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Abstract: Introduction: Hypotension following epidural labor analgesia (ELA) is its most common
complication, affecting approximately 20% of patients and posing risks to both maternal and fetal
health. As digital tools and predictive analytics increasingly shape perioperative and obstetric
anesthesia practices, real-world implementation data are needed to guide their integration into
clinical care. Current monitoring practices rely on intermittent non-invasive blood pressure (NIBP)
measurements, which may delay recognition and treatment of hypotension. The Hypotension
Prediction Index (HPI) algorithm uses continuous arterial waveform monitoring to predict
hypotension for potentially earlier intervention. This clinical trial evaluated the feasibility,
acceptability, and efficacy of continuous HPI-guided treatment in reducing time-to-treatment for
ELA-associated hypotension and improving maternal hemodynamics. Methods: This was a
prospective randomized controlled trial design involving healthy pregnant individuals receiving
ELA. Participants were randomized into two groups: Group CM (conventional monitoring with
NIBP) and Group HPI (continuous noninvasive blood pressure monitoring). In Group HPI,
hypotension treatment was guided by HPI output; in Group CM, treatment was based on NIBP
readings. Feasibility, appropriateness, and acceptability outcomes were assessed among subjects and
their bedside nurse using the Acceptability of Intervention Measure (AIM), Intervention
Appropriateness Measure (IAM), and Feasibility of Intervention Measure (FIM) instruments. The
primary efficacy outcome was time-to-treatment of hypotension, defined as the duration between
onset of hypotension and administration of a vasopressor or fluid therapy. This outcome was chosen
to evaluate the clinical responsiveness enabled by HPI monitoring. Hypotension defined as a mean
arterial pressure (MAP) <65 mmHg for more than 1 minute in Group CM and an HPI threshold <75
for more than 1 minute in group HPL Secondary outcomes included total time in hypotension,
vasopressor doses, and hemodynamic parameters. Results: There were 30 patients (Group HPI n=16;
Group CM n=14) included in the final analysis. Subjects and clinicians alike rated the acceptability,
appropriateness, and feasibility of the continuous monitoring device highly. The cumulative
probability of time-to-treatment of hypotension was lower by 75 minutes after ELA initiation in
Group HPI (65%) than Group CM (71%), although this difference was not statistically significant (log-
rank P =0.66). Mixed models indicated trends that Group HPI had higher cardiac output (3=0.58, 95%
Confidence Interval -0.18 to 1.34, P=0.13) and lower systemic vascular resistance (3= -97.22, 95%
Confidence Interval -200.84 to 6.40, P=0.07) throughout the monitoring period. No differences were
found in total vasopressor use or intravenous fluid administration. Conclusions: Continuous
monitoring and precision hypotension treatment is feasible, appropriate, and acceptable to both
patients and clinicians in a labor and delivery setting. HPI-guided treatment was associated with
hemodynamic trends that warrant further investigation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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INTRODUCTION

Despite decades of safe use, hypotension after epidural labor analgesia (ELA) remains the most
common complication and is experienced by about 1 of every 5 patients receiving ELA. Hypotension
has safety ramifications to both mother and fetus and results in, at its mildest, maternal
lightheadedness and nausea, and at its most severe, fetal acidemia and difficulties with fetal-to-
neonatal transition. These safety concerns make early detection, prevention, and treatment of ELA-
associated hypotension a critical component for patient safety on labor and delivery units worldwide.

As digital technologies transform perioperative medicine, there is growing interest in leveraging
predictive analytics and real-time physiologic monitoring to support clinical decision-making. Tools
like the Hypotension Prediction Index (HPI) exemplify this shift, offering clinicians early warning of
hemodynamic instability based on continuous arterial waveform analysis. In dynamic labor and
delivery environments, where maternal physiology evolves rapidly and treatment windows are
narrow, such digital decision support systems may facilitate earlier, more targeted interventions to
protect both maternal and fetal well-being.

Currently, conventional monitoring involves intermittent non-invasive blood pressure checks to
detect and treat hypotension. The current American Society of Anesthesiologists Guidelines on
Obstetric Anesthesia Practice [1] recommend monitoring for hypotension, with most practices using
non-invasive cuff measures, typically expected every 5-15 minutes. However, intermittent
monitoring may result in delays in recognition and treatment of low blood pressure [2]. Delays in
treating epidural anesthesia-associated hypotension can result in inadequate maternal-fetal perfusion
[2]. Further, causes of hypotension after neuraxial in obstetric patients are primarily driven by
reductions in systemic vascular resistance (SVR) [3]. Early detection of ELA-associated hypotension
is critically needed to facilitate earlier treatments with vasopressors, typically consisting of either
ephedrine or phenylephrine, to prevent hypotension related morbidities. Further, tailored treatment
to maternal hemodynamics — a tactic made possible using HPI — is important because changes in
systemic vascular resistance (SVR) and cardiac output (CO) during labor is known to impede uterine
blood flow and fetal oxygenation. These changes can lead to fetal acidemia and distress, which can
then lead to preventable and emergent birth interventions.

Our proposed solution involves using the hypotension prediction index (HPI, ClearSight™,
Edwards Lifesciences, Irvine, USA) to reduce time-to-treatment of epidural labor analgesia (ELA)-
associated hypotension and to improve maternal hemodynamics, resulting in improved fetal
perfusion. The HPI algorithm on ClearSight™ is a machine-learning-based decision support tool that
analyzes arterial waveform features to predict hypotension, defined by mean arterial pressure (MAP)
<65 mmHg for at least 1 minute [4]. The index ranges 0 to 100 with higher numbers reflecting a higher
likelihood of subsequent hypotension. HPI has 92% sensitivity and specificity for predicting
hypotension 5 minutes in advance, sensitivity 89% and specificity 90% for 10 minutes in advance and
88% and 87% for 15 minutes in advance [4]. The sensitivity and specificity of HPI to accurately predict
hypotension has also been validated with conventional invasive and non-invasive arterial
waveforms, in both pregnant and non-pregnant cohorts [4-9]. Other studies have similarly
demonstrated the effectiveness of HPI in predicting hypotension in perioperative settings [10-12].
The algorithm is FDA approved for sale in Europe and the United States. To our knowledge, no study
to date has rigorously assessed the utility of HPI in ELA compared to conventional monitoring, for
the benefits of reduced time-to-treatment of ELA-associated hypotension.

Although prior studies have evaluated the use of ClearSight™ and HPI in obstetric settings and
primarily under cesarean delivery, none have specifically focused on implementation-specific
(patient- and clinician-specific) outcomes in a vaginal birth context under neuraxial analgesia. This
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study was designed to assess real-world workflow integration, to evaluate clinician and patient
perceptions of the monitoring approach and generate preliminary estimates of treatment effect size
to inform future research.

As healthcare systems embrace predictive algorithms and automated monitoring, integrating
these tools into dynamic labor workflows requires evidence not only of efficacy, but of real-world
feasibility and user acceptance. The purpose of this randomized controlled trial was to evaluate the
feasibility, acceptability, and preliminary efficacy of HPI-guided management compared to
conventional monitoring by assessing time-to-treatment of hypotension in healthy pregnant
individuals receiving epidural labor analgesia (ELA).

METHODS

Study Design and Population.

This was a prospective single center randomized controlled trial designed to assess feasibility,
acceptability, and preliminary efficacy (Clinical Trials .Gov information: NCT05906368, registered
31/07/2024). All methods were carried out in accordance with relevant guidelines and regulations
and all protocols were approved by the University of Pittsburgh Institutional Review Board
(STUDY23030009). Written informed consent was obtained from subjects. Subjects were eligible if
they were admitted to the hospital for labor and delivery, pregnant at term gestation, and receiving
epidural labor analgesia (ELA). Exclusion criteria included non-reassuring fetal tracing at the time of
ELA request, unintentional dural puncture, contraindications to ELA, significant cardiac arrhythmias
or aortic regurgitation, arrhythmia, treatment with antihypertensive medications, pre-eclampsia with
or without severe features, preoperative infection, inability to use the study device for any reason,
and incomplete data.

Randomization and Interventions

After informed consent, enrolled subjects were randomized (1:1) to treatment of hypotension
according to conventional monitoring (Group CM) or monitoring by HPI (Group HPI). The total
monitoring time was 4 hours starting from the initiation of ELA defined by the time of first dose of
epidural medications. To enable group comparisons of total time in hypotension and other
hemodynamic parameters, all participants wore continuous noninvasive blood pressure monitoring
(CBPM): Group CM was blinded to CBPM output, while Group HPI received treatment of
hypotension according to CBPM output and as specified by the hypotension treatment protocol
below.

In Group HPI we used an index threshold for treatment that built upon findings from
Maheshwari et al. [13]. In their trial of 214 noncardiac surgical patients, 105 (49%) patients were
randomized to management with a hypotension prediction algorithm, and intraoperative
hypotension was not reduced compared with controls. They suggested that a lower alert threshold
enabling adequate warning time, and a simpler treatment algorithm that emphasizes prompt
treatment after alert may be useful. Therefore, our HPI alert threshold for treatment was specified at
75 and the treatment algorithm, specified below, was made as simple as possible.

Pre-ELA Protocol

Subjects received a 500mL crystalloid co-load that started during placement of ELA. Pregnant
women in the lateral decubitus position can measure 10mmHg differences in dependent and upper
arm blood pressures [14]. Therefore, prior to ELA initiation the anticipated initial post-ELA decubitus
position of the patient was clarified as Right or Left lateral decubitus. Standard monitoring was
applied including pulse oximeter and non-invasive blood pressure (NIBP) cuff affixed over the non-
dependent arm. In Group HPI both CBPM and NIBP monitors were applied on the same arm.
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ELA Protocol

Baseline blood pressure was recorded immediately prior to the initiation of ELA. At subject
request, a licensed and qualified anesthesia provider performed ELA using a combined spinal
epidural (CSE) technique in the sitting position. CSE was chosen due to reliability and rapidity with
which hypotension can be predicted within the ELA encounter. A meta-analysis of studies comparing
low-dose epidural analgesia with CSE analgesia found no difference in the incidence of hypotension
between the two techniques [15].

The epidural space was found using loss of resistance to saline. A 25g or 27g Sprotte needle was
introduced to the subarachnoid space. After confirmation of cerebrospinal fluid (CSF), a spinal dose
of fentanyl 15mcg and bupivacaine 2.5mg was given (this action defined TO = initiation of CSE). At
T0 blood pressure monitoring and data recordings began per the protocol specified below. A 19-20g
flexible epidural catheter was then introduced and threaded 5-6cm into the epidural space. A test
dose was delivered through the epidural catheter and consisted of 3mL lidocaine 1.5% with
epinephrine. The anesthesia clinician declared positive or negative test dose 5 minutes after
administration of test dose. A positive test dose (defined as heart rate increase >10 beats per minute
at 30 seconds after injection, observation of both a metallic taste and tinnitus after injection, or warm
or heavy sensation in the lower extremities at 3 minutes, or inability to raise legs within 4 to 10
minutes after injection) resulted in withdrawal from the study.

Maintenance of ELA was by patient-controlled epidural analgesia using programmed
intermittent epidural bolus (PIEB) at our institutional standards: Ropivacaine 0.1% with fentanyl
2mcg/mL, 8mL every 40 minutes, 8mL demand every 8 minutes, maximum hourly volume 24mL
(Smiths CADD®-5olis Infusion System, Infusion Pump, ICU Medical, Dublin, OH). The first PIEB
dose was delivered 40 minutes after the initiation of the pump.

Hypotension Definition

We defined hypotension as a mean arterial pressure, MAP <65 mmHg for more than 1 minute.
In Group CM, hypotension was measured by conventional non-invasive blood pressure cuff. In
Group HPI hypotension was measured by CBPM and alerted when HPI threshold was <75 for more
than 1 minute. Our hospital has existing protocols for epidural-associated hypotension to guide BP
treatment: drop in systolic blood pressure (SBP) >20% from baseline, or systolic blood pressure <100
mmHg, or if there are any fetal heart rate concerns. These parameters continued per existing clinical
standards if they were measured and detected by the NIBP regardless of group assignment and were
expected to be evenly randomly distributed between the two groups by virtue of randomization.
Random distribution of these events by frequency between groups, was assessed in analysis.
Hypotension treatment protocols were standardized as below.

Monitoring and Hypotension Treatment Protocols

Monitoring occurred as follows. In Group CM at the time of test dose delivery, automated NIBP
cycles began and were set to read every 3 minutes for 30 minutes, amounting to a total of at least 10
NIBP measurements. After 30 minutes, NIBP was cycled to every 15 minutes by existing clinical
standards. At 4 hours, monitoring for the protocol ended. In Group HPI, at the time of test dose
delivery, CBPM monitor continued. At 4 hours, monitoring for the protocol ended.

Hypotension treatment protocol: Group CM. In Group CM, at the first hypotensive episode, a 500mL
intravenous fluid bolus was given, as well as ephedrine 10mg intravenous push. At the second
hypotensive episode, an ephedrine 10mg intravenous push was given. For the third or more
hypotensive episode, treatment was per physician anesthesiologist discretion.

Hypotension treatment protocol: Group HPI. For Group HPI, the hypotension treatment protocol
was tailored to individual hemodynamic parameters. In Group HPI, at the first HPI alert, the
hemodynamic relations screen was consulted and if the identified issue was one of preload, a 500mL
intravenous fluid bolus was given; if a contractility or afterload issue was identified, ephedrine 10mg
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intravenous push was given. At the second HPI alert, the same approach was followed. At the third
HPI alert, treatment was per physician anesthesiologist of record.

Self-Reported and Medical Record Data

Subjects were asked to report pain score immediately prior to ELA initiation, nausea, vomiting,
or lightheadedness at any time during the monitoring period.

Data abstracted from the medical record included age, race, education level, smoking status,
gravidity, parity, estimated gestational age, body mass index, induction vs. spontaneous labor, last
known cervical exam at the time of ELA initiation, pain score immediately prior to ELA initiation,
total vasopressor doses from time of ELA initiation until delivery, changes in fetal heart rate category,
presence or absence of fetal heart rate decelerations within 1 hour of initiation of ELA, mode of
delivery, neonatal weight, neonatal Apgar scores, neonatal cord blood pH.

Study Efficacy Endpoints. The primary endpoint was time-to-treatment of hypotension. Time-
to-treatment was chosen as the primary endpoint because earlier treatment is hypothesized to
mitigate downstream hemodynamic instability and improve maternal-fetal outcomes. Although less
conventional than area under the curve (AUC) MAP <65 mmHg or time-weighted averages, it offers
an implementation-relevant measure of system responsiveness and clinical workflow efficiency in a
labor unit setting.

Secondary endpoints were: total minutes in hypotension accumulated from any time intervals
with MAP<65 mmHg based on ClearSight™ readings; nausea; vomiting; total events of SBP drop
>20% from baseline based on NIBP; total events of SBP<100 mmHg based on NIBP; changes in fetal
heart rate category; presence or absence of fetal rate decelerations within one hour of initiation of
ELA; total vasopressor doses (i.e., phenylephrine in mcg and ephedrine in mg); total intravenous
fluids in labor (mL); and hemodynamic variables (Cardiac Output CO, Cardiac Index CI, Stroke
Volume SV, Stroke Volume Variability SVV, Systemic Vascular Resistance SVR).

Feasibility and Acceptability Assessment

At the end of the monitoring period, subjects and their bedside nurses completed the
Acceptability of Intervention Measure (AIM), Intervention Appropriateness Measure (IAM), and
Feasibility of Intervention Measure (FIM) instruments—validated, standardized 4-item
implementation outcome measures that assess perceived acceptability, appropriateness, and
feasibility on a 5-point Likert scale ranging from ‘completely disagree’ to ‘completely agree’[16,17].
The AIM, IAM and FIM are measures to determine the degree to which respondents believe the
intervention is acceptable, appropriate, and feasible, and these are often used to assess the probability
of implementation success. An average score >4 was considered a positive rating. This approach has
been previously validated for evaluating interventions in clinical implementation research.

Statistical Analysis

Sample Size and Power Justification. The primary outcome was time-to-treatment of hypotension.
Based on a meta-analysis of trials, the estimated incidence of hypotension after initiation of neuraxial
analgesia during labor is approximately 19% (range: 3-35%) [15] depending on population, definition,
and timing of measurements. Cox proportional hazard models were used for this trial involving time-
to-event analysis [18]. For a fully powered study, a sample of 74 patients (37 in each intervention
group) experiencing hypotension will show a hazard ratio of 0.50 with power of 80% and two-sided
a=0.05, and a total of n=370 would need to be enrolled with 20% (n=74) experiencing hypotension
events of interest. For this initial phase, we enrolled a target sample of 30 participants to evaluate
study workflow, data completeness, subject and clinician acceptability, and feasibility, and to explore
treatment effect estimates that can inform the design and planning of a larger definitive trial. This
sample size was not intended to power formal hypothesis testing on time-to-treatment but rather was
sufficient to assess real-world feasibility, acceptability, and preliminary efficacy signals under the
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study protocol. The efficacy analyses presented in this study provide estimates of effect directionality
and variability, both of which are critical for determining the practicality and design requirements of
subsequent studies.

Summary statistics and endpoint comparisons by monitoring groups.  For continuous data, mean
with standard deviation and median with interquartile range were both reported. For categorical
variables, number with percentage was reported. Baseline characteristics and study endpoints were
compared between treatment groups using nonparametric Kruskal-Wallis test for continuous
variables and Chi-square test or Fisher exact test for categorical variables.

Time-to-event analysis for primary endpoint. ~The Kaplan-Meier survival curves estimated the
cumulative probability of time to first hypotension treatment over 4 hours of monitoring period
between Group CM and Group HPIL Log-rank test was used to compare if the entire Kaplan-Meier
survival curves differs by groups. Proportional hazards regression models were used to estimate
hazards ratios and 95% confidence intervals (CI) to assess the effect of monitoring type on time to
hypotension treatment.

Hemodynamic Outcomes. Time series data for each hemodynamic outcome were averaged at
every 15-minute interval. Mean and bootstrap 95%Cl were used to illustrate the trends and
differences between the two groups for CO, CI, SV, SVV, and SVR at each 15-min time interval.
Random intercept mixed-effects models were used to estimate if each hemodynamic outcome differs
between monitoring groups during the entire 4-hour monitoring period accounting for categorical
time intervals. Interaction terms between monitoring groups and categorical time intervals were
added to test if the change of hemodynamic outcomes over time differs by groups.

All statistical analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC) and R
version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria). A P <0.05 was used to define
statistical significance.

RESULTS

Study Population and Characteristics

A total of 314 eligible participants were identified, and 41 (13%) were enrolled with signed
informed consent forms, while 7 were withdrawn before randomization. Among 34 randomized
participants (17 in Group CM and 17 in Group HPI), 3 additional participants were withdrawn from
Group CM and 1 additional participant withdrawn from Group HPI. There were 30 subjects with
complete data included in the final analysis (Figure 1) with 14 (47%) randomized to Group CM and
16 (53%) to Group HPI. Mean (SD) age was 29.6 (5.5) years and 83% were White, 13% were Black, and
3% were Asian. Mean (SD) of BMI was 33.7 (5.8) kg/m2 and pain before epidural was 5.6 (3.1). There
were no statistically significant differences between Group CM and HPI for baseline and self-
reported characteristics (Table 1).
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Screened n=1973

Ineligible n=1659

- Patient already received epidural: 529 (32%)

- Patient in observation/being discharged: 193 (12%)

- Patient desired labor without epidural analgesia: 148 (9%)

- Non-English fluency: 113 (7%)

- Pre-eclampsia with or without severe features: 89 (5%)

- Patient requested epidural at the time of screen: 86 (5%)

- Patient already delivered: 82 (5%)

- Treatment with antihypertensive medication: 69 (4%)

» - Arrhythmia: 66 (4%)

- Patient was planning a cesarean delivery: 64 (4%)

- Non-reassuring fetal tracing: 58 (3%)

- Other: 53 (3%)

- Patient was undecided about epidural labor analgesia: 29 (2%)
- Preoperative infection: 26 (2%)

- Inability to use ClearSight™ device for any reason: 19 (1%)

- Patient not 18 years or older: 18 (1%)

- Significant cardiac arrhythmias or aortic regurgitation: 15 (1%)
- Contradiction to epidural labor analgesia: 2 (0%)

A 4
Eligible n=314

Eligible but Not Enrolled n=273

- Patient declined participation in research: 208 (76%)

- Another patient was already enrolled into the study: 33 (12%)
- Other: 32 (12%)

A4
Enrolled n=41

Withdrawn n=7
- Patient self-withdrew from study: 3 (43%)
- Ineligibility criteria identified after consent: 4 (57%)

A 4

v

Randomized n=34
Group CM=17 Withdrawn n=4

Group HPI=17

Group CM (n=3):
- Patient self-withdrew from study: 1
- Ineligibility criteria identified: 2

v

) ) Group HPI (n=1):
Final analysis n=30 - Patient self-withdrew from study: 1
Group CM=14

Group HPI=16

Figure 1. CONSORT diagram. CONSORT, consolidated standards of reporting trials.

Table 1. Patient characteristics of the study cohort.

All Group CM Group HPI ~ P-value
n=30 n=14 (47%) n=16 (53%)

Age (years)
Mean(SD)  29.6 (5.5) 29.4 (5.5) 29.8 (5.7) 0.82
Median(25th:75th)  30.5 (26.0 : 29.5(24.0:35.0) 31.0 (26.0:
34.0) 33.5)

Race
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All Group CM Group HPI ~ P-value
n=30 n=14 (47%) n=16 (53%)
White 25 (83%) 12 (86%) 13 (81%)
Black 4 (13%) 1 (7%) 3 (19%) 0.60
Asian 1 (3%) 1 (7%) 0 (0%)
Education
High school or equivalent 2 (7%) 0 (0%) 2 (13%)
Some college or technical 6 (20%) 4 (29%) 2 (13%)
training
Bachelor or Associate 14 (47%) 5 (36%) 9 (56%) 0.06
degree
Masters degree 4 (13%) 1 (7%) 3 (19%)
Doctorate or Professional 4 (13%) 4 (29%) 0 (0%)
degree
Smoking Status
Never smoker 20 (67%) 10 (71%) 10 (63%)
Current smoker 4 (13%) 1(7%) 3 (19%) 0.75
Former smoker 6 (20%) 3 (21%) 3 (19%)
BMI (kg/m?)
Mean(SD)  33.7 (5.8) 32.4(5.1) 34.9 (6.3) 0.30
Median(25th:75th)  33.6 (28.9: 32.7 (27.6: 35.1) 34.3(33.3:
37.2) 37.4)
Gravidity
1 11 (37%) 5 (36%) 6 (38%)
2 8(27%) 4 (29%) 4 (25%) 0.99
3+ 11(37%) 5 (36%) 6 (38%)
Parity
0 13(43%) 6 (43%) 7 (44%)
1 10 (33%) 5 (36%) 5 (31%) 0.99
2 7(23%) 3 (21%) 4 (25%)
Estimated Gestational Age
(Weeks)
Mean(SD)  39.2 (1.2) 39.2 (1.0) 39.2(1.4)
Median(25th:75th)  39.1 (38.7 : 39.1(38.3:39.7) 39.2(38.9: 0.12
40.1) 40.2)
Min:Max 35.9:41.1 37.6:41.1 35.9:41.0
Labor method

Induction 21 (70%) 12 (86%) 9 (56%) 0.12
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All Group CM Group HPI ~ P-value
n=30 n=14 (47%) n=16 (53%)
Spontaneous Labor 9 (30%) 2 (14%) 7 (44%)

Pain score before ELA
(0-10 numeric rating scale)
Mean(SD) 5.6 (3.1) 5.4 (2.6) 5.8 (3.5) 0.40
Median(25th:75th) 6.5 (4.0 : 8.0) 6.0 (4.0:7.0) 7.5(2.5:8.5)

CM conventional monitoring. HPI, hypotension prediction index. SD, standard deviation. BMI, body mass
index. ELA, epidural labor analgesia.

Feasibility, Appropriateness, and Acceptability

Both patient and nurse ratings for AIM, IAM, and FIM were primarily positive, indicating that
both groups rated the study device with high acceptability, appropriateness, and feasibility. Both
patients and nurses rated the intervention highly across all implementation domains (median score
>4 for all items) (Figure 2).

A Nurse Ratlng on ClearSight B Subject Rating on ClearSight
anvertional Manitoring oup OM (Conventional Monitoring) Group HP
100 100
95 95
90- 90
:5) a5
80 80 |
75 7%+ 1
70 70+
65 65 |
60 60
E 55 | & 88 |
2 = 8 =0 |
o 45 a 45 1
a 40 |
35 | 35 |
) a0 |
25 25 1
kS 20+ 1
15 15 |
1 10
5 5
o 0
4%%/&“ % P@ % % % N ('fs ﬂéq;:%%ﬁo r;, % Q'é%g s "k) ‘@, % "‘E,% e "‘,%#p éb,)'b %c ‘6, %;,%’ﬁ/
%
hurse Rating on ClearSignt Subjem Rating on ClearSight
Levels W Disagree W Neilher agree nor disagree W Agree W Complelely agree Levels W Disagree B Neither agree nor disagree B Agree I Completely agree

Figure 2. Heat map for subjects and nurse qualitative ratings on device acceptability. Ratings were given for the
following 11 questions: The device meets my approval; The device is appealing to me; I like the device; I welcome
the device; The device seems fitting; The device seems suitable; The device seems applicable; The device seems
like a good match; The device seems implementable; The device seems possible; The device seems doable.
Ratings were given on a 5-point Likert scale ranging from completely disagree to completely agree with these

statements. A) Subject ratings. B) Nurse ratings.

Primary Endpoint: Time to First Hypotension Treatment

The frequency of any hypotensive events was not different between Group CM (71%) and Group
HPI (63%). Among 20 subjects who experienced hypotensive events, the median time-to-treatment
was 14.5 minutes in Group CM and 16.0 minutes in Group HPI (Table 2). The Kaplan-Meier survival
analysis estimated the first hypotension treatment probability for patients in Group CM and Group
HPI. At 75 minutes, the cumulative probability of for Group CM was 71%, compared to 65% for
Group HPI, and remained the same probabilities through the end of the 4-hour monitoring period.
The survival difference was not statistically significantly different (log-rank P=0.66), indicating that
patients in Group CM and Group HPI were similar with respect to the probability of time to first
hypotension treatment (Supplemental Figure 1). The Cox proportional hazards regression model
shows an HR of 0.82 (95% CI: 0.34-1.98) in Group HPI compared to Group CM. (Supplemental Table
1).
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Table 2. Clinical outcomes among all subjects, and outcomes among subjects with hypotensive events.

All Subjects
All
Group CM Group HPI
Subjects P-value
n=14 n=16
Variable n=30
Hypotensive Event (Any) n=30 n=14 n=16 0.70
No 10 (33%) 4 (29%) 6 (38%)
Yes 20 (67%) 10 (71%) 10 (63%)
Hypotensive Treatment (Any) n=30 n=14 n=16 0.70
No 10 (33%) 4 (29%) 6 (38%)
Yes 20 (67%) 10 (71%) 10 (63%)
Total number of hypotensive
n=30 n=14 n=16 0.49
events
Mean(SD) 2.0 (2.0) 2.2 (1.9) 1.8 (2.0)
Median(25th:75th) 1.5 (0.0 : 3.0) 2.5(0.0:4.0) 1.0 (0.0 : 3.0)
Min:Max  0.0:7.0 0.0:6.0 0.0:7.0
MAP<65 Total minutes based on
n=30 n=14 n=16 0.99
CBPM
Mean(SD) 10.0 (14.9) 12.5 (19.3) 7.7 (9.5)
Median(25th:75th) 3.4 (0.7 :
3.0 (0.7 : 25.3) 4.7 (0.7 :13.3)
19.3)
Min:Max  0.0:62.3 0.0:62.3 0.0:30.3
Total events of SBP drop >20% n=30 n=14 n=16 0.61
from baseline based on NIBP
Mean (SD) 3.6 (3.8) 3.4 (3.6) 3.8 (4.1)
Median (25th:75th) 2.0 (1.0 : 6.0) 1.5(0.0:7.0) 2.5(1.0:5.0)
Total events of SBP<100 mmHg n=30 n=14 n=16 0.37
based on NIBP
Mean (SD) 2.9 (2.8) 3.1(2.5) 2.8 (3.1)
Median (25th:75th) 2.0 (1.0 : 4.0) 3.0(2.0:5.0) 2.0(1.0:3.5)
Nausea (Any) n=29 n=14 n=15 0.71
No 17 (59%) 9 (64%) 8 (53%)
Yes 12 (41%) 5 (36%) 7 (47%)
Vomiting (Any) n=30 n=14 n=16 0.09
No 27 (90%) 11 (79%) 16 (100%)
Yes 3 (10%) 3 (21%) 0 (0%)
Lightheadedness (Any) n=30 n=14 n=16 0.61
No 27 (90%) 12 (86%) 15 (94%)
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All Subjects
All
Subjects Group CM Group HEL P-value
n=14 n=16
Variable n=30
Yes 3 (10%) 2 (14%) 1 (6%)
Changes in fetal heart rate category 1220 14 s 046
(Any)
No 15 (52%) 6 (43%) 9 (60%)
Yes 14 (48%) 8 (57%) 6 (40%)
Fetal heart rate decelerations
n=29 n=14 n=15 0.99
within 1 hour of initiation of ELA
No 19 (66%) 9 (64%) 10 (67%)
Yes 10 (34%) 5 (36%) 5 (33%)
Subjects with Hypotensive Events
Subjects
with
Hypotensiv
e Event Group CM Group HPI
n=20 n=10 n=10 P-value
Time to first hypotension n=20 n=10 n=10 0.88
treatment (minutes)
Mean(SD) 22.5(17.1) 21.8 (17.5) 23.1(17.6)
Median(25th:75th) 14.5 (10.0: 16.0 (10.0:
14.5 (10.0 : 30.0)
30.0) 30.0)
Total epinephrine (mg) n=19 n=10 n=9 0.42
Mean(SD) 26.7 (24.6) 29.8 (26.4) 23.3(23.6)
Median(25th:75th) 20.0 (10.0 : 20.0 (15.0 : 25.0) 20.0 (10.0:
20.0) 20.0)
Total phenylephrine (mcg) n=9 n=6 n=3 0.15
Mean(SD) 317.8 (314.4) 223.3 (242.1) 506.7 (410.5)
Median(25th:75th) 160.0 (80.0 : 120.0 (80.0 : 240.0)  400.0 (160.0 :
400.0) 960.0)
Total intravenous fluids (mL) n=16 n=9 n=7 0.59
Mean(SD) 543.8 (137.7) 550.0 (169.6) 535.7 (94.5)
Median(25th:75th) 500.0 (500.0 ~ 500.0 (500.0 : 500.0)  500.0 (500.0 :
: 500.0) 500.0)
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MAP, mean arterial pressure. ELA, epidural labor analgesia. NIBP, noninvasive blood pressure. Mg, milligrams.
Mcg, micrograms. mL, milliliters. SD, standard deviation. Min, minimum. Max, maximum. CM, conventional

monitoring, HPI, hypotension prediction index.

Secondary Analysis — Clinical and Hemodynamic Outcomes

Total minutes with MAP<65 based on CBPM was similar between the groups (median 3.0
minutes in Group CM vs 4.7 minutes in Group HPI; P>0.99). There were trends toward higher rates
of vomiting in Group CM (21%) compared to Group HPI (0%) (P=0.09) (Table 2). There were no
differences between Group CM and Group HPI for NIBP-measured frequency of SBP drop >20%
from baseline, SBP <100mmHg, and fetal heart rate tracing concerns (Table 2). Among 20 subjects
who experienced hypotensive events, total doses of ephedrine and phenylephrine, and total
intravenous fluid volumes were not different between groups (Table 2).

CO was higher for Group HPI over the entire monitoring period ($=0.58; 95%CI: -0.18, 1.34,
P=0.13). High SVR is a physiological risk factor known to influence placental and fetal perfusion. SVR
was lower in Group HPI for the entire monitoring period (p=-97.22; 95% CI: -200.84, 6.40, P=0.07)
even though it was not statistically significant. The rate of change over time in hemodynamic
variables was not significantly different by monitoring groups after testing the interaction term
between group and time variables in random intercept mixed effects models. (Supplemental Table
2, Figure 3).

Mean and 95% CI

44 106+

801

panic Vet Ruitanc (SVR) 15 30 45 60 75 80 105 120 135 150 165 180 195 210 225 240

1000- Group

~+ Conventional
= HPl

15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240
15-Minute Interval

Figure 3. Mean and bootstrap 95% confidence interval of hemodynamic outcomes over time in 15-minute
intervals by treatment groups. Trends indicated differences between groups during the monitoring period for
all hemodynamic variables measured but potentially were most beneficial for cardiac output, cardiac index, and
systemic vascular resistance. A) Cardiac Output, CO. B) Cardiac Index, CI. C) Stroke Volume, CV. D) Stroke
Volume Variability, SVV. E) Systemic Vascular Resistance, SVR.

DISCUSSION

The primary findings of this trial are that that an HPI-guided hypotension clinical trial protocol
in labor and delivery is feasible, appropriate, and acceptable to patients and clinicians, and treatment
according to the HPI may result in improved maternal hemodynamics (i.e., cardiac output, cardiac
index, and systemic vascular resistance) during labor and delivery. These findings are significant
because they suggest that real-time hemodynamic monitoring using HPI can lead to reduced risks
associated with delayed treatment, such as compromised maternal hemodynamics and maternal-
fetal perfusion. Our results provide further justification for future studies using larger sample sizes
to make definitive conclusions about the potential role of HPI-guided therapies for modern epidural
labor analgesia hypotension management. These findings are significant because they suggest that
real-time hemodynamic monitoring using HPI is not only technically feasible, but may be practical
for scalable clinical integration into routine labor care.
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Previous studies have shown comparable results favoring benefits of HPI-guided therapies. In
one randomized trial[19], HPI was used with goal-directed therapy to manage intraoperative
hypotension. The study reported a reduction in the number of hypotensive episodes when using HPI,
particularly for optimization of hemodynamics, fluid, and vasopressor administration. Our study
considered the findings from Maheshwari et al[13], which suggested that lower alert threshold and
simpler treatment protocols would improve outcomes. Our HPI treatment index was set below that
of Maheshwari et al and our protocol was considerate of treatment norms in our hospital. Our
findings support that a lower HPI trigger and a simple treatment protocol may improve maternal
hemodynamics and is feasible and acceptable to subjects and clinicians alike.

To our knowledge this is the first study assessing HPI-guided therapies specifically in labor and
delivery for the purpose of improving outcomes associated with epidural labor analgesia. Previous
studies have primarily focused on non-obstetric populations, such as intraoperative hypotension
management in noncardiac surgery, where HPI-guided therapy has had variable results on
hypotension outcomes and markers of tissue perfusion[13,20]. Research in obstetric-specific contexts
is necessary to optimize protocols for HPI in childbirth. Our findings show smaller confidence
intervals in Group HPI around several hemodynamic parameters, which suggests that HPI-guided
treatment for ELA-associated hypotension may result in more precise control of hemodynamic
targets. These findings may be primarily because HPI-guided treatment enables more precise
therapies according to specific hemodynamic perturbation (e.g., correcting a systemic vascular
resistance issue with vasopressors, correcting a preload issue with volume). Targeted hemodynamic
therapies have implications for clinically relevant outcomes in the birth context, specifically for
improving placental perfusion and prevention of emergent interventions for fetal distress that may
result from placental insufficiency during labor and delivery.

We were surprised to see that our study shows 63-71% for hypotensive events, which is higher
than previous estimates. Notably, in published literature the quoted incidence of hypotension after
epidural labor analgesia is highly variable with estimates ranging between 14% and 36%.[15,21,22]
These variations can be attributed to differences in study populations, definitions of hypotension,
and clinical practices. In our study, we used a definition of hypotension that was consistent with our
existing hospital policies and on the definition of hypotension that informed HPI technology. Some
explanations for our measured differences compared to what has been previously quoted may be
because our institutional definitions of hypotension are more conservative than published literature
thereby leading to more patients meeting the hypotension definition, or because patients who elected
to participate were interested because they were more prone to hypotensive events.

This study has several limitations. First, the sample size of 30 participants was intentionally
small as a feasibility study. The small sample limits making definitive conclusions, but it was helpful
in indicating trends to inform future trials. In our study, hemodynamic trends are indicating potential
benefits of HPI-guided therapies, particularly for cardiac output and systemic vascular resistance. A
larger trial is needed to validate these results across more diverse populations. Second, the study
duration was limited to 4 hours of monitoring following epidural labor analgesia (ELA), which may
not capture late-onset hypotension events or other long-term hemodynamic changes. Future trials
can expand the monitoring period. Additionally, the study relied on continuous monitoring from the
CBPM system, and while this technology has shown promise, the comparison with intermittent non-
invasive blood pressure (NIBP) monitoring may not fully reflect real-world clinical conditions where
frequent interruptions or device malfunctions could occur.

This study did not include area under the curve (AUC) MAP <65 mmHg or time-weighted
hypotension metrics, which are commonly used in intraoperative hypotension research. However,
the clinical setting and objectives of this study differed from conventional studies: our focus was on
feasibility, acceptability, and care responsiveness in a dynamic labor environment, where time-to-
treatment serves as a more actionable and patient-centered implementation outcome. These
conventional efficacy endpoints will be considered for incorporation into an analytic plan for a larger
and fully powered trial on efficacy.
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Our results suggest that adopting a protocol focused on earlier treatment of hypotension in labor
and delivery can result in improvements in maternal physiology and symptoms. These
improvements may also translate to improved fetal-neonatal outcomes although trials are needed to
assess the impact of HPI-driven protocols on fetal-neonatal outcomes specifically.

Future studies should explore long-term maternal and neonatal outcomes associated with HPI-
guided interventions, including outcomes for the entirety of labor and delivery and postpartum.
Larger trials in diverse populations would be valuable to validate the effectiveness of HPI across
patient groups and settings, and to optimize the alert thresholds and treatment algorithms. Also,
examining the cost-effectiveness of implementing continuous HPI monitoring on labor units will be
critical in determining its value and practicality in routine clinical practice across all practice settings.
Research should also assess the impact of HPI-guided management on preventing adverse fetal
outcomes that are attributable to maternal hypotension.

CONCLUSIONS

In conclusion, this study provides evidence that continuous monitoring and HPI-driven
protocols to detect and treat hypotension in labor and delivery are feasible, appropriate, and
acceptable to patients and clinicians. Although this study was not designed or intended to be
powered to detect significant differences in tme-to-treatment, we detected interesting trends in
higher cardiac output and lower systemic vascular resistance, suggesting the potential for clinical
benefit with HPI-guided treatment. These findings support further exploration in a larger trial.

HPI-guided treatment represents a promising digital strategy to improve maternal
hemodynamics and exemplifies how Al-driven monitoring can advance precision and
responsiveness in obstetric anesthesia care. It has the potential to support earlier detection and
precision treatment of epidural-associated hypotension, a common childbirth event with maternal
and fetal safety implications. Future trials are needed to fully inform the clinical utility of HPI-guided
labor anesthetic management. Future work should also explore how continuous monitoring and
prediction platforms can be integrated with electronic medical records and clinical decision support
systems to streamline implementation and ensure timely clinical response.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org.
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