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BACKGROUND: Postoperative hypotension (POH) is associated with major adverse events. 
However, little is known about the association of blood pressure thresholds and outcomes 
in postoperative patients without intraoperative hypotension (IOH) on the general-care ward. 
We evaluated the association of POH with major adverse cardiac or cerebrovascular events 
(MACCE) in patients without IOH.
METHODS: This retrospective analysis included 67,968 noncardiac patient-procedures (2008–
2017) for patients discharged to the ward with postoperative mean arterial pressure (MAP) 
readings, managed for ≥48 hours postsurgery, with no evidence of IOH. The primary outcome 
was 30-day MACCE evaluated by postoperative MAP thresholds: ≤75, ≤65, and ≤55 mm Hg 
(POH defined as a single measurement below threshold). Secondary outcomes included all-
cause mortality (30-/90-day), 30-day acute myocardial infarction, 30-day acute ischemic stroke, 
30-day readmission, 7-day acute kidney injury, and 30-day readmission. Associations between 
POH and adverse events were also evaluated in a cohort (#2) of 16,034 patient-procedures with 
IOH (intraoperative MAP ≤65 mm Hg).
RESULTS: In patients without IOH, exposure to POH was not associated with MACCE at any 
investigated MAP threshold (P < .016 was considered significant: ≤75 mm Hg, hazard ratio [HR] 
1.18 [98.4% confidence interval {CI} 0.99-1.39], P = .023; ≤65 mm Hg, HR 1.18 [0.99–1.41], P 
= .028; ≤55 mm Hg, HR 1.23 [0.90–1.71], P = .121); however, associations were observed at 
all MAP thresholds for secondary outcomes of acute kidney injury and 30-day readmission, for 
30-/90-day mortality for MAP ≤65 mm Hg, and 90-day mortality for MAP ≤55 mm Hg, compared 
to those without POH. No associations were detected between POH and secondary outcomes 
of acute ischemic stroke or acute myocardial infarction at any MAP threshold. No interaction 
between POH and IOH was found when we evaluated the association of POH on outcomes in the 
data set including all patients, regardless of IOH status (P values for interaction terms nonsig-
nificant). When the interaction term was utilized, the association between POH without IOH and 
MACCE was significant for MAP ≤75 mm Hg (HR 1.20 [1.01–1.41]) and MAP ≤65 mm Hg (HR 
1.21 [1.02-1.45]), but not MAP ≤55 mm Hg. Cohort #2 (POH with IOH) showed largely similar 
results for MACCE: not significant for MAP ≤75 and ≤65 mm Hg, but significant for MAP ≤55 
mm Hg (HR 1.53 [1.05–2.22], P = .006).
CONCLUSIONS: POH in patients without IOH was not associated with MACCE at any MAP inves-
tigated. No interaction was identified between POH and IOH. Large prospective randomized 
trials are necessary to develop better evidence and inform clinicians the value of postoperative 
blood pressure management. (Anesth Analg 2021;132:1410–20)

KEY POINTS
• Question: What is the association between postoperative hypotension (POH) and clinical 

outcomes in patients admitted to the ward after noncardiac surgery without evidence of intra-
operative mean arterial pressure (MAP) ≤65 mm Hg?

LWW

California; and **Department of Anesthesiology & Critical Care Medicine, 
Mayo Clinic, Rochester, Minnesota.

Accepted for publication December 2, 2020.

Funding: Funding for this research was provided by Edwards Lifesciences.

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).

Reprints will not be available from the authors.

Address correspondence to Ashish K. Khanna, MD, FCCP, FCCM, 
Department of Anesthesiology, Section on Critical Care Medicine, Wake 
Forest University School of Medicine, Wake Forest Baptist Medical Center, 
1 Medical Center Blvd, Winston-Salem, NC. Address e-mail to akhanna@
wakehealth.edu.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, 
Inc. on behalf of the International Anesthesia Research Society. This is an 
open-access article distributed under the terms of the Creative Commons 
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), 
where it is permissible to download and share the work provided it is prop-
erly cited. The work cannot be changed in any way or used commercially 
without permission from the journal. 

LWW

mailto:akhanna@wakehealth.edu
mailto:akhanna@wakehealth.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


E  OrigiNal CliNiCal researCh repOrt

May 2021 • Volume 132 • Number 5 www.anesthesia-analgesia.org 1411

• Findings: POH in patients without intraoperative hypotension (IOH) was not associated with 
major adverse cardiac or cerebrovascular events (MACCE) and no interaction was detected 
between POH and IOH for any of the outcomes investigated.

• Meaning: In the absence of IOH, POH is not associated with MACCE in patients managed on 
the ward following surgery.

GLOSSARY
AE = adverse events; AIS = acute ischemic stroke; AKI = acute kidney injury; AMI = acute myo-
cardial infarction; BP = blood pressure; CAD = coronary artery disease; CCI = Charlson comor-
bidity index; CI = confidence interval; EHR = electronic health record; HR = hazard ratio; ICD = 
International Classification of Diseases; ICU = intensive care unit; IOH = intraoperative hypotension; 
IRR = incidence rate ratio; MACCE = major adverse cardiac or cerebrovascular events; MAP = 
mean arterial pressure; MINS = myocardial injury after noncardiac surgery; PACU = postanesthesia 
care unit; POH = postoperative hypotension; PPV = positive predictive value; SBP = systolic blood 
pressure; STROBE = Strengthening the Reporting of Observational Studies in Epidemiology

Major adverse cardiac or cerebrovascular 
events (MACCE), myocardial injury after 
noncardiac surgery (MINS), and acute 

kidney injury (AKI) are associated with substantial 
morbidity/mortality after noncardiac surgery.1–3 Risk 
factors are mostly baseline patient characteristics 
or surgical factors that are largely nonmodifiable.4,5 
However, hypotension is 1 potential risk factor that 
is common during/after noncardiac surgery which 
could be optimized.6–9 Even short durations of intra-
operative hypotension (IOH) at a mean arterial pres-
sure (MAP) <70 mm Hg are associated with mortality, 
AKI, and MINS.6–17 Postoperative hypotension (POH) 
is also associated with major adverse events (AEs).9 
This relationship is especially obvious among criti-
cally ill patients, though it seems to be dependent on 
IOH.16,17 However, there is limited information in the 
literature on the hazard of POH across different blood 
pressure (BP) thresholds in a cross-section of patients 
admitted to the ward postsurgery.9,18 Furthermore, 
previous studies did not exclude patients with IOH 
and, therefore, failed to capture the isolated associa-
tion of POH with patient outcomes across varying BP 
thresholds.

An important factor on the ward is the limitation 
of hemodynamic monitoring to intermittent vital sign 
assessments compared to the operating room or inten-
sive care unit (ICU) where continuous hemodynamic 
monitoring is standard protocol. Infrequent monitor-
ing on the ward may, therefore, contribute to harm 
since it often causes a delay in the intervention.9,19

To confidently evaluate whether POH across mul-
tiple hemodynamic thresholds is associated with 
worse outcomes in the absence of IOH, we chose to 
evaluate a cohort limited to POH. Using a large pop-
ulation-based data set, patients admitted to the ward 
for at least 48 hours after noncardiac surgery were 
identified. Our primary outcome was 30-day MACCE 
while secondary clinical outcomes included all-cause 
mortality (30- and 90-day), 30-day AMI, 30-day acute 

ischemic stroke (AIS), 30-day readmissions, 7-day AKI 
stage II/III, and hospital-free days in the 30 days post-
surgery. An additional analysis (cohort #2) included 
patients with IOH to assess the association of cumula-
tive hypotension exposures with these postoperative 
outcomes.

METHODS
Data Source
Data were obtained from the Optum (Optum, Eden 
Prairie, MN) deidentified electronic health records 
database, which standardizes/integrates records 
from >2000 hospitals and 7000 clinics. The data are 
sourced from ambulatory and inpatient settings, and 
cover diagnosis/procedure codes, clinical observa-
tions (ie, vital signs), medications, and laboratory 
results. This study was determined exempt by the 
institutional review board in advance, through pro-
vision of the statistical analysis plan, by Western 
Institutional Review Board (Puyallup, WA). This arti-
cle adheres to applicable Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) 
guidelines.

Cohort Selection
Our initial study population was 368,222 noncar-
diac/non-Caesarean surgical procedures (January 
1, 2008–December 31, 2017; based on data availabil-
ity) with valid patient intraoperative MAP readings 
(calculated, detailed in exposure section) and ≥1 year 
of presurgical history and follow-up in the database 
(Supplemental Digital Content, Figure 1, http://
links.lww.com/AA/D312, for initial attrition).

Exclusion criteria were subsequently applied to 
the 368,222 patient-procedures to obtain the final 
original cohort of 67,968 patient-procedures, which 
excluded patients: (1) not managed on the ward for 
≥48 hours postsurgery; (2) with more than two 5-hour 
gaps between MAP readings20 within 48 hours post-
surgery; (3) who died within 24 hours postsurgery;  

http://links.lww.com/AA/D312
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(4) who were discharged to the ICU (recorded/identi-
fied via the algorithm described below); (5) with mul-
tiple conflicting discharge locations (“invalid”); and 
(6) with IOH exposure (MAP ≤65 mm Hg based on the 
literature8,15) during qualifying surgery.

The list of noncardiac surgeries was determined 
using procedures in the Center for Disease Control’s 
National Healthcare Safety Network Surgical 
Site Infection monitoring program; applying the 
International Classification of Diseases (ICD)-9/10, and 
Healthcare Common Procedure Coding System 
codes.21,22 For patients without a documented loca-
tion, we leveraged machine learning approaches to 
exclude patients discharged to the ICU (n = 19,052; 
Supplemental Digital Content, Method 1, http://links.
lww.com/AA/D312, for algorithm for patients dis-
charged to ward). The final original cohort consisted 
of patients discharged to the ward with no evidence of 
IOH (n = 67,968). For patients who had multiple pro-
cedures within 30 days, the last surgery was utilized as 
the index procedure. In cases where qualifying surger-
ies were >30 days apart, all procedures were included.

We utilized an additional cohort of POH patients 
with IOH (cohort #2; defined as MAP ≤65 mm Hg; 
16,034 patient-procedures [9511 patients with a listed 
ward care area postsurgery; 6523 identified via algo-
rithm; Supplemental Digital Content, Method 1,  
http://links.lww.com/AA/D312] as discharged to 
ward) to examine any association between POH and 
outcomes among patients with IOH. Finally, given pre-
vious literature,16 we conducted an additional analy-
sis by combining the original cohort (without IOH;  
n = 67,968) and cohort #2 (with IOH; n = 16,034) to 

evaluate the association of POH exposure on outcomes 
in the presence or absence of IOH, by utilizing an interac-
tion term between IOH and POH (cohort #3; n = 84,002).

Determining MAP Thresholds and Exposures
MAP was calculated using the formula: ([2×Diastolic 
BP]+Systolic BP)/3. Artifacts were removed using pre-
viously published criteria: an invalid MAP value was 
defined as (1) systolic BP (SBP) ≥300 or ≤20 mm Hg, (2) 
SBP ≤ diastolic BP (DBP) +5 mm Hg, or (3) DBP ≤5 or 
≥225 mm Hg; abrupt changes were removed, defined 
by SBP change ≥80 mm Hg within 1 minute in either 
direction or ≥40 mm Hg within 2 minutes in both 
directions.8 Due to missing or invalid MAP readings 
within the 48-hours post-surgery, 0.7% of patient pro-
cedures were excluded (Figure 1). We used 3 absolute 
MAP thresholds (≤75, ≤65, and ≤55 mm Hg) to assess 
POH, and MAP ≤65 mm Hg for IOH, defined a priori 
based on the literature.15 We assessed POH exposure 
as a binary variable (presence/absence; POH for rel-
evant threshold was defined as a single MAP mea-
surement below the threshold) over postoperative 
48 hours (beginning from surgical stop time), given 
the intermittency of monitoring on the ward.9 We also 
accounted for the timing of binary POH exposure to 
ensure that the outcome occurred postexposure.

Potential Confounding Variables
Potential confounding variables that influence POH 
and the outcome of interest were defined a priori 
based on previously described methods.20 Briefly, we 
determined patient demographics from the database 
and identified comorbidities in the year presurgery 

Figure 1. Patient attrition diagram. EHR indicates electronic health record; MAP, mean arterial pressure.

http://links.lww.com/AA/D312
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using ICD-9/10 codes (present-on-admission indica-
tors were not utilized) except for valvular disease and 
severity, which was identified using physician notes 
(Supplemental Digital Content, Table 1, http://links.
lww.com/AA/D312, for ICD codes). Baseline patient 
severity was assessed using the Charlson comorbid-
ity index (CCI).23 Procedures in the year presurgery 
were captured from ICD-9/10 and Current Procedural 
Terminology codes. Antihypertensive medication 
use in the year presurgery was assessed from patient 
records (Supplemental Digital Content, Method 2, 
http://links.lww.com/AA/D312, for hypertensive 
drugs).

Evidence of major bleeding (by ICD-9/10), use of 
antihypertensive and, separately, vasopressor agents 
48 hours postsurgery were collected from records and 
included as time-dependent confounding variables in 
the analysis. To control for prior hypotension exposure in 
patients with IOH (n = 16,034), we used time-weighted 
MAP (area under the MAP threshold divided by sur-
gery duration) to standardize the exposure by operative 
time.17 Potential confounding variables for primary and 
secondary outcomes and baseline patient characteristics 
are shown in Table 1 and Supplemental Digital Content, 
Tables 2–4, http://links.lww.com/AA/D312.

A sensitivity analysis was performed to measure 
the magnitude of unobserved or unaccounted con-
founding effects. The E value, defined as the associa-
tion between the unobserved confounding variable 
and each exposure and outcome required to reduce 
the observed odds ratio for an outcome to 1.0, was 
calculated for outcomes for our original cohort and 
cohort #2 (Supplemental Digital Content, Table 5, 
http://links.lww.com/AA/D312).24

Primary and Secondary Outcomes
The primary outcome was 30-day MACCE,25–27 a com-
posite of 30-day all-cause mortality (captured from 
Social Security Index), AMI, or AIS, captured using 
ICD-9/10 codes (identified from previous literature 
and a ICD-9 to ICD-10 medical code crosswalk).25,28,29 
Additionally, the Clinical Classifications Software 
diagnosis code 100 was used to capture AMI.

The following secondary outcomes were assessed: 
all-cause mortality (30- and 90-day), 30-day AMI, 
30-day AIS, 30-day readmission, 7-day AKI stage II/
III, and hospital-free days in the 30 days postsurgery. 
We limited AKI to a 7-day window as previously 
defined.30 Thirty-day readmission was defined as hos-
pital admission within 30 days postdischarge from 
index hospitalization. AKI stage II/III was defined as 
postoperative creatinine 2 times greater than the most 
recent preoperative value, an increase in serum cre-
atinine ≥4 mg/dL, or initiation of dialysis therapy.31 
Primary and secondary outcomes were not limited to 
events in the index visit; subsequent visits were also 

included. If a patient died in the hospital, the number 
of hospital-free days was counted as 0.

Statistical Analysis
The association of POH with or without IOH, for 3 
POH thresholds, was evaluated in our original cohort 
(without IOH), cohort #2 (with IOH), and a combined 
cohort (cohort #3) using 2-tailed hypothesis testing. AE 
rates were evaluated in each POH group; the reference 
group was defined as all patients who did not experi-
ence POH at the specified MAP threshold (ie, for ≤65 
mm Hg, this is >65 mm Hg). The associations between 
MAP exposure and outcomes were controlled for con-
founding as outlined in the potential confounding vari-
ables section. Cox proportional hazards models with 
POH modeled as a time-dependent covariate were 
used for the primary outcome and all mortality-asso-
ciated end points (proportional hazards assumption 
was verified) to ensure only outcomes were included 
where the event followed the exposure. If the event 
occurred before the POH exposure, the patient was not 
included in the analysis for that specific outcome. The 
timing of POH was evaluated in the original cohort 
postsurgery without IOH, by surgery type, for the 3 
POH thresholds. We also evaluate conditional hazards 
of POH with or without IOH exposure, and the poten-
tial interaction between IOH and POH exposures in a 
combined cohort (cohort #3) of patient-procedures.

For secondary outcomes that did not include a 
mortality or length-of-stay component, Fine-Gray 
regression models32 were performed to account for the 
competing risk of death, and subdistribution hazards 
are reported. A sensitivity analysis was performed 
excluding patients who died in the first 48 hours. The 
number of patients right censored for the models and 
censored due to death were counted (Supplemental 
Digital Content, Table 6, http://links.lww.com/AA/
D312, for censored patients). Hospital-free days in the 
first 30 days were assessed via Poisson regression and 
a negative binominal model.

Patients who had any record of an outcome or a pro-
cedure within the 30-day presurgery were excluded 
from the corresponding outcome analyses. In a post 
hoc analysis, POH was treated as a time-dependent 
continuous exposure (defined as lowest MAP value 
on each postoperative day), and a restricted cubic 
spline was used to explore the nonlinear relationship 
between POH and outcomes.

Since we evaluated the outcomes across 3 POH 
thresholds, we used the Bonferroni correction33 with 
a P < .05/3 (.016). Hospital-free days (counted imme-
diately postsurgery) were reported as incidence rate 
ratios (IRRs) with 98.4% CIs; all other outcomes were 
reported as hazard ratios (HRs) and 98.4% CIs. All 
analyses were conducted using SAS version 9.4 (SAS 
Institute Inc, Cary, NC) and R3.5.2.

http://links.lww.com/AA/D312
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Sample Size Considerations
A previous US study (2004–2013) found a 3% MACCE 
incidence rate in 10,581,621 hospitalizations.25 We 
hypothesized that a 1% difference in MACCE (95% CI 
and power) would be detectable in a sample size of 
17,550. Therefore, our study with 67,968 procedures 
should be powered to detect a difference of at least 
0.5% for MACCE.

RESULTS
POH Without IOH: Cohort Characteristics
The original cohort included 67,968 procedures (64,542 
patients) managed on the ward (34,839 procedures 
identified by algorithm [Supplemental Digital Content, 
Method 1, for algorithm for patients discharged to ward;  
Figure 2, http://links.lww.com/AA/D312, for receiver 
operating characteristic] at a positive predictive value 
[PPV] of 0.97) with patient selection in Figure 1. Of the 
cohort procedures, 43,157 (63%) experienced a MAP 
≤75 mm Hg within 48 hours postsurgery; 15,377 (22%) 
and 2417 (4%) experienced hypotension for thresholds 
of MAP ≤65 and ≤55 mm Hg, respectively. A large pro-
portion of total POH events occurred within the first 4 
hours for all MAP thresholds (Figure 2). The incidence 
of hypotensive episodes by threshold and prior sur-
gery types are in Supplemental Digital Content, Figure 
3, http://links.lww.com/AA/D312.

The original cohort was predominantly female  
(n = 41,801 [61%]) with a median CCI of 1 (25th, 
75th; 0, 2) and mean (standard deviation [SD]) age 

of 62.9 (14.5) years (Table  1). Patients ≤18 years 
comprised 0.4% of the population. All outcomes 
were more frequent among patients who experi-
enced POH at lower thresholds (Table 2). MACCE 
was present in 1.7% of patients with MAP ≤75 mm 
Hg, 2.0% with MAP ≤65 mm Hg, and 2.7% with 
MAP ≤55 mm Hg.

Outcomes: POH Cohort Without IOH
Adjusted HRs and 98.4% CIs for the original cohort 
are reported in Figure  3A. In adjusted models for 
the non-IOH cohort, POH was not associated with 
MACCE for any MAP threshold (MAP ≤75 mm Hg, 
HR 1.18 [98.4% CI, 0.99-1.39], P = .023; MAP ≤65 mm 
Hg, HR 1.18 [0.99–1.41], P = .028; MAP ≤55 mm Hg, 
HR 1.23 [0.90–1.71], P = .121). However, significant 
associations between POH and secondary outcomes 
were observed at all thresholds for AKI and 30-day 
readmissions (Figure  3A). Furthermore, an associa-
tion was also found between secondary outcomes 
and POH MAP ≤55 mm Hg for 90-day mortality, and  
for POH MAP ≤65 mm Hg and 30- and 90-day mortal-
ity; yet the association was not significant for other 
thresholds (Supplemental Digital Content, Table 
7, http://links.lww.com/AA/D312, for P values). 
E values for unmeasured confounders required to 
reduce the odds ratio to 1.0 for MACCE and second-
ary outcomes in the original cohort ranged from 3.58 
to 1.40 (AKI ≤55 mm Hg threshold to 30-day readmis-
sions ≤65 mm Hg threshold) for significant outcomes 

Figure 2. Timing distribution for the first POH event after noncardiac surgery. Distribution provided for patients discharged to the ward without 
intraoperative hypotension. The proportion of patients with a first POH event of a specific threshold during the defined time frame is shown for 
all MAP thresholds (MAP ≤75, ≤ 65, ≤ 55 mm Hg). MAP indicates mean arterial pressure; POH, postoperative hypotension.

http://links.lww.com/AA/D312
http://links.lww.com/AA/D312
http://links.lww.com/AA/D312


E  OrigiNal CliNiCal researCh repOrt

May 2021 • Volume 132 • Number 5 www.anesthesia-analgesia.org 1415

(Supplemental Digital Content, Table 5, http://links.
lww.com/AA/D312). Additionally, across all thresh-
olds, POH was significantly associated with reduced 
hospital-free days (MAP ≤75 mm Hg, IRR 0.992 [98.4% 
CI, 0.988-0.996], P < .001; MAP ≤65 mm Hg, IRR 0.987 

[0.982–0.991], P < .001; MAP ≤55 mm Hg, IRR 0.971 
[0.961–0.981], P < .001).

We observed similar results when we: (1) excluded 
POH events in the first 4 hours to isolate the ward from the 
postanesthesia care unit (PACU; Supplemental Digital 

Table 1. Cohort Baseline Characteristics
  POH

Patient characteristics
Overall  

(n = 67,968)

MAP  
≤55 mm Hg  
(n = 2417)

MAP  
>55 mm Hg  
(n = 65,551)

MAP  
≤65 mm Hg  
(n = 15,377)

MAP  
>65 mm Hg  
(n = 52,591)

MAP  
≤75 mm Hg  
(n = 43,157)

MAP  
>75 mm Hg  
(n = 24,811)

Sex
 Male 26,167 (39%) 646 (27%) 40,030 (61%) 3969 (26%) 22,198 (42%) 13,770 (32%) 12,397 (50%)
 Female 41,801 (62%) 1771 (73%) 25,521 (39%) 11,408 (74%) 30,393 (58%) 29,387 (68%) 12,414 (50%)
Race
 Asian 316 (1%) 6 (0%) 310 (0%) 73 (1%) 243 (0%) 209 (1%) 107 (1%)
 Black 7011 (10%) 126 (5%) 6885 (11%) 897 (6%) 6114 (12%) 3336 (8%) 3675 (15%)
 Other 4905 (7%) 134 (6%) 4771 (7%) 1035 (7%) 3870 (7%) 3034 (7%) 1871 (8%)
 White 55,736 (82%) 2151 (89%) 53,585 (82%) 13,372 (87%) 42,364 (81%) 36,578 (85%) 19,158 (77%)
Region
 Midwest 29,817 (44%) 1143 (48%) 28,674 (44%) 7045 (46%) 22,772 (43%) 19,231 (45%) 10,586 (43%)
 North 1353 (2%) 39 (2%) 1314 (2%) 212 (1%) 1141 (2%) 761 (2%) 592 (2%)
 Other 1603 (2%) 81 (3%) 1522 (2%) 403 (3%) 1200 (2%) 1025 (2%) 578 (2%)
 South 32,943 (48%) 1018 (42%) 31,925 (49%) 7058 (46%) 25,885 (49%) 20,607 (48%) 12,336 (50%)
 West 2252 (3%) 136 (6%) 2116 (3%) 659 (4%) 1593 (3%) 1533 (4%) 719 (3%)
Age (y)
 <40 4813 (7%) 110 (5%) 4703 (7%) 929 (6%) 3884 (7%) 2805 (7%) 2008 (8%)
 40–49 6827 (10%) 157 (7%) 6670 (10%) 1153 (8%) 5674 (11%) 3748 (9%) 3079 (12%)
 50–59 13,739 (20%) 363 (15%) 13,376 (20%) 2609 (17%) 11,130 (21%) 8147 (19%) 5592 (23%)
 60–69 18,927 (28%) 647 (27%) 18,280 (28%) 4160 (27%) 14,767 (28%) 12,044 (28%) 6883 (28%)
 70–79 14,985 (22%) 613 (25%) 14,372 (22%) 3770 (25%) 11,215 (21%) 10,147 (24%) 4838 (20%)
 ≥80 8677 (13%) 527 (22%) 8150 (12%) 2756 (18%) 5921 (11%) 6266 (15%) 2411 (10%)
Charlson comorbidity index
 0 29,502 (43%) 960 (40%) 28,542 (44%) 6524 (42%) 22,978 (44%) 18,825 (44%) 10,677 (43%)
 1 12,936 (19%) 447 (18%) 12,489 (19%) 2805 (18%) 10,131 (19%) 8206 (19%) 4730 (19%)
 2 10,128 (15%) 375 (16%) 9753 (15%) 2331 (15%) 7798 (15%) 6488 (15%) 3640 (15%)
 3 5730 (8%) 256 (11%) 5474 (8%) 1428 (9%) 4302 (8%) 3642 (8%) 2088 (8%)
 4+ 9672 (14%) 379 (16%) 9293 (14%) 2289 (15%) 7383 (14%) 5996 (14%) 3676 (15%)
Year of surgery
 2008–2011a 3252 (5%) 145 (6%) 3107 (5%) 787 (5%) 2465 (5%) 2033 (5%) 1219 (5%)
 2012–2013 12,687 (19%) 561 (23%) 12,126 (19%) 3149 (20%) 9538 (18%) 8321 (19%) 4366 (18%)
 2014–2015 24,833 (37%) 833 (34%) 24,000 (37%) 5609 (36%) 19,224 (37%) 15,748 (36%) 9085 (37%)
 2016–2017 27,196 (40%) 878 (36%) 26,318 (40%) 5832 (38%) 21,364 (41%) 17,055 (40%) 10,141 (41%)
Surgery length (h)
 ≤1 57,049 (84%) 2064 (85%) 54,985 (84%) 13,102 (85%) 43,947 (84%) 36,733 (85%) 20,316 (82%)
 1–2 9384 (14%) 313 (13%) 9071 (14%) 2019 (13%) 7365 (14%) 5607 (13%) 3777 (15%)
 >2 1535 (2%) 40 (2%) 1495 (2%) 256 (2%) 1279 (2%) 817 (2%) 718 (3%)
Use of antihypertensives  

(year presurgery)
56,153 (83%) 2024 (84%) 54,129 (83%) 12,598 (82%) 43,555 (83%) 35,289 (82%) 20,864 (84%)

Surgery types (10 most common)
 Limb amputation 2246 (4%) 58 (2%) 2388 (4%) 398 (3%) 2048 (4%) 1253 (3%) 1193 (5%)
 Gallbladder surgery 2210 (3%) 36 (1%) 2174 (3%) 339 (2%) 1871 (4%) 1178 (3%) 1032 (4%)
 Colon surgery 3533 (5%) 78 (3%) 3455 (5%) 602 (4%) 2931 (6%) 1944 (5%) 1589 (6%)
 Craniotomy 98 (0%) 2 (0%) 96 (0%) 21 (0%) 77 (0%) 63 (0%) 35 (0%)
 Spinal fusion 3335 (5%) 122 (5%) 3213 (5%) 830 (5%) 2505 (5%) 2205 (5%) 1130 (5%)
 Spinal fusion 

laminectomy
1774 (3%) 63 (3%) 1711 (3%) 508 (3%) 1266 (2%) 1286 (3%) 488 (2%)

 Open reduction  
of fracture

4104 (6%) 214 (9%) 3890 (6%) 1264 (8%) 2840 (5%) 2861 (7%) 1243 (5%)

 Hip prosthesis 8968 (13%) 532 (22%) 8436 (13%) 2985 (19%) 5983 (11%) 6879 (16%) 2089 (8%)
 Knee prosthesis 19,212 (28%) 615 (25%) 18,597 (28%) 4051 (26%) 15,161 (29%) 12,504 (29%) 6708 (27%)
 Other 21,491 (32%) 640 (26%) 20,851 (32%) 4139 (27%) 17,352 (33%) 12,423 (29%) 9068 (37%)
 Thoracic surgeryb 797 (1%) 57 (2%) 740 (1%) 240 (2%) 557 (1%) 561 (1%) 236 (1%)

Characteristics for noncardiac surgery patients managed on the floor for 48 hours after surgery with no history of intraoperative hypotension (MAP ≤65 mm Hg). 
Because of rounding, categories will not always add to 100%.
Abbreviations: MAP, mean arterial pressure; POH, postoperative hypotension.
aFour years were combined due to small sample size in 2008 and 2009.
bNoncardiac and nonvascular.
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Content, Table 8, http://links.lww.com/AA/D312, for 
hazards for the ward cohort with/without IOH); (2) 
evaluated the cohort of patients with a documented care 
unit postsurgery (Supplemental Digital Content, Table 
9, http://links.lww.com/AA/D312); and (3) evaluated 
patients who were managed on the ward for 72 and 96 
hours (Supplemental Digital Content, Table 9, http://
links.lww.com/AA/D312, outcomes for patients with-
out IOH and identified as discharged to the ward). 
A sensitivity analysis excluding patients who died in 
the first 48 hours provided similar results for MACCE 
(Supplemental Digital Content, Table 10, http://links.
lww.com/AA/D312, for sensitivity analysis).

Outcomes: POH Cohort With IOH
Cohort #2 (with IOH) included 16,034 procedures 
(Supplemental Digital Content, Table 3, http://links.
lww.com/AA/D312, for baseline characteristics), of 
which 13,529 (84%) experienced postoperative MAP 
≤75 mm Hg; 7639 (48%) ≤65 mm Hg; and 1903 (12%) 
≤55 mm Hg, within 48 hours postsurgery. POH with 
IOH was associated with MACCE for MAP ≤55 mm Hg 
(HR 1.53 [98.4% CI, 1.05-2.22], P = .006); however, the 
associations were not significant for other thresholds 
(MAP ≤65 mm Hg: HR 1.29 [0.93–1.80], P = .061; ≤75 
mm Hg: HR 1.14 [0.73–1.81], P = .484). Forest plots of 
adjusted HRs for cohort #2 are presented in Figure 3B.

Associations between POH and the secondary 
outcome AKI were found for both MAP ≤65 and ≤55 
mm Hg. For patients with IOH, we found no asso-
ciation between POH and the secondary outcome 
30-day readmissions for any threshold investigated. 
Secondary outcomes 30- and 90-day mortality were 
associated with POH exposure only for MAP ≤55 mm 
Hg (Supplemental Digital Content, Table 7, http://
links.lww.com/AA/D312, for P values). E values 
assessing unmeasured confounding for MACCE in 
cohort #2 with IOH for significant end points ranged 
from 3.87 to 2.24 (AKI ≤55 mm Hg threshold to AKI 

≤65 mm Hg threshold) (Supplemental Digital Content, 
Table 5, http://links.lww.com/AA/D312).

Conditional HRs and Interaction Between  
POH and IOH
Given previous literature,16 in which a strong interac-
tion between IOH and POH and associated outcomes 
was observed, we chose to perform an additional anal-
ysis in which we accounted for the interaction between 
IOH and POH when looking at the effects of POH in a 
combined cohort (cohort #3) without (n = 67,968) and 
with (n = 16,034) IOH exposure, resulting in 84,002 
procedures (Supplemental Digital Content, Table 4, 
http://links.lww.com/AA/D312, for baseline char-
acteristics). However, our analysis revealed that the 
interaction terms between POH and IOH exposures on 
primary and secondary outcomes were not significant 
(Supplemental Digital Content, Table 11, http://links.
lww.com/AA/D312, for interaction P values).

Overall, the application of the interaction term 
revealed similar results, with only slight differences 
in the conditional HRs. When an interaction term 
between POH and IOH was utilized, the association 
between POH without IOH exposure and MACCE was 
significant for MAP ≤75 mm Hg (HR 1.20 [98.4% CI, 
1.01-1.41]) and MAP ≤65 mm Hg (HR 1.21 [1.02–1.45]),  
but not MAP ≤55 mm Hg (HR 1.26 [0.90–1.74]) 
(Figure 3C). When the interaction term between hypo-
tension exposures was utilized, the association between 
POH with IOH exposure and MACCE was significant 
for MAP ≤55 mm Hg (HR 1.45 [98.4% CI, 1.01-2.06]) but 
not MAP ≤65 mm Hg (HR 1.18 [0.88–1.59]) or MAP ≤75 
mm Hg (HR 1.15 [0.76–1.74]) (Figure 3D).

Modeling to Examine Overall Risk of POH
Models examining lowest POH MAP on any given 
day, fitted with a cubic spline, revealed an expanding 
association of MACCE across thresholds, with accen-
tuated associations at exposures to MAP ≤65 mm Hg 

Table 2. Rate of Adverse Events Among Noncardiac Surgery Patients Discharged to the Floor Without  
Intraoperative Hypotension (MAP <65 mm Hg)
  POH

 Overall MAP ≤ 55 mm Hg MAP ≤ 65 mm Hg MAP ≤ 75 mm Hg MAP > 75 mm Hg

Adverse event
Number of 
patients

Patients with 
event (%)

Number of 
patients

Patients with 
event (%)

Number of 
patients

Patients with 
event (%)

Number of 
patients

Patients with 
event (%)

Number of 
patients

Patients with 
event (%)

30-d MACCE 66,591 1054 (1.6 %) 2332 62 (2.7%) 14,976 297 (2.0%) 42,214 702 (1.7%) 24,377 352 (1.4%)
30-d mortality 67,968 594 (0.9%) 2411 40 (1.7%) 15,368 193 (1.3%) 43,151 412 (1.0%) 24,817 182 (0.7%)
90-d mortality 67,968 1048 (1.5%) 2411 78 (3.2%) 15,368 338 (2.2%) 43,151 722 (1.7%) 24,817 326 (1.3%)
30-d AMI 67,317 226 (0.3%) 2372 16 (0.7%) 15,170 59 (0.4%) 42,692 143 (0.3%) 24,625 83 (0.3%)
30-d AIS 67,200 362 (0.5%) 2381 23 (1.0%) 15,178 91 (0.6%) 42,658 232 (0.5%) 24,542 130 (0.5%)
7-d AKI (II/III) 67,845 986 (1.5%) 2360 60 (2.5%) 15,214 256 (1.7 %) 42,965 607 (1.4%) 24,880 379 (1.5%)
30-d readmission 67,580 4920 (7.3%) 2387 233 (9.8%) 15,233 1211 (8.0%) 42,872 3166 (7.4%) 24,708 1754 (7.1%)

Patients are stratified by postoperative hypotensive status. AMI and AIS were captured using ICD-9/10 codes (see Supplemental Digital Content, Table 1, http://
links.lww.com/AA/D312, for ICD codes). AKI stage II/III was defined using the following definition: postoperative creatinine 2 times greater than the most recent 
preoperative value, an increase in serum creatinine ≥4 mg/dL, or initiation of dialysis therapy.
Abbreviations: AIS, acute ischemic stroke; AKI, acute kidney injury; AMI, acute myocardial infarction; ICD, International Classification of Diseases; MACCE, major 
adverse cardiac and cerebrovascular events; MAP, mean arterial pressure; POH, postoperative hypotension.
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(Supplemental Digital Content, Figure 4, http://links.
lww.com/AA/D312, secondary outcomes among 
patients without IOH). Similar patterns were observed 
for secondary outcomes of 30- and 90-day mortality, 
AMI, AKI and 30-day readmissions. No clear pattern 
was observed for AIS (Figure 5, Supplemental Digital 
Content, Figure 5, http://links.lww.com/AA/D312, 
Restricted cubic spline to explore nonlinear relation-
ship between POH and MACCE).

DISCUSSION
Death within 30 days postsurgery is a common 
cause of mortality in the United States.1,25,34,35 
Hypotension-related events such as major bleeding 

and myocardial injury are common occurrences in 
the postoperative period.36 This is the first popu-
lation-based cohort study of noncardiac surgery 
patients who had acceptable intraoperative BP but 
had POH, where an association with adverse clini-
cal outcomes at various hemodynamic thresholds 
was examined. Even though the primary outcome 
of 30-day MACCE was not associated with POH, 
hypotension in the postoperative period at a MAP 
threshold ≤65 mm Hg was associated with a larger 
number of other AEs (HR >1 for AKI, 30-day read-
missions, and 90-day mortality).

The fact that we found no association between 
POH (in the absence of IOH) and MACCE at any 

Figure 3. Adjusted hazard and subdistribution hazard ratios for ward patients with POH. Data shown for patients (A) without IOH exposure 
and (B) with IOH exposure (cohort #2) for various POH MAP thresholds. Panels (C) and (D) report conditional hazards of POH exposure in a 
combined cohort of patients with/without IOH exposure (cohort #3), controlling for the interaction between IOH and POH (n = 67,968 [A]; n = 
16,034 [B]; n = 84,002 [C] and [D]). Potential confounding variables used in the models are detailed in Methods and listed in Table 1, and 
Supplemental Digital Content Tables 2–4, http://links.lww.com/AA/D312. Adj. indicates adjusted; AIS, acute ischemic stroke; AKI, acute kid-
ney injury; AMI, acute myocardial infarction; CI, confidence interval; HR, hazard ratio; IOH, intraoperative hypotension; MACCE, major adverse 
cardiac or cerebrovascular events; MAP, mean arterial pressure; POH, postoperative hypotension; SDHR, subdistribution hazard ratio.
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MAP threshold investigated might partially be due 
to the intermittent nature of ward BP recordings. 
Additionally, the small sample size for the MAP ≤55 
mm Hg exposure group may have affected our abil-
ity to detect a statistical difference in this group. This 
may have contributed to the lack of a clear “dose-
response” relationship for the associations of POH 
with multiple secondary outcomes (AIS/AMI). Liem 
et al37 demonstrated an association of POH with myo-
cardial injury; however, they measured BP every 
hour in a high-dependency unit. POH is not entirely 
benign. The association of 90-day mortality increased 
in a stepwise manner below MAP ≤65 mm Hg and 
the association of 30-day readmission was significant 
for MAP ≤75 mm Hg, and further increased as MAP 
dropped to ≤55 mm Hg. Consistent increase in the 
association of kidney injury with hypotension was 
previously shown.6,16,17 Similarly, we demonstrated 
a clear and consistent association with 7-day AKI as 
MAP decreased to ≤75 mm Hg, which doubled as 
MAP dropped to ≤55 mm Hg.

Previously, postoperative surgical ICU patients 
were shown to be exquisitely sensitive to hypotension; 
however, the relationship depended on the amount 
of IOH.16 Other cohorts demonstrated that postopera-
tive ward hypotension was associated with a 3-fold 
increased association of 30-day myocardial infarction 
and mortality compared with the same amount of IOH 
or POH on the day of surgery, after adjusting for IOH 
but only using a single SBP threshold (90 mm Hg).9  
However, our novel work examined an exclusive patient 
cohort without IOH, across multiple POH thresholds 
and for associations with outcomes extending beyond 
specific cardiac end points (ie, MINS).

Using cohort #2 of patients with IOH (intraopera-
tive MAP ≤65 mm Hg), we found slight differences 
in the HRs for primary and secondary outcomes, 
where most associations between POH and outcomes 
emerged only at low (MAP ≤55 mm Hg) POH thresh-
olds. This may be because patients with IOH likely 
received aggressive interventions in the PACU or on 
the ward and those with early warnings of being at 
highest risk for these events (ie, with rising tropo-
nin in the PACU) were likely sent to a higher level of 
care for intervention, and excluded from the analysis. 
However, those with a “double hit” and a profound, 
and possibly unexpected significant POH of MAP ≤55 
mm Hg, may have potentiated organ system injury. 
We also hypothesize that prior exposure to IOH may 
have rendered these patients more resistant to smaller 
drops in pressure (up to MAP >55 mm Hg) due to 
possible ischemic preconditioning.38,39 Importantly, 
when we utilized an interaction term between IOH 
and POH (P values for the interaction terms were 
not significant) the trends in outcome HRs remained 
largely similar from a clinical perspective, despite 

slight changes in statistical significance. The slight 
difference in the associations between POH and pri-
mary/secondary outcomes most likely resulted from 
the fact that although the interaction term was not sig-
nificant, the term was also not close to 1.0 and there-
fore, the interaction terms had some effect on the HRs 
depicted in Figure 3C, D.

Hypotension is common, prolonged, and largely 
unpredictable in the postoperative period.9,19 
Approximately 50% of noncardiac surgical patients 
with MAP ≤65 mm Hg for up to 30 continuous min-
utes are missed using standard monitoring compared 
with continuous monitoring on the postoperative 
ward.19 We demonstrated that POH was associated 
with adverse outcomes, including mortality and 
30-day readmissions, in a novel patient population 
with no hemodynamic perturbations during surgery, 
and were likely sent directly to the ward from the 
operating room or PACU. Considering that these data 
are based on intermittent traditional ward monitor-
ing, 1 such intervention to prevent adverse outcomes 
could have potentially been decreasing exposure time 
to hypotension had these patients been monitored 
continuously.

Limitations to our work include a patient cohort 
hospitalized ≥48 hours postoperatively; therefore, 
results may not be generalizable to all patients. Second, 
there is risk of missing/invalid BP data, for which we 
attempted to control by restricting the interval between 
MAP readings and implementing validity criteria, 
which may have impacted our ability to establish a 
“dose-response” gradient. We used strict criteria that 
excluded patients with frequent and longer durations 
of missing data as reported and published elsewhere.17 
Third, because this was an observational analysis and 
data were subject to reporting bias/data entry errors, 
uncontrolled confounding may exist. E values pro-
vide the strength of an association that an unmea-
sured confounder must have to reduce the observed 
association to unity. Because calculated E values  
for significant outcomes (with/without IOH) ranged 
from 3.87 to 1.40 (with IOH: AKI MAP ≤65 mm Hg to 
without IOH: 30-day readmissions MAP ≤65 mm Hg), 
an unmeasured confounder that was associated with 
the exposure and outcome of interest by a risk ratio 
of 3.87- or 1.40-fold each, above and beyond the mea-
sured confounders, could explain it away, but weaker 
confounding could not. Although we controlled for all 
known confounders available in our data set, should 
hypotension simply be an indicator of the severity 
of the underlying illness, the estimates of risk in this 
study would be overestimated.9 Fourth, since patient 
numbers with MAP ≤55 mm Hg are fewer than for 
higher thresholds, further evaluation would be war-
ranted to confirm our findings. Fifth, even though we 
have restricted gaps in MAP readings and controlled 
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for antihypertensive/vasopressor use postsurgery, we 
had no control over specific protocols within/across 
hospitals. Therefore, we could not control for more 
aggressive therapy or more intensive and frequent BP 
monitoring that sicker patients may have received on 
the hospital ward. Sixth, we used AKI stage II/III as 
our outcome measure, though AKI stage I has simi-
lar long-term renal dysfunction when compared with 
stage II/III.40 At the time, our decision was based on 
previous literature showing a significant increase of 
hospital mortality with stage II/III renal dysfunc-
tion.41 Seventh, we utilized a Bonferroni correction of 
P < .016 and 98.4% CI for secondary outcomes that 
corresponded to our 3 a priori defined MAP thresh-
olds, but did not take into account the number of 
secondary outcomes. We made inference on 84 asso-
ciations all together; even with our applied conven-
tional Bonferroni correction there is a chance that 
some of our results might be false positive findings. 
Therefore, these hypothesis-generating outcomes 
may help develop future prospective trials. Finally, 
we developed algorithms to assign patients without 
a known care location, to the ward (PPV for model 
was 0.97, thus 3% of patients could be misidentified). 
However, we did observe similar trends for HRs in 
patients with known care location.

In conclusion, our analyses revealed no association 
between MACCE and POH in patients without IOH. 
Additionally, we found no interaction between post-
operative and intraoperative hypotension on postop-
erative AEs. Significance of these findings appears to 
be tempered by the vastly intermittent nature of rou-
tine MAP assessment on the ward. Future prospec-
tive randomized trials are necessary to show whether 
greater fidelity measurements and avoidance of POH 
may be beneficial. E
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