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Because there is no universal definition of 
intraoperative hypotension, its reported inci-
dence varies with the chosen threshold from 

12% to 94%.1,2 Risk factors for intraoperative hypo-
tension include emergency surgery, age, preinduc-
tion hypotension, neuraxial blocks, male sex, and 
American Society of Anesthesiologists class IV.3

Intraoperative hypotension has been associated 
with acute kidney injury and myocardial injury after 
noncardiac surgery.4,5 It appears it is the cumulative 
time spent in hypotension that increases the risk of 
harm to patients, and this has implications as even rel-
atively short episodes of hypotension that are treated 
promptly can over time reach accumulated hypoten-
sion time associated with increased injury rates. To 
reduce the incidence of intraoperative hypotension, 
both in absolute and cumulative terms, it would be 
intriguing if a hypotensive event could be predicted 
allowing clinicians to move from a reactive state of 
treating a hypotensive event after it has occurred to 
a proactive state of treating it before it is going to 
happen. This would be a major step forward because 
it expands the diagnostic and monitoring abilities 

KEY POINTS
•	 Question: Can an arterial waveform–derived algorithm predict hypotension before it occurs?
•	 Findings: The Hypotension Prediction Index predicts hypotension up to 15 minutes before it 

occurs with good sensitivity and specificity.
•	 Meaning: The algorithm could be potentially used to decrease the incidence of perioperative 

hypotension.

BACKGROUND: Intraoperative hypotension is associated with worse perioperative outcomes for 
patients undergoing major noncardiac surgery. The Hypotension Prediction Index is a unitless 
number that is derived from an arterial pressure waveform trace, and as the number increases, 
the risk of hypotension occurring in the near future increases. We investigated the diagnostic 
ability of the Hypotension Prediction Index in predicting impending intraoperative hypotension in 
comparison to other commonly collected perioperative hemodynamic variables.
METHODS: This is a 2-center retrospective analysis of patients undergoing major surgery. Data 
were downloaded and analyzed from the Edwards Lifesciences EV1000 platform. Receiver oper-
ating characteristic curves were constructed for the Hypotension Prediction Index and other 
hemodynamic variables as well as event rates and time to event.
RESULTS: Two hundred fifty-five patients undergoing major surgery were included in the analysis 
yielding 292,025 data points. The Hypotension Prediction Index predicted hypotension with a 
sensitivity and specificity of 85.8% (95% CI, 85.8%–85.9%) and 85.8% (95% CI, 85.8%–85.9%) 
5 minutes before a hypotensive event (area under the curve, 0.926 [95% CI, 0.925–0.926]); 
81.7% (95% CI, 81.6%–81.8%) and 81.7% (95% CI, 81.6%–81.8%) 10 minutes before a hypo-
tensive event (area under the curve, 0.895 [95% CI, 0.894–0.895]); and 80.6% (95% CI, 
80.5%–80.7%) and 80.6% (95% CI, 80.5%–80.7%) 15 minutes before a hypotensive event (area 
under the curve, 0.879 [95% CI, 0.879–0.880]). The Hypotension Prediction Index performed 
superior to all other measured hemodynamic variables including mean arterial pressure and 
change in mean arterial pressure over a 3-minute window.
CONCLUSIONS: The Hypotension Prediction Index provides an accurate real time and continu-
ous prediction of impending intraoperative hypotension before its occurrence and has superior 
predictive ability than the commonly measured perioperative hemodynamic variables.   (Anesth 
Analg 2020;130:352–9)
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currently available in operating rooms, which fail to 
predict hypotension at an early stage.

The Hypotension Prediction Index is a unitless 
number that ranges from 1 to 100, and as the num-
ber increases, the risk of an event occurring in the 
future increases. The event is hypotension defined as 
a mean arterial pressure (MAP) of <65 mmHg occur-
ring for >1 minute. The derivation of the algorithm 
has recently been described.6 Briefly, the Hypotension 
Prediction Index was developed using machine learn-
ing methods and is a data-driven model developed 
from over 200,000 hypotensive patient events and it 
predicts upcoming hypotensive events based on fea-
tures of the arterial pressure waveform.

The purpose of this study was to assess the diag-
nostic ability of the Hypotension Prediction Index 
algorithm and other hemodynamic variables in pre-
dicting impending hypotension.

METHODS
This is a retrospective analysis of prospectively 
gathered anonymized data. York Teaching Hospital 
Foundation Trust sponsored the study, which was 
approved by the UK Health Research Authority 
(integrated research application system no. 247048). 
The requirement for written informed consent was 
waived by the Health Research Authority. This man-
uscript adheres to the Enhancing the QUality and 
Transparency Of health Research guidelines.7

Data were analyzed from subjects who under-
went perioperative monitoring on the Edwards 
Lifesciences EV1000 monitoring system (Edwards 
Lifesciences, Irvine, CA) containing the Hypotension 
Prediction Index software (Edwards Lifesciences, 
Irvine, CA)  from 2 institutions (York Teaching 
Hospitals National Health Service Foundation Trust 
and University Medical Centre Groningen). Data were 
collected from November 2016 to December 2017.

Eligibility was determined by subjects undergo-
ing major surgery (major abdominal, vascular, or 
off-pump coronary artery bypass surgery) requiring 
arterial cannulation for blood pressure and/or car-
diac output (CO) measuring and who had intact com-
plete data sets available for analysis.

Anesthetic technique was solely at the discretion 
of the treating anesthetist, and all patients received 
goal-directed fluid therapy as per the institutions’ poli-
cies which was to maintain a stroke volume variation 
(SVV) of ≤12% by administering 250 mL boluses of 
fluid when SVV was >12%, or in those in whom SVV 
was not a valid variable, then SV was maximized using 
repeated 250 mL fluid boluses until a SV rise in excess 
of 10% was no longer seen. Subjects received a mixture 
of both colloid and crystalloid fluid boli.

All data computed by the Edwards Lifesciences’ 
arterial pressure based cardiac output algorithm were 

downloaded from the EV1000 monitors as follows: 
the Hypotension Prediction Index, CO, MAP, SV, SVV, 
heart rate (HR), pulse pressure, pulse pressure variation, 
and systemic vascular resistance. All downloaded data 
consisted of 20-second interval samples. In addition, 
arterial blood pressure waveforms collected with a sam-
pling rate of 100 Hz were downloaded from the EV1000 
monitors and processed to compute the shock index,8 
modified shock index, contractility9,10 (dP/dtmax), and 
dynamic arterial elastance11,12 for 20 seconds between 
each time point. Dynamic arterial elastance was calcu-
lated as pulse pressure variation/SVV. In the EV1000 
monitor, poor arterial waveforms (eg, those resulted 
from line flushing, flat lines, significantly damped 
waveforms, and other waveform artifacts) are detected 
by the arterial pulse contour algorithm and excluded 
from the analysis. Details on how the Hypotension 
Prediction Index algorithm was derived are included 
in Supplemental Digital Content 1, File 1, http://links.
lww.com/AA/C772, and explained in detail elsewhere.6

Statistical Analysis
Descriptive statistics are presented as mean (SD) for 
normally distributed continuous data, minimum–
maximum, or median (25th–75th percentiles) for 
nonnormally distributed data, and valid n if data are 
missing. Categorical data are presented as n (%).

The data set was analyzed in its entirety. The total 
number of hypotensive events was calculated and 
analyzed in terms of absolute duration, area under the 
threshold of 65 mmHg, and time-weighted average of 
area under the threshold calculated as area under the 
threshold/duration of monitoring.1

Receiver operating characteristic analysis was 
used to evaluate the performance of the Hypotension 
Prediction Index in predicting hypotension. The opti-
mal cutoff value was defined to be the threshold value 
that minimizes the difference between the sensitiv-
ity and specificity as both were considered equally 
important. A hypotensive event was defined as a 
MAP <65 mmHg for ≥1 minute. Receiver operating 
characteristic analysis was used to evaluate the per-
formance of the change of MAP (ΔMAP) to predict 
hypotension as well as MAP, CO, SV, pulse pressure, 
HR, SVV, pulse pressure variation, and systemic vas-
cular resistance. Delta variables were calculated as the 
difference in 2 measurements that are 3 minutes apart. 
ΔMAP analysis was performed for the entire range of 
MAP that occurred, and also separately in the ranges 
of 65–75, 75–85, and 85–95 mmHg because it was 
hypothesized that changes in MAP may be more pre-
dictive of intraoperative hypotension as the threshold 
defining hypotension was approached. 

The hypotensive event rate was calculated for a 
given the Hypotension Prediction Index and the time 
to the event occurrence.
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There are a number of sources of potential bias: first, 
due to the retrospective nature of the data analysis, 
we are unable to determine if interventions occurred 
to treat hypotension; second, clinicians may not have 
been blinded to the Hypotension Prediction Index; and 
third, we are unable to account for hypotension due to 
external factors (eg, unclamping of arterial vessels or 
position change of patients). All of the above would 
lead to an increased false-negative rate for the predic-
tion index and hence may lower the predictive ability 
of the Hypotension Prediction Index in the analysis. 
Data segments containing clinical interventions that 
prevented hypotension were excluded from the event 
rate and time to event analysis. Such interventions 
were not registered but defined by the collected data as 
a MAP rise of >5 mmHg in 20 seconds (mostly caused 
by vasopressor or inotropic injections) or >8 mmHg in 
2 minutes (change in vasopressor or inotropic infusion 
rate or fluid bolus) when the MAP was <75 mmHg.

The repeated measure from same subjects was 
compensated using the bootstrapping method in all 
the statistical analysis13 where bootstrapping was per-
formed as follows: 255 patients were randomly chosen 
from the total 255 patients with replacement. This pro-
cess was repeated 2000 times from which the standard 
error was calculated. The bootstrap CI was calculated 
as a 95% asymptotic CI because the distribution of the 
standardized statistic, Zβ, was approximately normal.

An a priori sample size calculation was not per-
formed. Observed CIs are relatively narrow sug-
gesting a sufficient precision of the estimates at the 
available sample size for the aims of this study. 

All statistics were performed with MATLAB (ver-
sion R2014a; The Mathworks Inc, Natick, MA).

RESULTS
Two hundred fifty-five patients (78 female and 177 male) 
with a mean age of 68 years (13 years) were included in 
the analysis yielding 292,025 data points. The median 
monitoring time per patient was 204 minutes (130–293 
minutes), and 221 of 255 subjects (86.7%) had at least 
≥1 hypotensive event defined as a MAP <65 mmHg 
for >1 minute. In total, 2292 hypotensive events were 
detected and the median number of events per patient 
was 4 (1–9) with a median duration of 2 minutes (1–5 
minutes) per event. The median cumulative duration of 
hypotension per patient was 11 minutes (3–38 minutes) 
(6% [1%–19%] of total monitoring time) with a median 
area under the threshold of 65 mmHg of 56 mmHg min 
(17–246 mmHg min) and a time-weighted average area 
under the threshold of 0.3 mmHg (0.1–1.1 mmHg).

Prediction of Hypotension 5 Minutes Before the 
Event
Receiver operating characteristic curves for the abil-
ity of the Hypotension Prediction Index to predict 

hypotension at 5 minutes from the measurement point 
are shown in Figure 1, and area under the curve, sen-
sitivity, specificity, positive predictive value, negative 
predictive value, and optimal cutoff values are shown 
in Supplemental Digital Content 2, Table 1, http://
links.lww.com/AA/C773. The area under the curve 
for the prediction of hypotension 5 minutes before the 
event for the Hypotension Prediction Index was 0.926 
(95% CI, 0.925–0.926; sensitivity, 86%; specificity, 86%) 
with a positive predictive value of 89% and a negative 
predictive value of 82%.

Area under the curve, sensitivity, specificity, posi-
tive predictive value, negative predictive value, and 
optimal cutoff for static hemodynamic variables are 
shown in Supplement Digital Content 3, Table 2, 
http://links.lww.com/AA/C774, and Figure  2. The 
area under the curve for static variables predicting 
hypotension 5 minutes before the event was MAP 
0.807 (95% CI, 0.807–0.808), pulse pressure 0.647 (95% 
CI, 0.646–0.648), SV 0.538 (95% CI, 0.536–0.539), HR 
0.530 (95% CI, 0.529–0.531), and for SVV 0.526 (95% 
CI, 0.525–0.527).

ΔMAP changes across the entire range had an area 
under the curve of 0.549 (95% CI, 0.548–0.550) for pre-
dicting hypotension at 5 minutes. Analysis of ΔMAP 
in various MAP ranges is shown in Supplemental 
Digital Content 2, Table 1, http://links.lww.com/
AA/C773. The predictive ability of other δ variables 
is shown in Supplemental Digital Content 4, Table 
3, http://links.lww.com/AA/C775, and includes 
change in pulse pressure 0.539 (95% CI, 0.538–0.540); 
change in SV 0.515 (95% CI, 0.515–0.516); change in 
HR 0.512 (95% CI, 0.512–0.513), and for change in SVV 
0.510 (95% CI, 0.509–0.510).

Figure 1. Receiver operating characteristic curves for the HPI and 
ΔMAP over the previous 3 min for predicting hypotension at the time 
of event (0 min) and 5, 10, and 15 min before its occurrence. HPI 
indicates Hypotension Prediction Index; ΔMAP, change in mean arte-
rial pressure.
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Prediction of Hypotension 10 Minutes Before 
the Event
Receiver operating characteristic curves for the ability 
of the Hypotension Prediction Index to predict hypo-
tension at 10 minutes from the measurement point 
are shown in Figure 1, and area under the curve, sen-
sitivity, specificity, positive predictive value, nega-
tive predictive value, and optimal cutoff are shown in 
Supplemental Digital Content 2, Table 1, http://links.
lww.com/AA/C773. The area under the curve for the 
prediction of hypotension 10 minutes before the event 
for the Hypotension Prediction Index was 0.895 (95% 
CI, 0.894–0.895; sensitivity, 82%; specificity, 82%) with a 
positive predictive value of 79% and a negative predic-
tive value of 83%.

Area under the curve, sensitivity, specificity, posi-
tive predictive value, negative predictive value, and 
optimal cutoff for static hemodynamic variables are 
shown in Supplement Digital Content 3, Table 2, 
http://links.lww.com/AA/C774 and Figure  3. The 
area under the curve for static variables predicting 
hypotension 10 minutes before the event was as fol-
lows: MAP 0.754 (95% CI, 0.753–0.755); pulse pressure 
0.622 (95% CI, 0.621–0.623), SV 0.531 (95% CI, 0.530–
0.532), HR 0.529 (95% CI, 0.528–0.530), and SVV 0.528 
(95% CI, 0.528–0.530).

ΔMAP changes across the entire range had an area 
under the curve of 0.515 (95% CI, 0.515–0.516) for pre-
dicting hypotension at 10 minutes. Analysis of ΔMAP 
in various threshold ranges is shown in Supplemental 
Digital Content 2, Table 1, http://links.lww.com/
AA/C773. The predictive ability of other δ variables 
is shown in Supplemental Digital Content 4, Table 3, 

http://links.lww.com/AA/C775, and includes change 
in pulse pressure 0.514 (95% CI, 0.514–0.515), change 
in SV 0.513 (95% CI, 0.513–0.513), change in HR 0.511 
(95% CI, 0.511–0.511), and for change in SVV 0.518 (95% 
CI, 0.517–0.518).

Prediction of Hypotension 15 Minutes Before 
the Event
Receiver operating characteristic curves for the ability of 
the Hypotension Prediction Index to predict hypotension 
at 15 minutes from the measurement point are shown in 
Figure 1, and area under the curve, sensitivity, specific-
ity, positive predictive value, negative predictive value, 
and optimal cutoff are shown in Supplemental Digital 
Content 2, Table 1, http://links.lww.com/AA/C773. 
The area under the curve for the prediction of hypoten-
sion 15 minutes before the event for the Hypotension 
Prediction Index was 0.879 (95% CI, 0.879–0.880; sensi-
tivity, 81%; specificity, 81%), with a positive predictive 
value of 73% and a negative predictive value of 87%.

Area under the curve, sensitivity, specificity, posi-
tive predictive value, negative predictive value, and 
optimal cutoff for static hemodynamic variables are 
shown in Supplement Digital Content 3, Table 2, 
http://links.lww.com/AA/C774, and Figure  4. The 
area under the curve for static variables predicting 
hypotension 15 minutes before the event was MAP 
0.722 (95% CI, 0.721–0.723); pulse pressure 0.612 (95% 
CI, 0.610–0.613), SV 0.533 (95% CI, 0.532–0.534), HR 
0.531 (95% CI, 0.530–0.532), and SVV 0.543 (95% CI, 
0.542–0.545).

ΔMAP changes across the entire range had an 
area under the curve of 0.516 (95% CI, 0.515–0.516) 

Figure 3. Receiver operating characteristic curves for HPI, CO, SV, 
MAP, PP, HR, SVV, and the shock index for prediction hypotension 10 
min before the event. CO indicates cardiac output; HPI, Hypotension 
Prediction Index; HR, heart rate; MAP, mean arterial pressure; PP, 
pulse pressure; SV, stroke volume; SVV, stroke volume variation.

Figure 2. Receiver operating characteristic curves for HPI, CO, SV, 
MAP, PP, HR, SVV, and the shock index for prediction hypotension 5 
min before the event. CO indicates cardiac output; HPI, Hypotension 
Prediction Index; HR, heart rate; MAP, mean arterial pressure; PP, 
pulse pressure; SV, stroke volume; SVV, stroke volume variation.
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for predicting hypotension at 15 minutes. Analysis 
of ΔMAP in various threshold ranges is shown in 
Supplemental Digital Content 2, Table 1, http://
links.lww.com/AA/C773. The predictive ability of 
other δ variables is shown in Supplemental Digital 
Content 4, Table 3, http://links.lww.com/AA/C775, 
and includes change in pulse pressure 0.516 (95% CI, 
0.516–0.517), change in SV 0.519 (95% CI, 0.518–0.520), 
change in HR 0.514 (95% CI, 0.514–0.515), and change 
in SVV 0.525 (95% CI, 0.524–0.525).

The incidence of hypotension and the time to a 
hypotensive event in relation to the Hypotension 
Prediction Index are shown in the  Table, and addi-
tional analysis of this relationship is shown in 
Supplemental Digital Content 1, File 1, http://links.
lww.com/AA/C772. As the Hypotension Prediction 
Index increased, the incidence of intraoperative hypo-
tension increased and the median time to the actual 
hypotensive event decreased.

DISCUSSION
This study shows that the proprietary Hypotension 
Prediction Index algorithm can predict a hypotensive 
event, defined as a MAP of <65 mmHg for ≥1 min-
ute, up to 15 minutes before the event. In addition, 
the Hypotension Prediction Index is superior in pre-
dicting intraoperative hypotension compared to static 
hemodynamic variables that are commonly used by 
clinicians as well as the dynamic changes in these 
variables over time.

The incidence of hypotension in a surgical popu-
lation clearly depends on the definition of hypoten-
sion that is accepted2; however, recent literature has 
suggested that 65 mmHg is a critical threshold below 

Figure 4. Receiver operating characteristic curves for HPI, CO, SV, 
MAP, PP, HR, SVV, and the shock index for prediction hypotension 15 
min before the event. CO indicates cardiac output; HPI, Hypotension 
Prediction Index; HR, heart rate; MAP, mean arterial pressure; PP, 
pulse pressure; SV, stroke volume; SVV, stroke volume variation.
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which the risk of acute kidney injury, myocardial 
injury, and mortality increase.4 All patients in this 
study received goal-directed fluid therapy due to it 
being standard practice within the 2 institutions; how-
ever, despite this, 98.2% of patients had a hypotensive 
event and the time weighted average was 0.8 mmHg, 
which is considerably higher than the 0.05 and 0.11 
mmHg reported by Maheshwari et al14 in patients that 
had either continuous or intermittent blood pressure 
monitoring in place. Despite receiving goal-directed 
fluid therapy, a significant hypotensive burden was 
accumulated in this cohort, which if the association 
between hypotension and adverse outcome is a causal 
relation would suggest that fluid optimization alone 
is not a sufficient therapy for patients undergoing 
major surgery, and that blood pressure control should 
be included in any perioperative treatment algo-
rithm. The reasons for the higher incidence and bur-
den of hypotension are unclear. This cohort included 
patients undergoing off-pump coronary artery bypass 
grafting; however, exclusion of these patients did not 
decrease the incidence of hypotension but did reduce 
the time-weighted average to 0.6 mmHg, still higher 
than reported in the previous work. In addition, the 
monitoring time was longer in this cohort as a num-
ber of patients continued being monitored into the 
postoperative period, and it may be that that there 
was significant hypotension occurring in this period.

As the Hypotension Prediction Index increases, 
the actual incidence of hypotension occurring in the 
future increases and the time to that event decreases. 
Even though with a low Hypotension Prediction 
Index (0–9) we showed a future hypotension rate 
of 20.9%, in this group, the Hypotension Prediction 
Index would increase as hypotension approached; 
however, a low Hypotension Prediction Index signals 
that for the majority of subjects’ hypotensive events 
are unlikely to occur in the short term.

The predictive ability of the Hypotension Prediction 
Index algorithm in this study is similar to that seen in 
the derivation and validation cohorts of the algorithm 
development set that has recently been published.6 
The internal validation set had relatively few patients 
undergoing surgery as it was predominately inten-
sive care patients; however, the external validation 
set was purely subjects undergoing surgery and our 
data more closely resemble this cohort both for  the 
Hypotension Prediction Index and ΔMAP over 3 
minutes. This study differs from the one by Hatib et 
al6 in that we compared the predictive ability of the 
Hypotension Prediction Index to other commonly 
measured variables such as SV and HR among others 
in patients who received goal-directed fluid therapy 
as a standard of care. We also included the gray zone 
area of 65–75 mmHg that was not previously analyzed 

and have not excluded interventions to treat hypoten-
sion or external factors (eg, position change in the 
receiver operating characteristic analysis) giving a 
“real-world” analysis of the Hypotension Prediction 
Index in the clinical setting. In addition, we have ana-
lyzed the effect of ΔMAP over differing ranges to see 
if this impacted its predictive ability.

The predictive ability of ΔMAP to detect impend-
ing hypotension was analyzed in various incremen-
tal MAP ranges. The premise was that a ΔMAP, for 
example, of 5 mmHg over the previous 3 minutes 
would be more predictive of impending hypotension 
if the subject was closer to the hypotensive threshold 
(MAP range, 65–75 mmHg) than if they were further 
away (MAP range, 85–95 mmHg). ΔMAP in the zone 
closest to the definition of hypotension was no more 
predictive than those in the higher MAP range and 
appeared to perform worse. One reason for this obser-
vation might be that in the algorithm development 
the model defined subjects as being hypotensive with 
a MAP <65 mmHg and nonhypotensive with a MAP 
>75 mmHg to have separable and mutually exclusive 
labels. The data between these 2 binary classifications 
were not analyzed in the model development. The 
optimal cutoff values for ΔMAP predicting hypoten-
sion events are small in the range of 0.4–3.1 mmHg 
when >5 minutes from a hypotensive event and are 
within the measurement error of most systems mak-
ing clinical utility low.

Given that even dynamic changes in MAP are 
poorly predictive of impending hypotension, it is not 
surprising that the static single measurements as well 
as the dynamic δ measurements of other commonly 
measured hemodynamic variables also provide little 
if any predictive ability. The Hypotension Prediction 
Index algorithm is based on detection of physiologi-
cal signatures in arterial pressure waveforms (loss of 
complexity) caused by the weakening of the cardio-
vascular compensatory mechanisms that occur before 
hypotension. These changes are multivariate includ-
ing features related to the arterial waveform, baro-
reflex, and δ changes of variables among others and 
their interactions with each other generating a total 
of 2.6 million features that are analyzed to predict 
hypotension. The complexity of the model required to 
predict hypotension can explain why it performs bet-
ter than any single variable in predicting impending 
hypotension.

Given that relatively short durations of hypoten-
sion may cause kidney and myocardial injury,4,15 
Futier et al16 investigated the effects of avoiding 
hypotension in a protocolized manner keeping sub-
jects’ systolic blood pressure within 10% of individual 
baseline using a noradrenaline infusion after subjects 
had had their SV optimized using a goal-directed 
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fluid therapy protocol. Maintaining a normalized 
systolic blood pressure was associated with reduced 
postoperative organ dysfunction. However, 95% of 
patients ended up receiving a vasoactive infusion, 
and the question arises as to how many patients were 
started on a vasopressor infusion when not hypoten-
sive or likely to be so. Initiating vasoactive treatment 
in the majority of a surgical population in an aim to 
avoid hypotension when the event may not occur or 
when the use of vasoactive medication may not be the 
appropriate treatment is controversial.

Predictive analytics such as the Hypotension 
Prediction Index algorithm allow proactive treatment 
of hypotension (occurring with a high certainty had 
proactive treatment not been delivered). Whether pre-
emptive treatment and thus avoidance of hypotension 
will reduce the incidence of postoperative complica-
tions is as yet unknown as is the correct treatment 
protocol for preventing hypotension.

There are mechanisms that are able to predict 
hypotension in the perioperative period such as HR 
variability,17,18 SVV,19 arterial stiffness,20 or pulsatility 
index21,22; however, these are commonly static single 
measurements which have a low sensitivity or are dif-
ficult to perform, while the Hypotension Prediction 
Index provides continuous real-time prediction of 
the risk of future hypotension from the arterial wave-
form. Machine learning techniques have been used to 
predict postinduction hypotension; however, this is 
only in the first 10 minutes after induction using peri-
operative data on comorbidities, medications, and 
demographics.23 The performance of the model was 
dependent on the methods used; however, the best 
performing model had an area under the curve of 0.74 
with a positive predictive value of 96% and a negative 
predictive value of 19%, which was lower than that 
seen for the Hypotension Prediction Index.

What remains unknown, however, is whether the 
Hypotension Prediction Index adds incremental value 
to the clinical judgment of an experienced clinician 
in predicting hypotension through their recognition 
of changes in multiple hemodynamic variables over 
time, situational awareness, and knowledge of patient 
comorbidities. While this study cannot answer this 
question, the high incidence and duration of hypo-
tension seen in this cohort and others6,14 suggest that 
clinical judgment alone still results in significant time 
in hypotension. Whether proactive use of a predictive 
algorithm such as the Hypotension Prediction Index 
would reduce the incidence or duration is unknown.

The main strength of this study is that it included 
exclusively patients who had goal-directed fluid 
therapy as a standard of care, and we recorded and 
analyzed a large number of commonly measured 
variables; however, there are a number of limita-
tions. First, this is a retrospective analysis of data and 

therefore data were not available on the treatment of 
hypotensive events, and some clinicians had access 
to the Hypotension Prediction Index information. 
It is, therefore, likely that a number of impending 
hypotensive events were treated before they actually 
occurred. This would weaken the receiver operating 
characteristic analysis and therefore the true predic-
tive ability of the Hypotension Prediction Index, and 
the other hemodynamic variables may be underes-
timated. We attempted to compensate for this when 
analyzing the event rates by removing data points 
when sudden rises in MAP occurred thought to be 
due to interventions. Hypotensive events due to clini-
cal interventions such as laparoscopic insufflation of 
the abdomen or vascular clamp removal were also 
unable to be excluded because this algorithm cannot 
account for these external sources of hypotension. The 
ability to exclude these events would increase the pos-
itive predictive value; however, the current analysis 
reflects “real world” use of this technology. Second, 
it is a mixed population of general, vascular, and off-
pump cardiac surgery patients in which the cardiac 
patients may be more prone to more hypotensive epi-
sodes. However, exclusion of the cardiac population 
did not alter the incidence of hypotension, although 
its duration was slightly reduced. Third, δ analysis of 
variables has only been presented for a 3-minute tim-
escale; however, analysis of δ timescale of 1, 2, and 5 
minutes yielded similar results, which is in agreement 
with the data in the algorithm derivation paper.6

The Hypotension Prediction Index provides real time 
and continuous prediction of impending hypotension 
before its occurrence and has superior predictive ability 
than the commonly measured perioperative hemody-
namic variables. As the Hypotension Prediction Index 
increases, so does the actual event rate, and the time 
to hypotension decreases. Future work is necessary to 
show if avoiding intraoperative hypotension using the 
Hypotension Prediction Index can reduce postopera-
tive complications and improve patient outcome. E
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