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ABSTRACT
The Hypotension Prediction Index is a proprietary prediction model incorpo-
rated into a commercially available intraoperative hemodynamic monitoring 
system. The Hypotension Prediction Index uses multiple features of the arterial 
blood pressure waveform to predict hypotension. The index publication intro-
ducing the Hypotension Prediction Index describes the selection of training 
and validation data. Although precise details of the Hypotension Prediction 
Index algorithm are proprietary, the authors describe a selection process 
whereby a mean arterial pressure (MAP) less than 75 mmHg will always pre-
dict hypotension. We hypothesize that the data selection process introduced a 
systematic bias that resulted in an overestimation of the current MAP value’s 
ability to predict future hypotension. Since current MAP is a predictive vari-
able contributing to Hypotension Prediction Index, this exaggerated predictive 
performance likely also applies to the corresponding Hypotension Prediction 
Index value. Other existing validation studies appear similarly problematic, 
suggesting that additional validation work and, potentially, updates to the 
Hypotension Prediction Index model may be necessary.
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The Hypotension Prediction Index is a prediction 
model implemented in the HemoSphere advanced 

monitoring platform (Edwards Lifesciences, USA). The 
development and validation of the model have been pre-
viously reported.1 In that report, hypotension was defined 
as mean arterial pressure (MAP) less than 65 mmHg for 
at least 1 min. In brief, the Hypotension Prediction Index 
uses logistic regression with proprietary predictor vari-
ables or features derived from the arterial waveform to 
predict the occurrence of hypotension 5, 10, or 15 min 
later. The researchers investigated 3,022 individual features 
and 2,603,125 combined features. After feature selection, 
the final proprietary model (resulting in Hypotension 
Prediction Index) included 23 of these features.1–3 The 
Hypotension Prediction Index is presented on the monitor 
as a value between 0 and 100 with higher values indicating 
a higher likelihood of imminent hypotension.

The external validation of the model shows a compel-
ling area under the receiver operating characteristics curve 
(AUC) of 0.95 for predicting hypotension 5 min before 
the event.1 However, the corresponding receiver operating 
characteristics curve presented in the index publication’s 
figure 3 (reprinted and adapted here as fig. 1) looks highly 
improbable. This receiver operating characteristics curve 
presents the sensitivity (true predictions of hypotension 

out of all hypotensive events) and corresponding speci-
ficity (true predictions of nonhypotension out of all non-
hypotensive events) for all possible thresholds (“alarm 
limits”) of Hypotension Prediction Index. The receiver 
operating characteristics curve in the index publication 
shows that a specific (yet unspecified in the publication) 
threshold is associated with a specificity of approximately 
100% and a sensitivity greater than 60%.1 When the speci-
ficity is 100%, there are no false predictions of hypotension. 
Therefore, the positive predictive value (true predictions 
of hypotension out of all predictions of hypotension) is 
also 100%. This means that Hypotension Prediction Index 
values above this threshold are always associated with 
future hypotension. We find it difficult to imagine that it is 
possible to predict with approximately 100% certainty that 
hypotension will occur while maintaining a reasonable 
sensitivity. Herein, based on the data selection described 
in the index publication and a computer simulation illus-
trating the consequence of that data selection, we pres-
ent the hypothesis that the index publication and several 
reported validation studies of the Hypotension Prediction 
Index may contain a systemic statistical bias influencing its 
predictive abilities.
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Data Selection May Be Biased
A probable explanation for the reported high specificity can 
be found in the methods section of the index publication:1

“Model Feature Selection and Training: A hypo-
tensive event was calculated by identifying a section 
of at least 1-min duration such that all data points in 
the section showed MAP < 65 mmHg. An event, or 
positive data point, was chosen as the sample recorded 
5, 10, or 15 min before the hypotensive event. A 
nonhypotensive event was calculated by identify-
ing a 30-min continuous section of data points such 
that the section was at least 20 min apart from any 
hypotensive event, and all data points in that section 
showed MAP > 75 mmHg. A nonevent, or negative 
data point, was the center point of the nonhypoten-
sive event.”

Thus, a nonhypotensive event is defined as a 30-min 
section where MAP is above 75 mmHg. The sample used 
to predict a nonhypotensive event is the center point of 
this section. Therefore, a sample corresponding to a non-
hypotensive event will always have a MAP greater than 75 
mmHg, while samples corresponding to hypotensive events 
can have any MAP (this selection of events and samples is 
illustrated in the model-development paper’s supplemen-
tary fig. 2, reproduced here as fig. 2). Because of this selec-
tion, a sample with MAP less than 75 mmHg will always 
correspond to a future hypotensive event in the training 
and the test sets. This can explain why it was possible for the 
Hypotension Prediction Index to predict hypotension with 

100% specificity: the Hypotension Prediction Index could 
achieve 100% specificity by simply reflecting the current 
MAP value—without 22 additional features. Given that the 
algorithm is proprietary, we do not know which features 
are included in the Hypotension Prediction Index model, 
but we do know that MAP was one of the candidates. If 
the model training was effective, Hypotension Prediction 
Index should learn that a current MAP less than 75 mmHg 
is always associated with future hypotension.

As an analogy, one can imagine excluding all subjects 
younger than 60 yr from the samples corresponding to 
nonhypotensive events. Then a prediction model applied to 
the remaining data could simply predict “hypotension” for 
all subjects younger than 60 yr and be correct every time.

Given this selection problem, receiver operating charac-
teristics curves for MAP and the Hypotension Prediction 
Index should both show a skew toward high specificity (as 
shown in fig. 1). Because MAP monitoring is commonly 
used to titrate blood pressure treatment, we consider that the 
added clinical value of Hypotension Prediction Index is the 
difference between the Hypotension Prediction Index’s and 
MAP’s ability to predict hypotension. Unfortunately, MAP’s 
ability to predict future hypotension was not reported in 
the index publication. Instead, the Hypotension Prediction 
Index was compared to ΔMAP (the change in MAP during, 
e.g., 3 min), a comparator that is both an unintuitive and poor 
predictor of hypotension, as discussed in a recent paper.4

The likely existence of a significant selection bias in the 
development and validation of the Hypotension Prediction 
Index is the key message of this discussion.

In the following sections, we first use simulated data to 
visualize the effect of the biased selection, and demonstrate 
how the selection can result in skewed receiver operating char-
acteristics curves similar to that in figure 1. Second, we address 
questions that may naturally arise: Does this bias also affect the 
numerous validation studies in the literature? What about all 
the other features used in the Hypotension Prediction Index 
model? How could the Hypotension Prediction Index be val-
idated appropriately? What is the effect of using Hypotension 
Prediction Index in clinical trials?

Visualization of the Selection Problem
To visualize how the selection problem can artificially enhance 
the current MAP’s ability to predict hypotension (and thereby 
likely also the Hypotension Prediction Index’s ability), we 
performed a simple simulation (fig. 3). The simulation is not 
an attempt to produce realistic data but only serves to visualize 
how the selection problem can result in a “skewed” receiver 
operating characteristics curve with very high specificity.

We generated normally distributed data representing the 
current MAP values available for predicting future hypoten-
sion. The MAP values corresponding to hypotensive events 
have a lower mean than the MAP values corresponding to 
nonhypotensive events, making current MAP a modest pre-
dictor of hypotension (fig. 3A). We then impose a selection 

Fig. 1.  External validation of Hypotension Prediction Index (HPI), 
5 min before the event (reprinted and adapted from fig. 3, bottom 
left from the index publication1). MAP, mean arterial pressure. 
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that removes current MAP values less than 75 mmHg for 
nonhypotensive events. The receiver operating characteris-
tics curve corresponding to this biased selection has a char-
acteristic “skew” toward high specificity and a markedly 
increased AUC (fig.  3B). The simulation computer code 
and details are presented in Supplemental Digital Content 
1 (http://links.lww.com/ALN/C878).

Most Hypotension Prediction Index Validation 
Studies Seem Biased
We are aware of eight subsequent validation studies of 
Hypotension Prediction Index.3,5–11 In these studies, the 
Hypotension Prediction Index was either downloaded 
directly from a HemoSphere or EV1000 monitor (Edwards 
Lifesciences, USA), or calculated post hoc from the arte-
rial waveform using the same algorithm. Only one of 
these studies compares the predictive performance of the 
Hypotension Prediction Index to that of the concurrent 
MAP value.

Three studies used the same data selection as the index 
publication and presented similarly skewed receiver operat-
ing characteristics curves with high specificity5–7 (Wijnberge 
et al.7 also did the “forward” analysis described below and 
is counted there as well). Another three showed a “skewed” 
receiver operating characteristics curve with a very high 
specificity, but did not specify exactly how nonhypoten-
sive events were selected.3,8,9 Two used a “forward analy-
sis” starting with a Hypotension Prediction Index alarm 
and looking in the next 20 min for hypotension.7,10 Both 
showed a high predictive performance of Hypotension 
Prediction Index (e.g., a positive predictive value of 80% 
and a negative predictive value of 96% at a Hypotension 
Prediction Index threshold of 85);7 however, the method 
for selecting individual prediction–outcome pairs was 
not explicitly described in the methods sections. Also, the 
Hypotension Prediction Index’s predictive ability was not 
compared with the concurrent MAP value’s predictive abil-
ity in these two studies, further complicating the interpre-
tation of these results, as it remains unclear to what extent 

Fig. 2.  Illustration of the selection of hypotensive events and nonhypotensive events, and the samples corresponding to each type of event 
(reprinted from the model development paper’s supplementary fig. 21). A nonevent sample is the center of a 30-min section where all data 
points have a mean arterial pressure (MAP) greater than 75 mmHg. HPI, Hypotension Prediction Index.
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the Hypotension Prediction Index’s predictive performance 
is driven by the concurrent MAP value alone. The study 
by Ranucci et al. selected Hypotension Prediction Index 
values corresponding to both hypotensive events and non-
hypotensive events 5 to 7 min before the event.11 By using 
data before the nonhypotensive events, they avoided creat-
ing a data set where samples corresponding to nonevents 
had an artificially high MAP, thereby avoiding the selection 
bias described above. The authors presented a “symmetric”  
receiver operating characteristics curve with an AUC of 
0.768 for the Hypotension Prediction Index’s ability to 
predict hypotension. While this AUC may be more realis-
tic than what is reported in other studies, it was based on 

just 77 hypotensive events, and the Hypotension Prediction 
Index performance was not compared with that of the con-
current MAP value.

Only Davies et al.3 compared Hypotension Prediction 
Index to MAP. Therein, the Hypotension Prediction Index 
predicted hypotension markedly better than the concur-
rent MAP value (AUC 0.926 vs. 0.807, respectively), and 
only the Hypotension Prediction Index receiver operat-
ing characteristics curve was skewed toward high specific-
ity (see figure 2 in Davies et al.3). The methods section in 
the paper does not provide enough information about the 
data selection to explain why the Hypotension Prediction 
Index’s receiver operating characteristics curve indicates the 

Fig. 3.  Simulation of the selection problem. Columns, A and B, illustrate different data selection strategies. Upper panels show simulated 
mean arterial pressure (MAP; mmHg) values for samples corresponding to hypotensive events and nonhypotensive events. Lower panels 
are receiver operating characteristics curves showing MAP’s ability to discriminate hypotensive events from nonhypotensive events. The 
simulation is not an attempt to produce realistic data. It only serves to illustrate how the selection problem can result in a “skewed” receiver 
operating characteristics curve with very high specificity.
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presence of a selection bias while the MAP’s receiver oper-
ating characteristics curve does not.

Biased Data Make Biased Models
Using multiple features from the arterial waveform to pre-
dict hypotension is an admirable idea. However, we spec-
ulate that most of the potential added value is lost, because 
the selection bias forced the Hypotension Prediction Index 
to learn almost solely from MAP in its development: if 
MAP is less than 75 mmHg, the patient will be classified as 
hypotensive. When MAP is less than 75 mmHg, other fea-
tures can only impair this “perfect” prediction. This creates 
a biased model that overestimates the risk of hypotension. 
The model will presumably overrepresent MAP and under-
represent other waveform features (at least when MAP is 
less than 75 mmHg). If our speculation is true, we should 
expect that the Hypotension Prediction Index is almost a 
one-to-one transformation of the concurrent MAP (where 
the Hypotension Prediction Index is high when MAP is 
low) with only a small impact from other features. The con-
current MAP and Hypotension Prediction Index values in 
figure 2 and the index publication’s figure 5 (not reprinted 
here) exemplify this one-to-one transformation.

Hypotension Prediction Index Should Be 
Revalidated
As the Hypotension Prediction Index algorithm may have 
been subject to selection bias in its development, and since 
most subsequent validation studies indicate a similar prob-
lem, the Hypotension Prediction Index may not predict 
hypotension as accurately as reported. We suggest that data 
from previously published Hypotension Prediction Index 
validation studies be reanalyzed, paying particular atten-
tion to ensure an unbiased selection of hypotensive events 
and nonevents. A more reasonable selection of nonevents 
could be similar to that by Ranucci et al.11 First, select all 
1-min sections with MAP greater than 65 mmHg (option-
ally, also do an analysis requiring nonevents to have MAP 
greater than 75 mmHg, corresponding to the intentional 
“gray zone” implemented in the index publication and 
most validation studies. Samples before the event should not 
be restricted). Then, exclude nonevents in the first 15 min 
after an event. For both events and nonevents, the predic-
tor should be Hypotension Prediction Index or MAP 5, 
10, or 15 min earlier. This design will allow a reasonable 
receiver operating characteristics curve analysis for compar-
ing the Hypotension Prediction Index’s and MAP’s predic-
tive abilities, but it will likely result in an overrepresentation 
of nonevents, so reporting positive and negative predictive 
values will not be meaningful (see the section The Case–
Control Design Itself Is Problematic). In our view, it is the 
difference between the Hypotension Prediction Index’s and 
the concurrent MAP value’s predictive abilities (e.g., AUCs) 
that represents the added clinical value of the Hypotension 

Prediction Index over simply using MAP to guide blood 
pressure treatment. It is imperative that any comparison of 
prediction methods be based on the exact same data selec-
tion and outcome labeling.

A recent paper appropriately suggested that a complex 
and proprietary algorithm like the Hypotension Prediction 
Index should be compared to a simple model that represents 
current clinical practice (as opposed to ΔMAP).4 The 
authors suggested a linear extrapolation from the current 
MAP value and the MAP value 1 min earlier (“LepMAP”). 
The study did not compare LepMAP and Hypotension 
Prediction Index directly, but when, in a secondary analysis 
(termed B-analysis), the authors applied a data selection to 
match that of the index publication, they found an AUC of 
0.93 for LepMAP’s prediction of hypotension 2 min into 
the future, with receiver operating characteristics curves 
that were skewed toward high specificity. In the study’s 
A-analysis, which did not enforce the index publication’s 
selection, they compared the predictive ability of LepMAP 
to that of the concurrent MAP, and found that they were 
not statistically different, although the concurrent MAP’s 
AUC had higher point estimates. However, the paper does 
not address that the B-analysis creates a selection bias.

The Case–Control Design Itself Is Problematic
The data selection in the index publication and most sub-
sequent validation reports (including that by Ranucci et 
al.11 and what we describe in the section Hypotension 
Prediction Index Should Be Revalidated) is based on a 
case–control design: it begins with selection of cases 
(hypotensive events) and controls (nonhypotensive events). 
Afterward, predictors (Hypotension Prediction Index or 
the waveforms used to calculate Hypotension Prediction 
Index) are selected based on these cases and controls 
(e.g., 5 min before hypotensive events and the midpoints 
of nonhypotensive events). Hence, most Hypotension 
Prediction Index values we observe in a clinical setting 
will not be represented in the analysis, because they are 
neither 5 min before a hypotensive event nor the mid-
point of a nonhypotensive event. Therefore, even with-
out the described selection bias, this case–control design 
is known to give results that may not be valid in a clinical 
setting.12 This problem may be exacerbated by the exclu-
sion of “gray zone” outcomes (outcome MAP between 
65 and 75 mmHg). The index publication argues that 
while false-positive Hypotension Prediction Index alarms 
with outcomes in this “gray zone” are not included in 
the receiver operating characteristics curve analyses, this 
is not an important limitation, and that these false pos-
itives could even be beneficial.1 Conversely, a review 
of the Hypotension Prediction Index argues that these 
false-positive alarms may lead to overtreatment.13 The 
case–control design can be useful for model development, 
but since the proportion of hypotensive events does not 
represent the true probability of hypotension, it does not 
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allow calculation of clinically meaningful positive and 
negative predictive values. Neither the positive predictive 
value of 12.6% at Hypotension Prediction Index greater 
than 85, reported by Ranucci et al.,11 nor the 93.2% at 
Hypotension Prediction Index greater than 39, reported 
in the index publication,1 should be interpreted as the 
probability of imminent hypotension in a continuously 
monitored patient.

The process of representing clinical data as outcomes 
and predictors for a risk prediction problem has recently 
been introduced as the framing of the problem.14 A clin-
ically relevant framing for investigating the Hypotension 
Prediction Index’s ability to predict hypotension could be 
as follows: When the Hypotension Prediction Index gives 
an alarm, how often does hypotension actually occur, e.g., 
3 to 10 min later (i.e., positive predictive value); and when 
hypotension occurs, was there an Hypotension Prediction 
Index alarm 3 to 10 min earlier (i.e., sensitivity)? This way, 
all false-positive predictions will be counted—not just the 
ones corresponding to selected “nonevents.” We acknowl-
edge that it is not trivial to decide what constitutes a sin-
gle prediction, and we do not contend that the suggested 
framing is the single best solution. In the end, it is the 
model developers’ responsibility to make sure that an algo-
rithm is developed and validated to truly address the tar-
geted clinical problem.

Effect of Hypotension Prediction Index in Clinical 
Trials
Four randomized controlled trials have investigated the 
Hypotension Prediction Index’s preventive effects on 
hypotension.2,15–17 Three of these trials, and an addi-
tional retrospective study,18 showed less hypotension in 
the Hypotension Prediction Index guided group com-
pared to a control group (the trials vary in their out-
come definitions and precise management protocols, but 
the characteristics are beyond the scope of this analy-
sis).2,16,17 One trial also investigated the effect on post-
operative hypotension and found no difference in their 
primary outcome between the Hypotension Prediction 
Index–guided group and the standard care group.19 The 
fourth and largest study noted no difference between the 
Hypotension Prediction Index–guided group and the 
control group in the primary outcome variable: amount 
of hypotension (time-weighted average MAP less than 65 
mmHg).15 That hypotension may be reduced is import-
ant, but these results could be due to increased clinician 
awareness to hemodynamics (something that might also 
be achieved with a MAP alarm or treatment threshold 
of, e.g., 75 mmHg), and do not validate the predictive 
ability of Hypotension Prediction Index per se. In addi-
tion, preventing hypotension may come at the expense 
of overtreatment as indicated in the trial by Tsoumpa et 
al., where time spent in hypertension was increased in the 
Hypotension Prediction Index–guided group.17

Conclusions

A selection bias in the development of the Hypotension 
Prediction Index may explain a relevant proportion of its 
reported predictive ability. The same bias seems present in 
most of the subsequent validation studies. In light of this, we 
are not yet convinced that using the Hypotension Prediction 
Index to predict hypotension is meaningfully better than 
using the concurrent value of MAP. We suggest that data 
from validation studies be reanalyzed considering the poten-
tial for this selection bias, and that the predictive performance 
of the Hypotension Prediction Index be compared with the 
predictive performance of the concurrent MAP value.
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