-Meier survival analysis. 
cBased on raw LOS data for all patients, including deaths.
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Appendix 1. Summary of Arterial Line Usage for SBP
Percentage of readings with arterial 
line alone Total Alert No alert
 0 (NIBP used for entire case) 2603 (82%) 1323 (83) 1280 (82)
 1–20 32 (1%) 13 (1) 19 (1)
21–40 19 (0.6%) 11 (1) 8 (1)
41–60 22 (0.7%) 13 (1) 9 (1)
61–80 32 (1%) 18 (1) 14 (1)
81–99 449 (14%) 216 (14) 233 (15)
100 (arterial line alone used for entire 

case)
8 (0.3%) 4 (0) 4 (0)

SBP = systolic blood pressure.

Appendix 2. Evaluation of DSS Algorithm

Algorithm
Total  

(n = 3165)
Alert  

(n = 1598)
Nonalert  

(n = 1567)
DSS algorithm: Alert given for first invasive SBP <80 mmHg for 3 consecutive minutes or the most noninvasive SBP <80 mmHg
Correct alert 3040 (96%) 1537 (96%) 1503 (96%)
Incorrect alert 125 (4%) 61 (4%) 64 (4%)
  Alert given within 1 or 2 min for invasive SBP 

reading
13 5 8

  Any invasive SBP ≥ 80 mmHg in the 3 min before 
first alert

47 23 24

  All noninvasive SBP ≥ 80 mmHg in the 5 min 
before first alert

38 23 15

  Alert triggered by artifacts 27 10 17
Missed alert 62 (2%) 27 (2%) 35 (2%)
  All invasive SBP < 80 mmHg within 3 min before 

the first alert—5 min
2 1 1

  Any noninvasive SBP < 80 mmHg before the first 
alert—5 min

60 26 34

Waiting minutes to alert after SBP < 80 mmHg
  Cuff alert 2950 (93%)a 1496 (94%) 1454 (93%)
   1 300 (10%) 161 (11%) 139 (9.6%)
   2 1518 (51%) 762 (51%) 756 (52%)
   3 909 (31%) 456 (30%) 453 (31%)
   4 189 (6.4%) 94 (6.3%) 95 (6.5%)
   5 34 (1.1%) 23 (1.5%) 11 (0.8%)
  A-line alert 103 (3%)a 46 (2.9%) 57 (3.6%)
   1 2 (2%) 0 (0%) 2 (3 %)
   2 11 (11%) 5 (11.5%) 6 (11%)
   3 82 (80%) 36 (78%) 46 (81%)
   4 8 (7%) 5 (11.5%) 3 (5 %)

SBP = systolic blood pressure; DSS = decision support systems.
aOne hundred twelve (4%) patients with incorrect alerts were not considered because of SBP ≥80 mmHg or artifacts before the first alert.
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