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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Recent studies have demonstrated associations of postoperative hypo-
tension after noncardiac surgery, defined using varying definitions (cate-
gorical or continuous), with adverse outcome including myocardial injury
with a varying influence of intraoperative hypotension. The authors have
previously reported an association considering mean arterial pressure
quartiles assessed by high sensitivity troponin T levels. In this study, they
evaluated multiple absolute mean arterial pressure (MAP) thresholds and
temporal time-weighted characterizations of hypotension in the first 24 h
after surgery in patients admitted to a high-dependency unit with contin-
uous blood pressure monitoring. Myocardial injury was assessed using
serial high sensitivity troponin sampling on the first 3 postoperative days.

What This Article Tells Us That Is New

e Postoperative hypotension occurred in from 8 to 48% of patients using
MAP thresholds from 60 to 75 mmHg. Myocardial injury (peak high
sensitivity troponin T 50ng/l or greater) was associated with higher
prolonged durations for all of the MAP thresholds investigated (50 to
75 mmHg). After adjustment for relevant potential clinical confounders,
adjusted odds ratios ranged from 2.18 to 3.26 based on the assessed
thresholds and characterizations. In contrast to other studies, intraop-
erative hypotension had no independent effect on myocardial injury.

e The results may have been influenced by selection of a relatively
higher-risk cohort, possible influence of unblinded measurements
on clinical decision-making, lack of consideration of clinical pro-
cesses used to treat intraoperative blood pressure, unavailability
of preoperative troponin values, and other potential confounders.

ABSTRACT

Background: Intraoperative hypotension has been associated with postop-
erative morbidity and early mortality. Postoperative hypotension, however, has
been less studied. This study examines postoperative hypotension, hypothe-
sizing that both the degree of hypotension severity and longer durations would
be associated with myocardial injury.

Methods: This single-center observational cohort was comprised of 1,710
patients aged 60 yr or more undergoing intermediate- to high-risk noncar-
diac surgery. Frequent sampling of hemodynamic monitoring on a postoper-
ative high-dependency ward during the first 24 h after surgery was recorded.
Multiple mean arterial pressure (MAP) absolute thresholds (50 to 75 mmHg)
were used to define hypotension characterized by cumulative minutes, dura-
tion, area, and time-weighted-average under MAP. Zero time spent under
a threshold was used as the reference group. The primary outcome was
myocardial injury (@ peak high-sensitive troponin T measurement 50ng/| or
greater) during the first 3 postoperative days.

Results: Postoperative hypotension was common, e.g., 2 cumulative hours
below a threshold of 60 mmHg occurred in 144 (8%) patients while 4 h less
than 75 mmHg occurred in 824 (48%) patients. Patients with myocardial
injury had higher prolonged exposures for all characterizations. After adjust-
ing for confounders, postoperative duration below a threshold of 75 mmHg
for more than 635 min was associated with myocardial injury (adjusted odds
ratio, 2.68; 95% Cl, 1.46 to 5.07, P = 0.002). Comparing multiple thresholds,
cumulative durations of 2 to 4 h below a MAP threshold of 60 mmHg (adjusted
odds ratio, 3.26; 95% Cl, 1.57 to 6.48, P = 0.001) and durations of more
than 4 h less than 65 mmHg (adjusted odds ratio, 2.98; 95% Cl, 1.78 to 4.98,
P < 0.001) and 70 mmHg (adjusted odds ratio, 2.18; 95% Cl, 1.37 to 3.51,
P<0.001) were also associated with myocardial injury. Associations remained
significant after adjusting for intraoperative hypotension, which independently
was not associated with myocardial injury.

Conclusions: In this study, postoperative hypotension was common and
was independently associated with myocardial injury.

(AnesTHESIoLoGY 2020; 133:510-22)

Myocardjal injury after surgery is common and remains

a severe postoperative complication associated with

a poor prognosis."” In the perioperative setting, myocardial
injury is usually clinically silent and often unnoticed, yet has
identical increased risk in mortality as detected myocardial
ischemia.’ As a potential modifiable factor,® intraoperative
hypotension has been increasingly investigated and has been
suggested as a major contributor to postoperative myocardial
injury,”” possibly due to an oxygen supply—demand mismatch
from end-organ perfusion disruption. Moreover, intraoperative
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hypotension has additionally been associated with postopera-
tive acute kidney injury,®® stroke,” and mortality.'*!!

Most studies investigating the effects of intraoperative
hypotension and adverse postoperative outcome did not
include or account for hypotension during the (early) post-
operative period. During surgery, patients are under con-
tinuous hemodynamic supervision with adequate blood
pressure management opportunities to intervene. On the
ward, patients are monitored in 4-to-6-h intervals, where
hypotension may be unnoticed, can persist for prolonged
episodes, and may potentially be more harmful during
this critical phase. Recent studies have confirmed post-
operative hypotension to be associated with myocardial
injury'" and infarction." Although defining hypotension
in the perioperative setting remains challenging with over
140 different definitions” and no international consensus
to date, postoperative organ injury seems to be a function
of both hypotension severity and duration.'®"” However,
papers report limited blood pressure characterizations due
to infrequent postoperative blood pressure monitoring
and/or a poorly defined measure of postoperative hypoten-
sion. Consequently, the current consensus on postoperative
hypotension cannot accurately state at which postoperative
thresholds harm may occur.” It is therefore imperative to
explore this potentially modifiable factor in further detail.

The primary aim of this study was to determine whether
postoperative hypotension in the first 24 h after noncardiac
surgery was associated with myocardial injury. Multiple
mean arterial pressure (MAP) thresholds were used to
define postoperative hypotension, and different character-
izations were investigated. We hypothesized that both the
degree of postoperative hypotension severity and longer
durations would be associated with myocardial injury.

Materials and Methods

Study Design

This single-center observational cohort study was derived
from an ongoing clinical routine troponin registry of non-
cardiac surgery patients at the Erasmus University Medical
Center, Rotterdam, The Netherlands.'>'® Eligibility criteria
were patients aged 60 yr or older undergoing intermediate-
to high-risk noncardiac surgery, including elective and emer-
gency procedures with an expected postoperative length of
hospitalization of at least 24 h. Patients were included in the
period between July 1, 2012, and July 1, 2017. The sample
size was based on the available data.When clinically indicated,
patients were either continuously monitored on the high-de-
pendency ward (for the remaining day of surgery until the
day after surgery), in the intensive care unit, or on the recov-
ery ward before discharge to the wards. Patients who were
admitted to the high-dependency ward were selected for
analysis. In our hospital, the decision to admit patients to the
high-dependency ward after surgery is made several weeks
in advance before the surgery itself at the outpatient clinic.

Postoperative Hypotension and Myocardial Injury

Patients are admitted to the high-dependency ward based
on either the type of surgical procedure (e.g., intracranial,
major abdominal) or significant comorbidity, as judged by
the screening anesthesiologist. Patients with a postoperative
duration less than 8h before being discharged to the wards
or with a revised procedure within the postoperative period
were excluded from analysis (fig. 1). Furthermore, cases were
excluded if either perioperative hemodynamic measurements
or postoperative high-sensitive troponin T were unavailable.
Institutional approval for this study was obtained, and no
informed consent was required nor obtained according to
local directives for retrospective studies. This study was not
registered, was not subject to the Dutch Medical Research
Involving Human Subjects Act' due to this observational
character, and complies with the Helsinki Declaration on
research ethics.” This report follows the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) criteria for observational studies.?!

Data Collection

At the outpatient clinic, patients were screened on medical his-
tory, physical examination, laboratory measurements, and an
electrocardiogram according to local policy. Baseline charac-
teristics were acquired from medical records and consisted of
age, sex, type of surgery, emergency procedures, hypertension,
insulin-dependent diabetes mellitus, chronic obstructive pul-
monary disease, previous myocardial infarction (MI), coronary
artery disease, congestive heart failure, cerebrovascular disease,
and peripheral artery disease. Preoperative use of medication
was recorded, including fB-blockers, statins, angiotensin-con-
verting enzyme inhibitors, angiotensin-II antagonists, calcium
channel blockers, diuretics, aspirin, and oral anticoagulants.
Additional perioperative laboratory measurements, ward vitals,
and admission details were retrospectively extracted from the
institution’s electronic medical record storage database.

Blood Pressure Measurements

Perioperative blood pressure recordings were extracted
from the hospital anesthesia information management
system data. The intraoperative period was specified as
the documented start of anesthesia until the departure
from the operating room. The postoperative period was
defined as the departure from the operating room until
the patient’s discharge from the high-dependency ward
to the surgical wards. A maximum of 24 h of postopera-
tive measurements was selected for analysis. Preoperative
blood pressures were acquired from all measurements
obtained at the wards or from the outpatient clinic nonin-
vasively (oscillometrically). Intraoperative blood pressures
were measured and recorded either invasively (arterial
line catheter) at 1-min intervals or noninvasively at 1-
to 5-min intervals. Postoperative blood pressures on the
high-dependency ward were measured invasively or non-
invasively and recorded at 1- to 15-min intervals. Based
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Patients who fulfilled troponin assessment eligibility criteria
(n=4795)

3013 excluded from further analysis

» - 364 patients admitted to the ICU
- 2649 patients admitted to the wards

Patients postoperative admitted to the high-dependency ward
(n=1782)

72 excluded from further analysis

.| -53 revised surgery within 3 days
-10 postoperative duration <8 hours
-9 incomplete hemodynamic data

Patients included in the study
(n=1710)

Fig. 1. Patient’s flowchart. ICU, intensive care unit.

on a previously published algorithm, the following mea-
surements were considered artifacts and removed from the
data accordingly: a systolic blood pressure either less than
20 or greater than 300 mmHg; a diastolic blood pressure
either less than 20 or greater than 200 mmHg; a diastolic
blood pressure greater than the systolic blood pressure; and
a diastolic blood pressure greater than 20 mmHg below
the systolic blood pressure.'” Invasive blood pressure mea-
surements were preferred above noninvasive if both mea-
surements were available. Intervals between blood pressure
measurements were linearly interpolated.

MAP Thresholds and Characterizations of Hypotension

Absolute MAP thresholds were used for analyses. Multiple
MAP thresholds (50 to 75 mmHg, with 5-mmHg incre-
ments)? were initially selected to examine postoperative
thresholds for myocardial injury and to assess differences
between intraoperative and postoperative thresholds.
Different characterizations of blood pressure expo-
sures accounting for time components were calculated for
each patient: lowest MAP for multiple cumulative min-
utes, duration, area, and time-weighted average under MAP
thresholds. The lowest MAP was defined as a patient’s low-
est MAP during the whole intra- or postoperative period
for a minimal cumulative duration of 1, 5, 10, 15, 30, 60,
120, and 240 min. Duration was defined as the cumulative
length in minutes a patients MAP had decreased below
the threshold. Area under a MAP threshold was defined as
the depth underneath the threshold multiplied by duration,

Anesthesiology 2020; 133:510-22

expressed as mmHg ¢ minutes, as the severity of hypotension.
Additionally, to account for differences in durations of the
perioperative periods and assuming measurements are not
equidistant, time-weighted average under a MAP threshold,
expressed in mmHg, was calculated, defined as area divided
by the total duration of the intra- or postoperative period.We
defined our main exposure as duration under the selected
MAP threshold in minutes with area and time-weighted
average under the MAP threshold as additional exposures.

Outcome Measures

Troponin measurements were routinely obtained on post-
operative days 1, 2, and 3, unless discharged earlier. High-
sensitive troponin T was measured using the Cobas ¢602
TroponinT hs STAT assay (Roche Diagnostics, Germany).
A peak high-sensitive troponin T measurement of 50 ng/1
and above during the first 3 postoperative days was defined
as myocardial injury after surgery and used as the primary
outcome, as previously applied in our similar cohorts'*!®
and within the current clinical practice of our institution.

Furthermore, postoperative MI (which was ruled in or
out based on the criteria according to the third universal
definition®) and 30-day all-cause mortality were assessed
after surgery and used as secondary endpoints. Survival sta-
tus was completed in all patients by means of using the
institution’s medical records or was ascertained by inquiry

from the civil registries.
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Statistical Analysis

A data analysis and statistical plan was written after the
data were accessed. No statistical power calculation was
conducted before the study. Continuous variables are pre-
sented as medians with interquartile range or as means and
SDs as appropriate. Categorical variables are presented as
numbers and percentages. Complete case analyses were
performed. Hypotension exposures between patients with
and without myocardial injury were compared using the
Mann—Whitney U test. Normality for baseline characteris-
tics was assessed visually with histograms and normal quan-
tile—quantile plots. Incidence of intra- and postoperative
hypotension is presented as percentages of patients with a
cumulative duration below a MAP threshold and were lin-
early interpolated on the graphs.

Selecting the Postoperative MAP Threshold

To determine the MAP threshold in the postoperative
period at which risk of myocardial injury starts to increase,
graphs of the estimated probabilities based on the lowest
MAP were plotted and inspected using adjusted binomial
logistic regression models. In response to peer review,
only the two extremes from the preselected cumulative
durations (i.e., 1 min and 4 h) were used for inspection to
prevent overfitting. Potential confounders were selected
and entered (age, sex, high-risk surgery, emergency pro-
cedures, intra- and postoperative heart rate, previous his-
tory of hypertension, insulin-dependent diabetes mellitus,
coronary artery disease, congestive heart failure, cerebro-
vascular disease, renal disease, estimated blood loss, and
length of surgery) based on known factors associated
with perioperative hypotension, postoperative myocar-
dial injury, and cardiovascular and/or mortality risk.?*#
Restricted cubic splines analyses were applied between
the lowest MAP in cumulative minutes and myocar-
dial injury in the models and were retained when they
improved the model.

Hypotension and Myocardial Injury

Univariable and multivariable logistic regression analyses
were used to assess the association between intra- and post-
operative hypotension with myocardial injury. The abso-
lute threshold of 65 mmHg was selected for intraoperative
hypotension based on previous studies.>® The threshold for
postoperative hypotension was based on examining the
plots of the lowest MAP for cumulative minutes and post-
operative myocardial injury, as previously explained. One
single threshold was selected to define postoperative hypo-
tension for our analyses using three different hypotension
exposures (i.e., duration, area, and time-weighted average
under MAP) and the association with myocardial injury.
Five additional thresholds were selected for comparing the
association of the main exposure (duration under MAP
threshold) and myocardial injury.

Postoperative Hypotension and Myocardial Injury

Due to nonlinearity, duration, area, and time-weighted
average under the MAP threshold were divided in quar-
tiles with their zero time spent under a threshold as the
reference group. Duration under MAP was additionally
divided and categorized into less than 0, 0 to 1, 1 to 2,
2 to 4, and greater than 4h below the threshold. Similar
confounders, as described previously, were used for the
association between MAP exposures and myocardial injury.
Multivariable analyses were first adjusted for potential
confounders without and subsequently with intraopera-
tive hypotension to determine if the previous hypotension
occurrence would affect postoperative hypotension in the
final model. Multicollinearity between the different occur-
rences of intra- and postoperative hypotension was assessed
using variance inflation factor (threshold 5). The interac-
tion between intraoperative hypotension and postoperative
hypotension was tested and dropped if not statistically sig-
nificant. Sensitivity analyses of our primary analysis were
performed using the manufacturer’s 99th percentile ref-
erence value of high-sensitive troponin T (i.e., 14ng/1) to
define myocardial injury.?® Additionally, in response to peer
review, several post hoc sensitivity analyses were conducted.
These included patients with only invasive blood pressure
monitoring and patients with peak troponin elevations on
various days after surgery.

Results are reported as odds ratios with their 95% CI.
All statistical tests were two-tailed. Significance was set at
P < 0.05 for comparing between groups and interaction
terms. The Bonferroni correction was applied accordingly
when comparing three different exposures for postopera-
tive hypotension, resulting in a P value of 0.05/3 = 0.017
as level of statistical significance. When comparing for
five multiple thresholds for postoperative hypotension, a
P value of 0.05/5 = 0.01 as level of statistical significance
was used. All statistical analyses were performed using
R software version 3.6.0, 2018 (The R Foundation for
Statistical Computing, Austria).

Results

The initial study cohort consisted of 4,795 noncardiac sur-
gery patients who met eligibility criteria. Inclusion and
exclusion of patients are presented in figure 1. Subsequently,
our final study sample comprised a total of 1,710 patients
with frequent postoperative hemodynamic monitoring on
a high-dependency ward. A total of 1,587 of 1,710 (92%)
of the patients had invasive blood pressure monitoring.
The median postoperative time (interquartile range) on
the high-dependency ward before being discharged to the
wards was 21h (17.7,22.8).

Baseline Characteristics

Patients’ baseline and perioperative characteristics are pre-
sented in table 1.This cohort’s median age was 70 yr. Over
half of the patients had a medical history of hypertension

Anesthesiology 2020; 133:510-22
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Table 1. Baseline and Perioperative Characteristics

Patient characteristics n=1,710
Age, yr 70 [66, 76]
Male sex, n (%) 984 (58)

Procedural, n (%)

Emergency 75(4)
High-risk 439 (26)
General anesthesia 1,671 (98)
Type of surgery, n (%)
General 308 (18)
Orthopedic 207 (12)
Urological or gynecological 175 (10)
Neurologic 532 (31)
Vascular 307 (18)
Other 181 (11)
Medical history, n (%)
Hypertension 988 (58)
Insulin dependent diabetes mellitus 194 (11)
COPD 290 (17)
Myocardial infarction 289 (17)
Coronary artery disease 369 (22)
Congestive heart failure 148 (9)
Cerebrovascular disease 305 (18)
Renal failure 122 (7)
Peripheral artery disease 153 (9)
Preoperative medication, n (%)
[3-Blockers 722 (42)
Statins 789 (46)
Angiotensin-converting enzyme inhibitors 418 (24)
Angiotensin-Il antagonists 328 (19)
Calcium channel blockers 348 (20)
Diuretics 564 (33)
Aspirin 508 (30)
Oral anticoagulants 259 (15)

Preoperative*

Hemoglobin, g/dl 14+2

Estimated glomerular filtration rate, ml - min - 1.73 m? 73 [57, 86]

Heart rate, bpm 74 (66, 82]

MAP, mmHg 96 [89, 104]
Intraoperative

Length of surgery, min
Estimated blood loss, ml
Postoperative

236 [174,322]
300 [100, 650]

Peak high-sensitive cardiac troponin T, ng/I 16 [10, 28]
Myocardial injury, n (%) 238 (14)
30-day all-cause mortality, n (%) 50 (3)

Data are presented as median [25th, 75th percentiles], mean + SD, or n (%).

*Total missing values of their respective variables were as follows: 1 (0.1%) of
preoperative hemoglobin; 7 (0.4%) of preoperative estimated glomerular filtration
rate; 1 (0.1%) of preoperative mean arterial pressure (MAP); 1 (0.1%) of 30-day
all-cause mortality.

COPD, chronic obstructive pulmonary disease.

and 22% coronary artery disease. The median length of sur-
gery was 236 (174, 322) min, and median blood loss 300 ml
(100, 650). The first troponin was routinely measured on
the morning after surgery at 6:00 aMm. In 36% of the cases,
high-sensitive troponin T measurements were available on
all 3 postoperative days, 31% of the cases on 2 postoper-
ative days, and 33% on 1 postoperative day. In more than
half of our patients (53%), peak high-sensitive troponin T
occurred on postoperative day 1, 30% on postoperative day
2, and 17% on postoperative day 3. Overall, postoperative

Anesthesiology 2020; 133:510-22

myocardial injury occurred in 238 (14%) patients. Of these,
52 (22%) were defined as MI, and 20 (8%) died within 30
days of all-cause mortality.

Intraoperative and Postoperative Hypotension

Figure 2 shows the incidence of intra- and postoperative
hypotension for each MAP threshold in cumulative minutes.
There were no differences between intraoperative hypoten-
sion exposures in duration, area, and time-weighted average
under MAP thresholds in patients with myocardial injury
compared to patients without (P > 0.05 for all, except for
duration under MAP threshold 75 mmHg; table 2). In con-
trast to the intraoperative period, patients with myocardial
injury had longer durations of postoperative hypotension
compared to patients without, at all MAP thresholds 50 to
75 mmHg (P < 0.001 for all). Likewise, both postopera-
tive hypotension exposures area and time-weighted average
under MAP were higher in patients with myocardial injury
at all thresholds (P < 0.001 for all).

Defining the Postoperative MAP Threshold

Adjusted risk for myocardial injury based on the postoper-
ative lowest MAP for a cumulative duration of 1min and
4h are shown in Supplemental Digital Content 1, figure
1(http://links.Iww.com/ALN/C392). Probability of myo-
cardial injury increased with decreasing MAP below the
threshold of 75 mmHg for both cumulative durations.
Longer cumulative durations of the lowest postoperative
MAP were furthermore associated with exponentially
increased risk of myocardial injury. A MAP threshold of
75 mmHg was hence selected based on the plots, with
additional thresholds of 60, 65, 70, and 80 mmHg for
comparison.

Primary Analysis

The interaction between intraoperative hypotension and
postoperative hypotension was not statistically significant in
all models and was subsequently removed from further anal-
yses. Multicollinearities of intraoperative and postoperative
hypotension were all minor with a variance inflation factor
less than 2. Postoperative duration under a MAP threshold
of 75 mmHg was associated with increased risk of myocar-
dial injury after adjusting for potential confounders (fig. 3)
and, moreover, remained statistically significant after intra-
operative hypotension was added to the model; adjusted
odds ratio (95% CI) was 2.68 (1.46 to 5.07) for the fourth
quartile (table 3). In contrast, intraoperative hypotension as
cumulative duration under the predefined MAP threshold
of 65 mmHg was not associated with myocardial injury.
Additional characterization of hypotension, area, and time-
weighted average under MAP yielded similar unadjusted
and adjusted results. After dividing and categorizing dura-
tion under MAP in hours, more than 4h under a MAP of
70 mmHg (adjusted odds ratio, 2.18; 95% CI, 1.37 to 3.51,

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 2. Incidence of intra- and postoperative hypotension in cumulative minutes. Incidence is presented as percentage of patients who had
a cumulative duration in minutes (as indicated by the colors in legends) below the mean arterial pressure (MAP) threshold presented on the
x-axis during the intra- or postoperative period. Percentages were calculated for every MAP threshold and were linearly interpolated on the
graphs. (4) The total of the intraoperative period, defined as the documented start of anesthesia until the departure from the operating room.
(B) The total of the postoperative period, defined as departure from the operating room until 24 h on the high-dependency ward or discharge.
E.g., A cumulative duration of 60 min below a MAP threshold of 65 mmHg intraoperatively occurred in 19% of the patients, and a cumulative
duration of 60 min below a MAP threshold of 75 mmHg postoperatively occurred in 68%.

P =0.001) was associated with myocardial injury (table 4).
In our total cohort, patients who suffered myocardial injury
were mainly male patients, had a higher incidence of pre-
vious cardiovascular history, and were taking more cardio-
vascular medication (Supplemental Digital Content 2, table
1, http://links.lww.com/ALN/C392). Compared to the
total cohort of patients, patients in the lowest postopera-
tive MAP quartile more often underwent major abdom-
inal as well as high-risk procedures. However, they were
predominantly not different in previous medical history
or use of preoperative medication compared to the total
cohort. Within the lowest postoperative MAP quartile, for
those patients who suffered postoperative myocardial injury,
similar differences can be seen in age, emergency surgery
procedures, and cardiovascular medical history. Associations
for additional thresholds of 65 and 60 mmHg showed sim-
ilar patterns. There was no association with myocardial

injury for all durations under a MAP of 75 and 80 mmHg
(P >0.01 for all). After substitution of the primary outcome
with the manufacturer’s 99th percentile suggested reference
threshold of 14 ng/l, associations were similar.

Additional Analyses

Furthermore, several post hoc additional analyses based on
reviewer questions were conducted. A sensitivity analysis in
patients where peak troponin was measured on day 2 or
3 after surgery as well as a sensitivity analysis in patients
where blood pressure was measured with invasive blood
pressure monitoring did not influence our main findings.
Additionally, we conducted sensitivity analyses where the
analyses were replicated separately in patients admitted to
the ward or admitted to the ICU. The findings that post-
operative hypotension, but not intraoperative hypotension,

Anesthesiology 2020; 133:510-22
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Table 2. Differences in Intra- and Postoperative Hypotension Exposures in Patients with Myocardial Injury

Intraoperative Postoperative
No Myocardial Myocardial No Myocardial Myocardial
Injury Injury P Injury Injury P

Exposures (n =1,472) (n = 238) Value* Exposures (n =1,472) (n =238) Value*
Lowest MAP, for Lowest MAP, for
cumulative min, mmHg cumulative min, mmHg
>1 55 [48, 62] 55 [47,62] 0.369 >1 63 [56, 72] 60 [53, 68] < 0.001
>3 58 [52, 64] 58 [51, 65] 0.557 >10 64 [57,72] 61 [55, 69] < 0.001
>5 60 [55, 66] 60 [54, 66] 0.704 > 30 65 [58, 73] 62 [55, 69] < 0.001
>10 63 [58, 69] 64 [57,70] 0.996 > 60 66 [60, 74] 63 [57,69] < 0.001
Duration under MAP, Duration under MAP,

mmHg, min mmHg, min
<50 01[0,1] 01[0,2] 0.262 <50 01[0,0] 01[0,0] < 0.001
<55 110,5] 110,8] 0.115 <55 01[0,0] 01[0,7] < 0.001
<60 510, 16] 510, 20] 0.613 <60 010, 16] 21[0,42] < 0.001
<65 16 [4, 44] 14 [4, 46] 0.697 <65 810, 90] 3410, 160] < 0.001
<70 42 [14, 96] 32[11,95] 0.152 <70 60 [0, 300] 130 [14, 422] < 0.001
<75 81 [34,160] 56 [26, 136] 0.006 <75 198 [22, 554] 299 (70, 692] < 0.001
Area under MAP, mmHg, Area under MAP, mmHg,

min*mmHg min*mmHg
<50 0[0,3] 01[0,6] 0.247 <50 0[0,0] 01[0,0] < 0.001
<55 110, 22] 210, 37] 0.129 <55 01[0,0] 01[0,9] < 0.001
<60 1710,79] 20 [0, 105] 0.282 <60 010, 38] 21[0,129] < 0.001
<65 79110, 228] 7419, 288] 0.770 <65 19 [0, 281] 82 [0, 589] <0.001
<70 228 [64, 581] 205 [59, 642] 0.627 <70 202 [0, 1270] 457 [34,1941] < 0.001
<75 558 [208, 1228] 424 [155,1268] 0.153 <75 874 [55, 3460] 1621 [287,4794] < 0.001
Time-weighted average Time-weighted average

under MAP, mmHg under MAP, mmHg
<50 0.0[0.0,0.0] 0.0[0.0,0.0] 0.214 <50 0.0[0.0,0.0] 0.0[0.0,0.0] < 0.001
<55 0.0[0.0,0.1] 0.0[0.0,0.1] 0.070 <55 0.0[0.0,0.0] 0.0[0.0,0.0] < 0.001
<60 0.1[0.0,0.3] 0.1[0.0,0.4] 0.078 <60 0.0[0.0,0.0] 0.0[0.0,0.1] < 0.001
<65 0.3[0.0,0.9] 0.3[0.1,1.2] 0.215 <65 0.0[0.0,0.2] 0.1[0.0,0.5] < 0.001
<70 1.0[0.3,2.3] 1.1[0.3,2.9] 0.379 <70 0.2[0.0,1.1] 0.410.0,1.7] < 0.001
<75 2.5[0.9,4.7] 2.410.9,5.6] 0.820 <75 0.7[0.0,2.9] 1.410.3,4.0] < 0.001

Data are presented as median [25th, 75th percentiles].
*Pvalues from Mann—Whitney U test.
MAP, mean arterial pressure.

was associated with myocardial injury were consistent in
these analyses.

Discussion

In this study of patients undergoing intermediate- to
high-risk noncardiac surgery, we investigated the associa-
tion of postoperative hypotension with myocardial injury.
Postoperative hypotension ranging from MAP 50 to 75
mmHg for multiple cumulative duration in minutes was
common. A postoperative MAP below a threshold of 75
mmHg was found to increase the risk of myocardial injury,
with shorter durations at lower thresholds being likewise
harmful. After adjusting for potential confounders and
intraoperative blood pressure, postoperative hypotension
was independently associated with myocardial injury.

This current study confirms former results correlating
the lowest MAP on the remaining day of surgery with

Anesthesiology 2020; 133:510-22

postoperative high-sensitive troponin T levels'? and expands
on our previous findings by augmenting with frequent
blood pressure measurements, multiple thresholds, charac-
terizations for severity, and duration to define postoperative
hypotension.

In a substudy of the Vascular Events in Noncardiac
Surgery Patients Cohort Evaluation (VISION), inves-
effects of withholding angiotensin-
converting-enzyme inhibitors and angiotensin-II antago-
nists in noncardiac surgery, postoperative hypotension was
investigated as a secondary objective.” Similarly, the sub-
study of the Perioperative Ischemic Evaluation 2 (POISE-
2) trial also investigated postoperative hypotension, but in
a period-dependent matter in relation with postoperative
MI and death." In both studies, postoperative hypoten-
sion was subjectively defined as clinically important hypo-
tension, i.e., when systolic blood pressure dropped to less
than 90 mmHg for any duration requiring intervention

tigating  the
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Fig. 3. Postoperative duration below a mean arterial pressure (MAP) threshold of 75 mmHg in minutes and estimated predicted probabili-
ties of myocardial injury. Estimated probabilities of myocardial injury from multivariable logistic regressions adjusted for age, sex, high-risk
surgery, emergency procedures, intraoperative hypotension, intra- and postoperative heart rate, previous history of hypertension, insulin-de-
pendent diabetes mellitus, coronary artery disease, congestive heart failure, cerebrovascular disease, renal disease, estimated blood loss,
and length of surgery; one observation deleted due to missingness. There were no significant interactions between postoperative and intra-
operative hypotension within the model. Adding restricted cubic splines did not improve the model and were excluded from the final model.

during postoperative day O to 3. In the VISION’ sub-
study, postoperative hypotension occurred less often in
19.5% of the patients and was associated with myocardial
injury after noncardiac surgery (adjudicated as ischemic
of origin, adjusted relative risk, 1.63; 95% CI, 1.4 to 1.8,
P < 0.001). Postoperative hypotension during the remaining
day of surgery occurred in 32% of the patients in POISE-2
and was associated with an increased risk of MI per duration
of 10min (adjusted odds ratio, 1.03; 99.2% CI, 1.0 to 1.05,
P =0.002). Differences in the incidence of hypotension with
our study can be related to a younger, healthier population
of both these cohorts, infrequent routine monitoring, and
the use of a less sensitive fourth-generation troponin T assay.

Interestingly, we were unable to assess the association
between intraoperative hypotension and postoperative
myocardial injury described in previous studies.”” This can
be due to selection and treatment bias or due to the fact that
the selected threshold of 65 mmHg might have been too
high for our cohort (high-dependency ward patients at our

center might be more vigorously treated). However, in the
substudy of the VISION, the association of intraoperative
hypotension and myocardial injury after noncardiac surgery
was similarly no longer statistically significant after adjusting
for postoperative hypotension (adjusted relative risk, 1.04;
95% CI, 0.9 to 1.2, P < 0.58). After adjustment for post-
operative hypotension in the POISE-2’s substudy, the asso-
ciation of intraoperative hypotension per 10-min increase
and MI did not remain (adjusted odds ratio, 1.03; 99.2%
CL 0.9 to 1.1, P = 0.162). These results parallel our findings
demonstrating the robust association between postoperative
hypotension and myocardial injury. Given the likelihood
that patients who are hypotensive during surgery are also
hypotensive after surgery,'* previous studies on intraoper-
ative hypotension and myocardial injury might have been
confounded by the effect of postoperative hypotension,
which was not accounted for. Due to the complexity of the
perioperative process influencing the patient’s blood pres-
sure, it remains unknown whether the observed hypotension

Anesthesiology 2020; 133:510-22
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Table 3. Univariable and Multivariable Associations of Postoperative Hypotension, Defined as Different Exposures, and Myocardial Injury

Univariable Adjusted 0dds Ratio*
Minutes under MAP, Total Myocardial 0dds Ratio Adjusted 0dds (95% Cl) P
mmHg (n=1,710) Injury (n = 238) (95% Cl) Ratio (95% CI) [Full Model]t Value
Intraoperative MAP < 65
Reference (0) 254 39 (15)
Quartile 1: 1-8 377 52 (14) 0.88 (0.56-1.39) 0.97 (0.57-1.64) 0.90 (0.53-1.55) 0.710
Quartile 2: 9-22 370 49 (13) 0.84 (0.53-1.33) 1.19(0.70-2.04) 1.15(0.67-1.98) 0.622
Quartile 3: 23-53 351 44 (13) 0.79 (0.50-1.26) 1.29 (0.74-2.26) 1.12 (0.64-2.00) 0.688
Quartile 4: > 53 358 54 (15) 0.98 (0.63-1.54) 1.64 (0.93-2.93) 1.34 (0.74-2.45) 0.336
Postoperative MAP < 75
Reference (0) 268 24 (9
Quartile 1: 1-86 361 40 (11) 1.27 (0.75-2.18) 1.23 (0.68-2.27) 1.21 (0.67-2.24) 0.533
Quartile 2: 87-312 360 59 (16) 1.99 (1.22-3.35) 1.77 (1.00-3.22) 1.75(0.98-3.20) 0.062
Quartile 3: 313-635 360 45 (13) 1.45(0.87-2.48) 1.41(0.77-2.63) 1.33(0.72-2.52) 0.371
Quartile 4: > 635 361 70 (19) 2.45 (1.51-4.08) 2.89 (1.60-5.38) 2.68 (1.46-5.07) 0.002
Univariable Adjusted 0dds Ratio*
Area under MAP, Total Myocardial 0dds Ratio Adjusted Odds (95% Cl) P
mmHg*min (n=1,710) Injury (n = 238) (95% CI) Ratio* (95% Cl) [full model] Value
Intraoperative MAP < 65
Reference (0) 254 39 (15)
Quartile 1: 1-32 366 48 (13) 0.83(0.53-1.32) 0.96 (0.56-1.65) 0.90 (0.53-1.56) 0.711
Quartile 2: 33-108 362 49 (14) 0.86 (0.55-1.37) 1.21(0.72-2.08) 1.11(0.65-1.91)  0.709
Quartile 3: 109-279 364 42 (12) 0.72 (0.45-1.15) 1.13 (0.65-1.97) 0.97 (0.55-1.72)  0.914
Quartile 4: > 279 364 60 (17) 1.09 (0.70-1.70) 1.76 (1.01-3.09) 1.43(0.81-2.56)  0.224
Postoperative MAP < 75
Reference (0) 268 24 (9)
Quartile 1: 1-337 361 42 (12) 1.34 (0.80-2.30) 1.26 (0.70-2.31) 1.24(0.69-2.29)  0.479
Quartile 2: 338-1,513 360 50 (14) 1.64 (0.99-2.78) 1.53 (0.86-2.80) 1.49 (0.83-2.75)  0.186
Quartile 3: 1,514-4,419 360 58 (16) 1.95(1.19-3.29) 1.85(1.04-3.41) 1.80 (1.00-3.34) 0.056
Quartile 4: > 4,419 361 64 (18) 2.19 (1.35-3.67) 2.57 (1.41-4.80) 2.35 (1.27-4.46) 0.008
Univariable Adjusted 0dds Ratio*
Time-weighted Average Total Myocardial 0dds Ratio Adjusted Odds (95% Cl) P
under MAP, mmHg (n=1710) Injury (n = 238) (95% Cl) Ratio* (95% CI) [full model] Value
Intraoperative MAP < 65
Reference (0) 254 39 (15)
Quartile 1: 0.0-0.1 364 44 (12) 0.76 (0.48-1.21) 0.95 (0.55-1.64) 0.91(0.52-1.58)  0.733
Quartile 2: 0.2-0.5 364 49 (14) 0.86 (0.54-1.36) 1.19 (0.70-2.04) 1.06 (0.62-1.84)  0.835
Quartile 3: 0.6-1.1 364 44 (12) 0.76 (0.48-1.21) 1.18 (0.68-2.05) 1.04 (0.59-1.82)  0.901
Quartile 4: > 1.1 364 62 (17) 1.13(0.73-1.76) 1.53 (0.90-2.64) 1.24 (0.71-2.18)  0.454
Postoperative MAP < 75
Reference (0) 268 24 (9)
Quartile 1: 0.0-1.3 361 37 (10) 1.16 (0.68-2.01) 1.11(0.61-2.05) 1.09 (0.60-2.03) 0.771
Quartile 2: 1.4-2.3 360 56 (16) 1.87 (1.14-3.16) 1.76 (0.99-3.20) 1.72 (0.97-3.15) 0.070
Quartile 3: 2.4-3.7 360 55 (15) 1.83(1.12-3.10) 1.77 (0.98-3.27) 1.70(0.93-3.17) 0.088
Quartile 4: > 3.7 361 66 (18) 2.27 (1.40-3.80) 2.69 (1.48-5.02) 2.50 (1.36-4.75) 0.004

*Multivariable logistic model adjusted for age, sex, high-risk surgery, emergency procedures, intraoperative hypotension, intra- and postoperative heart rate, previous history of
hypertension, insulin-dependent diabetes mellitus, coronary artery disease, congestive heart failure, cerebrovascular disease, renal disease, estimated blood loss and length of
surgery; one observation deleted due to missingness. There were no significant interactions between postoperative and intraoperative hypotension within the models. Bonferroni
correction was used to adjust for the three defined exposures for postoperative hypotension. P < 0.05/3 = 0.017 was considered as statistically significant. tFull model: model with

both intraoperative and postoperative exposures in the model (in quartiles).
MAP, mean arterial pressure.

is refractory, a direct cause of adverse outcomes, a symptom
of an underlying disease, or a sign of cardiac decompen-
sation. Regardless of the cause, postoperative hypotension
was associated with myocardial injury and remained associ-
ated after adding intraoperative hypotension to the models.
The recently published Intraoperative Norepinephrine to
Control Arterial Pressure (INPRESS) study investigated
whether individualized blood pressure management during

Anesthesiology 2020; 133:510-22

and in the early hours after surgery would lead to less post-
operative organ dysfunction.* The primary endpoint in
this study was the dysfunction of at least one organ sys-
tem of the renal, respiratory, cardiovascular, coagulation, and
neurologic systems during the first 7 days after surgery. In
this randomized controlled trial, an individualized strategy
(aiming to achieve a systolic blood pressure within 10% of
the reference value during and the first 4h after surgery)
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Table 4. Association of Postoperative Hypotension, as Duration under Multiple MAP Thresholds, and Myocardial Injury

Duration under MAP Adjusted 0dds Ratio*
Postoperative Threshold Total Myocardial Injury (95% CI)t P
MAP Thresholds (h) (n=1,710) (n = 238) [full model] Valuet
MAP < 60 mmHg
0 1,010 114 (11) Reference
0-1 466 70 (15) 1.54 (1.05-2.24) 0.027
1-2 91 23 (25) 2.62 (1.39-4.80) 0.002
2-4 76 16 (21) 3.26 (1.57-6.48) 0.001
>4 67 15(22) 2.10(0.96-4.39) 0.055
MAP < 65 mmHg
0 693 74 (11) Reference
0-1 474 64 (14) 1.45(0.97-2.19) 0.073
1-2 153 26 (17) 1.74 (0.96-3.08) 0.062
2-4 160 23 (14) 1.76 (0.96-3.15) 0.063
>4 230 51(22) 2.98 (1.78-4.98) <0.001
MAP < 70 mmHg
0 466 49 (11) Reference
0-1 371 50 (13) 1.25(0.78-2.02) 0.350
1-2 174 16 (9) 0.80 (0.40-1.56) 0.529
2-4 195 28 (14) 1.24 (0.69-2.19) 0.471
>4 504 95 (19) 2.18 (1.37-3.51) 0.001
MAP < 75 mmHg
0 268 24 (9) Reference
0-1 285 32 (11) 1.18 (0.63-2.22) 0.607
1-2 157 21 (13) 1.63 (0.80-3.31) 0.175
2-4 178 21 (12) 1.28 (0.63-2.58) 0.487
>4 822 140 (17) 2.03 (1.19-3.60) 0.012
MAP < 80 mmHg
0 153 17 (11) Reference
0-1 191 13(7) 0.52 (0.22-1.22) 0.136
1-2 122 18 (15) 1.43 (0.64-3.22) 0.384
2-4 164 23 (14) 1.30 (0.60-2.86) 0.506
>4 1,080 167 (15) 1.38 (0.75-2.69) 0.321

*Multivariate logistic model adjusted for age, sex, high-risk surgery, emergency procedures, intraoperative hypotension, intra- and postoperative heart rate, previous history of hyper-
tension, insulin-dependent diabetes mellitus, coronary artery disease, congestive heart failure, cerebrovascular disease, renal disease, estimated blood loss, and length of surgery;
one observation deleted due to missingness. There were no significant interactions between postoperative and intraoperative hypotension within the models. tBonferroni correction
was used to adjust for the five defined MAP thresholds for postoperative hypotension. P < 0.05/5 = 0.01 was considered as statistically significant.

MAP, mean arterial pressure.

was associated with decreased incidence in postoperative
organ dysfunction (38.1% vs. 51.7%; relative risk, 0.73; 95%

report the absolute MAP threshold values for the ease of
interpretation in clinical practice. Further strengths are the

Liem et al.

CI, 0.56 to 0.94, P = 0.02). Surprisingly, the incidence of
myocardial injury or infarction in this high-risk popula-
tion was extremely low (0.003%) compared to our study,
which might potentially be explained due to their absence
of systematic troponin surveillance. If blood pressure man-
agement during surgery might prevent perioperative organ
injury, it is not unreasonable that postoperative manage-
ment might also have the potential to improve the patient’s
postoperative outcome.

One of our study’s strengths is exploring multiple MAP
thresholds instead of one single cut-off threshold to define
postoperative hypotension. Currently, there is no univer-
sal accepted definition of perioperative hypotension. The
current consensus states both absolute MAP thresholds
and relative MAP percentage reduction from baseline to
be equally acceptable for the predictive value of myo-
cardial injury when defining hypotension.'® We chose to

use of frequent blood pressure monitoring measurements
of 1- to 15-min intervals during the postoperative period.
Importantly, we were able to quantify multiple characteri-
zations of hypotension, as myocardial injury is a function of
both hypotension duration and severity.'® Both additional
severity (area under MAP threshold) and averaged (time-
weighted average under MAP threshold) characterizations
were comparable with our main characterization of dura-
tion below the threshold, confirming the strength of our
primary analysis.

In our study, several important limitations need to be
considered. First, the recorded frequent postoperative blood
pressures were from a high-dependency ward reflecting
a higher-risk population, and the data were measured in
one single university hospital, which limits generalizabil-
ity. Second, since blood pressure readings during and after
surgery were real-time displayed on the screens and visible

Anesthesiology 2020; 133:510-22
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to clinical staff, we cannot account for the fact that some
blood pressure recordings were accepted by clinical judg-
ment. Since no validation takes place of the recorded blood
pressures, artifacts after applying a data cleaning filter may
still be present. Third, we did not account for intravenous
fluids, volatile anesthesia, inotropes, and vasopressors, which
potentially have a substantial contribution to intraoperative
hypotension, though this is also dependent on the institu-
tion’s protocols and the anesthetists’ individual preferences.
Fourth, preoperative high-sensitive troponinT as well as the
precision of the measurement were unfortunately unavail-
able; hence, we were unable to validate how many patients
had elevated troponin concentrations before surgery. Fifth,
although we have adjusted for potential confounders and
conducted multiple sensitivity analyses, as with all obser-
vational data, our cohort is still accountable for residual
confounding and bias. After all possible adjustments, hypo-
tension after surgery is clearly associated with an increased
risk for myocardial injury in our cohort. However, given
the fact that myocardial injury is still common in patients
without severe postoperative hypotension, residual unmea-
sured confounding should still be expected.

On surgical wards, patients’ vital signs are commonly
monitored every 4 to 6h, in which hypotensive episodes
may occur more frequently. In a recent prospective blinded
observational study of 312 patients, postoperative hypoten-
sion after abdominal surgery was measured with a contin-
uous noninvasive monitor and compared to routine vital
signs monitoring.” In this study, postoperative hypotension
was also common and prolonged. More importantly, many
of the hypotensive events were not detected by their insti-
tution’s standard routine monitoring. Given the association
between postoperative hypotension and organ dysfunc-
tion, and the fact that hypotension is common and easily
overlooked on surgical wards, further studies are warranted
to understand this critical period. With the implementa-
tion of continuous monitoring, physicians may be able to
detect those who are most vulnerable. Subsequently, clini-
cal trials could further elucidate what factors contribute to
postoperative hypotension and how to treat it effectively to
improve outcome.

Conclusions

Postoperative hypotension during the first 24 h after non-
cardiac surgery on a high-dependency ward is common and
associated with myocardial injury when decreasing from a
MAP threshold less than 75 mmHg. Multiple characteri-
zations and longer durations of postoperative hypotension
were independently associated with myocardial injury at
multiple thresholds.
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