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P OSTOPERATIVE mortality is not that uncommon.1 
Many studies have found associations between periop-

erative factors and postoperative mortality, including intra-
operative hypotension, low bispectral index (BIS) values, 
and low volatile anesthetic concentrations.2–6 However, the 
strength of these associations has varied with patient popu-
lations, statistical methods, and inclusion of covariables. 
Given the conceptual relation between anesthetic concen-
tration and hypotension, it has been hypothesized that the 
occurrence of hypotension and deep hypnosis, suggested 
by low BIS values, despite a low volatile anesthetic concen-
tration might represent an unusual sensitivity to volatile 
anesthetics. In 2012, Sessler et al.7 reported that the intra-
operative concurrence of mean arterial pressure (MAP) less 
than 75 mmHg, BIS less than 45, and minimum alveolar 
concentration (MAC) less than 0.8 was associated with an 
increased risk of postoperative mortality. Concurrently, low 
values of these three parameters were called the “triple low” 
state. Mortality was substantially increased when patients 
experienced more than 15 min of triple low. However, these 
striking findings were not replicated in a subsequent study.8

The primary aim of the current study is to explore the 
independent relation between the triple low state and 
30- and 90-day postoperative mortality in a multicenter 
population. We hypothesized that there would be a signifi-
cant relation between the triple low state and postopera-
tive mortality. We further hypothesized that the association 
was likely to be epiphenomenal rather than causal, and 
that after propensity matching patients according to their 
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ABSTRACT

Background: An intraoperative concurrence of mean arterial pressure less than 75 mmHg, minimum alveolar concentration 
less than 0.8, and bispectral index less than 45 has been termed a “triple low” state. An association between triple low and 
postoperative mortality has been reported but was not replicated in a subsequent study. The authors pooled existing data from 
clinical trials to further evaluate the purported association in an observational study.
Methods: This retrospective observational study included 13,198 patients from three clinical trials: B-Unaware, BAG-
RECALL, and Michigan Awareness Control Study. Patients with greater than 15 not necessarily consecutive minutes of triple 
low were propensity matched to controls with similar characteristics and comorbidities. A multivariable Cox proportional 
hazards model was used to evaluate the association between triple low duration and postoperative mortality.
Results: Thirty-day mortality was 0.8% overall, 1.9% in the triple low cohort, and 0.4% in the nontriple low cohort (odds 
ratio, 5.16; 95% CI, 4.21 to 6.34). After matching and adjusting for comorbidities, cumulative duration of triple low was 
significantly associated with an increased risk of mortality at 30 days (hazard ratio, 1.09; 95% CI, 1.07 to 1.11, per 15 min) 
and 90 days (hazard ratio, 1.09; 95% CI, 1.08 to 1.11, per 15 min).
Conclusion: There is a weak independent association between the triple low state and postoperative mortality, and the 
propensity-matched analysis does not suggest that this is an epiphenomenon. (Anesthesiology 2015; 123:775-85)
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theoretical likelihood of experiencing a triple low state 
(based on their characteristics and comorbidities), there 
would no longer be a significant relation between triple low 
state and postoperative death.

Materials and Methods

Study Population
The study population in this retrospective observational study 
included patients from three clinical trials. The B-Unaware 
Trial and BAG-RECALL trials were prospective, random-
ized, controlled studies that sought to evaluate the superi-
ority of a BIS-guided protocol compared with a protocol 
based on volatile anesthetic concentration alerts in prevent-
ing intraoperative awareness with recall (AWR) in patients 
at high risk for this complication.9 The Michigan Aware-
ness Control Study evaluated the role of BIS in preventing 
AWR in an unselected surgical population.10,11 The details 
of these trials have been reported extensively.9–11 The three 
parent studies received institutional review board committee 
approval from the Washington University Human Research 
Protection Office (St. Louis, Missouri), the University of 
Manitoba Research Ethics Board (Winnipeg, Manitoba, 
Canada), and the institutional review boards of University 
of Chicago (Chicago, Illinois), and University of Michi-
gan (Ann Arbor, Michigan). All patients provided written 
or electronic informed consent. All three studies specified 
in their protocols and on the ClinicalTrials.gov registration 
site that the association between intraoperative factors and 
postoperative mortality would be explored although evaluat-
ing the association between the triple low state and mortal-
ity was not prespecified (NCT00281489, NCT00682825, 
and NCT00689091). This reporting of this study is compli-
ant with the Strengthening the Reporting of Observational 
Studies in Epidemiology guidelines.12

In all three trials, patients were included for analysis if 
they were older than 18 yr and were undergoing a surgi-
cal procedure at one of the institutions participating in 
the study: Washington University in St. Louis, University 
of Michigan Health System in Ann Arbor, and University 
of Chicago and University of Manitoba in Winnipeg. As 
B-UNAWARE and BAG-RECALL were explicitly assess-
ing AWR in a population of patients deemed to be at high 
risk for this complication, patients enrolled in these studies 
were also required to have specified characteristics that quali-
fied them as high risk.9,10 The Michigan Awareness Control 
Study included all surgical patients undergoing general anes-
thesia.11 Anesthetics provided in the B-Unaware and BAG-
RECALL studies were inhaled general anesthetics. Nitrous 
oxide was also permitted. In the Michigan Awareness Con-
trol Study, both inhaled volatile and intravenous anesthetic 
agents were used although the vast majority of anesthetics 
were based on potent inhaled agents.

Exclusion criteria were similar for all three trials. Patients 
were excluded if their surgical procedure precluded BIS 
monitoring (either secondary to surgical site requirements or 

an adhesive allergy) if the surgery required a wake-up test, if 
they had a previous history of dementia or stroke with resid-
ual neurological deficits or previous traumatic brain injury, 
or if they were unable to provide informed consent.9–11

Study Design
A retrospective analysis of data from all three clinical trials 
was undertaken in the current study. All three trials had a 
primary endpoint of AWR in surgical patients. In all studies, 
patients underwent randomization to a BIS-guided protocol 
or an anesthetic concentration–guided protocol. All patients 
received a BIS Quatro sensor (Covidien, USA), which was 
applied to their foreheads, and BIS, hemodynamic, and 
anesthetic parameters were recorded for each patient using 
an anesthesia information system. The current study ana-
lyzed perioperative data from patients enrolled in any of 
the three clinical trials. Analysis included data from patients 
whose surgeries lasted at least 30 min and whose BIS, MAP, 
and MAC values were all available for at least half of the 
case’s duration. BIS values were excluded from the analysis 
if the electrode’s signal quality index was less than 50. If a 
patient had multiple operations, we included intraoperative 
data from the most recent surgery.

Data Processing
A standard electronic data form was used to collect periopera-
tive data for patients in BAG-RECALL and B-UNAWARE 
using data from medical files, surgical reports, anesthetic and 
postoperative charts, discharge letters, and records of outpa-
tient clinic visits. All data for patients enrolled in the Michi-
gan Awareness Control Study were electronically captured by 
an anesthesia information system. Data for these patients were 
prospectively collected with the exception of malignancy (BAG-
RECALL and B-UNAWARE) and mortality status (all three 
studies). History of malignancy was obtained by retrospectively 
reviewing medical charts (BAG-RECALL and B-UNAWARE) 
and from specific provider entry into the anesthesia information 
system preoperative history and physical (Michigan Awareness 
Control Study). Postoperative mortality dates were ascertained 
from the U.S. Social Security Death Index and by contacting 
patients and their families in Canada. All patients were recruited 
while the Social Security Death Index was still available.

Data from the three trials were combined and pro-
cessed using MATLAB® 7.14 R2012a (The MathWorks 
Inc., USA). Intraoperative measurements collected before 
the induction of anesthesia or after the emergence were 
excluded by removing measurements collected at BIS greater 
than 80. Periods of cardiopulmonary bypass were removed 
from the patients’ intraoperative records because volatile 
anesthetic concentration could not be reliably ascertained 
during cardiopulmonary bypass and because MAP is gen-
erated by the cardiopulmonary bypass roller pump rather 
than by the heart. End-tidal anesthetic concentration, BIS, 
and MAP measurements were resampled to one measure-
ment per minute by retaining the first value of every minute. 
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End-tidal anesthetic concentration values were converted to 
non–age-adjusted MAC equivalents.7,13 Arterial MAP values 
were included in preference to noninvasive MAP measures 
where available. MAP values less than 30 and greater than 
180 were considered outliers and were excluded. In addi-
tion, MAP values were excluded when their corresponding 
systolic blood pressures (SBPs) and diastolic blood pressures 
(DBP) were considered to be artifacts. Blood pressure arti-
facts were defined by the following algorithm: (1) SBP-DBP 
is less than 30 when SBP is greater than 150, (2) SBP-DBP 
is less than 20 when 100 is less than SBP is less than 150, 
and (3) SBP-DBP is less than 10 when SBP is less than 100. 
Artifacts were further reduced by dividing the anesthetic 
period into 5-min epochs and retaining only the median 
BIS, MAC, and MAP values from each epoch. Discrepan-
cies in the numbers of BIS, MAC, and MAP epochs arose 
due to data from some variables being available for a greater 
portion of the case than other variables. Cases with more 
than a four-epoch difference between any of the three vari-
ables were excluded, as this analysis is principally interested 
in the concurrence of these factors. The cumulative dura-
tion of triple low was determined by summing the number 
of 5-min epochs (regardless of whether or not these were 
consecutive) during which the median BIS was less than 
45, median MAC less than 0.8, and median MAP less than 
75. Temperature data were collected, where available, and 
recorded as the median temperature per 5-min epoch. We 
could not include the temperature for all patients as one of 
the trials (B-Unaware) was conducted before implementa-
tion of the electronic medical record and one of the trials 
(BAG-RECALL) was half completed before implementation 
of the electronic medical record. Temperatures above 50°C 
or below 10°C were excluded as artifacts. The manufacturer 
of the BIS™ monitor (Covidien, USA) had no role in study 
design, data collection, data analysis, or manuscript prepara-
tion. No study monitors or means of support of any kind 
were provided by the manufacturer of the BIS monitor.

Statistical Analysis
Differences in categorical patient characteristics between the 
patients with greater than 15 cumulative but not necessar-
ily contiguous minutes of triple low and those without were 
evaluated with Pearson chi-square test. Baseline differences in 
age, body mass index (BMI), and case duration were com-
pared with Mann–Whitney U test as they were determined to 
follow nonnormal distributions by one-sample Kolmogorov–
Smirnov tests. Survival differences for cohorts with and with-
out greater than 15 min of triple low were visualized using 
Kaplan–Meier methods, and statistical differences were deter-
mined using log-rank tests. Similar to the study by Sessler  
et al.,7 participants were partitioned into groups by the dura-
tion of their triple low state: 0 to 15, 16 to 30, 31 to 45, 46 
to 60, and greater than 60 min. Differences in mortality rate 
between groups was determined by Pearson chi-square tests. 
Differences were considered significant if their P values were 

less than 0.008 (per Bonferroni correction). We evaluated the 
association between minutes of triple low with 30- and 90-day 
mortality using both univariable and multivariable Cox pro-
portional hazards regression, including adjustment for age, 
sex, American Society of Anesthesiologists (ASA) physical sta-
tus score (classified as 1 or 2, 3, and 4 or 5), patient comorbid-
ities, and intraoperative factors, including case time, nitrous 
oxide exposure, and use of intraoperative cardiopulmonary 
bypass. Univariable associations with a P value less than 0.05 
were included in the initial construction of the multivariable 
Cox proportional hazards model. In addition, to evaluate for a 
potential confounding role that low blood pressure may have 
on triple low, duration of time spent in single low (MAP < 75 
mmHg) was force entered into the model as well. To avoid 
bias secondary to overfitting of the data, backward deletion 
of least significant predictors was used to form a final model. 
Discriminatory power of this model was calculated by use 
of the C-index, which ranges from 0.5 (outcomes described 
by chance alone) to 1.0 (outcomes completely explained by 
model). The degree of overoptimism was found by bootstrap-
ping 100 samples into the original model. Optimism was esti-
mated as the difference in the C-index between the original 
model and bootstrapped model. The proportional hazards 
assumption was tested by evaluating the scaled Schoenfeld 
residuals across all time points, and any covariables found to 
violate this assumption were removed from the model.

To better account for the differences in baseline charac-
teristics in patients with and without triple low, we matched 
patients with greater than 15 min of triple low to those with-
out, based on their demographic characteristics and comor-
bidities via a propensity score.14 This technique balances the 
demographic variables and patient comorbidities between 
both the exposed and unexposed cohorts.15 We performed a 
1:1 nearest neighbor match with replacement and a caliper 
allowing matches up to 0.20 SDs of the predicted propen-
sity score.14,16 Weights were computed to account for controls 
matched to multiple cases without expanding the sample size. 
Success of the match was evaluated by the propensity scores’ 
standardized mean difference and variance ratios and by ensur-
ing the standardized mean difference for any variable did not 
exceeded 0.25.17 Weighted paired t test and Pearson chi-square 
test were used to evaluate the differences after matching. Cox 
proportional hazards models were used to evaluate the asso-
ciation between duration of triple low and 30- and 90-day 
mortality in the matched sample. All remaining covariables 
from the backwards elimination unmatched regressions were 
included in these matched analyses.

The effect of temperature on the relation between triple low 
and mortality was tested in a secondary analysis. Only patients 
who had temperature data available for at least half of their 
surgery were included. Cox proportional hazards models were 
used to evaluate the association between duration of triple low 
and 30- and 90-day mortality in the unmatched sample. Dura-
tion of temperature below the 25th percentile was included as 
a covariate, in addition to covariables remaining in the final 
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unmatched 30- and 90-day regressions from the complete sam-
ple. A mixed-effects model was created to evaluate the relation 
between BIS and temperature after adjusting for several covari-
ables, including MAC, administration of nitrous oxide, age, 
sex, ASA physical status score, cardiopulmonary bypass, coro-
nary artery disease, congestive heart failure, chronic obstructive 
pulmonary disease, cancer, pulmonary hypertension, cardiac 
valvular disease, and a history of substance use including 
γ-aminobutyric acidergic drugs (alcohol, benzodiazepines, and 
barbiturates), anticonvulsants, and opioids. A random intercept 
was added to account for between-patient differences. Statistical 
analyses were performed in R version 3.0.2 (The R Foundation 
for Statistical Computing, Austria).

Results
The three clinical trials included 26,586 patients. In our anal-
ysis, 13,388 patients were excluded due to lack of adequate 

intraoperative data, case duration less than 30 min, duplicate 
procedures, epoch length discrepancies, lack of data on vital 
status, or lack of other intraoperative variables (fig. 1). The 
final sample included 13,198 unique patients with 43,929 h 
of intraoperative recordings. Temperature data were available 
for 9,202 of these patients.

Approximately 30% of patients included in this analysis 
experienced greater than 15 cumulative minutes of triple low 
during their surgery (n = 3,950). Patients who experienced 
greater than 15 min of triple low were generally older and 
male, with lower BMI, higher ASA scores, a higher preva-
lence of comorbidities (coronary artery disease, prior strokes, 
congestive heart failure, dysrhythmias, valve disease, hyper-
tension, diabetes, peripheral vascular disease, pulmonary 
hypertension, chronic obstructive pulmonary disease, and 
chronic anticonvulsant use), a lower prevalence of cancer, 
and less preoperative barbiturate, benzodiazepine, alcohol, 

Fig. 1. Flow chart of patient selection. ASA = American Society of Anesthesiologists; BIS = bispectral index; BMI = body mass 
index; MAC = minimum alveolar concentration; MAP = mean arterial pressure.
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and opioid use (table 1). Furthermore, patients with greater 
than 15 min of triple low were more likely to have longer 
case times, less nitrous oxide exposure, and undergo intraop-
erative cardiopulmonary bypass.

The overall 30-day mortality rate was 0.8% (n = 111; 
95% CI, 0.69 to 1.00%) and the overall 90-day mortality 
rate was 1.9% (n = 247; 95% CI, 1.64 to 2.10%). Mor-
tality at 30 and at 90 days was increased in patients who 
experienced greater than 15 min of triple low (1.9% [1.50 
to 2.35%] and 3.7% [3.15 to 4.34%], respectively) com-
pared with those who did not (0.4% [0.25 to 0.50%] and 
1.1% [0.86 to 1.28%], P < 0.001 for both). Relative risk 
of mortality was also increased among patients with greater 
than 15 cumulative minutes of low MAP and all double low 
categories in the unmatched population (fig. 2). The number 
of patients experiencing a particular triple low duration was 
as follows: 6,002 (0 min), 3,246 (1 to 15 min), 1,275 (16 to 
30 min), 762 (31 to 45 min), 494 (46 to 60 min), and 1,419 

(> 60 min). Postoperative mortality tended to increase with 
increasing triple low duration (fig. 3). Survival up to 90 days 
was lower in patients with greater than 15 min of triple low 
(log-rank P < 0.001; fig. 4). Thirty-day mortality tended to 
increase for all combinations of MAC and MAP when BIS 
values were less than 45 (fig. 5). Despite these associations, 
triple low was a moderate discriminator of postoperative 
mortality with areas under receiver-operator characteristics 
curves of 0.764 and 0.713 at 30 and 90 days, respectively, in 
the unmatched sample (fig. 6).

Unadjusted associations with postoperative mortality are 
provided in the appendix. After correcting for baseline dif-
ferences, cumulative duration of the triple low state was sig-
nificantly associated with an increased risk of postoperative 
mortality at 30 days (hazard ratio [HR], 1.08 per 15 min; 
95% CI, 1.03 to 1.13) and 90 days (HR, 1.10; 95% CI, 1.07 
to 1.13; P < 0.001) (table  2). Increased 30-day mortality 
was also independently associated with certain demographic 

Table 1. Characteristics between TL and non-TL Groups on All Baseline Characteristics before and after Propensity Score Matching

Characteristics All  
(n = 13,198)

TL  
(n = 3,950)

Unmatched Non-TL  
(n = 9,248)

Matched Non-TL  
(n = 2,497)

Age, yr 56 (44, 66) 61 (51, 70) 54 (42, 64)* 59.6 ± 15.3
Body mass index, kg/m2 28.2 (24.8, 33.0) 28.0 (24.1, 32.6) 28.5 (24.9, 33.0)* 29.1 ± 7.2
Site Overall P < 0.001 Overall P = 0.483
  Chicago, Illinois 170 (1.3) 43 (1.1) 127 (1.4) 30 (1.1)
  Ann Arbor, Michigan 7,561 (57.3) 1,295 (32.8) 6,266 (67.8) 837 (31.3)
  St. Louis, Missouri 4,823 (36.5) 2,216 (56.1) 2,607 (28.2) 1,518 (56.7)
  Winnipeg, Manitoba 644 (4.9) 396 (10.0) 248 (2.7) 292 (10.9)
Male sex 6,952 (52.7) 2,193 (55.5) 4,759 (51.5)* 1,470 (54.9)
ASA physical status score Overall P < 0.001 Overall P = 0.610
  I 1,179 (8.9) 157 (4.0) 1,022 (11.1) 118 (4.4)
  II 5,223 (39.4) 874 (22.1) 4,349 (47.0) 583 (21.8)
  III 4,669 (35.4) 1,521 (38.5) 3,148 (34.0) 1,058 (39.5)
  IV 2,126 (16.1) 1,397 (35.4) 729 (7.9) 917 (36.3)
  V 1 (0) 1 (0) 0 (0) 0 (0)
Medical history
  Coronary artery disease 2,641 (20.0) 1,366 (34.6) 1,275 (13.8)* 943 (35.2)
  Cerebrovascular accident 450 (3.4) 187 (4.7) 263 (2.8)* 115 (4.3)
  Congestive heart failure 913 (6.9) 563 (14.3) 350 (3.8)* 337 (12.6)
  Hypertension 6,348 (48.1) 2,303 (58.3) 4,045 (43.7)* 1,518 (56.7)
  COPD 1,130 (8.6) 463 (11.7) 667 (7.2)* 323 (12.1)
  Cancer 3,295 (25.0) 795 (20.1) 2,500 (27.0)* 614 (22.9)*
  Dysrhythmia 1,130 (8.6) 560 (14.2) 570 (6.2)* 352 (13.2)
  Diabetes mellitus 2,190 (16.6) 905 (22.9) 1,285 (13.9)* 591 (22.1)
  Peripheral vascular disease 788 (6.0) 415 (10.5) 373 (4.0)* 276 (10.3)
  Pulmonary hypertension 286 (2.2) 180 (4.6) 106 (1.1)* 101 (3.8)
  Valvular disease 1,276 (9.7) 803 (20.3) 473 (5.1)* 495 (18.5)
  Preoperative anticonvulsant use 539 (4.1) 205 (5.2) 334 (3.6)* 165 (6.2)
  Preoperative barbiturate,  

 benzodiazepine, and alcohol
4,326 (32.8) 1,170 (29.6) 3,156 (34.1)* 782 (29.2)

  Preoperative opioid use 3,037 (23.0) 783 (19.8) 2,254 (24.4)* 505 (18.9)
Intraoperative factors
  Case length, min 178 (115, 259) 248 (168, 333) 158 (103, 222)* 191 ± 105*
  Intraoperative nitrous oxide 6,678 (50.6) 1,046 (26.5) 5,632 (60.9)* 884 (33.0)*
  Intraoperative CPB 2,059 (15.6) 1,542 (39.0) 514 (5.6)* 600 (22.4)*

Values presented as counts (percentages), mean ± SD, or median (25th percentile, 75th percentile).
* P < 0.05 compared with patients who experienced at least 15 min of TL.
ASA = American Society of Anesthesiologists; COPD = chronic obstructive pulmonary disease; CPB = cardiopulmonary bypass; TL = triple low.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/4/775/373006/20151000_0-00016.pdf by guest on 17 April 2024



Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:775-85 780 Willingham et al.

Low MAP, BIS, MAC, and Mortality

characteristics (increasing age and increasing ASA physi-
cal status) and patient comorbidities (chronic obstructive 
pulmonary disease, malignancy, cardiac dysrhythmia, and 
peripheral vascular disease). Nitrous oxide exposure was 
associated with a lower risk of mortality. At 90 days, similar 
demographic characteristics and patient comorbidities (with 
the addition of BMI and history of stroke) were indepen-
dently associated with postoperative mortality. These models 
had good discrimination (C-index = 0.89 and 0.86, respec-
tively, for 30- and 90-day mortality), with minimal overop-
timization (0.03, 0.02), resulting in adjusted C-indices of 
0.87 and 0.85, respectively. Similar regressions including 
only patients with temperature data available found no dif-
ference in the association between triple low and mortality 
when duration of temperature below 35.7°C (the 25th per-
centile) was included as a covariable (30-day HR 1.09 per 
15 min; 95% CI, 1.05 to 1.12, and 90-day HR, 1.09 per 
15 min; 95% CI, 1.07 to 1.11). Temperature below 35.7°C 
was not significantly associated with mortality. The mixed-
effects model found that the temperature was significantly 
associated with BIS, even after accounting for several covari-
ables including MAC, administration of nitrous oxide, and 
several patient characteristics and comorbidities (β = 1.0, 
standard error = 0.02, P < 0.001).

There were no significant differences in patient character-
istics or prevalence of comorbidities between the two pro-
pensity-matched groups, except for a higher rate of cancer 
among patients without triple low (table 1). The absolute 
value of the standardized mean difference of the propensity 
scores was 0.23, and the propensity score’s standardized vari-
ance ratio was 1.18. Ultimately, 2,676 controls were matched 
to 3,950 cases of individuals with triple low greater than 
15 min. Combined, this group experienced 100 deaths at 30 
days and 214 deaths at 90 days. Triple low’s discriminative 
ability fell after matching, with areas under receiver-operator 

Fig. 2. Relative risk of postoperative mortality among pa-
tients having greater than 15 min of low bispectral index 
(BIS), mean arterial pressure (MAP), minimum alveolar con-
centration (MAC), or combinations thereof. Risk of mortality 
was increased for all categories except for low BIS in the 
unmatched sample. Low MAP-BIS was no longer associated 
with mortality after matching. The risk for low MAC is unstable 
because only 1 and 0 patient(s) with ≤ 15 min of low MAC 
died within 30 days in the unmatched and matched samples, 
respectively. Error bars represent 95% CIs.

Fig. 3. Thirty- and 90-day mortality as a function of the number of cumulative (although not necessarily contiguous) minutes of 
triple low. *Thirty- and 90-day mortality was increased from baseline for all durations of triple low, after Bonferroni correction for 
multiple comparisons. Error bars represent 95% CIs.
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characteristics curve values of 0.658 and 0.633 for 30- and 
90-day mortality, respectively (fig. 6). After propensity score 
matching and adjusting for comorbidities, cumulative dura-
tion of the triple low state was significantly associated with 
an increased risk of mortality at 30 days (HR, 1.09 per 
15 min; 95% CI, 1.07 to 1.11; P < 0.001) and 90 days (HR, 
1.09 per 15 min; 95% CI, 1.08 to 1.11; P < 0.001).

Discussion
For patients enrolled in the B-Unaware and BAG-RECALL 
trials, and in the Michigan Awareness Control Study, cumu-
lative concurrent duration of MAC less than 0.8, MAP less 
than 75 mmHg, and BIS less than 45 was independently 
associated with an increased risk of 30- and 90-day postoper-
ative mortality. Furthermore, this association remained even 
after attempting to control for patient comorbidity through 
propensity matching. These findings are generally consistent 
with those previously reported by Sessler et al.7 and are in 
contrast to the findings by Kertai et al.8

This study found a much higher rate of triple low than 
that reported by Sessler et al. (6% experienced > 15 min) 
or Kertai et al. (20% experienced > 18 min). The patients 
in this study tended to have higher ASA scores than those 
in the study by Kertai et al. Many underwent cardiac sur-
geries, which was a population excluded from the analysis 
by Sessler et al. Our propensity match regression found that 
triple low was associated with several comorbidities, which 
may partially explain the higher rate. The B-UNAWARE 
and BAG-RECALL studies included only patients at high 
risk for awareness during anesthesia, who often had many 
comorbidities. As patients with several comorbidities appear 
to have higher rates of both triple low and mortality, there is 
possible residual confounding of the relation between triple 
low and mortality.

Individuals who experienced greater than 15 min of triple 
low were more likely to have a number of cardiovascular 

comorbidities, including previous myocardial infarctions, 
previous strokes, congestive heart failure, cardiac dysrhyth-
mias, valvular heart disease, hypertension, diabetes, periph-
eral vascular disease, and pulmonary hypertension. Volatile 
anesthetics produce dose-responsive hypotension by low-
ering systemic vascular resistance and also by decreasing 
myocardial contractility. These findings are accentuated in 
hearts with left or right ventricular dysfunction. In addition, 
patients with cardiovascular conditions are more likely to be 
on medications that lower intrinsic myocardial contractility, 
that is, calcium channel blockers or β1-adrenergic blockers. 
Thus, for patients with cardiovascular disease, it is not sur-
prising that hypotension can occur even with modest expo-
sure to volatile anesthetic agents. However, it is unclear how 
cardiovascular disease would increase the likelihood of low 
BIS values at low MAC values. It is also perhaps unsurpris-
ing that patients with increased triple low states tended to 
have a decreased prevalence of preoperative benzodiazepine, 
barbiturate, alcohol, or opioid use. Chronic alcohol use may 
increase anesthetic requirements in patients undergoing gen-
eral anesthesia.18–20 Alternatively, patients in the triple low 
group tended to be older and have more comorbidities and 
may have been less likely to routinely use these medications.

Longer case times were associated with a higher rate of 
triple low and 30-day mortality. This could be interpreted 
as increased duration of triple low being merely a reflection 
of longer case times. However, triple low was consistently 
associated with 30- and 90-day mortality before and after 
matching, whereas case duration was only associated with 
30-day mortality in the unmatched sample. This finding sug-
gests that duration of triple low adds additional information 
regarding future mortality risk that is not found in case dura-
tion alone. Patients with increased triple low had less expo-
sure to nitrous oxide, and nitrous oxide was associated with 
a lower 30-day mortality. Nitrous oxide has previously been 
associated with a lower postoperative mortality.21 However, 
the recently published ENIGMA II trial powerfully estab-
lished that, in general, nitrous oxide use does not impact 
postoperative mortality or major morbidity.22 This provides 
a sober reminder of the potential of published research, 
especially with subgroups or small studies, to produce mis-
leading findings.23–25 With any regression analysis where 
multiple statistical associations are tested, there is potential 
for spurious results or confounding. The decrease in mortal-
ity associated with nitrous oxide use in the current regression 
analysis is a probable example, especially given that there was 
an apparent five-fold reduction with nitrous oxide in 30-day 
mortality, whereas it was excluded from the 90-day mortality 
regression as a poor predictor. When controlling for nitrous 
oxide exposure in the current study, cumulative time spent 
in the triple low state was still associated with an increased 
risk of mortality.

In the current study, both cumulative time with MAP less 
than 75 mmHg and average case MAP less than 75 mmHg 
were eliminated from the Cox multivariable hazard model. In 

Fig. 4. Percent of the study population surviving up to 90 
days after surgery. Patients who experienced greater than 15 
cumulative minutes of concurrently low mean arterial pres-
sure, minimum alveolar concentration, and bispectral index 
values had decreased postoperative survival to 90 days.  
TL = triple low.
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other words, we did not find that MAP less than 75 mmHg 
in isolation was independently associated with postoperative 
death. A lower blood pressure might be more strongly linked 
(causally) to adverse outcomes. For example, a study examin-
ing the risk of postoperative renal failure has suggested that 
intraoperative MAP less than 55 mmHg might be a con-
tributory factor.26 Part of the intriguing nature of the triple 
low state is that isolated intraoperative occurrences of MAP 
less than 75 mmHg, MAC less than 0.8, or BIS less than 45 
may not be considered clinically significant. However, their 
concurrence might be predictive of adverse outcomes.

The relation between triple low and mortality was found to 
be independent of low body temperatures. Perioperative hypo-
thermia may be a confounder as it is associated with decreased 
BIS values during cardiopulmonary bypass and increased car-
diac morbidity, coagulation dysfunction, and mortality.27–31 
This study identified a positive association between tem-
peratures and BIS values while patients were not on cardio-
pulmonary bypass. However, the lack of association between 
temperature and postoperative mortality may be due to the fact 
that there were relatively few epochs of severe hypothermia.

It has been suggested that the link between triple low and 
death is epiphenomenal, with triple low merely reflecting 

patient comorbidities.32 We attempted to control for these 
comorbid conditions with propensity matching. By creating 
two cohorts with similar comorbid conditions, the associa-
tions of intraoperative variables with postoperative mortality 
might be more clearly identified. Even after propensity score 
matching, triple low remained an independent predictor of 
postoperative mortality at both 30 and 90 days. Although 
this propensity matching accounts for many comorbid con-
ditions, neither does it fully account for the severity of these 
conditions nor does it account for the overall frailty or func-
tional status of the patient.

This study’s primary strengths are its multicenter popu-
lation, use of propensity score matching to balance covari-
ables, and inclusion of rigorously and prospectively collected 
data. The most important limitation is that an observational 
study, no matter how sophisticated its methods, cannot 
exclude hidden confounding and typically cannot establish 
causality. This limitation must be strongly emphasized with 
the current study. A further consideration is that if triple 
low has deleterious consequences, it is likely that contigu-
ous periods of triple low are more concerning than sporadic 
episodes. Our analysis did not distinguish whether the 
triple low episodes were contiguous or dispersed. Another 

Fig. 5. Thirty-day mortality as a function of cumulative (not necessarily contiguous) minutes at various thresholds of low mean 
arterial pressure (MAP), bispectral index (BIS), and minimum alveolar concentration (MAC). Mortality tends to increase with ex-
tended duration of low BIS, MAP, and MAC at all thresholds. There was a sharper increase in mortality at low BIS values than 
low MAP or MAC values.
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potential constraint is that unlike MAP and MAC, the BIS 
number is calculated via a proprietary algorithm and has 
no units of measurement. It cannot be assumed that a BIS 
value of 44 in one individual indicates an equivalent depth 

of anesthesia to a BIS value of 44 in another individual. 
Furthermore, BIS values cannot be translated to other pro-
cessed electroencephalograph devices, limiting the general-
izability of findings based on BIS or any other processed 
electroencephalograph monitor. In contrast, burst suppres-
sion is an electroencephalograph feature that is nonpropri-
etary, is indicative of excessive anesthetic depth, and might 
be associated with increased postoperative mortality.33 
Future studies, in testing candidate relations between elec-
troencephalograph features and postoperative outcomes, 
should seek to include electroencephalograph features that 
are not restricted to particular devices. A further limitation 
of the current study is that intraoperative data on anesthetic 
adjuvants (e.g., intraoperative use of opioids, N-methyl-
D-aspartate antagonists, α2-agonists, neuraxial anesthesia, 
and peripheral nerve blocks) were not routinely collected 
for many patients. Adjuvant agents are commonly admin-
istered as part of a balanced anesthesia regimen. Many such 
agents are MAC sparing, have hemodynamic effects, and 
are associated with alterations in the electroencephalograph. 
Theoretically, these adjuvant drugs could be important con-
founders in a triple low analysis. Finally, our models were 
deficient based on important missing patient characteristics 
(e.g., markers of frailty) and excluded incomplete intraop-
erative variables (e.g., end-tidal carbon dioxide).

In summary, this is the second large observational trial 
that has found that cumulative duration of MAP less than 75 
mmHg and BIS less than 45 in the setting of MAC less than 
0.8 is independently associated with postoperative mortality. 
The replication of the findings by Sessler et al. increases the 
interest in the ongoing clinical trial (NCT00998894) that 
is attempting to resolve the question whether alerting clini-
cians about a triple low state will change anesthetic man-
agement (e.g., through increasing MAP or decreasing MAC) 
and result in decreased postoperative mortality.

Fig. 6. Receiver-operator characteristics curve displaying the 
sensitivity and specificity of duration of mean arterial pres-
sure less than 75 mmHg, minimum alveolar concentration 
less than 0.8, and bispectral index less than 45 as a predictor 
of 30- and 90-day mortality. AUC = area under the curve.

Table 2. Multivariable Predictors of 30- and 90-day Mortality before Matching

Factors
30-day Conditional  

Hazard Ratio (95% CI) P Value
90-day Conditional  

Hazard Ratio (95% CI) P Value

Age (/yr) 1.04 (1.02–1.05) <0.001 1.02 (1.01–1.03) <0.001
ASA physical status score 3 (vs. 1–2) — — 4.25 (2.41–7.48) <0.001
ASA physical status score 4 or 5 (vs. 1–2) 2.64 (1.63–4.26) <0.001 9.45 (5.13–17.41) <0.001
Body mass index (kg/m2) — — 0.97 (0.95–0.99) <0.001
Cancer 2.77 (1.61–4.75) <0.001 3.15 (2.31–4.30) <0.001
Case duration (/15 min) 1.03 (1.01–1.06) 0.010 — —
Cerebrovascular accident — — 1.62 (1.07–2.45) 0.002
COPD 2.01 (1.32–3.06) 0.001 2.04 (1.54–2.70) <0.001
Dysrhythmia 2.17 (1.43–3.29) <0.001 2.05 (1.53–2.74) <0.001
Nitrous oxide use 0.16 (0.07–0.36) <0.001 0.55 (0.38–0.80) 0.002
Peripheral vascular disease 1.96 (1.24–3.10) 0.004 1.56 (1.12–2.18) 0.009
Triple low (/15 min) 1.08 (1.03–1.13) 0.001 1.10 (1.07–1.13) <0.001

Data are presented as hazard ratios followed by 95% CIs. Factors entered in the regression included duration of MAP < 75 mmHg, having > 50% of MAP 
values < 75 mmHg, age, sex, ASA = 3, ASA ≥4, coronary artery disease, cerebrovascular accident, hypertension, COPD, cancer, dysrhythmias, diabetes 
mellitus, peripheral arterial disease, pulmonary hypertension, valvular heart disease, a history of using barbiturates, benzodiazepines, or alcohol, use of 
nitrous oxide during surgery, use of cardiopulmonary bypass during surgery, and case duration.
ASA = American Society of Anesthesiologists; COPD = chronic obstructive pulmonary disease; MAP = mean arterial pressure.
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Appendix: Univariable Associations with 30- and 90-day Mortality

Factors

30-day Mortality 90-day Mortality

Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI) P Value

Low MAP (/15 min) 1.11 (1.08–1.14) <0.001 1.10 (1.08–1.12) <0.001
Low MAC (/15 min) 1.13 (1.11–1.14) <0.001 1.11 (1.10–1.12) <0.001
Low BIS (/15 min) 1.10 (1.08–1.12) <0.001 1.07 (1.06–1.09) <0.001
Low MAP and MAC (/15 min) 1.16 (1.13–1.19) <0.001 1.14 (1.12–1.17) <0.001
Low MAC and BIS (/15 min) 1.14 (1.12–1.16) <0.001 1.12 (1.11–1.14) <0.001
Low MAP and BIS (/15 min) 1.13 (1.10–1.16) <0.001 1.11 (1.09–1.13) <0.001
Triple low (/15 min) 1.19 (1.15–1.22) <0.001 1.17 (1.14–1.19) <0.001
Case average MAP <75 1.24 (0.86–1.81) 0.249 1.43 (1.11–1.83) 0.005
Age (/yr) 1.07 (1.05–1.08) <0.001 1.06 (1.05–1.07) <0.001
BMI (kg/m2) 0.97 (0.94–1.00) 0.051 0.96 (0.94–0.98) <0.001
Male sex 1.88 (1.26–2.79) 0.002 1.52 (1.18–1.97) 0.001
ASA physical status score 3 (vs. 1 to 2) 10.45 (4.11–26.56) <0.001 9.69 (5.64–16.64) <0.001
ASA physical status score 4 to 5 (vs. 1 to 2) 41.67 (16.80–103.33) <0.001 26.34 (15.42–44.97) <0.001
Coronary artery disease 5.93 (4.06–8.66) <0.001 3.99 (3.11–5.12) <0.001
Cerebrovascular accident 4.14 (2.37–7.26) <0.001 3.43 (2.29–5.14) <0.001
Congestive heart failure 5.79 (3.86–8.70) <0.001 4.56 (3.42–6.09) <0.001
Hypertension 2.45 (1.64–3.67) <0.001 2.36 (1.80–3.08) <0.001
COPD 4.57 (3.04–6.86) <0.001 17.68 (13.68–22.85) <0.001
Current malignancy 1.16 (0.77–1.76) 0.473 1.73 (1.33–2.24) <0.001
Dysrhythmia 4.99 (3.35–7.45) <0.001 4.35 (3.29–5.73) <0.001
Diabetes 2.23 (1.49–3.34) <0.001 1.96 (1.49–2.59) <0.001
Peripheral vascular disease 5.14 (3.33–7.92) <0.001 3.80 (2.77–5.23) <0.001
Pulmonary hypertension 4.57 (2.39–8.74) <0.001 4.79 (3.12–7.36) <0.001
Valvular disease 2.45 (1.55–3.89) <0.001 2.46 (1.81–3.35) <0.001
Anticonvulsant use 1.59 (0.74–3.42) 0.233 1.22 (0.69–2.18) 0.492
Regular barbiturate, benzodiazepine,  

or alcohol use
0.57 (0.36–0.89) 0.013 0.81 (0.61–1.07) 0.131

Regular opioid use 0.60 (0.36–1.01) 0.056 0.83 (0.60–1.13) 0.229
Case duration (/15 min) 1.08 (1.06–1.10) <0.001 1.07 (1.05–1.08) <0.001
Intraoperative nitrous oxide 0.06 (0.02–0.13) <0.001 0.17 (0.12–0.25) <0.001
Intraoperative CPB 5.38 (3.71–7.81) <0.001 3.70 (2.87–4.78) <0.001

ASA = American Society of Anesthesiologists; BIS = bispectral index; BMI = body mass index; COPD = chronic obstructive pulmonary disease;  
CPB = cardiopulmonary bypass; MAC = minimum alveolar concentration; MAP = mean arterial pressure.
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