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Intraoperative hypotension is strongly associated 
with myocardial injury, acute kidney injury, and 
mortality.1–4 There is no consistent definition of 

hypotension, but a mean arterial pressure (MAP) of 
65 mm Hg appears to be a threshold predicting myo-
cardial injury,5,6 which is a leading cause of 30-day 
postoperative mortality.7

Intraoperative blood pressure can be measured 
oscillometrically, usually at intervals of 2–5 minutes, 
or continuously with an arterial catheter. Arterial 
catheters are usually used to monitor hemodynamic 
fluctuations for certain complex operations and 
patients with significant comorbidities. In contrast, 
arterial catheters are rarely used in relatively healthy 
patients having minor- or moderate-risk procedures. 
In between there is a broad range of patients in whom 

KEY POINTS
• Question: Does continuous invasive arterial pressure monitoring reduce intraoperative hypo-

tension defined as the area under the curve (AUC) mean arterial pressure (MAP) <65 mm Hg?
• Findings: Continuous invasive arterial pressure monitoring increased detection of hypoten-

sion. AUC MAP <65 mm Hg, with an estimated proportional odds ratio (ie, odds of being in a 
worse hypotension category) of 1.78 (95% confidence interval [CI], 1.18–2.70; P = .006).

• Meaning: Continuous invasive arterial pressure monitoring improves detection of intraopera-
tive hypotension and may help reduce hypotension.

BACKGROUND: Continuous blood pressure monitoring may facilitate early detection and prompt 
treatment of hypotension. We tested the hypothesis that area under the curve (AUC) mean arte-
rial pressure (MAP) <65 mm Hg is reduced by continuous invasive arterial pressure monitoring.
METHODS: Adults having noncardiac surgery were randomly assigned to continuous invasive 
arterial pressure or intermittent oscillometric blood pressure monitoring. Arterial catheter pres-
sures were recorded at 1-minute intervals; oscillometric pressures were typically recorded at 
5-minute intervals. We estimated the arterial catheter effect on AUC-MAP <65 mm Hg using a 
multivariable proportional odds model adjusting for imbalanced baseline variables and dura-
tion of surgery. Pressures <65 mm Hg were categorized as 0, 1–17, 18–91, and >91 mm Hg × 
minutes of AUC-MAP <65 mm Hg (ie, no hypotension and 3 equally sized groups of increasing 
hypotension).
RESULTS: One hundred fifty-two patients were randomly assigned to arterial catheter use and 
154 to oscillometric monitoring. For various clinical reasons, 143 patients received an arte-
rial catheter, while 163 were monitored oscillometrically. There were a median [Q1, Q3] of 
246 [187, 308] pressure measurements in patients with arterial catheters versus 55 (46, 75) 
measurements in patients monitored oscillometrically. In the primary intent-to-treat analysis, 
catheter-based monitoring increased detection of AUC-MAP <65 mm Hg, with an estimated pro-
portional odds ratio (ie, odds of being in a worse hypotension category) of 1.78 (95% confidence 
interval [CI], 1.18–2.70; P = .006). The result was robust over an as-treated analysis and for 
sensitivity analyses with thresholds of 60 and 70 mm Hg.
CONCLUSIONS: Intraoperative blood pressure monitoring with arterial catheters detected nearly 
twice as much hypotension as oscillometric measurements.  (Anesth Analg 2020;131:1540–50)

Arterial Catheters for Early Detection and Treatment 
of Hypotension During Major Noncardiac Surgery: 
A Randomized Trial
Amanda J. Naylor, MA,* Daniel I. Sessler, MD,* Kamal Maheshwari, MD, MPH,*†  
Ashish K. Khanna, MD, FCCP, FCCM,*† Dongsheng Yang, MS,*‡ Edward J. Mascha, PhD,*‡  
Iman Suleiman, MD,* Eric M. Reville, BS,* Devan Cote, MD,* Matthew T. Hutcherson, BS,*  
Bianka M. Nguyen, BS,* Hesham Elsharkawy, MD, MBA, MSc,*† and Andrea Kurz, MD*†

From the Departments of *Outcomes Research, †General Anesthesiology, 
and ‡Quantitative Health Sciences, Anesthesiology Institute, Cleveland 
Clinic, Cleveland, Ohio.

A. K. Khanna is currently affiliated with the Department of Anesthesiology, 
Wake Forest School of Medicine, Winston-Salem, North Carolina.

Accepted for publication July 5, 2019.

Funding: This study was supported by the Department of Outcomes 
Research, Anesthesiology Institute, Cleveland Clinic, Cleveland, Ohio.

Conflicts of Interest: See Disclosures at the end of the article.

Supplemental digital content is available for this article. Direct URL citations 
appear in the printed text and are provided in the HTML and PDF versions of 
this article on the journal’s website (www.anesthesia-analgesia.org).

Clinical Trial Number: ClinicalTrials.gov NCT02453815.

Reprints will not be available from the authors.

Address correspondence to Daniel I. Sessler, MD, Department of Outcomes 
Research, Anesthesiology Institute, Cleveland, Clinic, 9500 Euclid Ave, P-77, 
Cleveland, OH 44195. Address e-mail to DS@OR.org.

Copyright © 2019 International Anesthesia Research Society

Patient Safety

E   ORIGINAL CLINICAL RESEARCH REPORT

http://www.anesthesia-analgesia.org
mailto:DS@OR.org


Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

  E ORIGINAL CLINICAL RESEARCH REPORT

November 2020 • Volume 131 • Number 5 www.anesthesia-analgesia.org 1541

intraoperative blood pressure could reasonably be 
monitored directly or oscillometrically, leading to 
considerable variation in arterial catheter use among 
providers and institutions.

We originally planned to test the primary hypoth-
esis that randomization to arterial catheter use 
decreases the risk of a collapsed composite of seri-
ous complications, hospital readmission, and death 
(proposed n > 3000 patients). The original trial was 
stopped by the Executive Committee after 307 patients 
because of slow enrollment.

Using available data, we here test the primary 
hypothesis that intraoperative area under MAP <65 
mm Hg is reduced in adults having major noncar-
diac surgery who are randomly assigned to arterial 
catheters rather than oscillometric blood pressure 
monitoring. Secondarily, we test the hypotheses that 
arterial catheter use decreases the amount of intraop-
erative hypotension under MAP thresholds of 60 and 
70 mm Hg, and that patients monitored with arterial 
catheters are given more intraoperative vasopressor 
boluses. On a purely exploratory basis, we also eval-
uated the original composite outcome for the aban-
doned full trial.

METHODS
Our study was registered at ClinicalTrials.gov 
(NCT02453815; principal investigator: A.K.; date of 
registration: May 27, 2016) before the enrollment of the 
first patient and conducted with institutional review 
board (IRB) approval and written informed consent 
at the Cleveland Clinic Main Campus (IRB #15-008).

We considered patients having noncardiac sur-
gery with general and/or neuraxial anesthesia sched-
uled to last ≥2 hours. We recruited patients between 
18 and 90 years of age, with an American Society 
of Anesthesiologists physical status classification 
between II and IV, who could reasonably have blood 
pressure measured oscillometrically or with an arte-
rial catheter. We excluded patients who already had 
an arterial catheter, had end-stage renal disease, or 
had contraindications to arterial catheter insertion. We 
also excluded patients in whom the attending anes-
thesiologist required or refused an arterial catheter.

Protocol
Patients were randomly assigned 1:1 with random 
blocking and no stratification to blood pressure moni-
toring with an arterial catheter or oscillometric cuff. 
Allocation was concealed with a web-based system 
that was accessed shortly before induction of anes-
thesia. Aside from the method of blood pressure 
monitoring, no other aspect of anesthetic or periop-
erative management was controlled. The attending 
anesthesiologist was permitted to insert an arterial 

catheter during surgery if one was deemed neces-
sary in patients randomly assigned to oscillometric 
monitoring.

Measurements
Demographic and morphometric characteristics of each 
patient were recorded after study enrollment, including 
age, sex, body mass index, type and duration of surgery, 
American Society of Anesthesiologists physical status, 
and comorbid conditions. Anesthetic details, including 
intraoperative medications, hemodynamic and respira-
tory management, fluid and blood product administra-
tion, and vasoactive drug boluses, were collected from 
our electronic anesthesia record.

Our Perioperative Health Documentation System 
records physiological values at 1-minute intervals. 
Oscillometric blood pressure values, as available, 
were thus recorded during the recording epoch when 
the measurements occurred, usually at 5-minute inter-
vals. Pressures from arterial catheters were recorded 
at 1-minute intervals, with each recorded value being 
the median of 30 measurements at 2-second intervals. 
Because electronic anesthesia records inherently con-
tain considerable artifacts, we removed artifacts using 
the following rules (in order):

1. Blood pressure readings documented as artifacts;
2. Values out of range:

a. systolic blood pressure (SBP) ≥300 mm Hg or 
SBP ≤20 mm Hg;

b. SBP ≤5 mm Hg greater than diastolic blood 
pressure (DBP);

c. DBP ≥225 mm Hg or DBP ≤5 mm Hg; or
d. MAP ≥250 mm Hg or MAP ≤25 mm Hg; and

3. An abrupt change in blood pressure, defined as a 
change in SBP of ≥80 mm Hg within 1 minute of 
previous reading in either direction, or abrupt DBP 
change of ≥40 mm Hg within 1 minute in either 
direction.

Serum creatinine and fourth-generation troponin 
T were measured on postoperative days 1, 2, and 3 
unless the patient was discharged earlier. Our com-
posite of serious complications included cardiac, 
renal, and infectious outcomes, along with hospi-
tal readmission and death (Supplemental Digital 
Content, Table 1, http://links.lww.com/AA/C910). 
Outcomes were also assessed by telephone and from 
available medical records 1 month after surgery.

Primary and Secondary Outcomes
The primary outcome was intraoperative area under 
the curve (AUC)-MAP <65 mm Hg (AUC, MAP). 
Secondary outcomes were the total number of intra-
operative ephedrine and phenylephrine boluses 
administered and AUC-MAP <60 mm Hg, AUC-MAP 
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<70 mm Hg, time-weighted average (TWA)-MAP <60 
mm Hg (TWA-MAP), TWA-MAP <65 mm Hg, and 
TWA-MAP <70 mm Hg.

AUC-MAP below each threshold was calculated 
as the cumulative sum of the areas below the given 
threshold for a patient, using the trapezoid rule. 
Technically, the AUC for a patient is calculated by first 
obtaining for each measurement below the thresh-
old the product of the time between 2 adjacent MAP 
measurements and the average of the 2 MAP mea-
surements, and then summing these areas across epi-
sodes. TWA-MAP below each threshold for a patient 
was derived as AUC-MAP divided by the time inter-
val between the first and the last MAP measurements. 
Hypotension data were skewed toward higher pres-
sures, and many patients did not have any hypoten-
sion. Thus, hypotension defined by each threshold 
was categorized into 4 ordinal groups to meet regres-
sion model assumptions. We thus defined 4 ordinal 
groups as no hypotension (ie, never below the thresh-
old) and tertiles of hypotension (ie, some amount 
below the threshold: low, middle, and high).

Statistical Analysis
Despite randomization, arterial catheters were occa-
sionally inserted, not inserted, or removed at the 
discretion of the anesthetic and/or surgical teams. 
Therefore, some patients did not receive the blood 
pressure monitoring technique as randomly assigned. 
The main analysis was based on intent to treat. An as-
treated analysis was performed on the primary out-
come for informational purposes only.

We compared patients who received arterial cath-
eters to those who did not on potentially confounding 
baseline and surgery characteristics using absolute 
standardized difference (ASD), defined as the abso-
lute difference in means, mean ranks, or propor-
tions divided by the pooled standard deviation. Any 

variables with ASD >0.22 (ie, 1 96
1

143
1

163
0 22. .× + = )8 

were defined as imbalanced and were adjusted for 

in all analyses. As determined a priori, analyses also 
adjusted for duration of surgery as an indicator of 
baseline risk, even if balanced.

Primary and Secondary Analyses. We estimated the 
arterial catheter effect on ordinal-scaled primary and 
secondary outcomes using proportional odds logistic 
regression models, each adjusting for imbalanced 
baseline variables and duration of surgery. The 
proportional odds assumption was assessed for 
each model using the likelihood-ratio test with a 
significance criterion of 0.05.

We estimated the arterial catheter effect on the 
number of intraoperative vasopressor boluses with 
a multivariable negative binomial regression model 

with robust standard error, adjusting for imbalanced 
baseline variables and duration of surgery.

Sensitivity and Exploratory Analyses. We descriptively 
compared groups on intraoperative characteristics 
including volatile anesthetic dose (minimum alveolar 
concentration [MAC]-hour), volume of fluids 
administered, estimated blood loss, urine output, 
TWA-MAP, TWA heart rate, and TWA peripheral 
oxygen saturation (Spo2) using appropriate descriptive 
statistics: means ± standard deviations, medians 
[Q1, Q3], or N (%). Groups were also descriptively 
compared on discharge disposition, hospital 
length of stay, postoperative myocardial injury (eg, 
troponin T ≥0.03 ng/L apparently of ischemic origin), 
postoperative serum creatinine, and in-hospital and 
30-day major complications. On an exploratory basis, 
we also report a composite of serious complications, 
readmission, and death.

Arterial catheter pressures are recorded every 
minute while oscillometric blood pressure moni-
toring records pressures at 1- to 5-minute intervals. 
Oscillometric blood pressure monitoring is thus less 
sensitive at detecting short episodes of hypotension 
than arterial catheter monitoring. The amount of 
hypotension recorded by arterial catheter could be 
inflated compared to cuff monitoring, even if there 
was no true difference in hypotension in the study 
population. To assess this phenomenon, we, there-
fore, repeated the hypotension analyses retaining just 
one arterial catheter measurement per 5 minutes of 
monitoring (the median oscillometric interval). The 
arterial catheter measurements selected were the ones 
closest to an oscillometric measurement.

Additional post hoc sensitivity analyses compared 
arterial catheter monitoring to oscillometric monitor-
ing on minutes of MAP <65, <60, and <70 mm Hg 
using the same methods as the primary analysis.

We used an α of .05 for each of the primary and 
secondary analyses. Analyses were completed using 
SAS version 9.4 (SAS Institute, Cary, NC).

Sample Size and Power. Sample size considerations were 
originally based on the outcome of TWA-MAP <65 mm 
Hg, which is a direct function of the primary outcome 
of AUC-MAP <56 mm Hg and is directly adjusted for 
duration of measurement (TWA = AUC/[duration of 
follow-up]). Therefore, the reported power to detect 
various percent reductions in TWA-MAP <65 directly 
correspond to the power available for AUC-MAP <65. 
Based on an internal study of noncardiac surgical 
patients, we assumed a priori that TWA-MAP <65 
mm Hg would have a mean ± standard deviation of 
0.4 ± 0.8 mm Hg among similar noncardiac surgery 
patients. With 307 patients, we expected to have about 
90% power at the .05 significance level to detect an 
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effect size (difference in means/pooled standard 
deviation) of 0.37, a small to moderate effect size, with 
a 2-sample test.

Also, for the Wilcoxon–Mann-Whitney test com-
paring groups on the primary outcome of AUC-
MAP <65 mm Hg, with the given sample size, we 
had 90% power to detect a C-statistic, or Wilcoxon–
Mann-Whitney probability, of 0.60 or stronger. In a 
Wilcoxon–Mann-Whitney test, the null hypothesis is 
that the C-statistic is 0.50, corresponding to random 
chance on whether the outcome is higher in one group 
compared to the other.

RESULTS
We enrolled 307 patients from May 12, 2015 to February 
3, 2016. Surgery was cancelled after randomization in 
1 patient, leaving 306 who were randomly assigned 
to an arterial catheter (n = 152) or to oscillometric 
monitoring (n = 154) in our intent-to-treat analysis 
(Figure  1). Because of attending physician prefer-
ence or difficulty with catheter insertion, 143 patients 
actually received an arterial catheter while 163 were 
monitored oscillometrically (as-treated). Potentially 
confounding baseline and surgical characteristics are 
presented in Table  1. Only surgery type was imbal-
anced between groups (ie, ASD > 0.22) and was thus 
adjusted for in all multivariable analyses, along with 
duration of surgery (as decided a priori).

We recorded a median [Q1, Q3] number of 246 
[187, 308] MAP measurements for patients with arte-
rial catheters versus 55 (46, 75) measurements for cuff 
patients. This corresponded to a measurement inter-
val median [Q1, Q3] of 1 minutes [1, 1 minutes] in 
patients with arterial catheters and 5 [4, 5] for patients 
with oscillometric monitoring.

Primary and Secondary Analyses
Arterial catheter monitoring significantly increased 
the AUC-MAP <65 mm Hg, with an estimated 
adjusted proportional odds ratio (ie, odds of being in 
a worse outcome category for arterial catheter versus 
oscillometric) of 1.78 (95% confidence interval [CI], 
1.18–2.70; P = .006). The proportional odds assump-
tion was not violated (P = .35). Treatment effect esti-
mates and the incidences of patients in each of the 4 
hypotension categories are presented by monitoring 
type in Table 2. Figure 2 presents the distribution of 
hypotension by monitoring group.

Arterial catheter monitoring significantly increased 
detection of hypotension defined using both second-
ary MAP cutoffs, with an estimated proportional odds 
ratio (95% CI) of 2.13 (1.37–3.30) for AUC-MAP <60 
mm Hg (P < .001) and 1.93 (1.26–2.95) for AUC-MAP 
<70 mm Hg (P = .0024; Table 2).

TWA-MAP is directly analogous to AUC-MAP and 
is calculated by dividing the AUC-MAP for a patient 

by the minutes of observation. Because the randomly 
assigned groups on average had very comparable 
surgery durations (Table  1), it is not surprising that 
results using TWA-MAP below each threshold gave 
results very similar to AUC-MAP (Supplemental 
Digital Content, Table 2, http://links.lww.com/AA/
C910). The estimated proportional odds ratio (95% CI) 
was 2.01 (1.33–3.04) for TWA-MAP <65 mm Hg (P = 
.001), 1.90 (1.23–2.94) for TWA-MAP <65 mm Hg (P = 
.004), and 1.69 (1.11–2.56) for TWA-MAP <70 mm Hg 
(P = .014), respectively, across the 4 TWA ordered cat-
egories listed in Supplemental Digital Content, Table 
2, http://links.lww.com/AA/C910.

Arterial catheter monitoring significantly increased 
the number of intraoperative boluses of vasoactive 
medications administered, with an estimated inci-
dence rate ratio (95% CI) of 1.37 (1.02–1.84), and cor-
responding median [quartiles] of 3.5 [1, 7] vs 3 [1, 5] 
boluses for arterial catheter versus oscillometric (P = 
.005).

Sensitivity Analyses
In analyses selecting one arterial catheter measure-
ment per 5 minutes of monitoring, there was no arte-
rial catheter effect detected on AUC-MAP <65 mm Hg, 
with an estimated proportional odds ratio (95% CI) 
of 1.19 (0.79–1.80) (P = .41). Furthermore, there was 
no arterial catheter effect on secondary definitions of 
hypotension, with an estimated proportional odds 
ratio (98.3% CI) of 1.34 (0.85–2.10) for AUC-MAP <60 
mm Hg (P = .21) and 1.27 (0.84–1.92) for AUC-MAP 
<70 mm Hg (P = .30; Table 2; Figure 3). We observed 
a median [Q1, Q3] gap between blood pressure mea-
surements per patient of 5 minutes [5, 5 minutes] for 
the arterial catheter group and 5 minutes [4, 5 min-
utes] in the cuff group.

The as-treated analysis was consistent with our 
primary findings from primary and sensitivity anal-
yses. The proportional odds ratio (95% CI) was 2.07 
(1.32–3.04) for AUC-MAP <65 mm Hg, P < .001 using 
all data, and 1.18 (0.78–1.78), P = .44 using one arterial 
catheter measurement per 5 minutes of monitoring.

Post Hoc Sensitivity Analyses
Analyses assessing the effect of the arterial catheter 
on number of minutes in various hypotension cate-
gories using thresholds of MAP below 60, 65, and 70 
mm Hg are reported in Supplemental Digital Content, 
Table 3, http://links.lww.com/AA/C910, along with 
the median [quartiles] of minutes for each group (see 
also Figure 4). Arterial catheter was associated with 
an increased odds of being in a higher number of min-
utes category for each of the 3 thresholds. For exam-
ple, median [quartiles] of number of minutes <65 mm 
Hg were 7 [1, 19] for arterial catheter and 3 [0, 12] for 
oscillometric, with an estimated odds ratio of 1.81 
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[1.19, 2.73] of being in a higher number of minutes cat-
egory for catheter versus oscillometric (P = .005).

Exploratory Analyses
Descriptive intraoperative outcomes, hospital length 
of stay, postoperative troponin, postoperative cre-
atinine, and discharge disposition are summarized 
by group in Supplemental Digital Content, Table 
4, http://links.lww.com/AA/C910. In-hospital 
and 30-day major complications are summarized 
by group in Supplemental Digital Content, Table 5, 
http://links.lww.com/AA/C910. Overall, 31 patients 
(20%) allocated for arterial catheter monitoring and 26 
patients (17%) allocated for oscillometric monitoring 
had any of major complications, hospital readmis-
sion, or death within 30 postoperative days (relative 
risk [RR], 1.21; 95% CI, 0.75–1.93; P = .43) in an intent-
to-treat analysis.

DISCUSSION
During surgery, appropriate blood pressure man-
agement includes early detection and timely treat-
ment with specific goal and management protocol. 

We detected hypotension more often when blood 
pressure was monitored with arterial catheters than 
oscillometrically. Our trial quantifies the benefit: on 
average, about twice as many hypotensive minutes 
were detected with arterial catheter monitoring for 
our primary threshold of <65 mm Hg, compared to 
the oscillometric monitoring (median, 7 vs 3 min-
utes), with similar results at thresholds of 60 and 70 
mm Hg and in sensitivity analyses based on cumu-
lative minutes below each threshold. Blood pressure 
monitoring with arterial catheters thus substantially 
improves clinician ability to detect potentially del-
eterious hypotension. The benefit was entirely due 
to continuous monitoring rather than some feature 
of arterial catheters per se, with the benefit obvi-
ated when we only considered catheter or oscil-
lometric values at 5-minute intervals. However, in 
the absence of specific blood pressure goal or man-
agement protocol, hypotension reduction was not 
realized.

The additional hypotension detected in 
patients with continuous monitoring provoked 

Figure 1. Patient flow chart.
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Table 1.  Baseline and Surgery Characteristics of the Study Population by Monitoring Technique

Factor
Arterial Catheter  

(N = 152)
Oscillometric  

(N = 154) ASDa

Demographic characteristics    
 Age (y) 62 (55, 70) 63 (54, 69) 0.070
 Female (%) 74 (48.7) 82 (53.2) 0.091
 Body mass index 30 (26, 38) 31 (26, 38) 0.045
 Race (%)   0.041
  Caucasian 134 (89)b 136 (88)  
  African American 14 (9) 14 (9)  
  Other 3 (2) 4 (3)  
 ASA physical status (%)   0.136
  II 21 (14) 17 (11)  
  III 116 (76) 116 (75)  
  IV 15 (10) 21 (14)  
 Current smoker (%) 48 (32)c 47 (31)d 0.019
Medical history    
 Chronic obstructive pulmonary disease (%) 24 (16) 20 (13) 0.080
 Obstructive sleep apnea (%) 48 (32) 37 (24) 0.169
 Congestive heart failure (%) 17 (11.2) 18 (11.7) 0.016
 Atrial fibrillation (%) 18 (11.8) 18 (11.7) 0.005
 Coronary artery disease (%) 43 (28) 34 (22) 0.143
 Aortic stenosis (%) 1 (0.66) 3 (1.9) 0.114
 Peripheral vascular disease (%) 20 (13) 20 (13) 0.005
 Stroke/TIA (%) 13 (8.6) 13 (8.4) 0.004
 Hypertension (%) 113 (74) 114 (74) 0.007
 Diabetes (%)   0.145
  No 111 (73.0) 111 (72.1)  
  Type I diabetes mellitus 5 (3.3) 2 (1.3)  
  Type II diabetes mellitus 36 (23.7) 41 (26.6)  
 Insulin use (%) 21 (13.8) 18 (11.7) 0.064
 Chronic kidney disease (%) 15 (9.9) 14 (9.1) 0.027
 Dialysis (%) 2 (1.3) 2 (1.3) 0.002
 Heart rate before induction (bpm) 75 (66, 85)d 75 (66, 83)e 0.041
 MAP before induction (mm Hg) 106 ± 15f 104 ± 14g 0.139
Surgery characteristics    
 Block type (%) 32 (21) 39 (25) 0.110
  Epidural 13 (9) 17 (11)  
  Nerve block 14 (9) 17 (11)  
  Spinal 5 (3.3) 5 (3.2)  
Intraoperative opioids    
 Propofol (mg) 200 (150, 241) 200 (150, 250) 0.061
 Midazolam (mg) 2.0 (1.0, 2.0) 2.0 (1.0, 2.0) 0.034
 Fentanyl (mg) 0.23 (0.15, 0.25) 0.20 (0.15, 0.25) 0.024
 Hydromorphone (mg) 0.0 (0.0, 1.1) 0.0 (0.0, 1.2) 0.042
 Remifentanil (mg) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.064
 Sufentanil (mg) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.163
 Meperidine (mg) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.002
 Morphine equivalents (mg) 27 (20, 35) 25 (20, 36) 0.065
 Surgery type (%)   0.310
  Orthopedic 39 (26) 41 (27)  
  Urology 23 (15) 17 (11)  
  Digestive system/bariatric 53 (35) 41 (27)  
  Neurological 17 (11) 19 (12)  
  Other 20 (13) 36 (23)  
 Surgery duration (min) 265 (201, 337) 271 (219, 347) 0.140
 Anesthesia time (min) 226 (171, 290) 240 (187, 310) 0.146

Summary statistics are presented as N (%) or median [Q1, Q3] as appropriate.
Abbreviations: ASA, American Society of Anesthesiologists; ASD, absolute standardized difference; bpm, beats/min; MAP, mean arterial pressure; TIA, transient 
ischemic attack.
aASD, defined as the absolute difference in means, mean ranks, or proportions divided by pooled standard deviation. ASD >0.22 is considered imbalanced.
bOne missing data points.
cTwo missing data points.
dThree missing data points.
eSix missing data points.
fNine missing data points.
gTwenty-three missing data points.
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interventions, although none were specified by 
protocol and clinicians were given no guidance 
on blood pressure management. They nonetheless 
gave a third more vasopressor boluses in patients 

monitored with arterial catheters, even though 
patients in each group received similar amounts of 
fluid and blood. That additional hypotension-pro-
voked treatment suggests that clinicians found the 

Table 2.  Effect of A-Line Versus Cuff Monitoring on AUC of MAP Below 65, 60, and 70 mm Hg

Main Analyses: Using All Measurements

Sensitivity: Equal No. of Measurements per Group 1 
Arterial Catheter Measurement Selected per 5 min of 

Monitoringa

 

Arterial 
Catheter  
(N = 152)

Oscillometric  
(N = 154)

Difference in  
Medians or Odds  
Ratio (95% CI) P Value

Arterial 
Catheter  
(N = 152)

Oscillometric  
(N = 154)

Difference in  
Medians or Odds  
Ratio (95% CI)

P 
Value

Primary outcome         
 AUC MAP <65 mm Hg 

(mm Hg × min)
24 (1, 121) 9.5 (0, 57) NA .036b 13 (0, 73) 8 (0, 51) NA .80b

 Categorized outcomec   1.78 (1.18–2.70) .006   1.19 (0.79–1.80) .41
  0 36 (24) 47 (31)   53 (35) 48 (31)   
  1–17 32 (21) 44 (29)   26 (17) 43 (28)   
  18–91 42 (28) 32 (21)   43 (28) 35 (23)   
  >91 42 (28) 31 (20)   30 (20) 28 (18)   
Secondary outcomes         
 AUC MAP <60 mm Hg 

(mm Hg × min)
3 (0, 43) 0 (0, 18) NA .013b 0 (0, 15) 0 (0, 14) NA .52b

 Categorized outcomec   2.13 (1.37–3.30) .0008   1.34 (0.85–2.10) .21
  0 67 (44) 91 (59)   86 (57) 94 (61)   
  1–11 27 (18) 23 (15)   23 (15) 20 (13)   
  12–54 25 (16) 24 (16)   20 (13) 25 (16)   
  >54 33 (22) 16 (10)   23 (15) 15 (10)   
 AUC MAP <70 mm Hg 

(mm Hg × min)
112 (16, 288) 57 (11, 165) NA .025b 71 (3, 211) 54 (11, 159) NA .61b

 Categorized outcomec   1.93 (1.26–2.95) .0024   1.27 (0.84–1.92) .26
  0 13 (9) 15 (10)   42 (28) 42 (27)   
  1–42 40 (26) 52 (34)   38 (25) 47 (31)   
  43–185 42 (28) 53 (34)   41 (27) 38 (25)   
  >185 57 (38) 34 (22)   31 (20) 27 (18)   

   
Incidence Rate Ratiod 

(95% CI)      

Intraoperative vasopressor 
boluses

3.5 (1, 7) 3 (1, 5) 1.37 (1.02–1.84) 0.005 … … … …

 Ephedrine 1 (0, 2) 0 (0, 2)       
 Phenylephrine 2 (0, 5) 1 (0, 4)       

Summary statistics are presented as N (%) or median [Q1, Q3] as appropriate.
Abbreviations: AUC, area under the curve; CI, confidence interval; MAP, mean arterial pressure; NA, not applicable.
aArterial catheters are presumably more sensitive for detecting short episodes of hypotension. We observed a median [Q1, Q3] gap between blood pressure 
measurements per patient of 1 min (1, 1 min) for arterial catheter patients and 5 min (4, 5 min) for patients monitored oscillometrically. Therefore, we performed 
sensitivity analyses selecting 1 arterial catheter measurement every 5 min.
bWilcoxon rank-sum test stratified by type of surgery and deciles of duration of surgery.
cProportional odds ratio estimated from a multivariable proportional odds model adjusting for type of surgery and duration of surgery. The proportional odds 
assumption was tested using a score test with a significance criterion of .05; none of the model assumptions was violated. The proportional odds ratio gives the 
estimated odds of being in a worse outcome category in arterial catheter patients versus those monitored oscillometrically.
dIncidence rate ratio estimated from a multivariable negative binomial regression model with robust standard error. This model adjusted for type of surgery and 
duration of surgery.

Figure 2. Distribution of AUC-MAP hypoten-
sion by randomized monitoring type at various 
MAP thresholds. One hundred fifty-two patients 
received arterial catheter pressure monitoring, 
while 154 patients received oscillometric moni-
toring. A corresponding P value is shown for each 
comparison between 2 groups from a Wilcoxon–
Mann-Whitey test adjusted for surgery type and 
duration of surgery (deciles). Arterial catheter 
monitoring significantly increased detection of 
hypotension defined using both primary (MAP 
< 65 mm Hg) and secondary MAP cutoffs (MAP 
< 60 mm Hg and MAP < 70 mm Hg). AUC indi-
cates area under the curve; MAP, mean arterial 
pressure.
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hypotension to be of potentially clinically impor-
tant magnitude.

No single number can fully characterize a com-
plex curve such as blood pressure over time. We 
and others have explored various curve descrip-
tors including mean pressure; TWA pressure; low-
est pressure maintained for various continuous or 
cumulative periods; time under various thresholds; 
area under various thresholds; TWA under various 
thresholds; and several measures of variability.1,6,9,10 
Furthermore, blood pressure includes its compo-
nents: systolic, mean, diastolic, and pulse pressure. 
Of the possible characterizations, AUC-MAP incor-
porates both depth and duration of hypotension. 
We selected a threshold of <65 mm Hg because it 
appears to be a population threshold for myocardial 
and kidney injury.5,6 We also expressed the results 
as TWA below certain thresholds, which is simply 
the AUC-MAP divided by the duration of the case. 
Finally, we report the results as cumulative minutes 
below thresholds because such units are intuitive, 
although they ignore actual depth.

Before randomly assigning each patient, attend-
ing anesthesiologists were asked to confirm that 
they would accept the assigned type of monitoring. 
Nonetheless, additional clinical information or dif-
ficulty with arterial catheter insertion resulted in 
some patients crossing over from the designated 
monitoring method to the alternative. Specifically, 8% 
of patients assigned to arterial catheter monitoring 
were actually monitored oscillometrically, and 14% of 
patients assigned to oscillometric monitoring actually 
received an arterial catheter. Fortunately, the fraction 
of patients crossing over to the alternative monitoring 
method was small. Our main analyses were all intent-
to-treat, but we did find very consistent results in an 
as-treated analysis. It thus seems unlikely that clinical 
decisions to alter monitoring strategy substantively 
altered our results or would change our conclusions. 
Because there was no blinded continuous measure-
ment for the blood pressure cuff group, we cannot 
confirm our impression that there were undetected 
hypotensive episodes in between blood pressure cuff 
measurements.

Figure 3.  Sensitivity analyses: distribution of AUC-MAP hypotension by randomized monitoring type at various MAP thresholds based on 5-min 
measurements of arterial catheters. Continuous arterial catheter monitoring resulted in about 5 times as many blood pressure recordings 
per patient, making it more sensitive to detecting short episodes of hypotension (Figure 2). We thus evaluated the distribution of AUC-MAP 
hypotension by monitoring type and MAP cutoffs in a sensitivity analysis based on selecting a single arterial catheter measurement for every 
5 min of monitoring. A corresponding P value is shown for each comparison between 2 groups from a Wilcoxon–Mann-Whitey test adjusted for 
surgery type and duration of surgery (deciles). The results showed that significantly more hypotension was detected with arterial catheters, 
but that the benefit went away when we restricted the analysis to 5-min measurements of arterial catheters. AUC indicates area under the 
curve; MAP, mean arterial pressure.

Figure 4. The distribution of minutes-MAP hypoten-
sion by randomized monitoring type for selected 
MAP cutoffs in a sensitivity analysis based on 
minutes of hypotension. A corresponding P value 
is shown for each comparison between 2 groups 
from a Wilcoxon-Mann-Whitey test adjusted for 
surgery type and duration of surgery (deciles). 
Arterial catheter was associated with higher min-
utes-MAP < cutoff for each of the 3 thresholds. 
MAP indicates mean arterial pressure.
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Invasive blood pressure monitoring, which pro-
vides continuous blood pressure, is used in selected 
high-risk patients. An alternative is noninvasive 
finger cuff monitoring that can provide continuous 
hemodynamic monitoring. Several devices are cur-
rently available. The ClearSight device, for example 
(Edwards Lifesciences Corp, Irvine, CA), is a con-
tinuous noninvasive hemodynamic monitor that 
uses volume clamp and physical methods. Absolute 
pressures obtained from this monitor are comparable 
to invasive blood pressure monitoring.11 In a recent 
study, designed to evaluate the hypotension reduc-
tion with continuous noninvasive arterial pressure 
monitoring compared to intermittent oscillomet-
ric reading, clinicians in both groups were asked to 
reduce the amount of hypotension. The TWA MAP 
under a threshold of 65 mm Hg was significantly 
lower for ClearSight group compared to oscillomet-
ric reading only.12 With continuous monitoring, clini-
cians detected hypotension early and treated it with 
a specific goal, thus reducing overall hypotension. 
Similarly, Meidert et al13 reduced hypotension with 
the use of continuous blood pressure monitoring in a 
trial designed to reduce hypotension. Both these trials 
highlight the importance of a specific blood pressure 
goal, in addition to early detection, for hypotension 
reduction.

Because there is little value in detecting events that 
do not worsen outcomes, an assumption behind our 
study is that brief periods of hypotension actually 
cause myocardial and renal injury. In retrospective 
analyses, just a few minutes of hypotension, espe-
cially at MAP below 55 mm Hg, are strongly asso-
ciated with myocardial injury and somewhat less 
strongly with acute kidney injury.9

A recent randomized trial provides support for a 
causal mechanism. Futier et al14 randomly assigned 298 
patients to tight (target ±10% of baseline systolic pres-
sure) or routine intraoperative blood pressure control. 
The incidence of a composite of serious complications 
was reduced to 25% (P = .02).14 Available evidence 
thus suggests that even brief periods of hypotension 
are causally related to major adverse outcomes. Blood 
pressure monitoring strategies, such as continuous 
arterial catheters, that better detect hypotension and 
clinical intervention may thus prove beneficial. Our 
study of just 306 patients was not even vaguely pow-
ered for reasonable differences in the composite of 
serious complications given the observed difference 
in hypotension. In any case, we did not observe large 
differences between groups: 20% of the patients moni-
tored with arterial catheters had major complications, 
hospital readmission, or death within 30 postopera-
tive days versus 17% of the patients monitored oscil-
lometrically, a difference that was not statistically 

significant. The lower complication rate in our study 
(17%–20%) compared to Futier et al14 (38.1%–51.7%) 
can be explained by different surgical setting, patient 
characteristics, and complication assessment method. 
Assuming the observed 17% incidence of the com-
posite outcome in oscillometric patients, a future trial 
would require about 4800 patients (2400 per group) 
to detect a 20% relative decrease (absolute decrease of 
3.4%) in complications among patients with an arte-
rial catheter with 90% power at the .05 significance 
level. To detect a 25% relative decrease from 17% (a 
4.25% absolute decrease) in complications among 
arterial catheter patients, the trial size would be about 
3000 patients. While certainly possible, either would 
be a formidable trial.

Two types of confounding are especially concern-
ing in such studies. The first is that sicker patients are 
more likely to experience hypotension because they 
are fragile, and for the same reason are more likely 
to experience complications. The second type of con-
founding is that patients who become hypotensive 
during surgery are also likely to develop postopera-
tive hypotension—which often lasts for hours. The 
timing of hypotension is important because myocar-
dial infarctions rarely occur during surgery, whereas 
94% occur in the initial 2 postoperative days.15 It 
may well be that intraoperative hypotension is sim-
ply a marker for postoperative hypotension that 
actually causes harm. Consistent with this theory, 
most patients who develop postoperative hypoten-
sion were also hypotensive during surgery.16 To the 
extent that either mechanism operates, intraoperative 
hypotension will be predictive, but not causal, and 
intraoperative intervention will not prevent adverse 
outcomes.

In summary, intraoperative blood pressure moni-
toring with arterial catheters detected nearly twice 
as much hypotension as oscillometric measure-
ments. And because hypotension was detected more 
often, it was also more often treated with vasopres-
sors. However, in the absence of a specific blood 
pressure goal or management protocol, hypoten-
sion reduction was not realized. Continuous arterial 
monitoring thus facilitates detection and treatment 
of hypotension. To the extent that brief periods of 
intraoperative hypotension cause complications 
such as myocardial and kidney injury, continuous 
arterial pressure monitoring may reduce major peri-
operative complications—although outcome benefit 
remains speculative and remains to be confirmed in 
a robust trial. E
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