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P ATIENTS who are anes-
thetized or heavily sedated 

surrender their ability to convey 
signs and symptoms of low blood 
pressure, particularly those associ-
ated with cerebral hypoperfusion 
(i.e., light headedness, mental 
status changes, or syncope). Con-
sequently, physicians have come 
to rely on empiric definitions of 
what constitutes the lowest toler-
able blood pressure during surgery 
or, stated differently, the defini-
tion of intraoperative hypotension. 
There remains debate, although, 
on what value of blood pressure 
in relation to preoperative baseline 
should be considered as hypoten-
sion with much variability in defi-
nitions between investigations.1,2 
The need for a precise definition 
of intraoperative hypotension is 
supported by observational stud-
ies in adults that have linked low 
blood pressure with adverse patient 
outcomes after cardiac and noncar-
diac surgery, including 30-day and 
1-yr mortality.3–8 In this issue of 
 ANESTHESIOLOGY, Walsh et al.9 con-
firm and extend these growing data when they report that 
mean arterial pressure (MAP) less than 55 mmHg during 
noncardiac surgery is associated with risk for postoperative 
acute kidney injury (AKI) or myocardial infarction (MI).

In their study, Walsh et al.9 analyzed prospectively col-
lected data obtained from the electronic medical records of 
33,330 patients who underwent noncardiac surgery at the 
Cleveland Clinic (Cleveland, Ohio). They have assessed the 
association between MAP less than 55–75 mmHg and post-
operative AKI (defined as increases in serum creatinine of 

greater than 1.5-fold or 0.3 mg/dl 
from baseline) or MI (defined as 
serum troponin T ≥0.04 μg/l or cre-
atinine kinase-MB ≥8.8 ng/ml). Of 
note, patients with chronic kidney 
disease and those who underwent 
urologic surgery, nephrectomy, or 
renal transplantation were excluded 
because they did not have postop-
erative creatinine measurements. 
Serum myocardial injury biomark-
ers were selectively measured only 
in high-risk patients and those 
with clinical evidence of myocar-
dial ischemia. Patients without 
myocardial injury biomarker data 
were assumed not to have suffered 
an MI. Blood pressure was mea-
sured noninvasively every 2–5 min 
in most patients, but 44.5% of 
patients had invasive arterial pres-
sure monitoring every 1–2 min. 
A MAP threshold of less than 55 
mmHg was found to be associated 
with risk for AKI and MI, events 
that occurred in 7.4 and 2.3% of 
patients, respectively. They further 
report an incremental exposure–
risk relationship whereby increased 

duration of MAP less than 55 mmHg (1–5, 6–10, 11–20,  
and >20 min) increased the risk for AKI and MI. Moreover, 
30-day mortality was significantly associated with more than 
20 min of MAP of less than 55 mmHg.

The current study by Walsh et al.9 and data from oth-
ers draw important attention to the fact that blood pressure 
management during surgery might be a factor that can be 
modified as a means for improving patient outcomes.3–8 
As questioned in the title of the article by Walsh et al.,9 
are physicians now able to derive an empiric definition of 
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intraoperative hypotension as a MAP less than 55 mmHg 
for adult patients undergoing noncardiac surgery? The study 
has many strengths, including the large number of patients, 
which allows for careful risk adjustments. As with any 
such analysis, however, it is difficult to account for all vari-
ables or residual confounders that might affect the results. 
The authors acknowledge and attempt to address many of 
these factors, including potential bias by their exclusion of 
patients without postoperative serum creatinine data and 
MI biomarker data. One source of bias that was not directly 
addressed was whether patients who had surgery of longer 
duration might have had more blood pressure measurements 
and a higher risk for hypotension than those whose surgery 
was of shorter duration. Additionally, bias might occur for 
patients who received direct arterial blood pressure measure-
ment because they had more blood pressure measurements 
than did those whose blood pressure was measured noninva-
sively. Patients in whom direct arterial blood pressure moni-
toring was performed likely had higher comorbidity and/or 
more complex surgery. Furthermore, rather than being the 
proximate cause of AKI and MI, might intraoperative hypo-
tension be a marker for some unmeasured characteristic of 
patients who are also prone to AKI and MI?

An important consideration in interpreting the results 
reported by Walsh et al.9 is that adverse cerebral outcomes 
were not evaluated. Classically, it is believed that cerebral 
perfusion is more dependent on MAP, whereas cardiac per-
fusion is more dependent on diastolic blood pressure, and 
renal perfusion is dependent on both MAP and cardiac 
output. That is, the kidney can be hypoperfused at normal 
MAP if cardiac output is compromised, even while cerebral 
and cardiac perfusion is maintained.10,11 Therefore, the his-
toric rationale of choosing 50 mmHg as a goal for MAP 
has been to preserve cerebral perfusion, specifically citing 
the autoregulatory limit of 50 mmHg published by Lassen 
in 1959.12 Although 50 mmHg is descriptive of the lower 
limit of cerebrovascular pressure autoregulation in a large 
number of patients, the applicability of such a limit to all 
patients is frequently questioned.13 Indeed, our work in 
patients undergoing cardiac surgery with cardiopulmonary 
bypass has revealed the startling finding that the lower limit 
of cerebral blood flow autoregulation varies widely between 
individuals and ranges from 40 to 90 mmHg.14 These limits 
are difficult to predict based on clinical variables, including 
preoperative blood pressure. Importantly, we have found 
that regional cerebral oxygen saturation derived from non-
invasive near-infrared spectroscopy serves as a suitable 
surrogate for cerebral blood flow autoregulation monitor-
ing.15,16 This method involves monitoring of the correla-
tion coefficient between cerebral oxygen saturation and 
MAP in the low frequencies associated with autoregulation 
vasoreactivity and provides a continuous measure of auto-
regulation at the bedside. Although much work is required 
before the use of such monitoring can become widespread, 
these methods will enable physicians to individualize blood 

pressure of patients to maintain MAP in the autoregulation 
range. Of relevance to the study by Walsh et al.,9 we have 
found that the magnitude and duration of blood pressure 
below the limits of cerebral blood flow autoregulation mea-
sured with cerebral oximetry independently predict AKI.17 
One is tempted to conclude from this that a MAP thresh-
old that allows for cerebrovascular autoregulation will also 
allow for renovascular perfusion. However, we have seen 
in animal models that decrements in cardiac output can 
ablate renovascular reactivity and result in large decreases 
of renal blood flow, even at normal arterial pressure, when 
cerebral blood flow is uncompromised.10 On the basis of these 
findings, one would predict that the lower limit of cerebro-
vascular autoregulation is specific for compromise of renal 
perfusion but is not sensitive in low-output states. Nota-
bly, during cardiopulmonary bypass, systemic flow is con-
trolled such that MAP is an important variable for ensuring 
organ perfusion.

The combined data to date suggest that hypotension 
during surgery may be associated with poor patient out-
come even up to 1 yr after surgery. Hence, careful man-
agement of blood pressure may lead to improved patient 
outcomes. However, it remains unknown whether it is 
untreated intraoperative hypotension or the treatment of 
such hypotension with IV fluids, vasoconstrictive drugs, 
or inotropes that contributes to the observed adverse out-
comes in these studies. We are currently conducting a 
randomized clinical trial to compare neurologic outcomes 
of patients whose MAP targets during cardiopulmonary 
bypass are based on real-time autoregulation monitor-
ing to outcomes of patients who receive standard of care 
(trial registration www.clinicaltrials.gov: NCT00981474). 
Such studies in noncardiac surgical patients are needed to 
determine whether early treatment or prevention of adverse 
intraoperative events leads to improved patient outcomes. 
Regardless, we believe that the combined data suggest that 
a single blood pressure target derived from group summary 
data cannot be extrapolated to be optimal for all patients, 
or, “one size does not fit all.”

Kenneth Brady, M.D.,* Charles W. Hogue, M.D.† *Bay-
lor University School of Medicine, The Texas Children’s Hospital, 
Houston, Texas. † The Johns Hopkins University School of Medi-
cine, Department of Anesthesiology & Critical Care Medicine, The 
Johns Hopkins Hospital, Baltimore, Maryland. chogue2@jhmi.edu
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ABSTRACT

Background: Intraoperative hypotension may contribute 
to postoperative acute kidney injury (AKI) and myocardial 
injury, but what blood pressures are unsafe is unclear. The 
authors evaluated the association between the intraoperative 

mean arterial pressure (MAP) and the risk of AKI and myo-
cardial injury.
Methods: The authors obtained perioperative data for 
33,330 noncardiac surgeries at the Cleveland Clinic, Ohio. 
The authors evaluated the association between intraoperative 
MAP from less than 55 to 75 mmHg and postoperative AKI 
and myocardial injury to determine the threshold of MAP 
where risk is increased. The authors then evaluated the asso-
ciation between the duration below this threshold and their 
outcomes adjusting for potential confounding variables.
Results: AKI and myocardial injury developed in 2,478 
(7.4%) and 770 (2.3%) surgeries, respectively. The MAP 
threshold where the risk for both outcomes increased was 

What We Already Know about This Topic
-

What This Article Tells Us That Is New

-

-
-
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less than 55 mmHg. Compared with never developing 
a MAP less than 55 mmHg, those with a MAP less than  
55 mmHg for 1–5, 6–10, 11–20, and more than 20 min had 
graded increases in their risk of the two outcomes (AKI: 1.18 
[95% CI, 1.06–1.31], 1.19 [1.03–1.39], 1.32 [1.11–1.56], 
and 1.51 [1.24–1.84], respectively; myocardial injury 1.30 
[1.06–1.5], 1.47 [1.13–1.93], 1.79 [1.33–2.39], and 1.82 
[1.31–2.55], respectively].
Conclusions: Even short durations of an intraoperative 
MAP less than 55 mmHg are associated with AKI and myo-
cardial injury. Randomized trials are required to determine 
whether outcomes improve with interventions that maintain 
an intraoperative MAP of at least 55 mmHg.

INTRAOPERATIVE hypotension has the potential to 
cause an ischemia–reperfusion injury which may manifest 

as dysfunction of any vital organ. Among the most sensitive 
organs to be affected in this way are the kidneys and the heart. 
However, blood pressures that constitute hypotension and 
provoke acute kidney and myocardial injury remain unclear.

Acute kidney injury (AKI), a sudden reduction in kid-
ney function, occurs in approximately 7% of hospitalized 
patients and 7.5% of patients who undergo noncardiac sur-
gery.1,2 Small changes in serum creatinine, the most com-
monly used marker of kidney function, are increasingly 
recognized as strong independent risk factors for short- and 
long-term mortality3,4 and more costly health care after sur-
gery.2,5 Similarly, myocardial injury after noncardiac surgery 
manifests as an acute increase in the concentration of cardiac 
biomarkers and occurs in 11.6% of noncardiac surgeries.6 
Myocardial injury after noncardiac surgery is also associated 
with a strong, independent risk of death after surgery, even 
with only small biomarker increases.6

Ischemia–reperfusion injury due to hypotension may 
substantially contribute to postoperative AKI and myocar-
dial injury.7 As such, optimizing intraoperative hemodynam-
ics may mitigate or prevent both complications. This theory 
is supported by a systematic review of interventions to pre-
vent perioperative AKI that demonstrated maneuvers to pre-
vent hypotension reduced the incidence of AKI,8 As well, as 
data from the Perioperative Ischemia Evaluation Trial dem-
onstrated hypotension was the most responsible factor for 
postoperative death (of which, the majority were vascular).7

Although hypotension is recognized as an important fac-
tor in the development of postoperative complications, there 
is uncertainty in how to optimally define intraoperative hypo-
tension. A systematic review on intraoperative hypotension 
identified 140 definitions used in 130 studies.9 Most of these 
definitions were not empirically derived, and each definition’s 
association with clinical outcomes was explored in relatively 
few and/or small studies. We therefore studied patients who 
had noncardiac surgery to determine what durations of vari-
ous levels of mean arterial pressure (MAP) are associated with 
AKI and myocardial injury to establish an empirical defini-
tion of prognostically important intraoperative hypotension.

Materials and Methods
Study Design
We undertook an observational study using data from the 
Cleveland Clinic Perioperative Health Documentation Sys-
tem, an electronic medical record-based registry of non-
cardiac surgery patients who had surgery between January 
6, 2005 and September 21, 2010, at the Cleveland Clinic, 
Cleveland, Ohio. Use of this de-identified registry for research 
was approved by the Cleveland Clinic Institutional Review 
Board, Cleveland, Ohio.

Patients
Eligible patients had noncardiac surgery, stayed at least one 
night in hospital, and had a preoperative creatinine concen-
tration measured and at least one postoperative creatinine. 
As chronic kidney disease may affect the interpretation and 
prognostic significance of absolute changes in serum cre-
atinine and cardiac biomarkers, we excluded patients with 
chronic kidney disease, defined as an estimated preoperative 
glomerular filtration rate less than 60 ml·min−1·1.73m−2. 
Patients having urological procedures such as the relief from 
urinary obstruction, nephrectomy, or renal transplantation 
were also excluded because of their association with changes 
in creatinine independent of renal injury.

Outcomes and Exposures
We defined AKI according to changes in serum creatinine 
between preoperative and postoperative values. The preop-
erative creatinine was considered to be the concentration 
measured closest to the time of surgery. The postoperative 
value used was the highest concentration measured within 7 
days after surgery. Consistent with the Acute Kidney Injury 
Network threshold, patients were considered to have AKI 
if the highest postoperative concentration was either more 
than 1.5-fold or more than 0.3 mg/dl greater than the preop-
erative concentration.4 The small changes in creatinine used 
by this definition are independently associated with mortal-
ity in numerous studies.10–13

We defined myocardial injury as a postoperative cardiac 
enzyme concentration within 7 days of surgery that was greater 
than or equal to the suggested necrosis limit for troponin T and 
greater than the upper limit of normal for creatinine kinase-
MB. For a fourth-generation troponin T assay (Roche Diag-
nostics, Mannheim, Germany), this was 0.04 µg/l or more and 
for creatine kinase-MB 8.8 ng/ml or more. These definitions are 
consistent with the universal definition of myocardial infarc-
tion and data from a large international study on perioperative 
myocardial infarction.6,14 Rather than exclude patients who 
were otherwise eligible but did not have any cardiac enzymes 
measured, we assumed these patients did not have a myocardial 
injury and included them in all analyses.

As a secondary outcome, we also examined the association 
between intraoperative blood pressure and the outcome of a 
postoperative cardiac complication as defined by the Agency 
for Healthcare Research and Quality using administrative 
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codes for complications of surgical procedures.§§ This defi-
nition includes intraoperative and postoperative acute myo-
cardial infarctions, heart failure, and cardiac arrest.

Intraoperative Blood Pressure
The intraoperative MAP was recorded electronically for 
all cases directly into an electronic medical record. When 
an arterial catheter was used (44.5% of cases), MAP was 
recorded every 1–2 min. When noninvasive blood pres-
sure monitoring was used, MAP was recorded from every 
2–5 min. During minutes when no blood pressure was 
recorded or when a reading was marked as artifact by the 
attending anesthesiologist, the last nonartifact blood pres-
sure was carried forward.

For each case, we calculated the total number of minutes 
spent with a MAP less than 55, less than 60, less than 65, less 
than 70, and less than 75 mmHg. For each case, we also cal-
culated the number of minutes during which the MAP was 
less than 55, 55–59, 60–64, 65–69, 70–74, and 75 mmHg 
or more.

Other Exposures
Patient’s age and sex were determined from the registry. The 
Charlson Comorbidity Index and Risk Stratification Index 
for 30-day mortality and validated risk scores using admin-
istrative data codes were calculated for all patients.15,16 Pre-
operative kidney function was characterized according to the 
patient’s estimated glomerular filtration rate using the four-
variable Modification of Diet in Renal Disease equation.17 
Preoperative hemoglobin was categorized according to the 
hemoglobin concentration taken closest to the time before 
surgery. Intraoperative estimated blood loss and transfusion 
of erythrocytes (autologous and allogeneic) were recorded in 
the clinical database. We previously demonstrated that dec-
rements in hemoglobin concentration in the first 24 h after 
surgery are strongly associated with AKI, so this parameter 
was also included in the model. Surgeries were classified 
according to the Agency for Healthcare Research and Qual-
ity descriptors and whether they were emergency or elective 
procedures.

Statistics
Patient characteristics were calculated as mean (SD), median 
(25th to 75th percentile), or frequency (%) as appropriate. 
Comparisons of patient characteristics between groups were 
made using ANOVA for continuous data and the chi-square 
test for frequency data.

We visually assessed the relationship between the 
total amount of time spent under each MAP threshold  
(<55, <60, <65, <70, and <75 mmHg) and each outcome 
using restricted cubic splines in a logistic regression model. 
For each threshold, risk appeared to initially substantially 
increase rapidly for each minute under the threshold for 

approximately 10 min, followed by a less rapid risk increase 
thereafter. We therefore categorized patients as having spent 
0, 1–5, 6–10, 11–20, or more than 20 min in each strata. 
We were concerned that the association between time spent 
under each threshold may be due to time spent well beneath 
that threshold rather than just under the threshold value 
(i.e., an association between time under a MAP of 65 mmHg 
may be due to time spent with a MAP less than 55 mmHg 
rather than the time spent with a MAP between 55 and 65 
mmHg). We therefore conducted several further analyses to 
more accurately determine the blood pressure threshold that 
was most clinically relevant.

Using logistic regression model, we next explored whether 
the risk for each category was in fact driven by the lowest 
MAPs by: (1) calculating the risk of AKI and separately 
myocardial injury associated with the amount of time each 
patient spent with a MAP in each strata (i.e., <55, 55–59, 
60–64, 65–69, and 70–74 mmHg) while excluding patients 
with any time spent in lower blood pressure strata (i.e., only 
patients with a lowest blood pressure in a given strata or 
higher strata remained in the analysis); (2) calculating the 
risk of AKI and separately myocardial injury for the time 
spent in each blood pressure strata while adjusting for time 
spent in the other strata; and (3) calculating separately the 
risk of AKI and myocardial injury by the lowest MAP dur-
ing surgery irrespective of the amount of time at that blood 
pressure.

On the basis of these models, we then constructed final 
logistic models using the amount of time spent with a MAP 
below the highest threshold MAP that was predictive of 
one of the outcomes categorized as 0, 1–5, 6–10, 11–20, 
or more than 20 min below that threshold. The final model 
was adjusted for age, sex, the Charlson Comorbidity Index, 
the volume of erythrocytes transfused intraoperatively, esti-
mated blood loss, preoperative hemoglobin, decrement in 
hemoglobin within 24 h of surgery, and the type of surgery 
performed. We a priori tested for interactions between dura-
tion of a MAP below threshold and emergency surgery status 
and decrement in hemoglobin concentration and dropped 
these interaction terms when they were found to be non-
significant. We accommodated the correlation of multiple 
surgeries at different times for an individual by calculating 
estimated standard errors adjusted for intragroup correla-
tions using clustered sandwich estimators.18,19 We reported 
adjusted odds ratios and associated 95% CIs and P values. 
We tested the trend of increasing risk with increasing time 
with a MAP less than 55 mmHg using the Cochrane–Armit-
age test for trend. We set the criterion for statistical signifi-
cance at P value less than 0.05 for all tests.

We performed sensitivity analyses to assess the robust-
ness of our findings. Sensitivity models were constructed as 
logistic regression identical to the final model above, except: 
(1) with the primary outcome AKI redefined on the basis 
of postoperative creatinine concentrations only up to 3 days 
postoperatively; (2) using severe AKI (three-fold increase in 

§§ Available at: http://www.hcup-us.ahrq.gov/toolssoftware/ccs/. 
Accessed October 28, 2011.
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creatinine) as the outcome; (3) using the Risk Stratification 
Index rather than the Charlson Comoribidity Index; (4) 
restricting the analysis of myocardial injury to only those 
patients with a troponin T measured; (5) adjusting for sys-
tolic blood pressure recorded in the Preoperative Clinic for 
patients in whom this was recorded; (6) adjusting for the 
duration of the surgery; (7) using multiple imputation of 
missing covariate data; and (8) using only one surgery per 
patient (the most recent surgery). We completed all analyses 
using Stata version 11 MP (College Station, TX).

Results
Figure 1 reports the patient flow chart. In total, we included 
33,330 surgeries performed in 27,381 patients in the anal-
ysis. Compared with patients in excluded surgeries, the 
included patients were younger, had lower American Society 

of Anesthesiology Status Scores, and less comorbidity but had 
longer operations and postoperative lengths of stay (data not 
shown). AKI occurred after 2,477 surgeries (7.4%) of which 
2,043 (82.4%) occurred within 3 days of surgery. Myocar-
dial injury was documented in 770 surgeries (2.3%), and 926 
(2.8%) had a cardiac complication after surgery. Five hun-
dred six patients (1.5%) died within 30 days of surgery.

Defining Hypotension
Point estimates for the risk of AKI and myocardial injury 
minimally increased with the amount of time spent under 
each MAP threshold, and was pronounced for any time spent 
with a MAP less than 60 mmHg (fig. 2). The risks appeared 
nonlinear in each model (P < 0.001 in every model) with risk 
increasing markedly during the first 10 min, but at a slower 
rate thereafter. In multivariable spline models in which we 
controlled for the amount of time spent in each MAP cat-
egory, the risk of AKI appeared greater for time spent with a 
MAP less than 60 mmHg and the risk of myocardial injury 
appeared greater only for a MAP less than 55 mmHg (fig. 3).

We then performed analyses in which we excluded 
patients who had any time in the lowest MAP category (i.e., 
MAP <55 mmHg for any duration). These analyses were 
performed to ensure that correlations between time below 
a MAP of 55 mmHg and time spent in other blood pres-
sure strata did not cause us to miss significant associations 
between a MAP more than 55 mmHg and our outcomes. In 
the 18,989 eligible surgeries, there was a modest but statisti-
cally significant risk of AKI for a MAP of 55–59 mmHg last-
ing longer than 5 min (adjusted odds ratios, 1.65; 95% CI, 
1.21–2.25; P = 0.002). However, there was no additional risk 
in the time categories more than 10 min for a MAP of 55–59 
mmHg and there was no risk of AKI in higher MAP catego-
ries (i.e., MAP ≥60 mmHg). There was no risk of myocardial 
injury associated with any MAP range or duration once peri-
ods of MAP less than 55 mmHg were excluded.

Finally, we performed univariable spline analyses in 
which the lowest MAP for the surgery was the predictor of 

106,122 Surgeries

85,191 Surgeries

20,931 day surgery cases

71,798 Surgeries

50,124 Surgeries

13,393 Preoperative 
chronic kidney disease

21,674 Missing follow-up 
creatinine

47,401 Surgeries

2,723 surgery for urinary
obstruction, renal 
transplant or neprectomy

14,071 missing covariate
data

33,330 Surgeries

Fig. 1. Patient selection.
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AKI and myocardial injury. The risk of both AKI and myo-
cardial injury appeared to increase substantially at MAPs less 
than 55–60 mmHg (fig. 4).

On the basis of these analyses, for the final models we 
categorized patients by the amount of time they spent with a 
MAP less than 55 mmHg as 0, 1–5, 6–10, 11–20, and more 
than 20 min.

Patients with different amounts of time with a MAP less 
than 55 mmHg differed significantly with respect to most 
characteristics (table 1). However, only emergency procedures, 
preoperative hemoglobin, and intraoperative estimated blood 
loss appeared to have a clear progression as time with a MAP 
less than 55 mmHg increased (i.e., more emergency proce-
dures, lower hemoglobin, and larger estimated blood loss).

Risk of AKI, Myocardial Injury, Cardiac Complications, and 
30-day Mortality with Hypotension
In our fully adjusted model, we observed an independent, 
graded relationship between the length of time spent with a 
MAP less than 55 mmHg and AKI and cardiac complications 
(table 2 and fig. 4). A similar magnitude of association was 

seen for myocardial injury although the relationship was less 
graded as time with a MAP less than 55 mmHg increased. 
Compared with patients who spent no time with a MAP less 
than 55 mmHg, those with the longest periods of a MAP less 
than 55 mmHg had approximately a 1.5-fold increased risk 
of AKI or myocardial injury and an almost two-fold increased 
risk of a cardiac complication. The test for trend across dura-
tions of MAP less than 55 mmHg was P value less than 0.001 
for all three outcomes. These relationships were qualitatively 
preserved across sensitivity analyses (tables 3 and 4). Of note, 
although the absolute risk of AKI and myocardial injury was 
increased in patients in the highest quartile of preoperative 
clinic blood pressures, the relative effect of each period of time 
spent with a MAP less than 55 mmHg was preserved across all 
baseline blood pressures, and there was no evidence of inter-
action between preoperative blood pressure and time with a 
MAP less than 55 mmHg (P > 0.1 for all interaction groups).

As time increased with a MAP less than 55 mmHg, there 
was a trend to a higher risk of death by 30 days after surgery 
(test for trend, P < 0.001). However, 30-day mortality was 
only significantly associated with more than 20 min of MAP 
less than 55 mmHg (table 2).

Discussion
In this large cohort with detailed intraoperative blood pressures, 
we found that MAP less than 55 mmHg was associated with 
the development of AKI, myocardial injury, and cardiac com-
plications. Furthermore, we found that risk escalates rapidly 
and there does not appear to be any safe duration of a MAP less 
than 55 mmHg. This finding is important because AKI and 
myocardial injury are common, strongly associated with mor-
bidity and mortality, and costly. Unlike baseline patient char-
acteristics which are rarely modifiable, intraoperative MAP can 
usually be controlled and may thus be an important therapeu-
tic target. Understanding what arterial pressures are associated 
with ischemic damage will help guide interventional studies.

Our study differs from many others in that we account for 
each minute spent with a MAP less than 55 mmHg which 
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appears to be an especially sensitive method of determining 
the effect of MAP on the kidneys and heart. Our findings 
that a MAP less than 55 mmHg is strongly associated with 
renal and cardiac risks are nonetheless broadly consistent with 
previous work. Classic physiology experiments, for example, 
suggested that renal blood flow is maintained (autoregulated) 
down to a MAP of 50–60 mmHg.20,21 However, this infer-
ence is extrapolated from experiments in healthy animals.

In critically ill patients, one study in 217 patients found 
a MAP of up to 82 mmHg may be required to prevent 
AKI.22 Similarly, a study in 31 critically ill patients dem-
onstrated periods with a systolic blood pressure less than 

90 mmHg for at least 30 min were associated with higher 
levels of cardiac enzymes. However, critically ill patients 
may have more confounding influences than the generally 
healthier population we studied. One study performed in 
patients undergoing noncardiac surgery found that in those 
who were at high risk for AKI, periods of a MAP less than 
60 mmHg were more common in those who developed AKI 
than those who did not.23 Furthermore, using classification 
and regression tree analysis, Bijker et al.24 found a MAP less 
than 50 mmHg had the largest independent association 
with death in their study in 1,705 patients undergoing non-
cardiac surgery. However, there were only 88 deaths in the 

Table 1. Patient Characteristics by Operative Time Spent with a MAP <55 mmHg

MAP <55 mmHg

P  
Value

Never
n = 18,989

1–5 min
n = 8,266

6–10 min
n = 2,856

11–20 min
n = 1,987

>20 min
n = 1,232

Age, yr* 54.8 (15.3) 57.3 (15.5) 57.9 (15.6) 56.1 (16.6) 55.7 (16.7) <0.001
Female, n (%) 9,519 (50.0) 4,102 (49.6) 1,516 (53.1) 1,064 (53.5) 635 (51.5) <0.001
Emergency procedure, n (%) 1,063 (5.6) 579 (7.0) 193 (6.8) 188 (9.5) 144 (11.7) <0.001
ASA score, n (%)
    I 418 (2.2) 121 (1.4) 42 (1.5) 26 (1.3) 16 (1.3) <0.001
    II 8,262 (43.6) 2,965 (35.9) 1,022 (35.8) 652 (32.8) 347 (28.2)
    III 9,120 (48.1) 4,387 (53.1) 1,521 (53.3) 1,087 (54.7) 654 (53.1)
    IV 1,143 (6.0) 767 (9.3) 264 (9.2) 218 (11.0) 211 (17.1)
    V 28 (0.1) 24 (0.3) 7 (0.2) 4 (0.2) 4 (0.3)
Charlson Index† 0 (0 to 2) 1 (0 to 2) 1 (0 to 2) 1 (0 to 2) 1 (0 to 2) <0.001
Diabetes mellitus, n (%) 2,424 (12.8) 1,056 (12.8) 384 (13.4) 246 (12.4) 156 (12.7) 0.71
Myocardial infarction, n (%) 699 (3.7) 387 (4.7) 143 (5.0) 88 (4.4) 43 (3.5) <0.001
Congestive heart failure, n (%) 581 (3.1) 302 (3.7) 90 (3.2) 85 (4.3) 43 (3.5) <0.001
Peripheral vascular disease, n (%) 576 (3.0) 474 (5.7) 150 (5.3) 97 (4.9) 57 (4.6) <0.001
Stroke, n (%) 796 (4.2) 495 (6.0) 150 (5.2) 88 (4.4) 84 (6.8) <0.001
Estimated GFR, ml·min·1.73m−2* 92.3 (26.3) 91.7 (26.7) 93.2 (29.6) 94.9 (32.2) 96.6 (33.8) <0.001
Hemoglobin, g/dl* 13.1 (2.0) 13.0 (2.0) 12.8 (2.1) 12.6 (2.1) 12.3 (2.1) <0.001
Intraoperative erythrocyte 

 transfusions, ml†
0 (0 to 0) 0 (0 to 0) 0 (0 to 0) 0 (0 to 320) 0 (0 to 690) <0.001

Estimated blood loss, ml† 200 (80  
to 350)

250 (100  
to 550)

250 (100  
to 600)

300 (100  
to 700)

400 (163  
to 1,000)

<0.001

P values for continuous data computed by ANOVA. P values for frequency data computed by chi-square test.
* Mean (SD). † Median (first to third quarter).
ASA = American Society of Anesthesiologists; GFR = glomerular filtration rate; MAP = mean arterial pressure.

Table 2. Adjusted Odds Ratios for Acute Kidney Injury, Myocardial Injury, and Cardiac Complications for 
Intraoperative Time Spent with a MAP <55 mmHg

Time MAP <55  
mmHg (min)

Adjusted Odds Ratio (95% CI)

Acute Kidney Injury Myocardial Injury Cardiac Complication 30-day Mortality

0 Referent
1–5 1.18 (1.06–1.31) 1.30 (1.06–1.58) 1.35 (1.15–1.58) 1.16 (0.91–1.46)
6–10 1.19 (1.03–1.39) 1.47 (1.13–1.93) 1.46 (1.17–1.83) 1.16 (0.84–1.60)
11–20 1.32 (1.11–1.56) 1.79 (1.33–2.39) 1.50 (1.16–1.94) 1.26 (0.89–1.80)
>20 1.51 (1.24–1.84) 1.82 (1.31–2.55) 1.95 (1.46–2.60) 1.79 (1.21–2.65)

Estimates adjusted for patient age, sex, Charlson comorbidity index, emergency procedure status, type of surgery, preoperative hemo-
globin, decrement in hemoglobin concentration, estimated blood loss, and volume of erythrocyte transfusions.
MAP = mean arterial pressure.
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study and it was therefore likely underpowered to show an 
association between a low intraoperative MAP and death at 
1 yr. Another study found that periods of clinically signifi-
cant hypotension corresponding to a systolic blood pressure 
less than 90 mmHg requiring treatment were a strong deter-
minant of postoperative death; however, this study did not 
assess the association between hypotension and myocardial 
injury or hypotension and AKI.7 Our study extends previ-
ous work and informs the degree and duration of low MAP 
that is clinically important and suggests that hypotension is 
independent of other risk factors in a diverse cohort of non-
cardiac surgical patients. Furthermore, our cohort is among 
the largest and therefore capable of detecting modest effects 
of low blood pressure on clinical events that occur close to 
the time of surgery.

Most studies examining risk factors for postoperative com-
plications such as myocardial events and AKI concentrate on 

preoperative morbidity. Although preoperative patient char-
acteristics allow us to appropriately stratify the risk of myo-
cardial events and AKI, they provide few risk factors that are 
potentially modifiable. Intraoperative and early postopera-
tive risk factors may improve risk stratification and provide 
important therapeutic targets. By understanding at what 
level of MAP ischemia–reperfusion injury becomes likely, it 
is possible to focus interventions on patients most likely to 
benefit. This is a promising target for intervention as shown 
in small trials of hemodynamic optimization.8

Our study has several notable strengths. We used elec-
tronically recorded blood pressures which were available 
on a minute-by-minute basis in 14,828 patients and 
every 2–5 min in the remaining patients. These detailed 
records allowed us to characterize intraoperative hemo-
dynamics in considerable detail. Our large sample size 
provided sufficient statistical power to fit a stable model 

Table 3. Comparison of Results for Primary Analysis of Acute Kidney Injury Outcome Compared with Sensitivity 
Analyses

Time Mean Arterial Pressure <55 mmHg (min)

0 1–5 6–10 11–20 >20

Primary Referent 1.18 (1.06–1.31) 1.19 (1.03–1.39) 1.32 (1.11–1.56) 1.51 (1.24–1.84)
AKI within 3 d Referent 1.15 (1.02–1.29) 1.15 (1.00–1.35) 1.30 (1.09–1.56) 1.45 (1.17–1.80)
Severe AKI Referent 1.05 (0.77–1.50) 1.70 (1.16–2.63) 1.20 (0.70–2.11) 1.31 (0.72–2.37)
Adjusted for RSI Referent 1.12 (1.01–1.25) 1.13 (1.00–1.32) 1.23 (1.04–1.46) 1.36 (1.12–1.66)
Adjusted for preoperative 

systolic blood pressure
Referent 1.19 (1.07–1.33) 1.17 (1.00–1.38) 1.30 (1.10–1.56) 1.55 (1.26–1.91)

Adjusted for case duration Referent 1.11 (1.00–1.24) 1.12 (0.97–1.30) 1.22 (1.03–1.45) 1.33 (1.09–1.62)
Multiple imputation of missing 

covariates
Referent 1.24 (1.12–1.37) 1.25 (1.09–1.45) 1.38 (1.18–1.63) 1.58 (1.31–1.91)

Most recent surgery only Referent 1.10 (0.99–1.26) 1.07 (0.90–1.29) 1.36 (1.10–1.68) 1.33 (1.03–1.71)

All models are adjusted for patient age, sex, preoperative hemoglobin, Charlson Comorbidity score (except RSI model), preoperative 
hemoglobin, estimated blood loss, transfusions, emergency surgery, and type of surgery.
AKI = acute kidney injury; RSI = risk stratification index.

Table 4. Comparison of Results for Primary Analysis of Myocardial Injury Outcome Compared with Sensitivity 
Analyses

Time Mean Arterial Pressure <55 mmHg (min)

0 1–5 6–10 11–20 >20

Primary Referent 1.30 (1.06–1.58) 1.47 (1.13–1.93) 1.79 (1.34–2.39) 1.82 (1.31–2.55)
Restricted to patients with troponin 

T measured (n = 4,533)
Referent 0.99 (0.80–1.20) 1.12 (0.84–1.50) 1.32 (1.00–1.79) 1.35 (0.99–1.90)

Adjusted for RSI Referent 1.21 (0.99–1.48) 1.35 (1.03–1.78) 1.60 (1.22–2.10) 1.67 (1.23–2.25)
Adjusted for preoperative systolic 

blood pressure
Referent 1.15 (0.95–1.43) 1.26 (0.96–1.70) 1.54 (1.15–2.08) 1.56 (1.11–2.17)

Adjusted for case duration Referent 1.27 (1.05–1.53) 1.44 (1.12–1.86) 1.72 (1.30–2.26) 1.89 (1.39–2.58)
Multiple imputation of missing 

covariates
Referent 1.31 (1.10–1.57) 1.48 (1.16–1.89) 1.85 (1.42–2.40) 2.03 (1.51–2.72)

Most recent surgery only Referent 1.21 (0.97–1.52) 1.05 (0.75–1.47) 1.51 (1.08–2.13) 1.58 (1.07–2.32)

All models are adjusted for patient age, sex, preoperative hemoglobin, Charlson Comorbidity score (except RSI model), preoperative 
hemoglobin, estimated blood loss, transfusions, emergency surgery, and type of surgery.
RSI = risk stratification index.
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despite numerous covariates, and thus detect even mod-
erate associations between intraoperative blood pressures 
and AKI and myocardial injury. Our sample included a 
broad spectrum of patients in terms of surgical types and 
comorbidities, thereby making our findings generalizable. 
And finally, our results were consistent across numerous 
sensitivity analyses testing important assumptions related 
to our primary analysis.

An important limitation of our analysis is that observed 
associations could result from residual confounding. For 
example, we were not able to incorporate perioperative 
medication effects such as angiotensin-converting enzyme 
inhibitors or angiotensin-receptor antagonists which may 
be important in the pathogenesis of both intraoperative 
hypotension and AKI.25,26 Although the observed associa-
tion may not be causal, and the treatments used for low 
MAP may account for some of the observed associations, 
there is a strong biologic plausibility for the effect we saw 
and it was consistent across all analyses. The association 
between time spent with a MAP less than 55 mmHg and 
both AKI and myocardial injury were of moderate size. 
Although it is probable that residual confounding accounts 
for at least part of the observed associations, the fact that 
our findings were consistent across outcomes and sensitivity 
analyses suggests an underlying biologic effect. Our study 
was only from a single center, which may reduce the gen-
eralizability, although we would expect that a physiologic 
parameter like MAP should have consistent effects across 
centers. We also need to be cautious applying our findings 
to groups of patients and to outcomes not included in our 
study. As we excluded patients with abnormal renal func-
tion preoperatively and patients who did not have post-
operative serum creatinine measurements (and who were 
therefore likely healthier and/or underwent less compli-
cated procedures), our empiric definition of hypotension 
needs to be studied in these patients. Similarly, we lack 
data on stroke outcomes. Importantly, our results provide 
information on what the average tolerated MAP may be 
in patients having noncardiac surgery. Individuals tolerated 
limits will vary. But currently, there are not specific data 
indicating how thresholds may vary or that would allow 
clinicians to determine the threshold in a specific patient. 
Finally, we have not yet validated our finding in an inde-
pendent cohort.

In summary, we found that time spent with a MAP less 
than 55 mmHg during noncardiac surgery is independently 
associated with an increased risk of AKI and myocardial 
injury. Notably, any amount of time at a MAP less than 
55 mmHg was associated with adverse outcomes. Further 
research is required to determine whether interventions to 
prevent and rapidly treat intraoperative hypotension amelio-
rate the risk of AKI and myocardial injury in patients having 
noncardiac surgery.
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A LTHOUGH the relationship between mean blood 
pressure and organ damage or death1–4 is well estab-

lished, there is also some evidence for a relationship between 
blood pressure variability and death or organ damage.1,2,5–7 
For example, in a study of approximately 9,000 ambulatory 
patients, Hansen et al.8 found that higher 24-h variability 
in systolic blood pressure (SBP) was significantly associated 
with long-term mortality and cardiovascular events after 
adjusting for mean blood pressure although including it did 
not substantially change predicted values for mortality. Con-
trol of variability in blood pressure is also thought to reduce 
morbidity or mortality, leading some investigators to suggest 
that longer-acting perioperative antihypertensive drugs may 
be preferable to shorter-acting drugs.7,9

A correlation between mean blood pressure and sub-
sequent cardiovascular events has been observed in medi-
cal7 and surgical10,11 patients. In addition, recent studies 
have found that intraoperative excursions in SBP outside 
of a targeted range (measured by magnitude × duration, 
i.e., area under the curve) were associated with 30-day 
mortality in cardiac surgery patients.12,13 However, such 
hypotensive and hypertensive indices measure the average 
level of the blood pressure rather than reading-to-reading 
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ABSTRACT

Background: Little is known about the relationship between intraoperative blood pressure variability and mortality after non-
cardiac surgery. Therefore, the authors tested the hypothesis that blood pressure variability, independent from absolute blood 
pressure, is associated with increased 30-day mortality.
Methods: Baseline and intraoperative variables plus 30-day mortality were obtained for 104,401 adults having noncardiac 
surgery lasting 60 min or longer. In confounder-adjusted models, the authors evaluated the associations between 30-day mor-
tality and both time-weighted average intraoperative mean arterial pressure (TWA-MAP) and measures of intraoperative MAP 
variability—including generalized average real variability of MAP (ARV-MAP) and SD of MAP (SD-MAP).
Results: Mean ± SD TWA-MAP was 84 ± 10 mmHg, and ARV-MAP was 2.5 ± 1.3 mmHg/min. TWA-MAP was strongly 
related to 30-day mortality, which more than tripled as TWA-MAP decreased from 80 to 50 mmHg. ARV-MAP was only 
marginally related to 30-day mortality (P = 0.033) after adjusting for TWA-MAP. Compared with median ARV-MAP, odds 
ratio (95% CI) for 30-day mortality was 1.14 (1.03 to 1.25) for low ARV-MAP (first quartile) and 0.94 (0.88 to 0.99) for high 
ARV-MAP (third quartile). Odds of 30-day mortality decreased as five-level categorized ARV-MAP increased (0.92; 0.87 to 
0.99 for one category increase; P = 0.015). Secondarily, cumulative duration of MAP less than 50, 55, 60, 70, and 80 mmHg 
was associated with increased odds of 30-day mortality (all P < 0.001).
Conclusion: Although lower mean arterial pressure is strongly associated with mortality, lower intraoperative blood pres-
sure variability per se is only mildly associated with postoperative mortality after noncardiac surgery. (ANESTHESIOLOGY  
2015; 123:79-91)
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Blood Pressure Variability and 30-day Mortality

variability. The relationship between blood pressure vari-
ability per se (distinct from mean blood pressure) and 
mortality remains unclear in noncardiac surgical patients. 
In fact, some intraoperative variability may indicate 
healthy autonomic control. A constant blood pressure, 
either very high or very low, might indicate issues with 
perfusion of the patient, important fluid imbalances, or 
other problems.

We therefore tested the hypothesis that patient vari-
ability in mean arterial pressure (MAP), independent of 
time-weighted average MAP (TWA-MAP) and other con-
founding variables, is associated with 30-day postoperative 
mortality in patients having noncardiac surgery.

Materials and Methods
With institutional review board approval (Cleveland Clinic 
Institutional Review Board, Cleveland, Ohio), we extracted 
data on 140,312 adult patients with noncardiac surgery and 
American Society of Anesthesiologists physical status (ASA-
PS) less than 5 between January 2005 and December 2012 
from the Cleveland Clinic Perioperative Health Documenta-
tion System, which is an electronic medical record–based reg-
istry that pulls and merges data from various Cleveland Clinic 
electronic databases including EPIC (Epic Systems Corpora-
tion, USA), the anesthesia automated record keeping system 
(Talis Clinical, Inc., USA), billing data, laboratory data, phar-
macy data, and others. Data are regularly scrutinized using 
range checks, cross-variable and table checks, and other data 
quality programs to assure good quality data for research.

Vital status was updated as of December 31, 2012. Only 
the longest lasting surgery was considered for patients who 
had more than one operation. Patients were excluded if 
their surgery duration (induction to emergence) was less 
than 60 min or missing baseline variables. We also excluded 
patients with inadequate information on blood pressure 
readings (periods of artifacts/unavailable data of >10 min 
or <6 measurements per hour). Thus, a total of 104,401 
patients were included in the study.

Artifact Algorithm for Blood Pressure Measurements
Mean arterial pressure data from our monitors are stored in 
our automated record keeping system, in which MAP was 
recorded at 1-min intervals for patients with an arterial cath-
eter and every 1 to 5 min for those with noninvasive blood 
pressure monitoring. Because electronic anesthesia records 
are known to contain considerable artifact, we removed arti-
facts using the following rules, in order: (1) blood pressure 
readings documented as artifacts; (2) out of range: values—if 
(a) SBP 300 mmHg or greater or SBP 20 mmHg or less, 
(b) SBP ≤ diastolic blood pressure (DBP) + 5 mmHg, or 
(c) DBP 5 mmHg or less or DBP 225 mmHg or more; and 
(3) abrupt change, defined as SBP change 80 mmHg or 
greater from last reading within 1 min in either direction, 
or abrupt SBP change 40 mmHg or greater within 1 min in 
both directions.

Blood Pressure Variability
There is no definitive standard for evaluating blood pressure 
variability although within-patient SD is most commonly 
used.5,14 Hansen et al.8 proposed an index of short-term 
reading-to-reading blood pressure variation called average 
real variability (ARV), calculated by the following formula 
(sum of the product of time between measurements and 
absolute change divided by total time):

 
ARV BP BP= 1 +1=1

1

t
t k kk

N

∑ ∑ −−
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where N is the number of blood pressure (BP) readings and t is 
the time interval between each set of readings, BPk and BPk+1.

Hansen et al. showed that the ARV more reliably estimates 
variability for time-series data than the SD. But a limitation 
is that Hansen’s approach is only valid for equally distant 
blood pressure readings. For pressures at unequal intervals, 
this index overestimates the variability of steep changes. For 
example, consider five consecutive MAP readings of 50, 60, 
70, 60, and 50 at 1-min intervals so that:
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Now consider the same patient, but with data recorded at 
1, 3, 4, and 5 min, so
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or 50% more variability compared with the same patient 
with blood pressure recorded each minute.

To avoid incorrect estimates resulting from unequal mea-
surement periods, we propose (and use) a better ARV index, 
generalized ARV, which does not require equally distant 
data. We calculate it simply as the sum of the absolute value 
of all changes across measurements divided by total time:

Generalized ARV BP BP mmHg min /= −+=

−∑1
11

1

T k kk

N  
 (2)

where T is the total time from first to last BP reading (equiva-
lent to t∑  in equation 1). In our example, generalized ARV is 
the same for both sets of the above data, demonstrating that the 
new measure is robust to varying distances between readings:

Generalized
ARV

 =
− + − + − + −

+ + +

= =

60 50 70 60 60 70 50 60
1 1 1 1

40
4

10,

Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.Downloaded From: http://anesthesiology.pubs.asahq.org/pdfaccess.ashx?url=/data/Journals/JASA/934156/ by John Vogel on 04/05/2016



Anesthesiology 2015; 123:79-91  Mascha et al.

PERIOPERATIVE MEDICINE

and

Generalized ARV =
− + − + −

+ +

= =

70 50 60 70 50 60
2 1 1

40
4

10.

The units for ARV-MAP are mmHg/min, so an ARV-
MAP of 1 would mean that the MAP changes (either up or 
down) on average approximately 1 mmHg between consecu-
tive minutes during the case for a given patient. Hereafter, 
we refer to our measure of variability (equation 2) as gener-
alized ARV, and when referring to its use with MAP data, 
generalized ARV–MAP.

Mena et al.15 proposed an earlier version of the ARV that was 
calculated as the sum of absolute differences divided by the num-
ber of readings minus 1 or ARV BP BP=

−
−+=

−∑1
1 11

1

N k kk

N . 
Although they found that it predicted cardiovascular events 
better than the SD index, the difficulty with this version of 
the ARV, as with the SD index (see next paragraph), is that 
it ignores the distance between the consecutive readings, and 
thus does not have a “change per minute” interpretation as 
does our generalized ARV.

For comparative purposes, we also report on the SD 
of MAP, or SD-MAP, as a measure of blood pressure vari-
ability. The difficulty with SD-MAP as a measure of vari-
ability is that it ignores the timing of the measurements. 
For example, SD-MAP for consecutive values of 60, 60, 
80, 80, and 80 mmHg and 80, 60, 80, 60, and 80 mmHg 
has the same SD although the latter is obviously more 
variable. Generalized ARV analysis gives a value of 5 for 
the first set and 20 for the second set and thus clearly 
better estimating variability for the time series than the 
SD. Although we report SD-MAP as a measure of vari-
ability to facilitate comparisons with previous work, we 
do not consider it an optimal estimate of variability in 
sequential data.

Finally, to give more weight to steep changes (slope), we 
also consider a squared version of the generalized ARV called 
ARVS, as follows:

 
Squared ARV

BP BP
 =

−
−

+

+
=

−∑1 1
2

1
1

1

T t t
k k

k k
k

N .
 

(3)

In our example, we have for the 1-min data

Squared
ARV

 =
− + − + − + −

+ + +
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100

2 2 2 2

,

and for the mixed distance data
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600
4

150
2 2 2

− + − + −
+ +

= = .

Because of the squared term, this ARV measure does not 
give the same result with equal and unequal data intervals. 
However, it does penalize large jumps and is thus a generally 
intuitive variability measure.

We a priori selected generalized ARV-MAP as our pri-
mary estimate of MAP variability, with SD-MAP and 
squared ARV-MAP as secondary indices.

As a measure of mean MAP across a case, we also calculated 
TWA-MAP for each patient’s surgery. We assess its interplay 
with the relationship between blood pressure variability mea-
sures and 30-day mortality. TWA-MAP was calculated as the 
area under the curve of the MAP measurements divided by total 
measurement time (note that the area under the curve alone is 
insufficient because it ignores total time). TWA-MAP is equal 
to the mean of all measurements when all data are equidistant 
and is more accurate than a simple mean when the readings 
are not all equidistant,16 as in most intraoperative data. TWA-
MAP is thus not an estimate of variability but rather a measure 
of patient severity or average level (see Discussion).

Statistical Analysis
We first assessed the relationship between categories (for 
display purposes) of generalized ARV-MAP and all baseline 
characteristics, medical history, and important surgical fac-
tors by using chi-square tests and ANOVA.

In our multivariable models, we adjusted for all confounding 
variables in table 1. We defined preexisting medical conditions 
used International Classification of Diseases, Ninth Revision 
(ICD-9) billing codes and included only those fulfilling at least 
one of the following (1) appeared in the patient “problem list” 
with a date preceding the date of surgery, (2) appeared in an 
ICD-9 list before the index surgery, or (3) were flagged as a 
chronic ICD-9 condition based on the Healthcare Cost and 
Utilization Project definitions.17 Because there were many types 
of surgical procedures, we characterized each procedure code 
into 1 of 244 clinically meaningful categories using the Agency 
for Healthcare Research and Quality’s Clinical Classifications 
Software for Services and Procedures. We then aggregated low-
frequency-event categories (N <5 death) into one group and 
used that as the reference group (a low-risk group). Pearson cor-
relation coefficient was used to assess the correlations among the 
three variability measures (generalized ARV, SD, and squared 
ARV) and TWA of MAP. Discrimination (ability to discrimi-
nate events from nonevents) of models was assessed with the 
c-statistic; several model diagnostics were assessed as well.

We used univariable and multivariable logistic regression 
models to assess the relationship between 30-day mortality 
and each of generalized ARV-MAP, SD-MAP, squared ARV, 
and TWA-MAP. We assessed the linearity of the relationship 
between each exposure and 30-day mortality using a restricted 
cubic spline function with three knots (located at 10th, 50th, 
and 90th percentiles).18 Because all relationships were non-
linear, we used continuous versions of each exposure with a 
restricted cubic spline function (three knots) as our primary 
analyses. A restricted cubic spline function was used to obtain 
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Table 1. Baseline Characteristics and Intraoperative Factors by Generalized Average Real Variability of MAP

Average Real Variability of MAP (mmHg/min)*

Potential Confounding Variables
≤1  

(n = 7,651)
1–2  

(n = 34,531)
2–3  

(n = 30,749)
3–4  

(n = 18,354)
>4  

(n = 13,202) P Value

Female (%) 53.3 55.6 51.6 51.4 54.8 <0.001
Age (yr) 47 ± 16 52 ± 19 57 ± 19 61 ± 14 66 ± 22 <0.001
Weight (kg) 82 ± 23 85 ± 25 86 ± 24 85 ± 24 82 ± 22 <0.001
White (%) 83.5 83.3 83.3 83.5 81.9 <0.001
Emergency (%) 1.9 3.0 4.7 5.9 7.7 <0.001
ASA physical status (%) <0.001
  1 18.0 8.6 3.3 1.5 0.6
  2 52.7 50.9 39.9 30.1 20.1
  3 26.4 36.7 48.8 57.1 64.0
  4 2.9 3.8 7.9 11.3 15.3
Use of arterial catheter (%) 0.6 8.5 37.5 61.2 74.5 <0.001
Medical history (%)
  Congestive heart failure 2.8 3.1 5.3 6.9 8.1 <0.001
  Valvular disease 2.9 3.4 4.5 5.7 7.3 <0.001
  Pulmonary circulation disease 0.7 0.9 1.6 1.8 2.2 <0.001
  Peripheral vascular disease 2.7 3.6 7.2 11.3 17.4 <0.001
  Hypertension 27.2 38.0 50.1 59.0 68.9 <0.001
  Paralysis 1.1 1.5 2.2 2.7 4.2 <0.001
  Other neurological disorders 3.5 4.7 6.4 6.9 8.5 <0.001
  Chronic pulmonary disease 10.1 11.5 13.2 15.5 18.5 <0.001
  Diabetes 9.9 12.9 17.3 20.6 23.1 <0.001
  Hypothyroidism 8.1 9.9 11.2 12.3 13.9 <0.001
  Renal failure 5.0 4.9 6.7 7.3 8.4 <0.001
  Liver disease 2.4 3.9 4.5 4.4 3.6 <0.001
  Lymphoma 1.3 1.3 1.5 1.6 1.7 <0.001
  Metastatic cancer 3.5 4.0 6.3 8.9 9.0 <0.001
  Solid tumor without metastasis 10.8 15.2 21.1 22.6 19.9 <0.001
  Rheumatoid arthritis/collagen 3.0 3.1 3.5 3.6 4.5 <0.001
  Coagulopathy 2.5 2.9 5.5 7.3 8.3 <0.001
  Weight loss 1.7 2.6 4.6 6.5 6.9 <0.001
  Fluid and electrolyte disorders 0.1 0.2 0.3 0.4 0.4 <0.001
  Chronic blood loss anemia 0.7 1.2 1.9 2.4 2.7 <0.001
  Deficiency anemia 2.5 2.6 3.2 3.3 3.6 <0.001
  Alcohol abuse 1.1 1.3 1.9 2.3 2.2 <0.001
  Drug abuse 1.0 0.9 1.0 1.0 1.1 0.34
  Psychoses 2.2 2.8 2.8 3.0 3.0 <0.001
  Depression 10.5 11.6 12.5 12.7 12.7 <0.001
  Hyperlipidemia 21.8 26.6 32.6 37.3 43.6 <0.001
  Coronary heart disease 5.9 7.9 13.8 19.6 27.2 <0.001
  Cardiac rhythms 5.7 7.6 11.6 14.2 17.2 <0.001
  Myocardial infarction 0.4 0.5 1.0 1.4 2.3 <0.001
  Transient ischemic attack 0.2 0.3 0.5 0.7 1.2 <0.001
  Seizure 0.1 0.1 0.2 0.2 0.2 0.027
  Stroke 0.1 0.2 0.6 1.0 2.8 <0.001
Top 10 surgical procedures (%) <0.001
  Other* 50.4 38.8 28.4 21.9 19.1
  Colorectal resection 1.0 3.9 5.2 5.6 5.4
  Arthroplasty knee 9.3 5.7 2.6 1.3 0.9
  Nephrectomy 0.8 2.1 4.6 6.2 3.3
  Spinal fusion 0.5 2.0 4.4 5.6 5.0
  Other OR upper GI therapeutic procedures 1.5 4.3 3.7 3.0 2.2
  Hysterectomy 1.9 4.4 3.6 2.3 2.0
  Laminectomy 2.7 3.2 3.0 2.8 2.4
  Hip replacement 2.8 3.3 2.7 2.4 2.7
  Incision and excision of CNS 0.3 1.5 3.1 3.7 4.3
  Surgical time (h) 2.4 [1.7, 4.4] 2.7 [1.9, 3.8] 3.0 [2, 4.4] 3.2 [2, 4.7] 2.8 [1.8, 4] <0.001

(Continued)
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a smoothed relationship between selected predictor variables 
and response; this is a useful technique when a relationship 
appears quite nonlinear (i.e., not a straight line). Results in our 
logistic regression model setting were then interpreted by (1) 
simply observing the resulting curve and also by (2) reporting 
odds ratios for the outcome comparing certain values of the 
predictor (e.g., generalized ARV-MAP) to a reference value.

We estimated odds ratios (95% CIs) from the spline mod-
els using the median of each exposure as the reference. In 
addition, we categorized the primary exposure of generalized 
ARV into five equal-distant groups (≤1, 1–2, 2–3, 3–4, and 
>4 mmHg/min) and used the lowest (≤1 mmHg/min) as the 
reference. A sensitivity analysis for the association between 
generalized ARV-MAP and 30-day mortality was conducted 
including only patients having minute-by-minute invasive 
blood pressure measurements. We further assessed the inter-
action between history of hypertension and the relationship 
between generalized ARV-MAP and 30-day mortality. 

We conducted secondary analyses to assess the rela-
tionship between 30-day mortality and amount of time 
MAP is sustained below certain thresholds, independent 
of minute-to-minute variations in MAP (i.e., adjusting 
for generalized ARV-MAP). These analyses help to under-
stand implications of the relationship between the overall 
mean (TWA-MAP) and 30-day mortality. Specifically, we 
assessed the relationship between 30-day mortality and 
minimum 10-min sustained MAP (i.e., the minimum 
MAP sustained continuously for ≥10 min) and cumulative 
time of MAP less than 50, 55, 60, 70, and 80 mmHg dur-
ing surgery using multivariable logistic regression models. 
We adjusted for generalized ARV-MAP and baseline con-
founding variables (as in primary analyses).

We used a significance level of 0.05 for main effects and 
0.10 for interaction effects. SAS software version 9.4 for 
Windows (SAS Institute, USA) was used for all statistical 
analyses and graphics.

Results
Among 104,401 patients included in the study (fig.  1), the 
overall incidence of 30-day mortality was 1.3% (1,348). The 

overall mean (± SD) of TWA-MAP was 84 ± 10 mmHg, gener-
alized ARV-MAP was 2.5 ± 1.3 mmHg/min, and SD-MAP was 
12.2 ± 4.3 mmHg. Arterial line was used in 33% of patients 
and noninvasive measurement in 66%, whereas 1% used both.

Table 1 shows the characteristics of patients as a function of 
generalized ARV-MAP category. Patients with higher general-
ized ARV-MAP were more likely to be older, to have higher 
ASA-PS, to be designated as emergency cases, to have had 
arterial catheters inserted, to have a history of serious chronic 
disease, and to have higher SD-MAP and TWA-MAP.

Time-weighted average of MAP was only weakly corre-
lated with variability measured by generalized ARV-MAP 

Exposure variables
  TWA-MAP, mmHg 79 ± 9 82 ± 10 84 ± 10 85 ± 10 87 ± 10 <0.001
  ARV-MAP, mmHg/min 0.8 ± 0.1 1.5 ± 0.3 2.5 ± 0.3 3.4 ± 0.3 5.0 ± 1.0 <0.001
  SD-MAP, mmHg/min 6.9 ± 2.5 10.4 ± 3.1 12.6 ± 3.6 14.0 ± 4.0 16.4 ± 4.5 <0.001
  Squared ARV-MAP, mmHg2/min 1.4 [1, 1.8] 5.1 [3.5,7.2] 14 [11, 19] 29 [23, 35] 55 [44, 72] <0.001

Data are presented as mean ± SD, median [25th, 75th percentiles], or %. P values from chi-square test or F test (ANOVA).
* The units for ARV-MAP are mmHg/min, so an ARV-MAP of 1 indicates that the MAP changes (either up or down) on average approximately 1 mmHg 
between consecutive minutes during the case for a given patient.
ARV-MAP = generalized average real variability of mean arterial pressure; ASA = American Society of Anesthesiologists; CNS = central nervous system;  
GI = gastrointestinal; MAP = mean arterial pressure; OR = operating room; TWA = time-weighted average.

Table 1. Continued

Average Real Variability of MAP (mmHg/min)*

Potential Confounding Variables
≤1  

(n = 7,651)
1–2  

(n = 34,531)
2–3  

(n = 30,749)
3–4  

(n = 18,354)
>4  

(n = 13,202) P Value

Fig. 1. Study population. Consort diagram showing study 
population. ASA = American Society of Anesthesiologists; 
BP = blood pressure.
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(Pearson correlation coefficient, 0.20; 95% CI, 0.19 to 0.21; 
P < 0.001) but moderately correlated with SD-MAP (0.41; 
0.40 to 0.42; P < 0.001). A weak correlation between gener-
alized ARV-MAP and TWA-MAP implies that variability as 
measured with ARV is fairly independent of a patient’s mean 
MAP during surgery. ARV-MAP was moderately-to-strongly 
correlated with SD-MAP (0.57; 0.567 to 0.574; P < 0.001) 
and highly correlated with squared ARV-MAP (0.92; 0.921 
to 0.923; P = 0.001).

Univariably, 30-day mortality increased steeply as the 
generalized ARV-MAP increased to 3 mmHg/min but 
thereafter increased only slowly (P < 0.001; fig. 2A); con-
versely, there was a slight U-shaped univariable relationship 
between the SD-MAP and 30-day mortality (P < 0.001; fig. 
2B); finally, 30-day mortality decreased steeply as the TWA 
of MAP increased up to approximately 80 mmHg and then 
slowly increased (P < 0.001; fig. 2C).

Multivariable Analyses
ARV–MAP. In a multivariable model using cubic splines, we 
found no interaction between generalized ARV-MAP and 
TWA-MAP on 30-day mortality (P = 0.36). Both continu-
ous ARV-MAP (P = 0.033) and continuous TWA-MAP  
(P  < 0.001) were independently associated with 30-day  
mortality (fig.  3). Compared with the univariable analysis, 
TWA-MAP had a similarly shaped but attenuated relation-
ship with mortality (fig. 3C). However, generalized ARV-
MAP (fig. 3A) was only weakly associated with mortality 

(nearly flat curve) after adjusting for covariates as well as 
TWA-MAP. A plot of odds ratios using the multivariable 
spline fit (from fig. 3) showed that an ARV-MAP of approxi-
mately 3.8 had the lowest risk of 30-day mortality (fig. 4A). 
A generalized ARV-MAP of 1 mmHg/min indicates that the 
MAP changes (either up or down) an average of 1 mmHg 
between consecutive minutes during the case for a given 
patient. The odds ratio (95% CI) at the 25th percentile for 
a 1-mmHg/min increase in generalized ARV-MAP versus the 
median ARV-MAP (2.3) was 1.14 (1.03 to 1.25, P = 0.01) 
and at the 75th percentile was 0.94 (0.88 to 0.99, P = 0.02) 
(table 2). The c-statistic for this model was 0.93, indicating 
very good discrimination. In contrast, odds ratios of mortality 
for SD of MAP had a more U-shaped relationship (fig. 4B).

Because the relationship between generalized ARV-MAP 
and mortality was nonlinear, we also assessed the multivari-
able association using evenly spaced categories of ARV-MAP 
and mortality. We observed a decreasing trend of mortality 
(P = 0.015, test for linear trend) from low to high general-
ized ARV-MAP category (0.30 to 0.21%). However, none of 
the categories of generalized ARV-MAP differed significantly 
from the reference (lowest) category in their relationship 
with 30-day mortality (table 2).

Sensitivity analyses using only patients who had minute-by-
minute invasive blood pressure measurements (N = 34,547) 
gave the same conclusions for the association between 30-day 
mortality and generalized ARV-MAP (both continuous and 
categorized ARV-MAP) as when using all data. Squared ARV 

Fig. 2. Univariable association between 30-day mortality and measures of mean arterial pressure (MAP) variability and loca-
tion. Univariable association between 30-day mortality and (A) generalized average real variability (ARV) of MAP, (B) SD of MAP, 
and (C) time-weighted average (TWA) of MAP. Curves derived from univariable logistic regression smoothed by restricted cubic 
spline with 3 degrees of freedom and knots at 10th, 50th, and 90th percentiles of predictor. Shaded areas represent estimated 
95% point-wise CIs. Results: (A) 30-day mortality increases steeply with increasing ARV of MAP to approximately 3 mmHg/min 
and then more slowly; (B) SD of MAP has slight U-shaped relationship with 30-day mortality; and (C) 30-day mortality decreases 
steeply up to TWA of MAP of approximately 90 mmHg and then increases. See figure 3 for multivariable results—that is, the 
independent association of each factor with 30-day mortality.
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Fig. 3. Multivariable association between 30-day mortality and measures of mean arterial pressure (MAP) variability and location. 
Multivariable association between 30-day mortality and (A) generalized average real variability (ARV) of MAP, (B) SD of MAP, and 
(C) time-weighted average (TWA) of MAP. (A and B) Mild multivariable relationship between 30-day mortality and both general-
ized ARV of MAP and SD of MAP. (C) Estimated 30-day mortality decreases steeply up to TWA of MAP approximately 85 mmHg 
and then flattens. Estimated 30-day mortality curves derived from multivariable logistic regression smoothed by restricted cubic 
spline with 3 degrees of freedom and knots at 10th, 50th, and 90th percentiles of given variable. A and C are from the same 
model; B is from a separate multivariable model (with TWA-MAP relationship similar to C). Both models adjusted for all variables 
in table 1. Shaded areas represent estimated 95% point-wise CIs.

Fig. 4. Multivariable odds ratios for relationship between 30-day mortality and mean arterial pressure (MAP) variability measures. 
Spline plot of odds ratios from separate multivariable logistic regression models for generalized average real variability (ARV) of 
MAP (A) and SD of MAP (B). The reference category for each odds ratio is the median value of the respective variability measure. 
Dashed lines represent estimated 95% point-wise CIs. There is no variability (and hence no CI) at the median, where odds ratio = 1.0. 
Whereas odds ratios for the relationship between SD-MAP and mortality are symmetric around the median, odds ratios for ARV-MAP 
remain flat above the median because predicted mortality did not increase for higher ARV-MAP.
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also gave the same conclusions. A sensitivity analysis to the 
primary results including only the subset of patients (58% of 
the total sample) for whom history of cardiovascular medica-
tions was available (and thus adjusted for as confounding fac-
tors) gave very similar results (appendix 1 and table 3), with 
no differences in trends or conclusions but a slightly stronger 
relationship between ARV-MAP and 30-day mortality. Finally, 
using Hansen’s version of the ARV-MAP, shown above only to 
be intuitive for equally spaced data, we found a similarly shaped 
relationship between ARV-MAP and 30-day mortality (overall 
P value of 0.004); however, odds ratios were weaker, and no 
difference was found between high ARV and the median.
SD-MAP. In a separate multivariable model, both continu-
ous SD-MAP (P < 0.001) and continuous TWA-MAP  
(P < 0.001) were independently associated with 30-day 
mortality. The interaction between SD-MAP and TWA-
MAP was significant using three knots (P = 0.026) but not 
using 4 or 5 (P > 0.10), so only the main effects model is 
reported. As in the univariable model, a U-shaped multi-
variable relationship between SD-MAP and mortality was 
found (fig. 3B). However, the relationship between SD-
MAP and mortality was small compared with TWA-MAP 
(fig. 3C). The odds ratio (95% CI) of the 25th percentile 

versus the median SD-MAP (reference) was 1.09 (1.03 to 
1.16, P = 0.006), and for the 75th percentile was 1.05 
(1.01 to 1.10, P = 0.033) (table 2).
MAP Thresholds. The confounder-adjusted relationship 
between minimum MAP sustained for 10 min or more 
and 30-day mortality was J-shaped with the low point 
at 75 mmHg (fig. 5A). Minimum MAPs greater than 75 
mmHg were associated with only slightly greater mortal-
ity. In contrast, the estimated odds of dying by 30 days was 
32% higher (95% CI, 25 to 39) for a 5-mmHg reduction 
in the minimum MAP value sustained for 10 min when 
that minimum was less than the median of 70 mmHg  
(P < 0.001; table 2). Corresponding odds ratios for a range 
of minimum MAP value sustained for 10 min compared 
with 70 mmHg are given in figure 5B. Finally, cumulative 
time of MAP less than 50, 55, 60, 70, or 80 mmHg was 
each associated with higher odds of 30-day mortality (all 
P < 0.001; table 2).

For the primary model of ARV-MAP and 30-day mor-
tality and other models, diagnostics in the form of DFBE-
TAs, Pearson residuals, and leverage statistics were good, 
and no issues were found (see details for primary model in 
appendix 2 and figs. 6 and 7).

Table 2. Multivariable Association between 30-day Mortality and Primary and Secondary Outcomes (N = 104,401)

Factors Units
Adjusted Odds Ratio  

(95% CI)* P Value*

ARV-MAP (mmHg/min)† 0.033
  25th (ARV = 1.6) −0.7 1.14 (1.03–1.25) 0.01
  Median (ARV = 2.3) 1.0 (reference)
  75th (ARV = 3.2) 0.9 0.94 (0.88–0.99) 0.018
Categorized ARV-MAP (mmHg/min) Death N (raw %/model %) 0.015‡
  ≤1 (N = 7,565) 35 (0.46/0.30) 1.0 (reference)
  1–2 (n = 34,531) 246 (0.71/0.26) 0.85 (0.57–1.26) 0.42
  2–3 (n = 30,315) 434 (1.4/0.24) 0.79 (0.53–1.17) 0.23
  3–4 (n = 18,026) 328 (1.8/0.21) 0.70 (0.47–1.06) 0.09
  >4 (n = 12,896) 306 (2.3/0.21) 0.69 (0.45–1.04) 0.08
SD-MAP (mmHg)† Units <0.001
  25th percentile −4.4 1.09 (1.03–1.16) 0.006
  Median 1.0 (reference)
  75th percentile 3.0 1.05 (1.01–1.10) 0.033

Secondary Analyses: MAP Exposures Units
Adjusted Odds Ratio  

(95% CI) P Value§

10-min sustained minimum MAP (mmHg)
  minimum MAP <70 5 mmHg 0.76 (0.72–0.80) <0.001
  minimum MAP ≥70 5 mmHg 1.02 (0.95–1.10) 0.59
Cumulative minutes of MAP <50 mmHg 10 min 1.23 (1.15–1.30) <0.001
Cumulative minutes of MAP <55 mmHg 10 min 1.13 (1.09–1.17) <0.001
Cumulative minutes of MAP <60 mmHg 10 min 1.09 (1.07–1.11) <0.001
Cumulative minutes of MAP <70 mmHg 10 min 1.04 (1.03–1.05) <0.001
Cumulative minutes of MAP <80 mmHg 10 min 1.02 (1.01–1.03) <0.001

Units of comparison to the median vary between the 25th and 75th percentiles for both ARV-MAP and SD-MAP because the relationships with mortality 
are nonlinear.
* Multivariable logistic regressions adjusting for all baseline factors in table 1 (including 54 CCS categories), surgery duration, and TWA-MAP; † ARV-MAP is 
the sum of absolute changes in MAP divided by total time; ‡ P = 0.015 test for linear trend of ordered categories of ARV-MAP vs. mortality, P = 0.16 for nomi-
nal categories; § Individual logistic regressions adjusting for all baseline factors in table 1 (including 54 CCS categories), surgery duration, and ARV-MAP.
ARV = average real variability; CCS = Clinical Classifications Software for Services and Procedures (part of Healthcare Cost and Utilization Project [HCUP]); 
MAP = mean arterial pressure; TWA = time-weighted average.

Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.Downloaded From: http://anesthesiology.pubs.asahq.org/pdfaccess.ashx?url=/data/Journals/JASA/934156/ by John Vogel on 04/05/2016



Anesthesiology 2015; 123:79-91  Mascha et al.

PERIOPERATIVE MEDICINE

Discussion
Mean arterial pressure variability, measured as the sum of consec-
utive jumps or drops across a surgery (generalized ARV-MAP), 
was independently associated with 30-day mortality, consistent 
with our hypothesis.8 TWA-MAP was also independently asso-
ciated with 30-day mortality, consistent with that reported in 
previous literature.19 However, the relationship between mean 
MAP and mortality was much stronger than that for variability 
and mortality. Interestingly, the relationship between MAP vari-
ability and 30-day mortality did not depend on TWA of MAP in 
any substantial way, such that low variability was weakly associ-
ated with higher mortality regardless of the patient’s mean MAP 
for the case. Likewise, TWA of MAP was independently associ-
ated with 30-day mortality irrespective of the level of variability.

Several studies have shown that low heart rate variability is 
a marker of autonomic dysfunction among patients with con-
gestive heart failure20 or recovering from a myocardial infarc-
tion,21 as well as among patients without clinical evidence 
of heart disease.22 Because physiological parameters such as 
blood pressure and heart rate are autonomic functions, it is 
possible that decreased variability in blood pressure may be 
associated with increased mortality and cardiovascular events 
due to autonomic dysfunction as seen with heart rate. We also 
saw that blood pressure variability was moderately correlated 
with TWA-MAP. It thus follows that patients with low TWA-
MAP are more likely to have lower variability of MAP, and 
so the higher mortality for those patients with low variability 
may reflect the lower mean blood pressure.

Our work differs from previous literature in that we dis-
tinguish and isolate blood pressure variability from blood 
pressure per se. For example, Aronson et al.12 found that mean 

duration of systolic excursion (outside a range of 105–130 
mmHg) was weakly associated with 30-day mortality and 
referred to this exposure as “variability.” However, this is not 
actually a measure of variability but rather of mean pressure. 
For example, a patient could spend much time with systolic 
pressure less than 105 mmHg and yet have low variability 
because all measurements were similar. In other studies, 
duration of intraoperative hypotension was not associated 
with mortality23 or stroke24,25 under various definitions, but 
such durations measure extreme values and not specifically 
the measure-to-measure variability we were interested in. We 
thus focused on pure measures of variability, that is, those 
directly assessing changes in consecutive measurements over 
time, independent of the mean. We adjusted for the mean 
blood pressure in all models (e.g., Hansen et al.8 adjusted for 
24-h blood pressure in their “full” model) as well as a host of 
other baseline confounding variables, allowing an assessment 
of the independent contribution of variability per se.

Anesthesiologists consider mean, systolic, and diastolic 
pressures—and each provides valuable information. How-
ever, diastolic and especially systolic pressures are subject to 
considerable distortion depending on vasomotor status, mea-
surement site, and general anesthesia.26,27 In contrast, MAP 
generally very nearly equals aortic pressure over a wide variety 
of clinical conditions and with both oscillometric and radial 
artery measurements. As might thus be expected, our results 
were essentially unchanged when analysis was restricted to 
radial arterial pressures.

There is no recognized standard for measuring blood pres-
sure variability. We considered three measures of mean arte-
rial pressure variability, and our conclusions did not differ 

Fig. 5. Multivariable association between minimum 10-min sustained mean arterial pressure (MAP) and 30-day mortality.  
(A) Spline plot of multivariable probability of 30-day mortality as function of 10-min sustained MAP. (B) Spline plot of multivariable 
odds ratios (Y-axis) for relationship between minimum 10-min sustained MAP and 30-day mortality. The reference category for 
each odds ratio is the median value of the predictor (70 mmHg). There is no variability (and hence no CI) at the median, where 
odds ratio = 1.0. Curves derived from multivariable logistic regression smoothed by restricted cubic spline with 3 degrees of 
freedom using 10th, 50th, and 90th percentiles of minimum 10-min sustained MAP as knots.
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markedly across the approaches. However, ARV seems pref-
erable to the commonly used SD because it measures con-
secutive changes in blood pressure, whereas the SD ignores 
timing of the measurements.8 We enhance this approach by 
proposing a generalized version of ARV that remains valid 
when measurements are recorded at nonequidistant times—
as is typical in clinical practice. We also considered a squared 
version of the ARV to give more weight to more steep jumps 
but found little difference compared with generalized ARV 
in the relationship with 30-day mortality. Our generalized 
ARV thus appears to provide a good estimate of intraopera-
tive variability in blood pressure.

Walsh et al.19 identified 55 mmHg as a number below 
which the odds of acute kidney injury and myocardial infarc-
tion begin to noticeably increase, with the target of 55 mmHg 
based on the apparently univariable relationship between mini-
mum MAP (single MAP value per patient) and outcome. Our 
results on MAP should not be directly compared with those of 
Walsh et al. for several reasons, but mainly because we focused 
on 30-day mortality, whereas they focused on acute kidney 
injury and myocardial infarction. We observed a U-shaped 
relationship between TWA-MAP and mortality, such that the 
odds of mortality decreased as TWA-MAP increased from 40 
up to approximately 85 mmHg and then increased for TWA-
MAP greater than 85 mmHg. We also found positive relation-
ships between mortality and cumulative minutes of MAP less 
than 50, 55, 60, 70, and 80 mmHg, such that longer exposure 
was worse for each threshold. Finally, we found that decreasing 
the minimum value of MAP that was sustained for more than 
10 min was associated with higher odds of mortality when that 
minimum was less than 70 mmHg, but no association when 
greater than 70 mmHg. Each of our analyses adjusted for MAP 
variability and a host of confounding variables and thus rep-
resents an estimate of the isolated contribution of MAP level.

In our multivariable modeling of the relationship between 
blood pressure variability and 30-day mortality, we adjusted 
for a host of baseline potentially confounding variables, 
including surgical procedure and a wide range of baseline 
comorbidities. Although we adjusted for numerous cardio-
vascular comorbidities, a limitation of our analysis is that we 
were not able to adjust for history of receiving cardiovascular 
drugs in the primary analysis due to current limitations of 
our database. However, adjusting for the reasons for being 
on the cardiovascular drugs (i.e., the comorbidities) may 
remove much or most of the confounding due to those drugs 
on the relationship between blood pressure variability and 
30-day mortality. In fact, we were able to verify that adding 
cardiovascular drugs in a subset of patients (58% of total) for 
which the information was available only minimally affected 
our results and did not change any conclusion (appendix 1).

Patients with higher MAP variability had higher levels of 
many baseline variables known to be risk factors for mortal-
ity. Our multivariable models thus included demographics, 
emergency surgery, medical history, use of an arterial cath-
eter, procedure, ASA-PS, and more. It would be challenging 

to randomly vary MAP, especially in the most interesting 
range (approximately <75 mmHg); and it probably would 
be even more challenging to control blood pressure variabil-
ity. An analysis of observational data is thus the best practi-
cal approach to the questions we addressed in this study. It 
remains possible that results would differ in other popula-
tions or surgical environments. In particular, the observed 
relative effects might well be clinically important if observed 
in settings with higher overall 30-day mortality because 
the absolute differences in mortality across levels of blood 
pressure variability would be higher. But given the overall 
limited association between blood pressure variability and 
mortality, it seems unlikely that blood pressure variability 
provides much additional predictive information.

In conclusion, MAP and mean pressure variability were non-
linearly related to 30-day mortality in our noncardiac surgery 
population. After adjusting for TWA-MAP and other impor-
tant covariables, low blood pressure variability was still associ-
ated with higher 30-day mortality, but the differences were not 
clinically important in our population. Anesthesiologists might 
thus pay more attention to overall trends in the mean blood 
pressure for a case than in the minute-to-minute variation.

Appendix 1.
Subset Analysis of Patients for Whom 
Information on History of Cardiovascular 
Medications Was Available
Table 3 shows that when we adjusted for history of taking 
specific cardiovascular medications on the patients in whom 
this information was available (58% of total), results are 
almost identical to our primary analysis on all patients—
odds ratios are very similar and all conclusions are the same. 
We conclude that the primary analysis (table 2) did not 
include any noticeable bias due to data on cardiovascular 
medications not being available.

Table 3. Subset Analysis of Patients for Whom Information 
on History of Cardiovascular Medications Was Available 
(Multivariable Association between ARV-MAP* and 30-day 
Mortality; N = 60,616)

Factor Units
Adjusted Odds 
Ratio (95% CI)† P Value†

ARV-MAP (mmHg/min)† <0.001
  25th (ARV = 1.8) −0.7 1.18 (1.06–1.31) 0.002
  Median (ARV = 2.5) 1.0 (reference)
  75th (ARV = 3.4) 1.1 0.89 (0.83–0.95) <0.001

Interaction between AVR-MAP and TWA-MAP: P = 0.43 (no evidence of 
interaction). Test for linear trend in mortality for increasing generalized 
ARV-MAP category (levels not shown): P < 0.001; odds ratio, 0.87 (0.81–
0.95) for one category increase over quintiles of ARV-MAP.
* ARV-MAP is the generalized ARV of MAP (sum of absolute changes in 
MAP divided by total time). † Multivariable logistic regressions adjusting 
for all baseline factors in table 1 (including 55 CCS categories), surgery 
duration, and TWA-MAP.
ARV = average real variability; CCS = Clinical Classifications Software for 
Services and Procedures (part of Healthcare Cost and Utilization Project 
[HCUP]); MAP = mean arterial pressure; TWA = time-weighted average.
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Appendix 2.
Model Diagnostics for Primary Analysis 
Instability Diagnostics on the Regression 
Coefficients for Average Real Variability of 
Mean Arterial Pressure and Time-weighted 
Average of mean Arterial Pressure in the 
Primary Analysis Model 
For the primary analysis model assessing the association 
between generalized average real variability of mean arterial 
pressure (ARV-MAP) (see equation 2 in Materials and 
Methods), we report on observations that might cause 
instability in the parameter estimates using DFBETAs. The 

DFBETA diagnostic for an observation is the standardized 
difference in the parameter estimate due to deleting the 
observation and can be used to assess the effect of an 
individual observation on an estimated parameter of the 
fitted model. For small to medium datasets, values greater 
than 1 may be considered large. For larger datasets, a 
conservative calculation indicating large values of DFBETA 
is an absolute value > 2 / n  or 0.006 in our data.

Figure 6, A and B, reports DFBETA values for the lin-
ear and nonlinear spline terms for generalized ARV-MAP, 
respectively, whereas figure 6, C and D, reports the same 
statistics for time-weighted average mean arterial pressure. 
Figure 6, A–D, had 1.5, 1.6, 1.7, and 1.7% beyond the 

Fig. 6. Instability diagnostics on the regression coefficients for (A and B) generalized average real variability (ARV) of mean 
arterial pressure (MAP) and (C and D) time-weighted average (TWA) of MAP in the primary analysis model as measured by DF-
BETA. Results indicate that the model fit the data well because there is very little evidence of individual observations affecting 
parameter estimates for either ARV-MAP or TWA-MAP. Less than 2% of observations in each panel of the figure are beyond the 
recommended cutoff of DFBETA >0.006. 
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recommended cutoff point (i.e., DFBETA > 0.006), indicat-
ing that the model fit the data well with relatively very few 
values that might cause instability in the respective regres-
sion parameters.

Outlier and Extreme Data Point Diagnostics 
for Primary Analysis Model of ARV-MAP and 
30-day Mortality

Pearson Residuals
An outlier data value is traditionally defined as a response 
variable Y (here, 30-day mortality), for which the standard-
ized Pearson residual is greater than 2 in absolute value, 
shown in the figure with the horizontal line.

Leverage
A conservative definition for an extreme value for an inde-
pendent variable X (here, the parameter corresponding to 
the linear portion of the ARV-MAP spline function) for a 
large dataset is when the leverage calculation is greater than 
(2k + 2)/n, where k is the number of parameters in the model 
(k = 96). In our dataset, a leverage value greater than 0.0018 
suggests an extreme value, as shown in the figure by the verti-
cal line. However, experts report that leverage values are not 
very reliable when the predicted probability is less than 0.10 
as is the case for most of our data (Hosmer and Lemeshow27).

As displayed in figure 7, only approximately 1% 
of observations had a Pearson residual outside of ±2, 

indicating good model fit. Only 0.3% of data points were 
both outliers and with high leverage, as shown in the fig-
ure 7B and representing only 0.5% of observations. Figure 
7C (neither abnormal residual nor high leverage) contains 
90.2% of all observations. Figure 7A (high Pearson resid-
ual but normal leverage) had 0.3% and figure 7D (normal 
Pearson residual but abnormal leverage) had 8.8% of the 
data points, respectively.
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