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Background: Arterial pressure is a complex signal that can be character-
ized by systolic, mean, and diastolic components, along with pulse pressure 
(difference between systolic and diastolic pressures). The authors separately 
evaluated the strength of associations among intraoperative pressure compo-
nents with myocardial and kidney injury after noncardiac surgery.

Methods: The authors included 23,140 noncardiac surgery patients at 
Cleveland Clinic who had blood pressure recorded at 1-min intervals from radial 
arterial catheters. The authors used univariable smoothing and multivariable 
logistic regression to estimate probabilities of each outcome as function of 
patients’ lowest pressure for a cumulative 5 min for each component, comparing 
discriminative ability using C-statistics. The authors further assessed the asso-
ciation between outcomes and both area and minutes under derived thresholds 
corresponding to the beginning of increased risk for the average patient.

results: Out of 23,140 patients analyzed, myocardial injury occurred in 6.1% 
and acute kidney injury in 8.2%. Based on the lowest patient blood pressure expe-
rienced for greater than or equal to 5 min, estimated thresholds below which the 
odds of myocardial or kidney injury progressively increased (slope P < 0.001) were 
90 mmHg for systolic, 65 mmHg for mean, 50 mmHg for diastolic, and 35 mmHg 
for pulse pressure. Weak discriminative ability was noted between the pressure 
components, with univariable C-statistics ranging from 0.55 to 0.59. Area under 
the curve in the highest (deepest) quartile of exposure below the respective thresh-
olds had significantly higher odds of myocardial injury after noncardiac surgery 
and acute kidney injury compared to no exposure for systolic, mean, and pulse 
pressure (all P < 0.001), but not diastolic, after adjusting for confounding.

conclusions: Systolic, mean, and pulse pressure hypotension were com-
parable in their strength of association with myocardial and renal injury. In 
contrast, the relationship with diastolic pressure was poor. Baseline factors 
were much more strongly associated with myocardial and renal injury than 
intraoperative blood pressure, but pressure differs in being modifiable.
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Arterial pressure is a complex signal that is character-
ized by three primary components—systolic, diastolic, 

and mean pressure—along with a derived component, pulse 
pressure (systolic minus diastolic pressure). Each blood pres-
sure component reflects distinct hemodynamic variables, 
and therefore presumably differently influences perfusion 
of various organs. For instance, ventricular contractility 
and vascular resistance directly influences steady compo-
nents—systolic, diastolic and mean pressures—whereas 
ventricular ejection and vascular compliance affects pulse 
pressure curve variations. Narrow pulse pressure is also 
thought to indicate reduced cardiac output and increased 
peripheral resistance.1

editor’S PerSPective

What We Already Know about This Topic

• Arterial pressure is a complex signal that is characterized by three 
primary components — systolic, diastolic, and mean pressure, 
along with a derived component, pulse pressure (systolic minus 
diastolic pressure)

• Each blood pressure component reflects distinct hemodynamic variables, 
and therefore presumably differently influences perfusion of various organs

• Previous work identifies associations between intraoperative sys-
tolic and mean hypotension with myocardial and kidney injury

What This Article Tells us That Is New

• For each blood pressure component, the authors report significant 
and clinically meaningful associations between the lowest pres-
sure sustained for 5 min and myocardial and kidney injury

• Absolute population risk thresholds were similar for myocardial and 
kidney injury, being roughly 90 mmHg for systolic, 65 mmHg for 
mean, 50 mmHg for diastolic, and 35 mmHg for pulse pressures

• The odds for myocardial and kidney injury progressively increased 
with duration and severity of hypotension below each threshold, 
even after adjusting for potential baseline confounding factors
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Previous work identifies associations between intraop-
erative systolic and mean hypotension with myocardial and 
kidney injury..2–7 But diastolic pressure is an important deter-
minant of myocardial perfusion, at least in noncardiac settings, 
and may also be important in surgical patients.8,9 Research on 
perioperative pulse pressure remains scarce, although elevated 
pulse pressure is reported to be associated with poor cardio-
vascular outcomes independent of hypertension..10,11 Which 
perioperative blood pressure component(s) are most related 
to critical organ perfusion remains unknown and there is no 
consensus about which blood pressure component should 
be targeted in surgical patients. Perhaps consequently, most 
studies of perioperative blood pressure have been based on 
essentially arbitrarily selected components.

Complex, time-varying biologic signals are often best 
characterized by their central tendency, explaining why 
we2,3,12–14 and others4,6,15–23 used the mean to evaluate rela-
tionships between blood pressure and outcomes such as 
myocardial and kidney injury. While using the mean is a 
reasonable mathematical approach, blood pressure presents 
a special challenge in being characterized by systolic, mean, 
and diastolic components, along with pulse pressure which 
is a measure of signal excursion. There was thus no a priori 
reason to believe that any one component would be espe-
cially predictive for myocardial or kidney injury. But if one 
were clearly superior, it would presumably become the basis 
of future pressure-directed trials.

Which blood pressure component is chosen matters 
because some may better predict organ injury than oth-
ers, and of course harm thresholds will differ for each. We 
therefore evaluated associations of intraoperative systolic, 
mean, diastolic, and pulse pressure with myocardial and 
kidney injury. Specifically, we sought to determine which 
components were most strongly associated with each of 
myocardial and renal injury after noncardiac surgery.

Materials and Methods
We conducted a post hoc re-analysis of a large single-center ret-
rospective cohort.2 Exposures and outcomes were defined a 
priori. The statistical plan for the current analysis was approved 
December 4, 2017 by our institutional review board (No. 
17-1627; Cleveland, Ohio) before data were accessed for 
this analysis. We restricted analysis to patients who had blood 
pressure recorded from a radial artery catheter.

With institutional review board approval (No. 14-418) 
and waived consent, the original study2 included 57,315 
adult patients who had noncardiac surgery between January 
6, 2005 to March 1, 2014 at the Cleveland Clinic’s main 
campus, with pre- and postoperative creatinine value within 
7 days of surgery, and baseline blood pressure recorded in 
preanesthetic clinic or appointment visits within 6 months 
before surgery.

Patients were excluded if they had urologic procedures 
(including relief of urinary obstruction, nephrectomy, or 
renal transplantation), chronic kidney disease (defined as 
30-day preoperative estimated glomerular filtration rate 
of less than 60 ml · min−1 · 1.73 m−2, calculated using the 
Cockcroft–Gault equation; preoperative serum creatinine 
was extracted from the most recent available preoperative 
visit), or required preoperative dialysis. Finally, patients who 
had anesthesia lasting less than 60 min, missing baseline vari-
ables, or invalid or unavailable intraoperative blood pressure 
data for more than 10 consecutive min were excluded.

The original study2 demonstrated comparable associ-
ations between intraoperative absolute and relative mean 
pressure hypotension with postoperative myocardial and 
kidney injury. The main outcome was that patients who had 
postoperative myocardial and kidney injuries had higher 
area under various thresholds and more minutes below 
absolute thresholds.

blood Pressure Components and Artifact removing 
Algorithm

We restricted our analysis to invasive pressures because 
oscillometrically determined systolic and diastolic pres-
sures are indirect measurements calculated from the mean 
pressures using various proprietary algorithms which 
may not be reliable.24,25 Intraoperative mean arterial 
pressures (MAPs) recorded in the Perioperative Health 
Documentation System cannot be modified by clinicians, 
but can be identified as artifacts. As in previous studies, we 
removed artifacts using the following rules, in order: (1) 
blood pressures documented as artifacts; (2) pressures out-
of-range defined by systolic greater than or equal to 300 or 
less than or equal to 20 mmHg, systolic less than or equal 
to diastolic plus 5 mmHg, or diastolic less than or equal to 
5 mmHg or diastolic greater than or equal to 225 mmHg; 
and (3) abrupt changes defined by systolic change greater 
than or equal to 80 mmHg within 1 min in either direc-
tion or greater than or equal to 40 mmHg within 2 min in 
either direction.2

Baseline blood pressure components were calculated 
for each patient as the average of all measurements in the 
6 months before surgery. Anesthesia time was defined as 
the interval between induction and emergence. Induction 
was defined by injection of the induction medications, and 
emergence as the period from when minimum alveolar 
concentration fraction decreased to 0.3 toward the end of 
the procedure until patients left the operating room.
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table 1. Patient baseline and Intraoperative Characteristics by Postoperative MINS and AKI

Factors
MinS  

(n = 1,411)
non-MinS  

(n = 21,729) P value*
aKi  

(n = 1892)
non-aKi  

(n=21,248) P value*

Female (%) 529 (37) 10,595 (49) < 0.001 618 (33) 10,506 (49) < 0.001
race (%)   0.976   < 0.001
 White 1,232 (87) 19,005 (87)  1,593 (84) 18,644 (88)  
 black 160 (11) 2,444 (11)  271 (14) 2,333 (11)  
 Other 19 (1) 280 (1)  28 (1) 271 (1)  
Age (yr) 67 ± 13 59 ± 15 < 0.001 63 ± 14 59 ± 15 < 0.001
Emergency (%) 236 (17) 1,040 (5) < 0.001 249 (13) 1,027 (5) < 0.001
ASA Physical Status (%)   < 0.001   < 0.001
 I 5 (0) 191 (1)  1 (0) 195 (1)  
 II 111 (8) 5,201 (24)  201 (11) 5,111 (24)  
 III 801 (57) 13,655 (63)  1,105 (58) 13,351 (63)  
 IV 478 (34) 2,653 (12)  571 (30) 2,560 (12)  
 V 16 (1) 29 (0)  14 (1) 31 (0)  
Previous medical history       
 Congestive heart failure 272 (19) 1,363 (6) < 0.001 261 (14) 1,374 (6) < 0.001
 Valvular disease 161 (11) 1,229 (6) < 0.001 173 (9) 1,217 (6) < 0.001
 Pulmonary circulation disease 71 (5) 489 (2) < 0.001 84 (4) 476 (2) < 0.001
 Peripheral vascular disease 485 (34) 2,981 (14) < 0.001 432 (23) 3,034 (14) < 0.001
 Hypertension 1,055 (75) 11,976 (55) < 0.001 1,290 (68) 11,741 (55) < 0.001
 Paralysis 95 (7) 826 (4) < 0.001 66 (3) 855 (4)  0.254
 Other neurologic disorders 153 (11) 2,337 (11) 0.918 128 (7) 2,362 (11) < 0.001
 Chronic pulmonary disease 353 (25) 3532 (16) < 0.001 398 (21) 3,487 (16) < 0.001
 Diabetes 389 (28) 4249 (20) < 0.001 583 (31) 4,055 (19) < 0.001
 Hypothyroidism 179 (13) 2,503 (12) 0.185 230 (12) 2,452 (12) 0.422
 renal failure 71 (5) 308 (1) < 0.001 98 (5) 281 (1) < 0.001
 Liver disease 138 (10) 1,140 (5) < 0.001 322 (17) 956 (5) < 0.001
 Lymphoma 30 (2) 419 (2) 0.602 37 (2) 412 (2) 0.960
 Metastatic cancer 137 (10) 2,613 (12) 0.009 248 (13) 2,502 (12) 0.086
 Solid tumor without metastasis 243 (17) 4,116 (19) 0.109 505 (27) 3,854 (18) < 0.001
 rheumatoid arthritis/collagen vascular disease 69 (5) 829 (4) 0.043 67 (4) 831 (4) 0.425
 Coagulopathy 355 (25) 1,691 (8) < 0.001 464 (25) 1,582 (7) < 0.001
 Obesity 286 (20) 4,323 (20) 0.733 500 (26) 4,109 (19) < 0.001
 Weight loss 270 (19) 1,647 (8) < 0.001 446 (24) 1,471 (7) < 0.001
 Fluid and electrolyte disorders 70 (5) 977 (5) 0.416 108 (6) 939 (4) 0.010
 Chronic blood loss anemia 97 (7) 505 (2) < 0.001 97 (5) 505 (2) < 0.001
 Deficiency anemias 105 (7) 1,194 (5) 0.002 178 (9) 1,121 (5) < 0.001
 Alcohol abuse 75 (5) 665 (3) < 0.001 126 (7) 614 (3) < 0.001
 Drug abuse 30 (2) 343 (2) 0.114 35 (2) 338 (2) 0.391
 Psychoses 74 (5) 824 (4) 0.006 93 (5) 805 (4) 0.015
 Depression 170 (12) 3,031 (14) 0.045 225 (12) 2,976 (14) 0.011
Cardiac medication history, n (%)       
 ACE inhibitor 752 (53) 8,122 (37) < 0.001 883 (47) 7,991 (38) < 0.001
 beta blocker 260 (18) 2,674 (12) < 0.001 324 (17) 2,610 (12) < 0.001
 Ca blocker 331 (23) 3,802 (18) < 0.001 437 (23) 3,696 (17) < 0.001
 Diuretic 742 (53) 7,805 (36) < 0.001 998 (53) 7,549 (36) < 0.001
 Angiotensin receptor blocker 234 (17) 2,603 (12) < 0.001 306 (16) 2,531 (12) < 0.001
Preoperative       
 Preoperative hemoglobin (g/dl) 12.7 ± 2.1 13.2 ± 1.9 < 0.001 12.5 ± 2.1 13.3 ± 1.9 < 0.001
 Preoperative creatinine (mg/dl) 0.9 ± 0.2 0.8 ± 0.2 < 0.001 0.9 ± 0.2 0.8 ± 0.2 < 0.001
 baseline EGFr (ml · min-1 · 1.73m-2) 85 ± 18 91 ± 18 < 0.001 87 ± 19 91 ± 18 < 0.001
Intraoperative       
 Surgical time (h) 5.6 ± 2.8 4.7 ± 2.4 < 0.001 5.6 ± 2.8 4.7 ± 2.4 < 0.001
 blood loss (l) 1. 2 ± 1.7 0.50 ± 0.85 < 0.001 1.1 ± 1.7 0.49 ± 0.83 < 0.001
Top 10 surgical procedure, n (%)   < 0.001   < 0.001
 Aortic resection; replacement or anastomosis 192 (1.4) 886 (6.6)  164 (1.2) 914 (6.8)  
 Colorectal resection 60 (0.44) 1,218 (9.0)  179 (1.3) 1,099 (8.1)  
 Incision and excision of CNS 57 (0.42) 2,176 (16)  33 (0.25) 2,200 (16)  
 Laminectomy; excision intervertebral disc 33 (0.24) 804 (6.0)  25 (0.19) 812 (6.0)  
 Other Or gastrointestinal therapeutic procedures 86 (0.64) 1691 (13)  156 (1.16) 1,621 (12)  
 Other Or procedures on vessels other than head and neck 89 (0.66) 738 (5.5)  68 (0.50) 759 (5.6)  
 Other Or therapeutic nervous system procedures 22 (0.16) 1,188 (8.8)  19 (0.14) 1,191 (8.8)  
 Other Or therapeutic procedures of urinary tract 47 (0.35) 782 (5.8)  202 (1.50) 627 (4.6)  
 Other therapeutic endocrine procedures 15 (0.11) 754 (5.6)  31 (0.23) 738 (5.5)  
 Spinal fusion 212 (1.6) 2,437 (18)  75 (0.56) 2,574 (19)  

Data are presented as mean ± SD, median [25th, 75th percentiles] or n (%). ACE, angiotensin converting enzyme; AKI, acute kidney injury; ASA, American Society of Anesthesiologists; 
Ca blocker, calcium channel blockers; CNS, central nervous system; EGFr, estimated glomerular filtration rate; MAP, mean arterial pressure; MINS, myocardial injury after noncardiac 
surgery; Or, operating room.
*P values from chi-square test or F test (analysis of variance).
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Confounding Variables

Potential confounding variables are listed in table  1. We 
defined preexisting medical conditions using International 
Classification of Diseases, Ninth Revision procedure codes and 
included only those fulfilling at least one of the following: (1) 
appeared in the patient’s “problem list” with a date preceding 
the date of surgery; (2) appeared in procedure code list before 
the index surgery; or (3) were flagged as a chronic condition 
based on Healthcare Cost and Utilization Project definitions. 
Because there were many types of surgical procedures, we char-
acterized each procedure code into one of 231 clinically mean-
ingful categories using the Agency for Healthcare Research 
and Quality’s Clinical Classifications Software for Services and 
Procedures. We then aggregated low-frequency event or non-
event categories (N < 10) into one group and used that as the 
reference group (a low-risk group).

Outcomes

(1) Myocardial injury was defined by elevation in 
fourth-generation troponin T ≥ 0.03 ng/ml26 or creatinine 
kinase–myocardial bound > 8.8 ng/ml27 during the first 7 
postoperative days.

2) Acute kidney injury (AKI) was defined as an increase 
in postoperative serum creatinine concentration during the 
first 7 postoperative days by more than 1.5-fold or greater 
than 0.3 mg/dl.28 Preoperative concentration was defined 
as the most recent recorded measurement within 30 days 
before the surgery.

Statistical Analysis

Determining Blood Pressure Thresholds. We used graphical 
and statistical methods to assess the threshold for each blood 
pressure component below which the risk of myocardial or 
kidney injury begins to increase. The exposure of interest 
for each component was the lowest value maintained for 
cumulative, but not necessarily contiguous, 5 min.

Specifically, we first assessed the univariable relation-
ship between myocardial and kidney injury and the lowest 
cumulative 5 min for each blood pressure component using 
moving-average smoothing plots. Univariable moving aver-
age plots were constructed for each (binary) outcome vari-
able as a way to display the relationship between a binary 
outcome and continuous predictor. Starting from the low-
est values of the predictor variable, the proportion with the 
outcome was calculated and plotted for a fixed number of 
subjects; the bin was repeatedly moved to the right by a fixed 
number of subjects to create multiple overlapping bins until 
the proportion with outcome was estimated and plotted for 
the entire range of the predictor. We then used multivariable 
logistic regression to model the relationships while adjusting 
for confounding; a linearity test between each blood pres-
sure component and response was modeled by a restricted 
cubic spline function with three knots, located at the 10th, 
50th, and 90th percentiles, and Wald chi-square test.

Univariable moving-average plots and multivariable 
smoothed cubic spline curves were used to visualize thresh-
old pressures at which the odds of poor outcome began to 
increase. Guided by the visual trends, we used the threshold 
logistic regression method developed by Fong et al. to statis-
tically estimate the threshold pressures for each component.29 
Specifically, we fitted a univariable threshold logistic regression 
with a hinge effect of threshold (i.e., assuming zero slope for 
the range of higher pressures before the threshold) to estimate 
component-specific threshold pressures, or change-points, 
and their 95% CIs. We then determined threshold pressures 
combining evidence from the inspection of the curves of 
univariable/multivariable exposure versus outcome with the 
change-point testing from the threshold logistic regressions.

We also used a multivariable piecewise logistic regres-
sion, adjusted for potential confounding variables, to evalu-
ate slopes before and after the chosen thresholds. Here, the 
exposure of the lowest blood pressure for a patient for a 
cumulative 5 min (“lowest pressure”) for each of myocardial 
and kidney injury were partitioned into the two intervals 
determined by the estimated thresholds, and a separate line 
segment was fit to each interval (piece-wise regression). 
Odds ratios were estimated for each segment (i.e., odds 
of outcome for a decrease of a specified amount from the 
threshold) and Bonferroni-corrected CI were reported (sig-
nificance criterion of 0.0125 [0.05/4]; 98.75% CI).

Finally, we evaluated whether the relationship between 
the lowest blood pressure component values and outcome 
relationship changed as a function of baseline blood pres-
sures (i.e., interaction between quartiles of baseline and 
lowest blood pressure components).

Blood Pressure Exposures. Based on the absolute thresholds 
of each blood pressure component obtained by graphical and 
statistical methods, we then modeled our main exposures as: 
(1) the area under each threshold which represents severity 
and duration of each component of hypotension, defined 
as sum of all areas (a

1
+a

2
+a

3
…) below a specified threshold, 

where areas were calculated using the trapezoid rule and 
interpolating between measurements; and, (2) the number 
of minutes under each threshold, defined as total duration 
(t

1
+t

2
+t

3
…) of time spent under each absolute threshold for 

a given pressure component. Supplemental Digital Content 
1, figure S1 (http://links.lww.com/ALN/C93) illustrates an 
example of the method for calculation of the area (mmHg 
× min) and number of minutes under a threshold.

Univariable and multivariable logistic regression were 
used to assess associations between each blood pressure expo-
sure (area and minutes under each threshold) and postopera-
tive myocardial or kidney injury. All potentially confounding 
variables listed in table 1 were forced into the models regard-
less of statistical significance. Linearity of the relationship 
between each exposure and outcome was assessed.

The C-statistic (area under the receiver operating char-
acteristic curve) from the univariable logistic regression was 

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/132/2/291/516234/20200200_0-00015.pdf by guest on 13 M
arch 2024

http://links.lww.com/ALN/C93


 Anesthesiology 2020; 132:291–306 295

Blood Pressure Components and Organ Injury

Ahuja et al.

used to compare discriminative ability among blood pressure 
components. Descriptively, the component with the highest 
observed C-statistic was considered to have the best discrimi-
native ability for each major outcome. However, components 
were also compared statistically using bootstrap resampling 
with replacement during 1,000 runs, accounting for the 
inherent correlation among the blood pressure components. 
Specifically, for each bootstrap run, the six differences between 
the four components on the C-statistic were recorded, then 
CIs and standard error of the differences estimated using the 
distribution of differences across bootstrap runs.

We further provide an intuitive interpretation of the 
C-statistic for each exposure as the Wilcoxon–Mann–
Whitney probability, P, indicating the probability that a 
randomly chosen patient with myocardial or kidney injury 
has a worse value of the outcome than a randomly chosen 
patient without the outcome. We also report the Wilcoxon–
Mann–Whitney odds associated with each relationship of 
interest, calculated as P/(1-P), which indicates the estimated 
odds of having a worse value in those with versus without 
myocardial or kidney injury.

Exposure Categories. Since all relationships were nonlinear, we 
categorized patients as belonging to either a reference group 
in which patients spent no time under a given threshold or 
to one of four groups based on quartiles of time spent under 
the threshold. Multivariable logistic regression was used to 
assess the association between categorized blood pressure 
exposures (area and minutes under the thresholds) and 
postoperative myocardial and kidney injury. All potentially 
confounding variables listed in table  1 were forced into 
the models regardless of statistical significance. Bonferroni 
correction was used to adjust for four main comparisons within 
each exposure of interest, with P < 0.0125 (i.e., P < 0.05/4)  
considered statistically significant. Interactions between baseline 
blood pressure components and exposures were considered 
significant if P < 0.05.

Sensitivity Analyses. In the first post hoc sensitivity analysis, 
we assessed whether the relative discriminative ability of 
the components depended on age group (younger than 65 
vs. 65 or older) or American Society of Anesthesiologists 
Physical Status by estimating the C-statistic and 95% CI for 
area under the estimated thresholds within each category. 
In a second sensitivity analysis, we assessed the impact 
of including quadratic plus linear terms for continuous 
confounding variables (age, preoperative hemoglobin, 
log [surgery duration], log [estimated blood loss], and log 
[estimated glomerular filtration rate)] in our multivariable 
models for association between area under the threshold 
and outcome compared to the primary analysis, which only 
included linear terms.

Sample Size Considerations. The original study on which this 
analysis was based included about 57,000 patients, and about 
40% of the patients had arterial catheters. With the 23,000 

available patients and overall incidence of 6% for myocardial 
injury and 8% for AKI, we had good statistical power to 
detect clinically important differences, adjusting for multiple 
comparisons. For example, we had 95% power to detect an 
absolute difference of 2% in myocardial injury between those 
who never went below mean pressures of 65 mmHg (4% 
myocardial injury; N = 3,500) and each of the groups of 
patients who had some exposure (roughly N = 5,000 for 
each quartile of exposure). Power was higher for AKI since 
the overall incidence was higher.

All analyzes were performed with the use of SAS soft-
ware, version 9.4 (SAS Institute, USA), and R 3.4.1 soft-
ware (Institute for Statistics and Mathematics, Austria).

results
Among 164,514 patients who had noncardiac surgery 
between 2005 and 2014, 23,140 patients met our inclusion 
and exclusion criteria (fig. 1). The incidence of myocardial 
and kidney injury was 6.1% and 8.2%, respectively. Only 
5,699 patients (25%) had postoperative troponin concentra-
tion assayed, and we assumed that patients without the test 
did not have myocardial injury. Patient’s baseline, preopera-
tive, and intraoperative characteristics are shown in table 1.

Univariable analyses showed that patients having postop-
erative myocardial or kidney injury had higher intraoperative 
area under thresholds and number of minutes under thresh-
old for each blood pressure component compared to those 
with no evidence of myocardial or kidney injury (all P < 
0.001; Supplemental Digital Content 2, table S1 http://links.
lww.com/ALN/C94). As might be expected, there were no 
clinically-important associations between intraoperative time-
weighted average blood pressure components (i.e., without 
using thresholds) and having either myocardial or kidney injury.

blood Pressure Thresholds

Visual Thresholds. Univariable moving average and multivari-
able spline smoothing plots for lowest observed blood pressure 
components for each patient are shown for myocardial injury 
in figure 2, A and B and for AKI in figure 3, A and B. Blood 
pressure components below the thresholds of 90 mmHg for 
systolic, 65 mmHg for mean, 50 mmHg for diastolic, and 35 
mmHg for pulse pressure were visual change-points associ-
ated with increasing odds of myocardial and kidney injury.

Statistical Change-Point Analysis. From the threshold 
regressions for myocardial injury, the estimated change-point 
(95% CI) was 87 (85 to 90) for systolic, 65 (63 to 69) for 
mean, 51 (48 to 56) for diastolic, and 35 (34 to 37) mmHg 
for pulse pressure; for AKI, the estimated change-point (95% 
CI) was 87 (85 to 90) for systolic, 60 (57 to 72) for mean, 50 
(43 to 65) for diastolic, and 36 (35 to 39) mmHg for pulse 
pressure. All thresholds were statistically significant with  
P < 0.001, indicating an increase in slope using the values 
higher than the threshold versus those below the threshold. 
The statistically-determined thresholds were similar for 
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myocardial and kidney injury and agreed well with the 
visual change-points described above. We therefore chose to 
use the same thresholds for myocardial and kidney injury, 
specifically 90 mmHg for systolic, 65 mmHg for mean, 50 
mmHg for diastolic, and 35 mmHg for pulse pressure.

Relationships between Exposures below Thresholds and 
Outcomes. The results of the multivariable piecewise 
logistic regression (two separate line segments based on a 

given threshold) showed that the slopes for blood pressure 
values decreasing below the identified change-points were 
associated with increasing odds of myocardial and kidney 
injury; the exception was that the slope of the lowest diastolic 
blood pressure less than 50 mmHg was not significantly 
associated with AKI after Bonferroni correction (P = 
0.028), Supplemental Digital Content 3, table S2 (http://
links.lww.com/ALN/C95), and Supplemental Digital 
Content 4, table S3 (http://links.lww.com/ALN/C96).

Fig. 1. Flow chart of the study. EGFr, estimated glomerular filtration rate.
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Fig. 2. relationship between lowest blood pressure values and myocardial injury. univariable and multivariable relationship between myo-
cardial injury and lowest blood pressure for a cumulative 5 min for each of four blood pressure components. (A) Estimated probability of 
myocardial injury from a univariable moving-window with a bin width of 10% of the data; (B) Multivariable logistic regression smoothed by 
restricted cubic spline with 3 knots at 10th, 50th, and 90th percentiles of given blood pressure component. Multivariable models adjusted for 
covariates in table 1. based mainly on the multivariable plots, blood pressure component thresholds of 90 mmHg for systolic blood pressure, 
65 mmHg for mean arterial pressure (MAP), 50 mmHg for diastolic blood pressure (DbP), and 35 mmHg for pulse pressure (PP) were visual 
change-points associated with increasing odds of myocardial injury. Histogram at the bottom of each graph shows the fraction of patients at 
each lowest blood pressure value. The blue lines in (A) and smoothed lines with 95% confidence bands in (B) indicate estimated probability 
of myocardial injury as a function of the lowest 5 min of each component. MINS, myocardial injury after noncardiac surgery; SbP, systolic 
arterial pressure.
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Direct comparisons among standardized blood pres-
sure components on the confounder-adjusted relation-
ship between lowest value for a cumulative 5 min and 
outcome showed a visually stronger relationship for sys-
tolic, but not much weaker for mean and pulse pressure, 

as compared to diastolic for both myocardial and kidney 
injury, figure  4, A and B. For all relationships, the esti-
mated probability of either outcome increased steeply at 
blood pressure values 1 and 2 standard deviations below 
the observed mean.

Fig. 3. relationship between lowest blood pressure values and acute kidney injury (AKI). univariable and multivariable relationship 
between AKI and lowest blood pressure for a cumulative 5 min for each of four blood pressure components. (A) Estimated probability of AKI 
from the univariable moving-window with a bin width of 10% of the data; (B) multivariable logistic regression smoothed by restricted cubic 
spline with 3 knots at 10th, 50th, and 90th percentiles of given blood pressure component. Multivariable models adjusted for covariates in 
table 1. based mainly on the multivariable plots, blood pressure component thresholds of 90 mmHg for systolic blood pressure (SbP), 65 
mmHg for mean arterial pressure (MAP), 50 mmHg for diastolic blood pressure (DbP), and 35 mmHg for pulse pressure (PP) were visual 
change-points associated with increasing odds of AKI. Histogram at the bottom of each graph shows the fraction of patients at each lowest 
blood pressure value. The blue lines in A and smoothed lines with 95% confidence bands in B indicate estimated probability of AKI as a 
function of the lowest 5 min of each component. 
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In general, the relationships between lowest intraoperative 
component pressures and either myocardial or kidney injury 
did not depend on their baseline pressures. However, there 
was some evidence of interaction between each of lowest 
intraoperative mean pressures and lowest intraoperative dia-
stolic pressures with their baseline pressures on myocardial 
injury (P < 0.05; Supplemental Digital Content 5, table S4, 
http://links.lww.com/ALN/C97). Graphical displays of 
pressure-outcome relationships for various baseline pressure 
ranges showed parallel lines (no apparent interaction, not 
shown) below the change-point thresholds, and some differ-
ences in slopes above the thresholds. We therefore conclude 
that the interactions between baseline pressures and intra-
operative lowest cumulative 5-min component pressures are 
not clinically important in terms of hypotension.

Discriminative Ability

Exposures of interest based on the four blood pressure com-
ponents had weak discriminative ability for myocardial and 
kidney injury, with univariable C-statistics between 0.55 and 
0.59, (Supplemental Digital Content 6, table S5A http://
links.lww.com/ALN/C98), with no clinically important 

differences among them. In any case, for myocardial injury, 
the area under systolic less than 90 mmHg (P < 0.001) and 
mean pressure less than 65 mmHg (P = 0.0019) had higher 
C-statistic than pulse pressure. For AKI, lowest MAP for 5 min 
and MAP  area under 65 mmHg had better discriminative 
ability than lowest diastolic for 5 min and area of diastolic 
less than 50 mmHg (both P < 0.001). None of the other 
comparisons was statistically significant, Supplemental Digital 
Content 7, table S5B (http://links.lww.com/ALN/C99).

Adding lowest blood pressure component sustained for 
a cumulative 5 min into the multivariable logistic regres-
sion models containing all baseline variable did not increase 
the discriminative ability for myocardial or kidney injury, 
(Supplemental Digital Content 6, table S5A http://links.
lww.com/ALN/C98).

In table 2 we report the Wilcoxon–Mann–Whitney odds 
as an intuitive way of interpreting the C-statistic results. It 
describes the odds of a patient with the outcome (i.e., myo-
cardial or kidney injury) having a longer blood pressure com-
ponent exposure compared to one without the outcome. Just 
as the C-statistics were all significantly greater than 0.50, the 
Wilcoxon–Mann–Whitney odds all significantly exceeded 1.

Fig. 4. Multivariable association between standardized lowest blood pressure components for a cumulative 5 min and each of myocardial 
and kidney injury. Each blood pressure component was standardized (subtract mean, divide by SD) to have normal distribution with mean = 0 
and SD = 1. Therefore, 0 on the x axis corresponds to the mean of each variable (i.e., the mean across patients of the lowest blood pressure 
for a cumulative 5 min). Values of −1 and −2 correspond to blood pressure values 1 and 2 SD below the mean, respectively. The observed 
mean ± SD was 89 ± 13 for systolic blood pressure (SbP), 61 ± 9 for mean arterial pressure (MAP), 45 ± 8 for diastolic blood pressure (DbP), 
and 36 ± 12 mmHg for pulse pressure (PP). For all relationships, estimated probability of outcome decreases steadily and then flattens as 
lowest patient blood pressure increases. AKI, acute kidney injury; MINS, myocardial injury after noncardiac surgery.
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relationship between Exposure Categories and 
Outcomes

Exposure categories for area under the curve and minutes 
under the given thresholds were significantly associated 
with myocardial and kidney injury overall for mean, sys-
tolic, and pulse pressures, but not for diastolic.

For myocardial injury, when hypotension exposure was 
characterized by area under the identified threshold, the fourth 
quartile of minutes under the threshold of systolic, the third 
and fourth quartiles for mean, and the second, third and fourth 
quartile of pulse pressure were associated with poor outcome 
compared to patients who never had pressures below the 
threshold, figure 5. For minutes under the threshold, the fourth 
quartile of systolic, the third and fourth quartiles of mean, and 
second through fourth of pulse pressure had increased odds of 
having a myocardial injury compared to those patients who 
had never values of the blood pressure component below the 
respective threshold, Supplemental Digital Content 8, figure 
S2 (http://links.lww.com/ALN/C139).

For AKI, the odds of outcome were significantly higher 
only for the fourth quartile of minutes and areas under 
curve under the threshold for systolic, mean and pulse 
pressure compared to patients who never went below the 
threshold, figure  6 and Supplemental Digital Content 9, 
figure S3 (http://links.lww.com/ALN/C140).

Sensitivity Analyses
In the first post hoc sensitivity analysis, we assessed 

whether the relative discriminative ability of the compo-
nents depended on age group (younger than 65 vs. 65 yr 
or older) or American Society of Anesthesiologists Physical 
Status. We found that the pattern of C-statistics among 

components  for the area under the estimated thresh-
old exposures was similar within these categories versus 
for the overall dataset, with diastolic pressures generally 
being the weakest discriminator (Supplemental Digital 
Content 10, table S6 http://links.lww.com/ALN/C100 
and Supplemental Digital Content 11, table S7 http://
links.lww.com/ALN/C101). In a second sensitivity anal-
ysis, we assessed the impact of including quadratic terms 
for continuous confounding variables in our multivariable 
models, and found very little difference when compared 
to models including only linear terms for these variables 
(Supplemental Digital Content 12, table S8 http://links.
lww.com/ALN/C102 and Supplemental Digital Content 
13, table S9 http://links.lww.com/ALN/C103).

discussion
For each blood pressure component, we report significant 
and clinically meaningful associations between the lowest 
pressure sustained for 5 min and myocardial and kidney injury. 
Absolute population risk thresholds were similar for myocar-
dial and kidney injury, being roughly 90 mmHg for systolic, 
65 mmHg for mean, 50 mmHg for diastolic, and 35 mmHg 
for pulse pressures. The odds for myocardial and kidney injury 
was inversely related to the lowest pressures maintained for 
at least 5 min below each threshold, even after adjusting for 
potential baseline confounding factors. In contrast, there was 
little relationship between lowest pressures and myocardial 
and renal injury above the threshold for each component. We 
caution, though, that this result does not imply that higher 
pressures are safe since our analysis was restricted to the low-
est values in each patient. To assess hypertensive risk, a similar 
analysis based on highest pressure would be required.

table 2. univariable C-Statistics (95% CI) and Wilcoxon–Mann–Whitney Odds (95% CI) relationship between Exposures and Outcomes

MinS aKi

exposures Univariable c-Statistic (95% ci) WMW odds (95% ci) Univariable c-Statistic (95% ci) WMW odds (95% ci)

Lowest bP for cumulative 5 min    
SbP 0.597 (0.581–0.613) 1.48 (1.39–1.58) 0.579 (0.565–0.593) 1.38 (1.30–1.46)
MAP 0.594 (0.578–0.610) 1.46 (1.37–1.56) 0.575 (0.562–0.589) 1.35 (1.28–1.43)
DbP 0.590 (0.574–0.605) 1.44 (1.35–1.54) 0.561 (0.547–0.575) 1.28 (1.21–1.35)
PP 0.586 (0.570–0.601) 1.42 (1.33–1.51) 0.575 (0.562–0.589) 1.35 (1.28–1.43)
AuC below threshold     
SbP < 90 mmHg 0.582 (0.566–0.598) 1.39 (1.30–1.49) 0.573 (0.559–0.587) 1.34 (1.27–1.42)
MAP < 65 mmHg 0.591 (0.575–0.607) 1.44 (1.35–1.54) 0.576 (0.562–0.590) 1.36 (1.28–1.44)
DbP < 50 mmHg 0.588 (0.572–0.603) 1.43 (1.34–1.52) 0.562 (0.549–0.576) 1.28 (1.21–1.36)
PP < 35 mmHg 0.560 (0.544–0.576) 1.27 (1.19–1.36) 0.563 (0.549–0.577) 1.29 (1.22–1.36)
Min under threshold    
SbP < 90 mmHg 0.573 (0.557–0.589) 1.34 (1.26–1.43) 0.567(0.553–0.581) 1.28 (1.21–1.35)
MAP < 65 mmHg 0.585 (0.569–0.600) 1.41 (1.32–1.50) 0.573 (0.559–0.587) 1.34 (1.27–1.42)
DbP < 50 mmHg 0.581 (0.565–0.596) 1.39 (1.30–1.48) 0.563 (0.550–0.577) 1.29 (1.22–1.36)
PP < 35 mmHg 0.554 (0.538–0.570) 1.24 (1.16–1.33) 0.563 (0.549–0.577) 1.29 (1.22–1.36)

Example: WMW odds for minutes under threshold SbP less than 90 mmHg for MINS of 1.34 (1.26–1.43) means the estimated odds of having more minutes under 90 for a patient 
with MINS as compared to one without is 1.34 to 1. AKI, acute kidney injury; AuC, area under curve; bP, blood pressure; DbP, diastolic blood pressure; MAP, mean arterial pressure; 
MINS, myocardial injury after noncardiac surgery; PP, pulse pressure; SbP, systolic blood pressure; WMW, Wilcoxon–Mann–Whitney.
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Our results are broadly consistent with a previous report 
that mean pressure less than 55 mmHg was independently 
associated with myocardial and kidney injury.3 The slight dif-
ference in harm thresholds may be partially related to differ-
ences in invasive and non-invasive measurements. But more 
importantly, the patients in this analysis—all of whom had arte-
rial catheters—were generally sicker. Another study reported 
an increased risk of perioperative morbidity and mortality 
increases when intraoperative pressures are less than 70 mmHg 
for systolic, 50 mmHg for mean, and 30 mmHg for diastolic.15

Each pressure component can be further considered in 
terms of its absolute level. Thus, while a given component 
has instantaneous values over one or several cardiac cycles, 
each value also varies over minutes and hours. Intraoperative 
levels of any blood pressure component can therefore be 
characterized by various curve descriptors such as mean, 
time-weighted average, maximum, minimum, time or area 
below or above thresholds. All have been used in recent 

analyses30 and there is no firm consensus that one is pref-
erable to others, with optimal approaches probably being 
context dependent. However, it appears that myocardial and 
kidney injury, along with death, is more strongly associ-
ated with extreme values—especially hypotensive excur-
sions—than overall mean values. That is, minimum values 
and time or area below thresholds better predicts organ 
injury than simple time-weighted averages. As in previous 
studies,2,13 we therefore considered the lowest component 
pressure maintained for a cumulative, but not necessarily 
consecutive, 5 min to be our primary exposure. Secondarily, 
we also considered area and time below each threshold.

Variability over time is an additional consideration. 
Variability refers to blood pressure dispersion around an aver-
age level, usually over a period of minutes. Variability is natural 
and in many biologic signals, such as heart rate, is a sign of 
health.31 It therefore seems unlikely that blood pressure vari-
ability per se is harmful. The challenge is that dispersion below 

Fig. 5. Multivariable associations between myocardial injury and area under curve (AuC) under each blood pressure component threshold. 
Multivariable logistic regression model adjusting for covariates listed in table 1. bonferroni correction was used to adjust for four comparisons 
to the reference group within each exposure of interest so that P < 0.0125 (0.05/4) was considered statistically significant. DbP, diastolic 
blood pressure; MAP, mean arterial pressure; MINS, myocardial injury after noncardiac injury; Or, odds ratio; PP, pulse pressure; SbP, systolic 
blood pressure.
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the average level is almost surely far more harmful than values 
above the average. How harmful variability might be therefore 
depends critically on the average level from which it departs. 
Harm associated with variability therefore cannot reasonably 
be considered without fully adjusting for level, and consider-
ing whether harm apparently consequent to variability actu-
ally results simply from cumulative hypotensive exposure.13

Using the cut-off points obtained in our initial analysis, we 
modeled the confounder-adjusted association between expo-
sure (both minutes and area) under each component’s thresh-
old and outcomes. When magnitude, as well as duration, were 
considered (area under each threshold), the highest quartile in 
each category except diastolic was associated with significantly 
increased odds of myocardial and kidney injury. Myocardial 
and kidney injury were most common when systolic and 
mean hypotension was well below the derived thresholds 
and sustained for 15 min or longer. However, about 20% of 
included patients had such exposures which is hardly a triv-
ial fraction. Our findings are consistent with a recent analysis 

which concluded that the risk of AKI was greatest when mean 
pressures were below 60 mmHg for at least 20 min.5

To evaluate which blood pressure component was most 
strongly associated with organ injury, we evaluated the dis-
criminative ability of each. Discrimination was similar for 
each, and weak (e.g., C-statistics 0.55 to 0.59), indicating that 
baseline risk is far more important than intraoperative pres-
sure. Furthermore, none of the blood pressure components 
added much to a multivariable model that included baseline 
risk factors. Pressure nonetheless remains interesting because 
it is modifiable and thus amenable to intervention. Systolic 
and mean pressures were slightly better discriminators of out-
come than the other components, but only by small margins. 
Arterial mean pressures are defined by time-averaged instan-
taneous pressures during a cardiac cycle. Mean and systolic 
pressures are usually correlated so it is not especially surprising 
that each is similarly associated with organ injury.

We evaluated only two organs, both of which have 
similar population harm thresholds. Presumably the harm 

Fig. 6. Multivariable associations between acute kidney injury (AKI) and area under curve (AuC) under each blood pressure component 
threshold. Multivariable logistic regression model adjusting for covariates listed in table 1. bonferroni correction was used to adjust for four 
comparisons to the reference group within each exposure of interest so that P < 0.0125 (0.05/4) was considered statistically significant. DbP, 
diastolic blood pressure; MAP, mean arterial pressure; Or, odds ratio; PP, pulse pressure; SbP, systolic blood pressure.
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thresholds differ for other organs. For example, strokes are 
of considerable interest, but too rare to easily evaluate; they 
are also generally poorly coded in administrative datasets. 
It is also likely that intestines are also sensitive to hypoten-
sion, but there are currently neither good biomarkers nor 
strong clinical correlates for intestinal ischemia. Myocardial 
injury was defined by cardiac enzyme elevation, but only 
a fraction of our surgical patients had troponin monitored 
routinely rather than for cause. We therefore surely under-
estimated the actual incidence of myocardial injury, perhaps 
by a factor-of-three.26 We excluded patients who had pre-
operative abnormal creatinine; hence, our results cannot be 
generalized to patients who had chronic kidney disease or 
those undergoing urologic procedures.

We considered intraoperative vasopressor use to be a 
potential mediating variable,32 as they would presumably be 
given in response to hypotension and may also be associ-
ated with outcome; hence, we did not consider vasopressor 
use a confounder and did not adjust for vasopressor use 
in our analysis. Most artifacts in electronically obtained 
arterial pressure data were removed by algorithms. There 
are, however, situations in which an arterial catheter is not 
zeroed properly or is dampened which we would not have 
detected. A final limitation is that our analysis was restricted 
to a single center which may reduce generalizability.

A strength of our study is that we restricted our analy-
sis to patients in whom blood pressure was measured from 
a radial arterial catheter. Direct pressure measurements 
are relatively accurate, whereas oscillometric systems esti-
mate systolic and diastolic pressures from a measured mean 
value.24,25 But that said, radial arterial pressure can differ 
substantially from aortic pressure.33

In summary, absolute population risk thresholds were 
similar for myocardial and kidney injury on the lowest 
intraoperative pressure maintained for at least 5 min. The 
thresholds were roughly 90 mmHg for systolic, 65 mmHg 
for mean, 50 mmHg for diastolic, and 35 mmHg for pulse 
pressures. Among the components, systolic and mean pres-
sures were most predictive, but only by small margins. 
Baseline risk is a far better predictor of myocardial and renal 
injury than intraoperative blood pressure, but intraopera-
tive pressure differs in being modifiable and thus subject to 
intervention.
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In His Sleeping Car, Rev. Dr. Kelso Carter Lullabied 
“Twilight Anesthesia”

Russell Kelso Carter (1849 to 1926, center) was a man of many professions and passions. Born in Baltimore, 
Maryland, in 1849, he worked as a civil engineer, professor, chemist, sheep rancher, ordained minister, and 
physician. An accomplished musician, Carter penned many popular hymns. After antibiotics rescued him in 
1898 from a serious bout of tuberculosis, he became an advocate of medicine and received medical training 
by 1900. Fifteen years later (cover, left; title page, right), Carter published The Sleeping Car, “Twilight”…, his 
energetic treatise on the formulation “H-M-C,” a combination of hyoscine (scopolamine), morphine, and 
cactin. Such so-called twilight anesthesia was a popular, though controversial, therapy for countering obstetric 
pain by providing confusional sedation and amnesia to mothers in labor. Carter’s book was written to help 
women “cultivate…the spirit of positive rebellion against pain. Help them throw off the yoke.” Carter charac-
terized his personal experience with twilight anesthesia as a “sensation of quiet peace floated about me. Then 
sleep—natural, sound, sensationless sleep.” (Copyright © the American Society of Anesthesiologists’ Wood 
Library-Museum of Anesthesiology.)
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