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Abstract

Background: Intraoperative hypotension is associated with organ injury. Current intraoperative arterial pressure man-
agement is mainly reactive. Predictive haemodynamic monitoring may help clinicians reduce intraoperative hypoten-
sion. The Acumen™ Hypotension Prediction Index software (HPI-software) (Edwards Lifesciences, Irvine, CA, USA) was
developed to predict hypotension. We built up the European multicentre, prospective, observational EU HYPROTECT
Registry to describe the incidence, duration, and severity of intraoperative hypotension when using HPI-software
monitoring in patients having noncardiac surgery.

Methods: We enrolled 749 patients having elective major noncardiac surgery in 12 medical centres in five European
countries. Patients were monitored using the HPI-software. We quantified hypotension using the time-weighted average
MAP <65 mm Hg (primary endpoint), the proportion of patients with at least one >1 min episode of a MAP <65 mm Hg,
the number of >1 min episodes of a MAP <65 mm Hg, and duration patients spent below a MAP of 65 mm Hg.

Received: 18 February 2023; Accepted: 28 March 2023

© 2023 The Author(s). Published by Elsevier Ltd on behalf of British Journal of Anaesthesia. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
For Permissions, please email: permissions@elsevier.com


mailto:bernd.saugel@gmx.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bjao.2023.100140&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:permissions@elsevier.com
https://doi.org/10.1016/j.bjao.2023.100140
https://doi.org/10.1016/j.bjao.2023.100140

2 | Kouzetal

Results: We included 702 patients in the final analysis. The median time-weighted average MAP <65 mm Hg was 0.03
(0.00—0.20) mm Hg. In addition, 285 patients (41%) had no >1 min episode of a MAP <65 mm Hg; 417 patients (59%) had at
least one. The median number of >1 min episodes of a MAP <65 mm Hg was 1 (0—3). Patients spent a median of 2 (0—9)

min below a MAP of 65 mm Hg.

Conclusions: The median time-weighted average MAP <65 mm Hg was very low in patients in this registry. This suggests
that using HPI-software monitoring may help reduce the duration and severity of intraoperative hypotension in patients

having noncardiac surgery.

Keywords: artificial intelligence; blood pressure; haemodynamic instability; haemodynamic monitoring; machine

learning; postoperative complications

Arterial pressure is a major determinant of organ perfusion.!
Arterial hypotension is a key feature of haemodynamic
instability.” In patients having surgery, intraoperative
hypotension is common >~ and associated with organ injury
6710 and death.®! ' It thus seems advisable to avoid
intraoperative hypotension.'**°

However, avoiding intraoperative hypotension during ma-
jor surgery is challenging.’® It requires close arterial pressure
monitoring'/''® and rapid treatment of low arterial pressures
according to the presumed aetiology.»*® Current haemody-
namic management is still mainly reactive, with hypotension
being treated only after it has occurred.

Predictive haemodynamic monitoring may be a promising
approach to help clinicians reduce the incidence and severity
of intraoperative hypotension. The Acumen™ Hypotension
Prediction Index software (HPI-software) (Edwards Life-
sciences, Irvine, CA, USA) was developed using machine
learning to predict arterial hypotension defined as a MAP of
less than 65 mm Hg for at least 1 min.” By analysing arterial
pressure waveform features, it quantifies the likelihood that a
patient will develop hypotension on a unitless scale between
0 and 100.%° HPI values over 85 trigger acoustic and visual
alarms and a pop-up window providing the possibility to
display additional haemodynamic variables that might guide
clinicians in treating the cause of hypotension.

There are only sparse data on the effect of using HPI-
software monitoring on intraoperative hypotension in pa-
tients having elective major noncardiac surgery. We thus
aimed to quantify the amount of intraoperative hypotension
when using HPI-software monitoring. We therefore built up
the European multicentre, prospective, observational EU
HYPROTECT Registry to describe the incidence, duration, and
severity of intraoperative hypotension when using HPI-
software monitoring in patients having noncardiac surgery.?!

Methods
Study design and objective

We registered the EU HYPROTECT Registry at ClinicalTrials.
gov (NCT04972266) on July 22, 2021, and we published the de-
tails of the study protocol and methods.”’ In short, EU
HYPROTECT was a European multicentre, prospective, obser-
vational registry in patients having elective major noncardiac
surgery in 12 medical centres in five European countries
(France, Germany, Italy, Spain, and United Kingdom). Ethics
committee approvals were obtained for each site. Patients
gave written informed consent to participate in the registry
(unless the need for informed consent was waived by the local
ethics committee). The overarching objective of the registry

was to quantify intraoperative hypotension when using HPI-
software monitoring in patients having elective major
noncardiac surgery.

Study protocol

Patients in the registry were monitored using the Acumen™ IQ
sensor (Edwards Lifesciences) and the HemoSphere moni-
toring platform (Edwards Lifesciences), which calculates and
continuously displays HPI and haemodynamic variables,
including arterial pressure. Because using HPI-software
monitoring requires training and education, the registry was
performed in medical centres that routinely use HPI-software
monitoring with the Acumen™ IQ sensor and the HemoSphere
monitoring platform. There was no specific treatment protocol
for patients included in this registry; patients were treated
according to each centre’s clinical routine. HPI-software
monitoring and data recording were started with the begin-
ning of surgery and stopped when surgery ended.

Patients

We planned to include at least 700 patients in the registry. We
included consenting adults (>18 yr) who were scheduled for
elective major noncardiac surgery under general anaesthesia
that was expected to last at least 120 min and in whom intra-
arterial pressure and HPI-software monitoring were planned
for clinical management. We did not include patients having
emergency surgery, nephrectomy, and liver or kidney trans-
plantation; patients with atrial fibrillation or sepsis (according
to The Third International Consensus Definitions for Sepsis
and Septic Shock); patients with ASA physical status classifi-
cation 5 or 6; patients who were not able to understand the
nature, significance, and scope of the investigation; pregnant
women,; patients without signed informed consent; and pa-
tients participating in interventional trials.

Endpoints

We aimed to describe the incidence, duration, and severity of
intraoperative hypotension when using HPI-software moni-
toring in patients having elective major noncardiac surgery.
The primary endpoint was the time-weighted average MAP
<65 mm Hg. The time-weighted average MAP <65 mm Hg (unit:
mm Hg) is the area under a MAP of 65 mm Hg (unit: mm Hg x
minutes) divided by the total monitoring time (i.e. the total
duration of surgery; unit: minutes).”>?> We also report the
time-weighted average MAP <60 and <55 mm Hg; the area
under a MAP of 65, 60, and 55 mm Hg; the proportion of pa-
tients with at least one >1 min episode of a MAP <65, <60, and
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<55 mm Hg; number of >1 min episodes of a MAP <65, <60, and
<55 mm Hg; absolute duration and relative duration (% of
surgical time) patients spent below a MAP of 65, 60, and 55 mm
Hg; and the absolute maximum decrease lasting >1 min below
a MAP of 65, 60, and 55 mm Hg. We further calculated the time-
weighted average MAP >100 mm Hg and the absolute and
relative duration (% of surgical time) patients spent above a
MAP of 100 mm Hg.

On an exploratory basis, we describe the incidence of (i)
acute myocardial injury within three days after surgery, (ii)
acute kidney injury within three and seven days after surgery,
(iii) death within 30 days after surgery, (iv) hospital re-
admission within 30 days after surgery, and (v) a composite
outcome of non-fatal cardiac arrest and death within 30 days
after surgery. For this purpose, we followed patients for 30
days after surgery (via a telephone call if the patient left the
hospital earlier than 30 days after surgery).

Acute myocardial injury was defined according to the
definition of ‘myocardial injury and infarction associated with
noncardiac procedures’ provided in the Fourth Universal
Definition of Myocardial Infarction (2018)?* as an increase in
high-sensitivity troponin T or I concentrations above the sex-
specific 99th percentile upper reference limit within the first
three postoperative days with (i) a >50% increase when the
initial troponin T or I concentration was below the sex-specific
99th percentile upper reference limit, or (ii) a >20% increase
when the initial troponin T or I concentration was above the
sex-specific 99th percentile upper reference limit. We consid-
ered high-sensitivity troponin T or I values (whichever were
used in each centre) when measured per routine care before
surgery and on postoperative Days 1, 2, or 3 (Supplementary
Table 1).

Acute kidney injury was defined based on the Kidney Dis-
ease: Improving Global Outcomes Clinical Practice Guideline
for Acute Kidney Injury>?° as (i) an increase in serum creati-
nine concentration of >0.3 mg dl~! within any 48 h period
within the first seven postoperative days, (ii) an increase in
serum creatinine of >50% from baseline within the first seven
postoperative days, or (iii) the need for renal replacement
therapy within the first seven postoperative days. We
considered serum creatinine values when measured per
routine care before surgery (baseline) and on postoperative
Days 1—7 (Supplementary Table 2). We only considered the
serum creatinine and renal replacement criteria (i.e. excluding
the urine output criterion) in accordance with current rec-
ommendations?>?° because urine output is usually not reliably
recorded after surgery.

Non-fatal cardiac arrest was defined as successful resus-
citation from ventricular fibrillation, ventricular tachycardia,
asystole, or pulseless electrical activity requiring cardiopul-
monary resuscitation, pharmacological therapy, or cardiac
defibrillation.

Further, we report the ICU length of stay and the hospital
length of stay.

Statistical analysis

We performed descriptive analyses to quantify intraoperative
hypotension, patient characteristics, and perioperative data.
Continuous variables are presented as median (25%
percentile—75% percentile), and categorical variables are pre-
sented as absolute number (percentage). All statistical ana-
lyses were performed using IBM SPSS Statistics version 24

(IBM, Armonk, NY, USA) or R Core Team (https://www.R-
project.org/).

The sample size was estimated based on previously pub-
lished data. A randomised trial reported a median time-
weighted average MAP <65 mm Hg of 0.44 (0.23—0.72) mm Hg
without and 0.10 (0.01-0.43) mm Hg with HPI-software
monitoring.”®> Considering the wide inter-quartile range of
the time-weighted average MAP <65 mm Hg, we planned to
include at least 700 patients.

Results

Between September 2021 and May 2022, we enrolled 749 pa-
tients in the registry. We excluded 47 patients because of in-
clusion or exclusion criteria violation (n=33), technical
problems with HPI-software monitoring or recording (n=10), or
lack of study personnel to initiate HPI-software monitoring
(n=4). We thus finally included 702 patients in the analysis
(Table 1). The patients’ median age was 64 (55—73) yr; 340 pa-
tients (48%) were female.

The patients had surgery for a median of 209 (153—290) min.
All patients had surgery under general anaesthesia, either as
total intravenous anaesthesia (234 patients [33%]) or balanced
anaesthesia (467 patients [67%)]) (Table 2); 332 patients (47%)
additionally had neuraxial or regional anaesthesia. During

Table 1 Baseline and clinical characteristics (n=702). Cate-
gorical data are presented as absolute number (percentage)
and continuous data as median (25th percentile—75th
percentile). Percentages may not sum up to 100% because of
rounding. n, absolute number.

Variable Value
Characteristics
Age (y1) 64 (55—73)
BMI (kg m?) 26.2 (23.4—29.4)
Sex, n
Male 362 (52)
Female 340 (48)
ASA physical status, n
1 27 (4)
2 374 (53)
3 296 (42)
4 5(1)
Baseline risk factors, n
Chronic arterial hypertension 363 (52)
Antihypertensive medication 351 (50)
Diabetes mellitus 104 (15)
Oral hypoglycaemic agent 82 (12)
Chronic heart failure 17 (2)
Coronary artery disease 52 (7)
Cerebrovascular disease 25 (4)
Chronic obstructive pulmonary 71 (10)
disease
Chronic kidney injury 42 (6)
Type of surgery, n
General surgery 250 (36)
Gynaecological surgery 105 (15)
Neurosurgery 76 (11)
Orthopaedic surgery 21 (3)
Spine surgery 33 (5)
Thoracic surgery 35 (5)
Urological surgery 98 (14)
Vascular surgery 76 (11)
Other 8 (1)
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Table 2 Intraoperative clinical characteristics (n=702). Cate-
gorical data are presented as absolute number (percentage)
and continuous data as median (25th percentile—75th
percentile). n, absolute number.

Variable Value

Type of anaesthesia, n

Table 3 Arterial pressure and clinical outcomes (n=702). Cat-
egorical data are presented as absolute number (percentage)
and continuous data as median (25th percentile—75th
percentile). n, absolute number.

Variable Value

Time-weighted average MAP values (mm Hg)

<65 mm Hg 0.03 (0.0-0.2)
<60 mm Hg 0.0 (0.0—0.05)
<55 mm Hg 0.0 (0.0-0.0)
Area under MAP values (mm Hg x min)
<65 mm Hg 6.1 (0.0—42.3)
<60 mm Hg 0.01 (0.0-8.8)
<55 mm Hg 0.0 (0.0-0.8)

Proportion of patients with at least one >1 min episode
below MAP thresholds (%)

Balanced anaesthesia 467 (67)
Total intravenous anaesthesia 234 (33)
Thoracic epidural 140 (20)
Lumbar epidural 33 (5)
Spinal anaesthesia 97 (14)
Peripheral regional anaesthesia 62 (9)
Vasoactive drug administration
Cafedrine/theodrenaline, 2.0 (1.0-2.5)
n=126 (ml)
Epinephrine, n=13 (mg) 9 (1.2-12.8)
Ephedrine, n=134 (mg) 18 (9—24)
Metaraminol, n=50 (mg) 8.1 (3.9-13.3)
Norepinephrine, n=502 (mg) 1.3 (0.6—2.6)
Dobutamine, n=69 (mg) 36.5 (15.3-50.7)
Phenylephrine, n=96 (mg) 0.3 (0.2-0.8)

Fluid management
Colloid fluid (ml)
Crystalloid fluid (ml)
Red blood cell transfusion, n
Fresh frozen plasma
transfusion, n
Platelet transfusion, n
Cell saver autotransfusion, n
Estimated blood loss (ml)
Estimated urine output (ml)

600 (500—1000)
2400 (1500—3600)
106 (15)

52 (7)

9(1)

12 (2)

250 (100—500)
550 (300—1048)

<65 mm Hg 59.4
<60 mm Hg 37.9
<50 mm Hg 9.8
Number of >1 min episodes below MAP thresholds, n
<65 mm Hg 1(0-3)
<60 mm Hg 0 (0-1)
<55 mm Hg 0 (0—0)
Absolute duration below MAP thresholds (min)
<65 mm Hg 2.0 (0.0-9.1)
<60 mm Hg 0.0 (0.0—2.0)
<55 mm Hg 0.0 (0.0—0.0)
Relative duration (% of surgical time) below MAP thresholds
(%)
<65 mm Hg 1.0 (0.0—4.5)
<60 mm Hg 0.0 (0.0—-1.0)
<55 mm Hg 0.0 (0.0—0.0)

Postoperative destination, n
PACU 400 (57)
ICU 302 (43)

surgery, the patients were given a median total volume of
crystalloid and colloid fluids of 2500 (1500—3537) ml. Vaso-
pressors or inotropes were administered in 639 patients (91%):
502 (79%) patients were given norepinephrine, 134 (21%)
ephedrine, 126 (20%) cafedrine/theodrenaline, 96 (15%) phen-
ylephrine, and 69 (11%) dobutamine.

The median time-weighted average MAP <65 mm Hg was
0.03 (0.00—0.20) mm Hg. There were 285 patients (41%) who
had no >1 min episode of a MAP <65 mm Hg; 417 patients (59%)
had at least one (Table 3). The median number of >1 min ep-
isodes of a MAP <65 mm Hg was 1 (0—3). Patients spent a
median of 2.0 (0.0—9.1) min or 1 (0—5)% of surgical time below a
MAP of 65 mm Hg. The median absolute maximum decrease
lasting >1 min below a MAP of 65 mm Hg was 7 (3—12) mm Hg.
The median time-weighted average MAP >100 mm Hg was 0.25
(0.02—-0.08) mm Hg, and patients spent a median of 7.8
(1.0—23.3) min above a MAP of 100 mm Hg.

There were 21 patients (3%) who had acute myocardial
injury within three days of surgery, and four of them fulfilled
the definition of myocardial infarction. There were 62 patients
(9%) who had an acute kidney injury within three days of
surgery and 79 (11%) within seven days. Fifty-five patients (8%)
were re-admitted to hospital within 30 days of surgery. Pa-
tients stayed in the ICU for 1 (1-2) day and in the hospital for 6
(4—9) days after surgery. The composite outcome of non-fatal
cardiac arrest or death within 30 days after surgery occurred
in 12 patients (2%); 11 patients (2%) died within 30 days after
surgery.

Absolute maximum decrease lasting >1 min below MAP
thresholds (mm Hg)

<65 mm Hg 7 (3—12)

<60 mm Hg 6 (3—10)

<55 mm Hg 5(2—-8
Time-weighted average 0.25 (0.02—0.08)

MAP >100 mm Hg (mm
Heg)

Absolute duration above a 7.8 (1.0—23.3)
MAP >100 mm Hg (min)
Relative duration (% of 3.9 (0.5-11.6)

surgical time) above a

MAP >100 mm Hg (%)
Postoperative complications, n

Acute myocardial injury 21 (3)

Acute kidney injury 62 (9)

within three days after

surgery

Acute kidney injury

within seven days after

surgery

Non-fatal cardiac arrest

Death

Hospital re-admission

79 (11)

Ul =N
(I
—~—~
NSRT

3

Discussion

The median time-weighted average MAP <65 mm Hg was very
low in patients in this registry. This suggests that using HPI-
software monitoring may help reduce the duration and
severity of intraoperative hypotension in patients having
noncardiac surgery. The median time-weighted average MAP
<65 mm Hg was 0.03 mm Hg. About 40% of the patients had no
>1 min episode of MAP <65 mm Hg. Patients had a MAP <65
mm Hg for a median of 2 min or 1% of surgical time.
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Both the duration and severity of intraoperative hypoten-
sion are associated with postoperative complications.”’ We
thus primarily quantified intraoperative hypotension as time-
weighted average MAP <65 mm Hg because it reflects both
hypotension duration and severity. Patients in this registry
had a median time-weighted average MAP <65 of 0.03 mm Hg,
which is substantially lower than those reported previously in
patients having major noncardiac surgery (Fig 1).232830

In patients randomly allocated to receive routine care in
three trials on HPI-software-guided intraoperative arterial
pressure management, the median time-weighted average
MAP <65 mm Hg were 0.44,2% 0.14,%® and 0.50 mm Hg.30 Inter-
estingly, even in patients randomised to HPI-software-guided
intraoperative arterial pressure management, the time-
weighted average MAP <65 mm Hg was substantially higher
than in patients included in this registry: 0.10,>> 0.14,%% and
0.16 mm Hg>® vs 0.03 mm Hg in this registry. Similarly, in a
retrospective observational study, including 100 patients
having noncardiac surgery, the median time-weighted
average MAP <65 mm Hg was 0.27 mm Hg when patients
were treated based on pulse wave analysis data without HPI-
software monitoring and 0.10 mm Hg when HPI-software
monitoring was used as well.?

There are presumably different reasons why there was
little intraoperative hypotension in patients in this registry.
First, the HPI-software may predict hypotension several mi-
nutes before a hypotensive event occurs.’>>! The very purpose
of the HPI-software monitoring thus is to allow the treatment
of impending hypotension before it occurs. Second, using HPI-
software monitoring requires training and education. We only
recruited patients in medical centres where HPI-software
monitoring is used per clinical routine. Most clinicians taking
care of registry patients thus had experience with using HPI-
software monitoring. Third, when considering the additional
haemodynamic data provided on the secondary screen, HPI-

0.03

software monitoring helps in treating or preventing intra-
operative hypotension specifically and causally. The second-
ary screen provides advanced haemodynamic variables and
enables identifying and specifically treating the most likely
cause of (impending) hypotension. Common causes of intra-
operative hypotension include vasodilation, hypovolaemia,
and impaired myocardial contractility,’®>? all of which require
specific treatment. Clinicians treating registry patients seem-
ingly treated intraoperative hypotension causally by using
different vasopressors and inotropes and different types of
fluids. For example, around 45% of all patients received two
different types of vasoactive drugs, with norepinephrine,
ephedrine, and cafedrine/theodrenaline being the ones most
frequently used.

Intraoperative hypotension is a modifiable risk factor for
postoperative organ injury.'**> Although the threshold for
harm in individual patients remains unclear, intraoperative
hypotension at some level likely causes organ injury. We thus
also explored perfusion-related outcomes, including acute
myocardial and kidney injury and other patient-centred out-
comes. Only 3% of patients had acute myocardial injury within
three days after surgery. A low burden of intraoperative hy-
potension may have contributed to the low incidence of acute
myocardial injury. However, we did not systematically mea-
sure postoperative troponin concentrations.’®> Instead, we
considered troponin values when measured for clinical in-
dications. It has repeatedly been shown that acute myocardial
injury is missed without systematic postoperative troponin
screening.>** About 9% of the patients had acute kidney
injury within three days after surgery. However, we also did
not systematically measure serum creatinine after surgery but
only considered serum creatinine values when measured for
clinical indications. But, in contrast to troponin, serum creat-
inine is routinely measured after surgery in most participating
medical centres. Postoperative mortality within 30 days after

TWA MAP <65 mm Hg (mm Hg)
0.1 0.2 0.3 0.4 0.5

EU HYPROTECT

Wijnberge and colleagues?3, HPI-software group
Wijnberge and colleagues?3, routine care group

Maheshwari and colleagues?8, HPI-software group
Maheshwari and colleagues?8, routine care group

Tsoumpa and colleagues3?, HPI-software group
Tsoumpa and colleagues??, routine care group

Grundmann and colleagues?®, HPI-software group
Grundmann and colleagues?9, routine care group

Fig 1. Bar chart illustrating the time-weighted average MAP (TWA MAP) <65 mm Hg in patients of this registry and of previously published

studies on Hypotension Prediction Index software (HPI-software) monitoring.

23,28—30
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surgery was observed in 2% of patients, which is consistent
with postoperative mortality in Europe®® and the USA.*” Large
randomised trials are necessary to test the hypothesis that
HPI-software-guided, compared with routine, arterial pressure
management improves patient-centred outcomes in patients
having surgery.

A strength of this multicentre European registry is that it
reflects hypotension exposure and clinical outcomes in a wide
range of patients having noncardiac surgery monitored with
HPI-software. Therefore, the results of this registry can inform
the design and sample-size calculation of robust randomised
trials investigating whether HPI-software-guided arterial
pressure management reduces intraoperative hypotension
and eventually perfusion-related patient-centred outcomes.
Such trials are needed because previous trials on HPI-
software-guided arterial pressure management were small,
only powered to investigate hypotension reduction, and
showed conflicting results.?®*® The main limitation of this
registry is that it does not allow us to directly compare intra-
operative arterial pressures between patients with vs without
HPI-software-guided haemodynamic management. We thus
naturally cannot infer that using HPI-software monitoring was
the only reason that there was little hypotension. Only rand-
omised trials can answer the question whether there is a
causal effect of HPI-software-guided hypotension reduction
on patient outcome. However, comparing the median time-
weighted average MAP <65 mm Hg observed in our registry
patients with those from previous studies and trials suggests
that the use of HPI-software monitoring contributed to hypo-
tension reduction.

In summary, the median time-weighted average MAP <65
mm Hg was very low in patients in this European multicentre,
prospective, observational registry. This suggests that using
HPI-software monitoring may help reduce the duration and
severity of intraoperative hypotension in patients having
noncardiac surgery. However, randomised trials are needed to
investigate whether HPI-software-guided haemodynamic
management improves patient-centred outcomes by reducing
hypotension.
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