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The Promise and Challenges of Predictive Analytics in 
Perioperative Care
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Intraoperative hypotension occurs  
frequently in clinical practice 

and has predictive significance. 
Intraoperative blood pressure 
below specific thresholds, includ-
ing mean arterial pressure (MAP) 
of 65 mmHg or systolic blood 
pressure of 90 mmHg, is associated 
with elevated risks of myocardial 
infarction, acute kidney injury, and 
death.1–3 Despite a growing body 
of research, important knowledge 
gaps remain. Most importantly, 
there remains uncertainty as to 
whether the association between 
hypotension and complications is 
causal. Further, we do not know 
which interventions can effec-
tively reduce exposure to hypoten-
sion and also improve outcomes. 
Simple alarm systems appear not 
to help. A randomized controlled 
trial of 1,598 patients showed that 
supplemental alarms (visual alert 
and pager notification) for intra-
operative systolic blood pressure less than 80 mmHg failed to 
reduce exposure to hypotension or duration of hospitaliza-
tion.4 The lack of clinical benefit may be explained, in part, 
by alerts occurring only after hypotension had developed. 
Early warning systems for impending hypotension might 
plausibly allow clinicians to implement treatment strategies 
early and thereby reduce exposure to hypotension. One 
such system is commercially available: Acumen Hypotension 
Prediction Index software (Edwards Lifesciences, USA). 
Using 23 arterial waveform features measured by a pulse 
contour analysis monitor (FloTrac, Edwards Lifesciences), the 
technology alerts anesthesia providers to a high probability 

of MAP less than 65 mmHg occur-
ring 5, 10, and 15 min in the future. 
In its primary industry-supported 
development and validation study,5 
Hatib et al. screened more than 
3,000 hemodynamic features to 
select 23 components to incorpo-
rate into the prediction index. The 
index was developed in a training 
sample of 1,334 patient records, 
with subsequent external validation 
in 204 patient records. In external 
validation, it showed excellent dis-
crimination when predicting future 
hypotension, with an associated 
area under the receiver operating 
characteristic curve (AUC) that 
exceeded 0.90.6 Nonetheless, ran-
domized trials comparing index-
guided care to usual care have 
generated mixed results. Three tri-
als, which collectively randomized 
267 patients, found that index-
guided care reduced exposure to 
hypotension,7–9 while another trial 

of 214 patients did not.10

In this issue of Anesthesiology, Enevoldsen and Vistisen 
propose a provocative explanation for these mixed results.11 
Their explanation was prompted primarily by the simple 
observation of an atypical shape of the receiver operating 
characteristic curve in figure 3 of the paper by Hatib et al.5  
This curve included a particular threshold value of the 
index, the value of which has not reported, with a sensi-
tivity of about 55% and specificity of 100% for predicting 
hypotension 15 min in the future. This combination of sen-
sitivity and specificity means that any patient meeting this 
threshold would always subsequently develop hypotension. 
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“The [Hypotension Prediction] 
Index needs to be rigorously 
evaluated in high-quality val-
idation studies that are not 
affected by selection bias.”
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Such accurate prediction is not impossible, but arguably 
unlikely, especially given the multiple dynamic mechanisms 
causing hypotension in the chaotic operative environment 
(e.g., blood loss, surgical manipulation, anesthesia-related 
vasodilation). Enevoldsen and Vistisen suggest that method-
ologic biases during development of the index explain this 
unrealistically high accuracy. They propose that selection 
bias led to overrepresentation of current MAP values in 
information used to calculate the index values, and possibly 
biased estimates of the ability of the index to predict future 
hypotension. In this editorial, we discuss the overarching 
principles whereby these biases affected development of the 
index and make recommendations for improving any future 
refinement and validation.

Foundationally, the Hypotension Prediction Index soft-
ware is a prediction model, meaning that it uses currently 
available predictor information (i.e., features of the arterial 
waveform) to estimate the probability of an outcome occur-
ring in the future (i.e., hypotension at 5, 10, or 15 min). 
When first developing a prediction model, researchers must 
obtain and process clinically relevant data to assemble a 
training (or derivation) dataset. For a prediction model to 
accurately predict outcomes in real-world clinical practice, 
the relationship between predictor (e.g., current MAP) and 
outcome (e.g., future hypotension) variables in the train-
ing dataset must be representative of the true relationship 
observed by clinicians in real-world practice. The training 
dataset assembled by Hatib et al. deviated from this assump-
tion in two important respects.

In clinical practice (fig. 1), anesthesia providers first assess 
a predictor variable (e.g., current MAP) and then estimate 
the probability of a future outcome (e.g., hypotension). 
The training dataset did the opposite. Patients were clas-
sified based on their outcome state (e.g., hypotension vs. 
normotension), after which temporally preceding predic-
tor variables (e.g., current MAP) were characterized (fig. 1). 
This study design, in epidemiologic terms referred to as 
a case-control design, does not mimic the flow of infor-
mation in clinical practice. Despite this difference, case- 
control studies can provide valid findings, if patients with 
(i.e., cases) and without (i.e., controls) the outcome are 
selected in manner that maintains the true relationship 
between predictor and outcome variables in the wider (e.g., 
clinical) population.12

Selection bias is the result of a dataset assembly process 
that distorts this true relationship. Enevoldsen and Vistisen 
make the critical observation of a second key problem with 
the original training dataset that led to significant selec-
tion bias: the operational definitions of hypotension and 
normotension. These definitions inadvertently restricted 
the allowable range of observed predictor variables based 
on which outcome state (hypotension vs. normotension) 
was experienced by a patient. The definition of hypo-
tension (MAP less than 65 mmHg for more than 1 min) 
allowed for the full range of preceding MAP values among 

patients with the hypotension outcome in the training 
dataset (fig. 1). The same did not apply for the normotension out-
come: normotensive episodes were defined as a continuous 
30-min episode where MAP was consistently greater than 
75 mmHg. All MAP values preceding an episode of nor-
motension therefore had to exceed 75 mmHg (fig. 1). For 
example, the training dataset excluded a plausible scenario 
in which an anesthesia provider observes a current MAP of 
70 mmHg in their patient, and the MAP measured 15 min 
afterward was 80 mmHg. This, and comparable scenarios in clin-
ical practice, would have been entirely excluded from the dataset 
used to train the index to predict future hypotension. Why does 
exclusion of these plausible scenarios matter? Stated simply, 
the biased dataset led the index to be taught—incorrectly—
that if a patient has a current MAP less than 75 mmHg, the 
only foreseeable possibility at 5, 10, or 15 min in the future 
is that the patient will experience hypotension. Anesthesia 
providers will implicitly recognize that this assumption does 
not align with clinical reality.

These same outcome definitions were applied in the 
validation datasets used to test the ability of the index to 
predict future hypotension. In these validation datasets, 
the definitions artificially exaggerated differences in the 
range of allowable current MAP values in patients who 
experienced hypotension versus patients who experienced 
normotension. Consequently, the calculations used to char-
acterize the prognostic accuracy of the index might have 
been substantially biased. Based on analysis of simulated 
data,11 Enevoldsen and Vistisen show that such selection 
bias substantially overestimates the performance of current 
MAP in predicting future hypotension (AUC increased 
from marginally useful 0.75 to highly useful 0.93).6 In these 
same simulated data, selection bias increased the specificity 
of current MAP less than 75 mmHg in predicting future 
hypotension from about 70% to essentially perfect 100%, 
while sensitivity remained unchanged at about 70%.

It is important to point out that Enevoldsen and Vistisen 
cannot definitively prove that the prognostic performance 
of the prediction index is biased, as their simulation focused 
solely on the current MAP value, not the index (which is a 
proprietary algorithm). Their hypothesis is, however, indirectly 
supported by Jacquet-Lagrèze et al., who evaluated whether 
linear extrapolation of two sequential MAP measurements 
(e.g., MAP measured 3 min apart) can predict future intra-
operative hypotension (MAP less than 65 mmHg).13 When 
exposure MAP values were similarly restricted to greater than 
75 mmHg in patients who experienced subsequent normo-
tension, the performance of sequential MAP measurement 
in predicting future hypotension was substantially increased 
(e.g., AUC increased from 0.69 to 0.88). This clinical study 
strongly suggests that the issues raised by Enevoldsen and 
Vistisen cannot be ignored. The index needs to be rigor-
ously evaluated in high-quality validation studies that are not 
affected by selection bias. These validation data must include the 
full range of observed values for predictor variables (including current 
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Fig. 1.  Application of predictive information by anesthesia providers in clinical practice, with comparison to process used to assemble the 
training dataset for the prediction index. The top blue box denotes how anesthesia providers consider predictive information in clinical prac-
tice. Patients are classified by their current exposure status (current mean arterial pressure [MAP]), which is used to estimate the probability 
of a future outcome (future hypotension). In this example, we have defined hypotension (future MAP less than 65 mmHg) and normotension 
(future MAP greater than 75 mmHg) based on thresholds used by Hatib et al.; however; anesthesia providers may use individualized and 
multicategorical thresholds in clinical practice.5 In the datasets used to train the index, patients were classified based on their outcome status 
as hypotension or normotension, after which the preceding prognostic indicator (current MAP) was characterized. While the dataset (green) 
included all observed current MAP values for patients classified as hypotensive, it only included current MAP values greater than 75 mmHg 
for patients classified as normotensive. The selective exclusion of current MAP values 75 mmHg or less in patients classified as normotensive 
controls led to selection bias (orange). The relationship between the exposure (current MAP) and outcome (hypotension) in the dataset was 
no longer representative of the true relationship seen in clinical practice.
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MAP), regardless of whether the subsequent future outcome is hypo-
tension versus normotension. Selection bias will be minimized 
by ensuring that any association between current MAP and 
future hypotension in these validation datasets is explained 
by the true relationship observed in clinical practice, not by 
the way the data were assembled. Furthermore, given emerg-
ing evidence that the current MAP alone may predict future 
hypotension,13 these validation studies should directly com-
pare the prognostic performance of current MAP against 
the index. By comparison, Hatib et al. compared the index 
against recent change in MAP over a specified interval (e.g., 
5 min).5 As a possible predictor of future hypotension, recent 
change in MAP is conceptually problematic; for example, 
the same absolute change in MAP from 100 to 90 mmHg 
is unlikely to portend impending hypotension in a manner 
similar to a change from 80 to 70 mmHg. Further, recent 
change in MAP appears to be inferior to both current MAP 
and linear extrapolation of MAP in predicting future hypo-
tension.13 If the index is found to have lower prognostic per-
formance than originally estimated, opportunities exist for 
its further refinement and improvement, which are both fea-
sible and important. Once the selection bias in the original 
study is addressed, high-quality application of recommended 
prediction modeling methods can help identify which other 
complex hemodynamic parameters best augment predictive 
information from current MAP, thus allowing the technology 
to reach its true potential as an advanced predictive tool.14

What do these findings mean for anesthesia providers 
in the operating room? Pending further properly designed 
validation studies, clinicians can reasonably still use the pre-
diction index in clinical practice with the caveat that its 
prognostic accuracy may be lower than initially projected. 
This reduced accuracy will most likely manifest as false 
positives, where anesthesia providers are prompted to con-
sider mitigation interventions (e.g., IV fluid bolus, vasoactive 
drugs) in individuals who are unlikely to develop hypo-
tension. The clinical importance of any such “overtreat-
ment” remains to be determined. For predictive analytics 
to meaningfully improve the management of intraopera-
tive hypotension, Enevoldsen and Vistisen have highlighted 
the ongoing need for high-quality epidemiologic study 
design, sophisticated analytical methods, careful validation 
by external studies, prospective assessment by randomized 
trials, and considered interpretation by astute clinicians.
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