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Abstract (297/300 words)

Background: The Hypotension Prediction Index is designed to timely predict intraoperative
hypotension and is based on arterial waveform analysis using machine learning. It has recently
been suggested that this algorithm is highly correlated with the mean arterial pressure (MAP)
itself. Therefore, the aim of this study was to compare the Index with MAP based prediction
methods and it is hypothesized that their ability to predict hypotension is comparable.

Methods: In this observational study, the Hypotension Prediction Index was used in addition to
routine intraoperative monitoring during moderate- to high-risk elective non-cardiac surgery.
The agreement in time between the default Hypotension Prediction Index alarm (>85) and
different concurrent MAP thresholds was evaluated. Additionally, the predictive performance of
the Index and different MAP based methods were assessed within five, ten and fifteen minutes
before hypotension occurred.

Results: A total of 100 patients were included. A MAP threshold of 73 mmHg agreed 97% of the
time with the default Index alarm, while a MAP threshold of 72 mmHg had the most comparable
predictive performance. The areas under the receiver operating characteristic curve of the
Hypotension Prediction Index (0.89 (0.88-0.89)) and concurrent MAP (0.88 (0.88-0.89)) were
almost identical for predicting hypotension within five minutes, outperforming both linearly
extrapolated MAP (0.85 (0.84-0.85)) and delta MAP (0.66 (0.65-0.67)). The positive predictive
value was 31.9 (31.3-32.6)% for the default Index alarm and 32.9 (32.2-33.6)% for a MAP

threshold of 72 mmHg.
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Conclusion: In clinical practice, the Hypotension Prediction Index alarms are highly similar to

those derived from MAP, which implies that the machine learning algorithm could be substituted
by an alarm based on a MAP threshold set at 72 or 73 mmHg. Further research on intraoperative
hypotension prediction should therefore include comparison with MAP based alarms and related

effects on patient outcome.
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Introduction (376/500 words)

Intraoperative hypotension is common in surgical patients and associated with an increased risk
for postoperative mortality, acute kidney injury and myocardial injury'2. A method to predict
hypotension could help anesthesiologists to treat hypotension in a proactive instead of a reactive
way, and thus ultimately prevent it. The Hypotension Prediction Index has recently been
introduced as an innovative method, consisting of a validated machine learning model based on
the characteristics of the arterial waveform?®. It is specifically developed to predict hypotension,
defined as a mean arterial pressure (MAP) below 65 mmHg for at least one minute, up to fifteen
minutes in advance®.

Recently, a modelling study hypothesized that the performance of the Hypotension Prediction
Index may be overestimated due to the data selection process in the development phase of the
machine learning algorithm, which can introduce systematic bias®. This elaborate theoretical
underpinning further substantiates the notion that MAP may indirectly be overrepresented in the

Index. This is also supported by our recent observational pilot study revealing a high cross-

correlation and no time difference between the Hypotension Prediction Index and MAP signals®.

It is conceivable that with MAP available, the added predictive ability of the Hypotension
Prediction Index algorithm is relatively limited, as it largely represents an inverse reflection of
the concurrent MAP.

The predictive performance of the Hypotension Prediction Index was compared to several
standard clinical hemodynamic variables, including MAP®. For the Index, an area under the
curve (AUC) of the receiver operating characteristic of 0.926 was reported for the prediction of
hypotension five minutes in advance. The concurrent MAP was found to be the best predictor
among the standard hemodynamic variables tested (AUC of 0.807)°. Yet, in a recent erratum to

this publication it was clarified that different data analyses were applied for the Hypotension
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Prediction Index and other tested variables and therefore it could not be concluded that the Index
outperforms concurrent MAP’. This erratum was not supported by numeric data or new results,
so a formal direct comparison between the Hypotension Prediction Index and MAP is still
lacking.

Therefore, we set out to compare the Hypotension Prediction Index with MAP based predictions
in a large group of moderate- to high-risk non-cardiac surgery patients and hypothesized that
respective alarms are equally effective in predicting hypotension.

Materials and methods

This single center prospective, observational cohort study was conducted within the department
of Anesthesiology of the Medisch Spectrum Twente, Enschede, the Netherlands, a tertiary
referral hospital. This manuscript is prepared in accordance with the STROBE and STARD
reporting guidelines®®. Ethical approval for this study was waived by the local ethical committee
(#K22-42). All consecutive adult patients aged eighteen years or older and undergoing moderate-
to high-risk, non-cardiac, elective surgery were included. All patients were scheduled for and
received general anesthesia with the need for invasive blood pressure monitoring by means of an
arterial line. The inclusion period ranged from March 2022 until July 2023 while aiming for a
convenience sample size of 100 patients. There was no follow-up of this cohort. A sub analysis
of the first 33 patients from this cohort was published in a research letter before®.

In addition to standard care in line with current practice guidelines, patients were monitored with
the HemoSphere advanced monitor including the Acumen Hypotension Prediction Index
software (version 2.1, Edwards Lifesciences, Inc, Irvine, USA). The HemoSphere advanced

monitor, including all available additional parameters and secondary screen, was not blinded.
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The attending anesthesiologists could manage blood pressure according to their preferences; no
specific treatment protocol was used. Demographic data, medical history and details on the
surgery performed were obtained from the electronic health records of the patients enrolled. The
measured and averaged MAP (in mmHg) and computed Hypotension Prediction Index (unitless,
ranging from 0 to 100) were downloaded from the HemoSphere monitor, with 20-seconds
interval samples.

Data analysis was performed in Python (version 3.9, Python Software Foundation, Beaverton,
Orlando, USA). The Python script, featuring a documented, step-by-step methodology along
with example data is available at https://github.com/crph-utwente/HPIvalidation. All data from
the start of incision till the end of surgery was used for the analysis; no data was removed.
Missing data and artifacts, where a single data point dropped >30 mmHg? below its surrounding
values, were replaced by a linear interpolation. The analysis included the incidence and severity
of hypotension, defined as a MAP <65 mmHg for at least one minute®. All other 20 second
datapoints were defined as non-hypotensive. The ‘area under the threshold’ was calculated by
multiplying the depth of hypotension (in mmHg) below a MAP of 65 mmHg by the duration of
time spent in hypotension (in minutes). This calculation yields an area value that takes both
depth and duration of hypotensive events into account. Additionally, the area under the threshold
was normalized by dividing it by the total duration of surgery, resulting in the ‘time-weighted
average’ in hypotension.

Statistical analysis

All statistical analysis have been performed in RStudio (version 2023.09.1, RStudio, PBC,
Boston, MA, USA). Descriptive statistics are presented as mean + SD for normally distributed

data, or median [25", 75" percentiles] for not normally distributed data. Normality of
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distribution was assessed visually with histograms and Q-Q plots, categorical data are presented
as n (%).

A cross-correlation analysis between the time series of the Hypotension Prediction Index and the
MAP was conducted per patient. This is a technique commonly used in the fields of signal
processing and statistical time series analysis, to quantify the similarity between the two signals
as a function of the time shift relative to each other'®!, Both the Index and MAP signals were
normalized for this analysis by subtracting their means and dividing by their SDs. Since this
method incorporates the temporal relation between data points, it is also used to estimate the time
delay between two signals. The cross-correlation at zero time shift is essentially Pearson’s
correlation. Since a non-linear, but monotonic, relation was found between the Hypotension
Prediction Index and MAP samples (see Figure 2) and the residuals generated during the
correlation estimation process were not normally distributed, performing merely Pearson’s
correlation may formally not be completely sufficient. Therefore, a Spearman’s rank correlation
was also calculated to better capture the relationship between the Hypotension Prediction Index
values and the concurrent MAP values at zero time shift. The latter two correlation measures
were calculated on a per patient basis and for the entire pooled dataset.

Additionally, the timewise relationship between the alarms derived from the Hypotension
Prediction Index and different MAP thresholds was evaluated. The Hypotension Prediction Index
alarm was defined at the default value >85, while different MAP thresholds were defined at
concurrent values ranging from 65 to 80 mmHg retrospectively. The proportionate agreement
between different MAP thresholds and the Index alarm, defined as percentage of time the
thresholds were surpassed or not and the alarms were simultaneously on or off, was calculated.
Also, the Cohen’s kappa coefficient was analyzed, which takes into account the possibility of

this agreement occurring by chance.
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The performance of predicting hypotension within five, ten and fifteen minutes in advance was
evaluated for the Hypotension Prediction Index and concurrent MAP. The prediction windows
were defined as follows: 1-5 minutes, 1-10 minutes and 1-15 minutes. The first one minute was
excluded from the prediction windows, because this short prediction time is not deemed
clinically relevant when aiming to prevent intraoperative hypotension by starting an intervention.
The performance was assessed by means of a receiver operating characteristic curve and the area
under this curve (AUC) including 95% CI using bootstrap method with 2000 repetitions. These
were constructed using a generalized estimating equations model which allowed to correct for
repeated measures within a single patient'2. Comparably, also precision recall curves were
constructed, where sensitivity (recall) is plotted against positive predictive value (precision) for
each threshold value. The latter curves are more commonly used to assess the performance of
tests in an imbalanced dataset, since they hold more clinical relevance. For different Hypotension
Prediction Index and MAP thresholds sensitivity, specificity and positive and negative predictive
values were assessed. Additionally, the threshold values at a minimal difference between
sensitivity and both specificity and positive predictive value were defined.

For the five minutes prediction window also the performance of delta MAP (AMAP) and linearly
extrapolated MAP was assessed'®. AMAP was defined as the difference between the concurrent
MAP and the MAP five minutes before. The linearly extrapolated MAP served as prediction of
the MAP five minutes ahead and was determined on a trendline between concurrent MAP and
MAP five minutes before, assuming linearity (Figure 1).

A sensitivity analysis was performed to evaluate the potential effect of different data selection

methods, (non)hypotension definitions and prediction windows.
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To achieve a more clinically relevant positive predictive value estimate a forward analysis was
conducted™. In this forward analysis alarms were defined as a Hypotension Prediction Index >85
or MAP <72 mmHg for at least a minute. From the onset of the alarm, i.e. the first sample, the
presence of hypotension was searched in the upcoming 1-5, 1-10 and 1-15 minutes windows.
The positive predictive value was defined as the percentage of alarms truly followed by
hypotension. Additionally, this forward analysis was repeated, but then excluding alarms that
were followed by a sudden increase in MAP, to correct for possible anti-hypotensive treatments
that might conceal the potential predictive performance by preventing hypotension. Sudden
increases in MAP were defined as MAP increase of >5 mmHg in 20 seconds or >8 mmHg in 2
minutes, when MAP was initially <75 mmHg®.

Results

A total of 100 patients were included in the study, no patients were excluded from the analysis.
Table 1 shows the baseline characteristics of the study population: 49/100 (49%) American
Society of Anesthesiologists (ASA) Physical Status 11, 42/100 (42%) ASA 111 and 9/100 (9%)
ASA IV patients, with hypertension as the most common chronic disease (49/100, 49%),
followed by diabetes mellitus (24/100, 24%). The mean age was 68 + 11 years and about half of
the patients (51/100, 51%) underwent gastrointestinal surgery. The total amount of datapoints
analyzed was 68,583, with 2,061 (3.0%) defined as hypotensive, grouped into 231 hypotensive
events. Table 2 shows the hypotension metrics for this study population. Hypotension was
present in 62/100 (62%) patients, with an area under the threshold of 5 [0, 35] mmHg-min and
time weighted average of 0.03 [0.0, 0.2] mmHg.

The maximal cross-correlation between the Hypotension Prediction Index signal and MAP signal
was -0.91 + 0.05 with 0.0 + 0.0 minutes time shift. This indicates a strong inverse relation

between the two signals and no time delay. For the pooled dataset of the Index and concurrent
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MAP data points the Pearson’s correlation was -0.88. A sigmoidal monotonic relation between
Hypotension Prediction Index and concurrent MAP values is visualized in the scatter plot in
Figure 2. The Spearman’s rank correlation coefficient between the Index and concurrent MAP
values per patient was -0.99 + 0.01, with a -0.97 correlation for the pooled dataset.

In Figure 2, also the default Index alarm and the most corresponding MAP thresholds (72 and 73
mmHg) resulting from the analyses detailed below are indicated. At least one Hypotension
Prediction Index alarm was detected in 89/100 (89%) patients, with a concurrent MAP of 71 + 4
mmHg at the alarm onset (histogram displayed in Supplemental Digital Content 1 Figure S1,
https://links.lww.com/ALN/D530). The proportionate agreement between the default Index
alarm and the different MAP thresholds (65-80 mmHg) ranges between 0.79 and 0.97. The
specific results of the agreement and Cohen’s kappa analysis can be found in Table 3 and more
details in Supplemental Digital Content 1 Table S1 (https://links.lww.com/ALN/D530). The
highest proportionate agreement (0.97) and Cohen’s kappa coefficient (0.85) were found with a
MAP threshold of 73 mmHg, indicating this value has the highest agreement with the default
Hypotension Prediction Index alarm. In Figure 3 the agreement between these alarms is
displayed in time frames of two representative hypotensive patients.

In Figure 4a the receiver operating characteristic curves of the Hypotension Prediction Index,
concurrent MAP, AMAP and linearly extrapolated MAP to predict hypotension up to five
minutes are shown. Hypotension Prediction Index and concurrent MAP receiver operating
characteristic curves are almost identical, with an AUC of respectively of 0.89 (0.88-0.89) and
0.88 (0.88-0.89), yielding a higher AUC than the other two methods: AUC of AMAP is 0.66
(0.65-0.67) and AUC of linearly extrapolated MAP is 0.85 (0.84-0.85). Figure 4b shows the
precision recall curves for the four prediction methods within five minutes. Again, Hypotension

Prediction Index and concurrent MAP are similar with overlapping CI of the AUC, namely 0.56

11
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(0.55-0.57) and 0.55 (0.54-0.56). Linearly extrapolated MAP has a substantially lower precision
recall AUC of 0.32 (0.32-0.33). The coinciding performance curves for the Index and concurrent
MAP are also present at the other prediction windows. In Supplemental Digital Content 1 Figure
S2-3 (https://links.lww.com/ALN/D530) receiver operating characteristic and precision recall
curves for the ten and fifteen minutes prediction windows can be found.

The performance metrics of a selection of the Hypotension Prediction Index alarms with
corresponding MAP thresholds and the other MAP based methods are reported in Table 4. When
predicting hypotension within five minutes, the default HPI alarm has a sensitivity of 72.4 (71.1-
73.8)%, specificity of 89.9 (89.7-90.1)% and positive predictive value of 31.9 (31.3-32.9)%.
The MAP threshold set at 72 mmHg was the most comparable to the default Hypotension
Prediction Index alarm, gaining a 72.6 (71.3-73.9)% sensitivity, 90.3 (90.1-90.5)% specificity
and 32.9 (32.2-33.6)% positive predictive value. When balancing sensitivity and specificity the
thresholds are 63 for the Hypotension Prediction Index, 75 mmHg for concurrent MAP, -3
mmHg for AMAP and 73 mmHg for linearly extrapolated MAP. Those thresholds are 97 for the
Hypotension Prediction Index, 67 mmHg for concurrent MAP, -16 mmHg for AMAP and 57
mmHg for linearly extrapolated MAP when aiming for a minimal difference between sensitivity
and positive predictive value. A more complete overview of the performance metrics for other
Hypotension Prediction Index and MAP thresholds at different prediction windows can be found
in Supplemental Digital Content 1 Table S2-4 (https://links.lww.com/ALN/D530).

The sensitivity analysis revealed that absolute performance of both HPI and MAP based
prediction methods are affected by data processing, while they still perform equally, both being
affected in the same way. The performance curves for different data selection and prediction
times are displayed in Supplemental Digital Content 1 Figure S4-5

(https://links.lww.com/ALN/D530). At times, we observed an oscillatory behavior in the
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precision recall curves at low, not clinically relevant, sensitivity, which is caused by few data
points with extremely low Hypotension Prediction Index or MAP values.

The results of the forward analysis are shown in Table 5. The time to hypotension within 15
minutes from start of a Hypotension Prediction Index alarm was 2.3 [1.0, 7.3] minutes. The
longer the prediction window, the higher the positive predictive value, all the values increase
with correction for anti-hypotensive interventions. The positive predictive values for the
Hypotension Prediction Index range between 24.1-56.8%, for a MAP alarm of 72 mmHg they
are systematically slightly higher, ranging between 27.8-66.6%.

Discussion (1556/1500 words)

This observational clinical investigation in 100 surgical patients demonstrates a high correlation
between the Hypotension Prediction Index and MAP values in real-world intraoperative practice.
Specifically, the MAP thresholds of 72 and 73 mmHg were found to correspond closely to the
default Hypotension Prediction Index alarm. When comparing the predictive performance of
those methods using AUCs, those for Hypotension Prediction Index and concurrent MAP are
virtually identical, while outperforming AMAP and linearly extrapolated MAP.

Comparison of Hypotension Prediction Index and MAP

The cross-correlation analysis revealed that the MAP signal is highly similar to the Index signal,
being largely its mirrored version, as suggested before®>'*>17, When accounting for the non-linear
relation between the two values an even higher correlation was found (Spearman’s p = -0.99).
This may well be due to a presumed selection bias in the training of the machine learning model*
and the fact that MAP is related to the arterial pressure waveform features from which the Index
is derived®. Since no time delay between the two signals was found at maximum correlation, the
Hypotension Prediction Index does not seem to be ahead of concurrent MAP in time. The cross-

correlation analysis performed on a subgroup published earlier is confirmed by the results found
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in this larger study population®. These results indicate that the Hypotension Prediction Index
value, although based on multiple waveform features, does essentially not comprise more or
different predictive information than the MAP itself.

Hypotension Prediction Index was originally not compared to concurrent MAP, but only to
AMAP, which showed AUCs of 0.50-0.62 for predicting hypotension®. This low predictive
power of AMAP is confirmed in the present study; AMAP being a parameter which does not take
the actual absolute blood pressure into account. Instead, a linear extrapolation of the MAP, as
suggested recently, includes both the change and absolute value of MAP*® and shows a
substantially higher performance. Therefore, linearly extrapolated MAP seems a better
comparator than AMAP when evaluating machine learning models or other innovative methods
to predict hypotension, but it still performs substantially less than concurrent MAP.

In our present study, we directly compared Hypotension Prediction Index and concurrent MAP
using identical data and methodology and found that the receiver operating characteristic curves
are coinciding. This indicates that not only the overall performance of the two prediction
methods is the same, as reflected by the AUCs, but that for every specific alarm threshold the
same sensitivity and specificity are achieved. There is no added predictive value of the Index
over concurrent MAP for any chosen threshold. This is in agreement with the receiver operating
characteristic curves in the supplementary material of a recent study on the Hypotension
Prediction Index performance in liver transplant surgery. In addition, the precision recall curves
of the Index and concurrent MAP are also almost identical. The sensitivity analyses revealed that
despite the spectrum of studied definitions, data selection and prediction windows, the Index and
MAP perform similar. This clinical study highlights the importance of a proper and accurate
comparison between the Hypotension Prediction Index and other clinical measures to prevent

ambiguous assumptions about its added value.
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Strengths and limitations

During this clinical study no specific protocol was used for treating hypotension, allowing to

assess the net effect of the presence of the Hypotension Prediction Index. This resulted in real-

world data of a large group of patients showing the potential of the Hypotension Prediction Index

in the intended clinical context of use and without strict boundaries imposed by a rigid research
protocol. We realize that our study represents an observational, non-blinded analysis, which
might have led the attending anesthesiologists to act upon Hypotension Prediction Index alarms.
The resulting performance measures, especially positive predictive value, may therefore be
underestimated since hypotension might have been prevented by timely intervention. We aimed
to retrospectively correct for this in the forward analysis. This limits general conclusions about
the absolute performance of the Index and comparison with blinded studies. However, MAP is
never blinded in a routine clinical setting, for a proper comparison of both performances it is
therefore beneficial that the Index is also visible to the clinician.

Compared to the original Hypotension Prediction Index paper, the AUCs of the Index’s
performance found in this study for five, ten and fifteen minutes prediction are somewhat lower
than reported before, where all AUCs were above 0.953. In this study all data points were
included in order to prevent a selection bias, as recently underscored in this context*, and
consequently reducing the performance of the Index. In addition, we used prediction windows
instead of a single prediction time point in the future. The current approach may thus result in a
more accurate reflection of the Index performance in everyday clinical practice.

Although our study is confined to a single center analysis, its adequate representation of real-
world clinical data is underlined by a comparison to the recently published European multicenter
prospective observational registry: EU-HYPROTECT?. This registry contains data of 749

surgeries in which the Hypotension Prediction Index was also used in a non-blinded fashion and
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without a treatment protocol, showing comparable hypotension metrics: 59% incidence with 1
[0, 3] event per patient, 2 [0, 9] minutes duration and 0.03 [0.00, 0.20] mmHg time weighted
average? (see also Supplemental Digital Content 1 Figure S1,
https://links.lww.com/ALN/D530).

Clinical implications

Probably, the most clinically relevant measure is the positive predictive value resulting from the
forward analysis. This indicates the likelihood of hypotension occurring upon the onset of an
alarm, which would be the trigger to consider a therapeutic intervention. Our results reveal that
only around a quarter to half of the Hypotension Prediction Index alarms are actually followed
by hypotension. Despite performing a retrospective correction of possible preventive
interventions, the positive predictive value still remains rather limited. The MAP alarm of 72
mmHg even seems to perform slightly better than the default Hypotension Prediction Index
alarm. The positive predictive values for the Index in this study are lower than in previous
validation studies using a prediction window of 0-20 minutes'*°.,

Overall, the results of this study imply that the Index’s performance to predict hypotension can

equally be achieved by adjusting MAP thresholds to higher set points than usually applied in

conventional clinical routine. Notably, the default Hypotension Prediction Index alarm is fixed at

85, while theoretically a better balance between sensitivity and specificity could be achieved by
setting a much lower alarm value (46-63, see Table 4). This might not be adequate in a clinical
setting, potentially inducing alarm fatigue and overtreatment from false positive alarms.
Nevertheless, the Hypotension Predicting Index alarm could be set lower to improve sensitivity,
for example at 75 as it is currently proposed for the planned HYPE-2 trail?!, or alternatively

concurrent MAP thresholds could be set higher (75-79 mmHg, see Table 4), as supported by our
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data. Depending on the clinical need also a higher Index threshold (90-97), or lower MAP (67-71
mmHg), could be chosen to achieve a better precision.

Additionally, an important limitation of the Hypotension Prediction Index is that it can only be
used to predict hypotension defined as a MAP <65 mmHg, while MAP thresholds can easily be
adjusted to timely predict any desired blood pressure. Therefore, intraoperative alarms based on
MAP thresholds seem more suitable than the Index, when aiming for patient-specific blood
pressure targets in relation to the patient’s baseline blood pressure, co-morbidities and type of
surgery in order to balance the risks of organ ischemia and bleeding®?. Besides, the predictive
value of the MAP thresholds found in this study are limited to our specific population, optimal
thresholds could be different for patient groups with different age, gender and ASA score®,

In general, innovative methodologies like the Hypotension Prediction Index are deemed
beneficial to prevent intraoperative hypotension, as reflected by a recent systematic review?*,
The data synthesis of several randomized controlled clinical trials?®®?° showed a decrease in the
occurrence, duration and severity of hypotension during non-cardiac surgery while using the
Index, yet, confined to limited and low- to very-low-quality evidence?. It still needs to be
verified whether a MAP based alarm would yield the same hypotension reduction in clinical
practice as the Hypotension Prediction Index in every single patient at every single moment. The
current study was not designed to investigate hypotension reduction, treatment decisions or the
use of any other parameters available the HemoSphere platform. Though, hypotension was found
to be less prevalent than in both the control and intervention groups of the randomized clinical
trials as reflected by different hypotension metrics?*. However, this might also be based on a
psychological effect that arises from the presence of the Hypotension Prediction Index technique,
its novelty and potentially induced increased awareness, leading to more proactive hemodynamic

management. The same phenomenon could be present in those randomized controlled trails.
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Moreover, since most studies used a treatment protocol in addition to the Hypotension Prediction
Index, it remains unresolved which of the two would lead to improved outcomes.

Conclusion

Hypotension Prediction Index and concurrent MAP values are highly correlated, their respective
alarms and thresholds show strong agreement and interchangeable performance in predicting
intraoperative hypotension. A MAP threshold set at 72 or 73 mmHg seems a straightforward
clinical alternative to the Hypotension Prediction Index. It is important to compare new
hypotension prediction methods against parameters derived from routine hemodynamic
monitoring, notably concurrent MAP, to study their added value including patient outcome.
Supplemental Digital Content

Additional results: Figures and Tables, https://links.lww.com/ALN/D530
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Figure legends

Figure 1

Calculation of MAP based predictors of hypotension, including concurrent MAP, delta MAP and

linearly extrapolated MAP, illustrated as based on a representative time frame of a patient (MAP
= mean arterial pressure, A = delta)

Figure 2

Scatter plot of Hypotension Prediction Index and concurrent MAP values of all 100 patients; red
points indicate presence of hypotension, blue points its absence within 1-5 minutes. Values for
the default Index and proposed MAP thresholds of 72 and 73 mmHg (dashed lines) (MAP =
mean arterial pressure)

Figure 3

Agreement of the Hypotension Prediction Index default alarm (>85, blue) and the proposed
alarm based on a MAP threshold (<73 mmHg, red) during two representative time frames of
patients experiencing hypotension (threshold dashed) (MAP = mean arterial pressure)

Figure 4

Performance curves for hypotension prediction with Hypotension Prediction Index (blue),
concurrent MAP (red dashed), linearly extrapolated MAP (green) and AMAP (orange) within a
time window of 1-5 minutes (AUC = area under the curve, MAP = mean arterial pressure, A =
delta)

4a. Receiver operating characteristic curve

4h. Precision recall curve
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Table 1: Baseline characteristics of the study population

Variable n =100
Male gender 48 (48%)
Age (years) 68 + 11
Body mass index (kg/m?) 25.8+4.3
ASA classification
1 0 (0%)
2 49 (49%)
3 42 (42%)
4 9 (9%)
Medical history
Hypertension 59 (59%)
Heart failure 8 (8%)
Vascular disease 30 (30%)
Diabetes mellitus 24 (24%)
COPD 9 (9%)
Kidney failure 8 (8%)
MAP in outpatient clinic (mmHg) | 98 + 15
Type of surgery
Gastrointestinal 51 (51%)
Urological 21 (21%)
Vascular 13 (13%)
Gynecological 12 (12%)
Other 3 (3%)
Surgical approach
Open 63 (63%)
Laparoscopic/robot 30 (30%)
Endovascular 4 (4%)
Conversion 1 (1%)
Other 2 (2%)

ASA = American Society of Anesthesiologists (Schaumburg, Illinois) Physical Status, COPD =

Chronic obstructive pulmonary disease, MAP = mean arterial pressure
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Table 2: Hypotension metrics

Variable n =100
Monitoring time (min) 228.6 + 107.6
Incidence (%) 62
Total duration (min) 1.8 [0.0, 7.0]
Proportion of surgery time (%) 1.0 [0.0, 3.4]
Number of events 1[0, 3]
Length of events (min) 2.0[1.3,3.0]
Area under the threshold (mmHg*min) 5[0, 35]

Time weighted average (mmHg)

0.03 [0.0, 0.2]
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Table 3: Agreement between default Hypotension Prediction Index (>85) and concurrent MAP

based alarms

MAP threshold [mmHg] | Proportionate agreement | Cohen’s kappa coefficient
<80 0.79 0.45
<75 0.94 0.78
<73 0.97 0.85
<70 0.94 0.71
<65 0.90 0.37

MAP = mean arterial pressure
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Table 4: Performance of different Hypotension Prediction Index and MAP based thresholds in

predicting hypotension

Predicti | Receiver | Precisi | Thresh | Sensitiv | Specific | Positiv | Negativ
on operating on old ity ity e e
windo | characteri | recall (95% (95% | predicti | predicti
w [min] stic AUC Cl) [%] | CI)[%] ve ve
AUC (95% | (95% value value
Cl) Cl) (95% (95%
a)[%] | C)[%]
46.8 92.7 46.5 92.8
90* (45.7- | (92.5- | (45.6- | (92.7-
47.8) 92.9) 47.4) | 93.0)
0.78 0.48 49.9 90.9 42.6 93.1
1-15 (0.77- (0.47- 85 (48.9- | (90.7- | (41.8- | (93.0-
0.78) 0.49) 51.0) 91.2) 43.4) | 93.2)
70.1 70.5 24.2 94.6
46** | (69.1- | (70.2- | (23.9- | (94.4-
71.1) 70.9) 24.6) | 94.8)
49.6 95.0 49.9 94.9
95* (48.4- (94.8- (48.8- (94.8-
Hypotens 50.8) 95.1) 50.9) 95.0)
ion 0.81 0.50 58.0 90.5 38.2 95.5
Predictio 1-10 (0.81- (0.49- 85 (56.7- (90.3- (37.5- (95.4-
0.82) 0.51) 59.2) 90.8) 39.0) | 95.6)
n Index
73.3 73.3 21.7 96.5
51%* | (72.3- | (73.0- | (21.4- | (96.3-
74.3) 73.7) 22.1) | 96.6)
51.8 97.8 60.5 96.9
97* (50.3- | (97.7- | (59.1- | (96.8-
53.3) 97.9) 62.0) | 97.0)
0.89 0.56 72.4 89.9 31.9 98.0
1-5 (0.88- (0.55- 85 (71.1- (89.7- (31.3- (97.9-
0.89) 0.57) 73.8) 90.1) 32.6) 98.1)
80.1 80.2 20.9 98.4
63** (78.9- (79.9- (20.5- (98.3-
81.4) 80.5) 21.2) 98.5)
0.77 0.47 45.8 93.1 47.2 92.7
MAP 1-15 (0.77- (0.46- | 71* (44.7- | (92.9- | (46.2- | (92.6-
[mmHg] 0.78) 0.48) 46.9) 93.3) 48.2) 92.9)
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49.1 91.3 43.1 93.0
72 (48.1- (91.1- (42.3- (92.9-
50.2) 91.5) 43.9) 93.2)
70.5 69.9 24.0 94.6
79%* (69.5- (69.5- (23.6- (94.4-
71.5) 70.3) | 24.3) | 94.8)
50.7 94.3 47.4 95.0
70* (49.5- | (94.1- | (46.4- | (94.9-
51.9) | 94.5) | 48.4) | 95.1)
0.81 0.49 57.5 90.9 39.0 95.5
1-10 (0.80- (0.48- 72 (56.3- (90.7- (38.2- (95.4-
0.82) 0.49) 58.7) 91.2) 39.8) 95.6)
74.2 72.9 21.6 96.5
78** | (73.1- | (72.5- | (21.3- | (96.4-
75.3) 73.2) | 22.0) | 96.7)
55.1 97.3 57.1 97.1
67* (53.5- | (97.2- | (55.8- | (97.0-
56.6) | 97.4) | 584) | 97.2)
0.88 0.55 72.6 90.3 32.9 98.1
1-5 (0.88- | (0.54- 72 (71.3- | (90.1- | (32.2- | (98.0-
0.89) 0.56) 73.9) 90.5) 33.6) 98.2)
79.8 82.3 22.8 98.4
75%* | (78.5- | (82.0- | (22.4- | (98.3-
81.1) | 82.6) | 23.2) | 98.5)
37.4 96.2 38.6 96.0
Linearly 0.85 0.32 57* (35.9- (96.0- (37.3- (95.9-
extrapola 1.5 (0.84- (0.32- 38.9) 96.3) 39.9) 96.1)
ted MAP 0.85) 0.33) 78.6 78.3 18.9 98.3
[mmHg] ' ' 73** | (77.4- | (78.0- | (18.5- | (98.2-
79.9) 78.6) 19.2) | 98.4)
17.6 95.1 18.7 94.7
AMAP 0.6 0.13 -16* | (16.4- | (94.9- | (17.6- | (94.6-
18.8) | 95.3) 19.9) | 94.8)
[mmHg/s 1-5 (0.65- (0.13-
: 0.67) 0.14) 59.5 63.8 9.6 96.1
-3%* (58.0- (63.4- (9.3- (95.9-
61.0) 64.1) 9.8) 96.2)

*) Value defined by minimizing difference between sensitivity and positive predictive value

**) value defined by minimizing difference between sensitivity and specificity

AUC = area under the curve, Cl = confidence interval, MAP = mean arterial pressure, A = delta
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Table 5: Positive predictive values from forward analysis for default Hypotension Prediction
Index (>85) and MAP (<72) alarm

All alarms

Exclude alarms with interventions

Prediction
window

PPV Hypotension
Prediction Index
(95% Cl) [%]

PPV MAP (95%
Cl) [%]

PPV Hypotension
Prediction Index
(95% Cl) [%]

PPV MAP (95%
Cl) [%]

1-5 min

24.1(20.7-27.8)

27.8 (24.1-31.8)

34.6 (29.9-39.5)

43.3 (38.0-48.6)

1-10 min

30.8 (27.0-34.7)

34.9 (30.9-39.0)

47.7 (42.5-52.9)

59.4 (53.8-64.8)

1-15 min

36.4 (32.4-40.5)

39.6 (35.5-43.8)

56.8 (51.6-62.0)

66.6 (61.2-71.6)

MAP = mean arterial pressure, PPV = positive predictive value
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Figure 1

Downloaded from http://pubs.asahq.org/anesthesiology/article-pdf/doi/10.1097/ALN.0000000000004990/70297 1/aln.0000000000004990.pdf by Universiteit Twente user on 17 May 2024
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Figure 2

Downloaded from http://pubs.asahq.org/anesthesiology/article-pdf/doi/10.1097/ALN.0000000000004990/702971/aln.0000000000004990.pdf by Universiteit Twente user on 17 May 2024
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Figure 3

Downloaded from http://pubs.asahq.org/anesthesiology/article-pdf/doi/10.1097/ALN.0000000000004990/702971/aln.0000000000004990.pdf by Universiteit Twente user on 17 May 2024
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Figure 4
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