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Abstract

Cardiopulmonary bypass is an essential component of modern cardiac surgery, allowing complex
intracardiac procedures to be performed under controlled physiological conditions. Despite its
benefits, exposure to extracorporeal circulation triggers a complex pathophysiological response
characterized by systemic inflammation, endothelial dysfunction, microcirculatory disturbances, and
coagulation abnormalities. These mechanisms contribute to multiple postoperative complications,
including neurological injury, acute kidney injury, pulmonary dysfunction, and myocardial damage.
The interaction between circulating blood and artificial surfaces within the extracorporeal circuit
activates complement and cytokine cascades, promoting the release of inflammatory mediators that
impair vascular integrity and tissue perfusion. Additionally, alterations in vascular tone, oxygen
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delivery, and organ perfusion during cardiopulmonary bypass may exacerbate cellular hypoxia and
organ injury. Effective anesthetic management plays a central role in mitigating these complications
through comprehensive perioperative strategies. Preoperative optimization includes careful
assessment of comorbidities, identification of predictors of prolonged bypass duration, and
pharmacological preparation aimed at reducing inflammatory activation and myocardial stress. During
surgery, anesthetic strategies focus on the selection of appropriate anesthetic agents, maintenance of
hemodynamic stability, temperature control, and optimization of systemic oxygen delivery.
Continuous monitoring of arterial pressure, cardiac output, cerebral oxygenation, and metabolic
parameters allows early detection of physiological disturbances and facilitates targeted interventions
to maintain adequate tissue perfusion. Additional approaches aimed at reducing the adverse impact of
cardiopulmonary bypass include anti-inflammatory pharmacologic therapies, blood conservation
strategies, lung-protective ventilation, and renal-protective perfusion protocols. Postoperative
management further emphasizes hemodynamic stabilization, prevention of neurological
complications, and protection of organ function. Emerging developments in pharmacological
modulation of ischemia—reperfusion injury, advanced monitoring technologies, and enhanced
recovery protocols may further improve perioperative outcomes. Collectively, these integrated
anesthetic and perioperative strategies are essential for minimizing complications associated with
cardiopulmonary bypass in cardiac surgery.

Key words
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Introduction number of physiological disturbances that may
contribute to postoperative complications. The
interaction between circulating blood and the
artificial surfaces of the extracorporeal circuit
initiates a cascade of biological responses,
including activation of inflammatory pathways
complex intracardiac  procedures  under and endothelial dysfunction. These responses

controlled conditions by temporarily assuming have prompted continuous research efforts aimed

the functions of the heart and lungs. By @&  refining  perfusion  techniques and
maintaining systemic perfusion while providing a perioperative management strategies in order to
bloodless and motionless surgical  field, minimize the adverse effects associated with
cardiopulmonary bypass significantly expanded ~€Xtracorporeal circulation [2].

the scope of surgical interventions that could be
safely performed. The implementation of this
technology has contributed to a substantial
reduction in operative mortality in cardiac
surgery by allowing procedures to be conducted
in a controlled physiological environment that
supports adequate oxygenation and circulation
during surgical manipulation of the heart [1].

Extracorporeal circulation, including
cardiopulmonary bypass, has represented one of
the most  transformative  technological
developments in the field of cardiac surgery. Its
introduction allowed surgeons to perform

An important factor influencing patient outcomes
during cardiac surgery is the duration of
cardiopulmonary bypass. Prolonged bypass time,
frequently defined as exceeding 180 minutes, has
been consistently associated with poorer
postoperative outcomes and increased mortality.
Extended exposure to the extracorporeal circuit
intensifies the systemic inflammatory response
and contributes to progressive endothelial injury,
both of which may compromise organ perfusion
and recovery following surgery [3]. In addition,

Despite these clear benefits, the use of
cardiopulmonary bypass is also associated with a
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multiple clinical investigations have
demonstrated that longer cardiopulmonary
bypass durations correlate with extended periods
of mechanical ventilation and a higher incidence
of acute kidney injury and other forms of organ
dysfunction in the postoperative period [4, 5].
Similarly, the probability of major adverse
cardiovascular events has been shown to increase
with  prolonged bypass exposure, further
highlighting the clinical importance of
minimizing cardiopulmonary bypass duration
whenever possible [6].

The complications associated with prolonged
cardiopulmonary bypass are multifactorial and
involve several interconnected physiological
processes. One of the most prominent
mechanisms is the activation of systemic
inflammatory pathways. The exposure of blood
components to nonphysiological surfaces within
the extracorporeal circuit stimulates the release
of proinflammatory cytokines and promotes the
development of systemic inflammatory response
syndrome. This inflammatory cascade may
subsequently contribute to complications such as
vasoplegia and myocardial dysfunction, both of
which can significantly impair postoperative
hemodynamic stability [7].

In parallel with the inflammatory response,
prolonged cardiopulmonary bypass is strongly
associated with the development of organ
dysfunction. Ischemia—reperfusion injury and
endotoxemia occurring during extracorporeal
circulation can impair the function of multiple
organ systems. Among the most affected organs
are the Kkidneys and lungs, with patients
demonstrating an increased risk of acute kidney
injury, respiratory failure, and in severe cases the
development of multiple organ dysfunction
syndrome [5, 8].

Neurological complications also represent a
significant concern in the context of prolonged
cardiopulmonary  bypass.  Alterations  in
microcirculatory perfusion and oxygen delivery
during extracorporeal circulation may

compromise cerebral perfusion and contribute to
neuronal injury. As a consequence, patients may
develop neurological manifestations ranging
from postoperative cognitive dysfunction to more
severe complications such as ischemic stroke [8].

Another important complication associated with
cardiopulmonary bypass is coagulopathy. The
contact between circulating blood and artificial
surfaces activates the coagulation cascade and
the contact system, leading to complex
alterations in hemostasis. These disturbances
may result in both thrombotic and bleeding
complications, with postoperative hemorrhage
representing a particularly significant clinical
challenge in cardiac surgery patients [7].

Within this context, anesthetic management
plays a central role in mitigating the
physiological disturbances associated with
cardiopulmonary bypass. The anesthetic team
contributes to  maintaining hemodynamic
stability, optimizing tissue perfusion, and
reducing the magnitude of the inflammatory
response during surgery. Appropriate anesthetic
strategies therefore represent an essential
component of perioperative care aimed at
limiting the complications associated with
extracorporeal circulation [1].

Several approaches have been proposed to
reduce the adverse effects of cardiopulmonary
bypass. These strategies include the use of
pharmacological agents designed to attenuate
inflammatory responses, improvements in the
design of extracorporeal circuits, and the
incorporation ~ of  techniques  such  as
intraoperative  hemadsorption  to  remove
circulating  cytokines and  inflammatory
mediators [7]. In addition, meticulous monitoring
of cardiopulmonary bypass parameters remains
essential throughout the procedure. Continuous
assessment of variables such as blood flow,
oxygen delivery, and hematocrit levels allows
clinicians to identify physiological disturbances
early and implement corrective interventions,
thereby reducing the likelihood of complications
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such as acute kidney injury and other forms of
organ dysfunction [9].

The objective of this review is to analyze current
anesthetic strategies aimed at minimizing
complications associated with cardiopulmonary
bypass during cardiac surgery. Particular
emphasis is placed on understanding the
physiological disturbances  induced by
extracorporeal circulation, including systemic
inflammatory activation, organ dysfunction,
neurological injury, and coagulation
abnormalities.

Methodology

This manuscript was developed as a structured
narrative review aimed at providing an updated
and clinically integrated analysis of anesthetic
strategies designed to minimize complications
associated with cardiopulmonary bypass during
cardiac surgery. Particular emphasis was placed
on the pathophysiological mechanisms triggered
by extracorporeal circulation, the relationship
between cardiopulmonary bypass duration and
postoperative morbidity, and the anesthetic

approaches that may reduce the risk of
inflammatory activation, organ dysfunction,
neurological injury, and coagulation

disturbances. The review was conducted in
accordance with the SANRA (Scale for the
Assessment of Narrative Review Articles)
framework and followed a predefined
methodological protocol established before
literature screening. Given the complex,
multifactorial, and clinically heterogeneous
nature of cardiopulmonary bypass—related
complications, a narrative interpretative synthesis
was selected over quantitative meta-analytic
pooling in order to integrate physiological,
anesthetic, surgical, and perfusion-related
considerations into a clinically coherent
framework. Special attention was directed
toward perioperative anesthetic management,
hemodynamic optimization, monitoring
strategies, pharmacologic interventions, and
protective approaches targeting the brain,
kidneys, lungs, and myocardium. The objective

of this review was to provide a structured
synthesis capable of supporting perioperative
decision-making in patients undergoing cardiac
surgery requiring extracorporeal circulation.

A comprehensive literature search was conducted
in PubMed, Scopus, and Web of Science,
including peer-reviewed articles published in
English or Spanish between January 2020 and
December 2026. The final search was performed
in December 2026. This timeframe was selected
in order to capture contemporary advances in
cardiac anesthesia, cardiopulmonary bypass
technology, inflammatory modulation strategies,
organ-protective approaches, and perioperative
monitoring techniques relevant to current cardiac
surgical practice. Foundational studies published
before 2020 were incorporated when necessary
to contextualize the historical development of
extracorporeal circulation, the basic
pathophysiological mechanisms of
cardiopulmonary bypass—related complications,
and the evolution of anesthetic management in
cardiac surgery. The search strategy combined
Medical Subject Headings and free-text terms

using Boolean operators related  to
cardiopulmonary bypass, extracorporeal
circulation,  cardiac  surgery,  anesthetic
management, inflammation, systemic

inflammatory response, vasoplegia, acute kidney
injury, neurological complications,
coagulopathy, hemodynamic monitoring, organ
protection, and cardiopulmonary  bypass
duration. Searches were performed in titles,
abstracts, and indexed subject headings to
maximize sensitivity. Representative search
combinations  included terms such as
(“cardiopulmonary bypass” OR “extracorporeal
circulation”) AND (“cardiac surgery”) AND
(“anesthesia” OR “anesthetic management”)
AND  (“complications” OR
response” OR “acute kidney injury”
“neurological injury” OR “coagulopathy”).

“inflammatory
OR

Eligibility criteria were predefined before study
selection. Studies were considered eligible if they
included adult patients undergoing cardiac
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surgery with cardiopulmonary bypass, evaluated
anesthetic strategies, perioperative management
approaches, monitoring methods, or
pharmacologic interventions relevant to reducing
cardiopulmonary bypass—related complications,

and reported clinical, physiological, or
postoperative  outcomes  associated  with
extracorporeal circulation. Eligible study designs
included randomized controlled trials,

prospective or retrospective observational cohort
studies, systematic reviews, meta-analyses,
expert consensus statements, and contemporary
international guidelines from cardiac anesthesia,
cardiac surgery, and perfusion societies. Studies
involving pediatric populations, isolated case
reports, narrative opinions without clinical or
physiological ~ outcome  data, editorials,
conference abstracts without full text, purely
technical descriptions of perfusion devices
without direct anesthetic relevance, duplicate
publications, and studies not directly addressing
cardiopulmonary bypass—related complications
or anesthetic mitigation strategies were excluded.

The initial search yielded 236 records. After
removal of duplicates, 184 articles remained for
title and abstract screening. Of these, 108 studies
underwent  full-text evaluation, and 62
publications were included in the final synthesis.
Study selection was performed independently by
two authors, and disagreements were resolved
through discussion and consensus. The study
selection process was documented in a structured
flow sequence modeled on PRISMA principles
in order to improve transparency, although the
review itself was narrative rather than systematic
in design.

Data extraction was conducted independently by
two authors using a standardized data collection
form developed before full-text review.
Extracted variables included study design,
publication year, country, patient population,
sample size, type of cardiac surgery,
cardiopulmonary bypass duration, anesthetic
technique, pharmacologic interventions,
intraoperative monitoring strategies,

hemodynamic or organ-protective measures,
reported cardiopulmonary bypass—related
complications, and major  postoperative
outcomes, including mortality when available.
Cross-checking of extracted data was performed
to improve consistency, and any discrepancies
were resolved through joint reassessment of the

original article and consensus discussion.

Methodological quality and internal validity were
assessed narratively, with consideration of study
design, sample size, methodological rigor, risk of
bias, adequacy of follow-up when applicable,
consistency in definitions of cardiopulmonary
bypass—related complications, and
reproducibility of reported findings. When
appropriate, interpretative emphasis was placed
on higher-level evidence, including randomized
trials, systematic reviews, meta-analyses, and
guideline-supported recommendations. Particular
priority was given to multicenter investigations,
studies evaluating clinically relevant
postoperative outcomes, and publications using
standardized definitions for complications such
as acute kidney injury, stroke, coagulopathy,
vasoplegia, and organ dysfunction.

Because  substantial  heterogeneity = was
anticipated across study populations, operative
procedures, anesthetic protocols, monitoring
techniques, and reported outcomes, findings were
synthesized using a thematic narrative approach
rather than quantitative pooling. The synthesis
was organized around major conceptual domains,
including the pathophysiology of
cardiopulmonary bypass—related injury, the
clinical impact of prolonged cardiopulmonary
bypass duration, anesthetic and pharmacologic
strategies  for ~ complication mitigation,
intraoperative monitoring, and organ-specific
protective measures. In cases of conflicting
evidence, greater interpretative weight was
assigned to studies with stronger methodological
quality, larger sample size, greater clinical
applicability, and alignment with contemporary
international recommendations.
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Reference lists of all included publications were
manually screened to identify additional relevant
studies that may not have been captured by the
initial database search. No formal protocol
registration was performed in an external
database, although the methodological approach,
eligibility criteria, and thematic objectives were
predefined before article selection. Owing to its
narrative design, this review remains subject to
potential ~selection bias, publication bias,
language restriction bias, and the absence of
pooled quantitative effect estimates.
Nevertheless, the use of a structured search
strategy, predefined eligibility criteria, dual-
reviewer screening, standardized data extraction,
and transparent thematic synthesis was intended
to strengthen methodological consistency and
clinical relevance. Artificial intelligence—assisted
tools were used exclusively to support literature
organization and structural coherence during
manuscript preparation, whereas study appraisal,
evidence synthesis, and final interpretation were

conducted independently by the authors to
preserve methodological rigor and scientific
integrity.

Pathophysiology of Cardiopulmonary
Bypass—Related Complications

Cardiopulmonary bypass induces a complex
systemic inflammatory response that originates
primarily from the interaction between
circulating blood and the artificial surfaces of the
extracorporeal circuit. This contact activates
multiple inflammatory pathways, including
complement and cytokine cascades, which
collectively initiate a widespread inflammatory
process. As a result, circulating levels of
inflammatory mediators such as interleukin 1
beta, interleukin 6, and tumor necrosis factor
alpha increase significantly. These mediators
contribute to endothelial dysfunction and
promote tissue injury in multiple organ systems,
thereby playing a central role in the
pathophysiology of cardiopulmonary bypass—
related complications [3, 7, 10].

The inflammatory response triggered during
cardiopulmonary bypass is further amplified by
leukocyte activation, which contributes to
progressive endothelial damage. Activated
leukocytes interact with the vascular endothelium
and release mediators that exacerbate vascular
injury and increase endothelial permeability. In
this context, the shedding of glypican 1 and the
activation of matrix metalloproteinase 9 have
been implicated as important mechanisms
contributing to endothelial dysfunction. These
molecular processes promote increased vascular
permeability and facilitate the development of
tissue  injury, thereby  worsening the
inflammatory ~ cascade initiated during
extracorporeal circulation [2, 3].

In addition to inflammatory activation,
cardiopulmonary  bypass also  produces
significant hemodynamic and microcirculatory
alterations. One of the most important
hemodynamic disturbances observed during
extracorporeal circulation is the development of
vasoplegic syndrome. This condition s
characterized by a marked reduction in systemic
vascular resistance, which occurs because of
increased nitric oxide production and the release
of inflammatory cytokines. These biochemical
and physiological changes lead to substantial
alterations in vascular tone and systemic
perfusion during the bypass period [11].

Microcirculatory dysfunction further contributes
to impaired tissue oxygen delivery during
cardiopulmonary bypass. Alterations at the
microvascular level may compromise effective
oxygen transport to peripheral tissues, thereby
increasing the risk of cellular hypoxia and organ
injury. Evidence suggests that the type of
cardioplegia used during cardiac surgery may
influence microcirculatory preservation. Blood
cardioplegia has been shown to provide better

maintenance of  microcirculatory  function
compared with  crystalloid cardioplegia,
potentially ~ reducing  the  severity  of

microvascular  disturbances associated with

extracorporeal circulation [12].
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Neurological complications represent another
important consequence of cardiopulmonary
bypass—related  physiological  disturbances.
During extracorporeal circulation, the brain may
be exposed to episodes of embolization and
reduced cerebral perfusion, both of which can
contribute to neurological injury. Cerebral
embolization may occur because of microemboli
generated within the extracorporeal circuit,
whereas  hypoperfusion may arise from
alterations  in pump  flow,  systemic
hemodynamics, and hemodilution. These factors
influence cerebral oxygen delivery and may
compromise adequate brain perfusion during
surgery [13].

Because of these mechanisms, patients
undergoing  cardiopulmonary  bypass may
develop neurological complications ranging from
postoperative cognitive dysfunction to more
severe events such as ischemic stroke. The
inflammatory ~ response  associated  with
extracorporeal  circulation, combined  with
episodes of cerebral hypoperfusion, plays an
important role in the development of these
neurological outcomes. These observations
highlight the importance of implementing
strategies aimed at preserving cerebral perfusion
and minimizing neurological injury during
cardiac surgery [13].

Another important aspect of cardiopulmonary
bypass—related pathophysiology involves
disturbances in the coagulation system. The
exposure of blood to artificial surfaces within the
extracorporeal circuit leads to activation and
subsequent consumption of platelets. This
process contributes to significant alterations in
hemostasis and increases the risk of coagulation
abnormalities during and after cardiac surgery.
As platelet function becomes impaired, patients
may experience an increased susceptibility to
bleeding complications, requiring  careful
intraoperative and postoperative management of
coagulation parameters [7].

In addition to platelet activation and
consumption, fibrinolytic pathways may also

become activated during cardiopulmonary
bypass. The inflammatory response and
endothelial dysfunction that develop during

extracorporeal circulation contribute to enhanced
fibrinolysis, which further disrupts normal
hemostatic balance. These processes increase the
risk of postoperative bleeding and complicate the
management of coagulation in patients
undergoing cardiac surgery [7].

Cardiopulmonary bypass is also associated with
the development of dysfunction in multiple organ
systems. Among these complications, acute
kidney injury represents one of the most
frequently observed adverse outcomes. The
development  of renal injury  during
cardiopulmonary bypass is closely linked to renal
hypoxia and inflammatory activation. Reduced
renal perfusion and inflammatory-mediated
endothelial injury contribute to impaired kidney
function, highlighting the importance of
strategies aimed at improving renal perfusion and
reducing inflammatory responses during surgery
[13].

Pulmonary dysfunction also represents a
common complication following
cardiopulmonary bypass. Postoperative

respiratory impairment has been associated with
elevated inflammatory biomarkers and injury to
the alveolar epithelium. These processes can
result in impaired gas exchange, hypoxemia, and
prolonged dependence on mechanical ventilation
in the postoperative period [14].

Myocardial injury may occur because of
ischemia—reperfusion processes that take place
during cardiopulmonary bypass. The interruption
and subsequent restoration of myocardial blood
flow can lead to cellular damage and impaired
cardiac function. These mechanisms underscore
the need for protective interventions aimed at
reducing myocardial injury and improving
clinical outcomes in patients undergoing cardiac
surgery with extracorporeal circulation [7].
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Preoperative Anesthetic Optimization

Preoperative anesthetic optimization represents a
fundamental component of  perioperative
management in patients undergoing cardiac
surgery with cardiopulmonary bypass. An
essential first step in this process is appropriate
patient risk stratification, which allows clinicians
to identify individuals who may be at increased
risk of complications during or after surgery. A
comprehensive preoperative evaluation should
therefore include a detailed assessment of
comorbidities and baseline organ function.
Particular attention should be directed toward
evaluating cardiac performance, pulmonary
status, and the function of other organ systems
that may be affected during the surgical
procedure. Such an assessment provides critical
information  for anticipating perioperative
challenges and tailoring anesthetic and surgical
strategies to the specific physiological condition
of each patient [15, 16].

In addition to general clinical assessment,
identifying predictors associated with prolonged
cardiopulmonary bypass duration is also
important during the preoperative phase. Certain
physiological and hemodynamic conditions have
been linked to longer bypass times and an
increased likelihood of postoperative
complications. Among these factors, severe left
ventricular dysfunction, elevated pulmonary
artery pressure, and fluid overload have been
consistently recognized as relevant predictors.
Recognizing these conditions before surgery
allows clinicians to implement targeted
optimization strategies aimed at reducing
perioperative risk and potentially limiting the
duration of cardiopulmonary bypass [17, 18].

Preoperative pharmacological preparation also
plays an important role in improving
perioperative outcomes. The administration of
beta-blockers and statins before surgery has been
associated with beneficial effects in patients
undergoing cardiac procedures. Beta-blockers
contribute to improved cardiac stability by
controlling heart rate and reducing myocardial

oxygen demand, whereas statins exert anti-
inflammatory effects that may attenuate the
systemic inflammatory response associated with

cardiopulmonary  bypass.  Through these
mechanisms, these medications may help
mitigate the physiological stress response
induced by surgery [19].

In parallel with these pharmacological measures,
anti-inflammatory and antioxidant strategies
have been explored as potential approaches to
reduce myocardial injury during
cardiopulmonary bypass. The inflammatory and
oxidative stress responses triggered during
extracorporeal circulation contribute to cellular
damage and organ dysfunction, particularly at the
myocardial level. Consequently, the use of
specific anesthetic agents and additional
pharmacologic interventions designed to limit
oxidative stress and modulate inflammatory
pathways has been proposed as a means of
protecting cardiac tissue during surgery [19, 20].

Effective perioperative planning also requires a
multidisciplinary —approach involving close
collaboration among the anesthesia, surgical, and
perfusion teams. Clear communication and
coordination among these groups are essential
for optimizing surgical workflow and minimizing
cardiopulmonary bypass duration. Preoperative
discussions that review patient-specific risk
factors and anticipated procedural challenges
allow the team to develop coordinated strategies
aimed at reducing intraoperative complications
and improving overall patient outcomes [21].

Within this collaborative framework, several
strategies may be implemented to reduce
anticipated cardiopulmonary bypass duration and
its associated risks. Techniques such as remote
ischemic  preconditioning, strict  glycemic
control, and optimization of perioperative
hemodynamic parameters have been proposed as
interventions that may improve physiological
stability during surgery and contribute to better
clinical outcomes. The successful
implementation of these measures requires
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coordinated planning and shared objectives
among all members of the perioperative team
[19, 21].

Intraoperative Anesthetic Strategies

The choice of anesthetic agents represents a key
component of intraoperative management in

cardiac surgery involving cardiopulmonary
bypass.  Volatile  anesthetics, including
sevoflurane and isoflurane, are widely

recognized for their cardioprotective properties
and are frequently used in cardiac anesthesia.
These agents have been associated with
reductions in myocardial injury biomarkers,
particularly cardiac troponins, in patients
undergoing off-pump coronary artery bypass
grafting procedures. In this context, sevoflurane
has demonstrated a significant advantage over
propofol in reducing postoperative cardiac
troponin levels, suggesting a potential benefit in
limiting myocardial injury during cardiac surgery
[6, 22]. In addition to their potential
cardioprotective effects, volatile anesthetics are
commonly preferred by many anesthesiologists
due to their ease of administration and their
integration  into  established institutional
practices. Nevertheless, the available evidence
regarding their superiority compared with
intravenous anesthetic techniques remains mixed
[23].

An alternative approach involves the use of total
intravenous anesthesia, commonly administered
with propofol. This technique has been
considered for its potential neuroprotective
properties,  although its  cardioprotective
effectiveness relative to volatile anesthetics
continues to be debated. Propofol is frequently
employed for anesthetic induction in cardiac
surgery; however, its pharmacokinetic profile
may be altered during cardiopulmonary bypass
due to changes in drug distribution,
hemodilution, and circuit-related sequestration.
As a result, careful adjustment of dosing and
vigilant monitoring of anesthetic depth are
required to maintain appropriate anesthetic levels
during extracorporeal circulation [24].

Beyond the selection of anesthetic agents,
effective hemodynamic management during
cardiopulmonary bypass is essential to ensure
adequate organ perfusion and maintain
physiological stability. One of the most
important parameters in this context is mean
arterial pressure, which must be carefully
regulated to preserve perfusion to vital organs
such as the brain, kidneys, and myocardium.
Anesthetic agents and vasoactive medications are
commonly used to maintain hemodynamic
stability throughout the procedure. Continuous
monitoring is necessary to avoid excessive
catecholamine administration, as high
catecholamine  exposure may  exacerbate
myocardial injury and worsen postoperative
outcomes [19].

The administration of vasoactive agents must
therefore be individualized according to each
patient's physiological status and intraoperative
response to cardiopulmonary bypass. Clinicians
must carefully balance the risks associated with
hypotension and hypertension, both of which can
compromise organ perfusion. The selection of
specific vasoactive medications and the
adjustment of their dosages are influenced by the
chosen anesthetic strategy as well as by the

patient’s  hemodynamic  response  during
extracorporeal circulation [19].

Temperature management during
cardiopulmonary bypass represents another

important aspect of intraoperative care. The
optimal temperature strategy remains a topic of
ongoing discussion, particularly regarding the
relative  benefits of normothermia and
hypothermia. Mild hypothermia, typically
ranging between 32 and 35 degrees Celsius, has
been associated with improved short-term and
long-term survival compared with normothermic
strategies. This potential benefit is thought to
result from reductions in metabolic demand and
improved protection of vital organs during
periods of reduced perfusion [24].
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Another critical objective during
cardiopulmonary bypass is the optimization of
systemic  oxygen  delivery.  Maintaining
appropriate  hemoglobin  concentrations s
essential for adequate oxygen transport to
peripheral tissues. In addition, monitoring
parameters such as mixed venous oxygen
saturation and lactate levels provides valuable
information regarding global tissue perfusion and
metabolic status. These measurements assist
clinicians in guiding transfusion decisions and
evaluating the adequacy of oxygen delivery
throughout the surgical procedure [19].

Protecting cerebral function during
cardiopulmonary bypass is also a major priority
in cardiac anesthesia. Various neuromonitoring
techniques have been implemented to detect
alterations in cerebral perfusion and neurological
function during surgery. Tools such as
transesophageal echocardiography, processed
electroencephalography, and  near-infrared
spectroscopy allow clinicians to assess cerebral
oxygenation and perfusion in real time. The use
of these monitoring modalities supports the
maintenance of adequate cerebral perfusion
pressure and contributes to the prevention of
neurological complications associated with
cardiac surgery [25].

Strategies to Reduce the Impact of
Prolonged Cardiopulmonary Bypass

Pharmacological strategies aimed at attenuating
the inflammatory response during
cardiopulmonary bypass represent an important
component of perioperative  management.
Among these interventions, corticosteroids have
been widely used with the intention of reducing
the systemic inflammatory activation associated
with extracorporeal circulation. Evidence from a
meta-analysis  including 12,559  patients
demonstrated that corticosteroid therapy did not
significantly reduce in-hospital mortality or
infection rates in patients undergoing cardiac
surgery  with  cardiopulmonary  bypass.
Nevertheless, the analysis showed that
corticosteroid administration was associated with

a reduction in the incidence of renal failure as
well as a shorter length of stay in the intensive
care unit, suggesting a potential role for these
agents in modulating inflammation and
improving certain postoperative outcomes [26].

In  addition to  corticosteroids,  other
pharmacological approaches have focused on

inhibiting  complement  activation,  which
represents a major contributor to the
inflammatory ~ cascade  triggered  during

cardiopulmonary bypass. Activation of the
complement system promotes inflammation and
tissue  injury, thereby  contributing to
postoperative complications. Emerging
therapeutic strategies have therefore explored the
use of complement inhibitors as a means of
limiting this inflammatory response. Agents such
as ravulizumab have been investigated for their
capacity to inhibit complement activation and
potentially reduce adverse outcomes associated
with  extracorporeal circulation.  Evidence
suggests that these therapies may decrease the
risk of complications such as acute kidney injury
by mitigating the inflammatory processes that
contribute  to  tissue  damage  during
cardiopulmonary bypass [27, 28].

In parallel with anti-inflammatory strategies,
effective management of coagulation and blood
conservation is essential during cardiac surgery
involving cardiopulmonary bypass. Coagulation
disturbances frequently occur because of platelet
activation, hemodilution, and inflammatory
activation during extracorporeal circulation.
Antifibrinolytic agents have therefore been
widely  employed to limit  bleeding
complications. Agents such as fibrinogen
concentrate and cryoprecipitate are commonly
used to address coagulopathy in this setting.
Comparative investigations evaluating these
treatments have demonstrated that fibrinogen
concentrate is non-inferior to cryoprecipitate for
the management of bleeding during cardiac
surgery, regardless of the duration of
cardiopulmonary bypass. These findings support
the effectiveness of antifibrinolytic therapy as
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part of blood conservation strategies during
cardiac procedures [29].

Another important approach for optimizing
coagulation management involves the use of
point-of-care coagulation monitoring. These
monitoring techniques allow clinicians to assess
coagulation status in real time and tailor
anticoagulation  therapy  accordingly. By
providing immediate information on clot
formation and fibrinolytic activity, point-of-care
testing facilitates more precise management of
hemostasis during cardiopulmonary bypass. This
individualized approach may reduce the
incidence of bleeding complications and limit the
need for transfusion of blood products during and
after surgery [3].

Pulmonary protection also represents an
important consideration during cardiopulmonary
bypass, as lung injury can occur as a result of
inflammatory  activation and  mechanical
ventilation. One strategy aimed at minimizing
pulmonary damage involves the use of low tidal
volume  ventilation during  extracorporeal
circulation. This approach reduces the risk of
barotrauma and polytrauma, which are
recognized contributors to ventilator-associated
lung injury in patients undergoing cardiac
surgery. By limiting excessive mechanical stress
on the lung parenchyma, low tidal volume
ventilation strategies may help preserve
pulmonary function during the perioperative
period [30].

In addition to ventilatory strategies, maintaining
adequate pulmonary perfusion during
cardiopulmonary bypass is also considered
important ~ for  preventing  postoperative
respiratory complications. Ensuring sufficient
pulmonary blood flow helps preserve the
structural and functional integrity of the lungs
and may reduce the incidence of pulmonary
dysfunction after surgery. Strategies designed to
maintain pulmonary perfusion during
extracorporeal circulation therefore play a role in

reducing the risk of postoperative pulmonary
complications [30].

Renal protection constitutes another major
objective during cardiopulmonary bypass, given
the high incidence of acute Kkidney injury
associated with cardiac surgery. One proposed
strategy involves the implementation of goal-
directed perfusion protocols aimed at optimizing
hemodynamic parameters throughout the bypass
period. These approaches emphasize the
maintenance of adequate perfusion pressure and
blood flow to support renal perfusion and reduce
the risk of kidney injury during surgery [31].

In addition to optimizing perfusion parameters,
avoiding exposure to nephrotoxic agents
represents an important aspect of renal protection
during the perioperative period. Certain
vasoactive medications may influence renal
perfusion differently, and their selection may
therefore affect the risk of postoperative kidney
injury. The wuse of vasopressin instead of
norepinephrine has been suggested as a potential
strategy for reducing the incidence of acute
kidney injury by improving renal perfusion
during cardiopulmonary bypass [31].

Monitoring Techniques
Cardiopulmonary Bypass

During

Hemodynamic  monitoring  represents a
fundamental component of intraoperative
management during cardiopulmonary bypass, as
maintaining stable circulatory conditions is
essential for preserving adequate organ
perfusion. Continuous monitoring of arterial
pressure plays a particularly important role in
this context. Maintaining appropriate perfusion
pressure helps prevent episodes of hypotension
that could compromise blood flow to Vvital
organs, including the brain. Evidence indicates
that sustaining mean arterial pressure above

specific thresholds during cardiopulmonary
bypass is critical for maintaining cerebral
perfusion and improving overall patient

outcomes. For this reason, careful monitoring
and adjustment of arterial pressure remain central
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elements of anesthetic management during
extracorporeal circulation [32, 33].

In addition to arterial pressure monitoring,
accurate assessment of cardiac output is
necessary to evaluate global hemodynamic status
during surgery. Several technologies have been
developed to estimate cardiac output in the
perioperative setting, including thermodilution
techniques and less invasive systems such as the
FloTrac/Vigileo platform.  Although these
methods are widely used in clinical practice,
studies have demonstrated variability in their
accuracy and precision. In particular, the FloTrac
method has been reported to produce non-
negligible overestimation of cardiac output and
limited reliability in tracking changes over time,
indicating that it may not be interchangeable with
thermodilution-based measurements [34, 35].
Alternative approaches, including continuous
noninvasive cardiac output monitoring, have also
been investigated. These studies have shown that
a low cardiac index may occur during surgery
even when arterial blood pressure appears
normal, emphasizing the importance of reliable
cardiac output monitoring to identify potential
hypoperfusion and prevent related complications
[36].

Neurological monitoring is also an essential
aspect of patient management during
cardiopulmonary  bypass because cerebral
autoregulation may be impaired under these
conditions. One commonly used method is near-
infrared spectroscopy, which allows continuous

assessment of cerebral oxygenation. This
technology provides real-time information
regarding cerebral perfusion and oxygen

delivery, enabling clinicians to detect early signs
of cerebral ischemia and implement corrective
measures when necessary [32].

Electroencephalographic monitoring represents
another tool that can assist in evaluating cerebral
function during cardiac surgery. By detecting
alterations in  electrical  brain  activity,
electroencephalography may reveal changes

associated with inadequate cerebral perfusion or
insufficient oxygen delivery. This monitoring is
particularly relevant given the documented
association between reduced oxygen supply
during cardiopulmonary bypass and the
development of postoperative neurological
complications, including delirium and cognitive
dysfunction [38].

In addition to hemodynamic and neurological
monitoring, metabolic monitoring provides
valuable information regarding  systemic
perfusion and tissue oxygenation. Measurement
of lactate levels is commonly used as an
indicator of global metabolic status during
surgery. Elevated lactate concentrations may
reflect inadequate tissue perfusion and impaired
oxygen delivery, conditions that have been
associated with adverse postoperative outcomes
such as prolonged mechanical ventilation and the
development of acute kidney injury [4].

Monitoring acid—base balance also represents an
important component of metabolic management
during cardiopulmonary bypass. Continuous
blood gas analysis allows clinicians to evaluate
pH levels, carbon dioxide concentration, and
oxygenation status, thereby guiding corrective
interventions ~ when  necessary. Several
monitoring systems, including devices such as
the Livanova B-Capta and the Terumo CDI 500,
have been evaluated for their accuracy in
measuring blood gas parameters during cardiac
surgery. These technologies provide continuous
information that supports appropriate
physiological management and helps maintain
acid-base stability throughout the procedure
[39].

Postoperative Management and
Anesthetic Considerations

Early hemodynamic stabilization is a central
objective during the immediate postoperative
period following cardiopulmonary bypass, as
patients  frequently  experience  significant
circulatory instability after separation from
extracorporeal circulation. The selection of
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appropriate vasoactive agents plays an important
role in maintaining adequate perfusion and
supporting cardiovascular function. Among the
available options, vasopressin has been shown to
provide advantages over norepinephrine in
certain clinical contexts. Evidence indicates that
the use of vasopressin may reduce the incidence
of cardiac surgery—associated acute kidney injury
as well as postoperative atrial fibrillation, both of
which  represent common  complications
following cardiopulmonary bypass [31]. In
addition, vasoplegic syndrome may develop after
cardiopulmonary bypass and represents a
significant cause of postoperative hemodynamic
instability. This condition is characterized by
profound vasodilation and reduced systemic
vascular resistance, requiring careful
management with vasopressor agents such as
vasopressin and catecholamines in order to
restore adequate vascular tone and maintain
perfusion pressure [11].

Fluid management also represents a key
component of postoperative care in patients
recovering from cardiopulmonary bypass. Goal-
directed fluid therapy has been proposed as an
approach to optimize intravascular volume while
avoiding complications associated with excessive
fluid administration. In this context, the use of
albumin as a resuscitation fluid has been
discussed, although its role remains a subject of
ongoing debate in the literature [40]. Regardless
of the specific fluid selected, management
strategies should aim to maintain sufficient organ
perfusion while preventing fluid overload, as
excessive fluid accumulation may contribute to
complications such as acute kidney injury and
other forms of postoperative organ dysfunction

[4].

Another important aspect of postoperative
management involves the prevention of
neurological complications. Sedation strategies
implemented during the recovery period may
influence neurological outcomes and the speed of
postoperative  recovery. Volatile  sedation
techniques have been associated with faster

extubation and more rapid neurological recovery
when compared with propofol-based sedation.
Although the use of volatile agents for sedation
may require additional preparation and
equipment, these approaches may facilitate
earlier neurological evaluation and potentially
reduce the risk of postoperative cognitive
dysfunction [38, 41].

In addition to appropriate sedation, early
neurological assessment is essential for detecting
complications that may arise following
cardiopulmonary bypass. Maintaining adequate
oxygen delivery throughout the perioperative
period is critical for preventing neurological
injuries such as cerebrovascular events and
postoperative delirium. Early clinical evaluation
allows clinicians to identify neurological
abnormalities promptly and initiate appropriate
management strategies when necessary [38].

Preventing postoperative organ dysfunction also
represents a major objective after cardiac surgery
involving cardiopulmonary bypass. Pulmonary
complications are particularly relevant, as
prolonged cardiopulmonary bypass duration has
been associated with an increased risk of acute
respiratory distress syndrome and extended
dependence on mechanical ventilation. The
implementation of lung-protective ventilation
strategies, including appropriate ventilatory
settings, is therefore essential in minimizing
pulmonary injury and reducing postoperative
respiratory complications [4].

Renal protection is another critical consideration
in the postoperative management of these
patients. Acute kidney injury remains one of the
most frequent complications following cardiac
surgery with cardiopulmonary bypass. Evidence
suggests that the use of vasopressin instead of
norepinephrine may reduce the incidence of
cardiac surgery—associated acute kidney injury

by improving renal perfusion during the
postoperative period [31]. In addition to
pharmacologic interventions, minimizing

cardiopulmonary bypass duration and ensuring
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adequate hemodynamic support throughout the
perioperative period are essential measures for
preserving renal function and preventing
postoperative renal dysfunction [4].

Future

Emerging and

Directions

Approaches

Anesthetic agents play an important role in
modulating inflammatory responses during
cardiac surgery involving cardiopulmonary
bypass. The selection of anesthetic drugs can
influence perfusion dynamics and tissue oxygen
delivery, both of which are critical determinants
of physiological stability during extracorporeal
circulation. Because cardiopulmonary bypass
significantly  alters circulatory  conditions,
anesthetic management must account for the
effects that different agents may exert on
systemic hemodynamics and tissue perfusion
[42].

During cardiopulmonary bypass, the
pharmacokinetics and pharmacodynamics of
commonly used anesthetic agents such as
propofol and sevoflurane may be significantly

modified. Factors including hemodilution,
altered protein binding, changes in drug
distribution, and interactions  with  the

extracorporeal circuit can affect anesthetic drug
concentrations and their clinical effects.
Consequently, careful adjustment of dosing is
necessary to maintain adequate anesthetic depth

while  minimizing potential  inflammatory
responses  associated  with  extracorporeal
circulation. In addition to their anesthetic
properties, certain agents exhibit  anti-

inflammatory effects that may contribute to
attenuating the inflammatory response induced
by cardiopulmonary bypass. These
pharmacological characteristics may therefore
have the potential to improve perioperative
outcomes by reducing inflammatory activation
and its associated complications [24].

Another important area of investigation in
cardiac anesthesia involves the pharmacological
modulation of ischemia—reperfusion injury. This

phenomenon represents a major source of tissue
damage during cardiac  surgery  with
cardiopulmonary bypass, as the interruption and
subsequent restoration of blood flow can lead to
oxidative stress, cellular injury, and organ
dysfunction. Various strategies have been
explored to mitigate this injury, including remote
ischemic preconditioning and the administration
of cardioprotective agents designed to reduce
cellular damage during reperfusion [19].

Pharmacological interventions targeting
ischemia—reperfusion injury have also focused on
optimizing the choice of vasoactive agents
during cardiopulmonary bypass. In this context,
vasopressin has demonstrated promising results
when compared with norepinephrine. Evidence
from the NOVACC trial suggests that the use of
vasopressin - may reduce renal ischemia—
reperfusion injury and decrease the incidence of
acute kidney injury associated with cardiac
surgery involving extracorporeal circulation [31].
The pharmacological modulation of ischemia—
reperfusion injury therefore represents an
important and evolving area of research with the
potential to reduce morbidity and mortality in
patients undergoing cardiac surgical procedures
[19].

Advances in monitoring technologies have also
contributed to improvements in the perioperative
management of patients undergoing
cardiopulmonary bypass. Modern monitoring
systems allow more precise assessment of
hemodynamic parameters and tissue perfusion,
thereby supporting better clinical decision-
making during surgery. These technologies are
essential for optimizing physiological conditions
throughout the procedure and ensuring that
adequate oxygen delivery is maintained at the
tissue level [42].

The use of objective monitoring tools can assist
clinicians  in  tailoring  anesthetic  and
pharmacological interventions according to the
specific needs of each patient. Individualized
management based on continuous physiological
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monitoring may improve perioperative stability
and contribute to better clinical outcomes.
Continuous evaluation of tissue perfusion and
hemodynamic  status  provides  important
information that can guide interventions aimed at
preventing complications such as ischemia—
reperfusion injury and immune dysfunction
during cardiac surgery [19, 42].

In parallel with advances in pharmacological and
monitoring  strategies, enhanced recovery
protocols have been increasingly incorporated
into cardiac surgical practice. Enhanced
Recovery After Surgery programs have been
adapted for patients undergoing cardiac
procedures with the goal of improving recovery
times and reducing postoperative complications
[43, 44].

These protocols typically integrate multiple
perioperative interventions, including
preoperative preparation, intraoperative
management, and postoperative care measures
designed to facilitate recovery. Examples include
respiratory training before surgery, shortened
fasting periods, and early or on-table extubation
following the procedure. The implementation of
such measures has been associated with
reductions in hospital length of stay and
improvements in overall patient satisfaction [45].

The adoption of enhanced recovery protocols in
cardiac surgery has been linked to several
favorable clinical outcomes. These include
reduced postoperative opioid consumption,
shorter durations of mechanical ventilation, and
lower rates of nosocomial infections.
Collectively, these benefits highlight the
potential value of integrating enhanced recovery
strategies into the perioperative management of
patients undergoing cardiac surgery with
cardiopulmonary bypass [44, 45].

dysfunction,  microcirculatory  impairment,
coagulation  abnormalities, and ischemia—
reperfusion injury interact to  promote

neurological, renal, pulmonary, and myocardial
complications, particularly when bypass duration
is prolonged.

Preoperative risk stratification, multidisciplinary
planning, and individualized intraoperative
anesthetic management are essential to reduce
cardiopulmonary bypass—related morbidity, as
optimization of hemodynamics, oxygen delivery,
temperature control, cerebral protection, and
anesthetic selection can directly influence
postoperative outcomes.

Contemporary strategies to mitigate the adverse
effects of prolonged cardiopulmonary bypass
increasingly rely on targeted anti-inflammatory
therapies, blood conservation measures, goal-
directed  perfusion, advanced monitoring
technologies, and enhanced recovery protocols,
all of which support a more personalized
perioperative approach and may improve clinical
recovery after cardiac surgery.
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