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Abstract

Cardiovascular disease (CVD) is the leading cause of death and disability worldwide. Rapid advances in its
diagnosis and treatment in recent years have profoundly influenced the perioperative management of patients
undergoing surgery. This article reviews recent progress in cardiovascular disease risk assessment,

pharmacotherapy, interventional techniques, and surgical procedures, and discusses the new requirements and

challenges these advances pose for perioperative anesthetic management.
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Background

Cardiovascular disease (CVD) is the leading cause of
death and disability globally [1], and its incidence is
closely associated with advancing age. With the
development of an aging population structure, the
number of elderly patients with CVD is rapidly
maturation and

increasing.  Concurrently, the

widespread adoption of minimally invasive
interventional techniques—such as transcatheter aortic
valve replacement, percutaneous coronary intervention
for complex lesions, left atrial appendage closure, and
cardiac resynchronization therapy—along with the
continuous expansion of cardiac surgery into minimally
invasive, hybrid, and complex critical care domains,

have significantly altered the profile of cardiovascular

patients requiring anesthesia and surgery [2-4]. The
number of “complex” patients—those who are elderly,
have multiple chronic comorbidities, have undergone
repeated interventional treatments or surgeries, and
possess extremely poor cardiac functional reserve—has
markedly increased. This shift in patient demographics
poses systemic challenges to anesthesiologists in terms
of knowledge, technical skills, decision-making capacity,

and multidisciplinary collaboration.

Over the past decade, changes in the cardiovascular
treatment paradigm have necessitated refinement of
anesthetic strategies. For instance, in pharmacotherapy,
novel oral anticoagulants and potent P2Y;, inhibitors

are increasingly widely wused. Their effects on
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coagulation differ from those of traditional agents,
requiring the formulation of rational perioperative
anticoagulation management plans [5,6]. New surgical
approaches have enabled many high-risk patients to
receive treatment [7], making it essential to master the
corresponding assessment and management strategies.
Additionally, the application of artificial intelligence-
assisted risk stratification tools and biomarkers is
transforming the paradigm of preoperative risk
[8,9].
perioperative anesthetic management strategies has

assessment Consequently, optimization of

become a major focus within anesthesiology.

Advances in Cardiovascular Pharmacotherapy
and Challenges for Anesthetic Management
Perioperative Management of Novel Anticoagulant
and Antiplatelet Agents:

The
antiplatelet drugs has dramatically reshaped the

emergence of novel anticoagulant and
treatment landscape for cardiovascular disease while
also introducing new challenges for perioperative
The

anticoagulants (DOACs) over traditional warfarin

management. advantages of direct oral
include fixed dosing, no requirement for routine
coagulation monitoring, and fewer food and drug
interactions, all of which improve patient compliance
and medication safety [10]. Meanwhile, more potent
P2Y;, receptor inhibitors (such as ticagrelor and
prasugrel), which reversibly bind to platelet P2Y;,
receptors, provide more rapid and potent platelet
inhibition than clopidogrel but are associated with an
increased bleeding risk [11,12], thereby imposing
greater demands on perioperative discontinuation
decision-making [12].

Perioperative  discontinuation and resumption
decisions must be based on an individualized risk-
benefit assessment that weighs the bleeding risk of the
procedure against the patient’s thrombotic risk. For
DOACs, the discontinuation window must be precisely
calculated according to renal function (creatinine
clearance) to ensure that drug concentrations decline to
safe levels at the time of surgery [10]. Current
guidelines generally do not recommend routine
bridging anticoagulation for patients receiving DOACs,
based on consideration of DOAC pharmacokinetics and

bleeding risk. No interruption is required for minor

procedures, whereas discontinuation 24 hours before
low-bleeding-risk procedures and 48 hours before high-
bleeding-risk procedures is recommended [10,13].

For P2Y;, inhibitors, longer discontinuation periods
are usually required according to the pharmacokinetic
properties of individual agents. Current
recommendations include discontinuation at least 3
days before surgery for ticagrelor, 5 days for clopidogrel,
and 7 days for prasugrel to ensure recovery of platelet
function, although practices may vary among centers
[12,13]. Anesthesiologists must be familiar with these
principles to balance thrombotic and hemorrhagic risks

appropriately.

In cases of life-threatening perioperative bleeding,
specific reversal agents can be utilized. For example,
idarucizumab can reverse dabigatran, whereas
andexanet alfa is indicated for reversal of factor Xa
Both

anticoagulant effects [14,15].

inhibitors. agents can rapidly reverse

New Heart Failure Therapies and Their Interactions
with Anesthesia:

The treatment paradigm for heart failure has evolved
from traditional neurohormonal antagonism (e.g., ACE
inhibitors/ARBs)
pathway interventions. Angiotensin receptor-neprilysin
(ARNIs),
exemplify this shift. ARNIs are combination drugs

to more comprehensive multi-

inhibitors such as sacubitril/valsartan,
composed of the neprilysin inhibitor sacubitril and the
angiotensin II receptor blocker valsartan. Their unique
mechanism of action has demonstrated significant
advantages in the treatment of chronic heart failure by
exerting dual effects: on the one hand, inhibiting
neprilysin to increase natriuretic peptide levels, thereby
promoting diuresis, natriuresis, and vasodilation; on the
other hand, blocking angiotensin II receptors, resulting
in more potent blood pressure reduction, reversal of
ventricular remodeling, and improved hemodynamic
effects [16].

Sodium-glucose cotransporter 2 inhibitors (SGLT2i),
such as empagliflozin and dapagliflozin, have evolved
from glucose-lowering agents into foundational
therapies for heart failure. Their cardioprotective effects

arise from multiple mechanisms, including osmotic
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diuresis to reduce cardiac preload, improved myocardial
energy metabolism efficiency, and attenuation of
myocardial inflammation and fibrosis, resulting in
significant cardiovascular benefits [17]. The widespread
use of these drugs means that an increasing number
of patients receiving them will undergo surgery,
thereby raising new challenges for perioperative

management.

Perioperative management must focus on the effects
of ARNIs and SGLT2i on anesthesia. During the
perioperative period, patients experience acute blood
volume changes, anesthetic-induced vasodilation, and
surgical stress. The potent vasodilatory and diuretic
effects of ARNIs may lead to excessive blood pressure
reduction and provoke refractory hypotension,
particularly when combined with anesthetics or other
antihypertensive agents, or in patients with relative
hypovolemia, in whom the risk is even greater [18].
Moreover, an acute decrease in renal perfusion
pressure, especially during major surgery or when
vasopressor support is required, may increase the risk
of acute kidney injury [19]. Therefore, heightened
vigilance is essential during the perioperative period
regarding marked blood pressure fluctuations and renal
hypoperfusion potentially induced by ARNIs. Because
ARNIs can significantly reduce sympathetic nervous
system activity [20], thereby increasing patient

sensitivity to  anesthetics and intraoperative
vasodilators, withholding these agents for 24 hours
before surgery is generally recommended, along with

preparation of potent vasoactive drugs.

For patients receiving SGLT2i, routine preoperative
fasting combined with the diuretic effects of these
agents can readily reduce effective circulating blood
volume, thereby increasing the risks of intraoperative
hypotension and acute kidney injury. In addition,
SGLT2i

complication—euglycemic

are associated with a rare but serious
diabetic  ketoacidosis—in
which surgical stress, relative insulin deficiency, and
reduced oral intake collectively promote lipolysis and
ketone body production. Importantly, this ketoacidosis
may occur despite normal or only mildly elevated blood
glucose levels [21]. Therefore, perioperative ketone
body monitoring is necessary, and discontinuation of

SGLT2i for 3-4 days before surgery is generally

recommended to minimize the risks of perioperative
ketoacidosis and volume depletion. Anesthesiologists
must be familiar with the pharmacological properties of
these novel agents and be prepared to anticipate and
effectively manage the hemodynamic and metabolic

disturbances they may cause.

Specific Anesthetic Requirements Driven by
Advances in Cardiovascular Interventional and
Minimally Invasive Surgical Techniques

Anesthetic for

Structural Heart Disease Interventions:

Coordination Transcatheter

Transcatheter structural heart disease interventions

primarily include transcatheter aortic  valve
replacement (TAVR), transcatheter mitral valve repair
or replacement (TMVR), transcatheter tricuspid valve
intervention, and left atrial appendage closure (LAAC)
[7]. Different procedures impose specific requirements
on anesthetic management. For example, TAVR utilizes
various access routes, including transfemoral,
transapical, and transseptal approaches. Among these,
the transfemoral approach, because of its minimally
invasive nature, often employs local anesthesia or local
anesthesia combined with sedation, whereas the
transapical approach, being more invasive, usually
requires general anesthesia. During critical stages of
valve deployment, such as balloon inflation or valve
positioning, rapid ventricular pacing is often required to
induce a temporary reduction in cardiac output.
Therefore, anesthetic management must coordinate
brief periods of apnea or adjusted ventilation strategies
to minimize cardiac motion and ensure precise
implantation [22]. standard vital

Beyond sign

monitoring, continuous invasive arterial pressure
monitoring provides real-time feedback regarding
circulatory ~ fluctuations, and  transesophageal
echocardiography (TEE) plays an irreplaceable role in
assessing valve position and function, as well as
identifying acute complications such as paravalvular

leak and cardiac tamponade [23,24].

There is an increasing trend toward using deep
sedation combined with local anesthesia instead of
routine general anesthesia for procedures such as TAVR.
Local anesthesia with sedation can shorten hospital stay,
reduce the use of vasoactive drugs, and potentially lower
medical costs [25,26]. However, sedation combined
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with local anesthesia requires a high degree of patient
cooperation to maintain immobility during the
procedure, and in the event of emergency complications
such as cardiac tamponade, coronary artery
obstruction, or vascular rupture, conversion to general
anesthesia may be delayed [26]. In contrast, general
anesthesia provides more stable airway control and
physiological conditions, greatly facilitates procedural
performance, and establishes favorable conditions for
emergency rescue. Therefore, it remains the preferred
anesthetic modality for complex cases, such as
transcatheter mitral valve replacement in severe mitral
annular calcification, specific high-risk access routes
(e.g., transapical access), or procedures with anticipated

prolonged duration [27,28].

The identification and emergency management of
intraoperative complications are core responsibilities of
the anesthesia team. Critical situations that may arise
during transcatheter cardiac interventions include
severe paravalvular leak, coronary artery obstruction,
circulatory collapse, stroke, and heart block [29].
Anesthesiologists must rely on TEE and continuous
hemodynamic monitoring for early recognition of these
complications. For example, acute hypotension
accompanied by TEE evidence of pericardial effusion
strongly suggests cardiac tamponade, whereas new-
onset left ventricular outflow tract obstruction may be
related to abnormal valve positioning after implantation
[23,28].
initiation of advanced life support and administration of

Emergency protocols include immediate
vasoactive agents to maintain perfusion pressure,
preparation for urgent establishment of extracorporeal
circulatory support, and readiness for temporary or
permanent pacemaker implantation in cases of severe
conduction block. This process requires close
collaboration among anesthesia, interventional, and
surgical teams to ensure rapid decision-making and

seamless transition to emergency rescue measures [27].

Anesthetic Management for Minimally Invasive and
Robot-Assisted Cardiac Surgery:

Minimally invasive and robot-assisted cardiac
surgical procedures, such as minimally invasive direct
coronary artery bypass (MIDCAB), totally thoracoscopic
cardiac surgery, and robot-assisted cardiac surgery, are

characterized by the use of small incisions or ports,

thereby avoiding traditional median sternotomy [30].
These
ventilation (OLV) to provide a clear surgical field.

procedures frequently require one-lung
Hypoxic pulmonary vasoconstriction in the non-
ventilated lung, together with surgical manipulation,
can increase right ventricular afterload and
subsequently affect right ventricular function. In
addition, surgical maneuvers may induce arrhythmias
or hemodynamic instability. Therefore, the anesthesia
team should prepare contingency plans for the
management of sudden massive hemorrhage or
emergency conversion to open sternotomy due to

technical difficulties [31].

The major advantages of minimally invasive surgery
include reduced tissue trauma and less postoperative
pain, thereby creating favorable conditions for the
implementation of enhanced recovery after surgery
(ERAS)

management into the ERAS pathway for cardiac surgery

protocols.  Integration of  anesthetic
involves several important measures, including goal-
directed fluid therapy based on dynamic indices such as
stroke volume variation to optimize fluid administration
and avoid volume overload; active warming strategies
to prevent intraoperative hypothermia; and promotion
of early postoperative extubation and mobilization
through meticulous selection and titration of anesthetic

agents, thereby shortening hospital stay [31].

Integration of Perioperative Risk Assessment
and Individualized Anesthetic Strategies
Precision Risk Assessment Based on Artificial
Intelligence and Biomarkers:

Traditional cardiac risk scoring systems, such as the
Revised Cardiac Risk Index (RCRI) and the American
College of Surgeons National Surgical Quality
Improvement Program (NSQIP) model, are valuable
for predicting cardiac complications in patients
undergoing noncardiac surgery, although they have
certain limitations. These models, which are primarily
based on clinical markers and electrocardiographic
assessment, can effectively discriminate among low-,
[32].
However, when evaluating increasingly complex patient

intermediate-, and high-risk populations

populations—such as those with multiple cardiovascular

conditions, those who have undergone novel

cardiovascular procedures (e.g., transcatheter aortic
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valve implantation), or those with specific
pathophysiological states—traditional scoring systems
may fail to adequately capture individualized risk [33].
Therefore, clinical decision-making still requires
comprehensive judgment integrating detailed medical
history, physical examination, and modern diagnostic

methods [34].

Novel biomarkers provide important evidence for
preoperative risk assessment. High-sensitivity cardiac
troponin (hs-cTn) and B-type natriuretic peptide
(BNP)/N-terminal pro-B-type natriuretic peptide (NT-
proBNP) are key indicators for assessing subclinical
myocardial injury and cardiac dysfunction. Elevated
preoperative hs-cTn or BNP/NT-proBNP levels are
strong predictors of perioperative cardiac complications
and adverse long-term outcomes [8]. In studies
involving pregnancy complicated by cardiovascular
disease, dynamic changes in NT-proBNP levels during
pregnancy have been shown to correlate with cardiac
functional status [9]. Incorporating these biomarkers
into risk assessment frameworks may improve the
identification of high-risk patients. Furthermore, other
biomarkers such as growth differentiation factor-15
(GDF-15) have also demonstrated predictive potential,
although additional evidence is still required [8]. In
patients undergoing cardiac surgery, postoperative
myocardial injury markers, such as cardiac troponin I
(cTnI), may also be used to evaluate the myocardial

protective effects of interventions.

Artificial intelligence (AI) and machine learning
models offer new opportunities for the development of
more precise individualized risk prediction tools. By
integrating large-scale electronic health record data—
including continuous vital signs, laboratory parameters,
medication information, and numerous additional
variables—machine learning algorithms can construct
predictive models that outperform traditional scoring
systems [35]. These models can dynamically integrate
cardiopulmonary reserve, end-organ functional
reserve, surgical variables, and biomarker trajectories,
achieving predictive performance (c-statistic up to 0.79)
superior to that of the static American Society of

Anesthesiologists (ASA) classification [35].

A study involving patients undergoing noncardiac

that
electrocardiographic score (QCG-Critical score), derived

surgery  demonstrated an  Al-enhanced
from ECG images obtained within 30 days before
surgery, predicted 30-day postoperative mortality with
predictive performance significantly superior to
traditional models such as the Furopean Society of
Cardiology surgical risk classification and the Revised
Cardiac Risk Index. In addition, it performed well in
predicting 7-day mortality, unplanned coronary
intervention, prolonged mechanical ventilation, and
acute heart failure [36]. Similarly, an Al-based ECG-
atrial fibrillation model (AI-ECG-AF model), which
predicts the risk of postoperative atrial fibrillation
within 30 days using preoperative sinus rhythm ECG
data, significantly improved predictive performance
[37]. By analyzing raw imaging data from cardiac
imaging modalities such as echocardiography and
cardiac magnetic resonance imaging, machine learning
models can automatically and accurately quantify
parameters including ejection fraction and myocardial
strain. These models can identify subclinical myocardial
dysfunction with an accuracy of up to 85% in predicting
heart failure, thereby enabling earlier and more precise
assessment of postoperative acute heart failure risk
[38]. Such models have substantial potential for
identifying high-risk patients preoperatively, optimizing
medical resource allocation, and guiding anesthetic

strategy and perioperative monitoring [35].

Individualized Hemodynamic Management:
Goal-directed hemodynamic therapy has evolved
beyond the traditional management paradigm centered
solely on blood pressure and heart rate, shifting toward
individualized management based on each patient’s
specific cardiovascular pathophysiological condition.
This approach requires anesthesiologists to possess a
thorough

understanding of the hemodynamic

characteristics associated with different cardiac
diseases. For example, according to left ventricular
ejection fraction, heart failure can be categorized into
heart failure with preserved ejection fraction (HFpEF)
and heart failure with reduced ejection fraction (HFrEF)
[39]. HFrEF is primarily characterized by impaired
HFpEF is

characterized by ventricular diastolic dysfunction and

myocardial  contractility, = whereas
increased ventricular stiffness [40]. This fundamental

pathophysiological distinction results in markedly
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different responses to anesthetic agents, intravascular
volume status, and hemodynamic changes, thereby
placing extremely high demands on refined and

individualized anesthetic management.

In patients with HFpEF, the management focus is
maintaining a relatively slow heart rate and adequate
preload while avoiding hypertension that may worsen
left ventricular diastolic dysfunction. In contrast,
management of HFrEF requires optimization of preload
and afterload, and positive inotropic support may be
necessary. In patients with severe aortic stenosis,
maintenance of sinus rhythm, adequate intravascular
volume, and coronary perfusion pressure is critical,
whereas patients with aortic regurgitation are
particularly sensitive to afterload changes [34]. In
cardiac surgery, especially in patients with valvular
disease or heart failure, management requires a delicate
balance between preload and afterload, with close
attention to the effects of myocardial contractility and
valvular function on hemodynamics [41,42]. In major
blood

fluctuations and maintaining organ perfusion are

vascular  surgery, controlling pressure
essential, whereas in major noncardiac surgery, the
primary focus is mitigating the effects of surgical stress
on pre-existing cardiovascular disease and preventing
complications such as myocardial ischemia and acute

exacerbation of heart failure [41].

To achieve precise individualized therapy, advanced

hemodynamic monitoring technologies are
indispensable. In patients with complex cardiovascular
disease, transesophageal echocardiography (TEE) plays
an irreplaceable role in the real-time assessment of
cardiac filling status, systolic and diastolic function,
valvular function, and diagnosis of acute complications.
It is widely used perioperatively in cardiac surgery,
major vascular surgery, and transplant surgery, greatly
improving surgical success rates and patient safety [43].
In addition, technologies such as pulse contour analysis
for cardiac output monitoring and noninvasive cardiac
output monitoring can provide continuous dynamic
hemodynamic data, facilitating precise titration of fluid
[44].
resonance

therapy and  vasoactive = medications

Echocardiography, cardiac magnetic
imaging, and invasive hemodynamic monitoring also

influence prognosis through assessment of right heart

function in conditions such as mitral valve surgery [45].
Therefore, anesthesiologists should be proficient in the
application and interpretation of these advanced
monitoring techniques.

Conclusion

Advances in cardiovascular disease diagnosis and
treatment technologies, particularly the widespread
adoption of novel pharmacotherapies, minimally
invasive interventional and surgical approaches, and
emerging assessment and diagnostic tools, have
reshaped the perioperative management of surgical
patients with cardiovascular disease. Anesthetic practice
must therefore undergo a strategic transition from
traditional, relatively standardized perioperative care
toward precision medicine centered on cardiovascular
pathophysiology throughout the entire perioperative
period. The requirements associated with new
technologies and procedures should be integrated into a
individualized

framework to achieve optimal patient outcomes.

goal-directed  and management
Progress in cardiovascular medicine presents both
major challenges and historic opportunities for
anesthesiology, which plays a critical role in ensuring
surgical safety and promoting long-term recovery in

patients with cardiovascular disease.

In the future, artificial intelligence and machine

learning algorithms are expected to integrate
multidimensional data to provide more accurate risk
prediction and clinical decision support. Novel
biomarkers may enable earlier and more specific
detection of myocardial injury and physiological stress.
Emerging pharmacological agents, through improved
preoperative optimization and enhanced intraoperative
and postoperative management, may further reduce
perioperative risk. In addition, precision treatment
protocols guided by genetic testing may minimize
interindividual variability in drug responses caused by
genetic polymorphisms. Multidisciplinary collaboration
and telemedicine are also expected to play increasingly
important roles throughout the perioperative period in
optimizing long-term patient outcomes. With the rapid
advancement of medical science and technology, a new
perioperative management model integrating precise
assessment, intelligent monitoring and decision-

making, proactive intervention, and systematic
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personalized management is likely to emerge.
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