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Intraoperative hypotension prediction has been increasingly emphasized due to its potential 
clinical value in reducing organ injury and the broad availability of large-scale patient datasets 
and powerful machine learning tools. Hypotension prediction methods can mitigate low blood 
pressure exposure time. However, they have yet to be convincingly demonstrated to improve 
objective outcomes; furthermore, they have recently become controversial. This review presents 
the current state of intraoperative hypotension prediction and makes recommendations on future 
research. We begin by overviewing the current hypotension prediction methods, which generally 
rely on the prevailing mean arterial pressure as one of the important input variables and typically 
show good sensitivity and specificity but low positive predictive value in forecasting near-term 
acute hypotensive events. We make specific suggestions on improving the definition of acute 
hypotensive events and evaluating hypotension prediction methods, along with general propos-
als on extending the methods to predict reduced blood flow and treatment effects. We present a 
start of a risk-benefit analysis of hypotension prediction methods in clinical practice. We conclude 
by coalescing this analysis with the current evidence to offer an outlook on prediction methods 
for intraoperative hypotension. A shift in research toward tailoring hypotension prediction meth-
ods to individual patients and pursuing methods to predict appropriate treatment in response 
to hypotension appear most promising to improve outcomes.  (Anesth Analg 2025;141:61–73)

Intraoperative hypotension (IOH) is associated 
with risk of poor outcomes, including cardiac, 
renal, and central nervous system injuries, and 

death.1–8 There is no universal definition for hypoten-
sion, but at a population level, the risk of poor out-
comes increases as duration and depth below a mean 
arterial pressure (MAP) of 65 mm Hg increases in 
adults undergoing noncardiac surgery.5,8–10 Predicting 
hypotensive events with early alert systems that sig-
nal impending low blood pressure (BP), allowing 
clinicians to apply therapeutic interventions to limit 

exposure (duration and depth), has been advocated 
to mitigate the poor outcome risks associated with 
hypotension.11

Methods for predicting hypotension are attractive 
as clinical decision support systems, because they can 
leverage machine learning tools trained with large, 
multi-variable datasets, including patient’s indi-
vidual characteristics, to maximize performance.12,13 
They offer clinicians new ways to assess the risk of 
poor outcomes with real-time monitoring14 and/or 
identification of individualized hemodynamic tar-
gets.15 These technologies provide the ability to tran-
sition from a reactive practice, where hypotension is 
treated after it occurs, to one where it is preemptively 
mitigated. Additionally, they could identify drivers of 
hypotension so precise interventions may be applied.

Several hypotension prediction methods offer 
not only predictive value, but also recently gener-
ated controversy. The objective of this review is to 
describe the current methods and their performance 
to date; make specific and general recommendations 
on future investigations; begin a risk-benefit analysis 
of these methods in clinical practice; and offer an out-
look on IOH prediction in impacting care and inform-
ing new research.

2009 PHYSIONET CHALLENGE TO PREDICT ACUTE 
HYPOTENSIVE EVENTS
Interest in managing IOH has long existed, but 
the 2009 PhysioNet/Computing in Cardiology 
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Challenge helped popularize hypotension predic-
tion.16 The motivation for this contest was: “… acute 
hypotensive episodes (AHEs) require effective, 
prompt intervention. Left untreated, such episodes 
may result in irreversible organ damage and death. 
Timely and appropriate interventions can reduce 
risks.”16 The goal of the contest was thus to predict 
AHEs using routine measurements, as shown in 
Figure 1. The precise problem statement was to pre-
dict an AHE defined as MAP <60 mm Hg for at least 
27 minutes in a 30-minute period. Data comprising 
AHEs and nonevents (NEs) were drawn from the 
popular Medical Information Mart for Intensive 
Care (MIMIC) database. The winning methods sim-
ply leveraged invasive MAP close to the prediction 
window to successfully forecast the occurrence of 
events 15 minutes beforehand with around 80% 
sensitivity and 80% specificity but low positive pre-
dictive value.17,18 Although focused on hypotension 
occurring in the intensive care unit (ICU), many of 
the current concepts and results, including in the 
operating room (OR) setting, stem from, were antici-
pated by, or are similar to this contest.

CURRENT HYPOTENSION PREDICTION METHODS 
AND THEIR PERFORMANCE
Various hypotension prediction methods have been 
proposed. Although hypotension etiology is crucial, 
most, if not all of the methods, predict hypotension 
of any cause and are evaluated in terms of all-cause 
hypotension prediction.

Hypotension Prediction Index Method
Due to its commercial availability, the Acumen 
Hypotension Prediction Index (HPI) method14,19 

is the most investigated hypotension prediction 
method. Created by Edwards Lifesciences, this 
method has helped to develop and promulgate 
hypotension prediction beyond the PhysioNet 
Challenge.

Figure 2A shows the HPI method. The current 
20-second interval of a BP waveform is analyzed to 
predict an AHE—defined as consecutive 20-second 
intervals of MAP <65 mm Hg for at least 1 minute—
within 15 minutes in the future. More specifically, a 
logistic regression model takes 23 proprietary fea-
tures of an invasive or noninvasive BP waveform as 
input, then outputs a unit-less value between 0 and 
100, where higher numbers indicate heightened risk 
of impending hypotension. The suggested decision 
threshold is 85, which means that hypotension is 
predicted to be imminent when HPI exceeds 85 
but not a near-term concern when HPI is <85. Note 
that, as with any hypotension prediction method, 
the course of action in response to the early hypo-
tension warning could be increased attention if not 
a therapeutic intervention, though suggestions for 
the etiology of hypotension are made by the sys-
tem. The model was built based on invasive BP 
waveforms from over 1000 ICU patients and nearly 
700 OR patients, with several different hypotension 
etiologies.

In the initial studies of the HPI method,14,19,21 an 
NE was defined as consecutive 20-second intervals 
of MAP >75 mm Hg for at least 15 minutes, whereas 
periods of MAP between 65 and 75 mm Hg were con-
sidered as a “gray zone” and excluded as events in the 
evaluation. This gray zone designation makes sense, 
because MAP values modestly higher than 65 mm 
Hg could still compromise organ perfusion in select 
patients. These initial studies assessed the ability of 

Figure 1. Hypotension predic-
tion problem statement and the 
PhysioNet Challenge. The general 
problem is to develop a method 
that takes input data from a 
patient over an observation win-
dow to predict either an AHE or 
NE over a subsequent predic-
tion window (upper). The specific 
PhysioNet Challenge in 200916 
helped establish and popularize 
hypotension prediction (lower). 
AHE indicates acute hypotensive 
event; BP, blood pressure; ECG, 
electrocardiography; MAP, mean 
arterial pressure; NE, nonevent; 
RR, respiratory rate; Spo2, arterial 
oxygen saturation.
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the HPI method to predict AHEs versus NEs from 
20-second intervals of the BP waveform occurring 5, 
10, or 15 minutes before the start of an event (back-
ward evaluation). However, MAP in the 15-minute 
observation window before each event was restricted 
to always be >75 mm Hg for an NE but not for an AHE. 
This data stratification has generated controversy 
and confusion, and as shown in Figure 2B, it makes 
the prediction much easier.22,20 For example, if the 

current MAP is <75 mm Hg, then hypotension must 
necessarily follow in a mathematical sense. The initial 
evaluation studies, which reported receiver operating 
characteristic (ROC) curves with exceptional specific-
ity and area under the curves (AUCs) >0.90, as shown 
in Figure 2C, may have overestimated the ability of 
the HPI method to predict hypotension in clinical 
practice. Several subsequent studies did not describe 
the data selection and stratification or showed very 

Figure 2. Acumen HPI method. 
A, Description of the popular 
commercial method provided by 
the developers.14,19 The same 
23 proprietary features are used 
for invasive radial and nonin-
vasive finger BP waveforms. B, 
Description of the data selection 
procedure for creating and testing 
the HPI method provided by the 
developers.14,19 The procedure 
assumes that MAP <75 mm Hg 
during the observation window 
can only be followed by an AHE 
and not an NE during the predic-
tion window (lower panel). These 
limited possibilities allow the 
method to appear highly specific. 
C, Example results of the HPI 
method reported by the develop-
ers.14,19 These results indeed 
show high specificity with good 
sensitivity but may not extend to 
actual practice wherein MAP <75 
mm Hg can be followed by an NE. 
Reproduced from reference.20 
AHE indicates acute hypotensive 
event; BP, blood pressure; FN, 
false negative; FP, false positive; 
HPI, hypotension prediction index; 
MAP, mean arterial pressure; NE, 
nonevent; Se, sensitivity; Sp, 
specificity; TN is true negative; TP, 
true positive.
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similar ROC curves to the initial studies.20 Further, 
many of the studies have not evaluated the method 
in predicting an AHE within 15 minutes from the cur-
rent 20-second interval of the BP waveform (forward 
evaluation). Forward evaluation is vital for assess-
ing real-world performance and determining the 
all-important positive predictive value of a method. 
However, just recently, 2 studies on forward analysis 
of the HPI method were published.23,24 In a study of 
100 patients, Mulder et al reported ROC AUCs near 
0.9 and a positive predictive value of 31.9% for 5- 
minute forward prediction.23 Davies et al (developers 
of the HPI method and early clinical trialists) reported 
in 2022 patients that forward and backward analyses 
of the HPI method produce similar results with ROC 
AUCs >0.9 and positive predictive value near the 
standard 85 decision threshold of <30% for 5-minute 
ahead prediction (see supplementary information).24 
Consistent with earlier studies,22,25–27 both of these 
new studies show that the HPI method produced 
prediction results that were similar to using standard 
MAP monitoring. A MAP method in which the cur-
rent MAP value over the 20-second interval is used 
to predict a future AHE within the next 15 minutes 
yields essentially the same ROC AUCs in predicting 
an AHE as the HPI method. Further, the MAP method 
at a specific decision threshold of 72 to 73 mm Hg (ie 
hypotension is predicted to be imminent if MAP falls 
<72–73 mm Hg but not an immediate concern if MAP 
is >72–73 mm Hg) affords essentially the same sensi-
tivity and specificity as the HPI method at the standard 
85 decision threshold. MAP may thus be the domi-
nant feature, either explicitly or implicitly, behind the 
23 features applied by the HPI method. As described 
above, the data selection approach used in the initial 
HPI method studies may have foreshadowed MAP as 
a particularly important feature22,20 (Figure 2B). The 
dominance of MAP in the HPI method is also sug-
gested by use of the same 23 features for both invasive 
radial and noninvasive finger BP waveforms, which 
have very different intrabeat shapes. In summary, the 
data indicate that the HPI method is similar to using 
the current MAP in predicting AHEs with a positive 
predictive value of ~30%.

The HPI method has also been tested in prospec-
tive, randomized controlled trials comparing hypo-
tension exposure between care with versus without 
HPI. In nearly 50 patients undergoing total hip 
arthroplasty, 25 received HPI-directed care and expe-
rienced a median of 0 (interquartile range [IQR], 0–1) 
AHEs compared to a median of 5 (IQR, 2–6) AHEs in 
patients receiving routine care.28 Comparing an HPI-
directed protocol that included treatment suggestions 
to standard care, the median time of hypotension 
per patient was 8.0 minutes (IQR, 1.33–26.00 min-
utes) in the intervention group versus 32.7 minutes 

(IQR,11.5–59.7 minutes) in the control group, without 
more fluids and vasoactive interventions.29 In con-
trast, a trial of the HPI method versus standard care 
failed to demonstrate a difference in hypotension 
exposure in 214 enrolled patients.30 However, only 
about half of all HPI alarms (ie, HPI >85) were inter-
vened on. Additionally, in an observational trial of 
702 noncardiac surgery patients under HPI-directed 
care, the median time with hypotension was only 2 
minutes (IQR, 0–9 minutes).31 These trials collectively 
indicate that the HPI method can reduce hypotension 
exposure time.

A key question is if these reductions in hypotension 
exposure translate to reduced postoperative injury 
(including acute injury, prolonged ICU stay, or post-
hospital injury). Randomized controlled trials of the 
HPI method have yet to convincingly demonstrate an 
improvement in these end points. However, prospec-
tive single-arm, observational studies are underway 
with organ failure as an outcome.

Other Published Hypotension Prediction 
Methods
Hypotension prediction methods other than the HPI 
method have been proposed. To highlight various 
approaches and settings, we describe both ICU and 
OR studies. Despite considerable variation in the 
studies, including input variables, prediction win-
dows, and evaluation methods, Table 1 aggregates the 
findings of our literature survey.

Because AHEs are typically defined in terms of 
MAP, current MAP (MAP over the observation win-
dow) can be expected to be a useful feature for pre-
dicting future events. A MAP closer to 65 mm Hg is 
more likely to be followed by an AHE than a MAP 
further from 65 mm Hg. The body of published stud-
ies underscores the importance of current MAP in 
hypotension prediction. But are there other features 
that offer significant added value in the prediction?

The HPI method, as described by its developers,14 
suggests that current BP waveform features other 
than MAP have predictive value. Systolic BP, diastolic 
BP, and pulse pressure are undoubtedly useful alone, 
simply due to their correlation with MAP. However, 
they may offer some value when used together with 
MAP.32,33 Two studies suggest that current features 
reflecting the shape of the BP waveform can provide 
modest value in predicting hypotension over the 
individual values of the BP.34,35 However, only a few 
studies have examined BP waveform shape features 
beyond specific BP levels.

The temporal variations in MAP within the obser-
vation window could also offer predictive value over 
the current MAP alone. While a linear extrapolation 
of MAP over the observation window to the predic-
tion window (LepMAP method) did not predict an 
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AHE better than the current MAP,18,36 1 study showed 
that MAP trends (current MAP, recent averages, and 
variance) increased the ROC AUC by about 10% com-
pared to the current MAP alone.37

Capnography, photoplethysmography (PPG), and 
electrocardiography (ECG) waveforms are also com-
monly measured in clinical practice, leading inves-
tigators to hypothesize that these measurements 
contain information to predict hypotension. One 
study reported that analysis of the 3 waveforms can 
yield an ROC AUC of 0.76 in predicting an AHE: com-
pared to 0.89 for analysis of the invasive BP wave-
form.38 While this result may be surprising, the study 
data were made freely available for future confirma-
tion. However, most have found that oxygen satura-
tion (Spo2), heart rate, and respiratory rate are not 
effective in hypotension prediction.35,39–41

Many studies have explored available data beyond 
physiological variables in predicting an AHE, includ-
ing age, body-mass index, medications, comorbidi-
ties, and other features, but none have been shown to 
be as important as MAP.33,42–45

In summary, BP levels and their trends may some-
what improve hypotension prediction over the current 
MAP alone, whereas there is presently less evidence 
that beat-to-beat or intrabeat shape features of the BP 
waveform can enhance prediction. Further, data other 
than BP do not appear useful, except demographics 
for postinduction hypotension prediction.

The HPI method is based on a conventional logis-
tic regression model, which employs hand-selected 
features and combines them via a linear model, to 
predict an AHE versus NE. Major breakthroughs in 
machine learning have been made in recent years. So, 
it is natural to wonder if more sophisticated methods 
such as those based on support vector machines: to 
account for nonlinear relationships, or deep learn-
ing models: to automatically determine the features, 
improve the prediction? While 1 study reported that a 
deep learning method could significantly outperform 
a logistic regression method,46 all other identified 
studies did not reveal a major difference in predictive 
performance of the tools.32,33,41–43,47,48 Two of the studies 
actually reported that basic machine learning outper-
formed more advanced machine learning.33,42 These 

results suggest that nonlinear relationships may not 
be significant and that the measurements may not 
include unknown features. However, methods based 
on random forest models using default parameters 
could represent a simple way to modestly improve 
the prediction by allowing for possible nonlinear 
relationships.49

The PhysioNet Challenge and HPI method sought 
to predict an AHE about 15 minutes before it occurs. 
Even though 15 minutes of advanced warning may 
offer enough time for successful intervention, deter-
mining an effective treatment often involves trial 
and error, so further advanced warning could be 
helpful. So, how far ahead can hypotension be pre-
dicted? Several studies have compared hypotension 
prediction times. One study showed that hypotension 
can be predicted 1 hour beforehand, with accuracy 
similar to 15 minutes ahead prediction.50 Two other 
studies reported significantly better predictions 10 
to 20 minutes in advance than 1 hour beforehand.46,51 
Additional studies aiming to predict hypotension 1 to 
2 hours in advance yielded good sensitivity but very 
low positive predictive value.39,52,53 Current methods 
thus seem to be able to predict hypotension around 
15 minutes in advance, which would be helpful for 
resuscitation.

The PhysioNet Challenge also suggested that 
hypotension can be predicted with a sensitivity 
and specificity of both around 80%. But what is the 
performance of current methods? While the stud-
ies have used wide ranging methods, we examined 
the published studies to provide an estimate of cur-
rent performance. We found that the aggregate of 
the often-reported ROC AUC is approximately 0.85, 
whereas the aggregate of the less-reported but impor-
tant positive predictive value is around 25%. Since 
the current MAP can yield similar results, the find-
ings suggest that prediction of the direction (increase 
or decrease) of future MAP movement over time 
scales of minutes is difficult.

Methods for Preoperative Determination of 
Individualized MAP Decision Thresholds
Using the current MAP as the hypotension prediction 
method, with a decision threshold of 72 to 73 mm Hg, 

Table 1.  Summary of Published Hypotension Prediction Methods and Their Performance
Metpods and performance Current evidence Comments
Useful features other than 

current MAP
BP levels and statistics during observation window
Demographics for postinduction hypotension prediction

These features are secondary to MAP
BP waveform features and noninvasive vital signs 

may not be as helpful
Performance of advanced ML Not substantially better than LR Includes nonlinear ML and DL
Prediction time ~15 min in advance Longer times substantially reduce PPV
Hypotension prediction 

performance
~0.85 ROC AUC | ~0.25 PPV Rough aggregate of studies

Abbreviations: BP, blood pressure; DL, deep learning; LR, logistic regression; MAP, mean arterial pressure; ML, machine learning; PPV, positive predictive value; 
ROC AUC, receiver operating characteristics area under the curve.
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can reasonably predict future IOH (MAP <65 mm Hg) 
in a general population. However, a method recently 
developed showed that the optimal MAP decision 
threshold may depend on patient characteristics.15 In 
particular, the decision threshold varies according to 
the patient’s age, gender, and preoperative American 
Society of Anesthesiologists (ASA) physical status 
score (PSS). As shown in Figure 3, IOH risk (defined 
as MAP <65 mm Hg within the next 5 minutes) fol-
lows an exponential decaying relationship with the 
current MAP from 65 to 100 mm Hg, and the expo-
nential decay parameters depend significantly on the 
patient characteristics. In clinical terms, the slower 
the exponential decay rate, the higher the MAP 

decision threshold should be. Thus, increased atten-
tion or treatment should be given at higher MAP for 
advanced age and ASA PSS or for males and emer-
gent surgeries to avert an impending AHE.

The risk curves were validated on time-separated 
data and demonstrated an average error per MAP of 
<0.1%, indicating highly accurate curves. External val-
idation studies are underway. These risk curves can 
be applied to determine the MAP decision threshold 
for a particular patient before surgery to better miti-
gate their exposure to IOH during the case. However, 
further research is needed to determine how to couple 
the risk curves to appropriate action before they can 
be considered for clinical use.

Figure 3. Recent method for preoperative determination of individualized MAP decision thresholds for predicting hypotension. The exponen-
tially decaying curves relate the current MAP (x-axis) to the probability of MAP falling <65 mm Hg within 5 min (ie, IOH risk) for different patient 
characteristics. The curves within each plot are generally different in a statistical sense. As an example, the bottom, right curve indicates 
that a course of action (increased attention or treatment) is needed for an older patient at a higher MAP than a younger patient to avert a 
forthcoming AHE. AHE indicates acute hypotensive event; IOH, intraoperative hypotension; MAP, mean arterial pressure; PS, physical status. 
Reproduced from reference.15
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RECOMMENDATIONS FOR FUTURE 
INVESTIGATIONS
We make specific recommendations for improving 
the methodology to establish hypotension predic-
tion methods and general proposals on extending the 
methods for further predictions. Table 2 provides a 
summary of these recommendations.

Definition of an Acute Hypotensive Event for 
Prediction
An AHE for prediction has been defined in various 
ways. One common way is the PhysioNet Challenge 
definition of invasive MAP <60 mm Hg for at least 
27 minutes in a 30-minute period over a 1-hour pre-
diction window17,35,39,41,45,48,52,53 (see Figure 1). Another 
common definition is MAP <65 mm Hg for at least 
1 minute14,36–38,40,47,50 or 5 minutes (see Figure 2A). A 
recent study of noncardiac surgery patient data indi-
cates that the odds for developing posthospital myo-
cardial or acute kidney injury increases only when the 
cumulative area under the invasive MAP time series 
<65 mm Hg, as shown in Figure 4, is greater than 
around 150 mm Hg-min7. The PhysioNet Challenge 
definition is more consistent with this study but may 
still be too stringent, since the total area can arise from 
substantially discontinuous periods of the MAP time 
series (eg, MAP is 50 mm Hg for 5 minutes and then 50 
mm Hg for 5 minutes 1 hour later). On the other hand, 
MAP <65 mm Hg for 1 to 5 minutes may not be strict 
enough. MAP <65 mm Hg for 1 to 5 minute periods 
would contribute to the overall area, but brief AHEs 
in isolation may typically be harmless: for example, 
30 separate 1-minute periods of MAP <65 mm Hg do 
not increase posthospital risk for acute kidney injury.7

An AHE has also been defined using different BP 
measurement devices, including invasive arterial BP 
waveforms; an automatic noninvasive arm cuff; and 
a finger-cuff volume clamp system to measure a non-
invasive BP waveforms. Both noninvasive devices 
are not as accurate as invasively measured BP.54,55 Yet, 
several studies of noninvasive methods for hypoten-
sion prediction have reported that they are as reliable 
as hypotension prediction methods that analyze inva-
sive BP waveforms.19,56,57 This apparent contradiction 

stems from these studies also using the noninvasive 
BP measurements to define an AHE for prediction.

Although systolic BP <90 mm Hg is comparably 
associated with posthospital organ damage as MAP 
<65 mm Hg,7 we support the common use of MAP to 
define an AHE since MAP is more robust to frequent 
arterial catheter damping than systolic BP. Further 
research is needed for a precise definition- we pro-
pose to define the events in terms of the area under 
the MAP time series <65 mm Hg. For instance, should 
a significant AHE be defined as the time integral of 
MAP <65 mm Hg of at least 75 mm Hg-minute over 
a 30-minute prediction window? It may also make 
sense to relax the definition threshold of an AHE in 
cases of concurrent therapy (eg, from MAP <65 mm 
Hg to MAP <70 or 75 mm Hg), as hypotension may 
be more serious when a patient is on a vasopressor or 
inotrope, than when untreated. In addition, instead of 
using a blanket MAP of 65 mm Hg to define hypoten-
sion in every patient, it may be vital to pursue indi-
vidualized hypotension definition thresholds based 
on preoperative patient characteristics. (Note that we 
have used 2 different MAP thresholds up to now. For 
instance, if the current MAP falls <72 to 73 mm Hg 
(MAP decision threshold), a course of action is sug-
gested to try to prevent future MAP from further fall-
ing <65 mm Hg (AHE definition threshold).

We further recommend using invasive BP mea-
surement to compute the time integral of MAP below 
a suitable threshold. The hypotension predictions of 
a noninvasive method should be evaluated using ref-
erence AHEs defined via the invasive BP waveform. 
Invasive BP and noninvasive BP via automatic arm 
cuff devices are both often measured, and the MIMIC 
database and VitalDB database (likely the first periop-
erative database with waveforms) include this pair of 
measurements in many patients.38,58 Scientific studies 
are needed with invasive BP as reference to under-
stand the capabilities and limitations of hypoten-
sion prediction based on noninvasive BP waveform 
analysis using finger-cuff volume clamp system. As 
a related point, it is important to continue research 
to advance noninvasive BP monitoring technology in 
terms of accuracy59–61 as well as convenience.62

Table 2.  Summary of Specific and General Recommendations for Future Investigations
Topic Recommendation Type

Definition of AHE
Use area under MAP time series below X mm Hg metric
(X = 65 is default)
Set X based on preoperative patient characteristics
Use invasive BP waveform to compute metric

Specific

Evaluation of hypotension prediction methods Analyze entire patient record
Use PR curve analysis and report PPV
Compare method to current MAP in predicting AHEs

Specific

Extension of prediction methods Pursue methods to predict reduced blood flow
Pursue methods to predict response to therapy

General

Abbreviations: AHE, acute hypotensive event; BP, blood pressure; MAP, mean arterial pressure; PPV, positive predictive value; PR, precision-recall.
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Evaluation of Hypotension Prediction Methods
MAP monitoring represents the current standard 
of care for managing hypotension. To offer added 
value, a hypotension prediction method should 
thus perform significantly better than the current 
MAP.20 Yet few studies report comparisons to MAP 
monitoring.27,37,40,63

Hypotension prediction methods are most often 
evaluated in terms of ROC curve analysis plus sensi-
tivity and specificity. However, the number of AHEs 
is far fewer than NEs, with ≈ 20% of noncardiac sur-
gery patients exposed to profound hypotension: for 
example, MAP <65 mm Hg and for >15 minutes.7 
Moreover, in clinically deploying a method, con-
tinual predictions of imminent hypotension would 
be made for a patient throughout a surgical case. 
For example, consider a patient who is exposed to 
a MAP of 50 mm Hg for 5 minutes twice during a 
3-hour surgery and a method that predicts hypo-
tension every 5 minutes. Because the prevalence of 
AHEs is only about 5% here, a method that achieves 
a seemingly good sensitivity and specificity of both 
80% would actually be unsatisfactory due to the 
lower positive predictive value of about 20%. In 
other words, 4 out of 5 positive predictions output-
ted by the method would be false, such that the false 
alarm problem in perioperative care would only be 

exacerbated.64 The assessment of the all-important 
positive predictive value of a method requires the 
use of all NEs in the patient record, so that the 
prevalence of AHEs is reflective of the intended 
continual prediction application. Yet, several stud-
ies have selected only a subset of NEs while includ-
ing all AHEs from each patient record,14,19,21,38 and 
the PhysioNet Challenge used just a single event per 
patient record for prediction.17

Consistent with other studies of hypotension pre-
diction methods,37,50,65 we suggest to analyze entire 
patient records rather than a subset of the data and 
to use precision-recall (PR) curve analysis in addi-
tion to ROC curve analysis.66 As shown in Figure 5, 
a PR curve is a plot of the positive predictive value 
(precision) versus the corresponding sensitivity 
(recall) over all decision thresholds. While the ROC 
AUC must be > 0.5 for a prediction method to offer 
value over random chance, the PR AUC, which 
takes on a value between 0 and 1, must be greater 
than the prevalence of the AHEs (baseline) to offer 
value. Positive predictive value can be determined 
by finding all positives produced by the method in 
the patient record and seeing if they are followed by 
AHEs. Only the positives during NEs may be con-
sidered, as hypotension prediction during an AHE 
would not be the clinical focus. Sensitivity can be 

Figure 5. PR curve versus ROC curve for evaluating hypotension prediction methods. ROC curves are commonly used to assess hypotension 
prediction methods, but PR curves are more appropriate due to the low AHE prevalence.66 The PR AUC indicates the crucial average PPV 
across decision thresholds and can be low even when the ROC AUC is high. PR curves are thus recommended to evaluate hypotension pre-
diction methods. AHE indicates acute hypotensive event; AUC, area under the curve; PPV, positive predictive value; PR, precision-recall; ROC, 
receiver operating characteristics.

Figure 4. Cumulative area under the invasive MAP 
time series <65 mm Hg to define an AHE. Since the 
odds for developing posthospital injury following 
noncardiac surgery increases with this cumulative 
area metric in particular,7 an AHE is recommended 
to be defined in terms of the metric. AHE indicates 
acute hypotensive event; MAP, mean arterial pres-
sure. Adapted from reference.7
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ascertained by finding all AHEs in the record and 
seeing if they are preceded by positives. This process 
can be repeated for each decision threshold to yield 
the PR curve.

We also recommend comparing the method to 
MAP monitoring. The method would ideally yield 
a significantly higher PR AUC than the MAP moni-
toring through statistical comparison via bootstrap-
ping.67 Otherwise, there would be little reason to 
replace MAP monitoring.

Extension of the Methods for Prediction of 
Reduced Blood Flow and Treatment Effects
Emerging evidence suggests that therapies used 
to maintain BP targets may also impact the out-
come being measured, potentially confounding 
the effect of the target itself.68,69 Large, randomized 
trials are pending, and a clear answer to an appro-
priate choice of vasopressors during the intraop-
erative period is still subject to debate.70–72 The 
best solution currently seems to be selecting vaso-
pressors (a) with or without inotropy and (b) with 
or without fluids, as guided by advanced hemo-
dynamic monitoring. Data suggest that current-
day practices are focused on achievement of an 
MAP target rather than the means to the target.72 

Adding to the complexity of this issue, keeping a 
patient’s MAP >65 mm Hg may be flawed as a uni-
versal approach. Adequate consideration should 
be given to preoperative BP and individualized 
intraoperative BP targets based on preprocedure 
hemodynamics.73 Finally, tissue injury underlying 
hypotension-related complications results from a 
deficit in blood perfusion, not necessarily a deficit 
in BP.9,74 Any intervention to optimize BP to avoid 
hypotension should do so in ways that concur-
rently optimizes blood flow, lest the intervention 
may fail to produce its intended effect.

Thus, we recommend to also focus on develop-
ment of methods to predict hemodynamic instabil-
ity, which leads to reduced flow states, rather than 
predicting hypotension alone. We further suggest 
pursuing methods to predict the effect of therapy, 
which must implicitly consider the cause of the 
impending hypotension. For example, what therapy 
should be given to restore BP while preserving or 
enhancing blood flow? Should it be phenylephrine 
at dose x, or a fluid bolus, or this combination with a 
reduction in inhaled anesthetic? Does the prediction 
change if the anticipated AHE will occur in the con-
text of acute bleeding versus impaired ventricular 
contractility?

Figure 6. Probabilities of all possible outcomes of noncardiac surgery (ie, sample space). The blue values are from noncardiac surgery patient 
data.7 The simplifying assumptions are as follows: (1) a patient is exposed to either 0 or 1 substantial AHE (ie, MAP/systolic BP (SP) well 
<65/90 mm Hg and sustained for at least 15 min) during a case; (2) a method makes a one-time prediction of the AHE per patient; (3) if 
the method correctly predicts the hypotension, the subsequent therapy will always be successful in averting posthospital injury; and (4) the 
method has sensitivity/specificity of 0.8/0.8 in predicting the AHE and thus a PPV of 0.5. The probability of unnecessary treatment is thus 
severely underestimated but still 10 times higher than the probability of saving a patient from posthospital injury. Interpretation of the other 
possibilities is more difficult. AHE indicates acute hypotensive event; BP, blood pressure; MAP, mean arterial pressure; PPV, positive predictive 
value; SP, systolic pressure.
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START OF A RISK-BENEFIT ANALYSIS OF 
HYPOTENSION PREDICTION
While prompt treatment of IOH can potentially miti-
gate postoperative organ injury, IOH appears to be 
significantly inferior to baseline patient characteris-
tics as an injury predictor.7 Hypotension prediction 
may also lead to unnecessary treatment and increase 
hypertensive-related risks.75 We attempt here to 
assign numbers to these qualitative statements to bet-
ter understand the risks and benefits of hypotension 
prediction.

In this analysis, we make the following simplify-
ing assumptions: (1) a patient is exposed to either 
zero or 1 substantial AHE: MAP well <65 mm Hg 
or systolic BP well <90 mm Hg, and sustained for at 
least 15 minutes during a case; (2) a method makes 
a 1-time prediction of the AHE per patient; and (3) if 
the method correctly predicts the hypotension, the 
subsequent course of action will always be success-
ful in averting posthospital injury. We also used the 
following noncardiac surgery patient data: (1) the 
probability of posthospital injury for the standard of 
care is 0.07; (2) the probability of a substantial AHE 
in a patient is 0.2; and (3) the probability of injury 
for a patient given the occurrence of hypotension is 
0.0955, while the probability of injury for a patient 
given the absence of hypotension is 0.0636.7 The 
latter 2 conditional probabilities were adjusted for 
baseline confounders and indicate that hypotension 
increases the odds of posthospital injury by a factor 
of 1.5.7 We lastly assume that the method has a sen-
sitivity and specificity both of 0.8 (80%) in predicting 
hypotension. Based on this sensitivity and specificity 
and the 0.2 probability for an AHE, the positive pre-
dictive value is thus 0.5 (50%).

Figure 6 shows the resulting probabilities of all 
possible outcomes of noncardiac surgery (sample 
space). First, consider the case in which hypoten-
sion is perfectly predicted in 1000 patients. Of the 
70 patients who would have suffered from posthos-
pital injury with standard care, only 19 can be res-
cued. Furthermore, compared to the standard care, 
181 of the patients who became hypotensive but did 
not later suffer from injury will now be treated for 
their hypotension. These outcomes might be similar 
to prompt and successful treatment of severe hypo-
tension after it is detected. Now, consider the case of 
inevitable hypotension prediction error. Posthospital 
injury will be averted in around the same number 
of patients (≈ 20). However, 150 patients who will 
not develop hypotension or posthospital injury will 
now be treated. In summary, compared to standard 
care, about 20 of 1000 patients will benefit by avoid-
ing posthospital injury at the risk of unnecessar-
ily treating 150 patients who did not even develop 
hypotension.

These numbers represent lower bounds on how 
many unnecessary treatments may be given, since a 
method would not make only 1 prediction of hypo-
tension during a case but rather make continual pre-
dictions throughout the surgery. While basic lockout 
techniques (eg, a method does not make a predic-
tion for 30 minutes after an AHE is predicted) can 
be used to reduce the number of false positives,50,65 
there will undoubtedly be more mis-predictions. 
For example, a patient who has successfully been 
treated for an AHE due to a correct prediction could 
be given unnecessary fluids and/or vasopressors 
after 1 hour due to an incorrect prediction. So, well 
>150 unnecessary treatments would be given to 
1000 patients.

This initial study is not a formal risk- or cost- 
benefit analysis, which would also assign a value (eg, 
disability-adjusted life years lost) for preventing an 
injury and another value for unnecessary treatment. 
However, the results here may still enhance our quan-
titative understanding of the potential of hypotension 
prediction.

OUTLOOK ON INTRAOPERATIVE HYPOTENSION 
PREDICTION
The premise of hypotension prediction is to allow 
more time to identify and to administer appropri-
ate therapy and thereby to avert subsequent injury. 
While rational, the risk-benefit analysis and the cur-
rent evidence described above present 2 consider-
ations. First, only a small fraction of patients can 
benefit due to the low odds ratio of developing post-
hospital injury with an AHE vs NE7—at the risk of 
numerous unnecessary treatments due to inevitable 
false positives in the prediction. Furthermore, each 
time treatment is given, it can be incorrect. Thus, 
avoiding unnecessary treatment is crucial to mini-
mize iatrogenic effects. Secondly, the current MAP 
has proven to be a most important feature in the var-
ious hypotension prediction methods. Deployment 
of these methods may thus be similar to targeting 
a higher MAP (eg, 72–73 mm Hg) for treatment. 
Though based on the body of randomized con-
trolled trials conducted up to now, blanket targeting 
of higher MAP does not appear to reduce morbid-
ity and mortality in noncardiac and cardiac surgery 
patients: meta-analysis of 10 randomized controlled 
trials totaling 9000+ patients76 as well as septic 
patients: Surviving Sepsis Campaign.77 One reason 
may be that hypotension does not cause, but merely 
associates with posthospital injury. Another reason 
is that for every would-be hypotensive patient who 
benefits from the higher MAP, these effects are over-
shadowed by those harmed by the unnecessary treat-
ments. In support of the latter, effects of profound 
and sustained hypotension may be far reaching and 
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extend into the postoperative period.78 For example, 
strong associations suggest an increased risk of 
persistent acute kidney disease,6 while other data 
implicate perioperative hypotension with several 
health resource utilization burdens.79 It should also 
be mentioned that the currently completed trials76 
are early and have several limitations, especially in 
terms of treatment methods.

The area of hypotension prediction may thus be 
at a crossroad. Tailoring hypotension prediction 
methods to the hemodynamic goals of the indi-
vidual patient may be crucial. Proving that such 
methods are significantly better than standard MAP 
monitoring is then needed to promote their clini-
cal use. Developing prediction methods for prompt 
identification of the cause of impending hypoten-
sion and thus the appropriate therapy for resuscita-
tion80 appears even more vital to improve relevant 
patient outcomes. All new prediction methods must 
be tested through robust trials with patient-centric 
outcomes and a fully-defined standard of care such 
as increased vigilance when MAP falls <72 to 73 
mm Hg. With such research redirection, the out-
look on prediction methods for IOH may in fact be 
promising. E
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