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ABSTRACT

Background: The Hypotension Prediction Index (HPI) is a machine-learning algorithm designed to predict
hypotension. by maintaining mean arterial pressure (MAP) above 65 mmHg. This meta-analysis
evaluated whether HPI-guided management improves postoperative outcomes and included post hoc
analyses of intraoperative hypotension (IOH) metrics in adults undergoing major abdominal surgery.
Methods: A comprehensive search of PubMed, EMBASE, and Cochrane databases identified randomized
controlled trials comparing HPI-guided management with standard care. Primary outcomes were
postoperative complications, acute kidney injury (AKI), perioperative mortality, and hospital length of
stay (LOS). Post hoc analyses assessed IOH metrics, including time-weighted average (TWA) of
MAP < 65 mmHg, area under the threshold (AUT), total time with MAP < 65 mmHg, and intraoperative
fluid use. Meta-analyses were conducted using random-effects models to calculate pooled standardized
mean differences (SMDs), odds ratios (ORs), and mean differences (MDs).
Results: Eight trials involving 1534 patients were included. No significant differences were observed for
AKI (OR: 0.85; 95% CI: 0.64-1.13), postoperative complications (OR: 1.10; 95% CI: 0.83-1.46), mortality
(OR: 0.96; 95% CI: 0.32-2.83), LOS (SMD: —0.15; 95% CI: —0.73 to 0.42), or fluid use (SMD: —0.06; 95% CI:
—0.35 to 0.24). HPI reduced TWA MAP < 65 mmHg (SMD: —0.25; MD: —20.5 min), AUT (SMD: —0.83),
and total time with MAP < 65 mmHg (SMD: —0.74).
Conclusions: HPI-guided management did not significantly improve patient-centered outcomes. Post hoc
analyses indicated a reduction in IOH metrics, but the clinical relevance of these findings remains
uncertain given the lack of blinding and high risk of bias.
Registration: PROSPERO: CRD42023490654.
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1. Introduction

Intraoperative hypotension (IOH) is a well-recognized risk
factor for postoperative complications, including acute kidney
injury (AKI), myocardial infarction, and increased mortality [1,2].
Maintaining an adequate mean arterial pressure (MAP) during
surgery is critical for ensuring tissue perfusion and preventing
organ dysfunction [3]. Despite advances in hemodynamic moni-
toring, IOH episodes remain frequent [2], and are often attributed
to delayed recognition or the challenge of responding promptly to
sudden physiological changes. Although observational studies
consistently associate IOH with adverse outcomes, interventional
trials targeting specific MAP thresholds have not consistently
demonstrated improvements in patient-centered outcomes such
as AKI or mortality. This discrepancy highlights the complexity of
translating hemodynamic targets into clinical benefit and unders-
cores the need for a mechanistically informed, data-driven
approach to hypotension prevention.

The Hypotension Prediction Index (HPI) is a machine learning
algorithm developed to predict IOH by real-time analysis of arterial
pressure waveforms [4]. HPI-guided management aims to enable
proactive interventions, such as fluid administration or vasopres-
sor use, by identifying high-risk periods (HPI > 85) up to 15 min
before hypotensive events [5]. While early studies have shown that
HPI reduces the duration and severity of IOH [6], its impact on
clinically meaningful outcomes, such as AKI or mortality, remains
unclear [7].

Existing evidence highlights that perioperative complications
are multifactorial and influenced not only by MAP but also by
factors such as fluid balance, vasopressors, and patient-specific
comorbidities [1,8,9]. As such, achieving a MAP > 65 mmHg may
not fully mitigate the risks associated with IOH. Moreover, the
added benefit of HPI compared to standard hemodynamic
protocols, including goal-directed hemodynamic therapy (GDHT),
is not established.

This meta-analysis was conducted to evaluate the effect of HPI-
guided intraoperative management on patient-centered outcomes
in adult patients undergoing major abdominal surgery. The
primary outcomes of interest were 30-day mortality, postoperative
complications, and hospital length of stay (LOS). In addition, we
performed post hoc analyses to explore the impact of HPI on key
intraoperative metrics of hypotension—specifically time-weighted
average (TWA) MAP < 65 mmHg, area under the threshold (AUT),
and total duration of hypotension—as well as on intraoperative
fluid administration. These additional outcomes were included to
provide mechanistic insights into how HPI-guided strategies might
influence postoperative recovery and to address concerns raised in
recent trials and expert commentaries regarding the clinical
relevance of intermediate perfusion targets.

2. Methods

This meta-analysis adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [10]
and was registered in the PROSPERO database before initiation
(CRD42023490654). Ethical approval was not required as all data
were derived from previously published studies, as the study used
previously published data and did not involve human or animal
subjects.

2.1. Study selection
The research question was formulated using the PICO (Popula-

tion, Intervention, Comparison, Outcome) framework as follows: In
adult patients undergoing major abdominal surgery, does intra-
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operative hemodynamic management guided by the HPI, com-
pared to standard intraoperative hemodynamic management, with
or without GDHT influence IOH exposure and postoperative
outcomes (AKI, postoperative complications, mortality, intraop-
erative fluid administration, and LOS). Trials were considered for
inclusion if they compared intraoperative hemodynamic manage-
ment guided by HPI to standard care, which may or may not
include intraoperative GDHT.

2.2. Criteria for eligibility

Studies were included if they met the following criteria:
randomized controlled trials (RCTs) published in peer-reviewed
journals involving adult patients undergoing major abdominal
surgery, compared HPI-guided management with standard care,
and reported outcomes relevant to IOH or postoperative compli-
cations.

The exclusion criteria included non-randomized studies,
observational designs, conference abstracts, studies not focusing
specifically on abdominal surgery or with mixed patient popula-
tions without sufficient subgroup analysis, and studies lacking
sufficient data to calculate effect sizes.

2.3. Search strategy

A comprehensive systematic search was conducted using
PubMed and EMBASE databases. The search strategy combined
synonyms and medical subject headings (MeSH) related to the
Hypotension Prediction Index and intraoperative hypotension. The
search was limited to RCTs published between 2018 and 2025, as
the HPI algorithm was not available prior to 2018. No additional
filters, such as language or study type, were applied to maximize
the retrieval of pertinent data. Furthermore, the bibliographies of
the included articles were manually reviewed to identify
additional relevant studies that may have been missed during
the initial search. The exact search terms were [hypotension
prediction index (all fields) OR HPI (all fields) OR machine learning
(all fields) OR artificial intelligence (all fields) OR management (all
fields) OR prevention (all fields)] and intraoperative hypotension
(all fields).

2.4. Article screening, data extraction, and risk of bias assessment

Two independent reviewers (JRM and AE) screened titles and
abstracts for eligibility. Full-text articles were reviewed for studies
that met the inclusion criteria, and disagreements were resolved
by consensus or consulting a third reviewer (MIMG).

Two independent reviewers (JRM and AE) extracted the data
using a standardized data collection form designed to capture
study characteristics, patient demographics, intervention details,
and outcomes of interest. Any discrepancies during data extraction
were resolved through discussion or, when necessary, by consult-
ing a third reviewer (AZV). Extracted variables included year of
publication, study design, sample size, patient characteristics,
intervention protocols, and control group management strategies.

The risk of bias in the individual studies was assessed using the
Cochrane Risk of Bias 2 (RoB 2) tool (JRM and AE) [11]. This
evaluation considered the following domains: random sequence
generation, allocation concealment, blinding of participants and
personnel, blinding of outcome assessment, completeness of
outcome data, selective reporting, and other potential sources of
bias. Each domain was rated as low risk, some concerns, or high
risk. Risk of bias for intraoperative hypotension metrics (TWA
MAP < 65 mmHg, AUT, and time with MAP < 65 mmHg) was
assessed separately using the RoB 2.0 tool. (JRM and AE) This
separate assessment was performed given the distinct suscepti-
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bility of these outcomes to performance and detection bias
compared to patient-centered outcomes. Disagreements in bias
assessments were resolved by consensus to ensure consistency in
the evaluation process. In addition to standard risk of bias
assessment, we conducted a structured, descriptive evaluation
of potential conflicts of interest (COI), inspired by the domains
proposed in the TACIT tool (currently under development). (JRM
and AE).

2.5. Outcomes

This meta-analysis focused primarily on patient-centered
outcomes, as pre-specified in the registered protocol. The primary
outcomes were perioperative mortality, the incidence of postop-
erative complications, and LOS, defined as the number of days from
surgery to discharge. The incidence of AKI, defined according to
KDIGO criteria [13], was considered a secondary outcome within
this same framework. These outcomes were selected a priori, given
their relevance to patient safety, recovery, and overall surgical risk.

In addition to these pre-specified endpoints, we conducted post
hoc analyses to explore the effect of HPI-guided management on
intraoperative physiological parameters and fluid therapy. Specifi-
cally, we examined three metrics of IOH: TWA MAP < 65 mmHg,
which accounts for both the duration and severity of hypotension
during surgery. Hypotension was defined as a MAP of <65 mmHg
sustained for at least 1 min. A hypotensive event was considered
concluded when the MAP was >65 mm Hg for at least 1 min. TWA
was calculated by dividing the AUT by the total duration of
surgery: TWA = (depth of hypotension in millimeters of mercury
below a MAP of 65 mmHg x time in minutes spent below a MAP of
65 mmHg) + total duration of operation in minutes [12]. Other
metrics of IOH included the AUT for MAP < 65 mmHg and the total
time spent in hypotension, defined as the cumulative time with
MAP < 65 mmHg. As part of the same exploratory approach, we
also assessed total intraoperative fluid administration.

2.6. Statistical analysis

A random-effects meta-analysis was conducted to account for
variability across the included studies. Continuous outcomes were
summarized as standardized mean differences (SMD) or mean
differences (MD) with 95% confidence intervals (CI), calculated
using the inverse variance method. For studies reporting medians
and interquartile ranges, these values were converted to means
and standard deviations (SD) using Shi et al’s updated method
[14]. This approach has been shown to provide improved accuracy
for skewed data distributions and is recommended for meta-
analyses requiring harmonization of summary statistics. All
transformations applied are transparently reported in Supplemen-
tary Table S1.

Dichotomous outcomes were summarized as odds ratios (ORs)
with 95% Cls, using the Mantel-Haenszel method. In cases of rare
events, Peto’s method was employed for greater accuracy.

The total intraoperative fluid volume was computed by
summing the volumes of crystalloids and colloids administered
intraoperatively. When reported separately, the combined SD was

C following  formula: SDiotal =
<'SDnysralloid2 + SDcolloidz)
f

either crystalloid or colloid data were missing, the study’s
definition of total volume was used.

Heterogeneity was assessed using Cochran’s Q test and the 12
statistic, with thresholds for interpretation as follows: low (<25%),
moderate (25%-75%), and high (>75%). A random-effects model
was used when substantial heterogeneity (1> 50%) was detected.
Statistical significance was set at p < 0.05. For dichotomous
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outcomes, a prediction interval (PI) was calculated to estimate the
range within which the true effect of a new study, conducted under
similar conditions, is expected to lie. This approach provides
additional insight into the variability of effects across studies and
the potential reproducibility of the findings. The prediction
interval was calculated using the random-effects model with
the Hartung-Knapp-Sidik-Jonkman adjustment for variance. Pre-
diction intervals were not calculated for continuous outcomes, as
they were outside the scope of this analysis.

Sensitivity analyses were conducted to evaluate the robustness
of the results. These analyses included excluding studies with a
high risk of bias, based on the RoB 2 tool [11], to ensure that pooled
estimates were not disproportionately influenced by lower-quality
studies. Results were also compared using fixed-effect and
random-effects models to evaluate the consistency of the pooled
effect estimates under different assumptions about between-study
variability. Leave-one-out analyses were performed by systemati-
cally excluding each study from the meta-analysis to assess the
influence of individual studies and identify potential outliers.
Finally, analyses were conducted by including only studies with
clearly defined outcomes, such as AKI defined using KDIGO criteria
[13], to ensure consistency in outcome definitions. Sensitivity
analyses were specifically conducted for AKI, given its relevance as
a patient-centered outcome and the potential heterogeneity in its
definition and reporting across studies. AKI represents a clinically
significant marker of perioperative organ damage, directly
associated with postoperative complications and mortality [15].
Due to its clinical importance and variability in reporting,
sensitivity analyses for AKI ensured that findings were robust
and not disproportionately influenced by differences in study
methodology.

Number needed to treat (NNT) was calculated for key clinical
outcomes by taking the inverse of the absolute risk reduction (ARR)
between control and HPI-guided groups (NNT = 1/ARR). This was
performed as a post hoc analysis because no statistically significant
differences were observed in the pooled effect estimates.

To assess potential publication bias, funnel plot asymmetry was
analyzed for studies reporting the patient-centered primary
outcomes. All statistical analyses were performed using Python
for data handling and computation [16]. Meta-analyses were
performed using Meta-Mar (version v4.02), an online meta-
analysis platform [17], and R Statistical Software (v4.1.2; R Core
Team 2021) utilizing the ‘meta’ package for conducting meta-
analyses and ‘forestplot’ for visualizing the results [18].

3. Results
3.1. Characteristics of included studies

Eight RCTs [7,12,19-24] were included in the meta-analysis,
comprising 1534 patients undergoing major abdominal surgery
(Fig. 1). The characteristics of the included studies are summarized
in Table 1. Risk of bias for patient-centered outcomes was generally
low across trials (Fig. 2), whereas intraoperative outcomes such as
IOH metrics consistently exhibited a high risk of bias due to the
unblinded nature of interventions and susceptibility of outcome
measurement to bias (Supplementary Fig. S1). A structured
evaluation of potential conflicts of interest is presented in
Supplementary Table 2.

3.2. Patient-centered outcomes
Four trials, including 1310 patients, analyzed the incidence of

postoperative AKI [7,20,23,25]. HPI-based hemodynamic manage-
ment was not associated with a decrease in postoperative AKI (RR
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Fig. 1. PRISMA 2020 flow diagram of the study selection.

0.85; 95% CI, 0.64-1.13). The prediction interval (PI) for AKI was
0.31-2.52 (Fig. 3). Similarly, HPI-guided management did not
significantly reduce the incidence of postoperative complications
(Four RCTs [7,20,23,25], 1310 patients: OR 1.10; 95% CI, 0.83-1.46).
Pl 0.01-94.68 (Fig. 4), mortality (Four RCTs [7,20,23,25],
1310 patients: OR 0.96; 95% CI, 0.32-2.83) PI 0.00-1408
(Supplementary Fig. S2), or LOS (Four RCTs [7,20,23,25],
1310 patients: SMD: —0.15 [-0.73; 0.42]) (Supplementary Fig.
S3), compared to standard care.

3.3. Post hoc analyses: intraoperative hypotension metrics outcomes

Seven trials (617 patients) assessed the TWA of hypotension
[12,20-25]. The SMD in TWA MAP < 65 mmHg was —0.25 (95% (I,
—-0.41 to -0.09), indicating that HPI-guided intraoperative
management was associated with a reduction in TWA of IOH
(Fig. 5). Six trials (577 patients) assessed the AUT of hypotension
[12,20,22,21-25]. The SMD in AUT was -0.83 [-1.37, -0.28]
(Supplementary Fig. S4), and seven trials (617 patients) assessed
the median time with hypotension during surgery [12,20-25]. The
SMD was 0.74 [-1.10, -0.37] (Supplementary Fig. S5). To improve
clinical interpretability, we also re-analyzed this outcome using
MD, based on absolute time in minutes. The pooled analysis

showed that HPI-guided management reduced total time with
MAP < 65 mmHg by-20.54 min (95% Cl: -33.41 to -7.68), con-
sistent with the direction and significance of the SMD result
(Supplementary Fig. S6).

3.4. Post hoc analyses: intraoperative fluid administration

There were no differences in the total intraoperative fluid
administration (colloid and crystalloid), (SMD: —0.06 [-0.35;
0.24]) (Supplementary Fig. S7).

3.5. Sensitivity analyses

While all studies were rated as having an overall moderate risk
of bias, none were classified as having a high risk in critical
domains such as randomization, blinding of participants and
personnel, or incomplete outcome data. Consequently, no studies
were excluded from the primary analysis based on risk of bias.

A sensitivity analysis comparing fixed-effect and random-
effects models showed consistent results. The fixed-effect model
yielded an OR of 0.85 (95% CI: 0.64-1.13; p = 0.253), while the
random-effects model produced an OR of 0.89 (95% CI: 0.62-1.28;
p = 0.522) (Supplementary Fig. S8). Despite slight differences, the



Table 1

PICO characteristics of included studies.

Study

Population

Intervention

Comparator (Control Group)

Outcomes

Study design

Maheshwari et al., 2020 [19]

Wijnberge et al., 2020 [12]

Tsoumpa et al., 2021 [20]

Murabito et al., 2022 [21]

Frassanito et al., 2023 [22]

Lorente et al., 2023 [23]

Yoshikawa et al., 2024 [24]

Ripollés-Melchor et al., 2025 [7]

Moderate- to high-risk non-cardiac
surgical patients (ASA III-IV). N = 214

Elective non-cardiac surgical patients
with invasive BP monitoring. N = 60

Moderate- to high-risk abdominal
surgical patients under general
anesthesia. N = 99

Major elective non-cardiac surgery
patients requiring continuous BP
monitoring. N = 40

Patients undergoing major non-cardiac
surgery with risk of hemodynamic
instability. N = 60

High-risk abdominal surgery patients
with hemodynamic monitoring needs.
N =80

Moderate-risk major non-cardiac
surgery patients. N = 64

Adults undergoing elective major
abdominal surgery at high risk. N = 917

HPI-based GDHT, with interventions
triggered at HPI > 85 (vasopressors,
fluids, inotropes) targeting

MAP > 65 mmHg

HPI-guided GDHT with alerts at

HPI > 85, protocolized responses
(fluids, vasopressors)

HPI-directed protocol initiating
treatment at HPI > 85 with MAP
monitoring and volume management

HPI-based GDHT with early warning
system to prevent IOH, integrating
fluids and vasopressors when HPI > 85

HPI-based protocol with specific alerts
for HPI > 85, allowing early fluid and
vasopressor interventions

HPI-based predictive monitoring with
treatment initiated at HPI > 85;
includes fluid and vasopressor protocol

HPI-guided GDHT with treatment
interventions at HPI > 85, excluding
advanced dP/dt, Eadyn parameters

HPI-directed GDHT with treatments
activated at HPI > 80; targeting
MAP > 65 mmHg with standardized
fluid and vasopressor interventions

Standard care without HPI; MAP
maintained by routine clinician
management

Conventional intraoperative
management targeting MAP > 65

Standard GDHT approach with SV and
MAP optimization, using FloTrac
monitoring

Standard MAP-based GDHT,
maintaining MAP > 65 mmHg
according to clinical judgment

Standard hemodynamic management
with MAP-focused interventions

MAP-based management protocol
targeting MAP > 65 mmHg

Standard GDHT, based on FloTrac
hemodynamic parameters for MAP and
SV optimization

Conventional with or without GDHT

Primary: TWA of hypotension;
Secondary: AUC MAP < 65 mmHg, AK]I,
ICU length of stay, hospital length of
stay, 30-day mortality

Primary: Depth and duration of IOH;
Secondary: incidence of IOH,
complications, hospital length of stay,
total fluid balance

Primary: Incidence and duration of
IOH; Secondary: fluid volume, ICU
admissions, complications, 30-day
mortality

Primary: Biomarker changes (AKI,
troponin); Secondary: oxidative stress
markers, hypotension duration,
norepinephrine requirements
Primary: Duration of

MAP < 65 mmHg; Secondary:
incidence of IOH, postoperative
complications, AKI, ICU admission,
hospital stay, 30-day mortality
Primary: Duration and incidence of
IOH; Secondary: AKI, postoperative
complications, ICU stay, 30-day
mortality

Primary: TWA MAP < 65 mmHg and
cumulative hypotension duration;
Secondary: fluid volume, incidence of
MAP < 50 mmHg events,
norepinephrine use

Primary: AKI, major postoperative
complications, ICU length of stay,
hospital length of stay

Multicenter RCT

Single-center RCT

Single-center RCT

Single-center RCT

Multicenter RCT

Multicenter RCT

Single-center RCT

Multicenter RCT

Abbreviations: ASA: American Society of Anesthesiologists; AKI: Acute Kidney Injury; AUC: Area Under the Curve; BP: Blood Pressure; dP/dt: Rate of Pressure Change in the Artery Over Time; Eadyn: Dynamic Arterial Elastance;
GDHT: Goal-Directed Hemodynamic Therapy; HPI: Hypotension Prediction Index; ICU: Intensive Care Unit; IOH: Intraoperative Hypotension; MAP: Mean Arterial Pressure; NSE: Neuron-Specific Enolase; NGAL: Neutrophil

Gelatinase-Associated Lipocalin; RCT: Randomized Controlled Trial; SV: Stroke Volume; TWA: Time-Weighted Average.
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Fig. 2. Quality assessment of included trials for patient-centered outcomes.

HPI-Guided Standard Odds Ratio Odds Ratio
Study Events Total Events Total Weight MH, Fixed, 95% CI MH, Fixed, 95% CI
Maeshwari et al. 2020 17 88 14 94 105% 1.37[0.63,2.97] .
Tsoumpa et al. 2021 6 43 6 44 49% 1.03[0.30,347]
Lorente et al. 2022 3 37 3 37 26% 1.00[0.19,5.31] .
Ripollés-Melchor et al. 2025 102 357 117 341 82.0% 0.77[0.56,1.06] =
Total (95% CI) 525 516 100.0% 0.85[0.64,1.13] -
Prediction interval [0.31,2.52]
Heterogeneity: Tau® = 0.024; Chi® = 1.98, df = 3 (P = 5.77e-01); 7 = 0% I T T 1 1
Test for overall effect: Z =-1.14 (P = 2.53e-01) 0.2 05 1 2 5

Fig. 3. Forest plot of incidence of postoperative acute kidney injury (AKI) of included eligible studies. CI, confidence interval.

HPI-Guided Standard Odds Ratio Odds Ratio
Study Events Total Events Total Weight MH, Fixed, 95% CI MH, Fixed, 95% CI
Maeshwari et al. 2020 66 39 79 29 0.0% "
Tsoumpa et al. 2021 14 35 14 36 9.2% 1.05[0.40, 2.71] ——
Lorente et al. 2022 9 31 13 27 11.0% 0.44][0.15, 1.30] —
Ripollés-Melchor et al. 2025 145 314 135 323 79.8% 1.19[0.87, 1.63] :
Total (95% CI) 419 415 100.0% 1.10[0.83, 1.46]
Prediction interval [0.01,94.68]
Heterogeneity: Tau® = 0.069; Chi® = 3.02, df = 2 (P = 0.22); I* = 34% T 1
Test for overall effect: Z = 0.64 (P = 0.52) 01 0512 10

Fig. 4. Forest plot of incidence of postoperative complications of included eligible studies. CI, confidence interval.
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pooled estimates remained consistent between models, indicating dence intervals. Notably, the exclusion of Ripollés-Melchor et al.
that the findings are robust to assumptions regarding between- [7], resulted in a larger pooled OR of 1.22 (95% CI: 0.66-2.24),

study variability.

accompanied by a wider confidence interval. However, none of

A leave-one-out sensitivity analysis was performed to the exclusions led to statistically significant results (p > 0.05),
evaluate the influence of individual studies on the pooled effect indicating that the overall findings were robust and not
estimate. Across most exclusions, the pooled OR remained disproportionately influenced by any single study (Supplemen-
consistent, ranging from 0.78 to 0.84, with overlapping confi- tary Table 3).
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Standardised Mean

Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Wijnberge et al. 2020 -0.3800  0.0740 —- -0.38 [-0.52;-0.24] 15.2%
Maheswari et al. 2020  0.0000 0.0179 0.00 [-0.03; 0.03] 17.1%
Murabito et al. 2021 -0.2600 0.1913 —_— -0.26 [-0.63; 0.11] 9.0%
Tsoumpa et al. 2021 -0.2800  0.0995 —a -0.28 [-0.47;-0.09] 13.8%
Lorente et al. 2023 -0.0100 0.0010 : -0.01 [-0.01;-0.01] 17.2%
Frasanito et al. 2023 -0.5700  0.1607 —=%—— -0.57 [-0.88;-0.26] 10.5%
Yoshikawa et al. 2024  -0.4100  0.0010 : -0.41 [-0.41;-0.41] 17.2%
Random effects model <> -0.25 [-0.41; -0.09] 100.0%
|
-0.5 0 0.5

Heterogeneity: /2 = 100%, t? = 0.0398, p = 0

TWA MAP < 65 mmHg (mmHg)

Fig. 5. Effect of HPI on time-weighted average of hypotension.

Finally, a sensitivity analysis including only studies that defined
AKI using the KDIGO criteria was conducted. Two studies,
Maheshwari et al. [25], and Tsoumpa et al. [20], were excluded
due to unclear or inconsistent AKI definitions. The pooled OR for
the remaining studies was 0.77 (95% CI: 0.56-1.05; p = 0.1090).

3.6. Number needed to treat

Exploratory NNT estimates were calculated post hoc for
descriptive purposes. The estimated NNT for AKI was 30, although
this was not statistically significant. For complications, the NNT
was negative (—48), reflecting a non-significant trend toward
increased complications in the HPI group. For mortality, the NNT
was approximately 2000, highlighting the absence of any clinically
meaningful absolute risk reduction. These values are exploratory
and should not be interpreted as definitive (Supplementary Table
S4).

3.7. Publication bias

Visual inspection of funnel plots did not indicate substantial
asymmetry for the primary outcomes (Supplementary Fig. S9).
However, due to the limited number of included studies, formal
tests for publication bias were not conducted.

4. Discussion

This meta-analysis confirms that HPI-guided intraoperative
management did not significantly reduce 30-day mortality,
postoperative complications, AKI, or LOS. These findings are
consistent across the included trials and reflect the current
uncertainty regarding the clinical benefit of HPI-based hemody-
namic strategies. Post hoc analyses suggested a reduction in
surrogate IOH metrics such as TWA-MAP, AUT, and total
hypotension time, but the high risk of bias for these outcomes
precludes definitive interpretation.

A fixed MAP target may overlook patient-specific variables,
including physiological variability, comorbidities, and surgical
complexity [26,27]. The HPI algorithm, developed through
machine learning, has demonstrated the potential for reducing
the TWA of hypotension [6,28]. However, its clinical utility remains
a subject of debate [29]. Recent studies suggest that HPI does not
consistently outperform simpler MAP-based alert systems [30].
Both HPI and MAP-based thresholds are limited by low positive
predictive values, which raises concerns regarding overtreatment
and highlights the need for further validation before widespread
clinical adoption [31].

Although observational reports have suggested potential
operational feasibility of HPI-guided protocols, the interpretation
of such findings is limited by consistent high risk of bias due to lack
of blinding and outcome subjectivity [32]. Moreover, the reduction
in TWA MAP < 65 mmHg observed reflects a modest change with
uncertain clinical relevance. Unlike total time with
MAP < 65 mmHg, there is no clear evidence that small variations
in TWA MAP < 65 mmHg translate into improved outcomes, and
this should be interpreted with caution [32]. Furthermore, the HPI
algorithm is intrinsically linked to MAP, with previous analyses
showing correlation coefficients (r?) exceeding 0.95. For instance,
an HPI value of 85 typically corresponds to a MAP of approximately
72 mmHg [33], raising the question of whether the observed
reductions in IOH metrics result from the algorithm’s predictive
capabilities or from conventional MAP monitoring and manage-
ment. Whether clinical effects attributed to HPI reflect true
predictive benefit or merely earlier MAP detection remains
uncertain. Future research should aim to disentangle these effects
by comparing HPI-triggered protocols to MAP-based alert systems
with matched thresholds, or by designing new algorithms that
reduce dependency on MAP and incorporate additional physiologic
signals [34].

Postoperative organ dysfunction is multifactorial and may be
influenced by several factors such as fluid balance, vasopressor use,
and pre-existing conditions [35,36]. While the clinical significance
of reducing IOH remains uncertain, we aimed to improve
interpretability by reporting both SMD and MD for the outcome
“total time with MAP < 65 mmHg”. The SMD (-0.74 [-1.10 to -
0.37]) provides a scale-independent estimate of effect, but it is
unitless and may be misinterpreted. Therefore, we also calculated
the pooled MD, which showed a reduction of -20.54 min (95% CI: -
33.41 to -7.68) of hypotension in the HPI group. Observational
studies have reported associations between cumulative hypoten-
sion exposure and increased risk of postoperative complications,
including AKI and mortality [5]. However, the causal relationship
remains unproven, and our meta-analysis did not demonstrate
improvements in patient-centered outcomes. These findings
support the physiological rationale for avoiding hypotension,
but they do not establish that reducing its duration translates into
improved clinical outcomes.

While HPI-based GDHT incorporates tools to detect and address
IOH, it initiates intervention when the index exceeds 80-85, which
anticipates IOH and may therefore be considered a proactive
approach compared to conventional responses triggered by
established hypotension. Traditional GDHT aims to optimize
stroke volume or cardiac output, with any rise in MAP being a
secondary consequence rather than a primary target [37].
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However, recent high-quality RCTs evaluating cardiac output-
guided therapy—such as the iPEGASUS trial, which tested
maintenance of post-induction cardiac index [38], and OPTIMISE
I, which assessed fluid and inotrope-guided protocols [39]—have
not demonstrated improvements in clinical outcomes, and in some
cases reported increased risk of complications. These findings
suggest that the utility of conventional flow-based protocols
remains uncertain and support the need for cautious interpretation
of HPI-based algorithms until direct comparisons with alternative
approaches are available. The INPRESS trial demonstrated that
individualized systolic blood pressure (SBP) targets tailored to
baseline physiology reduced postoperative organ dysfunction
compared to standard MAP-based care [38]. However, its control
group had a low SBP target (<80 mmHg), likely corresponding to a
MAP < 65 mmHg [40]. Furthermore, the intervention group
received continuous norepinephrine, whereas the control group
used intermittent vasopressor boluses. These factors may have
contributed to outcome differences, and the findings should
therefore be interpreted with caution. A recent meta-analysis
emphasized the need for flexible IOH management. Permissive
hypotension (MAP < 60 mmHg) was not associated with increased
mortality and correlated with lower atrial fibrillation incidence
and shorter hospital stay [26].

Our study has several limitations. First, the number of included
studies was limited, which reduced the power to detect differences
in patient-centered outcomes, such as AKI and mortality. Second,
there was considerable heterogeneity across the studies in terms of
population characteristics, surgical procedures, and intervention
protocols, which may have influenced the pooled estimates. Third,
the definitions of outcomes, particularly postoperative complica-
tions, varied across the included studies, potentially introducing a
bias. Fourth, while the primary outcomes were well documented in
most studies, data on fluid administration and other secondary
outcomes were often incomplete, limiting the ability to draw firm
conclusions regarding these variables. Finally, the lack of long-
term follow-up in the included studies precludes the assessment of
the sustained impact of HPI-guided management on outcomes
beyond the immediate postoperative period.

While the pooled OR suggested no significant reduction in AKI
with HPI-guided management, the prediction interval (PI: 0.31-
2.52) highlights substantial variability in potential outcomes. This
indicates that future studies conducted under similar conditions
might report effects ranging from harm to benefit. The wide PI
underscores the need for further high-quality RCTs to confirm
these findings and explore the factors contributing to variability,
such as population characteristics and intervention protocols.
Despite the low heterogeneity (I? = 0%), the prediction interval
reveals residual uncertainty, reinforcing the need for cautious
interpretation of the pooled estimate and further validation. This
study extends beyond algorithm refinement to include its
integration within a broader perioperative hemodynamic frame-
work. Several included studies presented potential commercial
bias, especially when sponsors contributed to the design, analysis,
or writing. In unblended settings, such involvement may influence
intraoperative decision-making and reporting of surrogate outco-
mes, such as hypotension metrics. This aligns with the RoB
2.0 findings of high performance and detection bias in intraop-
erative endpoints due to the lack of blinding and the subjective
nature of clinical thresholds. The combined findings suggest that
reported improvements in TWA MAP < 65 mmHg, AUT, or total
duration of MAP < 65 mmHg may reflect, at least in part, the
influence of study design, COIs, and clinician behavior rather than
the intrinsic benefit of the intervention. Notably, these surrogate
improvements did not translate into better patient-centered
outcomes across the included trials. This reinforces concerns
regarding the interpretative value of intermediate endpoints and
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highlights the need for independent, rigorously conducted studies
before widespread clinical adoption of predictive hemodynamic
algorithms such as HPIL. Future studies should assess HPI-based
GDHT protocols that personalize both flow and pressure targets,
allowing for a more balanced approach to hemodynamic stability
and perfusion tailored to each patient’s physiology and surgical
context. Expanding research across diverse patient populations
will help clarify the role of HPI and its potential to improve clinical
outcomes.

5. Conclusion

HPI-guided management did not significantly improve patient-
centered outcomes. Post hoc analyses indicated a reduction in IOH
metrics; however, these findings stem from studies at consistently
high risk of bias due to the absence of blinding and susceptibility of
outcome measurement, and their clinical relevance remains
uncertain.
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