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IMPORTANCE Intraoperative hypotension is associated with increased morbidity and
mortality. A machine learning–derived early warning system to predict hypotension shortly
before it occurs has been developed and validated.

OBJECTIVE To test whether the clinical application of the early warning system in combination
with a hemodynamic diagnostic guidance and treatment protocol reduces intraoperative
hypotension.

DESIGN, SETTING, AND PARTICIPANTS Preliminary unblinded randomized clinical trial
performed in a tertiary center in Amsterdam, the Netherlands, among adult patients
scheduled for elective noncardiac surgery under general anesthesia and an indication for
continuous invasive blood pressure monitoring, who were enrolled between May 2018 and
March 2019. Hypotension was defined as a mean arterial pressure (MAP) below 65 mm Hg for
at least 1 minute.

INTERVENTIONS Patients were randomly assigned to receive either the early warning system
(n = 34) or standard care (n = 34), with a goal MAP of at least 65 mm Hg in both groups.

MAIN OUTCOMES AND MEASURES The primary outcome was time-weighted average of
hypotension during surgery, with a unit of measure of millimeters of mercury.
This was calculated as the depth of hypotension below a MAP of 65 mm Hg (in millimeters
of mercury) × time spent below a MAP of 65 mm Hg (in minutes) divided by total
duration of operation (in minutes).

RESULTS Among 68 randomized patients, 60 (88%) completed the trial (median age,
64 [interquartile range {IQR}, 57-70] years; 26 [43%] women). The median length of surgery
was 256 minutes (IQR, 213-430 minutes). The median time-weighted average of hypotension
was 0.10 mm Hg (IQR, 0.01-0.43 mm Hg) in the intervention group vs 0.44 mm Hg
(IQR, 0.23-0.72 mm Hg) in the control group, for a median difference of 0.38 mm Hg (95% CI,
0.14-0.43 mm Hg; P = .001). The median time of hypotension per patient was 8.0 minutes
(IQR, 1.33-26.00 minutes) in the intervention group vs 32.7 minutes (IQR, 11.5-59.7 minutes)
in the control group, for a median difference of 16.7 minutes (95% CI, 7.7-31.0 minutes;
P < .001). In the intervention group, 0 serious adverse events resulting in death occurred
vs 2 (7%) in the control group.

CONCLUSIONS AND RELEVANCE In this single-center preliminary study of patients undergoing
elective noncardiac surgery, the use of a machine learning–derived early warning system
compared with standard care resulted in less intraoperative hypotension. Further research
with larger study populations in diverse settings is needed to understand the effect on
additional patient outcomes and to fully assess safety and generalizability.
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A n estimated 266 million operations were performed
worldwide in 2015.1 One of the risks patients com-
monly face is intraoperative hypotension. A previous

study involving 255 patients reported that 87% experienced 1
or more hypotensive episodes intraoperatively (with hypo-
tension defined as a mean arterial pressure [MAP] <65 mm Hg).2

Reported causes are anesthetic drugs, existing comorbidi-
ties, and surgical manipulation.3,4

Clinical cohort studies have shown intraoperative hypo-
tension in noncardiac surgery to be associated with postop-
erative complications such as renal insufficiency, myocardial
injury, and increased mortality.5-10

Current management of intraoperative hypotensive epi-
sodes is predominantly reactive. Recently, Hatib et al11 devel-
oped an algorithm with the use of machine learning to pre-
dict hypotension minutes before blood pressure actually
decreases, the Hypotension Prediction Index. This algorithm
(hereafter referred to as the early warning system) was devel-
oped using the arterial waveform data of 1344 patients, and it
has been internally and externally validated, showing a sensi-
tivity of 88% and a specificity of 87%.2,11 This early warning
system is fixed, meaning that it does not include dynamic
learning changes evolving during patient care. Using an early
warning system to predict hypotension does not necessarily
lead to less hypotension. Associated factors to consider are
feasibility of working with this tool and the possibility of per-
forming a timely and correct intervention. Hemodynamic
variables, in combination with a hemodynamic diagnostic
guidance and treatment protocol, allow for determination of
the underlying cause of the impending hypotension.

A preliminary single-center randomized clinical trial
(RCT) was performed. It was hypothesized that use of the
early warning system would reduce the amount of hypoten-
sion (MAP <65 mm Hg) as measured by time-weighted aver-
age during major noncardiac surgery.12

Methods
Participants
The Hypotension Prediction (HYPE) trial was a preliminary
investigator-initiated single-center RCT. The study took
place at the Amsterdam University Medical Centers, Loca-
tion AMC, a tertiary academic center in the Netherlands.
The study was approved by the institutional review board of
the AMC (NL62115.018.17). Written informed consent was
obtained from all patients the day prior to surgery by a des-
ignated researcher. The first participant was enrolled in May
2018, and the last follow-up was in March 2019. The trial
protocol has been published previously13 and is available in
Supplement 1.

Adult patients (≥18 years old) scheduled to undergo an
elective noncardiac surgical procedure under general anes-
thesia with need for continuous invasive blood pressure
monitoring per arterial line were included. A target MAP of
at least 65 mm Hg during surgery was obligatory to ensure
both study groups to be similar in this aspect. Patients for
whom the attending anesthesiologists requested a target

MAP higher or lower than 65 mm Hg were excluded prior to
surgery. Patients undergoing emergency surgery were not
eligible. Patients with cardiac failure, severe cardiac shunts,
severe aortic stenosis, or severe cardiac arrhythmias were
excluded in accordance with the summary of product char-
acteristics of the early warning system. Patients with hypo-
tension (MAP <65 mm Hg) before surgery and patients
requiring dialysis were also excluded. Patients planned to
undergo liver surgery or vascular surgery were excluded
because of the use of vascular clamping. During the trial,
anesthesiologists were not allowed to use perioperative
goal-directed fluid therapy because the study hemody-
namic diagnostic guidance and treatment protocol has
blood pressure as a starting point, while a goal-directed
fluid therapy protocol typically starts with flow evaluation
as the main concept.

Randomization
Patients were randomized to either the intraoperative early
warning system (intervention group) or standard care (con-
trol group) (Figure 1). A computer-generated permutated block
randomization (concealed and varying permutated block sizes
of 4, 6, or 8 patients) was used with a 1:1 allocation ratio. The
researcher performing statistical analyses was blinded to pa-
tient group allocation.

Intervention
In all study participants an arterial catheter was placed in the
radial artery and connected to the Flotrac IQ sensor with
the early warning system software (Edwards Lifesciences).
The arterial pressure waveform was measured continuously
with a sample frequency of 100 Hz. The HemoSphere moni-
tor (Edwards Lifesciences) displayed hemodynamic param-
eters calculated from the waveform every 20 seconds. The
value calculated by the early warning system was updated
every 20 seconds as well.11

The Flotrac IQ pressure transducer was connected to
the HemoSphere monitor (hereafter referred to as the study

Key Points
Question Can a machine learning–derived predictive early
warning system for pending intraoperative hypotension in
combination with a hemodynamic diagnostic guidance and
treatment protocol reduce the time-weighted average of
hypotension during noncardiac surgery?

Findings In this single-center preliminary randomized clinical
trial that included 68 patients undergoing elective noncardiac
surgery, the time-weighted average of hypotension for those
randomized to the early warning system vs those receiving
standard care was 0.10 mm Hg vs 0.44 mm Hg, a difference that
was statistically significant.

Meaning While the use of a machine learning–derived early
warning system compared with standard care resulted
in less intraoperative hypotension, further research with larger
study populations in diverse settings is needed to understand
the effect on patient outcomes and to fully assess safety
and generalizability.
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monitor), and the resulting electrical signal was transmitted
to the Philips monitor (hereafter referred to as the standard
monitor). The standard monitor displayed the MAP, systole,
diastole, and pulse pressure variation per standard care in the
study hospital. The quality of the arterial waveform signal was
visually checked by the treating anesthesiologist for over-
damping and underdamping after placement of the arterial line
and during surgery.

Attending anesthesiologists and anesthesia nurses were
informed about the study protocol and the use of the early
warning system the day before surgery. Intraoperatively, an
observer was present to record surgery- and anesthesia-
related details.

Use of the study monitor was additional to standard
care monitoring. The early warning system detects deteriora-
tions in cardiovascular compensatory mechanisms that could
lead to hypotension. The early warning system consists of
23 variables that are extracted from the arterial pressure
waveform.11 When the value of the early warning system
alarm (hereafter referred to as the alarm) exceeds 85, the like-
lihood of occurrence of a hypotensive event within the next
15 minutes is about 85%.2 The time to hypotension is not
fixed; the progression into hypotension depends on the
underlying physiological mechanisms causing the hypoten-
sion and on individual patient characteristics.11 The perfor-
mance of the early warning system regarding prediction
of hypotension was analyzed on patient data collected in
the short observational study according to methods previ-
ously described by Hatib et al11 and presented in eFigure 1 in
Supplement 2.

In this study, when the value of prediction of hypoten-
sion exceeded 85% (eFigure 2 in Supplement 2), which
entailed both a sound and a flickering light, the anesthesiolo-
gist was reminded to act, preferably within 2 minutes. The
study monitor with the early warning system software has a
secondary screen (eFigure 2) with variables (heart rate, car-

diac output, change in pressure over change in time, stroke
volume, stroke volume variation, dynamic arterial elastance,
and systemic vascular resistance) that provide information
about the underlying cause of the predicted hypotension.14

The hemodynamic diagnostic guidance and treatment proto-
col (Figure 2 and eFigure 3 in Supplement 2) was designed by
the authors to help treating anesthesiologists interpret the
changes of the variables visible on the secondary screen.13

For example, the combination of an increase (arrow up) in
stroke volume variation and a decrease (arrow down) in sys-
temic vascular resistance results in the diagnosis of vasople-
gia (Figure 2 and eFigure 3). The hemodynamic diagnostic
guidance and treatment protocol was adapted from Pinsky
and Payen.15

Control
In the control group, the study monitor was connected, but the
screen was fully covered and the alarms were silenced; anes-
thesiologists solely used the variables visible on the standard
monitor to guide hemodynamic treatment.

Prior to launching the RCT, we conducted a short obser-
vational study to ensure that the care the control group re-
ceived was representative of standard care in the study hos-
pital (eTables 1 and 2 in Supplement 2). The only difference
between the control group and the observational study group
was that anesthesiologists were unaware of the aim of the study
(to assess hypotension) in the observational study group.

All data were entered using an electronic clinical report
form build in Castor EDC, a Good Clinical Practice–compliant
data management system.16

Outcomes
The primary outcome measure was the time-weighted aver-
age of hypotension during surgery. The outcome assessor
was blinded to participants’ group randomization. The time-
weighted average combines the duration and severity (the
minimal MAP reached) of hypotension, corrected for the
total time of surgery.12 Hypotension was defined as a MAP
less than 65 mm Hg for at least 1 minute. A hypotensive
event ended when the value normalized (MAP ≥65 mm Hg)
for at least 1 minute. The time-weighted average is measured
by calculating the area under the threshold (AUT) divided by
the total duration of surgery (eFigure 4 in Supplement 2)12,13:
time-weighted average = (depth of hypotension in millime-
ters of mercury below a MAP of 65 mm Hg × time in minutes
spent below a MAP of 65 mm Hg) ÷ total duration of opera-
tion in minutes. The units for AUT are millimeters of mer-
cury × minutes and the units for time-weighted average are
millimeters of mercury.13

As an example, a patient undergoes a surgery that lasts
180 minutes, in which they experience 10 episodes of hypo-
tension, all lasting for 1 minute and all with a minimal MAP
of 60 mm Hg. The AUT = 10 minutes × (65 − 60 = 5 mm Hg
under the MAP threshold of 65 mm Hg) = 10 × 5 = 50 mm Hg
per minute. The time-weighted average = 50 mm Hg per
minute ÷ 180 minutes = 0.28 mm Hg.

The secondary outcome measures included incidence of
hypotension (the number of hypotensive events per patient),

Figure 1. Participant Flow in the Hypotension Prediction (HYPE) Trial

157 Assessed for eligibility

89 Excluded
48 Did not meet inclusion

criteria

9 Declined to participate
32 Enrolled in another trial

68 Randomized

31 Included in primary analysis
3 Excluded (did not receive

intervention)

34 Randomized to intervention
31 Received intervention as

randomized
3 Did not receive intervention

1 Technical failure

2 Perioperative mean arterial
pressure goal other than
65 mm Hg

34 Randomized to standard care
29 Received standard care as

randomized
5 Did not receive standard care

1 Surgery canceled

4 Perioperative mean arterial
pressure goal other than
65 mm Hg

29 Included in primary analysis
5 Excluded (did not receive

standard care)
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total time with hypotension, and percentage of time spent
with hypotension during surgery. To assess the risk of over-
treatment, the above-mentioned variables were also assessed
for hypertension (defined as a MAP >100 mm Hg for at least 1
minute). To be able to calculate the time-weighted average
for hypertension, first the area above the curve needed to be
calculated (eFigure 4 in Supplement 2). These time and inci-
dence variables were also assessed post hoc for the alarms.
An alarm was deemed present when the early warning sys-
tem prediction value reached 85% or higher for at least 1 min-
ute. An alarm ended when the value normalized (<85%) for at
least 1 minute.

Clinicians’ behavior regarding treatment of alarms
(intervention group) and hypotension (control group) was
assessed. We noted (1) treatment choice (ie, vasopressor, flu-
ids, inotropes, Trendelenburg position, and decrease in anes-
thetics); (2) cumulative dose; and (3) time from alarm to start
of treatment in the intervention group and from onset of
hypotension to start of treatment in the control group. All
alarms or hypotensive events per patient were used for this
analysis. If an alarm or hypotensive event had more than 1
treatment, the time to first treatment was used. In post hoc
analyses, control group clinicians’ treatment behavior after
silent alarms to which they were blinded was also assessed
and compared with treatment behavior after alarms in the
intervention group. We calculated (1) total number of silent
alarms; (2) number of alarms per patient; (3) number of
alarms that led to treatment; (4) number of treatments per
alarm; (5) time from alarm to treatment in the intervention

group compared with time from silent alarm to treatment in
the control group (all alarms per patient were used for this
analysis; if an alarm had more than 1 treatment, the time to
first treatment was used); and (6) time from first alarm
to first treatment in the intervention group compared with
time from first silent alarm to first treatment in the control
group. The last analysis was performed because all actions
after the first alarm might be influenced by and correlated
with the first alarm.

The feasibility of working with the hemodynamic diag-
nostic guidance and treatment protocol was analyzed based
on the number of protocol violations.

Primary and secondary end points were analyzed for the
intraoperative period only. Intraoperative and postoperative
adverse events and serious adverse events were documented
(for definitions, see eTable 3 in Supplement 2).

Sample Size Calculation
Time-weighted average is a relatively novel end point such
that only an estimation could be made of what difference
would be clinically relevant. Prior to the study, an expert
panel familiar with the potential effect of intraoperative
hypotension was consulted, and it was decided that a 75%
reduction of hypotension in terms of combined depth and
duration (time-weighted average) was considered to be clini-
cally relevant. Prior to this study, the mean time-weighted
average of hypotension in the study clinic was estimated to
be 0.5 mm Hg. Thus, the estimated mean difference between
groups for the calculation of the sample size was considered

Figure 2. Hemodynamic Diagnostic Guidance and Treatment Protocol

Presence of ≥2 criteria below
Dynamic arterial elastance decrease
Systemic vascular resistance decrease
Stroke volume variation increase

Presence of 3 criteria below

Advice     Start treatment within 2 min
HPI > 85% or mean arterial pressure < 65 mm Hg

Hypotension Prediction Index (HPI) 50%-85%

Advice     Diagnose cause

Treat hypotension without advice

Evaluate treatment

Patient undergoing elective noncardiac surgery
under general anesthesia

Interpretation     

Most likely cause:
vasoplegiaa

Interpretation     

Most likely cause:
hypovolemia

Interpretation     

Most likely cause:
impaired 
contractilityb
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Systemic vascular resistance 
equal or increase
Stroke volume variation equal
Stroke volume decrease

Presence of ≥2 criteria below
Dynamic arterial elastance increase
Stroke volume variation increase
Stroke volume decrease

Dynamic arterial elastance
Systemic vascular resistance
Stroke volume variation
Stroke volume
Delta pressure over delta time
HPI
Mean arterial pressure

a Vasoplegia indicates decreased
systemic vascular resistance.

b Impaired left ventricular
contractility.
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to be 0.38 mm Hg. Based on preliminary results from a trial,12

the standard deviation of time-weighted average of hypoten-
sion was estimated to be 0.51 mm Hg. Dividing the mean dif-
ference by the standard deviation resulted in an effect size of
0.74. It was calculated that a sample size of 60 patients, 30 in
each group, would have 80% power to detect this effect
using a 2-group t test with an α = .05 2-sided significance
level. R version 3.3.3 (R Foundation) was used to perform
these calculations.17

Patients who were randomized but for whom no study
measurements were performed were excluded (Figure 1).

Statistical Analysis
All patients who met the inclusion criteria at the end of the
study period were analyzed according to their randomization
group. If data were missing, the amount of missing data and
the reasons were assessed.

Continuous data are presented as medians with interquar-
tile ranges (IQRs) or as means with standard deviations when
normally distributed. The confidence intervals for the me-
dian differences were calculated with the Hodges-Lehmann
method. Normality of distribution was assessed visually with
histograms and Q-Q plots. Categorical data are presented as
frequencies with percentages. Differences between categori-
cal data were analyzed using the χ2 test.

For each of the analyses, a 2-sided probability value of
P < .05 was considered to be statistically significant. An ex-
ploratory regression analysis was performed to assess pos-
sible effects of confounders on the primary end point (eFig-
ure 5 in Supplement 2). Because of the potential for type I error
due to multiple comparisons, findings for analyses of second-
ary end points and post hoc end points should be interpreted
as exploratory.

All analyses were performed using Matlab version R2018b
(MathWorks Inc) and SPSS version 25 (IBM Corp).

Results
Study Population
For the preliminary RCT, 157 patients were assessed for eli-
gibility. A total of 68 patients were enrolled, of whom 34
were randomly assigned to the intervention group and 34 to
the control group (Figure 1). Of these 68 patients, 60 (88%)
completed the trial. The median age was 64 (interquartile
range, 57-70) years); 26 patients (43%) were women. The
majority of patients completing the trial (n = 54 [90%])
underwent oncologic gastrointestinal surgery. Table 1 shows
the baseline characteristics of the intervention group and
the control group. The short observational study conducted
prior to launching the RCT consisted of 40 patients
(eTables 1 and 2 in Supplement 2). None of the analyzed
determinants had any missing values.

Primary End Point
The median time-weighted average of hypotension was
0.10 mm Hg (IQR, 0.01-0.43 mm Hg) in the intervention
group vs 0.44 mm Hg (IQR, 0.23-0.72 mm Hg) in the control

Table 1. Baseline Characteristics

Characteristics Intervention (n = 31) Control (n = 29)
Age, median (IQR), y 68 (61-73) 62 (56-67)

Sex, No. (%)

Men 21 (68) 13 (45)

Women 10 (32) 16 (55)

Body mass index, median (IQR)a 24.2 (21-26) 24.7 (22-27)

ASA classification, No. (%)b

1 1 (3) 3 (10)

2 24 (77) 24 (83)

3 6 (19) 2 (7)

4 0 0

WHO classification, No. (%)c

0 20 (65) 17 (59)

1 6 (19) 6 (21)

2 4 (13) 5 (17)

3 1 (3) 1 (3)

4 0 0

MAP, median (IQR), mm Hg

Outpatient clinic 100 (93-106) 92 (81-98)

Day before 98 (88-105) 92 (82-102)

Before induction 104 (95-112) 93 (85-104)

Type of surgery, No. (%)

Gynecological 1 (3) 3 (10)

Gastrointestinal 30 (97) 24 (83)

Pancreas 19 (63) 9 (38)

Esophagus 9 (30) 8 (33)

Otherd 0 2 (7)

Surgical approach, No. (%)

Laparotomy 19 (61) 13 (45)

Laparoscopic 2 (7) 5 (17)

Conversion 1 (3) 3 (10)

Combined 9 (29) 8 (28)

Duration, median (IQR), min

Surgerye 256 (194-425) 259 (223-442)

Anesthesia administrationf 302 (230-475) 300 (259-487)

Abbreviations: ASA, American Society of Anesthesiologists; IQR, interquartile
range; MAP, mean arterial pressure; WHO, World Health Organization.
a Calculated as weight in kilograms divided by height in meters squared.
b The ASA classifications were as follows: 1: a healthy person; 2: a patient with

mild systemic disease; 3: a patient with severe systemic disease; and 4: a patient
with severe systemic disease that is a constant threat to life.18,19

c The WHO classifications were as follows: 0: fully active, able to carry on all
predisease performance without restriction; 1: restricted in physically
strenuous activity but ambulatory and able to carry out work of a light or
sedentary nature, eg, light housework, office work; 2: ambulatory and capable
of all self-care but unable to carry out any work activities, mobile for more than
50% of waking hours; 3: capable of only limited self-care, confined to bed or
chair more than 50% of waking hours; 4: completely disabled, unable to carry
out any self-care, totally confined to bed or chair.20,21

d Including excision of a recurrent abdominal wall carcinoma and a deep inferior
epigastric perforator breast reconstruction.

e Duration of surgery was calculated in minutes from the time of incision until
closure of the surgical wound.

f Calculated in minutes from the time of first anesthetic drug administration
(sufentanil, lidocaine, or propofol) until extubation. If extubation was not in the
operating room but in the intensive care unit or postanesthesia care unit, the time
of leaving the operating room was noted as the end of anesthesia administration.
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group, for a median difference of 0.38 mm Hg (95% CI, 0.14-
0.43 mm Hg; P = .001) (Table 2).

Secondary End Points
Hypotension
In the intervention group, 26 patients (84%) experienced 1 or
more hypotensive episode during surgery compared with 28
(97%) in the control group, for a difference of 13% (95% CI,
−2% to 28%; P = .09). The median incidence of hypotension
was 3.00 (IQR, 1.00-8.00) hypotensive episodes per patient
in the intervention group vs 8.00 (IQR, 3.50-12.00) in the
control group, for a median difference of 4.00 (95% CI, 1.00-
7.00) episodes per patient (P = .004). The median incidence
of hypotension was calculated including patients who had
0 hypotensive episodes. The median total time of having
hypotension per patient was 8.00 (IQR, 1.33-26.00) minutes
in the intervention group vs 32.67 (IQR, 11.50-59.67) minutes

in the control group, for a median difference of 16.67 (95% CI,
7.67-31.00) minutes (P < .001).

There were no significant differences for hypotension end
points between the control group and the observational study
group (eTable 2 in Supplement 2).

Treatment Behavior
Comparing treatment choice, ephedrine was chosen 38 of 596
times (6%) in the intervention group vs 37 of 258 times (14%)
in the control group, for a difference of 8% (95% CI, 6%-14%;
P < .001). Phenylephedrine was chosen 110 of 596 times (19%)
in the intervention group compared with 61 of 258 times (24%)
in the control group, for a difference of 5% (95% CI, 1% to 11%;
P = .04). Fluid boluses were chosen 96 of 596 times (16%) as
treatment of choice in the intervention group compared with
16 of 258 times (6%) in the control group, for a difference of
10% (95% CI, 6%-14%; P < .001) (eTable 4 in Supplement 2).

Table 2. Primary and Secondary End Points

Median (Interquartile Range)a

Median Difference (95% CI)b P ValuecIntervention (n = 31) Control (n = 29)
Primary End Point

Time-weighted average of hypotension, mm Hg 0.10 (0.01-0.43) 0.44 (0.23-0.72) 0.38 (0.14 to 0.43) .001

Secondary End Points

Hypotension

Area under the threshold, mm Hg/mind 20.0 (2.2-148.3) 142.2 (64.67-258.92) 74.0 (33.0 to 137.7) .002

Incidence 3.0 (1.0-8.0) 8.0 (3.5-12.0) 4.0 (1.0 to 7.0) .004

Total time, min 8.0 (1.3-26.0) 32.7 (11.5-59.7) 16.7 (7.7 to 31.0) .001

Surgery time, % 2.8 (0.8-6.6) 10.3 (4.6-15.6) 5.6 (3.0 to 9.4) <.001

Hypertension

Time-weighted average, mm Hg 0.09 (0.00-0.21) 0.05 (0.00-0.13) 0.00 (−0.85 to 0.17) .47

Area above the threshold, mm Hg/mind 33.3 (0.0-88.0) 13.3 (0.0-44.3) −3.5 (−29.0 to 5.5) .40

Incidence 2.0 (0.0-3.0) 1.0 (0.0-2.0) 0.0 (−1.0 to 0.0) .23

Total time, min 4.0 (0.0-10.7) 3.0 (0.0-6.8) −0.7 (−4.3 to 0.7) .40

Surgery time, % 1.5 (0.0-3.3) 0.9 (0.0-1.9) −0.2 (−1.4 to 0.3) .40

Treatment behavior

Reaction time, se 53.0 (24.0-99.0) 87.3 (53.0-172.5) 34.3 (22.8 to 47.3) <.001

Post Hoc End Points

Treatment behavior

No. of treatments per patientf 15.0 (5.0-29.0) 9.0 (3.5-13.0) −6.0 (−13.0 to −1.0) .02

Early warning system alarms

Time-weighted average,
Hypotension Prediction Indexg

1.99 (1.12-3.17) 4.31 (2.50-5.79) 1.79 (0.74 to 2.95) .001

Area above the threshold,
Hypotension Prediction Index/mind

529.7 (196.3-1315.0) 1231.0 (701.5-1966.3) 629.3 (229.3 to 1012.3) .002

Incidence 11.0 (7.0-16.0) 11.0 (8.0-14.5) 0.0 (−4.0 to 3.0) .84

Total time, min 56.7 (21.7-122.7) 116.3 (68.3-170.3) 51.7 (20.7 to 91.0) .002

Time, % 20.9 (14.5-35.6) 41.1 (23.9-56.4) 15.8 (5.8 to 25.9) .002
a All end points are medians per patient. Incidence rates of hypotension,

hypertension, and early warning system alarms are median number of events
per patient.

b Median differences and their 95% confidence intervals were calculated with
the Hodges-Lehmann method.

c P values were measured with the Mann-Whitney U test.
d See Supplement 7 for details on calculation of area under the threshold and

area above the threshold.
e In the intervention group, reaction time was measured as the time (in

seconds) from the onset of the early warning system alarm to treatment.
In the control group, reaction time was defined as the time from start of
hypotension to treatment.

f Treatments per patient were calculated as median number of treatments
related to hypotension or early warning system alarm per patient.

g The Hypotension Prediction Index (referred to in this article as the early
warning system) is an algorithm developed with the use of machine learning to
predict hypotension.11
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There was no significant difference in the cumulative dose
of vasopressors or fluids given during surgery (Table 3). The
median cumulative dose of noradrenaline was 1034 μg (IQR,
770-1720 μg) in the intervention group compared with 925 μg
(IQR, 428-2131 μg) in the control group (median difference,
118 μg; 95% CI, −418 to 534 μg; P = .67). The median dose of
fluids was 1800 mL (IQR, 1500-2700 mL) in the intervention
group vs 1800 mL (IQR, 1450-2650 mL) in the control group
(median difference, 150 mL; 95% CI, −470 to 600 mL; P = .58).

The median time from alarm (intervention group) or hy-
potension (control group) to first treatment was 53 seconds
(IQR, 24-99 seconds) in the intervention group vs 87 seconds
(IQR, 53-173 seconds) in the control group (median differ-
ence, 34 seconds; 95% CI, 23-47 seconds; P < .001).

In post hoc analyses, the median time from alarm to
treatment (intervention group) or the median time from
silent alarm (blinded for clinicians) to treatment (control
group) was 53 seconds (IQR, 24-99 seconds) in the interven-
tion group vs 161 seconds (IQR, 73-391 seconds) in the control
group (median difference, 48 seconds; 95% CI, 13-97 sec-
onds; P < .001). The median time from solely the first alarm
in all patients (silent alarm in the control group) to first treat-
ment was 57 seconds (IQR, 22-81 seconds) in the intervention
group vs 108 (IQR, 44-204 seconds) in the control group
(median difference, 91 seconds; 95% CI, 70-117 seconds;
P = .01) (eTable 5 in Supplement 2).

Hemodynamic Diagnostic Guidance and Treatment Protocol
Violations
In total, 377 predictive alarms with a duration of more than
1 minute were present in the intervention group. Among the
377 alarms, 81% (304 alarms) led to treatment within 2 min-
utes. In 5% (20 alarms), treatment was not according to study
treatment protocol, and 14% of alarms (53 alarms) were
ignored by anesthesiologists.

There were several reasons for ignoring alarms (protocol
violations). In 36% (19 alarms), the current treatment modal-
ity was exhausted or treatment was provided just before the
alarm (indicating a high [>85%] chance of hypotension occur-
ring) was triggered. In 36% (19 alarms), the anesthesiologist
did not want to act on the alarm because of alarm fatigue,
ie, the anesthesiologist refused to treat because of the fre-
quency of the alarms. Alarm fatigue is a phenomenon de-
scribed in more detail in the literature.22 In 26% (14 alarms),
there was a temporary reason for the (predicted) hypoten-
sion, such as lung recruitment or brief surgical obstruction of
the vena cava. In the remaining 2% (1 alarm), the anesthesi-
ologist had a different priority, namely an airway problem.

Hypertension
The median time-weighted average of hypertension was
0.09 mm Hg (IQR, 0.00-0.21 mm Hg) in the intervention
group vs 0.05 mm Hg (IQR, 0.00-0.13 mm Hg) in the control
group (median difference, 0.00 mm Hg; 95% CI, −0.85 to
0.17 mm Hg; P = .47).

Adverse Events
In the intervention group, 0 serious adverse events resulting
in death occurred vs 2 (7%) in the control group. In total,
33 adverse events occurred in the intervention group vs 30 in
the control group (eTable 3 in Supplement 2)

Discussion
This preliminary study demonstrated that application of a ma-
chine learning–derived early warning system for pending in-
traoperative hypotension in combination with a hemody-
namic diagnostic guidance and treatment protocol significantly
reduced the time-weighted average of hypotension during

Table 3. Cumulative Doses of Medications Given During Surgery

Medications

Median (Interquartile Range)

Median Difference (95% CI) P ValueIntervention (n = 31) Control (n = 29)
Noradrenaline, μg 1034.0 (770.7-1720.0) 925.7 (428.7-2131.0) −118.0 (−534.3 to 418.0) .67

Noradrenaline, μg/kg/mina 0.057 (0.033-0.071) 0.040 (0.021-0.066) −0.010 (−0.025 to 0.005) .18

Ephedrine, mg 10.0 (0.0-22.5) 10.0 (10.0-16.3) 0.0 (−5.0 to 5.0) .52

Phenylephrine, μg 200.0 (100.0-600.0) 300.0 (100.0-500.0) 0.0 (−200.0 to 100.0) .84

Fluids, mL 2100.0 (1750.0-3000.0) 1800.0 (1550.0-2950.0) −150 (−600.0 to 470.0) .58

Colloids, mL 250.0 (0.0-500.0) 0.0 (0.0-500.0) 0.0 (−250.0 to 0.0) .09

Crystalloids, mL 1800.0 (1500.0-2700.0) 1800.0 (1450.0-2650.0) 100.0 (−550.0 to 300.0) .72

Fluid balance, mLb 1180.0 (680.0-1650.0) 1150.0 (582.5-1552.5) −80.00 (−480.00 to 300.00) .62

Propofol, mgc 100 (60-1647) 125 (50-2568) 20 (−1430 to 1467) .90

Sevoflurane, % volume 1.67 (1.48-1.73) 1.57 (1.42-1.75) −0.02 (−0.80 to 0.17) .66

Sufentanil (intravenous), μg 80.0 (50.0-85.0) 70.0 (53.8-85.0) −5.0 (−25.0 to 15.0) .51

Morphine, mgd 10.00 (8.50-11.25) 10.00 (8.75-15.00) 0.00 (−2.50 to 6.00) .83

Epidural analgesia,
No. (%) of patients

21 (68) 13 (45) .07

a Noradrenaline dose corrected for patient body weight.
b Fluid balance at the end of surgery.
c Calculated for patients who received propofol (n = 7 in the intervention group

and n = 12 in the control group).

d Calculated for patients who received morphine (n = 6 in the intervention
group and n = 13 in the control group).
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surgery. Hypotension was prevented without increasing the
number of hypertensive events. Neither the cumulative dose
of vasoactive medication given nor the fluid balance was sig-
nificantly higher in the intervention group. Among all alarms,
81% were treated according to protocol. In post hoc analyses,
the time from alarm to treatment was significantly lower in the
intervention group.

This study extends the work by Hatib et al11 and Davies
et al,2 who showed that the early warning system was able to
predict hypotension with good sensitivity and specificity. This
study adds the translation from prediction to actual preven-
tion of hypotension.

Several studies have demonstrated intraoperative hypo-
tension to be associated with myocardial injury, acute kidney
injury, and mortality.5-10,23 Based on these studies, the r2019
Perioperative Quality Initiative consensus statement con-
cluded with the notion that anesthesiologists should main-
tain a MAP threshold of greater than 60 to 70 mm Hg during
surgery.24 Furthermore, it states that that postoperative in-
jury is a function of both time spent having hypotension and
depth of hypotension, making the time-weighted average of
hypotension an end point of particular interest.24 Futier et al25

demonstrated in an RCT that maintaining a higher MAP dur-
ing abdominal surgery reduced the risk of postoperative or-
gan dysfunction. In all cases, a vasopressor (norepinephrine)
was used to maintain the higher MAP. In the current study, hy-
potension prevention was taken a step further by predicting
hypotension and preventing it through diagnosing and treat-
ing the specific cause of the impeding hypotension (preload,
afterload, or contractility).

Limitations
This study has several limitations. First, the definition of
hypotension (MAP <65 mm Hg) was similar for all patients.
Maintaining this threshold is current best practice.23,24 How-
ever, every patient may have a personal minimal MAP to be
maintained during surgery.26,27 In the future, the optimal
hypotension threshold per patient might be determined
using a machine learning tool, further personalizing intraop-
erative hemodynamic treatment.

Second, in the trial, the depth of anesthesia was not mea-
sured. In a recent RCT, a significant reduction in norepineph-

rine dose was observed by using electroencephalographic
monitoring in patients under anesthesia.17 However, because
patients were randomized, the anesthesia depth was ex-
pected to be similar between the groups. Indeed, the cumu-
lative dose of propofol and sevoflurane did not statistically dif-
fer between the groups.

Third, because the early warning system is validated
only for invasive continuous blood pressure monitoring,
patients in this study were more severely ill and had a higher
risk of hypotension than in a more general population.
The study population mainly entailed oncologic gastrointes-
tinal patients. In addition, the time-weighted average of
0.44 mm Hg in the control group is quite high compared
with a US study reporting a time-weighted average of hypo-
tension of 0.30 mm Hg in noncardiac surgery.23 The selec-
tion of patients in this trial, and possibly a lack of awareness
of the importance of intraoperative hypotension in the study
hospital, might explain this difference. Accordingly, a differ-
ent study population might not—or not to this extent—
benefit from the use of the early warning system.

Fourth, an observer being present in the operating room
may have influenced protocol adherence. In future trials, a
more pragmatic approach without an observer present in the
operating room should be used.

Fifth, this was a preliminary study, a single-center RCT with
a small sample size. In this trial, a physiological rather than
clinical outcome was assessed. Future trials should be pow-
ered on clinical and economic outcomes such as disability-
free survival (World Health Association Disability Assess-
ment Schedule 2.0), organ injury, mortality, and costs.20

Conclusions
In this single-center preliminary study of patients undergo-
ing elective noncardiac surgery, the use of a machine learning–
derived early warning system for pending hypotension com-
pared with standard care resulted in less intraoperative
hypotension. However, further research with larger study
populations in diverse settings is needed to understand the ef-
fect on additional patient outcomes and to fully assess safety
and generalizability.
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