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INTRODUCTION

With evolving technologies and multidisci-
plinary care models, cardiac anesthesiology is
uniquely positioned to lead patient safety initia-
tives in the perioperative setting. This article
highlights advancements in patient safety in the
field of cardiac anesthesiology, focusing on
innovations and future directions that are
reshaping the field. Key areas of advancement
include cardiopulmonary bypass (CPB) man-
agement, transesophageal echocardiography
(TEE), anticoagulation strategies, viscoelastic
testing, blood transfusion protocols, and the
growing impact of enhanced recovery proto-
cols (Table 1).

THE EVOLUTION OF PATIENT SAFETY
IN CARDIAC ANESTHESIOLOGY

Over the past four decades, cardiac anesthe-
siology has evolved into a dynamic, safety-
driven specialty central to modern cardiac
surgery. In the early days of CPB, limited under-
standing of physiological responses to extra-
corporeal circulation, primitive oxygenator
technology, and empirical transfusion practices
contributed to high rates of perioperative com-
plications. The introduction of invasive monitor-
ing such as pulmonary artery catheters and
arterial pressure lines in the 1980s provided
critical insights into hemodynamic manage-
ment. Nevertheless, clinical decision-making
relied heavily on individual experience rather
than standardized protocols.

The 1990s and 2000s marked a turning
point with the widespread adoption of TEE,
advancements in heparin monitoring, and sim-
ulation training. Anesthesia professionals
began playing a more active role in surgical
planning, intraoperative assessment, and
postoperative management, solidifying their
position as essential members of the cardiac
surgical team. Alongside the rise of multidisci-
plinary collaboration came the development of
goal directed perfusion strategies, enhanced
anticoagulation algorithms, and restrictive
transfusion protocols. The specialty’s history
reflects an ongoing commitment to learning
from past complications, integrating evidence-
based practices, and continually adapting to
improve patient outcomes.

Table 1: Systems and Strategies Enhancing Patient Safety in Cardiac Anesthesiology.

Focus Area

Cardiopulmonary
Bypass

Key Innovations

Biocompatible circuit coatings;
improved oxygenators and
centrifugal pumps goal-directed
perfusion

Patient Safety Impact

Reduced inflammatory response,
embolic risk, and acute kidney
injury

Transesophageal
Echocardiography

Real-time intraoperative decisions
support, improved detections of
valve pathology

Reduced re-operative rates,
enhanced surgical decision
making, better patient outcomes

Anticoagulaton
Management

Direct thrombin inhibitors, direct
oral anticoagulant reversal,
individualized protocols

Safer anticoagulation in high-risk
patients, fewer bleeding and
thrombotic complications

Viscoelastic Testing

TEG/ROTEM for coagulopathy
assessment

Reduced blood product use,
improved coagulation
management, precision guided
transfusion

Blood Management

Cell salvage, PCC, fibrinogen
concentrate, restrictive
transfusion strategies

Lower transfusion rates, fewer
complications, improved
hemostasis

Renal Safety

AKI risk models, renal oximetry,
indexed oxygen delivery targets

Early detection and prevention of
acute kidney injury

Atrial Fibrillation
Prevention

Preoperative risk scoring, beta
blockers, surgical techniques

Lower stroke rates, shorter
hospital stay

Enhanced Recovery

Multimodal analgesia, early
extubation, early mobilization

Faster recovery, lower
complication rates, reduced ICU

time

TEG: thomboelastography; ROTEM: rotational thromboelastometry; PCC: prothrombin complex concentrates;

AKI: acute kidney injury; ICU: intensive care unit.

DEVELOPMENTS IMPROVING PATIENT
SAFETY IN CARDIAC SURGERY
CPB and Perfusion: Safer Strategies

Modern CPB technology has evolved to mini-
mize the systemic inflammatory response and
reduce complications such as bleeding, organ
dysfunction, and neurologic injury. Innovations
include biocompatible circuit coatings that
reduce platelet activation and complement cas-
cade stimulation, minimizing coagulation distur-
bances! Improved oxygenators and centrifugal
pumps have enhanced hemodynamic stability,
reducing hemolysis, and embolic risk. In addi-
tion, miniaturized and closed CPB circuit sys-
tems decrease prime volume and blood-air
interface, which reduces hemodilution and
inflammatory activation.? Furthermore, continu-
ous monitoring of metabolic parameters (e.g.,
cerebral oximetry, lactate trends) allow for
timely intervention, enhancing patient safety.

Looking to the future, the integration of artifi-
cial intelligence (Al) into perfusion, particularly
CPB management, represents a rapidly evolv-
ing frontier in cardiac anesthesiology. Machine

learning algorithms now support critical intraop-
erative decisions by modeling expert perfusion-
ist responses when parameters such as oxygen
delivery fall below 280 ml/min/m?, helping to
prevent organ injury such as acute kidney
dysfunction.®

Artificial intelligence augmented perfusion
systems are being developed to continuously
analyze hemodynamic and metabolic data
such as blood flow, pressure, oxygen satura-
tion, and coagulation values to provide real-
time decision support or institute automated
adjustments aimed at maintaining optimal per-
fusion parameters.* These advancements allow
for continuous analysis of vital signs and physi-
ological data, enabling the rapid detection of
abnormalities and generating real-time alerts
for the surgical team. This proactive monitoring
supports timely clinical interventions, reduces
the risk of intraoperative complications, and
enhances overall patient safety.*

However, as these systems mature, imple-
mentation challenges such as integrating data

See “Cardiac Anesthesia,” Next Page
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Intraoperative TEE May Help Improve Patient Safety
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and achieving cross-platform standardization
will require careful attention to ensure they
enhance patient safety without introducing
unintended risks or dependency on automated
systems for safety.

Transesophageal Echocardiography (TEE)

Intraoperative TEE has undergone significant
advancements and now plays a critical role in
real-time monitoring and guiding intraoperative
decisions during cardiac surgery. Several stud-
ies and registry analyses have found that intra-
operative TEE is associated with improved
patient outcomes and enhanced safety in car-
diac surgery.>” More than 25 years ago, the first
study showed that using intraoperative TEE to
guide mitral valve repair improved long-term
valve durability and decreased the need for
future reoperations.® More recently, a large
cohort study using data from Society of Tho-
racic Surgeons Adult Cardiac Surgery Database
demonstrated that TEE use in valve and proxi-
mal aortic surgery was associated with signifi-
cantly lower 30-day mortality (3.92% vs 5.27%),
reduced stroke or composite mortality, and
lower rates of reoperation or mortality.® The use
of TEE during coronary artery bypass graft
(CABG) cases is also associated with lower mor-
tality, particularly in patients at elevated preop-
erative risk. In addition, intraoperative TEE
findings during planned isolated CABGs have
led to the detection of previously unrecognized
valve pathologies, contributing to improved sur-
gical decision-making and potentially improved
long-term safety and outcomes.”

Furthermore, intraoperative TEE plays a criti-
cal role in ensuring patient safety during left
ventricular assist device (LVAD) implantation,
heart transplantation, and lung transplantation
by providing real time assessment of cardiac
function, guiding surgical decision-making, and
enabling early detection of life-threatening
complications.

Retrospective analyses indicate that approxi-
mately 20% of patients undergoing orthotopic
heart transplantation exhibit mild or greater tri-
cuspid regurgitation on post-CPB TEE, a finding
linked to right ventricular dysfunction and higher
mortality rates.® During lung transplantation,
intraoperative TEE plays an essential role by
detecting clinically significant pulmonary vein
obstruction (characterized by flow velocities
exceeding 100 cm/s), which is reported in 1% to
24% of cases.® Intraoperative TEE also helps
with early detection of worsening RV dysfunc-
tion which is common after LVAD implantation
due to increased preload. Prompt detection of
these complications during complex cardiac
surgical procedures has led to improvements in
patient safety and overall surgical outcomes.

Anticoagulation Management

Anticoagulation management in cardiac sur-
gery presents a continuous challenge as pro-
viders must navigate a fine line between
preventing thrombosis and avoiding excessive
bleeding. Recent innovations have focused on
more precise and individualized anticoagula-
tion protocols, which have led to safer antico-
agulation management. In patients with
heparin-induced thrombocytopenia, where
heparin is contraindicated, the innovation of
direct thrombin inhibitors (e.g., bivalirudin or
argatroban) has improved intraoperative
patient safety during CPB cases. Bivalirudin in
particular is increasingly used during CPB in
heparin-induced thrombocytopenia positive
patients as a safe and effective anticoagulant®

The rise in direct oral anticoagulant use has
also presented new perioperative challenges
and hence the innovation of patient-safety-cen-
tered preoperative planning and medication
reversal solutions prior to cardiac surgery. Pre-
operative planning includes appropriate timing
of direct oral anticoagulant discontinuation,
reversal strategies when needed, and re-initia-
tion protocols postoperatively. Guidelines now
emphasize timely preoperative risk assessment
and interruption protocols based on the spe-
cific agent, renal function, and bleeding risk of
the procedure. Rapid reversal agents (such as
idarucizumab for dabigatran and andexanet
alfa for factor Xa inhibitors) are becoming
increasingly available in high-risk surgical cen-

ters, reducing the risk of major bleeding or sur-
gical delays"

Multidisciplinary collaboration between
anesthesia professionals, perfusionists, sur-
geons, and hematologists, along with the use of
viscoelastic testing to assess clotting function
beyond standard coagulation assays, has fur-
ther advanced anticoagulation safety, espe-
cially in reoperations and redo sternotomies.

Viscoelastic Testing

Traditional coagulation tests (e.g., PT, aPTT)
provide limited real-time insight into coagula-
tion status during surgery. Viscoelastic tests like
TEG and ROTEM offer dynamic, bedside evalu-
ation of clot formation, strength, and fibrinoly-
sis.? This immediate feedback enables tailored
management of coagulopathy, guiding precise
administration of blood products or coagulation
factors rather than empirical transfusion. Con-
sequently, viscoelastic testing reduces unnec-
essary transfusions, limits exposure to
transfusion-related complications such as trans-
fusion-related acute lung injury, and improves
hemostasis management, ultimately decreas-
ing bleeding-related morbidity and mortality

Blood Transfusion Strategies
Several strategies are used to optimize blood
management in cardiac surgery, reduce trans-
fusion-related risks, and enhance patient safety
(Table 2). Blood management has shifted
toward patient blood management protocols

See “Cardiac Anesthesia,” Next Page

Table 2: Blood Transfusion Strategies in Cardiac Anesthesiology and Their Safety Impact.

Strategy

Preoperative Anemia

Description

Iron supplementation and

Patient Safety Benefit

Decreased transfusion

Management erythropoietin in anemic patients | requirement, improves oxygen
delivery during surgery
Cell Salvage Intraoperative collection and Reduces need for allogenic

reinfusion of patient’s own blood

transfusions, lowers infection and
inflammatory risk

Acute Normovolemic
Hemodilution

Preop removal with volume
replacement, reinfused postop

Preserves red cells and clotting
factors, though may not reduce
transfusion rates

Prothrombin
Complex
Concentrates (PCC)

Concentrated vitamin
K-dependent factors (lI, VII, IX, X)

Enables rapid reversal of
coagulopathy, lowers volume
load and exposure to plasma

Fibrinogen
Concentrate
testing

Target fibrinogen replacement,
often guided by viscoelastic

Improves clot strength,
decreases bleeding and need for
cryoprecipitate

Viscoelastic Testing

Real-time assessment of clot
formation and function

Guides precise blood product
use, reduces unnecessary
tranfusions

Restrictive

Transfusion Protocols | to limit transfusion

Use of evidence-based threshold

Avoids over-transfusion, reduces
risks such as transfusions
associated acute lung injury or
volume overload
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incorporating cell salvage, acute normovolemic
hemodilution, and therapeutic options to con-
trol coagulopathic bleeding.

Cell salvage involves collection and reinfusion
of the patient’s own blood loss intraoperatively,
reducing allogeneic transfusion needs and asso-
ciated risks. This process reduces reliance on
allogeneic blood products and is associated
with a more favorable inflammatory response,
enhancing the overall benefits of using cell saver
during CPB! Acute normovolemic hemodilution
involves removing and storing the patient’s
blood preoperatively while maintaining normo-
volemia, then reinfusing it after surgery, thereby
preserving coagulation factors and red cell
mass. It is important to note however, that while
this strategy has been used to date, it has been
recently shown that this method does not
reduce blood transfusion rates®

The use of prothrombin complex concen-
trates (PCC) and fibrinogen concentrate has
further contributed to improved patient safety in
cardiac anesthesiology, particularly in the man-
agement of bleeding and coagulopathy during
and after cardiac surgery. PCC is a concen-
trated formulation of vitamin K-dependent clot-
ting factors (Il, VII, IX, and X) often used to
reverse warfarin and manage coagulopathy. It
allows rapid reversal of coagulopathy with
smaller volume administration compared to
fresh frozen plasma, reducing risk of fluid over-
load. PCC has improved patient safety in car-
diac surgery by providing rapid reversal of
anticoagulation during urgent or emergent car-
diac procedures, reducing exposure to allo-

in Cardiac Surgery

genic blood products (decreasing need for
fresh frozen plasma and reducing risks of trans-
fusion-related lung injury), and is now stream-
lined in many institutional massive transfusion
and bleeding algorithms in cardiac surgery.®

The introduction of fibrinogen concentrate
has also revolutionized patient safety in cardiac
anesthesiology by enabling rapid, targeted cor-
rection of coagulopathy, reducing reliance on
cryoprecipitate, reducing transfusion-related
complications and minimizing bleeding-related
complications, during and after cardiopulmo-
nary bypass.” Moreover, goal-directed adminis-
tration of fibrinogen concentrate based on
viscoelastic testing leads to better clot forma-
tion and fewer complications.

Transfusions, while often necessary, carry
risks of infection, immunologic reaction, and
volume overload. Future blood management
strategies in cardiac anesthesiology are shifting
focus toward restrictive transfusion thresholds,
intraoperative cell salvage, preoperative
anemia correction (e.g., iron and erythropoietin
supplementation), and autologous transfusion
when feasible. Data-driven transfusion proto-
cols combined with multimodal blood conser-
vation techniques are significantly improving
patient safety profiles in cardiac surgery8*®

Advancements in
Preventing Acute Kidney Injury (AKI)
Acute kidney injury (AKI) remains a promi-
nent and serious complication following cardio-
pulmonary bypass, affecting up to 30% of adult
cardiac surgery patients and worsening post-
operative outcomes, including mortality and
prolonged hospital stay. Recent patient safety

—ry.—
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innovations have focused on early risk identifi-
cation and proactive intraoperative optimiza-
tion. Predictive models such as the Cleveland
Clinic Score and biomarkers (e.g., NGAL, cys-
tatin C) provide early identification of high-risk
patients, while intraoperative renal near-infra-
red spectroscopy offers continuous, noninva-
sive monitoring of renal tissue oxygenation. In
adults, sustained low renal regional cerebral
oxygenation values during and shortly after
CPB have been strongly correlated with subse-
quent AKI, often preceding rises in serum cre-
atinine and outperforming traditional
biomarkers.2%-22

Close monitoring and early identification of
renal dysfunction (e.g., pre-existing CKD,
decrease in glomerular filtration rate >10% on
day of surgery, increase in serum creatinine,
and oliguria) for at least 72 hours after cardiac
surgery have also improved patient safety in
cardiac surgical cases and allowed prompt
implementation of renal protective
strategies.?®

Another key perioperative safety measure
specific to AKl in cardiac surgery is goal-
directed perfusion, which targets a minimum
indexed oxygen delivery >280 mL/min/m?. In a
randomized controlled trial of adult patients
undergoing CPB, maintaining indexed oxygen
delivery above 300mL/min/m? significantly
reduced AKI incidence.?* Similar pilot studies
and retrospective implementations have
reported consistent reductions in AKl using the
goal-directed perfusion approach.

IMPROVEMENTS IN ATRIAL
FIBRILLATION MANAGEMENT

Postoperative atrial fibrillation complicates
up to 30% of cardiac surgeries, increasing
stroke risk and lengthening hospital stay.
Recent advances include prophylactic strate-
gies such as preoperative risk scoring (e.g.,
CHA,DS,-VASC. score), preoperative amioda-
rone, and optimized perioperative beta-blocker
and amiodarone use.

Intraoperative interventions, including poste-
rior pericardiectomy and avoidance of retained
pericardial blood have also improved long-term
rhythm control. Enhanced anticoagulation pro-
tocols and risk stratification tools help balance
bleeding and thromboembolic risks. Improved
atrial fibrillation management decreases stroke
incidence, ICU time, and rehospitalization rates,
enhancing overall patient safety.?52¢

Enhanced Recovery Protocols

Enhanced recovery after cardiac surgery
(ERACS) protocols in cardiac surgery integrate

See “Cardiac Anesthesia,” Next Page
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evidence-based perioperative strategies that
reduce surgical stress, optimize organ function,
and accelerate recovery. These practices can
reduce morbidity, shorten length of stay, and
improve patient satisfaction. Components
include multimodal analgesia including chest
wall regional blocks (e.g., parasternal intercostal
fascial plan block) to minimize opioid use, early
extubation protocols, goal-directed fluid ther-
apy, and early mobilization. These measures
decrease pulmonary complications, delirium,
and cardiac ICU length of stay. ERACS also
emphasizes preoperative optimization of nutri-
tion and comorbidities, thereby enhancing
patient resilience. Collectively, ERACS protocols
have been shown to reduce morbidity, readmis-
sions, and overall mortality, markedly improving
patient safety.?®

PERSISTENT AND EMERGING
CHALLENGES IN PATIENT SAFETY

Despite major advances in cardiac anesthe-
siology, significant challenges remain.
Advanced technologies, refined techniques,
and enhanced coordination of care have led to
significant improvements in cardiac surgical
patient outcomes; however, there is little evi-
dence that much progress has been achieved
in reducing preventable errors.?” Many safety
threats today are not due to lack of knowledge
or technology but rather reflect systemic or
operational barriers that impede patient care.

Technological advancements in cardiac
anesthesiology offer tremendous benefits but
introduce new complexities. Real-time TEE,
advanced hemodynamic monitoring, and point-
of-care coagulation testing can enhance pre-
cise decision-making but also lead to alert
fatigue, dependence on automated systems, or
information overload. Poor integration between
perfusion data, anesthetic records, and elec-
tronic health systems can further fragment situ-
ational awareness.

The increasing complexity of the cardiac surgi-
cal population presents persistent and evolving
safety risks. Patients undergoing transcatheter
aortic valve replacements, extracorporeal mem-
brane oxygenation, or heart transplantation are
often elderly, frail, and burdened with multiple
comorbidities. Managing the delicate balance
between anticoagulation and bleeding, address-
ing right ventricular dysfunction or pulmonary
hypertension during lung transplantation, and
ensuring organ protection during prolonged cir-
culatory arrest in aortic dissection cases demand
sophisticated team-based approaches. These
cases often unfold in resource constrained envi-
ronments and require rapid, high-consequence
decision-making.

Meeting these challenges will require not
only continuous technological and procedural
innovation, but also cultural and structural shifts
that prioritize standardization, communication,
and resilience across the cardiac perioperative
care arena. Sustained progress will depend on
addressing both technical and human factors
across cardiac procedures.

CONCLUSION

Patient safety in cardiac anesthesiology has
evolved through technological innovation, data-
driven practices, and an expanding culture of
multidisciplinary collaboration. Continued
advancement in cardiac anesthesiology
depends not only on embracing technological
and procedural innovations but also on recog-
nizing and addressing persistent and emerging
safety challenges.
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