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Abstract

Goal-directed haemodynamic therapy (GDHT) is a comprehensive haemodynamic optimisation strategy rather

than simple fluid optimisation. It guides peri-operative haemodynamic management towards predefined physi-
ological targets to reduce post-operative complications in high-risk surgical patients. This review asks whether GDHT
retains clinical value in 2026, which patients are most likely to benefit, which targets are most appropriate, and what
its relationship to Enhanced Recovery After Surgery (ERAS) programmes should be.

The physiological basis of GDHT links surgical injury to an inflammatory cascade that impairs vascular integrity

and tissue perfusion and draws on Shoemaker’s seminal observation that prompt restoration of oxygen delivery dur-
ing surgery or in the first post-operative hours predicts survival. RCTs and meta-analyses have reported reductions

in post-operative complications, most consistently acute kidney injury, surgical site infections, and gastrointestinal
morbidity, with the benefit most consistent in patients at the highest peri-operative risk. Recent evidence has compli-
cated this picture. OPTIMISE Il and iPEGASUS, two large pragmatic trials, produced neutral results, and the incorpora-
tion of fluid optimisation into ERAS protocols raises a practical question: what does GDHT add when good peri-opera-
tive care already includes haemodynamic attention?

These uncertainties converge on a single practical difficulty: there is no universally accepted definition of “high risk’,
which limits both trial comparability and clinical uptake. Artificial intelligence tools, in particular closed-loop haemo-
dynamic management systems and machine learning models for preoperative risk stratification, are appraised here
as potential means of supporting more individualised implementation.

GDHT retains clinical value in 2026, but the benefit appears most evident in patients at the highest peri-operative risk,
while in intermediate-risk populations the evidence for added value beyond well-implemented ERAS remains uncer-
tain. The most effective strategy is a multiparameter-based one, combining dynamic preload indices, cardiac output
monitoring, and metabolic endpoints rather than fixed single-variable targets. Validated risk stratification is the critical
prerequisite for both rational clinical implementation and meaningful future trials.
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Background

Post-operative ~ complications in high-risk surgi-
cal patients account for the majority of peri-operative
mortality and are a persistent clinical problem [1].
Haemodynamic monitoring addresses this by provid-
ing physiological signals that, when appropriately inter-
preted, can guide timely interventions to maintain organ
perfusion; it does not, in itself, guarantee those outcomes.

Two physiological observations underpin goal-directed
haemodynamic therapy (GDHT). First, surgical injury
triggers an inflammatory cascade: damage-associated
molecular patterns (DAMPs) activate Toll-like receptors
(TLRs), which in turn release cytokines, reactive oxygen
species, and nitrogen intermediates that drive endothelial
dysfunction, vascular damage, and tissue hypoperfusion
[2, 3]. Second, Shoemaker’s landmark study in high-
risk surgical patients demonstrated that the capacity to
restore oxygen delivery after surgery promptly deter-
mines survival: patients who repaid their oxygen debt
within 6 h had no complications; those who took up to 24
h to repay it developed complications; those who could
not repay it died [4]. This oxygen debt model provided
the physiological rationale for targeting oxygen delivery
as a therapeutic endpoint, the basis of GDHT.

Numerous RCTs and meta-analyses since that study
have reported reductions in post-operative morbid-
ity with GDHT [5-8]. Interpretation of this evidence is
complicated by substantial heterogeneity across trials in
patient selection, surgical procedures, monitoring tech-
nologies, and target variables [9, 10]. A separate compli-
cation is the widespread adoption of Enhanced Recovery
After Surgery (ERAS) protocols: fluid optimisation is a
component of virtually all GDHT strategies, and the two
approaches overlap considerably; the available evidence
suggests that the incremental benefit of GDHT is less
clear when an ERAS programme is already in place [11].

Artificial intelligence tools have more recently entered
the peri-operative haemodynamic space, with appli-
cations in preoperative risk prediction, intraoperative
monitoring support, and closed-loop management under
active investigation [12, 13]. Whether these tools improve
outcomes in the specific context of GDHT remains to be
established. Against this background, we address four
questions: which patients benefit from GDHT, at what
risk threshold the evidence is most robust, which haemo-
dynamic targets are most appropriate, and what role AI-
enabled technologies may play.

Materials and methods

This is a narrative review developed in accordance with
the Scale for the Assessment of Narrative Review Arti-
cles (SANRA) [14]. A structured literature search was
performed across MEDLINE/PubMed, the Cochrane
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Library, and EMBASE. Search terms combined free-text
and Medical Subject Headings (MeSH) related to sur-
gery, goal-directed haemodynamic therapy, cardiac out-
put, cardiac index, oxygen delivery, stroke volume, fluid
optimisation, fluid loading, haemodynamic monitoring,
and high-risk surgical patients. No time restriction was
applied.

Accordingly, final article selection was guided by
clinical and methodological relevance, as judged by the
authors, rather than by exhaustive systematic inclusion
criteria. Randomised controlled trials (RCTs), meta-
analyses, systematic reviews, consensus statements, and
guidelines published in English were considered. Papers
from the authors’ personal libraries were included where
relevant, and priority was given to studies most directly
bearing on the clinical questions addressed.

Population definition

High-risk surgical patients represent approximately
12% of the surgical population, yet account for 80% of
peri-operative mortality [15, 16]. Peri-operative mortal-
ity in this group ranges from 4.5% in elective abdomi-
nal surgery to over 25% in emergency procedures [16].
Risk arises from patient comorbidity, surgical complex-
ity, or their combination [17, 18]. Risk thresholds vary
across guidelines: the European Society of Anaesthesi-
ology and Intensive Care (ESAIC) defines high risk as a
procedure-related mortality exceeding 5% [17], while
the 2022 French guidelines stratify patients as high risk
(1-3% estimated mortality) or very high risk (>3%) [19].
No universally accepted definition exists, which compli-
cates both trial design and clinical implementation. The
main preoperative risk stratification tools, with their rec-
ommended use and key limitations, are summarised in
Tables 1 and 2 [20-28] (https://riskcalculator.facs.org/
RiskCalculator).

Beyond conventional scores, machine learning models
applied to large peri-operative databases show promise
for risk prediction. Still, most remain at the single-centre
validation stage and are not ready for routine clinical use
[29, 30]. Biomarker-based sub-phenotyping may identify,
within the high-risk group, those patients most likely to
benefit from GDHT [31], though this requires prospec-
tive validation. Accurate risk stratification is a prerequi-
site for GDHT implementation: the evidence is strongest
in patients at highest baseline risk, making the choice of
risk tool a direct determinant of GDHT eligibility.

GDHT: from physiology to evidence

GDHT targets predefined haemodynamic endpoints [32—
34], including cardiac output (CO), stroke volume (SV),
oxygen delivery (DO2), fluid responsiveness parameters,
and metabolic markers such as central venous oxygen
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Table 2 Guideline-based definitions of high peri-operative risk and recommended haemodynamic monitoring thresholds relevant to
goal-directed haemodynamic therapy (GDHT). ESAIC: European Society of Anaesthesiology and Intensive Care; SFAR: French Society of
Anaesthesiology; ESC: European Society of Cardiology; SV: stroke volume; PPV: pulse pressure variation; SVV: stroke volume variation;

CO: cardiac output

Guideline/Society Year Definition of high peri-operative risk

Recommended monitoring threshold for GDHT

ESAIC 2025

mortality risk >5%

SFAR (French guidelines) 2022
expected mortality >3%

ESC/EACTS 2022

Procedure-related or patient-related peri-operative

High risk: expected mortality 1-3%; Very high risk:

Surgical procedure risk classified as low (<1%), inter-
mediate (1-5%), or high (>5%) 30-day MACE/mortality;
individual patient risk added to procedure risk

CO or SV monitoring considered in patients at high risk
for complications; echocardiography endorsed for haemo-
dynamic instability; continuous invasive arterial pressure
monitoring recommended in high-risk patients

Dynamic preload indices combined with SV monitoring
recommended to optimise fluid management and reduce
complications in high- and very high-risk patients; CO
monitoring in very high-risk patients

Advanced haemodynamic monitoring recommended
when combined procedure + patient risk is high; specific
monitoring tool at discretion of the anaesthesiologist
based on patient profile

MACE major adverse cardiovascular events, MET metabolicmetabolic equivalent of task

g Mean arterial pressur‘e
Cardiac output B

C Y i
Heart
5

N oot
S Arterial content 02
g Oxygen delivery D

Fig. 1 The link between cardiac output, oxygen delivery and mean
arterial pressure and main determinants of cardiac output

Stroke
volume

saturation (ScvO2), oxygen extraction ratio (O2ER), and
lactate. These targets are typically initiated during or
after surgery and adjusted according to clinical response
[35-37].

These variables are discussed in the subsections below;
their physiological interrelationships are illustrated in
Fig. 1.

Arterial pressure

Mean arterial pressure (MAP) is the inflow pressure for
most organs; its outflow pressure is determined by cen-
tral venous pressure or extravascular tissue pressure [38,
39]. Multiple studies have linked intraoperative hypoten-
sion (variously defined as MAP<60 mmHg for>5-10
min, MAP <55 mmHg for>1 min, or a>20% reduction
from baseline) to post-operative mortality, myocardial
injury, and acute kidney injury (AKI), particularly in
high-risk patients [40—43]. However, two recent RCTs

testing individualised MAP targets against a standard
MAP >65 mmHg target found no improvement in post-
operative outcomes [44, 45]. As the accompanying edi-
torial noted, a higher MAP does not necessarily mean
better outcomes, especially when achieved with high-
dose vasopressors; the underlying pathophysiological
mechanism of hypotension may be more important than
the absolute MAP value itself [46].

Current guidelines recommend maintaining MAP >60-65
mmHg in high-risk surgical patients, with continuous inva-
sive arterial pressure monitoring to allow concomitant
assessment of oximetric and metabolic parameters [18, 47,
48]. Non-invasive continuous arterial pressure monitoring
remains under evaluation, with accuracy reduced in circula-
tory shock or high-dose vasopressor states [49].

Not all hypotensive episodes reflect hypoperfusion: the
haemodynamic consequences of a fall in MAP depend
on the relative contributions of CO, systemic vascular
resistance, and organ autoregulation [50]. In high-risk
patients, pressure monitoring alone is therefore insuffi-
cient, and additional flow-based and metabolic variables
are required to guide therapy.

Preload responsiveness

Both hypovolaemia and hypervolaemia impair outcome
[51, 52]. In mechanically ventilated patients, dynamic
preload indices, pulse pressure variation (PPV), and
stroke volume variation (SVV) are more reliable guides
to fluid therapy than static parameters such as central
venous pressure (CVP) [53, 54]. PPV and SVV quantify
the likelihood that CO will increase after a fluid challenge
(fluid responsiveness, defined as a>10-15% CO increase
with increased preload) [53]. Both indices are affected
by cardiac arrhythmias, tidal volumes<7-8 ml/kg, and
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raised intra-abdominal pressure (e.g., during laparos-
copy), and share a grey zone between 9 and 13% where
prediction is uncertain [55]. Predictive accuracy varies by
surgical context, with area under the curve (AUC) values
ranging from 0.80 in open non-laparoscopic surgery to
0.69 in open-chest procedures [56, 57]. Mini fluid chal-
lenges (50-100 ml) and end-expiratory occlusion tests
can help resolve the grey zone [58].

Fluid responsiveness does not mandate fluid administra-
tion: the blood pressure response to volume also depends
on vascular tone, and dynamic arterial elastance (eaDyn)
can help predict MAP response to a fluid bolus. However,
evidence in surgical patients remains limited [59, 60].

GDHT protocols incorporating dynamic preload assess-
ment have been associated with reduced morbidity and
shorter ICU stay [61]. Both ERAS pathways and ESAIC
guidelines support the use of functional haemodynamic
parameters to guide fluid administration [1, 62]. The 2022
French guidelines further recommend combining dynamic
preload indices with stroke volume monitoring to optimise
fluid management and reduce complications in high-risk
and very high-risk patients [19].

Cardiac output

CO is the product of stroke volume and heart rate and,
together with arterial oxygen content, determines oxygen
delivery (DO2). Monitoring CO during surgery allows
detection of the haemodynamic mechanisms underlying
instability, reduced flow versus reduced vascular tone,
and guides targeted intervention [37]. Current guide-
lines support CO or SV monitoring in patients at high
risk for complications [1, 18, 19, 48], with monitoring
tools ranging from invasive (pulmonary artery catheter,
transpulmonary thermodilution) to minimally invasive
(oesophageal Doppler, pulse wave analysis) and non-
invasive (bioreactance, photoplethysmography) systems
[63, 64]. Selection should reflect patient and procedural
risk, with more advanced systems reserved for the high-
est-risk cases. Echocardiography is endorsed by recent
guidelines for haemodynamic assessment during peri-
operative instability [1, 48].

Multiple meta-analyses consistently report reductions
in post-operative complications with CO- or SV-guided
therapy ([65-71], Table 3). A 2019 meta-analysis strati-
fying trials by control-group mortality risk showed that
GDHT significantly reduces mortality when baseline risk
exceeds 10% [68]. More recent analyses confirm reduc-
tions in surgical site infection (from 13.3% to 9.4%; abso-
lute risk reduction 3.9%) [70] and AKI (OR 0.64, 95%
Confidence Interval 0.62—-0.87; p=0.0003) [66], with ben-
efit demonstrated across abdominal, orthopaedic, and
neurosurgical procedures [71]. Trial sequential analysis
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in two recent meta-analyses indicates that further RCTs
are unlikely to reverse these findings [66, 70].

Oxygen delivery

Oxygen delivery (DO2) and its adequacy at tissue level,
assessed via ScvO2, O2ER, and serum lactate, are the
ultimate targets of GDHT. DO2 integrates cardiac output
with haemoglobin concentration and arterial oxygen sat-
uration, and its optimisation, rather than CO alone, was
the original aim of Shoemaker’s supranormal strategy
[4]. Supranormal targets were subsequently abandoned
after larger trials showed they conferred no benefit or
caused harm; protocols targeting more physiological val-
ues (CI>2.5 I/min/m?) then demonstrated reductions in
post-operative complications [74, 75]. Optimising DO2
within normal ranges, supported by ScvO2 and lactate
monitoring, remains a component of multiparameter
GDHT protocols in very high-risk patients [4, 48].

Persistently elevated lactate or reduced ScvO2 despite
adequate CO suggests impaired oxygen utilisation and
may indicate the need for additional interventions
beyond fluid loading.

Although limited evidence supports the use of lactate
or ScvO, monitoring in non-cardiac surgery patients to
improve post-operative outcome, their incorporation
into the haemodynamic evaluation should be considered
in very high-risk patients as markers of hypoperfusion
[48].

The positive findings about GDHT efficacy must be
read against substantial trial heterogeneity in patient
selection, surgical procedures, protocols, targets, and
outcome definitions [9, 10, 76]. Two recent large prag-
matic trials have challenged the field. OPTIMISE II found
no significant effect of a GDHT strategy combining fluid
boluses with routine low-dose inodilator infusion on
post-operative infections [77]. iPEGASUS showed that
haemodynamic therapy targeting fixed or maximal car-
diac index values did not reduce post-operative com-
plications in major abdominal surgery [78]. Both trials
enrolled lower-risk populations than those in which the
meta-analytic benefit was largest, and both used fixed
CO targets rather than individualised multiparameter
approaches; these limitations probably explain their neu-
tral results.

A persistent uncertainty concerns the overlap
between GDHT and ERAS-embedded fluid optimisa-
tion. Since fluid administration guided by dynamic
indices is a key component of both approaches, sev-
eral authors have questioned whether GDHT adds
anything beyond what standard ERAS already delivers
[79-82]. The available evidence suggests that GDHT
benefit is attenuated, though not abolished, within
ERAS programmes, possibly because ERAS itself raises



Page 6 of 14

(2026) 6:130

Giglio et al. J Anesth Analg Crit Care

10949 a1 abueyD 01 A[SNIjUN 24e S| DY [eUOIIPPe 1Ry}
pa3ed|pul sisAjeue [elauanbas (el ‘51099 dnoibgns [enpia
-Ipul 10} 32UIPIAS BUOIIS ON 'SIIPNIS SeIq JO YSI MO| DY 10}
siskjeue dnoibgns e Aq pajeniuelIsgns sem 3ynsal siy
(18'0-79'0 [PAJ3IU] 9DUBPYUOD 9G6) L L0 SBM [SS JO

3S1 9A1ke|1 pajood) |SS BudNPal Ul 9ARdRY3 SI I HAD

(L000=0d"680 03 £9'0 [AI3IU| 92USPYUOD

%56 790 YO) [MV Ul uonionpal 1uedyiubls e pamoys 1ab.el
SiueuApoway se zOd 4o 0D buisn saipnis buipnipul
SISA[euR 395gNS dY | 3SI MO| PUB 3Si ybIy ul Yioq paully
-U0D S}|NSaY'Pa1DRIIP Ssem A1auaboIalay [BD1ISIIRIS ON
"€0000=d!/80-79'0 [EAISIUI 9DUSPYUOD 956 +9'0 249M
MY 4O Juawdolanap ay1 104 D %56 pue YO pajood ay L
MO| 0} MO| AISA SBM 3DUIPIAS 33 Ul A1uley

-192 91 Ing suonedl|duwod aainesado-150d J19Yio 10j |HAD
P3INOAR} OS[e S9SA|RPUB-PISW WUOI) S91PWIISS JUIOd “(9dUdp
-1A9 JO AJUIR1IDD S1eI9POW) SbPBYE3| DIOWO)ISPUR pUR
‘Uo10ayul 1S [B2164NS ‘BluowINaUd JO ¥SU 3Y1 PadNPaI
1HJD "MO| Sem 3DUSPIAS DY Ul A1UIR1ISD [|BJSAO 3Y) pue
9510aId W 2JIIM $1BWINSI dY1 I9AIMOY ‘ARIS JO Y1BUD|
|eudsoy pue A1ije1ow padnpail ul paynsal |HAD

SYH3 UISpOoW Ul |HJD JO aN|eA SARIPPE 2yl suolsanb
'S3IPNIS Syyy3-Uou Ul padunouoid a1ow 1yauaq ‘sjod0301d
SYH3 Ulyum parenusie Ajlenueisgns Jysusq |HAO
ABa1el1s UONINPAI-ALPIIOW B

Ajewnd | HAD “yausq Aljenow 3uedyiubis ou (G2 0-€+0
[EAISUI DIUBPYUOD 956) /S0 HO ANpIGIOW padnpay
uon3|9s Juaned jo adurpodw

saujiapun ‘suoneindod ¥sU-MO| Ul 1yauaq ou ‘960 | < AU
-lexow dnoub [011U0D UsYM JUedYIUDIS JJaudq AL[PLIO

uon23|9s Juaned

payneis suoddns Japeoiq 1yausqg AUpIgqIow (9507 < Aljel
-Jow dnoJb [013UOD YUM S3IPNIS Ul AJUO 1Yauq ALeLIO
(€90

:4O) 2ouUapIdUl uondUNJSAp uebio aainesado-1sod ul pue
(£9°0 :4O) 91eJ A)l[R1IOW Ul UOIIdNPaJ JUBdYIUDIS

sadAigns

9|di3Inw ssoude suoidAYuUl SAIreIdo-150d S9dNpPaI | HAD
0 YO uondajul Aeunn I /0 4O eruownaud ‘850 YO ISS
ybiy sem

91eJ UoNedl|dWOD [0J3UOD Usym 1s91ealb 1ysuaq ‘suoned
-l|dwod |9 Joulw 67°0 YO ‘suonedlidwod |9 Jofew 740 YO

uonDJUI 3Is [BIIBING 248D paepURIS SA |HAD AUy A1abins Jofew aAneiado-1ad 0l0'sL

pa1dope Sem UOIIUYSP ISASUDIYM ‘DY 218D plepuels sA |HAD Auy  A1abins sofew aanelado-1iag 8056

Aeis [endsoy ‘Ajeriow ‘AupIglon

SVH3-UOU SA SyH3 Ul SSWOINO

AJl[eriow ‘ApiguoN

Aujenrop

Aupiglow ‘Ayjerion

uondUNYSAP UeblIO ‘AljeLION

suol1ed}jdwod snondau|

suoned|dwod |5

21D pIepurls SA | HJD Auy

SWHI INOUM IO UM [HAD

24eD piepuelS SA | HAD Auy

21D pPIepuRlS SA | HJD Auy

24eD pIepuRlS SA | HAD Auy

21eD PIePUR]S SA | HAD Auy

218D pIepURIS SA | HAD Auy

21eD pIePURIS SA | HAD AUy

K126uns Jofew anpnelado-1iad 1806

K12b4ns |e10210|0D 660C

K196.ns Jofepy 4N

K19b1ns Jofew aapeiado-1iad 1/18

K1961ns Jofew aapneIado-11ad 808¢

K1961ns Jofew aaneIado-11ad 9505

K19bIns Jofew aapelado-11ad 3811

K1961ns Jofew aanelado-11ad 0lYE

S1OY S/

S1Od S9

S1O4 9/

S1Od €¢

S1OY Ly

5104 8§

S1Od ¢€

s1od ce

5104 9¢

S1O49l

[0/] yspezjejer

[99] 011619

[69] uassar

[£9] suljjoy

[59] wos

[89] 011619

[8] 1u0>32)

(91196109

[/] ouyleq

3 nsal A3y

awodINno urepy

UoljuaAI2lul |HAD

uone|ndod sjuaned N

sjeLy N

(4K) Apmis

Ainfur A3uppy a1n2e 3y {pa1iodal 10U YN ‘0.l SPPO HO ‘AI1abins 1a3je A19A0Da1 padueyuD
:SVHT {U0IdR4UI 31IS [ed1BINS (SS eunsaiulonsed |5 (1HAD) Adeiayl dueuApowsey pa1daiip-1eob aArIado-11ad U0 SMIIASI D1BWSISAS pue sasAjeur-e1aW JO Alewuns € ajqeL



Page 7 of 14

(2026) 6:130

Giglio et al. J Anesth Analg Crit Care

Kels jo

Y1bua| N Ul 9582109p 1ULDYIUDIS B YIM PIIRIDOSSE SeM }|
'suolied|dwod (800°0 =4 ‘98'0 0} Z£'0 |eAISIUI 2DUSPYUOD
‘950 YO) [pUILIOPGe pUB (100'0=0d ‘780 01 9£'0 [eAISIUI
95U3PYUOD ‘550 YO) 1B|NISeAOIPIED ‘(200'0=d ¥/ O3
/70 [BAISIUI 92USPYUOD ‘S0 YO) SNOND3JUI Ul UOIONP3I
JuedYIUbIS B 01 Pa1ejai Sem 1032 SIY L (L000>d 'G/2°0 O3
€0 [BAISIU| 9DUSPYUOD [ 50 HO) SIDIpUl dIUIRUAp Aq
papInb |HAD Aq padnpai sem Alpigiow aAelado-1504

Keis [eydsoy ‘Ayjeriowl ‘ApIgJon

aied
pIepuR)S SA Si91ouleled

JIWeuAp uo paseq 1409 A1abins Jofew anesado-1iag 196 S1DY ¥l [19] sauag

1 nsaJ A3y

2W0dlNo ulepy

UOIUAAIRUI |HAD

uonejndod sjuanedy sjeuy (1K) Apmis

(panunuod) € ajqey



Giglio et al. J Anesth Analg Crit Care (2026) 6:130

the standard of baseline fluid management [76, 81].
GDHT and ERAS are not equivalent; however, ERAS
promotes goal-directed fluid administration as one
element among many, whereas GDHT is a comprehen-
sive haemodynamic strategy that additionally targets
CO, contractility, afterload, and oxygen delivery. The
incremental value of this broader approach over ERAS
fluid optimisation alone has not been quantified in
adequately powered trials.

Figure 2 is a chronological overview of key mile-
stone studies in peri-operative GDHT, from Shoemak-
er’s supranormal targets in the late 1980s to the most
recent large pragmatic trials, showing how the field’s
interpretation of this evidence has shifted over time.

Where does this leave GDHT in 2026? The evidence
supports the following conclusions. First, GDHT
retains clinical value most consistently in patients
at the highest peri-operative risk [18, 19, 48]: it is in
this stratum that mortality and morbidity reductions
are most reliably demonstrated across meta-analyses.
Second, the optimal GDHT strategy is multiparameter,
combining dynamic preload assessment, CO or SV
monitoring, and metabolic endpoints (ScvO2, lactate)
rather than targeting any single variable. Third, fixed
CO targets applied uniformly regardless of patient
physiology are ineffective, as the neutral results
of OPTIMISE II and iPEGASUS confirm [77, 78].
Fourth, MAP management is necessary but not suffi-
cient as a haemodynamic strategy. Fifth, within ERAS
programmes, GDHT retains additive value when it
extends beyond fluid optimisation to the full haemody-
namic picture; in lower-risk patients managed within a
well-implemented ERAS pathway, its incremental ben-
efit is less certain.

Trial heterogeneity in GDHT reflects the heteroge-
neity of the surgical population itself [9]. A protocol
appropriate for a frail octogenarian undergoing emer-
gency colonic resection will not be the same as one for
a patient with controlled comorbidities having elec-
tive hepatic surgery. Individualised GDHT, defined
by patient risk, surgical procedure, available monitor-
ing, and intraoperative haemodynamic response, is
therefore the logical endpoint of this evidence-based
approach, and several authors and consensus state-
ments have called for its adoption to replace fixed-
target protocols [9, 10, 32, 76, 82]. Therefore, risk
definition should be better investigated, to identify
scores and factors that influence post-operative out-
come, to improve preoperative rehabilitation, intraop-
erative monitoring, post-operative assistance, resource
allocation and cost-effective interventions [32].
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Economic considerations

Economic considerations bear directly on GDHT imple-
mentation decisions. A large US economic modelling
study (204,680 non-cardiac surgical patients) suggested
that each dollar invested in GDHT implementation may
generate a net return of 2.5-4 United States Dollars
(USD), with per-patient savings of 754—1286 USD [83].
The magnitude of saving depends on baseline complica-
tion rate (higher morbidity populations benefit most)
and local complication costs (higher healthcare costs
amplify the saving). A Brazilian simulation and a French
cost-effectiveness analysis reached similar conclusions
irrespective of the monitoring technology used [84, 85].
The only Italian report found potential savings of approx-
imately 400 euros per patient per day through optimised
post-operative setting allocation after endovascular
repair [86]. These estimates warrant caution: they assume
a treatment effect consistent with the positive trial litera-
ture, and the neutral results of recent large trials suggest
real-world savings may be more modest.

The role of Al

Artificial intelligence (AI) encompasses a range of com-
putational techniques, including machine learning (ML)
algorithms that enable pattern recognition and predic-
tion from large datasets without explicit programming
[87]. In the peri-operative setting, several ML applica-
tions are under active investigation, including preop-
erative risk stratification, intraoperative haemodynamic
monitoring, and, most relevantly to GDHT, automated
therapeutic management (Fig. 3).

For preoperative risk stratification, ML models inte-
grating high-dimensional clinical and physiological data
can identify risk patterns that traditional scoring systems
miss. An interpretable ML cardiovascular risk predictor
derived from the NSQIP dataset achieved an AUC of 0.90
in predicting major adverse cardiovascular events, out-
performing conventional scores [88].

ML algorithms trained on photoplethysmographic
waveforms can reconstruct continuous arterial pressure
traces and derive dynamic parameters such as PPV and
SVV from non-invasive signals, potentially extending
advanced haemodynamic monitoring to settings where
arterial cannulation is not routine [89]. Separate algo-
rithms can detect transducer malpositioning and abnor-
mal arterial waveform damping in real time [90, 91].

The Hypotension Prediction Index (HPI) is the first
commercially available ML model for predicting intraop-
erative hypotension, using arterial waveform features to
forecast MAP <65 mmHg at least 1 min in advance [92—
95]. Diagnostic performance is reasonable (sensitivity
and specificity approximately 83%, AUC 0.90) [93], but
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HPI has not been evaluated within a GDHT framework,
and its clinical relevance to GDHT is therefore limited.

In a large cohort of surgical and critically ill patients,
a deep learning method was used to identify four hypo-
tension phenotypes that were labelled vasodilation,
bradycardia, hypovolaemia, and cardiac dysfunction,
suggesting its utility in interpreting haemodynamic data
[96], while others claimed that these algorithms may be
unnecessary for managing a relatively limited number of
haemodynamic variables [13].

The Al application most directly relevant to GDHT is the
closed-loop haemodynamic management system, which
uses real-time physiological feedback to automate thera-
peutic decisions (fluid boluses, vasopressor titration, or
inotrope adjustment) towards predefined haemodynamic
targets. Three domains of closed-loop control have been
investigated. Closed-loop vasopressor titration has the
most RCT evidence: three randomised trials (N=30-53
each) showed that automated norepinephrine titration
reduces the proportion of time spent hypotensive by up to
tenfold compared with manual control and improves time
within the MAP target range [97-99]. Closed-loop fluid
administration, most notably the Acumen Assisted Fluid
Management system (Edwards Lifesciences), a CE-marked
decision-support tool using SVV-guided fluid challenges,
has shown superior fluid responsiveness rates in a post-
hoc RCT analysis; a large multicentre stepped-wedge
RCT with post-operative outcome endpoints is ongoing
[100]. Closed-loop inotrope management has minimal
evidence in modern non-cardiac surgical practice. No
closed-loop haemodynamic system has yet demonstrated
a reduction in hard clinical outcomes such as acute kidney
injury, major adverse cardiovascular events, or mortality
in an adequately powered trial. The concerns about HPI,
the most widely studied component of closed-loop hypo-
tension management, illustrate these limitations: despite
reducing surrogate hypotension metrics, HPI is associ-
ated with increased hypertensive episodes (overtreatment)
[93, 94], and the so-called mirror effect, whereby the HPI
alarm triggers when MAP is already 72-76 mmHg with
a mean lead time advantage of under one minute over a
simple MAP threshold alert, calls into question its clinical
added value [94, 95].

Al and closed-loop technologies are a logical evolution
of GDHT: rather than requiring clinicians to continuously
interpret multiparameter haemodynamic data and manually
titrate interventions, automated systems could implement
individualised GDHT protocols in real time. The field is
advancing rapidly, but the evidence base remains at an early
stage. Widespread adoption will require adequately pow-
ered RCTs with hard clinical outcome endpoints, validation
across diverse surgical populations, and agreed standards
for model transparency and clinical accountability.
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Conclusions

GDHT has evolved from Shoemaker’s supranormal
oxygen delivery strategy of the 1980s [4] into a hetero-
geneous family of haemodynamic interventions that
claim to reduce post-operative complications through
monitoring and targeted therapy. Whether that claim
holds in 2026, and for whom, is less straightforward
than the early meta-analytic literature suggested.

This review supports the following positions. First,
GDHT retains clinical relevance in 2026, but primar-
ily in patients at the highest peri-operative risk [18,
48], and reductions in morbidity, including AKI, surgi-
cal site infection, and gastrointestinal complications,
are consistently demonstrated in high-risk populations
across multiple meta-analyses [66, 69, 70]. Second,
standardised GDHT protocols do not benefit inter-
mediate-risk populations: the neutral results of OPTI-
MISE II and iPEGASUS [77, 78] are not simply a failure
of targeting, and the residual uncertainty about why
they failed warrants caution before applying any sin-
gle GDHT protocol across unselected surgical patients.
Third, GDHT cannot be equated with ERAS fluid opti-
misation: the two overlap on preload management but
diverge in scope; GDHT realises its full potential when
it integrates dynamic preload indices, cardiac output
monitoring, and metabolic targets (ScvO2, lactate) as
a coherent strategy rather than optimising fluid alone
[76, 101]. Fourth, pressure management is necessary
but not sufficient: MAP monitoring provides a physi-
ological floor, not a complete haemodynamic strategy.
Fifth, risk stratification remains a critical bottleneck:
the absence of a universally validated tool directly lim-
its both trial comparability and clinical implementa-
tion, and its resolution is a prerequisite for meaningful
progress in GDHT research.

Three research priorities follow from this analysis.
Adequately powered trials comparing multiparameter
GDHT with well-implemented ERAS care are needed in
clearly defined high-risk surgical populations, rather than
the heterogeneous intermediate-risk groups as in recent
large RCTs. Validated risk-stratification tools, applica-
ble across diverse healthcare systems, are required to
determine which patients should receive GDHT. Finally,
closed-loop haemodynamic systems, which are the
natural technological evolution of GDHT, require out-
comes RCTs demonstrating hard clinical benefit before
clinical adoption can be recommended. Until this evi-
dence becomes available, a personalised multiparameter
approach, guided by the individual patient’s risk profile,
the surgical procedure, and the intraoperative haemo-
dynamic response, remains the most defensible clinical
strategy.
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