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Intraoperative hemodynamic
optimization using the
hypotension prediction index vs.
goal-directed hemodynamic
therapy during elective major
abdominal surgery: the Predict-H
multicenter randomized
controlled trial
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Maria E. Agudelo8, Angel Villar-Pellit de la Vega1,
Alicia Ruiz-Escobar4, Azahara Cortés5, Rocio Venturoli7,
Ana Quintero1, Guadalupe M. Acedo8, Ane Abad-Motos4,
Peña Gómez1, Alfredo Abad-Gurumeta4

and Manuel I. Monge-García2,7
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Macarena Hospital, Sevilla, Spain, 7Anesthesia and Critical Care Department, Hospital Universitario SAS de
Jerez, Jerez de la Frontera, Spain, 8Anesthesia and Critical Care Department, Complejo Hospitalario de
Badajoz, Badajoz, Spain

Background: Intraoperative hypotension (IOH) is associated with increased
morbidity and mortality after major abdominal surgery but remains significant
even when using goal-directed hemodynamic therapy (GDHT) protocols. The
Hypotension Prediction Index (HPI) is a machine learning-derived parameter that
predicts arterial hypotension. We tested the hypothesis that an HPI-based
protocol reduces the duration and severity of hypotension compared with a
GDHT protocol during major abdominal surgery.
Methods: This is a parallel-arm double-blinded multicenter randomized trial
involving adult patients undergoing elective major abdominal surgery at five
centers. Patients were optimized according to a previously recommended
GDHT protocol (GDHT group) or the HPI value (HPI group). Hemodynamic
optimization in both groups started 15 min after the surgical incision. The
primary outcome was the intraoperative time-weighted average of mean arterial
pressure under 65 mmHg (TWA-MAP < 65 mmHg). Other metrics for IOH and
secondary outcomes, including TWA below individual baseline values of
intraoperative tissue oxygenation (StO2), postoperative AKIRisk, postoperative
complications, length of stay, and 30-day mortality, were explored.
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Results: Eighty patients were randomized (40 patients in each group). TWA-MAP <
65 mmHg was 0.06 (25th–75th interquartile range: 0–0.27) mmHg in the GDTH group
vs. 0 (0–0.04) mmHg in the HPI group (p= 0.015). Total time with MAP < 65 mmHg per
patient was 4.6 (0–21) min in the GDHT group and 0 (0–3) min in the HPI group
(p= 0.008). The TWA below the baseline StO2 was 0.40% (0.12%–2.41%) in the GDHT
group and 0.95% (0.15%–3.20%) in the HPI group (p= 0.353). The AKIRisk values
obtained in the GDHT group were 0.30 (0.14–0.53) and 0.34 (0.15–0.67) in the GDHT
and HPI groups (p= 0.731), respectively. Both groups had similar postoperative
complications, length of stay, and 30-day mortality.
Conclusions: An HPI-based protocol reduced intraoperative hypotension compared with a
standard GDHT protocol, with no differences in tissue oxygenation and postoperative
AKIRisk.

KEYWORDS

intraoperative hypotension, postoperative complications, hypotension prediction index, goal-

directed hemodynamic therapy, tissue oxygenation
1. Introduction

More than 300 million patients undergo surgery worldwide

each year (1). Despite technological advances and the adoption

of perioperative care pathways, postoperative complications

remain frequent, affecting quality of life and postoperative

mortality (2).

Intraoperative goal-directed hemodynamic therapies (GDHT)

have traditionally attempted to optimize oxygen delivery and

may significantly improve outcomes in patients undergoing non-

cardiac surgery (3–5). Adequate perfusion pressure is crucial for

avoiding tissue hypoxia and maintaining organ function during

the perioperative period (6) and is a fundamental part of most

GDHT protocols (7). Although Goldman and Caldera already

demonstrated the crucial role of intraoperative arterial pressure

management (8), in 2007, Bijker et al. reported significant

variability in published definitions of hypotension, describing 140

different definitions in 130 reviewed articles (9). More recently,

based on the association between intraoperative mean arterial

pressure (MAP) and adverse postoperative outcomes, a MAP <

65 mmHg is now recommended for defining intraoperative

hypotension (IOH) (10). However, a unidimensional definition of

IOH is incomplete, as both the severity and duration of IOH

have been associated with poor postoperative outcomes (11, 12).

Arterial hypotension is frequent during the intraoperative

period, with an incidence estimated between 5% and 99%,

depending on the definition used (9). In a recent study, 87% of

patients who underwent surgery experienced at least one episode

of intraoperative hypotension, defined as a MAP < 65 mmHg for

at least 1 min, even when receiving hemodynamic optimization

according to a GDHT protocol (13).

The Hypotension Prediction Index (HPI) is a validated

algorithm developed using machine learning techniques based on

arterial pressure waveform analysis that predicts the occurrence

of arterial hypotension (14). The use of HPI coupled with a

proactive therapeutic attitude may reduce intraoperative

hypotension in adults undergoing non-cardiac surgery (15). In
02
this multicenter study, we hypothesize that an HPI-based

therapeutic protocol will reduce the overall duration and severity

of intraoperative hypotension and may improve tissue

oxygenation and postoperative risk for kidney dysfunction in

adult patients undergoing major abdominal surgery compared

with a recommended GDHT protocol (16).
2. Material and methods

This manuscript was written according to the CONSORT

statement (checklist available in Appendix A, Supplementary

Material). The Predict-H trial was a parallel-arm double-blinded

multicenter randomized controlled trial. The study was carried

out at five Spanish hospitals: the Juan Ramón Jiménez University

Hospital (Huelva), the Virgen del Rocío University Hospital

(Sevilla), the Infanta Leonor University Hospital (Madrid), the

Hospital Universitario SAS de Jerez (Jerez de la Frontera), and

the Infanta Cristina University Hospital (Badajoz). The trial was

registered in ClinicalTrials.gov, identifier NCT04301102;

Principal Investigator, Juan Victor Lorente; March 10, 2020.

Ethics Committee approval was obtained from the Ethics

Committee of Hospital Gregorio Marañón (Madrid, Spain). The

full trial protocol has been published previously (17). Written

informed consent was obtained from all included patients.

This study was conducted in accordance with the original

protocol from November 2020 to February 2022. Patients were

eligible for enrollment if they were aged more than 65 years old

and/or had American Society of Anesthesiologists (ASA) physical

status III/IV and were scheduled for elective major abdominal

surgery, including general surgery, urology, or gynecology,

through a laparoscopic or open approach, with general or

combined anesthesia. Surgery was considered major if the

expected duration was >2 h, the estimated blood loss was >15%

of blood volume, or if the expected required transfusion was ≥2
packed red blood cells. The exclusion criteria were pregnancy,

preoperative glomerular filtrate of <60 ml/min/1.73 m2 according
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to the CKD-EPI 2009 formula (18), persistent atrial fibrillation,

known cardiac shunts, right ventricular dysfunction, severe

valvulopathy, kidney transplant recipient, and refusal to

participate in the study.
2.1. Randomization

A research assistant at each center assessed patient eligibility

and enrollment. This assistant obtained informed consent from

all patients. The principal investigator at each center assigned

patients to the intraoperative HPI protocol (HPI group) or a

GDHT protocol (GDHT group) through a computer-generated

1:1 allocation sequence with a variable block randomization

method through age strata. Patients were blinded to their

randomization group.
2.2. Common perioperative measures

Patients from both groups received general or combined

anesthesia. The neuraxial analgesia technique was performed

according to the anesthesiologist’s preference before induction.

For pragmatic reasons, the administration of the drugs used in

the anesthesia induction was at the anesthesiologist’s discretion.

Bispectral-index monitoring (BIS, Medtronic, Dublin, Ireland)

was used to monitor the depth of anesthesia. Sevoflurane or

propofol was used for hypnosis maintenance. After the induction

of anesthesia, all patients received a radial artery catheter

connected to a FloTrac® sensor (Edwards Lifesciences, Irvine,

CA, USA) in the GDHT group or an AcumenIQ® sensor in the

HPI group (Edwards Lifesciences).

All patients received standard measures to maintain oxygen

saturation by pulse oximetry of >94%, normothermia (>36°C),

and a heart rate of <100 beats/min. Ventilation with an inspired

oxygen fraction of 60% was mechanically controlled to maintain

PaCO2 between 4.7 and 6.0 kPa, with a positive end-expiratory

pressure of 4–6 mmHg and a tidal volume of 8 ml/kg. For

maintenance fluid therapy, a balanced crystalloid (Isofundin®/

Plasmalyte®) was administered at 1–3 ml/kg/h for laparoscopic

surgery and 5–7 ml/kg/h for open surgery. Packed red blood cells

were transfused if the hemoglobin level was <8 g/dl. The choice

and dose of the vasopressor and ionotropic drugs were

determined by the anesthesiologist in charge of the patient in

both groups.

Tissue oxygen saturation (StO2) was continuously recorded

every 2 s by placing an adult sensor (ForeSight Elite® sensor,

model FSESL, Edwards Lifesciences) over the brachioradialis

muscle using near-infrared spectroscopy (NIRS) technology. StO2

values were hidden from the main screen in both groups but

were recorded internally into the HemoSphere monitor. Urinary

kidney stress biomarkers [TIMP-2]-[IGFBP7] were measured

with an Astute140 Meter (BioMérieux). This device applies a

sandwich immunoassay technique and converts the fluorescent

signals from each immunoassay (TIMP-2 and IGFBP7)

contained within the Nephrocheck test cartridge into a single
Frontiers in Anesthesiology 03
numerical risk result (AKIRisk). The first urine sample was

collected when performing the bladder catheterization after

induction. The first postoperative sample was collected 4 h after

the patient’s admission to the intensive care unit. If the value of

this sample was between 0.3 and 2, a second postoperative

sample was collected 12 h after the first one (19). Urinary

[TIMP-2]-[IGFBP7] was measured by the principal investigator

at each center and blinded to the rest of the researchers.

The intervention period (optimization time) began 15 min

after the surgical incision and continued until wound closure.

The primary hemodynamic goal for both groups before this

period was to maintain a mean arterial pressure (MAP) of

>65 mmHg by administering vasopressors as necessary.

All hemodynamic data were recorded every 20 s using the

HemoSphere system and were downloaded after surgery for

offline analysis. Artifacts in blood pressure measurements were

excluded if they met one or more of the following criteria: a null

value was recorded because the monitor could not calculate

MAP; SAP ≥300 mmHg or <20 mmHg; diastolic pressure

≥225 mmHg or ≤5 mmHg; systolic pressure≤ diastolic pressure

5 mmHg; or if the absolute value of the second derivative of

MAP >15 mmHg·s2. If missing values accounted for less than

1 min, MAP was linearly interpolated from the available values.

Data related to the total fluid therapy administered, the

accumulated dose of vasoactive agents and inotropes, and the

transfusion of whole-blood products during surgery were

collected. A research assistant at each hospital, who was blinded

to the group allocation, conducted daily follow-ups of patients

until their discharge from the hospital.
2.3. Hemodynamic management

2.3.1. GDHT group
In the GDHT group, hemodynamic management was based on

the variables provided by the HemoSphere monitor connected to a

FloTrac sensor, including cardiac index (CI), stroke volume

variation (SVV), and MAP. The hemodynamic optimization

protocol for this group is depicted in Figure 1. This protocol is a

previously published (16) and recommended algorithm for

intraoperative flow optimization (GDHT), not specifically

designed for IOH reduction. If the SVV value increased above

13%, a fluid bolus of 250 ml of colloid was administered and

repeated until SVV was <13%. MAP was maintained above

65 mmHg by a vasoconstrictor drug after fluid optimization of

SVV. An ionotropic agent was added if the CI persisted at

<2.5 L/ml/m2 after the previous steps (16).

2.3.2. HPI group
In the HPI group, hemodynamic management was based on

the hypotension alert provided by HPI in combination with

SVV, the maximum rise of arterial pressure (dP/dtmax) as a

surrogate for assessing left ventricular contractility (20), and

dynamic arterial elastance (Eadyn) for determining the pressure-

responsiveness (21). The hemodynamic optimization protocol on

the HPI group aimed to prevent the main mechanisms leading to
frontiersin.org

https://doi.org/10.3389/fanes.2023.1193886
https://www.frontiersin.org/journals/anesthesiology
https://www.frontiersin.org/


FIGURE 1

Control group: goal-directed hemodynamic therapy protocol.
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arterial hypotension: hypovolemia, impaired contractility, and

vasoplegia (Figure 2). When HPI rose above 85%, SVV was

checked. If SVV was <13% and dP/dtmax was >400 mmHg·s, a

vasoconstrictor was administered, whereas an inotrope was

administered if dP/dtmax was <400 mmHg·s. On the other hand,

if SVV was >13% and the Eadyn value was >1, a fluid bolus of

250 ml of colloid was administered; a vasoconstrictor was

administered if the Eadyn was <1.
2.4. Outcomes

2.4.1. Primary outcome
The primary outcome was the time-weighted average (TWA) of

arterial hypotension during surgery, which considers the duration
Frontiers in Anesthesiology 04
and depth of arterial hypotension, the two main factors

associated with the risk of developing tissue hypoperfusion (12).

The TWA for arterial hypotension was calculated as follows:

TWA-MAP , 65(mmHg)

¼ total area under a MAP , 65 mnmHg (mmHg�min)
optimization time (min)

:

As TWA-MAP < 65 mmHg weights the amount of intraoperative

hypotension by the total optimization time (defined from the

onset of hemodynamic optimization until the closure of the

surgical wound), it represents a more helpful variable for

comparing the severity and duration of IOH among different

populations.
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FIGURE 2

Intervention group: HPI-based therapeutic protocol.
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2.4.2. Exploratory outcomes
2.4.2.1. Other metrics for IOH
As exploratory outcomes, we also analyzed the total hypotension

time per case, the incidence of hypotension (the number of

hypotensive events per patient), and arterial pressure variability.

A hypotensive event was defined as a MAP value of <65 mmHg

for at least 1 min. MAP variability, a variable that has been

independently associated with 30-day mortality in the non-

cardiac surgery population, was assessed using the generalized

averaged real blood pressure variability (generalized aVR), an

index of short-term blood pressure variation proposed by

Mascha et al. and measured as the sum of consecutive jumps or

drops across surgery (10):

generalized aVR ¼ 1
T

XN�1

k¼1

jMAPkþ1 �MAPkj, mmHg=min,

where N is the number of arterial pressure measurements averaged

every minute and T is the duration of the optimization period,

expressed in minutes.
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2.4.2.2. Secondary outcomes
We calculated the time-weighted average below an individual StO2-

specific threshold obtained as the average StO2 value during the

first minute of optimization. We also identified the minimum

StO2 value in both groups, defined as the minimum value

sustained for at least 5 min (22).

The time-weighted average of StO2 below this baseline

reference value was measured by calculating the area under the

threshold defined divided by the total duration of surgery. We

also compared the AKIRisk at baseline and the evolution among

both groups.

Secondary outcomes also included postoperative complications

defined by the European Perioperative Clinical Outcome (EPCO)

definitions (23), length of hospital stay, and 30-day mortality. A

designated data collector was responsible for data collection,

including blood sampling and AKIRisk measurements; this

individual was blinded to patient allocation.
2.5. Sample size

The sample size was based on the previous report of the mean

and standard deviation of TWA-MAP < 65 mmHg. According to
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Wijnberge et al., we estimated a mean and standard deviation

TWA-MAP < 65 mmHg of 0.5 and 0.51 in the control group,

respectively. For a 75% reduction in TWA-MAP < 65 mmHg,

the calculated effect size was 0.735. A sample size of 80

patients, 40 in each group, would provide a 90% power to

detect a two-sided 0.05 significance level. Sample size was

calculated using G* Power software v3.9.7 (Universitat Kiel,

Kiel, Germany).
2.6. Statistical analysis

The normality of data distribution was assessed using the

Shapiro–Wilk test. Continuous data are presented as the mean

and the standard deviation (SD) or the median (25th–75th

interquartile range, IQR) when non-normally distributed.

Categorical variables are expressed as absolute counts and

percentages. Differences in primary and secondary outcomes

were assessed using the Mann–Whitney–Wilcoxon test. The

median of differences and their 95% confidence intervals were

calculated using the Hodges–Lehmann method. Chi-square or

the exact Fisher test was used for the intergroup comparisons for

categorical variables. We fitted a linear mixed model to detect

differences in the AKIRisk, creatinine, and serum lactate

evolution between the HPI and GDHT groups. The analysis was

performed using restricted maximum likelihood (REML),

including study group, time, and their interaction as fixed

factors, and subjects as a random effect. The model employed a

random intercept and slope (with an unstructured covariance

structure) to allow for individual differences in baseline AKIRisk,

creatinine, and serum lactate levels, as well as their changes over

time. The quasipoisson regression model was used to compare

the LOS between groups.

Two-tailed testing was conducted for all hypothesis testing, and

p < 0.05 was considered statistically significant. All statistical

analyses were performed by an external statistician using R

(R Core Team: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna,

Austria).
3. Results

One hundred and thirty-two patients were assessed for

eligibility. A total of 80 patients were recruited at the five

participating hospitals between November 2020 and February

2022. The study flowchart is shown in Figure 3. Table 1 shows

the baseline characteristics of the study population. Most patients

were male (64%), aged between 65 and 74 years (46%), and had

an ASA status of III (58%). Colorectal surgery was the most

frequent surgery in both groups. The neuroaxial analgesia

technique was performed in 26 patients in the GDHT group vs.

25 patients in the HPI group (p = 0.8172). The duration of the

optimization period was significantly lower in the HPI group

[165 (212–190) min vs. 198 (143–241) min]; p = 0.027). Both

groups had a comparable surgery duration (p = 0.323).
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Table 2 shows both groups’ cumulative doses of vasoactive and

fluid therapy during the intraoperative period. Patients in the

GDHT group received more colloids, and only one in the HPI

group received a dobutamine infusion. We observed a trend

increase in serum lactate levels but no significant differences

between both groups (Figure 4). There were no differences in

the total volume of fluid therapy or transfusion of whole-blood

products during surgery nor in the accumulated dose of

vasoactive agents or ionotropic drugs during the intraoperative

period.
3.1. Primary outcomes

The TWA-MAP < 65 mmHg was 0.06 (0–0.27) mmHg in the

GDHT group vs. 0.00 (0.00–0.04) mmHg in the HPI group

[median difference: −0.01 (95% CI: 0.09–0), p = 0.015].
3.2. Exploratory outcomes

3.2.1. Other metrics for IOH
The total time of MAP < 65 mmHg per patient was 4.61 (0.0–

20.9) min in the GDHT group and 0.00 (0.0–3.2) min in the HPI

group [median difference: −2.23 (95% CI: 9.08–0), p = 0.008].

The number of hypotensive events was significantly lower in the

HPI group [0 (0–1) vs. 1 (0–4)], [median difference: 0 (95% CI:

−2 to 0), p < 0.010]. The AUC MAP < 65 mmHg was 9.80 (0.00–

42.80) mmHg per min in the GDHT group and 0.00 [0.00–

6.97] mmHg per min in the HPI-group [median difference:

−2.28 (95% CI: −21.03 to 0), p = 0.015]. No significant

differences were observed in minimum MAP values and arterial

pressure variability (aVR) (Table 3, Figure 5).

3.2.2. Secondary outcomes
3.2.2.1. Tissue oxygenation
The results of intraoperative StO2 can be found in Table 4. The

averaged StO2 value during the first minute of optimization was

73% (65%–83%) in the GDHT group and 74% (67%–82%) in the

HPI group [median difference: 0 (95% CI: −6 to 6), p = 0.836].

The TWA below this baseline value was 0.40% (0.12%–2.41%) in

the GDHT group and 0.95 (0.15%–3.20%) in the HPI group

[median difference: −0.13 (95% CI: −0.13 to 0.85), p = 0.353].

The AUC under the baseline reference value in the GDHT group

was 90% (18%–487%) and 160% (22–447) per min in the GDHT

and HPI groups, respectively [median difference: 6 (95% CI: −47
to 92), p = 0.676]. The minimum StO2 value sustained at least for

5 min in the GDHT group was 65% (59%–76%) vs. 66% (58%–

73%) in the HPI group [median difference: −1 (95% CI: −6 to 4),

p = 0.840] (Figure 6).

3.2.2.2. AKIRisk
Perioperative AKIRisk values are shown in Table 4. AKIRisk

obtained just after induction was similar in both groups. The

AKIRisk values collected 4 h after surgery were 0.30 (0.14–0.53)

and 0.34 (0.15–0.67) in the GDHT and HPI groups, respectively
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FIGURE 3

CONSORT flow diagram.
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[median difference: 0.01 (95% CI: −0.11 to 0.17), p = 0.731]. There

was no significant association between the AKIRisk value or the

creatinine level and the study group, time, and the interaction

between both factors in the linear mixed model analysis (Figure 7).

3.2.2.3. Other postoperative outcomes
Table 5 shows the results for postoperative complications. The

percentage of patients who experienced postoperative

complications was similar in both groups: 32.5% vs. 22.5%

[χ2 (1, N = 80) = 0.991, p = 0.3196]. LOS was similar in both

groups: 10.2 (8.5) days in the GDHT group vs. 10.8 (16.1) days

in the HPI group [OR 1.06 (95% confidence interval: 0.642–

1.732, p = 0.828)]. All patients included in both groups were alive

30 days after the surgery.
4. Discussion

In this multicenter trial, an HPI-based therapeutic protocol

significantly reduced intraoperative hypotension compared with a

goal-directed hemodynamic therapy protocol in adult patients
Frontiers in Anesthesiology 07
undergoing major abdominal surgery. However, there were no

differences between intraoperative StO2 and postoperative

AKIRisk values.

Intraoperative hypotension has been increasingly recognized as

a preventable and potentially avoidable phenomenon associated

with worse postoperative outcomes, such as acute kidney injury,

myocardial injury, and mortality (11, 12). Clinical decision

support systems that are designed to continuously monitor and

identify patients at a high risk of developing hemodynamic

instability have the potential to improve the timely recognition of

the need for immediate hemodynamic support (24).

Multiparameter systems using machine learning to analyze

complex associations between physiological variables and the

occurrence of hemodynamic instability have been proposed as a

way to accurately stratify patients at risk (25). Our results

corroborate previous studies on the usefulness of HPI for

reducing IOH (15, 26) and extend those reports by comparing its

performance against a standard goal-directed therapy protocol.

An intraoperative hemodynamic protocol based on proactive

management aimed at preventing arterial hypotension offered a

significant reduction in the severity and duration of IOH
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TABLE 1 Characteristics of the study population.

All Control
group

HPI group p
value

N = 80 N = 40 N = 40

Sex, n (%)
Female 29 (36%) 14 (35%) 15 (38%) 0.817

Male 51 (64%) 26 (65%) 25 (63%) 0.817

Age, years
65–75, n (%) 37 (46%) 19 (48%) 18 (45%) 0.824

76–85, n (%) 24 (30%) 11 (28%) 13 (32.50%) 0.628

>85, n (%) 19 (24%) 10 (25%) 9 (23%) 0.317

Body mass
index, kg/m2

26.8 ± 4.4 27.3 ± 4.6 26.3 ± 4.2 0.317

ASA classification
1 1 (1%) 0 (0%) 1 (3%) 0.317

2 33 (41%) 17 (43%) 16 (40%) 0.821

3 46 (58%) 23 (58%) 23 (58%) 1

Comorbidities, n (%)
Obesity 27 (34%) 14 (35%) 13 (33%) 0.814

Hypertension 50 (63%) 26 (65%) 24 (60%) 0.646

Diabetes
mellitus

25 (31%) 13 (33%) 12 (30%) 0.811

Coronary
artery disease

6 (8%) 4 (10%) 2 (5%) 0.400

Heart failure 2 (3%) 2 (5%) 0 (0%) 0.155

Cirrhosis 4 (5%) 2 (5%) 2 (5%) 1

Stroke 9 (11%) 4 (10%) 5 (13%) 0.725

COPD/asthma 15 (19%) 8 (20%) 7 (18%) 0.776

Preintervention
MAP, mmHg

99 ± 13 99 ± 11 100 ± 15 0.859

Preoperative
hemoglobin, g/dl

13.4 ± 1.9 13.3 ± 1.9 13.5 ± 2 0.656

Preoperative
creatinine, mg/dl

0.79 (0.69–0.88) 0.81 (0.73–0.92) 0.78 (0.67–0.84) 0.208

Preoperative
albumin, mg/dl

4 (3.65–4.35) 4 (3.80–4.40) 4 (3.52–4.30) 0.824

Surgical approach, n (%)
Laparotomy 38 (48%) 20 (25%) 18 (23%) 0.656

Laparoscopy 36 (45%) 16 (20%) 20 (25%) 0.372

Conversion 6 (8%) 4 (5%) 2 (3%) 0.399

Type of surgery, n (%)
Urology 9 (11%) 6 (15%) 3 (8%) 0.292

Ginecology 6 (8%) 4 (10%) 2 (5%) 0.414

Colorectal 37 (47%) 16 (40%) 21 (55%) 0.221

Gastric 5 (6%) 2 (5%) 3 (8%) 0.604

Pancreatic 9 (12%) 6 (15%) 3 (8%) 0.329

Hepatic 12 (15%) 6 (15%) 6 (16%) 0.923

Other 2 (5%) 1 (3%) 1 (3%) 1

Neuroaxial
analgesia

51 (64%) 26 (65%) 25 (62%) 0.817

Duration, min
Surgerya 215 (169–260) 240 (170–270) 205 (169–245) 0.323

Optimizationb 176 (129–229) 198 (143–241) 165 (121–190) 0.027

Data are expressed as absolute numbers and percentage, mean ± standard

deviation or median (25th–75th interquartile range).

ASA, American Society of Anesthesiologists; COPD, chronic obstructive pulmonary

disease; MAP, mean arterial pressure.
aFrom the time of incision until closure of the surgical wound.
bFrom the time of starting hemodynamic optimization until closure of the surgical

wound.

TABLE 2 Cumulative doses of fluids, blood transfusions, and vasoactive
drugs administered intraoperatively.

Control
group

HPI group Median
difference
(95% CI)

p
value

N = 40 N = 40

Fluid therapy
Crystalloids, ml 1,500 (1,100–

2,500)
1,500 (1,075–

2,000)
−150 (−500 to

150)
0.342

Colloids, ml 325 (0–750) 0 (0–500) −250 (−250 to
0)

0.012

Red blood packed
cells, ml

600 (275–630) 425 (250–600) −25 (−366 to
450)

0.667

Vasopressors
Ephedrine, mg 15 (10–33) 22 (15–30) 4 (−2 to 10) 0.292

Phenylephrine, mcg
200 (150–600) 300 (188–565) 0 (−150 to

200)
0.689

Noradrenaline, mcg
1,494 (819–

2,534)
1,136 (189–

2,903)
−299 (−3,234
to 1,791)

0.734

Noradrenaline,
mcg·kg−1·min−1

0.13 (0.10–0.20) 0.20 (0.10–0.25) 0.05 (−0.20 to
0.09)

0.493

Dobutaminea, mcg
– 2,000 –

Data are expressed as median (25th–75th interquartile range). The Hodges–

Lehmann median difference (the Hodges–Lehmann estimate of location shift)

and its 95% confidence interval are also provided. The p-values were obtained

from Wilcoxon rank-sum tests.
aOnly one patient.
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compared with a flow-optimization protocol without affecting

tissue perfusion. However, the contribution of this reduction in

IOH to postoperative outcomes is yet to be determined.

GDHT algorithms have not been designed explicitly for IOH

reduction. Their implementation is not the definitive solution to

this problem. In a recent study, a significant hypotensive burden

was accumulated during surgery despite using an intraoperative

GDHT protocol (13). Moreover, considering that the association

between IOH and postoperative outcomes is independent of the

optimal cardiac index (27), the application of an HPI-based

protocol provides an additional benefit, reflected in the IOH

reduction and the lower duration of IOH per case in the HPI

group. The HPI provides time for the clinician to select the

adequate treatment based on advanced hemodynamic parameters

before hypotension occurs. In this study, once the HPI value rose

above 85%, the anesthesiologist started a protocol-guided

treatment that provides three options, fluid administration,

vasoconstrictor, or inotropes, thus allowing a proactive approach

to the intraoperative management of IOH based on the main

mechanisms leading to arterial hypotension.

Compared with similar studies evaluating the impact of the

HPI algorithm (15, 28) on IOH, the TWA-MAP < 65 mmHg in

our GDHT group was significantly lower. In the HYPE study,

the median TWA-MAP < 65 mmHg in the control group was

0.44 (0.23–0.72) mmHg, whereas Maheshwari K et al. reported a

median of 0.14 (0.03–0.39) mmHg in the unguided group.

However, we must consider that, in these studies, patients in the

control group received standard care, which usually means no
frontiersin.org
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FIGURE 4

Intraoperative serum lactate levels in both groups.

TABLE 3 Primary outcome and other metrics for IOH.

Control
group

HPI group Median
difference
(95% CI)

p
value

N = 40 N = 40
TWA-MAP < 65,
mmHg

0.06 (0–0.27) 0 (0–0.04) −0.01 (0.09–0) 0.015

Other metrics of intraoperative hypotension
AUC-MAP <

65, mmHg·min
9.80 (0–42.80) 0 (0–6.97) −2.28

(−21.03 to 0)
0.015

Duration of
MAP < 65, min

4.61 (0–20.91) 0 (0–3.18) −2.23
(−9.08 to 0)

0.008

Lowest
intraoperative
MAP, mmHg

61 (55–67) 66 (60–70) 4 (−1 to 8) 0.107

Number of
hypotensive
events, n

1 (0–4) 0 (0–1) 0 (−2 to 0) 0.010

Total time of
hypotension per
case, min

4.6 (0–20.9) 0 (0–3.2) −2.2 (−9.1 to 0) 0.008

Generalized
aVR, mmHg/min

2.4 (1.7–3.2) 2.4 (2.1–3.3) 0.1 (−0.3 to 0.5) 0.564

MAP, mean arterial pressure; TWA-MAP, time-weighted average of MAP < 65

mmHg; AUC, area under the curve; aVR, averaged real blood pressure variability.

Data are expressed as median (25th–75th interquartile range). The Hodges–

Lehmann median difference (the Hodges–Lehmann estimate of location shift)

and its 95% confidence interval are also provided. The p-values were obtained

from the Wilcoxon rank-sum test.
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specific hemodynamic protocol was used. In our GDHT group,

however, a widely accepted hemodynamic optimization protocol

(16) was employed. In daily practice, less than 30% of patients

undergoing colorectal surgery receive an intraoperative GDHT

protocol (29). Therefore, the differences in IOH observed in our

study groups could have been even greater if a control group

closer to these real-life conditions was used.

The TWA-MAP < 65 mmHg in the HPI group was lower than

in two previous randomized controlled trials using an HPI-based

protocol to reduce IOH in patients undergoing abdominal

surgery (15, 30). In these trials, the preoperative comorbidity of

the included patients, represented by ASA status, was similar. In

the HYPE trial (15), the authors reported a TWA-MAP <

65 mmHg higher than our GDHT group [0.1 (0–0.43) mmHg].

The use of a relatively complex hemodynamic diagnostic and

treatment guide and the inclusion of esophageal surgery patients

in their intervention group may have influenced our better

results. Murabito et al. (30) also reported a higher TWA-MAP <

65 mmHg [0.12 (0.35) mmHg]. The arterial line was placed

before anesthesia induction in contrast to our study.

Our results contrast with the lack of benefit of using an

intraoperative HPI-guided protocol found in the Maheshwari

et al. study (28). However, as acknowledged by their authors, the

lack of benefits in this study could be explained by several
frontiersin.org
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FIGURE 5

Distribution of minimum mean arterial pressure (MAP), time-weighted average MAP < 65 mmHg, and area under the curve MAP < 65 mmHg in both study
groups.

TABLE 4 Secondary outcomes.

Control
group

HPI group Median
difference
(95% CI)

p
value

N = 40 N = 40

StO2

Baseline
StO2, %

73 (65–83) 74 (67–82) 0 (−6 to 6) 0.836

Minimum
StO2, %

65 (59–76) 66 (58–73) −1 (−6 to 4) 0.840

AUC StO2

< baseline
StO2

90 (18–487) 160 (22–447) 6 (−47 to 92) 0.676

TWA-StO2

< baseline
StO2

0.40 (0.12–2.41) 0.95 (0.15–3.20) 0.13 (−13 to 0.85) 0.353

AKIRisk
After

induction
0.46 (0.18–0.78) 0.28 (0.20–0.72) −0.02 (−0.21 to

0.13)
0.757

4 h after
surgery

0.30 (0.14–0.53) 0.34 (0.15–0.67) 0.01 (−0.11 to
0.17)

0.731

<0.3, n (%) 19 (48%) 16 (41%) 0.565

>0.3, n (%) 21 (53%) 23 (59%) 0.565

12 h after
surgery

0.57 (0.28–1.26) 0.38 (0.22–0.99) −0.04 (−0.34 to
0.26)

0.685

StO2, tissue oxygen saturation; AUC-StO2, area under the curve below the baseline

StO22 value; TWA-StO2, time-weighted average of StO2 below the baseline value;

AKI, acute kidney injury.

Data are expressed as median (25th–75th interquartile range). The Hodges–

Lehmann median difference (the Hodges–Lehmann estimate of location shift)

and its 95% confidence interval are also provided. The p-values were obtained

from Wilcoxon rank-sum tests.
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factors: an excessively complicated HPI treatment protocol, poor

adherence to the recommendation suggested by the protocol, and

the lack of use of lower HPI values for alerting the physician of

increased hemodynamic instability and recommending checking

the potential cause, as in our protocol.

Our results highlight the value of our HPI protocol. First, most

situations contemplated in our HPI protocol involve treatment, not

just observation, encouraging a proactive attitude toward reducing

IOH. Second, its simplicity allows the anesthesiologist in charge to

act quickly in case of an alarm. In addition, it offers a tailored

treatment based on the main pathophysiological mechanisms

related to IOH according to the continuous assessment of SVV,

dP/dtmax, and Eadyn. The HPI protocol in our intervention group

provided time for the anesthesiologist to perform the most

physiologically adequate treatment for the patient.

Undetected tissue hypoxia may contribute to postoperative

organ dysfunction (31). Therefore, evaluating whether a potential

reduction of IOH in the HPI group was associated with better

intraoperative perfusion was another element of our study.

However, no significant differences in StO2 or AKIRisk values

were observed between both groups, despite the overall reduction

in IOH compared with the control group.

Our results reinforce the value of the GDHT protocol for

preventing organ hypoperfusion. The low IOH exposure achieved

in both groups, despite using different strategies (flow

optimization in the control group vs. pressure optimization in

the intervention group), may explain the absence of
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FIGURE 6

Distribution of minimum StO2, averaged StO2 at baseline, and time-weighted average StO2 <baseline in both study groups.

FIGURE 7

Distribution of perioperative AKIRisk values in both study groups.
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TABLE 5 Postoperative complications, length of stay, and 30-day
mortality.

Control
group

HPI
group

Odds ratio
(95%CI)

p
value

N = 40 N = 40
Postoperative
complications, n (%)

13 (32.5) 9 (22.5%) 0.60 (0.22–
1.65)

0.332

AKI 3 (7.5%) 3 (7.5%) 1 (0.19–5.28) 1

ARDS 1 (2.5%) 1 (2.5%) 1 (0.06–16.56) 1

Anastomotic leak 1 (2.5%) 2 (5%) 2.05 (0.18–
23.59)

0.564

Arrhytmia 2 (5%) 0 (0%) 0.19 (0.01–
4.09)

0.289

Cardiac arrest 0 (0%) 0 (0%) – –

Pulmonary oedema 0 (0%) 0 (0%) – –

Gastrointestinal
bleeding

0 (0%) 2 (5%) 5.26 (0.24–
113.11)

0.289

Bloodstream Infection 1 (2.5%) 1 (2.5%) 1 (0.06–16.56) 1

Pneumonia 1 (2.5%) 0 (0%) 0.32 (0.01–
8.22)

0.495

Myocardial Infarction 0 (0%) 0 (0%) – –

Haemorrhage 3 (7.5%) 2 (5%) 0.65 (0.10–
4.11)

0.646

Pulmonary embolism 0 (0%) 0 (0%) – –

Surgical site infection 2 (5%) 0 (0%) 0.19 (0.01–
4.09)

0.289

Urinary infection 1 (2.5%) 0 (0%) 0.33 (0.01–
8.22)

0.495

Stroke 0 (0%) 0 (0%) – –

Paralytic Ileus 4 (10%) 2 (%) 0.47 (0.08–
2.75)

0.399

Delirium 1 (2.5%) 0 (0%) 0.33 (0.01–
8.22)

0.50

LOS, days 10 ± 9 11 ± 16 1.98 (0.63–
1.86)

0.778

30-day mortality, n (%) 0 (0%) 0 (0%) – –

AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; LOS, length of

stay.

Data are expressed as absolute values (%), median ± standard deviation, or median

(25th–75th interquartile range).
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improvement in tissue oxygenation and postoperative AKIRisk

values in the HPI group. However, our study was not primarily

aimed at detecting such differences, which would require a much

larger study population. Finally, LOS was longer compared with

large observational cohorts in abdominal surgery (29, 32) and

similar in both study groups, despite the low incidence of

postoperative complications, probably due to the high

preoperative patient comorbidity and the high-risk surgery

performed.

Our study has several limitations that should be considered.

First, the arterial line was placed after anesthesia induction,

according to the standard care of all participating centers. It

should be considered a limitation because up to one-third of IOH

occurs shortly after induction (33). As the HPI algorithm cannot

predict hypotension derived from external pharmacological and

mechanical interventions, such as induction and laryngoscopy,

differences in MAP values and their contributions to the incidence

and severity of hypotension in this period were not analyzed.

Second, we do not report clinician response time following the

HPI alarm nor the percentage of intraoperative time with values
Frontiers in Anesthesiology 12
above the targets set by both protocols. However, even if the

adherence to the study protocol was not recorded, it was carefully

checked by one of the PIs in each case. Moreover, all participating

centers have previous experience performing intraoperative GDHT

and using HPI. Thus, all of them were previously trained before

the study started. Third, the optimization duration was lower in

the HPI group, which could explain the lower AUC and duration

of MAP < 65. However, as TWA-MAP < 65 mmHg considers the

duration and severity of hypotension, this limitation does not

affect differences in the primary outcome. Fourth, the

measurement of StO2 by NIRS is not free of limitations, such as

the interference of myoglobin in the measurements, which may

overestimate the value of tissue saturation (34). Finally, our sample

size was insufficient to demonstrate any significant difference in

the secondary outcomes. Thus, these results should only be

considered exploratory. As for strengths of this study, this is the

first multicenter approach to evaluate the effect of an HPI-based

algorithm in reducing IOH when compared with a group optimized

with a widely accepted and recommended GDHT protocol (16).
5. Conclusion

In conclusion, our multicenter study involving patients

undergoing elective major abdominal surgery demonstrated that

the use of an HPI-based therapeutic protocol significantly

reduced the intraoperative time-weighted average of arterial

hypotension compared with a control group managed according

to a well-established GDHT protocol. Despite the reduction in

IOH, there were no differences in intraoperative tissue

oxygenation and postoperative AKIRisk values. To better

understand the effect of an intraoperative HPI-based therapeutic

protocol on postoperative clinical outcomes, further research is

warranted with a larger multicenter randomized controlled trial.
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