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Preface

Hemodynamics refers to the circulation of blood within the body, and hemodynamic
monitoring involves assessing and continuously monitoring preload, cardiac con-
tractility, afterload, and oxygen delivery and consumption. Since its discovery in the
seventeenth century, hemodynamic monitoring has undergone exponential develop-
ment. This book takes the reader from the historical foundations and gold standards
of hemodynamic monitoring to both traditional methods and recent advances in
hemodynamics and hemodynamic monitoring.

This book describes various aspects of hemodynamic monitoring across different
patient groups, using simple, clear, and understandable language, supported by
flowcharts and diagrams. It covers a wide range of topics, from the physiological
hemodynamic changes of pregnancy to the pathological hemodynamic alterations
seen in critically ill patients. In addition, the book explores the unique organ hemody-
namics in the brain and the disturbances in hemodynamics associated with multiple
organ dysfunction. Written by experts in their respective fields, the book transforms a
complex subject into an engaging and accessible narrative.

I am thankful to all the authors for their hard work in writing the up-to-date chap-
ters. The authors and I would also like to express our gratitude to Miss Maja from
IntechOpen for her thorough reviews and prompt, sincere communications that led
to the publication of this unique book. I am deeply in debt and thankful to my wife,
Dr. Firdos, and my daughters, Dr. Amara and Dr. Jaza, for their invaluable advice and
patience during the editing of this book.

Nissar Shaikh

Hamad Medical Corporation,

Weill Cornell Medical College in Doha-Qatar,
Qatar University,

Doha-Qatar






Chapter1

Advanced Hemodynamic
Monitoring: Pros, Cons, and
the Future

Malek Abusannuga, Zakria Attique, Sava Abdulla,
Hassam Zulfigar, Moza Almohannadi and Fathimath Shajahan

Abstract

This chapter offers a comprehensive comparison of advanced hemodynamic
monitoring methods by evaluating the well-established pulmonary artery catheter
(PAC) alongside emerging semi-invasive and minimally invasive techniques. It
outlines the evolution and clinical utility of PACs, emphasizing their role in managing
critically ill patients with conditions such as acute myocardial infarction (MI), acute
respiratory distress syndrome (ARDS), cardiogenic shock (CS), and those undergo-
ing transplant evaluation. Although PACs provide accurate measurements of cardiac
output (CO), pulmonary artery (PA) pressures, and mixed venous oxygen saturation,
their diagnostic precision is counterbalanced by risks such as arrhythmias, infections,
thromboembolic events, and potential data misinterpretation. Major clinical trials—
including PAC-MAN, ESCAPE, VASST, and FACTT—demonstrate that despite their
utility, the routine use of PACs does not consistently translate into enhanced survival
outcomes across diverse patient populations. In contrast, less invasive approaches
using pulse wave analysis, Doppler-based techniques, and thermodilution—
employed in systems like PiCCO, VolumeView, LiDCO, FloTrac, ProAQT/PulsioFlex,
Argos, and MostCare—offer benefits such as reduced procedural risks, real-time data
acquisition, and easier usability, though they may encounter issues with calibration,
signal dependency, and accuracy in hemodynamically unstable patients. Ultimately,
while PACs remain crucial in select high-acuity scenarios, these innovative alterna-
tives support a more individualized and safer approach to cardiovascular monitoring
across a wide range of clinical settings.

Keywords: pulmonary artery catheter, invasive monitoring, minimally invasive
monitoring, semi-invasive monitoring, pulse wave analysis, transpulmonary
thermodilution, lithium dilution technique, Doppler-based monitoring

1. Introduction

Early anesthetic-related fatalities in the mid-nineteenth century due to chloroform
administration drew attention to the necessity of precise hemodynamic monitoring,
initially prioritizing respiratory observation but gradually highlighting the equal
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importance of cardiovascular assessment [1, 2]. While prominent figures like Dr.
Joseph Lister and Dr. Edward Lawrie initially emphasized respiratory signs due to
the late presentation of pulse failure, Dr. Joseph Clover’s 1864 recommendation for
continuous pulse evaluation represented an early recognition of how important
cardiovascular monitoring is [3, 4].

Later in 1870, Adolph Fick introduced a method, now known as the Fick prin-
ciple, for measuring cardiac output (CO) by comparing arterial and venous oxygen
content, significantly advancing the quantification of cardiac function beyond clini-
cal symptoms alone [5]. This concept, although not immediately implemented, set
the stage for later advances. Similarly, the development of noninvasive monitoring
technologies, initiated with Samuel von Basch’s introduction of the sphygmograph in
1881 and expanded by Scipione Riva-Rocci’s mercury sphygmomanometer in 1896,
marked exponential progress in blood pressure measurement and hemodynamic
monitoring [6]. Additionally, Dr. Robert Kirk’s 1896 adaptation of the stethoscope
for intraoperative auscultation further improved real-time assessment of cardiac
performance [7]. Subsequently, influential clinicians like Dr. Charles K. Teter and
Dr. Harvey Cushing advocated extensively for routine use of precordial auscultation
and introduced systematic charting of intraoperative vital signs, effectively laying
the foundation for contemporary methods of hemodynamic monitoring during
anesthesia and critical care [1, 2, 8].

The First World War further influenced the evolution of these technologies
through experiences in trauma management, particularly traumatic shock [9]. In
1929, Werner Forssmann notably performed the first human cardiac catheterization
on himself, pioneering a new era of invasive cardiac monitoring despite controversy
and criticism surrounding his unorthodox approach [10].

During World War II, the concept of the postoperative recovery room emerged
alongside significant advancements in cardiac catheterization techniques [11].
Building upon earlier work, the 1940s saw Andre Cournand and Hilmert Ranges
replicate Forssmann’s catheterization method, leading to Cournand and Dickinson
Richards estimating CO from venous and arterial blood oxygen content in 1942, work
for which they, along with Forssmann, received the Nobel Prize in 1956 [5, 9, 12].
Alfred Blalock notably used catheterization to diagnose tetralogy of Fallot for the first
time in 1944, spurring the development of pressure transducers, oxygen saturation
monitoring, and dye-based intracardiac shunt assessments [5, 13].

In 1947, the Mayo Clinic established the first dedicated cardiac catheterization
laboratory in the United States, facilitating the diagnosis of congenital heart defects
and allowing precise measurements of cardiac pressures and oxygen levels. That
same year, Lewis Dexter introduced a catheter-wedging technique into pulmonary
artery branches, which Earl H. Wood used to demonstrate near-equivalence between
pulmonary artery and left atrial pressures, though its time-intensive nature limited
immediate clinical use [14, 15].

Subsequently, in 1949, Peterson and colleagues introduced clinically practical
invasive arterial catheter placement using plastic catheters connected to capacitance
manometers, permitting prolonged, comfortable monitoring and patient mobility
[16]. Further refinements by Peirce and Seldinger, along with polytetrafluoroethyl-
ene’s widespread adoption, improved percutaneous access and made invasive arterial
pressure (AP) monitoring routine through enhanced transducer technologies and
continuous flush systems, solidifying its clinical utility [2]. These advances were
pivotal for perioperative and critical care, as they allowed for more precise monitor-
ing and management of hemodynamic status in surgical patients.
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In 1970, Swan and Ganz developed a balloon-tipped, flow-guided catheter method
to measure pulmonary artery wedge pressure [17]. This innovation facilitated broader
clinical application of the pulmonary artery catheter (PAC) in settings like operating
rooms, intensive care units, and catheterization labs [18]. Over time, PAC evolved from
a simple instrument providing intermittent CO readings and static pressures into an
advanced monitoring device capable of continuous measurement of CO, cardiac cham-
ber pressures, oxygen supply-demand balance, and pulmonary vascular resistance.

Given the significant advancements from intermittent measurements with the
pulmonary artery catheter (PAC) to today’s sophisticated continuous monitoring
capabilities, it is essential to understand current methods of hemodynamic monitor-
ing in greater depth. This chapter explores advanced hemodynamic monitoring
techniques, analyzing their advantages and limitations and providing insights into
future developments in the field.

2. Advanced monitoring: Pulmonary artery catheter

The pulmonary artery catheter (PAC), also known as a Swan-Ganz catheter, still
plays an irreplaceable role for critically ill patients, despite its use gradually trending
out. When measured with skill and interpreted by staff experienced in interpreting
the data, hemodynamic monitoring reveals levels of precision unmatched as yet in
anything but a few isolated clinical settings [19].

2.1 Clinical benefits and applications
2.1.1 Critical hemodynamic monitoring

Although noninvasive imaging modalities have advanced in recent years, some
critical care situations still require hemodynamic assessment that only PACs can
provide. These catheters enable doctors to measure blood pressure, cardiac output,
and respiratory gases right at the bedside without any fluoroscopy. It is relatively easy
to place a PAC, which means a patient does not have to be moved while their condi-
tion still has potential repercussions. In the long journey from an emergency room to
surgery, placement time is precious. The catheter’s bedside use significantly improved
early management strategies for patients with acute MI or those who underwent high-
risk operations. It also contributed a new means of identifying and treating mechani-
cal complications like cardiogenic shock, papillary muscle rupture, and ventricular
septal defects [20, 21].

2.2 Optimizing therapy in acute myocardial infarction

Numerous key clinical insights in myocardial infarction care were produced by bed-
side hemodynamic studies, especially those of the myocardial infarction research unit.

The optimal range of left heart filling pressure (pulmonary capillary wedge
pressure (PCWP) 14-18 mmHg) was defined. Furosemide reduced preload pressures
before diuresis.

Digitalis was shown to have potentially harmful effects in acute ML

Vasodilator therapy with sodium nitroprusside greatly improved the outcome of
patients who had acute mitral regurgitation. These findings made possible today’s
management of myocardial infarction (MI) [20, 21].
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2.3 ARDS and fluid management

In non-cardiogenic conditions such as acute respiratory distress syndrome
(ARDS), the use of pulmonary artery catheters (PACs) has been advocated to
improve oxygenation through judicious volume management and inotropic support.
Nonetheless, in some investigations, fluid resuscitation guided by PAC has led to
untoward results, not because of the catheter itself but because of the inappropriate
therapeutic strategies employed. This distinction is indicative that PACs are tools for
the diagnosis and monitoring of conditions, not treatment implements of any sort;
their advantages are entirely dependent on clinician skill and interpretation [20, 21].

2.3.1 Cardiogenic shock after MI

Accurate assessment of ventricular filling pressures helps tailor vasopressor and

fluid therapy [20, 21].
2.3.2 Role in transplant evaluation and hemodynamic education

Heart and lung transplantation: Ascertaining transplant candidacy requires
detailed hemodynamic profiling. Liver transplant: PACs help rule out porto-pulmo-
nary hypertension. Beyond their clinical uses, PACs have also served as vital teaching
tools. Their role in hemodynamic training has been foundational for generations of
cardiovascular and critical care specialists [20, 21].

2.3.3 Outcomes in cardiac surgery

Clinical evidence supports the use of pulmonary artery catheters (PACs) in adult
cardiac surgery, demonstrating significant benefits, including shorter hospital stays
and reduced rates of cardiopulmonary complications, without increasing the risk of
30-day in-hospital mortality. These advantages suggest an overall net clinical benefit
when PAC-guided management is applied appropriately in high-risk surgical popula-
tions. However, this approach is not without limitations, as it has been associated with
increased infectious morbidity [20, 21].

2.3.4 PAC-guided therapy in cardiogenic shock

Recent registration data from one of the most extensive multicenter real-world
patient cohorts in the acute mechanical cardiogenic shock (CS) and mechanical cir-
culatory support (MCS) program highlight that PAC monitoring improves outcomes.
Patients with complete hemodynamic data before MCS initiation had significantly
better survival compared to those who had no PAC data or incomplete data. This
survival advantage was particularly obvious for those most seriously ill (SCAI stages
D and E). Incomplete data sets, on the other hand, did not offer any such advantage,
which underscores the need for meticulous PAC use by experts when treating com-
plex clinical conditions [20, 21].

2.3.5 PAC in abdominal aortic artery repair

The use of pulmonary artery catheters (PACs) is controversial in abdominal aortic
reconstruction. A few case series have indicated better results with PAC monitoring,
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but the absence of control groups makes them less trustworthy. One historical ret-
rospective showed less mortality, fewer hypotensive events, and fewer renal failures
with an aggressive fluid protocol that included PAC use. Curiously, when prospec-
tively studying two hospitals, the center with worse outcomes had higher use of PAC,
leaving open questions regarding its value. In contrast, two randomized controlled
trials comparing PAC with central venous catheters (CVCs) showed no significant
benefit on patient outcomes [20, 21].

2.3.6 The application of PAC in neurosurgery

In the field of neurosurgery, there is a lack of evidence supporting the advantages
of pulmonary artery (PA) catheterization. An uncontrolled case series, along with
an observational study that included a comparison group, concentrated exclusively
on the catheter’s capacity to identify air embolisms, neglecting to assess clinical
outcomes. Furthermore, an observational study that focused on pediatric patients
with head trauma indicated that the use of PA catheters was associated with lower
mortality rates compared to established norms for injuries of comparable severity.
Nevertheless, the lack of internal controls and the simultaneous application of various
interventions complicate the ability to directly link these outcomes to the use of PA
catheterization.

2.3.7 Use of PAC in obstetric-gynecologic procedures

The evidence supporting the effectiveness of pulmonary artery (PA) catheter-
ization in obstetric and gynecologic settings is minimal. Although it is frequently
advised for severe preeclampsia and has been noted in case reports for various
critical scenarios, there are no controlled outcome studies available. Some accounts
emphasize its usefulness in uncommon obstetric situations, whereas others argue that
it may be unnecessary, such as in cases of pregnancy-related myocardial infarction.
Uncontrolled case series have investigated its application, but the absence of compari-
son groups hinders the ability to reach definitive conclusions [21].

2.3.8 Use of PAC in pediatric catheterization

In critically ill neonates, infants, and children, PA catheterization is utilized
primarily for diagnostic purposes. However, the effect of this procedure on clinical
outcomes is still uncertain, as current studies are restricted to uncontrolled case series
that lack comparison groups or direct evaluation of outcomes [21].

2.4 Drawbacks and complications of the pulmonary artery catheter

Complications of central venous (CV) puncture: Arterial Puncture: Typically
treated with external direct compression. If a dilator is inappropriately used, emer-
gent operative or endovascular treatment is warranted. Arterial/venous hema-
toma, AV fistula, pseudo-aneurysm: May arise if vessels are damaged while
attempting access. Thoracic duct injury: Maybe complicated by chylothorax or lym-
phatic fistula. Pneumothorax/hemothorax: Risk increases with repeated attempts or
failure to use ultrasound. Thrombosis: From injury to the vessel and the presence
of the catheter. Air embolism: Even a small amount can be fatal if it reaches sys-
temic circulation.
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2.4.1 Complications related to PAC (pulmonary artery catheter) insertion and use

Arrhythmias: Frequent during PAC placement (incidence 12.5-70%) [22-24].
Statistically most frequent: Premature ventricular contractions (PVCs) (52-68%).
Non-sustained VT is also common; generally, it responds to repositioning of catheter,
as previously indicated. Very rare arrhythmias may need intervention (<1%).

Mechanical complications: Rare (~0.9%) but can include valve or chordae injury,
catheter knotting (especially in enlarged RV), and catheter entanglement with IVC
filters, pacemakers, and other catheters. Risk reduction: Limit catheter insertion
depth (<60 cm) or use fluoroscopy.

2.5 Venous embolism and thrombosis

Thrombus on PAC develops by 24 hours and becomes more pronounced by
72 hours. Inflating the balloon may result in endothelial damage. Mural thrombi in
the SVC, RA, or the PA were present in >60% of PAC autopsies.

2.5.1 Infections

Infection rates: Bloodstream infections 1.3-2.3%. Risk of right-sided endocarditis
(2.2-71%), and it is especially common in patients who have prosthetic valves.
Incorrect interpretation of pulmonary artery catheter (PAC)-derived information
can cause misleading therapy and may harm the patient. Thorough understanding
of PAC data acquisition and interpretation is essential to reduce any risks.

2.5.2 Equipment and data acquisition errors

Transducer leveling: Numerous technical errors of this kind. New generation pres-
sure transducers need to be aligned at the phlebostatic axis and will calibrate automati-
cally but require manual cross-check calibration. System responsiveness: There has to be
a constant and incompressible fluid column in the pressure system. Signal dampening
or loss can be due to air bubbles, debris, free connections, vessel wall impingement,
or transducer failure. The following responsiveness tests are conducted: Flick test: If a
flicked catheter results in a high-frequency waveform response, the catheter should be
functioning at the time of placement. Flush test: Shortly after deployment, the device is
flushed, which causes a steep incline and then decline and oscillation on the waveform.

2.5.3 Mistakes in the thermodilution method

Errors in timing, volume, or temperature of the injectate can affect cardiac output
(CO) measurements. These problems are less frequent with newer CCO devices.

2.5.4 Catheter malposition

Catheter can become trapped in RV or injectate port in RA, especially in patients
of smaller stature, leading to false hemodynamic readings.

2.5.5 Misconnection of lines

Distal PA and CVP waveforms may be interchanged if monitors are misconnected,
and pressures cannot be read.
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2.5.6 Factors affecting PAC data interpretation

Mixed venous oxygen saturation (SvO,): Utility in evaluating the tissue oxygen
supply and demand. Interpretation is affected by anemia, hemoglobin abnormalities,
increased O, demand (e.g., sepsis, hypermetabolic states), and noncardiac shunts or
metabolic blocks (e.g., cyanide poisoning).

2.5.7 Pulmonary capillary wedge pressure (PCWP)/PAOP

Demonstrates left arterial pressure and indirectly LV preload in the absence of
mitral valve disease. Mechanical ventilation, particularly in the presence of PEEP, can
elevate PCWP artificially. Best practice: Measure at end-exhalation; record the read-
ing. If ventilation is good (e.g., HFOV), the PCWP is a less reliable measure: please
follow trends or volume indices instead (EDVI, SI).

2.5.8 A right atrial pressure (CVP)

A right atrial pressure (CVP) usually estimates RV end-diastolic pressure based
on healthy subjects (0-5 mmHg). Dependent on respiratory rhythm and volume
(blood volume). Causes of elevated CVP: Biventricular heart failure. Regurgitation/
stenosis of the tricuspid valve. Pulmonary hypertension. Pericardial constriction
or tamponade. Volume overload. Pulmonary artery pressures can be elevated by
high-flow states, left ventricular failure, mitral valve disease, or chronic pulmonary
hypertension.

2.5.9 Infusion device effects

High-flow infusions through the PAC side port may artificially change pressure
measurements. Patients” data input errors: Using actual instead of ideal body weight
in obese patients can skew indexed values like cardiac index (CI) and systemic vascu-
lar resistance index (SVRI), affecting management.

2.5.10 Pulmonary artery (PA) rupture

The most dreaded complication of PAC placement, although a rare one (incidence:
0.03-0.2%). Risk factors are age > 60 years, pulmonary hypertension, inadequate com-
plete inflation of the balloon, or inappropriately placed catheter. Cardiopulmonary
bypass. Anticoagulation therapy. PAC knotting: Rare but serious complication; occurs
in ~0.03% of all PAC placements. The cause is pushing the catheter too deep into the
heart, particularly the RV side. More prevalent in patients with endocardial catheter
coiling. Ruptured balloon and disrupted PAC: Balloon rupture can occur with repeated
inflation; early reports showed up to a 17% rupture rate. The structural failure of PACs
is rare (~0.4% incidence). Causes are repeated inflations resulting in balloon cracks.
Shear and intravascular retention during PAC extraction by the introducer. Size differ-
ence between PAC and introducer. Multiple PAC reinsertions that resulted in balloon
damage. Nitrous oxide (N,O) anesthesia: N,O diffuses into the balloon, enlarges it,
and can cause rupture or difficulties in manipulation. Complications: Fractured pieces
of PAC can embolize in the pulmonary artery or in other locations. PAC misposition-
ing, migration, and entrapment: Perform reassessment on a daily basis; discontinue
PAC when no longer indicated. The positions of the catheters are checked with chest
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X-rays. Do not advance the PAC beyond the midline by more than 5 cm to prevent
distal migration. Investigating the periphery may be associated with pulmonary
infarction secondary to vascular occlusion from distal migration. Rare cases of PAC
malposition: Into the brachiocephalic vein with perforation. Through septal defects
(ASD, VSD) into LA, aorta, or carotids. PACs can be trapped in suture lines or by
staples during cardiac surgery. Intrahepatic wedging of the PAC has been documented.

2.5.11 Venous thrombosis

The risk of thrombosis depends on the catheter site. Subclavian vein: 1.9%, internal jugu-
lar vein: 76%, femoral vein: 22%. Thrombus formation may develop as early as 24 hours
after PAC placement. Balloon rupture and inflation may also facilitate thrombus.
Autopsy studies show 61% of mural thrombi were in the SVC, RA, or PA. Eleven percent
suffered pulmonary infarcts. PAC duration should be kept short in order to decrease the
risk of thrombosis. The risk of life-threatening PE with PACs seems to be low.

2.5.12 Complications of heparin catheters

Introduced to reduce thrombotic events. Associated with the initiation or exten-
sion of heparin-induced thrombocytopenia (HIT), even at low doses of heparin.

2.5.13 Infusion syndromes

PACs rarely cause extravasation; introducer sheaths are more commonly involved.
Causes include fibrin sheath formation, catheter defects, dislodgement, and vessel wall
erosion. Risk factors: Body habitus and catheter misplacement. Consequences: Local
tissue injury, therapy failure (e.g., ineffective vasopressors). High-risk medications:
Chemotherapeutics, vasopressors, KCl, calcium, vancomycin, and promethazine.
Compartment syndrome is possible after large-volume extravasations. Preventive mea-
sures: Radiographic confirmation of placement and ensuring free flow before infusion.

2.5.14 PAC contradistinction to other intravascular devices

PACs can get caught up in things like IVC filters, which can be surgically removed
in some cases. Thus, fluoroscopy is to be employed in high-risk scenarios. Do not
insert catheters deeper than 60 cm if no RV waveform is obtained to decrease the risk
of knotting.

2.5.15 Other PAC-related complications

Reported issues: Retrograde coronary sinus perfusion. Cannulation of the intra-
thecal space. Wedging and occlusion of the hepatic vein. Hepatic vein placement
occurs more frequently with femoral access.

2.6 Clinical trials and studies on pulmonary artery catheters
2.6.1 PAC in the critically ill patients: The PAC-MAN trial

The PAC-MAN trial, a large randomized controlled study conducted in the United
Kingdom, sought to evaluate the clinical utility of pulmonary artery catheters (PACs)
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in the management of critically ill patients. In this trial, patients were randomly
assigned to receive care either with the guidance of a PAC or without it. One of the
primary endpoints assessed was hospital mortality. The results revealed a striking
similarity in mortality rates between the two arms of the study. Specifically, mortality
occurred in 68% of patients (346 out of 506) in the PAC group, compared to 66% (333
out of 507) in the control group; the difference did not reach statistical significance

(p = 0.39). These findings indicate that the routine use of PACs does not confer a clear
survival advantage in the general population of critically ill patients [25, 26].

2.6.2 PAC in cardiac surgery

The ESCAPE trial: The ESCAPE trial was randomized and had been conducted
at 26 tertiary-care heart failure centers in the United States and Canada. The analysis
included patients with symptomatic heart failure despite optimal standard therapies.
Participants were randomly assigned to either therapy guided by clinical assessment
alone (clinical assessment group) or therapy guided by both clinical assessment and
PAC data (PAC group). The study shows that the use of PACs had no impact on the
primary endpoint, which was defined as the number of days alive and out of the
hospital. This pattern persisted in all demographic subgroups. There were no differ-
ences between groups in time to death or first hospital admission, overall mortality
rates, or length of stay (LOS) in hospital. The median number of hospitalizations per
patient was 2.0 for both groups [27].

2.6.3 PAC versus CVC to guide treatment of ARDS

FACTT trial: A randomized clinical trial was conducted in patients with acute
lung injury to evaluate the potential risks and advantages of using a pulmonary
artery catheter. The main outcome measured was mortality within 60 days following
randomization or before the patient was discharged home. Main Outcomes: There was
no significant difference in 60-day mortality between the PAC vs. CVC groups (27.4
vs. 26.3%, P = 0.69; absolute difference = 1.1%, 95% confidence interval — 4.4-6.6%).
There was also no significant difference between the groups in ventilator-free days in
the first 28 days. The CVC group had a modestly greater median increase in ICU-free
days at 1 week. The number of days without organ failure did not differ significantly
between groups. In the subgroup of patients presenting with shock at study entry, no
significant differences were observed between groups regarding mortality or organ-
failure-free days. Furthermore, no interaction was found between catheter type and
the assigned fluid management strategy. In conclusion, CVP therapy failed to reduce
mortality or organ function more than PAC-guided therapy. In addition, there was a
higher incidence of complications using PAC. These results, cumulated with previous
studies, do not support the routine use of PACs in acute lung injury [28].

3. Semi-invasive methods of hemodynamic monitoring

Semi-invasive hemodynamic monitoring encompasses techniques that offer
continuous or advanced hemodynamic data with reduced invasiveness compared to
traditional methods. These approaches typically require arterial or central venous
access but avoid the need for more invasive procedures such as pulmonary artery or
intracardiac catheterization [20, 21].
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3.1 Classification of semi-invasive hemodynamic monitoring methods
3.1.1 Arterial pressure waveform analysis and indicator dilution techniques

These methods involve the injection of a thermal or chemical marker and detec-
tion of its dilution downstream, allowing calculation of cardiac output. Lithium
dilution — LiDCO System, Transpulmonary Thermodilution — Utilized by PiCCO and
VolumeView systems.

3.1.2 Doppler ultrasound-based monitoring

These technologies use Doppler ultrasound to measure blood flow velocities, from
which stroke volume (SV) and cardiac output can be estimated. Esophageal Doppler
Monitoring (EDM) and Transesophageal Echocardiography (TEE). Each of these
techniques has specific strengths and weaknesses, which make them appropriate for
particular clinical situations [20, 21].

3.1.3 Pulse wave analysis methods

A variety of commercially available hemodynamic monitoring systems utilize
pulse pressure analysis to estimate cardiac output (CO) and related parameters.
These systems rely on proprietary algorithms to analyze the arterial pressure (AP)
waveform obtained from an arterial catheter. Depending on the design, some
systems require external calibration using an indicator dilution method to establish a
reference CO value, while others estimate CO without external calibration by analyz-
ing features of the AP waveform in conjunction with biometric and demographic
patient data. Based on their calibration approach, these systems can be categorized
as follows [29]:

3.1.4 Externally calibrated systems

These systems require calibration with an external reference method, such as
transpulmonary thermodilution or lithium dilution [29, 30]. PiCCO System — Pulsion
Medical Systems, Germany. VolumeView System — Edwards Lifesciences, USA.
LiDCOplus System — LiDCO Ltd., UK.

3.1.5 Internally calibrated systems

These devices use proprietary algorithms to internally adjust measurements
based on patient-specific characteristics without external reference calibration
[29, 30]. FloTrac system — Edwards Lifesciences, ProAQT/PulsioFlex system — Pulsion
Medical Systems, LiDCOvapid system — LiDCO Ltd., UK, Argos CO Monitor — Retia
Medical, USA.

3.1.6 Uncalibrated systems
These systems do not require any calibration and derive hemodynamic parameters

solely from the arterial pressure waveform morphology [29, 30]. MostCare System —
Vygon, France.
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3.1.7 Minimally invasive, uncalibrated pulse wave analysis

Minimally invasive, uncalibrated pulse wave analysis techniques estimate cardiac
output (CO) solely based on the morphological features of the arterial blood pressure
(ABP) waveform, without the need for any external or internal calibration.

3.1.8 The MostCareUp system (Vygon, France)

The MostCareUp system (Vygon, France) is currently the only commercially
available device in this category. It utilizes the Pressure Recording Analytical Method
(PRAM), which continuously estimates cardiac output by analyzing both the systolic
and diastolic components of the ABP waveform with a high sampling rate of 1000 Hz.
Unlike other systems, PRAM does not require the input of patient-specific biometric
data. Instead, it detects transient instabilities in the waveform—primarily resulting
from backward-traveling reflected waves—and uses these to derive beat-to-beat
estimations of arterial impedance, a key variable in calculating cardiac output. This
high-resolution, real-time analysis allows the system to adapt effectively to sudden
physiological changes, such as variations in heart rate, cardiac contractility, and
vascular tone, thereby ensuring accurate and reliable CO estimation. Validation
studies have demonstrated that cardiac output values obtained with the MostCareUp
system correlate well with those derived from the gold standard pulmonary artery
thermodilution technique, underscoring its clinical utility in both perioperative and
critical care settings [29-31].

3.1.9 Advantages of the MostCare system

The MostCare system, based on the Pressure Recording Analytical Method
(PRAM), offers a number of significant clinical and operational advantages, making
it a valuable tool for advanced hemodynamic monitoring.

3.1.10 Minimally invasive approach

MostCare provides continuous cardiovascular monitoring using a standard arte-
rial catheter, eliminating the need for more invasive procedures such as pulmonary
artery catheterization. This enhances patient safety and comfort. Real-time, beat-to-
beat monitoring: The system delivers continuous, beat-to-beat analysis of key hemo-
dynamic parameters such as cardiac output (CO) and arterial impedance, enabling
clinicians to make timely therapeutic adjustments based on dynamic cardiovascular
changes. High sensitivity to hemodynamic changes: Utilizing a high-resolution sampling
rate of 1000 Hz, the system can detect subtle fluctuations in hemodynamic status,
including variations in heart rate, contractility, preload, afterload, and vascular
tone. Robust performance in unstable conditions: The PRAM algorithm is designed to
remain reliable even in rapidly changing clinical scenarios, such as during anesthesia
induction, vasoactive drug administration, or acute cardiovascular events. Dynamic
electronic filter: An exclusive patented dynamic filter automatically detects and cor-
rects waveform artifacts, including resonance and damping abnormalities, thereby
optimizing signal quality and measurement accuracy. Device compatibility: MostCare
is compatible with any type of arterial catheter or pressure transducer commonly
used in clinical practice, allowing for seamless integration into existing workflows
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without the need for proprietary disposables. Exclusive parameter — Cardiac cycle
efficiency (CCE): The system uniquely provides cardiac cycle efficiency (CCE)—a
parameter that reflects the energy efficiency of the cardiovascular system. CCE offers
insights into the patient’s hemodynamic status and therapeutic response, making it
particularly useful for tracking clinical progress. Enhanced clinical decision-making:
The availability of continuous, precise, and dynamic hemodynamic data supports
improved clinical decision-making in intensive care units, during cardiac surgery,
and throughout perioperative management. Minimal patient discomfort: As the system
utilizes existing arterial lines and requires no additional invasive devices or calibra-
tion, it minimizes patient discomfort and reduces procedural risks [29-31].

3.1.11 Limitations of the MostCare system

While the MostCare system offers several innovative features in minimally
invasive hemodynamic monitoring, it is important to recognize its limitations to
ensure appropriate interpretation and clinical application. Dependence on high-quality
arterial waveform: The accuracy of the MostCare system is highly dependent on the
fidelity of the arterial blood pressure (ABP) waveform. Inadequate signal quality due
to underdamping, overdamping, poor catheter placement, or transducer issues can
lead to erroneous cardiac output (CO) estimations. Special attention must be given
to waveform validation before interpreting results [30]. Reduced accuracy in hemo-
dynamically unstable patients: In clinical scenarios involving extreme arrhythmias,
severe hypotension, or significant variations in vascular tone, the algorithm may not
perform reliably, resulting in potential inaccuracies in CO and derived parameter
estimations. Challenges in certain patient populations: The accuracy of pulse wave
analysis may be compromised in individuals with peripheral vascular disease, obe-
sity, or severe arterial stiffening (e.g., elderly patients), where high-fidelity arterial
waveforms are difficult to obtain or interpret. Limited validation in specific clinical
settings: Although several studies have validated MostCare’s performance in periopera-
tive and ICU settings, large-scale, multicenter trials assessing its impact on long-term
outcomes and its utility across diverse clinical scenarios remain limited. Interpretation
requires clinical expertise: The system’s advanced outputs, such as beat-to-beat vascular
impedance and cardiac cycle efficiency (CCE), require a strong understanding of
hemodynamic physiology. Misinterpretation by inexperienced users or overreliance
on numerical values without clinical context may lead to inappropriate interven-
tions. No external calibration: Unlike externally calibrated systems (e.g., PIiCCO or
VolumeView), MostCare relies solely on waveform morphology. While this allows
for ease of use, it may reduce accuracy in patients with rapidly changing cardio-
vascular conditions where external referencing could improve precision. Cost and
training vequivements: Initial system setup can be associated with considerable costs.
Additionally, healthcare providers must undergo dedicated training to effectively
operate the device and interpret its data outputs. Lack of familiarity may hinder
optimal utilization. Sensitivity to mechanical artifacts: Movements, catheter whip, or
incorrect leveling/zeroing of the pressure transducer can introduce artifacts into the
waveform that affect real-time monitoring accuracy. While the dynamic filter helps
mitigate these effects, complete elimination is not always guaranteed. Limited data

for pediatric and non-ICU use: MostCare’s validation and primary use have focused
on adult intensive care and high-risk surgical patients. Its application in pediatric
populations or outside the ICU (e.g., emergency departments or step-down units) is
less well studied.
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3.2 Minimally invasive, internally calibrated pulse wave analysis

This category of monitoring strikes a balance between accuracy and ease of use,
making it suitable for a wide range of clinical settings, including the operating room
and intensive care unit. Several commercially available systems employ this approach,
including the FloTrac system (Edwards Lifesciences), the ProAQT/PulsioFlex system
(Pulsion Medical Systems), the LiDCOrapid system (LiDCO Ltd., UK), and the Argos
cardiac output monitor (Retia Medical, USA). These platforms offer continuous,
real-time cardiac output monitoring with minimal invasiveness, enhancing clinical
decision-making while reducing risks associated with more invasive methods.

3.2.1The FloTrac system

The FloTrac system (Edwards Lifesciences, USA) is a minimally invasive, inter-
nally calibrated cardiac output monitoring platform that connects to any existing
arterial line—typically radial or femoral—without requiring external calibration or
additional catheterization.

3.2.2 System components

FloTrac sensor: Attaches to a standard arterial catheter. Monitoring platform: An
advanced interface that displays hemodynamic parameters, including stroke volume
(SV), cardiac output (CO), stroke volume variation (SVV), and systemic vascular
resistance (SVR).

3.2.3 Update frequency

Hemodynamic variables, including cardiac output, are updated approximately
every 20 seconds to 1 minute, providing near-continuous monitoring without the
need for external calibration or bolus injections.

3.2.4 Clinical utility

The FloTrac system is particularly valuable in perioperative and critical care set-
tings where continuous, real-time, and reliable cardiac output monitoring is required
without increasing procedural invasiveness. Its ease of setup and integration with
existing arterial lines make it a widely adopted tool in goal-directed therapy protocols.
Advantages of the FloTrac monitoring system: Minimally invasive approach: Utilizes a
standard arterial line (typically radial), avoiding the need for central venous or pulmo-
nary artery catheterization. Reduces procedural complexity and patient risk associated
with more invasive methods. No external calibvation required: The FloTrac system
performs internal calibration using patient demographic data and arterial waveform
characteristics. Eliminates the need for external reference methods like thermodilution
or lithium dilution, simplifying setup and reducing user dependency. Continuous real-
time monitoring: Provides ongoing, beat-to-beat measurements of cardiac output (CO),
stroke volume (SV), and stroke volume variation (SVV). Enhances clinical responsive-
ness in rapidly changing hemodynamic situations, particularly in perioperative and
critical care environments. Ease of use and integration: Features a user-friendly inter-
face with seamless integration into existing patient monitoring systems. Designed for
quick implementation and intuitive interpretation. Automatic vascular tone adjustment:
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The algorithm dynamically adjusts for changes in vascular compliance and resistance
using real-time waveform data and patient-specific variables. Enhances measure-
ment accuracy without the need for manual recalibration. Limitations of the FloTrac
monitoring system. Reduced accuracy in extreme hemodynamic states: The algorithm’s
performance can be compromised in patients with low systemic vascular resistance,
such as those with sepsis or receiving vasopressors. Significant arrhythmias (e.g., atrial
fibrillation) may disrupt the reliability of stroke volume and cardiac output calcula-
tions. Reliance on population-based models: FloTrac utilizes demographic and biometric
data (age, gender, BSA) to estimate vascular compliance. These generalized assump-
tions may not reflect individual patient physiology, especially in those with atypical
characteristics (e.g., obesity, cachexia, or structural heart disease). Limited validation
in specific clinical contexts: Accuracy may be reduced in certain settings, including
off-pump cardiac surgery, intra-abdominal hypertension, and patients on mechanical
circulatory support (e.g., ECMO, LVAD). In these cases, altered arterial waveform
morphology may invalidate the system’ algorithmic assumptions. Inappropriate as sole
monitor in high-risk patients: In critically unstable or complex surgical patients, more
precise, externally calibrated hemodynamic monitoring methods (e.g., thermodilu-
tion) may be necessary for safe and effective management. Cost considerations: The
initial cost of hardware and recurring costs of disposables and licensing may limit
accessibility, especially in resource-constrained settings [29-33].

3.2.5 The ProAQT/PulsioFlex system

The ProAQT system, developed by Pulsion Medical Systems, is a minimally
invasive, internally calibrated pulse wave analysis system used in conjunction with
the PulsioFlex monitor. It offers real-time estimation of key hemodynamic param-
eters, including cardiac output (CO), stroke volume (SV), and dynamic indices
such as stroke volume variation (SVV) and pulse pressure variation (PPV). System
components: ProAQT sensor: Connects to an existing invasive arterial line (radial or
femoral). PulsioFlex monitor: Displays and analyzes hemodynamic parameters in
real-time. Core algorithm and principles: The ProAQT system estimates stroke volume
(SV) using pulse contour analysis of the arterial pressure waveform. It analyzes the
systolic portion of the waveform (area under the curve), pulse pressure and waveform
morphology, and additional variables such as waveform slope and amplitude. The core
physiological equation used is CO = SV x HR. Where SV (stroke volume) is derived
from waveform analysis. HR (heart rate) is obtained from the monitor or patient ECG.

3.2.6 Advantages of the ProAQT/PulsioFlex monitoring system

Minimally invasive: Requires only an existing arterial catheter (e.g., radial or
femoral), avoiding the need for central venous access or pulmonary artery catheter-
ization, thereby reducing procedural risk. Internal calibration: Utilizes advanced
internal algorithms that automatically adjust cardiac output (CO) estimations based
on patient-specific demographic and biometric data, as well as arterial pressure
waveform analysis—eliminating the need for external calibration methods. Optional
manual calibration: Offers the flexibility to manually enter reference cardiac output
values (e.g., from thermodilution or echocardiography) to further enhance measure-
ment accuracy when desired. Continuous hemodynamic monitoring: Provides real-time,
beat-to-beat monitoring of key parameters, including cardiac output (CO), stroke
volume (SV), stroke volume variation (SVV), pulse pressure variation (PPV), and
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systemic vascular resistance (SVR). This facilitates timely and informed clinical
decision-making in both perioperative and critical care settings. Dynamic fluid
responsiveness assessment: Enables goal-directed fluid therapy by continuously evaluat-
ing preload responsiveness using dynamic indices such as SVV and PPV—especially
useful in mechanically ventilated patients. User-friendly interface and monitor integra-
tion: The PulsioFlex monitor features an intuitive graphical interface and is compat-
ible with standard patient monitors, supporting seamless clinical workflow and ease
of use. Clinical versatility: Suitable for a wide range of patients, from stable to moder-
ately unstable, and adaptable for use in various settings, including operating rooms,
intensive care units, and emergency care.

3.2.7 Limitations of the ProAQT/PulsioFlex monitoring system

Reduced accuracy in extreme hemodynamic states: The reliability of the system may
be compromised in patients with severe vasodilation (e.g., septic shock), low cardiac
output, or significant arterial waveform distortion. In such conditions, the underlying
assumptions of pulse contour analysis may not hold true. Dependence on high-quality
arterial waveform: Accurate monitoring depends on the integrity of the arterial pres-
sure waveform. Signal artifacts, over- or underdamping, and catheter-related issues
can significantly affect the precision of derived hemodynamic variables. Susceptibility
to cardiac arrhythmias: Significant arrhythmias (e.g., atrial fibrillation) can impair the
consistency of beat-to-beat stroke volume and cardiac output measurements, limit-
ing the system’ reliability in patients with irregular heart rhythms. Use of generalized
population-based models: Internal calibration relies on demographic and biometric
data referenced against large population datasets. This may introduce inaccuracies
in patients whose physiology deviates from these norms (e.g., extremes of age, body
size, or unique pathologies). Lower accuracy compared to calibrated systems: While con-
venient and less invasive, ProAQT is generally considered less precise than externally
calibrated methods (e.g., transpulmonary thermodilution with PiCCO) in critically ill
or hemodynamically unstable patients [29-33].

3.2.8 The Argos cardiac output monitor: Core technology and principle

The Argos monitor uses multi-beat analysis (MBA)—a proprietary algorithm that
estimates stroke volume (SV) by analyzing the radial arterial blood pressure waveform
over multiple cardiac cycles, rather than relying solely on a single-beat analysis. This
approach helps mitigate the effects of waveform artifacts, transient noise, and reflected
pulse waves that often compromise the accuracy of conventional single-beat algorithms.
Waveform Processing: MBA identifies the pure exponential decay of the arterial pres-
sure waveform by excluding confounding wave reflections from peripheral vasculature.
Stroke volume estimation: SV is derived using a proprietary formula that incorporates
biometric inputs (e.g., age, sex, height, weight) along with the cleaned, multi-beat
waveform data. Cardiac Output Calculation: As with other systems, CO is calculated
using the formula CO=SV x HR. This real-time analysis provides beat-to-beat estimates
and enhances monitoring precision without requiring external calibration [29-33].

3.2.9 Advantages over traditional systems

The multi-beat analysis algorithm demonstrates improved performance in chal-
lenging conditions such as arrhythmias, where traditional systems like FloTrac and
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ProAQT often show reduced accuracy due to variability in the waveform between
beats. By averaging and analyzing across multiple beats, Argos provides more stable
and reliable measurements.

3.2.10 Limitations of the Argos cardiac output monitor

Limited validation data: Clinical validation studies for the Argos system are fewer
in number compared to more established cardiac output monitoring technologies,
particularly in diverse or high-risk patient populations. Dependence on arterial line
quality: The accuracy of the monitor depends on a high-quality arterial waveform.
Waveform artifacts, underdamping, or overdamping can negatively affect measure-
ment reliability, requiring careful arterial line setup and maintenance. Less familiar-
ity among clinicians: As a newer technology, the system may not be widely known
among clinicians. This may result in a learning curve and could limit its adoption in
some institutions due to lack of user experience or training. Potential cost constraints:
Limited availability: The device may not be readily available in all regions or health-
care settings, restricting access to centers that have adopted or partnered with the
manufacturer (Table1).

3.3 Externally calibrated pulse wave analysis devices

Externally calibrated pulse wave analysis systems estimate cardiac output (CO) by
combining arterial pressure waveform analysis with intermittent calibration using indi-
cator dilution techniques such as transpulmonary thermodilution or lithium dilution.

These systems require a central venous catheter for injecting the indicator
(e.g., cold saline or lithium). A dedicated arterial catheter (typically femoral or

Feature

FloTrac

ProAQT/PulsioFlex

Argos

Calibration

Internally calibrated

Internally calibrated
(optional manual input)

Internally calibrated (multi-
beat analysis)

Arterial Requires arterial line Requires arterial line Requires arterial line
Access (radial/femoral)
Core Stroke volume from Pulse contour analysis + Multi-beat waveform analysis
Algorithm pulse pressure variability patient-specific data across multiple cycles
and demographic data
Strengths Widely used, easy setup, Flexible with optional Improved accuracy in
automatic adjustments manual CO input, dynamic arrhythmias, reduces pulse
fluid responsiveness wave reflection error
assessment
Limitations Less accurate in Accuracy reduced in extreme Limited validation, newer
vasodilation and hemodynamic states or poor technology, less clinical
arrhythmias waveform quality familiarity
Ideal Use Stable patients, general Perioperative care, fluid Critically ill, arrhythmias,
OR/ICU settings management hemodynamically unstable
patients
Table 1.

The above table compares three diffevent internally calibrated pulse wave analysis devices developed by different
manufacturers, highlighting their operating principle, strengths, limitations, and clinical applications.
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axillary) to detect downstream changes in the indicator’s temperature or concen-
tration. The thermodilution-derived cardiac output is used to calibrate the pulse
contour analysis algorithm, enabling accurate, continuous CO measurements over
time. Two primary commercially available systems using this method include the
PiCCO Plus System (Pulsion Medical Systems) and the VolumeView System (Edwards
Lifesciences) [30, 32].

3.4 PiCCO plus monitor: Pulse index continuous cardiac output monitor

System overview: The PiCCO Plus monitor integrates real-time pulse contour
analysis with intermittent calibration via transpulmonary thermodilution. This
approach is less invasive than traditional pulmonary artery catheter-based thermodi-
lution techniques, requiring only a central venous catheter and a thermistor-tipped
arterial catheter.

3.4.1 Transpulmonary thermodilution process

A cold saline bolus is injected into a central vein (typically into the superior vena
cava). The bolus mixes with the circulating blood and travels through the right heart,
lungs, and left heart to a thermistor in a large artery (e.g., femoral). A thermodilution
curve is generated by measuring the temperature changes over time. Cardiac output
is calculated using the modified Stewart-Hamilton equation: CO = V x (Tb - Ti) x K/
JAT(t)dt. This provides a calibrated baseline CO value that enhances the accuracy of
continuous pulse wave-derived readings.

3.4.2 Pulse wave analysis (PWA) mechanism

The PiCCO Plus system applies a three-element Windkessel model, incorporating
the characteristic impedance of the aorta, arterial compliance, and systemic vascular
resistance (SVR).

The arterial pressure waveform, typically recorded from the femoral artery,
is analyzed to estimate the central aortic waveform by compensating for pulse
wave amplification, which results from pressure changes between the central and
peripheral arterial systems. Calculate stroke volume (SV) by measuring the area
under the systolic portion of the arterial pressure curve and dividing it by estimated
aortic compliance. Arterial compliance is calculated via a proprietary algorithm
during each thermodilution calibration. The system also accounts for real-time
SVR changes through continuous analysis. Cardiac output is then continuously
reassessed by analyzing the pressure waveform morphology and the first deriva-
tive of pressure over time (dP/dt). With each new thermodilution calibration, the
monitor resets the PWA-derived CO to maintain long-term accuracy and correct for
any measurement drift. Hemodynamic Parameters Measured by PiCCO: Cardiac
Function Parameters: cardiac output (CO), cardiac index (CI), stroke volume
(SV), stroke volume index (SVI), and heart rate (HR). Preload Parameters: Global
End-Diastolic Volume (GEDV): Volume of blood in all four heart chambers at
end-diastole; more accurate than CVP or PAOP. Global End-Diastolic Volume Index
(GEDI): GEDV adjusted for body surface area. Intrathoracic Blood Volume (ITBV):
Total blood volume in heart and lungs. Intrathoracic Blood Volume Index (ITBVI):
ITBV adjusted for body surface area.
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3.4.3 Lung water and permeability indicators

Extravascular lung water (EVLW): Fluid in lung tissue outside of pulmonary
vasculature. Extravascular lung water index (EVLWI): EVLW normalized to body
weight. Pulmonary vascular permeability index (PVPI): EVLW-to-pulmonary
blood volume ratio; indicates alveolar-capillary barrier integrity. Extravascular
lung water (EVLW) /Extravascular lung water index (EVLWI): EVLWI represents
the fluid present in the interstitial and alveolar spaces of the lungs, which is the
fluid present outside of the blood vessels but inside the lung tissue. Values above
10 mL/kg may indicate pulmonary edema, and increasing values might hint toward
more severe edema.

3.4.4 Clinical significance of EVLWI

Diagnosis of pulmonary edema: Aids in differentiating the cardiogenic and
non-cardiogenic causes of pulmonary edema, as well as in quantifying its sever-
ity and guiding treatment. Guiding fluid management: In patients with sepsis,
ARDS, etc., EVLWI can aid in making decisions regarding fluid administration or
cessation of fluids to avoid overload and monitoring ARDS. Advantages of PiCCO
monitoring: Minimally invasive compared to PAC. Intermittent calibration enhances
accuracy. Comprehensive hemodynamic assessment. Superior preload measurement.
Evaluation of lung water and capillary leak. Dynamic parameters for fluid responsive-
ness. Real-time monitoring. Enhanced fluid management and goal-directed therapy.
Effective in mechanically ventilated patients. Rapid setup and bedside use.

Limitations of PiCCO monitoring: Requives invasive arterial and central venous
access. Limited accuracy in certain cardiac conditions such as severe tricuspid regur-
gitation, intracardiac shunts, and irregular heart rhythms, particularly atrial fibrilla-
tion, during pulse contour analysis.

These conditions may affect thermodilution curves or pulse waveform interpreta-
tion. Requires intermittent calibration. Not suitable for all patient populations, such
as patients with large intracardiac shunts and patients with open-chest procedures
or extreme anatomical alterations. Dependent on high-quality arterial waveform.
Potential for misinterpretation. Thermodilution requires bolus injection; the calibra-
tion process involves repeated cold saline injections, which can be cumbersome dur-
ing frequent recalibration, may introduce volume overload in sensitive patients, and
requires coordination and operator skill for consistent results. Cost and availability.

3.4.5 VolumeView system (EV1000 platform)

Another prominent example of an externally calibrated pulse wave analysis device
is the VolumeView system, developed by Edwards Lifesciences and integrated into the
EV1000 monitoring platform. Like the PiCCO Plus system, it combines transpulmo-
nary thermodilution calibration with continuous pulse contour analysis to monitor car-
diac output (CO) and other advanced hemodynamic parameters. Calibration Method
— Transpulmonary Thermodilution: The system requires a central venous catheter
(CVC) for indicator (cold saline) injection and a VolumeView arterial catheter (typi-
cally placed in the femoral artery) with an integrated thermistor for temperature mea-
surement. Cardiac output is calculated using the modified Stewart-Hamilton formula,
based on the temperature change over time following indicator injection. This calibra-
tion ensures a reliable reference for continuous pulse contour analysis. Pulse contour
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analysis: Using the three-element Windkessel model, the VolumeView system analyzes
aortic impedance, arterial compliance, and systemic vascular resistance. The system
evaluates the shape and slope of the arterial pressure waveform, estimates central
aortic pressure, and calculates real-time stroke volume and cardiac output. Between
calibrations, the algorithm continuously updates measurements using changes in
vascular tone and waveform dynamics. It gives Unique Parameter — Global Ejection
Fraction (GEF): A distinctive feature of the VolumeView system is the measurement of
Global Ejection Fraction (GEF), a volumetric index of left ventricular systolic func-
tion, calculated as GEF = (4 x Stroke Volume) /Global End-Diastolic Volume (GEDV).
GEF offers valuable insight into myocardial contractility, especially in shock states or
heart failure. The VolumeView system has shown clinical interchangeability with the
PiCCO system in cardiac output monitoring, with studies suggesting superior accuracy
in GEDV estimation. Its ability to deliver comprehensive and advanced hemodynamic
insights makes it a powerful tool in critical care settings [31, 32].

3.4.6 Advantages

Minimally invasive. Can generate accurate CO estimates with peripheral vascular
access. Central venous or pulmonary artery catheters are not required [34, 35]. Easy
to use and calibrate. Can be safely used by nursing and medical staff to provide
CO measurements in less than 10 minutes. Suitable for use in both conscious and
unconscious patients [36]. The lithium dose needed for calibration is very small and
was shown to have negligible clinical effects [37]. Unlikely to cause arrhythmias,
which are seen with cold injectate needed for thermodilution CO monitoring. Allows
for continuous monitoring. A single calibration can provide accurate real-time CO
estimates for up to 8 hours [38].

3.4.7 Disadvantages

Contraindicated with lithium therapy. LiDCO is contraindicated in patients on
lithium therapy (for psychiatric or other conditions) due to baseline interference
and potential toxicity. Use in patients on lithium therapy will overestimate CO.
Interference with non-depolarizing muscle relaxants. The quaternary ammonium resi-
dues of some non-depolarizing neuromuscular blockers can interfere with the lithium
sensor [39]. May require recalibration and multiple measurements to improve preci-
sion. The pulse contour analysis algorithm may need frequent recalibration, especially
after major clinical changes or therapeutic interventions [40]. Relies on pulse contour
analysis. This makes its measurements inaccurate in conditions that compromise
pulse contour integrity, such as aortic valve regurgitation, intra-aortic balloon pumps,
highly dampened arterial lines, arrhythmias, and intra- or extra-cardiac shunts [39].

3.4.8 Esophageal Doppler

Esophageal Doppler uses a flexible Doppler probe, which is placed in the mid
esophagus to measure the velocity of blood flowing in the thoracic aorta. The probe
is typically kept at the level of the fifth to sixth thoracic vertebrae and may be kept
in place for days to weeks in sedated patients [39]. The probe emits ultrasound waves
(4 MHz continuous or 5 MHz pulsed waves), which are then reflected by the circu-
lating red blood cells in the thoracic aorta. Blood flow velocity is then determined
based on the reflected waves. The aorta is assumed to be cylindrical in shape, and
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thus the stroke volume is calculated based on the velocity-time integral (VTI) and
cross-sectional area of the aorta (CSA). The CSA is estimated using nomograms given
the patient’s demographic data (age, weight, and height). The VTT is measured using
the reflected Doppler waves, where the integral of the velocity of Doppler flow over
time (dV/dt) is used to represent the “height” of the cylinder. Advantages: Allows

for rapid, real-time measurements and is minimally invasive [41]. Good agreement
with other techniques, including pulmonary catheter-based CO monitors [42].
Improved outcomes when used to guide fluid management [43]. Disadvantages:
Operator dependent. Changes in the position of the probe may affect readings.
Assumptions made about aortic cross-sectional area can introduce errors [44]. Not
suitable in patients with esophageal pathology or those with distorted aortic anatomy.
Continuous monitoring is difficult in awake patients.

4. Noninvasive cardiac output monitoring

Noninvasive cardiac output monitoring has emerged as a valuable tool in modern
clinical practice, offering real-time hemodynamic assessment without the risks of
invasive procedures. This section explores the principles, modalities, and clinical
applications of noninvasive cardiac output monitoring, highlighting its advantages
and limitations. At its core, all noninvasive cardiac output (CO) monitoring tech-
niques rely on one fundamental principle:

4.1 Various modalities can be used to infer the stroke volume, including

Echocardiography: It estimates CO using two broad approaches: Doppler-based
methods (flow velocity measurement)/volumetric methods (2D/3D chamber
quantification).

4.2 Advantages

Real-time, widely validated, noninvasive, cheaper, can be used for point-of-care
assessment, and offers the possibility to link the CO status to its causative factor, for
example, hypovolemia, cardiac dysfunction, cardiac tamponade, acute cor pulmo-
nale, and/or vasodilator circulation.

4.3 Limitations

Angle-dependent (errors if Doppler beam is >20° off-axis). Assumes circu-
lar LVOT (elliptical shape causes errors). Difficult in mechanically ventilated
patients who lack suitable TTE windows. Any measurement error in the LVOTd
will be squared; therefore, there might be a large error in SV calculation. Non-
echocardiographic Doppler-based cardiac output measurement [45].

4.4 Ultrasound cardiac output monitor (USCOM)
4.4.1 Principle

USCOM is a noninvasive, transthoracic continuous-wave Doppler system that
measures blood flow through either the aortic or pulmonary valve. The probe is
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placed on the suprasternal notch or left parasternal area to obtain blood flow velocity-
time integrals (VTIs), which are combined with patient biometrics to estimate stroke
volume and cardiac output.

4.4.2 Advantages of USCOM: Fully noninvasive, bedside application

Rapid setup and real-time output, requires no ionizing radiation or contrast.
Useful in emergency, pediatric, and critical care settings. Provides trend monitoring
of CO, SVR, and inotropy index.

4.4.3 Disadvantages of USCOM

Highly operator-dependent. Difficulty obtaining windows in obese or uncoop-
erative patients. Accuracy relies on the assumed aortic/pulmonary valve diameter.
Limited validation in complex hemodynamics (e.g., valve lesions, arrhythmias).

4.4.4 Carotid Doppler ultrasonography

Principle: Carotid Doppler evaluates flow velocity in the common carotid artery
using a linear ultrasound probe [46]. By measuring the velocity-time integral (VTI)
and estimating vessel diameter, one can estimate stroke volume and cardiac output
trends, particularly in response to interventions (e.g., passive leg raises).

4.4.5 Advantages

Noninvasive, rapid, and widely available. Useful in low-resource or emergency
settings and can be repeated for dynamic assessments (e.g., fluid responsiveness).

4.4.6 Disadvantages

Not a direct measure of cardiac output; reflects central blood flow trends. Assumes
stable carotid artery diameter, which may not be true in elderly or diseased vessels;
operator-dependent; poor reliability for absolute CO values; may be influenced by
cerebrovascular disease or carotid stenosis.

4.5 Bioimpedance

Principle: The underlying principle of thoracic electrical bioimpedance (TEB)
is that blood is a good electrical conductor due to its high electrolyte content, while
other thoracic tissues (e.g., fat, muscle, lung) are relatively poor conductors [47, 48].
During systole, when the left ventricle ejects blood into the aorta, the volume and
velocity of blood flow in the thorax increase, which transiently decreases thoracic
electrical impedance. These cyclic impedance changes are detected and mathemati-
cally analyzed to estimate stroke volume and cardiac output.

4.5.1 Advantages

Totally noninvasive. Provides real-time, continuous data. Safe for all ages, includ-
ing pediatrics. Useful in ambulatory or ward-based monitoring. Quick setup and easy
to use with minimal training.
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4.5.2 Limitations for this technique

Highly sensitive to motion (e.g., patient movement, ventilation). Small signal
changes (AZ) are easily masked by electrical interference (e.g., electrocautery).
Unreliable in obese patients, pleural effusions, or chest wall abnormalities. Inaccurate
in arrhythmias or rapid hemodynamic shifts. Dependent on assumptions about
thoracic anatomy and blood resistivity. Limited validation in critically ill or surgical
patients. Better for trend monitoring than absolute cardiac output values. Cannot be
used in patients with a pacemaker.

4.6 Bioreactance

Bioreactance is a noninvasive cardiac output monitoring technique that evolved
from the limitations of thoracic electrical bioimpedance (TEB). While both rely on
changes in thoracic electrical properties during the cardiac cycle, bioreactance focuses
on phase shifts in electrical currents rather than amplitude changes, aiming for better
signal stability, noise resistance, and clinical accuracy (Table 2).

Bioreactance was introduced to address these limitations by measuring
phase shifts instead of relying on subtle amplitude changes, resulting in greater
accuracy and consistency, particularly in critically ill or mechanically ventilated
patients.

Unlike bioimpedance, bioreactance does not measure amplitude changes, making
it less susceptible to noise and more stable for continuous monitoring.

4.6.1 Advantages of bioreactance

Greater signal-to-noise ratio. Less interference from motion, respiration, or
electrocautery. Better correlation with thermodilution in clinical studies. Suitable
for critically ill or perioperative patients. Used in devices like the noninvasive cardiac
output monitor (NICOM).

4.6.2 Limitations of bioreactance
Still affected by thoracic abnormalities (e.g., pleural effusions, chest deformities).

Algorithms are proprietary and not transparent. Accuracy in very low cardiac output
states is debated and requires stable ECG and signal quality.

Challenge in bioimpedance Resulting issue

Signal highly affected by movement, respiratory artifact, Reduced accuracy and reliability

and electrosurgical noise

Amplitude-based signal changes (AZ) are small and easily Difficult to interpret during surgery or critical
obscured illness

Variability in thoracic anatomy, obesity, and fluid shifts Inconsistent readings

interferes with measurements

Dependent on multiple assumptions and correction factors Limited applicability in dynamic clinical
conditions

Table 2.
Challenges in bioimpedance and their resulting issues.
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4.7 End-tidal CO, monitoring

End-tidal carbon dioxide (EtCO,) is the partial pressure of carbon dioxide mea-
sured at the end of exhalation and reflects the effectiveness of ventilation, pulmonary
perfusion, and metabolism. Recent innovations have extended its application to con-
tinuous cardiac output (CO) monitoring in mechanically ventilated patients using the
differential Fick principle. This method estimates pulmonary blood flow by analyzing
changes in CO, elimination and EtCO, levels during controlled, cyclic alterations in
ventilation—implemented via integrated ventilator software. Two systems, contract-
ing and capnodynamics, utilize these principles to provide automated, breath-by-
breath CO estimates without requiring additional equipment or invasive procedures.
Advantages of this approach include its noninvasiveness, real-time output, and
seamless integration into existing anesthesia or ICU platforms, making it particularly
useful during surgery and critical care. However, the method is limited to patients
under controlled ventilation and may be less accurate in severe lung pathology or
during rapid metabolic shifts. Despite these limitations, studies have demonstrated
acceptable accuracy compared to thermodilution, suggesting EtCO,-based monitor-
ing is a promising tool for routine intraoperative hemodynamic assessment [49].

5. Emerging role of artificial intelligence and machine learning in
hemodynamic monitoring

Artificial intelligence (AI) and machine learning (ML) are increasingly transform-
ing science and medicine in various ways. Hemodynamic monitoring is no exception;
there have been many new Al-driven methods that tackle the risks and limitations
associated with the established hemodynamic measurement tools [50]. A notable
advancement is the HaemoSphere monitor by Edwards Lifesciences (CA, USA),
which incorporates the Hypotension Prediction Index (HPI) [50, 51]. This ML-driven
system analyzes real-time hemodynamic data to anticipate hypotensive events before
they occur. Using a model built on arterial waveform characteristics, the HPI can
predict a drop in blood pressure up to 5 minutes in advance, with index values ranging
from 0 to 100—higher scores indicating greater risk. Several studies have validated
the tool’s accuracy in forecasting hypotension and demonstrated its effectiveness in
reducing the incidence of intraoperative hypotensive episodes (78).

Smith and Wood observed that over half of the patients who experienced cardiac
arrest had exhibited at least one abnormal vital sign, such as tachycardia, hypoten-
sion, temperature abnormalities, altered mental status, or reduced urine output,
within 24 hours prior to the event [52]. Building on this insight, SL Hyland and
colleagues developed CircEWS and CircEWS-lite, early warning systems designed to
predict circulatory failure up to 8 hours in advance [53]. Using high-resolution ICU
data, these systems generate a continuously updating risk score every 5 minutes. In
validation tests, the model demonstrated 90% accuracy, with 82% of cases predicted
more than 2 hours before onset. To reduce alert fatigue, the system includes a silenc-
ing feature that suppresses additional alarms for 30 minutes after one is triggered,
and it resets after a patient stabilizes from a circulatory failure episode.

A range of Al models has been developed to support clinical decision-making in
critical care, particularly for septic shock management. Jiirgen Paetz applied artificial
neural networks (ANNs) to generate clinical rules for septic shock patients, while
Ross et al. combined ANNs with differential equations to model inflammation and

23



Hemodynamics and Hemodynamic Monitoring

septic shock [45, 54]. Other machine learning approaches have also been applied to
predict sepsis-related mortality with varying success, including diagnostic systems
using radial basis function networks and supervised growing neural gas models [45].
Collectively, these innovations highlight the growing potential of AI to enhance early
risk identification and timely intervention in high-stakes clinical settings.

Similarly, the application of Al in ultrasound procedures has been explored in
various studies. Shaikh and colleagues investigated how inexperienced critical care
trainees performed CO measurements using point-of-care ultrasonography (POCUS),
comparing traditional manual methods to an Al-assisted automated approach [55].
The Al-supported method provided immediate guidance for accurately measuring
aortic outflow velocity. Their findings showed that while both manual and automated
techniques correlated with expert measurements, the automated system delivered
greater consistency, reduced variability, and more precise measurement ranges.
Although both methods resulted in overestimated readings compared to expert
evaluations, the Al-assisted technique demonstrated superior accuracy. Thus, incor-
porating Al into ultrasound procedures has the potential to enhance measurement
precision and reliability in critical care settings, facilitating better assessment of
patient hemodynamic responses to treatments.

6. Future directions in hemodynamic monitoring

The future of Al in hemodynamic monitoring includes promising advancements
aimed at improving patient outcomes and clinical decision-making. Medical and sci-
entific discoveries continue to advance rapidly, profoundly influencing the future of
hemodynamic monitoring, particularly in shock management [56]. A key emerging
direction is personalized monitoring, wherein Al algorithms are tailored to individual
patient characteristics, allowing highly precise and dynamic assessments of hemo-
dynamic status [57]. Innovations such as small, flexible, wearable sensors capable
of noninvasively and continuously monitoring various physiological parameters are
already available, transmitting data wirelessly to centralized computers or healthcare
workers’ mobile devices [58]. These advancements facilitate real-time adaptive moni-
toring, enabling swift clinical interventions based on immediate patient needs.

Another significant trend is the growing adoption of automated closed-loop
control systems that leverage artificial intelligence [55]. Such systems can interpret
real-time data and autonomously initiate appropriate therapeutic interventions,
improving compliance with treatment protocols and swiftly adapting to changing
clinical conditions. Future systems may utilize predictive models based on historical
data from similar patient populations to automate personalized drug titration, thus
advancing precision medicine in critical care. Additionally, echocardiography probes
are expected to become increasingly compact, affordable, and widely accessible,
enhancing point-of-care diagnostics. However, further research is necessary to estab-
lish the optimal integration and utilization of these novel technologies in critically ill
populations before they become standard practice in intensive care units.

Finally, advanced signal processing represents a significant area for future devel-
opment in hemodynamic monitoring [50]. By integrating sophisticated imaging
modalities and innovative sensor technologies, advanced signal processing is expected
to significantly enhance the accuracy, reliability, and interpretability of hemodynamic
data. These techniques can refine the detection and analysis of subtle physiological
signals, potentially allowing earlier recognition of hemodynamic instability or adverse
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events. Such improvements would facilitate proactive clinical interventions and sup-
port more precise, patient-centered management in critical care settings.

7. Challenges in implementation

Innovations in Al and ML have considerable potential to transform hemodynamic
monitoring practices, yet their implementation faces many hurdles. Some of the main
concerns are ensuring high quality, diversity, and representativeness of the datasets
used to train ML models [59, 60]. Furthermore, biases, inaccuracies, and a lack of
diversity within these datasets can limit the generalizability and equity of ML models’
predictions [59, 61]. Thus, it potentially reduces their effectiveness in diverse patient
populations. Additionally, due to the inherent complexity of current ML models, such
as advanced neural networks, they often lack transparency, making them difficult to
interpret, rendering clinicians hesitant to trust and adopt these tools [62, 63].

Regulatory and ethical challenges further complicate the integration of Al and ML
into healthcare [62, 63]. Also, some technical barriers, such as interoperability issues
and seamless data exchange among healthcare systems, can slow down the utilization
of this technology. Additionally, regulatory frameworks require significant enhance-
ment to manage data privacy, security, consent, and liability. Clinicians also face a
paradigm shift from traditional diagnosis-based interventions to proactive decisions
based on probabilistic predictions, which raises practical and ethical dilemmas,
especially when intervention risks outweigh potential benefits.

Economic factors, validation requirements, and educational needs pose additional
limitations [64]. The high development and commercial costs of Al tools, exemplified
by premium-priced monitoring devices, restrict widespread adoption, especially in
middle-income regions. Additionally, the dynamic and rapidly changing nature of
hemodynamic parameters necessitates rigorous, real-time validation of Al algorithms
across varied clinical settings. Addressing these multifaceted challenges through tar-
geted research, clear guidelines, and clinician education will be critical for effectively
leveraging Al in hemodynamic monitoring.

8. Conclusion

Hemodynamic monitoring has advanced tremendously since Adolph Fick’s
pioneering work in 1870, as well as the subsequent advances of Forssmann and
Swan-Ganz. It has become a fundamental component of perioperative and critical
care. Although existing practices continue to rely on invasive techniques, thereisa
growing fascination with advanced noninvasive methods such as echocardiography
and bioimpedance devices. These technologies have been strengthened by recent
breakthroughs in Al and ML, allowing for predictive capabilities such as the HPI and
proactive therapeutic interventions. Despite technical advancements, some challenges
persist, including alert fatigue, limited interpretability, high prices, data quality
concerns, and the need for rigorous validation.

Looking forward, bridging present methodologies with future innovations
demands overcoming significant but surmountable challenges. Advanced signal
processing methods, wearable sensor integration, Al-driven tailored monitoring,
closed-loop control systems, and improved echocardiography are all potential new
developments that could revolutionize patient-centered care, real-time adaptive
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therapies, and patient-centered care. To achieve these advantages, though, problems
with data diversity, interoperability, clinical education, ethical difficulties, and finan-
cial accessibility must be resolved. The successful integration of future developments
ultimately hinges on the cooperation of technologists, physicians, and legislators,
with a focus on uniform training, transparent Al systems, meticulous validation, and
suitable regulatory control. The discipline of hemodynamic monitoring is well-
positioned to move beyond reactive care to a future defined by proactive, individual-
ized, and technologically empowered clinical practice by carefully managing these
complications.
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Abstract

Cerebral hemodynamics encompasses the regulation of blood flow within
the brain to sustain oxygen and nutrient delivery while maintaining intracranial
homeostasis. This chapter offers a comprehensive review of the anatomical structures
and physiological mechanisms involved, including the arterial and venous systems,
the protective role of the blood-brain barrier, and the metabolic demands of neural
tissue. The chapter details the relationships among cerebral perfusion, arterial
pressure, vascular resistance, and intracranial pressure, emphasizing how they
influence cerebral blood flow. Regulatory systems such as chemical, metabolic,
neurogenic, myogenic, and endothelial pathways modulate perfusion to adapt
to physiological variations. Clinical monitoring techniques, including pressure
measurement, ultrasound-based flow assessment, near-infrared spectroscopy for
oxygenation, advanced perfusion imaging, and extracellular fluid analysis, are
discussed in the context of neurocritical care and surgery. The chapter explores
the pathophysiological changes associated with various neurological disorders
such as ischemic stroke, hemorrhagic stroke, traumatic brain injury, subarachnoid
bleeding, brain tumors, fluid accumulation disorders, and global brain ischemia.
Therapeutic strategies aimed at optimizing brain perfusion, controlling intracra-
nial pressure, modulating respiratory gases, performing surgical decompression,
administering neuroprotective agents, regulating body temperature, and apply-
ing emerging treatments are reviewed. The chapter concludes by examining new
technologies, including artificial intelligence, wearable noninvasive monitors,
advanced imaging techniques, computer-based modeling, and personalized medical
approaches. Ethical considerations surrounding invasive monitoring, interindivid-
ual variability, resource limitations, informed consent, and the role of automated
decision-support systems are also addressed.

Keywords: cerebrovascular circulation, intracranial pressure, cerebral blood flow,
cerebrovascular disorders, brain ischemia, traumatic brain injury, subarachnoid
hemorrhage, stroke, brain neoplasms, hydrocephalus, blood-brain barrier,
autoregulation, perfusion imaging, oxygen consumption, carbon dioxide, critical care,
neurologic monitoring, neuroimaging, artificial intelligence, ethical issues
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1. Introduction

Cerebral hemodynamics is the dynamics of blood circulation in the brain—a
phenomenon that is critical for supporting cellular function, intracranial homeostasis,
and the supply of oxygen as well as necessary nutrients. While the brain represents
only 2% of body weight, it utilizes about 20% of the body’s oxygen supply, highlighting
its heavy metabolic demand and utmost dependence on uninterrupted perfusion [1].

Learning about cerebral hemodynamics is not an intellectual curiosity only; it is
of immense practical importance in broad clinical settings. From acute conditions
such as traumatic brain injury (TBI) and ischemic stroke to chronic illnesses like
hydrocephalus or neurodegenerative conditions, cerebral perfusion status fundamen-
tally impacts outcomes [2, 3]. Within the context of surgery, especially neurosurgery
and cardiovascular operations involving cardiopulmonary bypass, close monitoring
and control of cerebral blood flow can help avoid perioperative brain damage [4].
Additionally, neurocritical care units depend greatly on dynamic measurements of
cerebral hemodynamics for the purpose of directing resuscitation measures [4].

This chapter offers an in-depth overview of cerebral hemodynamics with empha-
sis placed on the physiological and anatomical underpinnings, the physiologic prin-
ciples of cerebral blood flow, control mechanisms, and clinical monitoring methods.
Furthermore, the chapter discusses pathophysiologic alterations in disease condi-
tions, contemporary therapeutic approaches, and upcoming technologies. Particular
attention is devoted to the incorporation of cerebral hemodynamic information in the
management of the patient, as well as the ethical implications of advanced monitor-
ing. With this multiple-perspectival approach, the chapter strives to provide readers
with both depth of knowledge as well as breadth of applicability.

2. Anatomy and physiology of cerebral circulation

A complete knowledge of cerebral hemodynamics requires an appreciation of
the complex vascular structure and physiological mechanisms that control cerebral
perfusion. The brain’s perfusing network maintains an ongoing supply of blood,
optimized for the delivery of oxygen and nutrients as well as the clearance of carbon
dioxide [5].

2.1 Arterial supply and circle of Willis

The arterial supply to the brain arises from two main systems: the anterior cir-
culation via the internal carotid arteries (ICAs) and the posterior circulation via the
vertebral arteries. The ICAs enter the cranial cavity through the carotid canals and
give rise to several critical branches, including the ophthalmic, anterior choroidal,
anterior cerebral (ACA), and middle cerebral arteries (MCA). The ACA courses
medially to supply the frontal and parietal lobes, while the MCA runs laterally into
the Sylvian fissure to irrigate the lateral cerebral cortex, including motor and sensory
areas [2]. The vertebral arteries ascend through the cervical vertebrae and merge to
form the basilar artery, which further branches into the posterior cerebral arteries
(PCAs). The PCAs supply the occipital lobes, thalamus, and parts of the temporal
lobe [3]. These arterial systems are interconnected by the Circle of Willis, an anasto-
motic ring that provides collateral circulation, reducing the risk of ischemia during
vascular compromise (Figure 1) [4-6].
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2.2 Venous drain

Venous drainage of the brain is divided into superficial and deep systems.
The superficial system includes veins draining the cerebral cortex, such as the
superior cerebral veins (into the superior sagittal sinus), the superficial middle
cerebral vein, and the inferior cerebral veins. The deep venous system drains
internal brain structures via the internal cerebral veins, basal veins of Rosenthal,
and the great vein of Galen, which converge into the straight sinus [5]. These
veins ultimately drain through the dural venous sinuses, a series of endothelial-
lined channels within the dura mater. Key sinuses include the superior sagittal,
straight, transverse, and sigmoid sinuses, which ultimately empty into the inter-
nal jugular veins (Figure 2). The cavernous sinus, with connections to facial and
ophthalmic veins, is especially notable for its clinical implications in infection and
thrombosis [6].

2.3 Microcirculation and exchange of capillaries

Capillaries are the primary site of gas, nutrients, and waste exchange between
blood and neural tissue. Their density varies by brain region and reflects local
metabolic demand. Capillary walls consist of endothelial cells with tight junc-
tions, surrounded by astrocyte end-feet, forming the blood-brain barrier
(BBB) [7].
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2.4 The blood-brain barrier (BBB)

The BBB is a permeable interface that blocks the free passage of potentially toxic
materials from systemic circulation, with selective passage of necessary substances
like glucose and amino acids for reaching the neuronal tissue. It consists of endothe-
lial cell junctional tightness, basement membrane, astrocytic processes, and peri-
cytes. The BBB is responsible for maintaining ionic equilibrium as well as protection
from neurotoxins, but its function can be disrupted in the context of trauma, isch-
emia, infection, or malignancy, resulting in cerebral edema with raised intracranial
pressure [7].

2.5 Metabolic needs and cerebral oxygen consumption

The large requirement for power of the brain makes an uninterrupted, strong
blood supply necessary. Cerebral metabolic rate for oxygen (CMROj) is 3.5 mL/100 g/
min, and cerebral blood flow (CBF) is tightly regulated with respect to metabolic
requirements. The gray matter is perfused more than the white matter as a conse-
quence of greater synaptic activity and density. Neurovascular coupling is such that a
local rise in the activity of the neurons causes a corresponding rise in local blood flow.
Abnormalities in the coupling are involved in many neurological conditions [1-3, 7].

3. Principles of cerebral hemodynamics

Cerebral hemodynamics is governed by the complex interplay among cerebral
perfusion pressure (CPP), intracranial pressure (ICP), cerebrovascular resistance
(CVR), blood viscosity, and vessel diameter. Knowledge of these fundamental
concepts is necessary for the interpretation of blood flow alterations as well as for the
formulation of appropriate therapeutic measures.
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3.1 Cerebral perfusion pressure (CPP)

Cerebral perfusion pressure is the force that causes blood to perfuse the brain
and can be conceived as the difference between mean arterial pressure (MAP) and
intracranial pressure (ICP) [8]:

CCP =MAP-ICP 1)

Under physiological conditions, CPP is regulated within the range of
60-80 mmHg. Below 60 mmHg, cerebral ischemia will ensue; above 80 mmHg,
hyperemia will precipitate cerebral edema. Optimal management of CPP is key in the
prevention of secondary brain injury in neurocritical care (Figure 3).

3.2 Cerebral blood flow (CBF) and cerebrovascular resistance

CBF is normally about 50 mL/100 g/min in adults but varies according to region
and metabolic need (Table1).

CBF is determined both by CPP and CVR according to Ohm’ Law and the Hagen-
Poiseuille equation [8].

CBF =CPP/CVR 2)

Vessel diameter, length, and blood viscosity influence cerebrovascular resistance.
The fourth-power relation of radius with respect to flow means that relatively small
variations in vessel diameter have very large impacts on CBF. This concept is the

Mean
Arterial
Pressure

Intracranial

(MP) Pressure
(ICP)
Cerebral Cerebral
Perfusion - Blood
Pressure Flow
(CPP) (CBF)

MAP-ICP

Figure 3.
Determinants of cerebral perfusion. MAP: Mean arterial pressure, ICP: Intracvanial pressure, CPP: Cerebral
perfusion pressure, CBF: Cerebral blood flow, CVR: Cerebrovascular resistance.
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Parameter Normal value Description

Cerebral Blood Flow (CBF) 50 mL/100 g/min Average perfusion to brain tissue

Cerebral metabolic rate of 3.5mL 0,/100 g/ Oxygen consumption by neural tissue

oxygenation (CMRO,) min

Intracranial Pressure (ICP) 5-15 mmHg Normal pressure within the cranial vault

Cerebral Perfusion Pressure (CPP) 60-80 mmHg Net pressure gradient driving cerebral blood flow
Table1.

Key cerebral hemodynamic parameters and their normal values.

foundation of physiological regulation of blood flow through vasodilation as well as
vasoconstriction.

3.3 Intracranial pressure (ICP)

The pressure maintained within the cranial vault by cerebrospinal fluid (CSF),
blood, and brain tissue is called ICP. ICP varies from 5 to 15 mmHg in normal adults.
Any elevation of ICP may jeopardize CPP and cause ischemia of the cerebrum.

Mass lesions, cerebral edema, hydrocephalus, and venous congestion are causes of
increased ICP. Treatment of elevated ICP is an essential pillar of neurocritical care [8].

3.4 Autoregulation of blood flow

The brain is equipped with intrinsic mechanisms for relative constancy of CBF
over a large range of MAP (usually 60-150 mmHg). Autoregulation is mediated
through the capacity of cerebral blood vessels to constrict or dilate in reaction to
alterations in pressure, maintaining perfusion constancy in the presence of systemic
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Figure 4.
Hllustration of CBF autoregulation.
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circulation variability. Autoregulation can be lost in TBI, stroke, as well as sepsis,
leaving the brain susceptible to extremes of perfusion [9].

3.5Blood viscosity and hematocrit

Hematocrit, temperature, as well as plasma composition affect blood viscosity,
which in turn plays an ancillary role in brain hemodynamics. Although low hemato-
crit facilitates perfusion, it can impair oxygen delivery. Elevated hematocrit, on the
other hand, causes increased viscosity and CVR that decrease CBF [8, 9]. This balance
is important in the management of anemic or polycythemic patients.

3.6 Compliance and volume-pressure relationships

Compliance refers to the brain’s ability to tolerate volume changes without sig-
nificant increases in intracranial pressure (ICP). This compensatory buffer is lost in
conditions like cerebral edema or space-occupying lesions [10]. The Monro-Kellie
doctrine explains that the cranial vault has a fixed volume; thus, increases in brain
tissue, blood, or cerebrospinal fluid (CSF) must be balanced by a decrease in another,
or ICP will rise sharply. Understanding these dynamics is essential for diagnosing and
managing intracranial hypertension (Figure 4).

4. Regulation of cerebral blood flow

Cerebral blood flow regulation is an intricate, dynamic process responsible for
maintaining uniform perfusion in the presence of physiological variations in blood
pressure, metabolic demand, and gas composition. Regulation of CBF is critical for
the establishment of neural homeostasis as well as protection against ischemic or
hemorrhagic damage [9-11].

4.1 Autoregulation of cerebral blood flow

Autoregulation is the inherent capacity of cerebral arteries for maintaining rela-
tively stable CBF over an interval of mean arterial pressure (MAP), usually between
60 and 150 mmHg. The response is mediated mainly through vascular smooth muscle
cells that react to variations in transmural pressure. With rising MAP, vessels constrict
in order to decrease flow; with falling MAP, vessels dilate in order to restore flow [11].

Autoregulatory ability is heterogeneous from one brain region to another as well as
being impaired in pathologic conditions like traumatic head injury, stroke, and sepsis.
Autoregulatory loss makes CBF pressure-sensitive, with the potential for both an
increased danger of hypoperfusion as well as hyperemia [10, 11].

4.2 Chemical control: CO, and O, reactivity

Cerebral blood vessels are very sensitive to variations in arterial partial pressure
of carbon dioxide (PaCO,). When PaCO; is increased (hypercapnia), vasodilation
occurs, enhancing CBF, whereas when PaCO; is decreased (hypocapnia), vasocon-
striction leads to decreased flow. The response is immediate as well as reversible and is
the basis for therapeutic hyperventilation for the purpose of decreasing ICP in acute
situations [7-10].
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Response to oxygen (Pa0,) is weaker under conditions of normoxia. Critical
hypoxia (PaO, < 50 mmHg) induces vasodilation in order to augment CBF.
Hyperoxia is not directly associated with pronounced effects on CBF but can lead to
oxidative stress.

Cerebral blood vessels are highly sensitive to fluctuations in arterial partial
pressure of carbon dioxide (PaCO,). Hypercapnia causes vasodilation and increases
cerebral blood flow (CBF), whereas hypocapnia induces vasoconstriction, reducing
CBF. These changes occur rapidly and are reversible, forming the physiological basis
for therapeutic hyperventilation in acute intracranial hypertension [7-10].

The brain’s response to oxygen (Pa0O,) is less pronounced under normoxic condi-
tions; however, critical hypoxia (PaO, < 50 mmHg) triggers vasodilation to enhance
CBF. Hyperoxia, while not dramatically altering CBF, may induce oxidative stress and
suppress metabolic activity.

Recent MRI-based studies have confirmed that oxygen availability directly influ-
ences cerebral metabolism and perfusion. Xu et al. demonstrated that hypoxia (14%
inspired O,) leads to a ~ 5% increase in CMRO, and a ~ 10% rise in CBF, as compensa-
tory mechanisms attempt to preserve oxygen delivery [12]. In contrast, hyperoxia
(Fi0, 50-98%) resulted in a 17% reduction in CMRO, with minimal changes in CBF.
This paradoxical effect is attributed to oxygen-induced oxidative stress, which may
inhibit mitochondrial metabolism and reduce neuronal activity. These findings have
clinical implications: excessive oxygen supplementation, particularly in ischemic or
traumatic brain injury, may depress cerebral metabolism and should be cautiously
titrated [12].

4.3 Metabolic regulation

CBF is directly associated with the metabolic requirements of the neurons—a
process termed metabolic or functional hyperemia. Any rise in activity of the neurons
leads to the release of vasoactive metabolites, including adenosine, hydrogen ions,
potassium, and nitric oxide, promoting vasodilation and increasing perfusion to the
region [12].

The local regulation guarantees that areas of the brain that are being used receive
comparatively increased blood supply, something used in functional neuroimaging
methods like fMRI as well as PET.

4.4 Neurogenic control

Neurogenic control of cerebral circulation is conveyed through the autonomic
nervous system as well as through neurotransmitters. While not as predominant
as control from metabolism or chemicals, sympathetic stimulation tends generally
to produce vasoconstriction, with particular emphasis in large proximal arteries,
whereas parasympathetic tone yields a lesser vasodilatory action.

Neurogenic modulation is more pronounced in disease conditions like vasospasm
and migraine, in which abnormal signaling in the neurons influences vascular tone.

4.5 Endothelial and myogenic mechanisms

Neurovascular coupling refers to the tight coordination between neuronal activity
and local blood flow. When neurons become more active, they signal nearby blood
vessels to dilate, increasing perfusion to match metabolic needs—a mechanism
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fundamental to both normal function and imaging techniques like fMRI. Endothelial
cells of cerebral blood vessels are central in the regulation of vascular tone through
the release of such substances as endothelin, prostacyclin, and nitric oxide (NO). NO
is an important vasodilator with involvement in neurovascular coupling as well as
autoregulation. Myogenic mechanisms react directly to mechanical stretch within the
walls of blood vessels, adjusting smooth muscle contraction in order to provide uni-
form flow. These multifactorial mechanisms of regulation have an interactive synergy
that fine-tunes perfusion in the brain. Abnormality in one or multiple pathways can
predispose the brain toward ischemia, edema, or hemorrhagic complications based on
the situation [13].

4.6 Integrated mechanisms and clinical assessment of autoregulation

Cerebral autoregulation refers to the brain’s intrinsic ability to maintain relatively
constant blood flow despite changes in cerebral perfusion pressure (CPP). This is
achieved through a complex interplay of myogenic, metabolic, neurogenic, and endothe-
lial mechanisms [11]. Myogenic responses involve vascular smooth muscle contraction in
response to transmural pressure changes, while metabolic regulation is largely influenced
by PaCO, and local metabolic byproducts. Neurogenic mechanisms rely on perivascular
innervation and neurotransmitters like nitric oxide and serotonin, and endothelial cells
release vasoactive agents such as endothelin-1 and nitric oxide. Importantly, autoregula-
tion is frequency-sensitive—low-frequency blood pressure fluctuations (e.g., <0.4 Hz)
are buffered, while higher frequencies may pass through unfiltered.

Clinically, autoregulation can be evaluated viz dynamic techniques such as tran-
scranial Doppler (TCD) or near-infrared spectroscopy (NIRS) by analyzing blood
pressure and flow/oxygenation relationships. Techniques like pressure reactivity
index (PRx), transfer function analysis, and wavelet coherence help identify indi-
vidualized autoregulatory ranges. Emerging evidence suggests that deviations from
a patient’s personalized optimal CPP—defined by the CPP at which autoregulation is
most preserved—are associated with worse outcomes in traumatic brain injury and
subarachnoid hemorrhage [11]. These insights point toward a shift from static, one-
size-fits-all targets to autoregulation-guided hemodynamic strategies.

5. Monitoring cerebral hemodynamics

Cerebral hemodynamic monitoring is an important foundation of contempo-
rary neurocritical care, neurosurgery, and cerebrovascular disease management.
Monitoring allows for real-time evaluation of intracranial dynamics, cerebral blood
flow, and oxygenation, serving as an aid in directing intervention for maximizing
outcomes as well as blocking secondary brain injury [14]. Both noninvasive and inva-
sive methods are used, with particular indications, advantages, as well as limitations.

5.1 Invasive monitoring techniques
5.1.1 Intracranial pressure (ICP) monitoring
ICP monitoring provides continuous data on pressure within the cranial vault. It

is most commonly used in patients with traumatic brain injury, hydrocephalus, or
intracerebral hemorrhage. Devices include:
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* External ventricular drain (EVD): Allows for both monitoring and CSF drainage.
Gold standard for accuracy.

* Intraparenchymal monitors: Fiberoptic or strain gauge-based probes inserted
into brain tissue, offering reliable pressure trends with minimal CSF drainage
capability.

Monitoring ICP enables clinicians to calculate cerebral perfusion pressure (CPP)
and respond to trends suggestive of cerebral edema, herniation risk, or impaired
autoregulation [14].

5.2 Noninvasive monitoring techniques
5.2.1 Transcranial Doppler ultrasonography (TCD)

TCD is a bedside ultrasound technique used to assess blood flow velocity in major
basal cerebral arteries, particularly the middle cerebral artery. It is valuable for:

* Detecting cerebral vasospasm (e.g., after subarachnoid hemorrhage)
* Assessing autoregulatory status
* Monitoring emboli or flow asymmetries.

TCD is operator-dependent and limited by skull thickness in some patients, but it
remains an essential noninvasive tool [14].

5.2.2 Near-infraved spectroscopy (NIRS)

Near-Infrared Spectroscopy (NIRS) is a noninvasive method used to continuously
monitor regional cerebral oxygen saturation (rSO,), based on the differential absorp-
tion of near-infrared light (700-900 nm) by oxygenated and deoxygenated hemo-
globin. Sensors placed over the forehead detect these changes, enabling real-time
assessment of cerebral oxygenation, particularly in the superficial cortical regions
[15]. NIRS utilizes light in the near-infrared spectrum to estimate regional cerebral
oxygen saturation (rSO,). Placed over the forehead, sensors detect changes in oxy-
and deoxyhemoglobin concentrations. While NIRS offers continuous, noninvasive
measurements, it is limited to superficial cortical regions and may be confounded by
extracranial signals [15].

While commonly used for intraoperative monitoring during cardiovascular or neu-
rosurgical procedures and during sedation or anesthesia in neonates and critically ill
patients, the accuracy of NIRS can be influenced by several factors. These include skin
pigmentation, scalp fat thickness, probe positioning, and the assumption of a constant
differential path length factor (DPF), which affects inter-subject reproducibility.

Barstow’s review highlights that while both hemoglobin and myoglobin contribute
to NIRS signals, cerebral applications rely almost exclusively on hemoglobin-based
measures [15]. NIRS can estimate tissue saturation (StO,) and infer relative oxygen
delivery and utilization. However, extracranial contamination and limited penetra-
tion depth remain challenges.
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Advanced NIRS systems, such as frequency-domain and time-resolved technolo-
gies, now offer quantitative chromophore concentrations, although their clinical
adoption is still limited. In cerebral hemodynamics, NIRS is increasingly employed
to detect desaturation events, guide blood pressure targets, and assess neurovascular
coupling, though validation against gold-standard modalities (e.g., jugular bulb
oximetry or PET) remains ongoing [15].

5.2.3 Perfusion imaging

Advanced imaging modalities provide spatial and quantitative data on cerebral
blood flow:

* CT perfusion: Widely used in acute stroke to distinguish infarct core from penumbra.

* MRI perfusion: Includes dynamic susceptibility contrast (DSC) and arterial spin
labeling (ASL) techniques.

* PET and SPECT: Gold standard for metabolic and perfusion imaging, though less
commonly used due to cost and limited availability.

Perfusion imaging is essential for preoperative planning in tumor resections and
for assessing collateral circulation in chronic ischemia [16].

5.3 Multimodal neuromonitoring

Modern neurocritical care increasingly relies on integrating multiple monitor-
ing modalities to provide a comprehensive picture of cerebral physiology. Common
combinations include:

* ICP + brain tissue oxygen tension (PbtO,)
e TCD + NIRS
* Microdialysis + EEG.

Multimodal monitoring allows for real-time correlation of perfusion, metabolism,
and electrical activity, enabling early detection of deteriorating brain function and
guiding personalized therapeutic strategies [17].

5.4 Cerebral microdialysis: A metabolic window into the injured brain

Cerebral microdialysis (CMD) is an advanced neuromonitoring technique that allows
bedside, near-continuous sampling of the extracellular brain environment, offering real-
time insights into energy metabolism, ischemia, excitotoxicity, and treatment efficacy
in acute brain injury (ABI). As Carteron et al. emphasize, CMD—when integrated with
intracranial pressure (ICP) and brain tissue oxygen (PbtO,) monitoring—can be used to
personalize interventions such as CPP optimization, red blood cell transfusion, oxygen
therapy, and glycemic control [18]. The most clinically validated CMD biomarkers
include the lactate/pyruvate (L/P) ratio and glucose. An L/P ratio > 25 signals impaired
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oxidative metabolism, while >40 defines an energy crisis. Simultaneously, CMD-glucose
levels <0.7 mmol/L suggest cerebral hypoglycemia or metabolic dysfunction, which may
be caused or worsened by tight insulin therapy or low systemic glucose.

Importantly, CMD can detect subclinical ischemia, seizure-induced metabolic
stress, spreading depolarizations, and even neuroinflammation and oxidative stress
using high-cutoff catheters for large molecule biomarkers (e.g., cytokines, MMPs,
tau, NfL). As a physiological tool, CMD also enables real-time evaluation of emerg-
ing therapies, including hypertonic lactate, succinate, nitric oxide inhibitors, and
novel sedatives. Although cost and implementation barriers remain, recent consensus
recommendations support CMD as a key modality in multimodal monitoring frame-
works for severe TBI, SAH, and ICH patients [18].

5.5 Combined PbtO, and ICP monitoring in severe TBI

Recent large-scale evidence underscores the growing role of combined brain tissue
oxygen (PbtO,) and intracranial pressure (ICP) monitoring in patients with severe
traumatic brain injury (STBI). In a 2024 meta-analysis including 16 studies (n = 2604),
Zhang et al. found that combined monitoring was associated with a 33% increase in
favorable neurological outcomes at 6 months and a 28% reduction in long-term mortal-
ity compared to ICP monitoring alone (RR = 1.33, P < 0.0001; RR = 0.72, P = 0.0008,
respectively) [19]. These benefits were consistent across cohort studies; however, sub-
group analysis of randomized controlled trials (RCTs) showed no significant outcome
benefit, highlighting ongoing controversy and the need for higher-quality evidence.

Importantly, the authors also noted that PbtO, monitoring may detect episodes
of brain hypoxia not reflected by ICP—thus helping prevent occult secondary
injuries. However, it may lead to longer ICU stays, increased healthcare costs, and
more catheter-related complications. Probe placement accuracy and heterogeneity
of monitoring protocols remain key limitations. Current trials like BOOST-III and
BONANZA-GT may help clarify the role of this combined strategy. Until then, the
integration of PbtO, and ICP monitoring should be personalized and embedded in
multimodal neuromonitoring protocols, especially in high-risk STBI patients.

5.6 Limitations and future perspectives

Despite technological progress, there are limitations. Invasive techniques have
risks of infection and hemorrhage. Depth or specificity could be lacking in nonin-
vasive methods. Expertise is necessary for interpretation, as well as integration of
clinical context, image, and neurological examination.

Future trends involve the use of wearable brain sensors, artificial intelligence-
based analytics, and the incorporation of hemodynamic data in closed-loop therapy
systems. These advancements will bring about increased precision, decreased harm,
and better outcomes for various neurological conditions.

6. Pathophysiological alterations in cerebral hemodynamics

Disruptions in cerebral hemodynamics are key in the development and sequelae of
several neurological disorders. Recognition of these changes allows for the individu-
alization of therapies for maintaining perfusion of the brain, decreasing intracranial
pressure, and maximizing oxygen delivery (Table 2).
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Condition Monitoring/Management tools Therapeutic interventions

Ischemic stroke CT/MRI perfusion imaging Thrombolysis, mechanical thrombectomy

Hemorrhagic stroke Transcranial Doppler (TCD), CT Monitoring for vasospasm; supportive

measures

Traumatic brain injury ICP monitors, PbtO, probes, ICP control, CPP optimization, prevention
advanced imaging of hypoxia/hypotension

Subarachnoid Serial TCDs, neurological Nimodipine, triple-H therapy, close

hemorrhage assessments monitoring

Brain tumors Pre-op perfusion imaging, Resection, antiangiogenic agents

intraoperative mapping

Hydrocephalus/CSF ICP/CPP monitoring, imaging CSF diversion via ventriculostomy/shunt
disorders

Global cerebral Neurologic exams, EEG, imaging Targeted temperature management,
ischemia supportive perfusion strategies

CT—Computed Tomography; MRI—Magnetic Resonance Imaging; TCD—Transcranial Doppler; ICP—Intracranial
Pressure; PbtOr—Partial Pressure of Oxygen in Brain Tissue; CPP—Cerebral Perfusion Pressure; CSF—Cerebrospinal
Fluid; EEG—Electroencephalography.

Table 2.
Cerebral hemodynamics in neurological conditions.

6.1 Ischemic stroke

Artery occlusion in ischemic stroke results in decreased or loss of blood supply
within an area of the brain. This creates an infarct core surrounded by a penumbra—a
zone of decreased perfusion that is functionally impaired but possibly salvageable
(16, 17].

CBF within the infarct core tends to be <10 mL/100 g/min, resulting in
permanent neuronal loss. In the penumbral area, CBF can be 10-20 mL/100 g/
min, and prompt reperfusion with thrombolysis or thrombectomy will restore
function [20].

Perfusion CT or MRI scans help detect the penumbra as well as therapeutic win-
dows. Autoregulation is usually disrupted in stroke such that blood flow is strongly
pressure dependent [17].

6.2 Hemorrhagic stroke

Hemorrhagic strokes, such as intracerebral and subarachnoid hemorrhages
(SAH), directly cause local tissue disruption, elevation of ICP, as well as local
vasoconstriction.

One of the major risks of SAH is developing secondary cerebral ischemia asa
consequence of cerebral vasospasm. This can take place several days after the initial
hemorrhage, producing secondary ischemic damage. TCD is frequently employed for
the purpose of watching for the development of vasospasm [17, 20].

6.3 Traumatic brain injury (TBI)

TBI causes both primary mechanical trauma and secondary injuries such as cere-
bral edema, hemorrhage, and hypoxia. These injuries disrupt autoregulation, increase
ICP, and decrease CPP, exposing patients to ischemic damage.
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ICP monitors, PbtO, probes, and advanced imaging are the key management
measures for TBI. Interventions target the decrease of ICP, optimization of CPP, and
the avoidance of secondary injury from either hypoxia or hypotension [17, 20].

6.4 Subarachnoid hemorrhage (SAH)

Beyond contributing to acute elevation of ICP and decreased CPP, SAH is also
infamous for producing cerebral vasospasm. Vasospasm peaks within days 5-7 after
hemorrhage and will last for several days, contributing significantly to impaired CBF
and leading to delayed ischemic neurologic deficit.

Nimodipine, the only pharmacologic agent with documented efficacy in reducing the
rate of poor outcomes in SAH, may work by enhancing microcirculation. Management is
guided by serial TCD examinations and frequent neurological checks [21].

6.5 Brain tumors

Tumors change local cerebral hemodynamics in several ways: mass effect,
angiogenesis, and breakdown of the BBB. Abnormal, leaky blood vessels in high-
grade gliomas, for example, can contribute to vasogenic edema as well as elevated
ICP [22].

Preoperative perfusion imaging assists in defining tumor margins and blood
supply characteristics, with intraoperative preservation of surrounding functionally
important brain tissue. Antiangiogenic therapies work toward the modulation of
abnormal tumor perfusion in selected cases.

6.6 Hydrocephalus and CSF disorders

Increasing CSF volume with obstructive or communicating hydrocephalus boosts
ICP, decreasing CPP and impairing perfusion. Signs of clinical presentation might
be altered consciousness, papilledema, and, in infancy, bulging fontanelles. CSF
diversion with ventriculostomy or shunt insertion normalizes pressure dynamics.
Monitoring ICP and CPP is critical for diagnosis as well as postoperative care [23].

6.7 Global cerebral ischemia

After events such as cardiac arrest, global hypoperfusion impacts the entire brain.
The hippocampus, cortex, and basal ganglia are particularly sensitive. Neuronal
loss results from reperfusion injury, oxidative stress, and microvascular thrombosis.
Targeted temperature management and perfusion of the brain are key components
of enhancing neurologic recovery following global ischemic insults. Comprehending
such pathological alterations between conditions allows for specific therapeutic
approaches to alleviate injury and encourage recovery.

7. Therapeutic strategies and hemodynamic targets

Effective cerebral hemodynamic management is concerned with maintaining
sufficient cerebral blood flow (CBF) and optimal intracranial pressure (ICP), as well
as supporting autoregulatory function. The choice of intervention is determined
by the underlying pathology, the nature of neurological injury, as well as available
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instrumentation. This section describes the main therapeutic methods practiced in
clinical management.

7.1Intracranial pressure management

Elevated intracranial pressure is an emergent medical condition that can result in
herniation of the brain, impaired perfusion of the brain (cerebral perfusion pres-
sure), and permanent neurological loss. Treatment is with both pharmacologic and
non-pharmacologic measures. Osmotic therapy with mannitol or hypertonic saline
mobilizes fluid from the brain parenchyma into the intravascular compartment, thus
decreasing edema of the brain; serial measurements of serum osmolality as well as
sodium are important in the management [23]. Cerebrospinal fluid diversion through
external ventricular drains (EVD) is both therapeutically useful in reducing pres-
sure as well as offering real-time ICP. Elevation of the head of the bed to 30 degrees,
as well as sufficient sedation, are supportive steps that facilitate increased venous
outflow as well as decreased metabolic demand of the brain, respectively. When
refractory intracranial hypertension is present, more intense measures like induction
of coma with barbiturates or therapeutic hypothermia may be utilized, although they
are associated with great potential for risk as well as an intensive level of monitoring.
Table 3 summarizes the commonly used methods for low ICP.

Monitoring tool Invasiveness Parameters Sensitivity/ Limitations
measured Specificity
External Invasive ICP, CSF drainage, High sensitivity Risk of infection,
Ventricular Drain waveform analysis and specificity hemorrhage,
(EVD) requires surgical
access
Intraparenchymal Invasive ICP, waveform High for No CSF drainage,
ICP probe analysis pressure, drift over time
limited for
location
Transcranial Noninvasive Flow velocity in Moderate; Limited by skull
Doppler (TCD) basal arteries operator- thickness, poor
dependent spatial resolution
Near-Infrared Noninvasive Regional cerebral Moderate; Susceptible to
Spectroscopy oxygenation (rSO,) depth-limited extracranial
(NIRS) contamination
Perfusion CT/MRI Noninvasive CBF, CBV, MTT, High; modality- Radiation (CT),
penumbra mapping dependent cost, contrast use,
time-consuming
Brain tissue oxygen Invasive Partial pressure High in focal Localized reading
(Pbt0O,) of oxygen in brain measurement only, infection risk
tissue areas
Microdialysis Invasive Lactate, pyruvate, High metabolic Delayed readout,
glucose, insight highly localized

neurotransmitters

Table 3.
The commonly used cerebral monitoring tools.
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7.2 Optimization of cerebral perfusion pressure (CPP)

Maintaining cerebral perfusion pressure (CPP) within a safe physiological range—
typically between 60 and 80 mmHg—is essential, particularly in the management of
traumatic brain injury. Achieving this balance often requires a multifaceted approach.
Vasopressors, such as norepinephrine, are administered to raise mean arterial pres-
sure (MAP) in hypotensive patients, thereby supporting CPP [22, 23]. Volume
resuscitation ensures adequate intravascular volume and cardiac output, contribut-
ing to stable perfusion. Additionally, effective intracranial pressure (ICP) control
enhances CPP by decreasing resistance to cerebral arterial inflow. In select cases,
autoregulation-guided CPP targets may be employed, utilizing advanced neuro-
monitoring technologies that assess cerebral autoregulation in real-time, allowing for
individualized and responsive hemodynamic management.

7.3 Control of blood gases

Carbon dioxide (CO,) modulation is a key component in the management of
elevated intracranial pressure (ICP). Mild hyperventilation, targeting a partial
pressure of arterial CO, (PaCO,) between 30 and 35 mmHg, induces cerebral
vasoconstriction, thereby reducing cerebral blood volume and lowering ICP [24].
However, this intervention must be used judiciously, as prolonged hyperventilation
may compromise cerebral perfusion and increase the risk of ischemia. Oxygenation
management is equally critical; maintaining normoxia or mild hyperoxia helps ensure
adequate oxygen delivery to brain tissue, while hypoxia must be aggressively avoided.
In cases of cerebral vasospasm or systemic compromise, high-flow oxygen therapy
may be warranted to optimize tissue oxygenation.

7.4 Surgical interventions

Surgical interventions play a vital role in the management of elevated intra-
cranial pressure (ICP), particularly when medical therapies prove insufficient.
Decompressive craniectomy involves the removal of a portion of the skull to alleviate
mass effect and accommodate brain swelling. This procedure is typically indicated
in cases of malignant cerebral edema or refractory ICP elevation unresponsive to
conventional measures [23, 24]. Similarly, clot evacuation in hemorrhagic stroke or
tumor resection in the presence of space-occupying lesions can significantly improve
cerebral perfusion and reduce intracranial pressure by eliminating the source of
compression.

7.5 Pharmacological interventions

Pharmacologic neuroprotection is a cornerstone of managing patients at risk for
secondary brain injury. Nimodipine, a calcium channel blocker, has demonstrated
efficacy in reducing delayed cerebral ischemic deficits following aneurysmal sub-
arachnoid hemorrhage by improving microvascular perfusion. Anti-seizure medi-
cations are employed prophylactically or therapeutically in patients with elevated
intracranial risk to prevent seizure-related metabolic surges, which can exacerbate
neuronal injury. Additionally, sedatives and anesthetics serve to decrease cerebral
metabolic demand, reduce sympathetic outflow, and facilitate ICP control, particu-
larly in critically ill or mechanically ventilated patients [25, 26].
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7.6 Targeted temperature management

Used post-cardiac arrest or in select cases of global cerebral ischemia. Hypothermia
(32-36°C) reduces metabolic rate, mitigates excitotoxicity, and may preserve auto-
regulation. Requires close monitoring for arrhythmias and coagulopathies [27].

7.7 Emerging and adjunctive therapies

Advanced and investigational therapies are increasingly being explored to
enhance individualized management of cerebral hemodynamics. Hyperbaric oxygen
therapy has been investigated as a potential adjunct in cases of severe traumatic or
ischemic brain injury, aiming to augment cerebral oxygen delivery under increased
atmospheric pressure. Cerebral microdialysis enables bedside monitoring of key
brain metabolites, such as lactate and pyruvate, offering real-time insights into
cellular metabolism and guiding therapeutic decisions. Autoregulation-directed
therapy represents a precision approach by adjusting mean arterial pressure (MAP)
or cerebral perfusion pressure (CPP) targets based on continuous assessment of the
brain’s autoregulatory capacity [18]. Importantly, the objective of these interventions
is not merely to achieve numeric normalization but to optimize cerebral oxygenation,
preserve tissue viability, and prevent secondary brain injury. The integration of multi-
modal neuromonitoring allows for dynamic, patient-specific, physiology-driven care
tailored to each individual’s evolving cerebral status.

8. Emerging technologies and future directions

Advances in biomedical engineering, neuroimaging, and data science are driving
rapid change in the discipline of cerebral hemodynamics. These advancements are
offering more precise, noninvasive, and personalized methods to monitor as well
as control cerebral blood perfusion and oxygenation in both clinical practice and in
research applications (Table 4).

8.1 Multimodal neuromonitoring integration

The combination of several streams of data—Tlike ICP, brain tissue oxygen tension
(Pbt0O,), cerebral microdialysis, and EEG—is being used with greater frequency
in order to create an overall picture of the brain’s physiology. These systems aid
clinicians in being able to make more detailed assessments and provide early iden-
tification of deterioration that cannot be recognized through individual-parameter
monitoring [19].

Improvements in bedside computing platforms make real-time visualization of
trends, together with correlation analysis, available. For instance, plotting auto-
regulation indices versus time can help determine personalized targets for cerebral
perfusion.

8.2 Artificial intelligence and machine learning

Artificial intelligence (AI) algorithms are being created for analyzing extensive
quantities of cerebral hemodynamic data, anticipating patient deterioration, and
suggesting interventions. Multimodal datasets train machine learning algorithms that
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Topic Applications Future potential

Multimodal ICU bedside monitoring; Personalized perfusion targets; early
neuromonitoring autoregulation analysis clinical intervention

integration

Artificial intelligence and
machine learning

Neuro-ICU decision support;
automated alerts

Improved diagnostic precision, protocol
optimization, and resource management

Wearable and
noninvasive devices

Pre-hospital triage, chronic care
follow-up, post-op recovery

Continuous ambulatory monitoring for
epilepsy, hydrocephalus, etc.

Advanced neuroimaging
and functional techniques

Mapping ischemia, tumors,
vascular lesions; cellular-level
neurovascular coupling research

Deeper insights into cerebrovascular
physiology; enhanced diagnostics for
personalized care

Computational modeling
and simulation

Aneurysm surgery planning,
drug delivery modeling, risk
stratification

“What-if” simulations to tailor
interventions and anticipate
complications

Precision medicine in
cerebral hemodynamics

Personalized neurocritical care

Genotype-informed therapies, real-time
autoregulation-guided management,

integration into clinical standards

ICU: Intensive care unit.

Table 4.
Emerging technologies and future divections in cerebral hemodynamics.

can detect intricate patterns not recognized through human knowledge, including
early warning for cases of vasospasm, hypoperfusion, or impending herniation [28].

Support for these technologies can also aid in optimization of protocols as well as
resource allocation, particularly in neuro-ICUs.

8.3 Wearable and noninvasive devices

Emerging wearable devices are being engineered for continual, noninvasive track-
ing of cerebral perfusion as well as oxygenation. Wearable NIRS headbands, helmet-
based systems employing ultrasound, as well as even EEG-based smart caps, are being
explored for use in ambulatory or home care environments [28].

Particularly, these devices show great potential in pre-hospital triage, post-oper-
ative management, and extended neurological observation in chronic patients with
hydrocephalus or epilepsy.

8.4 Advanced neuroimaging and functional techniques

Next-generation imaging technologies are significantly enhancing the ability to
assess cerebral blood flow and metabolic activity with greater precision and depth [28].
High-resolution magnetic resonance imaging (MRI), incorporating both perfusion and
diffusion-weighted sequences, enables detailed mapping of ischemic territories, tumor
vascularization, and perfusion heterogeneity. Arterial spin labeling (ASL) presents a
noninvasive MRI-based technique for quantifying regional cerebral blood flow (CBF)
without the need for contrast agents, making it especially valuable in vulnerable
populations. In preclinical and translational research, optogenetics and two-photon
microscopy offer unparalleled spatial and temporal resolution, allowing real-time visu-
alization of neurovascular coupling at the cellular level [29]. Photoacoustic imaging,
an emerging hybrid modality combining optical and ultrasound techniques, provides
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high spatial resolution and deep tissue penetration while simultaneously capturing
real-time vascular and metabolic signals. Together, these innovations are broadening
diagnostic and research capabilities in cerebrovascular physiology and pathology.

8.5 Computational modeling and simulation

Mathematical and computational modeling of cerebral circulation is rapidly
advancing as a powerful tool for understanding and predicting cerebral hemodynam-
ics under both physiological and pathological conditions. These models simulate
complex flow dynamics and vessel behavior, offering valuable insights for surgical
planning, particularly in procedures such as aneurysm clipping or carotid endarterec-
tomy. Additionally, they are used to optimize drug delivery strategies and to support
risk stratification by evaluating the potential hemodynamic impact of various inter-
ventions. By enabling clinicians to explore ‘what-if” scenarios in silico, such models
facilitate more precise and personalized treatment planning, enhancing the ability to
anticipate patient responses and adapt therapeutic strategies accordingly [30].

8.6 Precision medicine in cerebral hemodynamics

The integration of genomics, metabolomics, and individualized physiological
monitoring is driving a transformative shift toward precision medicine in neurology.
Emerging evidence suggests that genetic predispositions—such as those affecting
cerebrovascular autoregulation or endothelial integrity—may soon inform per-
sonalized preventive strategies and targeted therapeutic interventions. Within this
evolving framework, biomarker-guided treatments, customized cerebral perfusion
pressure (CPP) targets, and real-time autoregulation mapping are poised to become
essential tools in optimizing cerebral hemodynamic management. These innovations
reflect a broader transition toward proactive, personalized, and minimally invasive
approaches to brain care. As the scientific and technological foundations continue to
mature, the incorporation of precision hemodynamics into routine clinical practice is
expected to redefine standards of care and enhance neurologic outcomes.

9. Challenges and ethical considerations

Despite technological progress and increasing exposure to the dynamics of the
brain, some challenges in clinical work and in clinical trials continue. These chal-
lenges are not just technical in nature, as in the use of such techniques as the insertion
of catheters in populations with uncertain outcomes.

9.1 Interindividual variability and monitoring limits

One of the major challenges in the management of cerebral hemodynamics is the
extensive variation in autoregulatory capability, baseline CBF, as well as in response to
treatments between individuals. Age, prior cerebrovascular disease, systemic comor-
bid conditions, as well as genetic reasons, impact the reliability of global thresholds
(e.g., targets of CPP). The heterogeneity makes universal treatment algorithms
difficult to apply.

Moreover, several of the available monitoring devices—though sophisti-
cated—are of limited effectiveness. Transcranial Doppler (TCD), for example, is
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operator-dependent and will not necessarily yield reproducible measurements in all
patients with anatomic limitations (thick skull, for example). Near-infrared spectros-
copy (NIRS) is mainly sensitive to superficial cortical perfusion but is also subject to
extracranial contamination. Even the invasive modalities, such as intracranial pres-
sure (ICP) probes, involve infection hazard, hemorrhage, and technical skill [31].

9.2 Balancing benefit with risk of invasive monitoring

The most frequent use of invasive cerebral monitoring is in intensive care units,
particularly in traumatic brain injury (TBI), subarachnoid hemorrhage (SAH),
or hydrocephalus. Although these devices yield useful information, their benefit
should be considered in relation to their risks of complications as well as their load on
patients and health systems [31, 32].

In such patients with poor prognoses, for example, in cases of extensive hemor-
rhage or severe hypoxic brain injury, deciding on aggressive investigation and inter-
vention is ethically problematic. Clinicians should consider whether such treatment
will improve outcomes in some way or only extend suffering.

9.3 Resource allocation and equity of access

Advanced cerebral hemodynamic monitoring is associated with intense resources,
such as specialized equipment, trained individuals, and critical care facilities. Limited
resources in health facilities may not provide access to some of these technologies,
which can pose issues regarding healthcare equity. Low-income areas are not always
able to provide the same extent of monitoring or intervention as resourced areas.

Global health resources need to target the development of cost-efficient and scal-
able methods for cerebral monitoring. Investigations of low-cost, portable, or point-
of-care diagnostic devices are picking up speed and could bridge the gap between
technologically advanced settings and underserved communities.

9.4 Foretelling and obtaining consent

One other ethical dilemma is prognostication. Cerebral hemodynamic mea-
surements—especially when interpreted in the absence of clinical context—are
nonspecific. For instance, ongoing low cerebral oxygenation or impaired autoregula-
tory function can imply an unfavorable prognosis, but individual patient outcomes
are greatly varied. This variability makes discussions with families and surrogate
decision-makers difficult [5].

Ensuring that patients have informed consent for experimental therapies or inva-
sive monitoring involves presenting uncertainties, benefits, and risks in an honest,
compassionate way. Wherever patients have no capacity for decision-making, sur-
rogate decisions must encompass known preferences of the patients and be in accord
with beneficence as well as non-maleficence.

9.5 When combining Al with patient autonomy

As artificial intelligence (AI) and machine learning play more of a role in the
interpretation of cerebral hemodynamic measures, several ethical issues arise.
The algorithms could impact clinical decision-making or suggest treatments that
are not necessarily understood by clinicians. Transparency, explainability, and
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accountability in AI systems must be considered to maintain trust and ensure
patient autonomy.

Additionally, predictive modeling for prognostication should be treated with
caution in order not to label individuals in a deterministic manner or deny them care
based on algorithmic results only.

Tackling these complex challenges demands an interdisciplinary solution that
integrates technological innovation with ethical awareness and dedication to just care.
Protocols and guidelines should adapt to emerging technologies with the protection of
human values in clinical decision-making.

10. Conclusion

Cerebral hemodynamics plays a central role in maintaining brain function by
ensuring adequate delivery of oxygen and nutrients while preserving intracranial
stability. Understanding the complex interplay among cerebral blood flow, vascular
resistance, intracranial pressure, and perfusion pressure is essential for clinicians
managing a broad spectrum of neurological conditions. Advances in monitoring
techniques, both invasive and noninvasive, have greatly improved the ability to assess
cerebral physiology in real time, allowing for early detection of deterioration and
individualized treatment. Pathophysiological disruptions in cerebral hemodynam-
ics contribute to various acute and chronic neurological disorders, including stroke,
traumatic brain injury, subarachnoid hemorrhage, brain tumors, and hydrocephalus.
Current therapeutic strategies focus on optimizing perfusion, controlling intracranial
dynamics, and protecting the brain from secondary injury. Emerging technologies
such as artificial intelligence, wearable monitoring devices, advanced neuroimaging,
computational modeling, and precision medicine hold promise for more personalized
and effective management approaches. Despite these advances, ethical challenges
remain regarding invasive monitoring, resource allocation, interindividual variability,
informed consent, and the integration of automated decision-support systems into
clinical care. Continued research, technological innovation, and careful ethical reflec-
tion are essential to further advance the field and improve neurological outcomes.
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Abstract

Continuous renal replacement therapy (CRRT) is a vital life-sustaining modality
for managing acute kidney injury (AKI) and fluid overload in hemodynamically
unstable pediatric, adolescent, and adult patients. This comprehensive review outlines
the critical aspects of CRRT monitoring, including pre-CRRT preparation, modality
selection, dose calculation, vascular access, and real-time parameter tracking. The
document emphasizes the importance of individualized dosing strategies tailored by
age, body size, and metabolic needs, particularly in children. Detailed guidance is
provided on blood flow rates, dialysate and ultrafiltration settings, anticoagulation
choices, and filter selection based on patient weight and extracorporeal volume.
Monitoring during CRRT includes the frequent assessment of hemodynamic status,
laboratory markers, nutritional status, and infection risk. Daily interdisciplinary
coordination among nephrologists, intensivists, nurses, and pharmacists is highlighted
as a key component of successful CRRT implementation. Pediatric-specific consider-
ations such as the use of pre- and post-filter weight scales and sensitivity to fluid shifts
are discussed. The document provides practical strategies and checklists aimed at
optimizing patient safety, therapy efficacy, and clinical outcomes in both pediatric
and adult critical care settings.

Keywords: CRRT, acute kidney injury, fluid overload, pediatric dialysis,
hemodynamic monitoring, extracorporeal therapy, nutrition in CRRT,
anticoagulation, filter selection, ICU nephrology

1. Introduction

Since the pioneering work of Ronco and colleagues in the mid-1980s, continuous renal
replacement therapy (CRRT) has evolved from an experimental and adapted treatment
into a well-established standard of care in pediatric critical care nephrology [1].

Continuous renal replacement therapy (CRRT) is a life-saving modality for
critically sick patients with acute kidney injury (AKI), particularly those with
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hemodynamic instability. Unlike intermittent hemodialysis, CRRT provides slow and
continuous removal of solutes and fluids over 24 hours.

In recent years, continuous renal replacement therapy (CRRT) has been used more
frequently in critically ill children thanks to better technology and easier-to-use
machines. Despite these improvements, survival rates have not increased accordingly
[2, 3]. Following standardized, protocol-based practices could help improve outcomes
and boost survival in children receiving CRRT. Proper monitoring during CRRT is
crucial for safety, efficacy, and complication prevention [4]. Monitoring must be
tailored for pediatric, adolescent and adult patients, considering size, metabolic rates,
and comorbid conditions.

2. CRRT in critically ill children

Continuous renal replacement therapy (CRRT) is a type of dialysis used in
critically ill children, especially those who are too unstable for regular dialysis. It helps
remove waste, fluid, and toxins slowly and gently.

Common indications for pediatric CRRT: Indications for renal replacement ther-
apy (RRT) in acute kidney injury (AKI) and general indications: [5-9]. Continuous
renal replacement therapy (CRRT) is indicated in several critical conditions of acute
kidney injury (AKI) and other severe clinical situations. It is especially considered
when fluid overload is unresponsive to medical therapy, such as in hypertension,
congestive heart failure, pulmonary edema, or fluid-induced respiratory failure,
particularly if cumulative fluid overload exceeds 10%.

2.1 Acute kidney injury (AKI)

AKI is common in PICUs: affects 30-60% of critically ill children. AKI increases
the risk of death and long-term kidney problems. Early diagnosis is now easier using
tools like KDIGO and pRIFLE. The AWARE study showed that severe AKI increases
the risk of death (11% in severe AKI vs. 2.6% in mild or no AKI).

Fluid overload (FO) Fluid overload can occur with or without AKI. It is common in
children with sepsis, heart surgery, and respiratory failure. Fluid overload worsens
outcomes, for every 1% increase in fluid overload, the chance of death rises by 6%.
Careful fluid management is essential. Measuring fluid overload exactly can be tricky.

Growing evidence shows that fluid overload in critically ill children with acute
kidney injury (AKI) is linked to worse outcomes [4, 10-18]. While it is not yet proven
whether fluid overload directly causes these problems, a randomized trial in hemody-
namically stable patients with acute respiratory distress syndrome indicates that such
a relationship may exist [4].

Acid-base and electrolyte problems: Other key indications for the CRRT include
refractory hyperkalemia (especially K > 6.5 mmol/L), severe azotemia with symp-
tomatic uremia (like encephalopathy), hyperphosphatemia, severe metabolic acidosis,
and difficult-to-control sodium disturbances (hypo- or hypernatremia).

Non-kidney uses: CRRT additionally plays an important role in managing sepsis,
septic shock, multiple organ failure—it removes inflammatory molecules (cytokines),
cardiogenic shock after cardiac surgery, liver failure.

In acute liver failure—it removes harmful substances while waiting for recovery or
liver transplant. Inborn errors of metabolism urea cycle defects, hyperammonemia,
45 organic acidemias, and in cases of dialyzable toxin or drug overdose.
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CRRT is also used for hyperphosphatemia, tumor lysis syndrome, and crush syn-
drome, and to provide ultrafiltration for patients needing adequate nutrition or blood
product replacement. It may also be applied in severe hyperthermia when conven-
tional treatments are insufficient [4].

3. CRRT modalities (types of continuous renal replacement therapy)

Continuous renal replacement therapy (CRRT), also known as continuous kidney
replacement therapy (CKRT), includes different methods used to support kidney
function in critically ill patients, especially when the kidneys cannot remove waste or
excess fluid on their own. Unlike standard dialysis, which is done only a few times per
week, CRRT works continuously over 24 hours, making it gentler and better suited for
unstable patients, including children.

There are three main types of CRRT, each with specific characteristics:

3.1 CVVH (continuous veno-venous hemofiltration)

This method removes waste through convection—pushing fluid and waste across a
special filter. Since it removes a large volume of fluid, replacement fluid must be
added to prevent dehydration and filter blockage.

Continuous veno-venous hemofiltration (CVVH) has the advantage of being gentle
on blood pressure, making it suitable for hemodynamically unstable patients. How-
ever, one limitation is that it may not effectively clear all types of toxins compared to
other dialysis modalities.

CVVHD (continuous veno-venous hemodialysis): This technique removes waste
through diffusion, where waste moves from the blood into a dialysis fluid flowing in
the opposite direction. It is especially effective for removing small waste molecules
like urea.

Continuous veno-venous hemodialysis (CVVHD) is effective for removing small
toxins efficiently, making it useful in many critical care situations. Its limitations
include less effectiveness in fluid removal and a tendency to lower blood pressure in
some patients.

CVVHDE (continuous veno-venous hemodiafiltration): This method combines con-
vection and diffusion, making it the most effective in clearing both small and large
waste molecules. It is often used in very sick patients who need strong support.

Continuous veno-venous hemodiafiltration (CVVHDF) offers powerful clearance of
toxins and fluids, which helps support both heart and immune function. However, it
is more complex and costly to perform, and it may also cause unwanted nutrient loss
during treatment.

In addition to these, there are two other related methods:

SLED (sustained low-efficiency dialysis): This is a hybrid approach that blends fea-
tures of CRRT and traditional intermittent dialysis. It typically runs for 6 to 12 hours.
SLED removes both solutes (like urea and creatinine) and fluid, using standard dialy-
sis machines with adjusted settings.

Sustained low-efficiency dialysis (SLED) is used when the patient is relatively more
stable but still requires a slow and controlled dialysis treatment to maintain safety and
effectiveness.

SCUF (slow continuous ultrafiltration): SCUF is used only for removing excess
fluid, not waste products. It is helpful for patients with fluid overload but relatively
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Goal Description

Maintain hemodynamic stability Continuous monitoring of blood pressure, heart rate, and perfusion to
prevent hypotension or shock during CRRT.

Ensure circuit patency and Regular checks of filter function, pressures, and adequacy of solute
effective solute clearance removal (e.g., urea, creatinine, electrolytes).

Prevent and detect Vigilance for bleeding, infection, electrolyte imbalances, and clotting in
complications early the extracorporeal circuit.

Adjust therapy based on clinical Modify CRRT prescription according to changes in patient condition,
progress lab results, and fluid/electrolyte balance.

Ensure adequate nutrition and ~ Maintain correct fluid removal rate while ensuring caloric and protein
fluid balance requirements are met.

Table 1.
Goals of CRRT monitoring.

stable kidney function. It works by removing plasma water through a filter without
using dialysis or replacement fluids.

Slow continuous ultrafiltration (SCUF) is mainly used when the primary goal is
gentle and continuous fluid removal, usually carried out over 24 hours or longer.

Choosing the right CRRT method depends on several factors, including the
patient’s blood pressure stability, the amount of fluid to be removed, and the types of
waste. Products that need to be cleared and the goals of CRRT Monitoring (Table 1).

CRRT preparation should begin when a patient’s fluid overload is more than 5% of
body weight and does not improve with diuretics. If the fluid overload becomes
greater than 10% of body weight, starting CRRT is strongly recommended [19].

3.2 The goals of CRRT

The main goals are to maintain hemodynamic stability, keep the circuit open for
effective solute clearance, prevent and detect complications at an early stage, adjust
therapy as the patient’s condition changes, and ensure adequate nutrition and fluid
balance throughout treatment (Table 1).

4. Pre-CRRT monitoring and preparation

Before initiating continuous renal replacement therapy (CRRT), a thorough pre-
treatment assessment is essential to ensure patient safety and optimize treatment
outcomes, especially in pediatric and adolescent patients.

In CRRT, careful monitoring is essential. Blood pressure should be checked every
15-60 minutes, with ultrafiltration adjusted as needed. Heart rate is monitored hourly,
since tachycardia may suggest hypotension or low fluid levels.

Temperature is checked every 4 hours to detect hypothermia from extracorporeal
circulation.

Access and return pressures are measured hourly, as high access pressure suggests
clotting while low pressure points to access problems, and high return pressure may
indicate filter clotting. Transmembrane pressure is also tracked hourly, with rising
values signaling filter clotting.

Effluent flow is monitored hourly to ensure the prescribed dose is being
delivered, while ultrafiltration volume is documented hourly to track net fluid
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balance. Machine alarms are continuously observed and must be investigated
promptly.

Hemodynamic evaluation should include monitoring of blood pressure (BP), heart
rate (HR), and an assessment of fluid responsiveness to determine the patient’s car-
diovascular stability (Table 2).

4.1 Laboratory investigations

In pediatric CRRT, lab monitoring is crucial for safety and effectiveness. Electro-
lytes (Na, K) are checked every 6-8 hours, BUN and creatinine daily, calcium and
magnesium every 8-12 hours, and ionized calcium every 4-6 hours with citrate
anticoagulation. In addition, a complete blood count (CBC) and coagulation profile
(including PT, aPTT, and INR) are monitored to assess for anemia, infection risk, and
bleeding tendencies (Table 3).

Parameters Frequency Notes

Blood pressure Every 15-60 min  Adjust ultrafiltration rate accordingly

Heart Rate Hourly Tachycardia may indicate hypotension or hypovolemia
Temperature 4 hourly Check for hypothermia due to extracorporeal circulation
Access pressure Hourly High suggests clotting; low may indicate access issues
Return pressure Hourly High may indicate filter clotting

Transmembrane pressure Hourly Increasing trend = filter clotting

Effluent flow Hourly Ensure dose delivery (compare prescribed vs. actual)
Ultrafiltration volume Hourly Document net balance, cumulative output

Machine alarm Continuously Investigate promptly

Hemodynamic evaluation: monitoring of blood pressure (BP), heart vate (HR), and an assessment of fluid responsiveness
—cardiovascular stability (Table 2).

Table 2.
Monitoring during CRRT: Hourly monitoring (by nurses or PICU staff).

Test Frequency Purpose
1. Electrolytes (Na, K) Every 6-8 hours Potassium may drop with CRRT;
sodium to assess tonicity

2. BUN, creatinine Daily Track renal recovery or therapy adequacy

3. Calcium, magnesium Every 8-12 hours Important with citrate anticoagulation

4. Tonized calcium Every 4-6 hours (if citrate) Monitor systemic anticoagulation effect

5. Hemoglobin, platelets daily Assess bleeding risk, circuit clotting

6. Coagulation panel Daily Esp. with heparin or liver dysfunction
Table 3.

Blood test monitoring during CRRT.
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Figure 1.
Serum potassium levels during CRRT: a steady decline in serum potassium within the first 24 hours of CRRT

[2, 3].

Serum potassium (K) levels during CRRT shows a steady decline within the first
24 hours of CRRT, emphasizing the need for frequent electrolyte monitoring and
supplementation (Figure 1).

Fluid balance should be carefully evaluated, with particular attention to the per-
centage of fluid overload—this is especially critical in pediatric patients. A fluid
overload exceeding 10-15% of body weight may indicate the need for urgent CRRT
initiation [20].

Fluid overload is a key factor associated with higher mortality in children with acute
kidney injury (AKI) who require CRRT. Although the exact physiological mechanism is
not fully understood, research consistently demonstrates its impact [13-18].

A large multicenter prospective study showed that survivors had a significantly
lower percentage of fluid overload at CRRT initiation compared to non-survivors
(14.2 £ 15.9% vs. 25.4 + 32.9%; P < 0.03), even after accounting for illness severity.
The study also found that mortality was much higher in patients with fluid overload
above 20% (58%) compared to those with less than 20% overload (40%) [16].

Another study of 297 children on renal replacement therapy (RRT) showed a clear
link between fluid overload and higher mortality. Death rates increased with the
degree of overload: 29.6% with less than 10, 43.1% with 10-20%, and 65.6% with
more than 20% fluid overload [18].

Vascular access should be established using an appropriate central venous catheter,
with the right internal jugular vein being the preferred site due to its optimal flow
characteristics and lower complication rates. Use of ultrasound guidance is
recommended to ensure safe and precise catheter placement.

4.2 Vascular access

Smaller vessel size demands ultrasound-guided central access. The Smaller vessel
size demands ultrasound-guided central access and frequent monitoring for infection
or dislodgement.

Catheter size for CRRT in children is based on weight: <3 kg needs two 5F single-
lumen catheters, 3-6 kg use 6.5-7F double-lumen, 6-15 kg use 8F, 15-30 kg use 9-10F,
and > 30 kg use 11.5-12.5F double-lumen catheters (Table 4).
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Weight Catheter size

<3kg 5 F - 2 separate single lumen

3-6 kg 6.5-7 F double lumen

6-15kg 8 F double lumens

15-30 kg 9-10 F double lumen

> 30 kg 11.5-12.5 F double lumen
Table 4.

Catheter size as per body weight (Adapted from Ref. [4]).

Patient size Catheter size

Neonate Dual-lumen 7 French

3-6 kg Dual-lumen 7 French

6-15 kg Dual-lumen 8 French

15-30 kg Dual-lumen 9-10 French

> 30 kg Dual or triple-lumen 11.5-12.5 French
Table 5.

Catheter size according to the body weight (Adapted from Ref. [4]).

The standard temporary hemodialysis catheter sizes according to the patient’s
weight for CRRT are used at our hospital as mentioned below (Table 5).

4.3 Type and size

The choice of filter in pediatric CRRT depends on the child’s weight and the
priming volume of the filter. For children under 11 kg, the polysulfone HF 20 filter
(60 ml priming volume) is recommended, while those over 30 kg can use the
polysulfone HF 1000 (165 ml). The AN 69 M60 filter (93 ml) is suitable for children
weighing 11-30 kg, and the AN 69 M100 filter (152 ml) is used for patients over 30 kg.
Discontinue all ACE inhibitors if dialysis started with AN69 dialyzer. The filters we
use at our hospital as mentioned below (Tables 6 and 7).

Extra-corporeal volume [ECV]: The extra-corporeal volume (ECV) in CRRT should
be calculated carefully in children. ECV is the amount of blood that stays outside the
child’s body in the CRRT circuit.

Filter type — (Prismaflex) Model Recommended weight range Priming volume (ml)
Polysulfone HF 20 < 11kg 60 ml
Polysulfone HF 1000 >30 kg 165 ml
AN 69 M60 11-30 kg 93 ml
AN 69 M100 >30 kg 152 ml

Note: Discontinue all ACE inhibitors if dialysis started with AN69 dialyzer.

Table 6.
Filter type, model, vecommended weight, and priming volume (Adopted from Ref. [4]).
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Filter ~ Surface Priming Blood flow Max QUF " Fluid gain/loss Patient’s
set area (m?) volume (ml) range (ml/min) (ml/hr) limit (ml/3h)  weight (kg)
HF20 0.2 58 20-100 QB 50 = 1020 60-150 0-12 kg
QB 100 = 1440
ST 0.6 97 ml 50-180 QB100 = 2340 60-200 12-20 kg
60"
124 ml (with QB180 = 3360
Thermax)
HF 1.1 165 80-400 QB100 = 2640 100-400 > 20 kg
1000
192 (with QB400 = 7620
Thermax)

ST membyanes are AN69 membranes that ave surface coated with polyethylene imine to prevent bradykinin release
syndrome). QUF (Ultrafiltration Rate) = patient fluid removal + veplacement flow rate + pre blood pump flow rate.

Table 7.
Filter set, blood flow, ultrafiltration rate, fluid loss/gain according to the patient’s age. (Adopted from Ref. [4]).

A newborn has about 100 ml of blood per kg of body weight, while infants and
older children have about 80 ml/kg. To check safety, we calculate 10% of the child’s
total blood volume.

The ECV is then worked out by adding the volume of the filter set and any extra
devices, such as a blood warmer. ECV = Filter set volume (ml) + Hotline warmer
volume (ml).

Extra-Corporeal Volume [ECV] calculations:

a. Patient’s blood volume [newborn 100 ml/kg, > infant 80 ml/kg] = ... ....... ...ml
b. 10% of patient’s blood volume = ... ... ... .....ml
c. ECV = [Filter set volume]. ... ......ml & [hotline warmer] ... ...... ml=..........ml

4.4 Pediatric-specific considerations for CRRT prescription

In pediatric patients, especially neonates and infants, fluid balance is a critical
aspect of CRRT prescription due to their heightened sensitivity to volume changes.
Even small fluctuations in fluid volume can lead to significant clinical consequences,
such as hypotension or fluid overload. Therefore, meticulous monitoring and precise
fluid management are essential throughout the CRRT process.

To accurately assess fluid removal and replacement, it is important to use pre- and
post-filter weight scales (Figure 2). These scales provide real-time measurements that
help in evaluating the net fluid balance during therapy.

The pre-filter scale records the combined weight of blood and any replacement or
anticoagulant fluids entering the CRRT circuit. In contrast, the post-filter scale mea-
sures the weight of the fluid and blood exiting the system. By comparing these values,
clinicians can determine how much fluid has been removed or retained during the
session. This method is particularly valuable in pediatric patients, where tight
control of fluid status is vital to prevent complications and ensure effective therapy

(Figure 3).
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< 20 mL/kg/h 20-35 mL/kg/h > 35 mL/kg/h
Inadequate clearance Optimal balance Risk of nutrient loss, instability

Figure 2.
CRRT dose categovies in pediatric patients: The CRRT dose ranges in (mL/kg/h), how they ave classified, and their
clinical implications to guide appropriate dosing decisions (Adopted from Refs. [4, 12]).

Using Pre- and Post-Filter Scales in Pediatric CRRT

CRRT
Machine

Blood & fuid in Blood & fluid out
Pre-filter Post-filter
Scale Scale

Figure 3.
The above diagram shows how pre-filter and post-filter scales are used during pediatric CRRT [9, 15].

4.5 Blood flow rate, dialysate rate, and ultrafiltration in CRRT

In pediatric CRRT, careful adjustment of blood flow rate (BFR), dialysate rate, and
ultrafiltration (UF) rate is essential to ensure effective therapy while minimizing
complications.

Blood flow rate (BFR):

In patients undergoing CRRT, it is crucial to adjust the blood flow rate (BFR)
appropriately to ensure sufficient clearance [19, 21].

The BFR is calculated based on body weight and usually remains consistent across
different CRRT modalities. It ensures sufficient solute clearance and is adjusted using
standardized values (Table 8).

Blood flow rate (BFR) in CRRT is tailored to the patient’s age and size. In practice,
a simple approach is followed: Infants require 10-12 mL/kg/min, children 4-6 mL/kg/
min, and adolescents 2-4 mL/kg/min. This helps ensure effective therapy while
maintaining safety.

Patient weight [Kg] Blood flow rate [mL/kg/min]
3-6 kg 8-12
6-15kg 5-8
15-30 kg 4-6
>30kg 2-4
Table 8.

BFR as per body weight [4].
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Writing the CRRT order sheet, BFR is written in ml/min. For example: HF 20
usually runs at 40-100 ml/min, HF 1000 at 75-200 ml/min, M 60 at 50-80 ml/min,
and M 100 at 75-200 ml/min. Maximum BFR 400 ml/min/1.73 m>.

Above are usual min/max BFR per filter specific. If using Citrate anticoagulation,
minimum BFR = 40 ml/ min and maximum BFR = 100 ml/min [to avoid citrate
toxicity].

4.6 CRRT dose in pediatrics

In pediatric CRRT, the “dose” refers to the rate at which solutes—such as urea
and creatinine—and excess fluids are removed from the child’s bloodstream
using the CRRT system. This dosing parameter is essential to ensure that
critically ill children receive appropriate and effective dialysis support. The
prescribed dose must be individualized based on several factors, including the
child’s body weight, metabolic demands, degree of fluid overload, and the overall
solute burden.

The CRRT dose is expressed as the total volume of effluent per kilogram of
body weight per hour (mL/kg/hour). Effluent volume includes the sum of all compo-
nents contributing to clearance: ultrafiltration (fluid removal), dialysate flow (used in
CVVHD and CVVHDF), and replacement fluid (administered either before or after
the filter). In pediatric practice, the dose is consistently measured in mL/kg/hour to
accommodate variations in body size, while in adult settings, the dose may also be
expressed as mL/hour or adjusted per kilogram.

Accurate measurement of the patient’s body weight is crucial, as it is used to
calculate the CRRT dose and guide fluid management throughout therapy.

4.7 Example calculation

A child weighs 20 kg, and the CRRT prescription is for an effluent dose of 30 mL/
kg/h: Total effluent per hour = 30 x 20 = 600 mL/h.

This means the machine is set to clear 600 mL of combined waste and fluid from
the blood per hour.

The recommended CRRT dose varies by age group. Neonates typically start at
20 mL/kg/h, with a range of 20-35 mL/kg/h, while children usually require
25-35 mL/kg/h due to higher catabolism. Adolescents also need 25-35 mL/kg/h, or about
2-2.5L/h in larger teens over 50 kg, aligning with adult dosing. Adults are generally
treated with 20-25 mL/kg/h (about 1.5-2.5 L/h), unless hypercatabolic (Table 9).

Figure 2 below shows CRRT dose categories for pediatric patients. Doses less than
20 mL/kg/h provide inadequate clearance, 20-25 mL/kg/h offer an optimal balance
between effectiveness and safety, and doses above 35 mL/kg/h may cause nutrient loss
and hemodynamic instability. This classification helps guide appropriate dosing
decisions.

4.8 Dialysate rate in CRRT

In diffusion-based CRRT methods like CVVHD and CVVHDF, dialysate fluid helps
remove waste by creating a concentration gradient across the filter membrane.

A typical dialysate flow rate of 2000 mL/1.73 m*/hour or 20-30 mL/kg/hour is
usually adequate for most pediatric patients. However, for infants weighing less than
10 kg, dosing should be based on weight to prevent excessive clearance, which can
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Patient Typical weight-based  Alternative expression Notes
group dose
Neonates 20-35 mL/kg/h — Start at 20 mL/kg/h and titrate
Children 25-35 mL/kg/h — Higher doses needed due to higher
catabolism
Adolescents 25-35 mL/kg/h OR ~2-25L/hinlarge Similar to adult dosing if
teens weight > 50 kg
Adults 20-25 mL/kg/h ~1.5-2.5 L/h total Standard dose unless hypercatabolic
Table 9.

Recommended CRRT dose by age group (Adopted from Refs. [4, 22]).

lead to nutrient and electrolyte loss. For example, a child with a body surface area of
0.6 m” would require a dialysate rate of around 690 mL/hour [4].

Example: If the patient is 0.6 m?, dialysis rate = 2000 X 0.6/1.73 = 693 » 690 mL/
hour.

In cases like drug poisoning or metabolic coma with high ammonia levels, higher
dialysate rates (up to 8000 mL/1.73 m*/hour or 40-60 mL/kg/hour) may be required
for faster toxin removal. Adding albumin (2-4 g/dL) to the dialysate can enhance
clearance of protein-bound toxins [23-26].

In small children, the use of high-flow dialysate can lead to rapid solute removal,
which may increase the risk of electrolyte disturbances. To minimize such risks,
medium-flow hemofiltration is generally preferred in the absence of urgent clinical
indications for rapid clearance [27, 28]. This approach provides a more controlled and
safer therapy, supporting electrolyte stability while ensuring effective solute removal
[22, 29].

4.9 Clearance dose in pediatric CRRT

In CVVH, solute clearance is achieved mainly by convection using pre- or post-
dilution replacement fluids. In CVVHD, diffusion is the key mechanism, relying on a
dialysis fluid flow. CVVHDF combines both convection and diffusion, using replace-
ment fluids (pre- and/or post-dilution) along with dialysis fluid, providing the most
efficient clearance. The choice depends on the patient’s clinical condition and treat-
ment goals (Figure 4).

In CRRT, pre- and post-dilution refer to where the replacement fluid is given in
relation to the filter. In pre-dilution, fluid is added before the filter, which helps
prevent clotting and prolongs filter life but slightly reduces solute clearance. In post-
dilution, fluid is given after the filter, providing better clearance but with a higher risk
of filter clotting. CVVH and CVVHDF can use either or both methods, while CVVHD
relies only on dialysate flow and does not use dilution (Figure 4).

In children receiving CRRT, the clearance (effluent) dose is based on the total
effluent volume and adjusted for the child’s body surface area (BSA). In CRRT,
adjusting the effluent dose to the child’s BSA ensures safe and effective solute
clearance.

The calculation differs depending on the CRRT modality (CVVH, CVVHD or
CVVHDEF): Using standardized doses helps tailor therapy to the child’s size and clini-
cal needs (Table 10).
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Cumulative Ultrafiltration Volume During CRRT
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Figure 4.
A graph showing cumulative ultrafiltration volume during CRRT over 24 hours. It demonstrates how fluid
removal adds up over time, helping evaluate fluid balance and patient volume status [1, 12].

CRRT Clearance Dose (mL/hr) Standardized dose Target dose in children
modality mechanism (mL/hr./m?)

CVVH Convection ~ Replacement Replacement fluid ~ ~2000 mL/1.73 m”/hr. (~35-40 mL/

(replacement  fluid rate rate + BSA kg/hr)
fluid)
CVVHD  Diffusion Dialysate flow  Dialysate flow rate  ~2000 mL/1.73 m?/hr. (~35-40 mL/
(dialysate rate + BSA kg/hr)
flow)
CVVHDF Convection + Replacement (Replacement fluid  ~2000 mL/1.73 m*/hr. (~35-40 mL/
Diffusion fluid rate + Dialysate kg/hr), split equally between
rate + Dialysate  flow rate) + BSA replacement fluid and dialysate
flow rate

Table 10.
CRRT clearance dose calculation in pediatvic patients (Adopted from Ref. [4]).

Table 10 summarizes CRRT clearance dosing for pediatric patients. This table
makes it easy to quickly identify the clearance mechanism and how to calculate the
dose for each CRRT modality.

Standard dose = 2000 ml/1.73 m? BSA/hr = (2000 X BSA)/1,73m* = ... ... ... ... ....ml/hr.

Recommended CRRT type in pediatric is CVVHDF (dose =50% dialysis and 50%
replacement fluid).

5. Dialysis and replacement fluid

In citrate anticoagulation, calcium is removed from the dialysis/replacement fluid
to allow citrate to bind calcium effectively and prevent clotting in the extracorporeal
circuit (Figure 5). Since this lowers systemic calcium, patients require a separate
calcium infusion to maintain normal blood calcium levels (Table 11).
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Types of CRRT

CRRT I
CVVH CVVHD I CVVHDF
h

F

r 3 Yy
Convection Diffusion Convection
I + DifoSiﬂn
Pre-dilution S
or Pre-dilution
Post-dilution No dilution Post-dilution

Figure 5.
The main CRRT modalities and method of solute clearance using pre- or post- dilution veplacement fluids [3, 6].

Anticoagulation Fluid type Composition (mmol)
method

Heparin/heparin-free Hemosol BO Na 140, K 0, C1109.5, HCO; 32, Ca 1.75, PO, 0, Mg 0.5

Citrate anticoagulation ~ PrismaOcal Na 140, K 0, C1109.5, HCO; 32, Ca 0, PO4 0, Mg 0.5

Key difference Calcium present in Hemosol BO (1.75 mmol) but absent in

PrismaOcal

Table 11.
Dialysis and replacement fluids used in CRRT.

Anticoagulation is necessary to maintain circuit patency; regional citrate
anticoagulation is preferred for patients at higher risk of bleeding, while
unfractionated heparin may be used in others. A coagulation profile (including

PT, aPTT, and INR) is monitored to assess for anemia and bleeding tendencies
(Table 12).

Type Monitoring parameter Comments
Heparin aPTT, ACT Risk of bleeding; monitor daily
Citrate Ionized Ca (systemic and post- Maintain systemic iCa >1.1 mmol/L
filter)
No Visual inspection Shorter circuit life; reserved for high bleed risk
anticoagulation
Table 12.

Anticoagulation monitoring.
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Additive Amount to add Instructions/notes Maximum in bag
(per L)
Phosphate (PO,) ... .. mmol  Add to 5L bag of dialysis or replacement fluid 1.5 mmol/L
Potassium (K) .. .. mmol Add to 5 L bag of dialysis or replacement fluid 5 mmol/L
Sodium (Na) ... mmol  Add to 5L bag of dialysis or replacement fluid 5 mmol/L

Note: If mixing phosphate to Ca++ containing solution, mixing of PO4 should be done before starting CRRT [within <
2 hours] to avoid precipitation. Additives should be the same in both dialysate and replacement fluid. Correct low serum
Mg, PO4 or K [despite additives] with an IV infusion or TPN.

Table 13.
Additives for dialysis/replacement fluids in CRRT [23].

5.1 Additives

Additives like phosphate, potassium, and sodium are added to dialysis or replace-
ment fluids to maintain the patient’s normal blood levels during CRRT. The maximum
limits are important to prevent complications such as high potassium (hyperkaliemia)
or high phosphate, which can be harmful. Careful adjustment ensures safe and effec-
tive therapy (Table 13).

6. Clinical importance, monitoring, and adjustment of CRRT dose

The clinical effectiveness of CRRT in pediatric patients depends heavily on deliv-
ering an appropriate dose. An insufficient (under-dosed) CRRT prescription may lead
to inadequate clearance of metabolic waste products, such as azotemia, metabolic
acidosis, or persistent fluid overload.

On the other hand, excessive (over-dosed) therapy can result in unwanted com-
plications, including the loss of essential nutrients, electrolyte disturbances such as
hypophosphatemia, and hemodynamic instability due to rapid fluid shifts.

To maintain therapeutic effectiveness and minimize adverse effects, continuous
monitoring and timely adjustment of the CRRT dose are essential. The dose should be
reassessed regularly based on three key factors: (a) the degree of metabolic control,
assessed through laboratory parameters such as urea, creatinine, and lactate levels; (b)
the patient’s fluid balance, including the degree of fluid overload or dehydration; and
(c) the overall clinical condition of the patient, including hemodynamic stability and
the level of catabolism. This individualized approach ensures that CRRT remains both
safe and effective across the dynamic clinical course of critically ill pediatric patients.

Finally, ultrafiltration targets should be individualized according to the degree of
fluid overload and the patient’s hemodynamic tolerance. Slow and controlled fluid
removal is recommended to avoid hypotension and other complications during
therapy.

6.1 Ultrafiltration (UF) rate in CRRT

Ultrafiltration (UF) in a child on CRRT refers to the process of removing excess
fluid from the blood through the dialysis filter. It works by applying pressure across
the filter membrane, which pushes water (and some dissolved solutes) out of the
blood into the effluent.
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Figure 6.
Filter life vs. transmembrane pressuve (TMP): Demonstrates how TMP increases with time, indicating progressive
filter clotting [4, 18].

In pediatric patients, UF is carefully prescribed based on the child’s weight, hemo-
dynamic status, and fluid overload. The goal is to restore and maintain the right fluid
balance—removing extra fluid to relieve edema, control blood pressure, and improve
breathing, while avoiding dehydration or low blood pressure.

Monitoring UF rate (mL/kg/hr) and cumulative UF volume over time helps ensure
safe and effective therapy.

Cumulative ultrafiltration volume represents the total fluid removed over time
during CRRT. Tracking it on a graph provides a clear picture of the patient’s fluid
removal trend, helping clinicians assess volume status and maintain appropriate fluid
balance. It is clearly illustrated in the graph below (Figure 6).

CRRT enables effective fluid removal (UF) due to two main factors: continuous
operation and the use of highly permeable membranes (Figure 6). In pediatric ICU
settings, the target UF rate is 1-2 mL/kg/h, which can be increased in stable patients
with fluid overload.

The UF rate must also account for ongoing fluid intake and urine output. For
example, a 30 kg child receiving 80 mL/h fluid and producing urine at 1 mL/kg/h
would require a UF rate of 110 mL/h to maintain fluid balance.

When increasing the UF rate, especially in small children, it is important not to
exceed the filtration fraction (FF) limit of 0.35-0.4 to avoid filter clotting.

FF is calculated as the UF rate divided by plasma flow rate. Plasma flow rate
depends on BFR and hematocrit:

Plasma flow rate = BFR x (1-haematocrit)

For instance, in a 10 kg child with BFR of 60 mL/min and hematocrit of 30%, the
plasma flow rate is 2520 mL/h, and the maximum safe UF rate would be about
882 mL/h (or ~ 88 mL/kg/h) [4].

For the above example of a 10 kg child with a blood flow rate (BFR) of 60 mL/min
and hematocrit of 30%, the plasma flow is calculated as BFR x (1 — Hct), giving
3600 x 0.7 = 2520 mL/h. The maximum safe ultrafiltration (UF) rate depends on the
filtration fraction (FF), which is the portion of plasma removed as fluid. For pre-
dilution or mixed dilution, FF can go up to 35%, so the maximum
UF = 0.35 x 2520 ~ 882 mL/h (~88 mL/kg/h). In post-dilution only, FF is usually
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Scenario Desired net removal (mL/hr) Calculation UF set UF per kg
(mL/hr) (mL/hr) (mL/kg/hr)
Maintain balance 0 80-30 + 0 =50 50 50 +30=17
Gentle removal 10 80-30 + 10 = 60 60 60 +30=2.0
Aggressive removal 60 80-30 + 60 = 110 110 110 + 30 = 3.7
Table 14.

With 3 scenarios for a 30 kg child (Adopted from Refs. [2, 4, 16]).

limited to 20-25%, giving a UF of 630 mL/h (~63 mL/kg/h). These calculations are
correct and help ensure safe fluid removal while minimizing the risk of clotting
(Figure 4).

For another example, for a 30 kg child, fluid removal during CRRT can be tailored
based on the clinical goal. To maintain fluid balance, the ultrafiltration (UF) rate is set
at 50 mL/hr. (1.7 mL/kg/hr). For gentle fluid removal, the UF is increased to 60 mL/
hr. (2.0 mL/kg/hr), and for aggressive removal, it rises to 110 mL/hr. (3.7 mL/kg/hr).
These rates are calculated by adjusting the net desired removal along with ongoing
fluid intake and urine output.

One-line formula and three different clinical scenarios are shown below (for a
30 kg child) with clear numbers and per-kg rates (Table 14)

UF (mL/hr) = Fluid input (mL/hr) — Urine output (mL/hr) + Desired net removal (mL/hr).

(If your goal is simply to maintain balance, set Desired net removal = 0.)

Example with the baseline values (used in Table 14): For a 30 kg child receiving
80 mL/hr. of fluids and producing 30 mL/hr. of urine (1 mL/kg/hr), the net positive
fluid balance is 50 mL/hr.

With the three clinical scenarios for the same child the net balance guides the
ultrafiltration rate during CRRT depending on the desired fluid removal goal as shown
below in Table 14.

Importantly for a 30 kg child on CRRT, the usual fluid removal rate is about 1-

2 mL/kg/hr. Gentle removal at 2 mL/kg/hr. is at the higher end of this range, while
aggressive removal at 3.7 mL/kg/hr. is high and should only be done if the child is
stable, with careful monitoring of blood pressure, circulation, and electrolytes.
Remember to include other fluid losses, like drains or sweating, when deciding the
ultrafiltration rate (Table 14).

7. Access issues, filter clotting, low BP, and machine alarms during CRRT

During CRRT, common problems include filter clotting, access issues, low blood
pressure, electrolyte imbalances, bleeding, and machine alarms. Filter clotting shows
as rising pressures and is managed by changing the filter and checking
anticoagulation.

Access problems cause low flow and frequent alarms, requiring catheter
repositioning or new access. Hypotension is treated by stopping ultrafiltration, giving
fluids, and using vasopressors if needed. Electrolyte problems are corrected by
adjusting dialysate or replacement fluids, while bleeding may require holding
anticoagulation and transfusion. Any machine alarm, like air or blood leak, needs
immediate attention following the device protocol (Table 15).
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Problem Signs Action

Filter clotting 1 TMP, 4 return pressure Change filter, check anticoagulation

Access dysfunction 1 access flow, frequent alarms Reposition catheter, consider new
access

Hypotension { BP,  HR Stop ultrafiltration, give fluids,
vasopressors if needed

Electrolyte imbalance Muscle twitching, cardiac Adjust dialysate/replacement fluids

arrhythmias

Bleeding 4 PT/APTT, | Hb Hold anticoagulation, transfuse if needed

Alarms (air, blood Audible/visual alarm Immediate attention; follow machine

leak) protocol

Table 15.

Troubleshooting during CRRT.

7.1 Transmembrane pressure (TMP)

TMP gradually rises over time during CRRT, which shows that the filter is starting
to clot. By monitoring TMP, clinicians can recognize this change early and decide the
right time to replace the filter.

7.2 Nutritional and infection control monitoring in CRRT

Nutritional monitoring is an essential part of managing pediatric patients on
CRRT, as the therapy results in ongoing losses of vital nutrients such as amino acids,
glucose, and trace elements. Regular assessment of serum protein markers, including
albumin and prealbumin, is recommended on a weekly basis to guide nutritional
support.

When enteral nutrition is insufficient, parenteral nutrition should be considered to
meet the caloric and metabolic demands. Electrolytes like phosphate and potassium,
which may be significantly depleted during CRRT, must be closely monitored and
supplemented as needed to avoid complications such as hypophosphatemia and
hypokalemia.

A proactive and individualized approach helps prevent malnutrition and improves
clinical outcomes.

Infection control is equally important during CRRT, particularly in critically ill
pediatric patients who are at increased risk of catheter-related bloodstream infections.
Daily inspection of the catheter site is important to identify early signs of infection, as
prolonged use of central lines and continuous blood circulation through CRRT
increases the risk of hospital-acquired infections.

Strict aseptic techniques must be followed during all CRRT-related procedures,
including catheter care and filter changes. If sepsis is suspected, cultures from the
catheter and CRRT system components should be obtained promptly to identify the
infection source and guide appropriate antimicrobial therapy. Early detection and
timely intervention are critical to preventing serious, potentially life-threatening
infections in.

Daily review and team coordination in CRRT management: The successful man-
agement of continuous renal replacement therapy (CRRT) in critically ill pediatric
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patients depends on regular assessment and strong teamwork among healthcare pro-
fessionals. A daily, structured review during pediatric intensive care unit (PICU) or
intensive care unit (ICU) rounds is crucial to monitor the effectiveness of CRRT,
detect complications early, and make timely adjustments based on the patient’s
changing condition (Table 16).

This process requires close coordination between nephrologists, intensivists, criti-
cal care nurses, and clinical pharmacists. Each member plays a key role: Nephrologists
manage the dialysis prescription and fluid balance; intensivists monitor the patient’s
overall stability and organ function; nurses maintain the CRRT circuit, monitor
patient comfort, and report any concerns, while pharmacists help adjust medication
doses considering the continuous clearance by CRRT.

During these reviews, the CRRT prescription—including flow rates,
anticoagulation strategy, and replacement fluid volume—should be carefully re-
evaluated and modified as needed, based on current lab values, vital signs, and fluid
status. This multidisciplinary, patient-centered approach ensures safe and effective
CRRT delivery, supports rapid clinical decision-making, and ultimately improves
outcomes in critically ill pediatric patients.

In prescribing CRRT for critically ill children, it is important to consider not only
fluid and solute removal but also the clearance of medications, antibiotics, and essen-
tial nutrients. Because CRRT can significantly alter drug levels and nutritional bal-
ance, a multidisciplinary approach involving intensivists, nephrologists, pharmacists,
and dietitians is essential to ensure safe drug dosing and adequate nutrition support.

CRRT outcomes are monitored using key targets. Fluid balance is assessed by net
ultrafiltration, aiming to restore normal fluid status (euvolemia). Solute control is
tracked with BUN, creatinine, and electrolytes, which should remain stable or
improve (Table 16).

Hemodynamic tolerance is measured by blood pressure and heart rate, with the
goal of stability and minimal need for pressors. Circuit patency is checked through
transmembrane pressure and alarms, aiming for a filter life of at least 24-48 hours.
Finally, kidney recovery is monitored by urine output and creatinine, with improve-
ment indicating return of function (Table 16).

The CRRT follow-up chart described by Koker et al. in the CRRT Protocol in
Critically Ill Children (with permission from Demet Demirkol) serves as a structured
tool for systematic monitoring during continuous renal replacement therapy in pedi-
atric patients. It outlines essential parameters such as hemodynamic status, fluid

Target outcome Parameter Goal
Fluid balance Net ultrafiltration Return to euvolemia
Solute control BUN, creatinine, Stable or improving values
electrolytes
Hemodynamic MAP, HR Stable with minimal pressor support
tolerance
Circuit patency TMP, alarm frequency > 24-48 hours filter life
Recovery of kidney UOP, creatinine Spontaneous UOP increase, creatinine
improvement
Table 16.

Monitoring outcome.
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balance, solute clearance, anticoagulation, and circuit function, ensuring early detec-
tion of complications and timely therapy adjustments. This standardized approach
promotes safe, effective, and individualized CRRT management in critically ill chil-
dren.

The chart below demonstrates how to calculate the total fluid removal during
CRRT. The total amount of fluid to be extracted is obtained by subtracting the sum of
all inputs (column 2, e.g., fluids administered) from the sum of all fluid accumulations
or targets (column 1, e.g., excess fluid or desired removal). This simple method pro-
vides a structured way to guide ultrafiltration, ensuring accurate fluid balance man-
agement.

This simplified workflow illustrates the stepwise approach to CRRT monitoring,
beginning with initial patient assessment (hemodynamic status, fluid needs, and lab
values), followed by prescription setup (dose, modality, and anticoagulation). It then
emphasizes ongoing monitoring of circuit function, solute clearance, and fluid bal-
ance, with adjustments based on clinical progress. Finally, daily evaluation ensures
therapy goals are met, complications are detected early, and weaning readiness is
assessed.

7.3 Weaning of CRRT

Weaning from CRRT depends on several factors, including stable blood pressure,
good fluid balance, controlled solute levels, and reduced daily fluid needs. CRRT is
often continued in patients needing vasopressors since it is better tolerated for fluid
removal than other dialysis methods. Assessing kidney recovery, especially urine
output, is central to deciding when to stop CRRT. Although no standard guidelines
exist, studies show that higher urine output before stopping CRRT is a strong predic-
tor of success. In adults, a daily urine output of at least 400 mL (or ~ 8.5 mL/kg/24 h)
without diuretics and urine output measured shortly after stopping CRRT are good
indicators of successful weaning [30]. Outcomes: Successful weaning is linked to
improved kidney function, reduced need for ongoing dialysis, and better overall
recovery, though close monitoring remains essential [31].

CRRT with extracorporeal membrane oxygenation (ECMO): CRRT can be com-
bined with extracorporeal membrane oxygenation (ECMO) in critically ill children,
mainly to prevent or treat fluid overload and to keep solute levels balanced. Acute
kidney injury (AKI) occurs in about 40% of children on ECMO, and around 5% may
require renal replacement therapy. When CRRT is used with ECMO, the blood flow
rate of the CRRT machine should remain independent from the ECMO device, and the
arterial access of the CRRT must be adjusted to tolerate positive pressure, as ECMO
provides a low-resistance circuit compared to the usual negative pressure setting
[4, 16].

8. Conclusion

Monitoring during CRRT is an interdisciplinary effort requiring real-time vigilance
and proactive management. Pediatric patients need closer fluid and access monitoring
due to their size and fragility. Whether in pediatric-PICU, adolescent and adult ICUs,
structured and simplified protocols, and continuous training ensure CRRT remains
safe and effective.
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Abbreviations

AKI acute kidney injury

BFR blood flow rate

CRRT continuous renal replacement therapy
CVVH continuous venou-venous hemofiltration
CVVHD continuous venou venous hemodialysis
CVVHDF Continuous venou venous hemodiafiltration
ECMO extra-corporeal membrane oxygenation
ECV extra-corporeal volume

FO fluid overload

FF filtration fraction

HF hemofiltration

SCUF slow continuous ultrafiltration

SLED sustained low-efficiency dialysis

TMP transmembrane pressure

UF ultrafiltration
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Chapter 4

Hemodynamic Challenges in
Critically Ill Patients with Cirrhosis

Aanchal Kapoor

Abstract

Cirrhosis profoundly alters cardiovascular physiology, creating unique challenges
in diagnosis and treatment circulatory shock. In patients with advanced liver disease,
portal hypertension, splanchnic vasodilation, and hyperdynamic circulation reduce
effective arterial blood volume, while cirrhotic cardiomyopathy limits cardiac reserve.
Together, these changes complicate hemodynamic assessment and undermine the
applicability of standard sepsis algorithms. Conventional markers of shock, including
targeted mean arterial pressure and serum lactate levels, can be misleading because
cirrhotic patients often tolerate lower baseline pressures and exhibit impaired lactate
clearance. Fluid resuscitation carries a high risk of volume overload; albumin has
demonstrated improvements in short-term hemodynamic parameters but not consis-
tent survival benefits. Norepinephrine is the first-line vasopressor, while vasopressin
analogues are considered in refractory cases or when hepatorenal physiology predomi-
nates. Emerging tools such as bedside ultrasound and the Venous Excess Ultrasound
(VExUS) score may aid in differentiating hypovolemia from venous congestion. Acute-
on-chronic liver failure, frequently precipitated by infection, exemplifies the complex
interplay of systemic inflammation, circulatory collapse, and multiorgan failure in this
population. Optimal management therefore requires an individualized, physiology-
driven approach emphasizing cautious fluid administration, tailored vasopressor use,
and serial assessment of tissue perfusion. Future trials focused on cirrhotic populations
are essential to refine resuscitation targets and improve survival outcomes.

Keywords: cirrhosis, advanced liver disease, chronic liver failure, portal hypertension,
systemic vascular resistance (SVR), cirrhotic cardiomyopathy, hyperdynamic
circulation, vasodilatation, multiorgan failure

1. Introduction

Cirrhosis and advanced liver disease remain major global health burdens,
representing the final stage of diverse hepatic injuries including viral hepatitis,
alcohol-associated liver disease, and metabolic dysfunction-associated steatohepa-
titis (MASH). Recent data from the United States Nationwide Inpatient Sample
highlights the growing prevalence and impact of this critical care challenge [1, 2].
Worldwide, cirrhosis contributes to substantial morbidity and mortality, accounting

for an estimated 1.3-1.5 million deaths annually, ranking it among the top 15 causes
of death globally [3].
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Chronic liver disease leads to approximately 700,000 hospitalizations and 44,000
deaths each year. Among those admitted for cirrhosis-related complications, about
10% require intensive care unit (ICU) admission. Mortality among critically ill
patients with cirrhosis remain high, with reported ICU-related death rates ranging
from 29 to 87% [4].

Cirrhosis is a systemic disease with profound cardiovascular consequences. Portal
hypertension, splanchnic vasodilation, hyperdynamic circulation, and cirrhotic car-
diomyopathy interact to create a hemodynamic state that complicates both diagnosis
and management of circulatory shock. Bacterial translocation from the gut, impaired
reticuloendothelial clearance, and immune dysfunction create a “cirrhosis-associated
immunodeficiency” [5]. Because of this immunocompromised state, these patients
remain at high risk for developing infections in their hospital course.

Sepsis is the leading trigger of acute decompensation in cirrhosis and is responsible
for up to 40% of hospitalizations [6]. Mortality rates for septic shock exceed 50%
in this group, far higher than in the general ICU population, in part because of the
overlapping pathophysiology of cirrhosis and sepsis, and also because of limitations of
conventional diagnostic and therapeutic strategies when applied to this population [7].

Acute-on-chronic liver failure (ACLF) is a distinct clinical syndrome that develops
in patients with underlying cirrhosis, most commonly following an infectious trig-
ger. It is characterized by rapid development of multiorgan failure and carries a high
short-term mortality, often exceeding 40% at 28 days [8-10]. Standard septic shock
definitions and management protocols have been derived from non-cirrhotic popula-
tions and may not adequately account for these unique physiological alterations. This
review synthesizes the current evidence on the pathophysiology of hemodynamic
changes in cirrhosis, highlights diagnostic pitfalls in recognizing shock, and discusses
management strategies tailored to cirrhotic physiology.

2. Pathophysiology of hemodynamic alterations in cirrhosis

The hemodynamic disturbances in cirrhosis arise from two interrelated mecha-
nisms: increased intrahepatic resistance to portal blood flow and a hyperdynamic
circulatory state driven by splanchnic vasodilation. This dual process sustains and
perpetuates portal hypertension, driving the development of gastroesophageal vari-
ces, ascites, and other key manifestations of decompensated state as described below.

2.1 Portal hypertension and increased resistance

Portal hypertension, a defining feature of cirrhosis, develops from both structural
changes, such as fibrosis, sinusoidal capillarization, and dynamic alterations within the
hepatic vasculature resulting from sinusoidal endothelial dysfunction and increased
intrahepatic vascular tone. Endothelial cell dysfunction leads to decreased production
and bioavailability of nitric oxide (NO) and increased production of vasoconstrictors
such as thromboxane A, and endothelin-1. In parallel, activation of hepatic stellate
cells (HSCs) drives phenotypic and cellular changes that promote fibrosis and angio-
genesis [11]. Conversely, splanchnic vasodilation reduces effective circulatory blood
volume, triggering the activation of renin-angiotensin-aldosterone system (RAAS)
and increased secretion of antidiuretic hormone (ADH). These responses promote
sodium and water retention further augmenting portal blood flow. The combination
of increased flow and resistant results in portal hypertension as shown in Figure 1.
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Figure 1.
Mechanisms leading to increase in portal flow (Designed by the author).

Together, these processes increase intrahepatic resistance to portal blood flow,
ultimately fostering collateral vessel formation and portosystemic shunting [12].

2.2 Hyperdynamic circulation

Patients with cirrhosis frequently develop a hyperdynamic circulatory state.
Hyperdynamic circulation was first described in 1953 when investigators noted that
patients with cirrhosis had cardiac outputs 50-75% above normal at rest [12]. This
hyperdynamic condition is characterized by elevated heart rate and cardiac output
accompanied by a reduction in systemic vascular resistance (SVR) [13].

Hyperdynamic circulation develops because of systemic vasodilation, particularly
within splanchnic circulation. This splanchnic vasodilatation is driven by several
vasoactive substances, including NO, carbon monoxide, endocannabinoids, and
other vasoactive mediators. As a result, there is an increase in venous capacitance
and expansion of the unstressed venous volume, which reduces mean systemic filling
pressure (MSFP). Peripheral vasodilation and portosystemic shunting decrease
afterload, while activation of neurohormonal activation including RAAS and sympa-
thetic nervous system promote sodium and water retention. Arteriovenous shunting
increases blood flow per unit time but does not necessarily improve tissue oxygen
delivery. Although initially compensatory, this state becomes maladaptive as the
cardiovascular system has little reserve to increase output further when faced with
sepsis or hemorrhage.

Venous return to the heart depends on the gradient between MSFP and right atrial
pressure (RAP) determines venous return to the heart as depicted in the equation.

MSFP—~RAP =COx VR )

where CO In this equation is venous return and VR is venous resistance.
In cirrhosis, this gradient narrows, impairing preload despite extracellular volume
expansion. This pattern predisposes to reduced effective arterial blood volume despite
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expanded total body water and increased extracellular fluid. This results in hypoten-
sion, renal hypoperfusion, and difficulty in maintaining effective arterial blood
volume.

Clinically, this explains the paradox of patients presenting with tense ascites
and peripheral edema but remaining intravascularly depleted and highly preload
responsive.

2.3 Cirrhotic cardiomyopathy (CCM)

Cirrhotic cardiomyopathy (CCM) is characterized by a triad of impaired cardiac
contractility in response to stress, diastolic dysfunction, and electrophysiologic
abnormalities, arising within the setting of a hyperdynamic state [14]. CCM often
remains asymptomatic for years, as resting cardiac output is typically preserved and
the disease progresses slowly. It comes to clinical attention during the decompensa-
tion stage of cirrhosis with features of diastolic dysfunction. This makes it difficult
to accurately determine the true prevalence of CCM. However, it is estimated that
about 50% of patients with cirrhosis do have underlying CCM. The impaired cardiac
performance likely reflects a blunted chronotropic response to exercise and reduced
myocardial contractile reserve, while concomitant skeletal muscle wasting further
limits peripheral oxygen extraction and effective oxygen utilization.

2.3.1 Systolic dysfunction

Pathophysiologically, splanchnic vasodilatation reduced central and arterial blood
volume leading to deactivation of arterial baroreceptors and increased sympathetic
activity. Chronic overstimulation results in desensitization of f-adrenergic receptors
through uncoupling of G proteins, down-regulation of p-adrenergic receptors and
altered p-adrenergic signaling. In addition, up-regulation of cardio depressant can-
nabinoid 1-receptors, along with increase cardio-inhibitory effect of mediators like
hemoxygenase (HO), carbon monoxide (CO), nitric oxide synthase (NOS)-induced
NO release, and tumor necrosis factor-a (TNF-a) contributes to systolic dysfunction
and poor cardiac response to stress [15].

2.3.2 Diastolic dysfunction

Diastolic dysfunction in CCM results from structural and molecular alterations,
including an increased proportion of stiffer collagen type I, and reduction in the more
compliant collagen III, decreased phosphorylation of protein titin which is a scaf-
fold protein essential for myofibrillar elasticity, cardiomyocyte hypertrophy, cardiac
fibroblast proliferation, and fibrosis driven by sodium retention and activation of
RAAS [16].

2.3.3 Electrophysiological abnormalities

Prolongation of QT interval is observed in approximately 40-50% patients with
advanced cirrhosis. Studies have shown that its prevalence increases substantially
with disease severity, rising from Child-Pugh class A to B [17]. Clinically, cardiac
dysfunction is observed in up to 50% of patients following liver transplantation, with
peri-transplant heart failure contributing to mortality in approximately 7-21% of cases
[18]. Figure 2 summarizes mechanisms involved in cardiac dysfunction in cirrhosis.
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Figure 2.
Summarizing mechanisms causing cardiac dysfunction in cirrhosis (designed by the author).

These factors shift baseline hemodynamics: cirrhotic patients often tolerate MAPs
of 55-60 mmHg chronically, have elevated lactate at baseline, and manifest fluid
overload sometimes even before resuscitation. In septic shock, cirrhotic cardiomy-
opathy blunts the ability to augment contractility in response to vasopressor-induced
afterload, further complicating management. Standard septic shock algorithms,
including the use of a 30 mL/kg crystalloid bolus and targeting a mean arterial pres-
sure of 65 mmHg, were developed based on studies conducted in the general intensive
care unit (ICU) population. When applied unmodified to cirrhotic patients, these
recommendations may result in harmful fluid overload, inadequate recognition of
hypoperfusion, or inappropriate escalation of vasopressor therapy.

3. Diagnostic challenges in assessing shock in cirrhosis

Standard hemodynamic indices in use to assess circulatory shock in non-cirrhotic
population may mislead the approach to diagnosis and hence the therapeutic
strategies.

3.1 Definition of septic shock

International guidelines for management of sepsis and septic shock defines septic
shock as hypotension that persists after adequate fluid resuscitation accompanied by
a serum lactate concentration greater than 2 mmol/L [19]. However, applying these
criteria in patients with cirrhosis could be challenging. Many patients live chronically
with mean arterial pressures of 55-60 mmHg without overt hypoperfusion, raising
uncertainty over which blood pressure thresholds indicate shock. The TARGET-C
randomized trial evaluated the effects of higher mean arterial pressure targets
(80-85 mmHg) compared with standard targets (65-70 mmHg) in patients with cir-
rhosis experiencing septic shock. Although higher targets improved renal outcomes in
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some subgroups, no mortality benefit was observed, suggesting that MAP thresholds
should be individualized rather than universally raised above 65 [20].

3.2 Interpretation of serum lactate and designing interventions accordingly

Septic shock is defined using lactate levels and is also used as a resuscitation target
[21]. Lactate is elevated in cirrhosis even without hypoperfusion due to decreased
hepatic clearance and increased splanchnic production. Studies show that lactate rises
after meals or galactose challenge in cirrhotic, independent of hypoxia [22] While
elevated lactate retains sensitivity for detecting severe illness, its specificity for tissue
hypoxia and mortality prediction is reduced. Interpretation should therefore empha-
size trends and clearance over absolute cut-offs [23].

3.3 Challenges with hemodynamic concepts: Mean systemic filling pressure
and stressed volume

3.3.1 Mean systemic filling pressure and stressed volume

Advanced hemodynamic concepts—particularly mean systemic filling pressure
(MSFP) and stressed volume—provide important insights into why assessing volume
responsiveness in cirrhosis is uniquely challenging. MSFP represents the equilibrium
pressure in the systemic circulation when cardiac activity ceases. It is determined by
both venous tone and the volume of blood actively contributing to generate circula-
tory pressure, known as the stressed volume [24].

Traditional concepts of preload/afterload can be refined using Guyton’s venous
return model. According to this model, venous return is governed by the pressure gra-
dient between MSFP and RAP, with the rate of return further modulated by resistance
to venous flow, as described before.

MSFP-RAP =COxVR 2)

In cirrhosis, profound changes in vascular compliance and blood volume distri-
bution alter this relationship. Splanchnic vasodilation increases the proportion of
unstressed volume (blood contained in compliant venous reservoirs that does not
generate pressure), thereby lowering effective MSFP even when total blood volume
is normal or increased. RAP, in turn, functions as a backpressure to venous return.

A combination of reduced MSFP and elevated RAP impairs the pressure gradient for
venous return, thereby limiting cardiac output.

Clinically, this explains the paradox frequently observed in cirrhotic patients: they
may appear “volume-overloaded” on examination, with ascites and peripheral edema,
yet remain hypotensive and preload-responsive. Attempts to increase stressed volume
by fluid resuscitation often fail to raise MSFP effectively because the infused fluid
preferentially redistributes into the splanchnic venous reservoir or the extravascular
space rather than augmenting effective circulating volume (Figure 3). As aresult, cir-
rhotic patients may not respond to fluids as predicted by standard preload concepts,
underscoring the importance of cautious resuscitation and reliance on advanced
hemodynamic monitoring to guide therapy.

Operating point A of Guyton’s curve (Orange-Guyton venous return and
Red-Starling cardiac function curve) indicates normal physiology in compensated
cirrhosis. Point B (Blue-Guyton venous return and Red-Starling cardiac function
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Figure 3.

Altered physiology in cirrhosis depicted by venous return and cardiac function curves (designed by the author).

curve) indicates a drop in MSFP from A to B, with the same cardiac output. This
decrease in MSFP is because of splanchnic vasodilatation and decreased effective
circulating volume, causing decrease in RAP from A to B. Point C (Green-Guyton
venous return and Dotted-red-Starling cardiac function curve) indicates an
increase in the cardiac output with the same MSFP but with increased slope of
venous return. This change is due to a decrease in afterload and increase in water
retention with activation of RAAS and sympathetic stimulation. This results in an
increase in RAP from B to C, thus decreasing the gradient between MSFP and RAP
causing a decrease in venous return.

MSFP = mean systemic filling pressure, RAP = right atrial pressure, RAAS = renin-
angiotensin-aldosterone system.

3.3.2 Critical closing pressuve (Pcrit)

Pcrit is the arterial pressure at which vessels collapse, and flow ceases. As the
blood flows down the arterial tree towards the terminal arterioles, flow velocity
increases, while the vessel diameter decreases, resulting in rapid drop in pres-
sure due to rising resistance. Once the local arteriolar pressure falls below the
level required to overcome vasomotor tone, the vessel collapses, and blood flow
stops. This closing pressure is defined as Pcrit. Pcrit is usually higher than MSFP.
Standard SVR calculations that use CVP as downstream pressure may therefore
underestimate true afterload.

SVR =MAP-CVP/COinstead of SVR = MAP —Pcrit/CO 3)

Tissue perfusion pressure is better represented by (MAP — Pcrit) rather than
(MAP - CVP) [25].
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In patients with cirrhosis, global Pcrit is lower because of peripheral vasodilata-
tion. Although it theoretically should increase local tissue perfusion, it also causes
a proportional decrease in MAP, and autoregulation of blood flow to the tissue is
blunted [26].

These concepts explain why standard formulas for SVR and preload often mislead
in cirrhotic patients.

3.4 Alternative strategies to diagnose shock in patients with end stage liver
disease

Diagnosing shock in patients with advanced cirrhosis poses unique challenges
because the conventional criteria used in critical care do not reliably capture the
altered physiology of this population. As discussed above, MAP thresholds are
problematic as many cirrhotic patients live chronically with MAPs in the range of
55-60 mmHg without overt tissue hypoperfusion. Similarly, lactate levels are fre-
quently elevated due to impaired hepatic clearance and increased splanchnic produc-
tion, even in the absence of systemic hypoxia. Central venous pressure, long used as
a surrogate for preload, is often misleading because intra-abdominal hypertension,
altered venous compliance, and redistribution of blood volume distort its relationship
with effective circulating volume. Given these limitations, alternate diagnostic strate-
gies are increasingly necessary. A few of them are listed below.

Capillary refill time and Mottling score: Bedside clinical perfusion markers may
offer more reliable guidance. The ANDROMEDA-SHOCK trial demonstrated that tar-
geting resuscitation to peripheral perfusion indices, particularly capillary refill time,
improved organ dysfunction compared with lactate-targeted resuscitation [27]. The
mottling score, a semiquantitative measure of cutaneous hypoperfusion, has been
shown to be a strong predictor of short-term mortality independent of vasopressor
dose [28].

These markers, together with urine output and mental status, are valuable
adjuncts in cirrhotic patients where traditional biochemical markers may mislead.

Invasive hemodynamic monitoring: Use of arterial catheters for continuous blood
pressure monitoring and frequent blood sampling for lactate and gases can provide
dynamic assessment. Central venous catheters allow the measurement of central
venous oxygen saturation (ScVO2) and central venous-arterial CO, gap, both of
which can provide valuable insights into adequacy of tissue perfusion [29]. However,
central venous pressure alone is of limited value in cirrhosis given altered vascular
compliance and elevated abdominal pressure with ascites.

Point-of-care ultrasound (POC): Cardiac function including contractility and vol-
ume status can be assessed at bedside by point of care echocardiography. Assessment
of intravascular volume, by estimating RAP from inferior venous cava (IVC) col-
lapsibility index, can help guide fluid management. Lung ultrasound is particularly
useful for detecting pulmonary edema. Building on these assessments, the venous
excess ultrasound (VExUS) grading system offers a more advanced and integrative
approach to venous congestion. VExUS combines IVC assessment with Doppler wave-
forms analysis of hepatic, portal, and intrarenal veins to quantify venous congestion.
Higher VExUS scores have been associated with increased degree of venous overload.
Higher VExUS scores have been correlated with elevated venous pressures and with
increased risk of developing acute kidney injury (AKI). This is especially relevant
in patients with cirrhosis, where distinguishing between hypovolemia and venous
congestion can be challenging. Early studies suggest that VExUS not only correlates
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with AKI risk but may also help identify fluid intolerance, providing a valuable non-
invasive tool to guide hemodynamic and fluid management in cirrhosis-associated
AKI [30].

Ventriculo-arterial coupling: It is a dynamic assessment with the use of pressors
and inotropes. Ventriculo-arterial coupling (the ratio of arterial elastance to ven-
tricular elastance, Ea/Ees) refers to assessment of energy transfer between cardiac
pump and downstream arterial tree. Septic patients often show ventriculo-arterial
decoupling [31]. Arterial elastance reflects left ventricular (LV) afterload,
whereas ventricular elastance serves as an index of myocardial contractility. Ea/
Ees represents the relationship between arterial elastance (Ea) and end systolic
elastance of LV (Ees). For bedside measurement, single beat method is used [32].
Ees can be estimated noninvasively using systolic and diastolic blood pressure
measurements in conjunction with echocardiographic parameters, including
stroke volume (SV), ejection fraction (EF), pre-ejection time, and total ejection
time. Ea is derived by dividing 90% of the systolic blood pressure (SBP) by SV
according to the formula:

Ea =(0.9xSBP)/SV. 4)

An optimal Ea/Ees ratio indicates effective energy transfer from the ventricle to
the arterial system, whereas an increased ratio suggests impaired coupling due to
either reduced contractility or elevated afterload. Ventriculo-arterial decoupling may
be accentuated in patients with CCM. Systemic vasodilatation and hence low SVR
altered vascular compliance, and blunted myocardial contractile reserve can alter this
relationship and limit the heart’s ability to respond to hemodynamic and physiologi-
cal stress. A high left ventricular ejection fraction (LVEF) and low Ea is indicative
of hyperdynamic circulatory state, a pattern commonly observed in patients with
advanced cirrhosis. In such cases, if clinical signs of poor perfusion are present,
vasopressor therapy might be warranted to restore vascular tone and improve perfu-
sion. However, increasing Ea with vasopressor use may lead to reduction in LVEF in
patients with underlying CCM. Under these circumstances, the addition of an ino-
trope agent may be necessary to support cardiac output [33].

4. Management of shock in cirrhosis

In cirrhosis, the constellation of splanchnic vasodilation, activation of RAAS,
and reduced systemic vascular resistance leads to sequestration of circulating
blood volume within the splanchnic bed. This pathophysiology, coupled with a
chronic hyperdynamic circulation that can evolve into cirrhotic cardiomyopathy,
complicates the prediction of hemodynamic responses to interventions such as
fluid resuscitation and vasopressor therapy. Standard septic shock algorithms,
recommending resuscitation with 30 mL/kg crystalloid bolus and targeting a
MAP of 65 mmHg, were studied in general ICU populations. Applied unmodified
to patients with cirrhosis, these protocols may result in detrimental fluid over-
load, delayed recognition of tissue hypoperfusion, or inappropriate escalation of
vasopressors. Consequently, management strategies in cirrhotic patients require
individualized assessment of volume status, perfusion, and cardiac function to
optimize outcomes.
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4.1 MAP targets

Evidence on optimal MAP in cirrhosis is evolving. The TARGET-C randomized
trial compared higher (80-85 mmHg) vs. standard (65-70 mm Hg) MAP targets in
patients with cirrhosis and septic shock. While routine use of higher MAP goal did
not confer a survival benefit, certain subgroups such as patients with severe renal
hypoperfusion or HRS physiology may experience transient hemodynamic improve-
ment with higher perfusion pressures [21]. However, the benefit must be weighed
against the risk of excessive vasoconstriction and peripheral ischemia. Current prac-
tice is to individualize MAP targets (e.g., consider higher targets for renal protection
if signs of ongoing renal hypoperfusion, while monitoring for harms from excessive
vasoconstriction).

4.2 Fluid resuscitation

The Surviving Sepsis Campaign recommends an initial 30 mL/kg crystalloid bolus
for patients with septic shock [20]. However, in patients with cirrhosis, aggressive
crystalloid resuscitation carries a heightened risk of fluid overload, worsening ascites,
and developing pulmonary edema. The positive cumulative fluid balance is strongly
associated with mortality [34, 35]. A more conservative approach using small boluses
of 250-500 mL with frequent reassessment (clinical perfusion markers, ultrasound,
and dynamic hemodynamic tests) is prudent.

Albumin has theoretical advantages in cirrhosis (oncotic effect, anti-inflam-
matory properties, and improved endothelial function). A randomized trial with
comparing 5% albumin with saline (FRISC trial) demonstrated that albumin
administration improved MAP, enhanced lactate clearance, increased urine output,
and better short-term survival compared to saline [36]. Similarly, the ALPS trial,
which evaluated 20% albumin, showed earlier vasopressor independence, faster
hemodynamic improvements, and lactate clearance; however, no significant 28-day
survival benefit was observed. The albumin group experienced higher rates of
pulmonary complications [37] in the albumin arm. These data support considering
albumin as part of resuscitation in selected cirrhotic patients but emphasize close
monitoring for pulmonary complications and individualized decision-making
(Tablel).

4.3 Vasopressor support

As indicated before, fluid resuscitation might not assist in increasing MSFP and
can result in fluid overload in patients with cirrhosis, and a careful assessment should

Trial Population Intervention Main findings Notes
FRISC [36] Cirrhosis + septic 5% albumin vs 1 MAP, lactate Pulmonary edema rare
shock saline clearance, short-term
survival
ALPS [37] Cirrhosis + sepsis 20% albumin vs 1 vasopressor-free Pulmonary
hypotension plasmalyte at 6h, no survival complications higher
difference in albumin
Table 1.

Summary of key fluid vesuscitation trials in cirrhosis and shock.
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be performed to initiate pressors early. Early initiation of vasopressor therapy has
been shown to accelerate resolution of shock [38], whereas delayed administration
is associated with increased mortality. In fact, each hour of delay is estimated to
increase the risk of death by approximately 5.3% [39]. Based on head-to-head ran-
domized controlled trials (RCTs) comparing adrenergic vasopressors, the Surviving
Sepsis Campaign (SSC) recommends norepinephrine as the first-line agent for the
management of septic shock [19]. However, most of these RCTs included fewer than
10% of patients with underlying liver disease.

Norepinephrine remains the first-line vasopressor for septic shock, but cirrhotic
patients with cirrhosis may demonstrate an enhanced response to vasopressin or
terlipressin due to preserved vascular V1 receptor sensitivity [40]. Terlipressin,

a selective V1 receptor agonist, has been proposed as an alternative vasopressor

in this patient population with septic shock. In a small RCT, terlipressin showed
comparable efficacy to norepinephrine in patients with cirrhosis and septic shock
[41] and appeared to improve renal perfusion in the setting of hepatorenal physiol-
ogy. However, both terlipressin and high doses of vasopressors are associated with
significant adverse reactions, including ischemia and respiratory failure, and current
evidence does not demonstrate a clear survival benefit. Early addition of vasopres-
sin for norepinephrine-refractory hypotension is considered [42]. Tailoring therapy
requires consideration of ventriculo-arterial coupling to balance cardiac performance
with vascular tone [31].

5. Special considerations: Acute-on-chronic liver failure (ACLF)

ACLF is a distinct syndrome characterized by acute decompensation, multi-organ
failure and markedly elevated 28-day mortality [8]. ACLF affects 24-40% of hospital-
ized patients with cirrhosis and is associated with rapid progression to multiorgan
failure and high short-term mortality. Hemodynamic instability is common and often
multifactorial, requiring early identification, aggressive supportive care and expe-
dited transplant evaluation.

6. Conclusion

Cirrhotic patients with circulatory shock present unique diagnostic and thera-
peutic challenges due to profound and dynamic changes in vascular tone, cardiac
function, and fluid distribution. Clinicians should adopt an individualized approach
incorporating advanced hemodynamic assessment, cautious fluid resuscitation
with consideration of albumin, and early and tailored vasopressor therapy. Further
research is needed to refine MAP targets, optimize monitoring, and improve
outcomes in this high-risk population.
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Chapter 5

Maintaining Peripheral Circulation
in the Surgical Patient: A Narrative
Review of the Importance of
Near-Infrared Spectroscopy

Henning Bay Nielsen

Abstract

Since Cushing described heart rate and blood pressure as the variables regularly
recorded during surgery, the advancement of devices to record beat-to-beat changes
in cardiac stroke volume has provided additional opportunities for perioperative
monitoring. While such monitoring focuses on central parameters, as they are derived
from the pressure curve, peripheral circulation has received little attention. Secondly,
traditional monitoring does not reflect changes in cerebral blood flow, which needs to
be considered in frail elderly patients who, due to conditions such as atherosclerosis,
are vulnerable to hypotension secondary to impaired cerebral autoregulation. Here,
near-infrared spectroscopy, and particularly cerebral oximetry, seem relevant to
include in the toolbox for perioperative monitoring. For high-risk surgical patients, it
is paramount to assess peripheral circulation during anesthesia. This chapter provides
a narrative review of the relevance of the use of NIRS in the perioperative setting.

Keywords: brain, cerebral autoregulation, cerebral oximetry, hypotension, muscle
oximetry, orthopedics, vascular surgery

1. Introduction

Maintaining adequate tissue oxygenation is critical for optimizing surgical out-
comes and preventing complications during major procedures [1]. Near-infrared
spectroscopy (NIRS) has emerged as a noninvasive tool for continuously monitoring
regional oxygen saturation (rSO,) in tissues such as the brain and skeletal muscle
[2]. By providing real-time monitoring, NIRS enables early detection of hypoxemia,
guiding perioperative management strategies to limit the risk of deteriorated regional
perfusion. In fact, lowered organ blood supply remains key factor for most cases of
perioperative complications [1].

While NIRS is well-established in cardiac surgery [3-7], its application in noncar-
diac procedures is increasingly recognized as a mean to enhance patient safety and
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improve clinical outcomes [8]. In various noncardiac surgeries, specific procedures
impact regional O, delivery, particularly in conditions where patient positioning, vas-
cular occlusion, or hemodynamic instability compromise regional tissue perfusion.
Carotid endarterectomy (CEA), for example, carries the risk of cerebral ischemia
during carotid cross-clamping, which can lead to postoperative neurological deficits
[9]. In this situation, monitoring cerebral oxygenation with NIRS provides insight
into changes in cerebral perfusion, which assist for decisions related to interventions
such as selective shunting or blood pressure optimization [10-12]. Another example
relates to reconstructive surgery where a free flap of tissue anatomical is repositioned
to cover for removal of cancer in e.g. breast. Here, NIRS is reported to be superior to
clinical monitoring for identifying a change in perfusion in the free flap [13-16].

Similarly, lower extremity bypass surgery involves prolonged ischemic periods
due to vascular clamping and potential graft-related complications. The ability to
assess muscle tissue perfusion using NIRS may aid the surgeon to evaluate the time
with limb ischemia, and during the reperfusion period, graft patency may be assessed
using changes in the NIRS signal [17]. Concerning the influence of patient position,
robotic-assisted laparoscopic surgery performed in the Trendelenburg position,
with patients placed in a head-down tilt to optimize surgical view, challenges cardiac
preload and its afterload [18]. Due to potential hindered venous return in the jugular
vein [19] as well as affected leg blood flow in the leg-up head-down position, regional
tissue oxygenation may be impaired [20]. Here, NIRS-based monitoring may help
clinicians implement strategies such as adjusting ventilation parameters, modifying
patient positioning, or administering vasoactive agents to maintain adequate tissue O,
delivery.

Given the increasing number of aging and frail patients in the surgical population
[21] also considering the diabetes epidemic, there is need for individualized assess-
ment of changes in regional oxygenation due to the vulnerability of microvascular
function of such patients. While advancement of devices to record beat-to-beat
changes in cardiac stroke volume have provided additional opportunities for peri-
operative monitoring [22], such monitoring offers a reflection of central parameters
only without knowledge of what is distributed to peripheral circulation. Furthermore,
in many institutions and surgeries, the blood pressure measurements remain the most
frequent recorded variables as also noted by Cushing in 1903 [23]. Now, the use of
NIRS is expanded beyond cardiac surgery, and it continues to receive attention in how
the technology can be incorporated in managing regional circulation with potential
impact on patient outcome [8]. Recently, the relevance of using cerebral oximetry in
high-risk surgical patients has been highlighted and an algorithm for treatment of
adverse cerebral oxygenation has been presented [24].

This narrative review explores the clinical relevance, potential benefits, and
limitations of using NIRS to monitor tissue oxygenation during selected examples of
noncardiac surgeries, underscoring its potential impact on decision-making in the
perioperative setting.

2. Short history of NIRS development

Development of optical technologies in last century inspired further use of NIRS
as a noninvasive tool for monitoring changes in tissue oxygenation [2]. One of the first
papers on changes in NIRS-determined muscle oxygenation in humans was published
by Wilson et al. [25], and shortly thereafter, Britton Chance further published the
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effect of rowing [26]. These initial reports were followed by studies on tissue oxygen-
ation in models of hypovolemia shock [27, 28] and maximal physical exertion [29].
Over the past 30 years, the literature on NIRS in clinical settings has exploded [8, 24].
Thus, it is clear the NIRS technology is relevant for physiological assessments.

The principle of NIRS relies on light absorption by oxyhemoglobin (HbO,) and
deoxyhemoglobin (HHD) [2]. These spectral differences were employed in blood
gas analyzers, and such devices, the so-called ABL analyzers of which the Danish
company Radiometer markets several types, are now standard of care equipment at
most operation theater and intensive care units. Building on NIRS principles, the first
pulse oximeter as a noninvasive method for monitoring arterial O, saturation (SpO,)
was developed in 1972 by Japanese bioengineers at an electronic equipment manufac-
turer. Pulse oximetry devices typically incorporate two wavelengths of light. These
are usually red light (660 nm) and near-infrared light (940 nm). These wavelengths
help differentiate between HbO, and HHb. The typical location of measurement is
the finger pulp or the earlobe. Such allows to track changes in transmitted light during
pulsatile arterial flow to estimate O, saturation. However, pulse oximetry reflects only
arterial blood.

To address a more diverse purpose, NIRS was further developed for continuous
monitoring of tissue oxygenation, particularly in brain and muscle. Modern NIRS-
systems use multiple source-detectors to differentiate between superficial and deep
tissue signals. Today, NIRS is widely used in clinical and research settings to monitor
changes in tissue oxygenation in various tissues. Key applications include:

* Cerebral oximetry: Seems preferred in cardiac surgery although noncardiac
surgery such as CEA also has relevance. For other noncardiac surgeries, cerebral
oximetry can be incorporated in anesthetic care to monitor cerebral oxygenation
that may signal regional hypoperfusion.

* Muscle oximetry: Mostly employed in exercise physiology to assess balance
between O, extraction and O, demand under various conditions and experimen-
tal models.

* Pediatric oximetry: Used to monitor care in preterm infants.

3. Technology of NIRS for tissue oxygenation

This technique utilizes near-infrared light (typically 650-950 nm), which pen-
etrates biological tissues and interacts with chromophores that absorbs light. Such
chromophores include hemoglobin (and myoglobin) that absorbs light in the near-
infrared spectra, and through the reflected light, absorption can be determined.

The fundamental principle for use of NIRS to determine tissue oxygenation
is that both HbO, and HHDb absorb light in the near-infra spectra, but they do
so at different wavelengths as reviewed more than 25 years ago by Madsen and
Secher [2] and summarized below. The HbO, absorbs more light at higher NIR
wavelengths (around 850-940 nm), whereas HHb absorbs more light at lower
wavelengths (around 660-760 nm). The traditional NIRS device allows light
transmission at two or four (or multiple) specific NIR wavelengths via diodes or
a specifically designed sensor. The concept is that light enters the tissue through
the sensor applied to the skin (e.g., on the forehead or muscle). As light passes
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through the tissue, it is scattered and partially absorbed by predominantly HbO,
and HHb depending on the local hemoglobin distribution in the tissue beneath
the sensor. Here, hemoglobin resides in blood vessels with capillaries represent-
ing the largest area where hemoglobin can be exposed to near-infrared light. The
near-infra light also passes through skin, fat, muscle, while none-absorbed light
is scattered back to the skin surface. The back-scattered is detected by diodes
(integrated in the system sensor) that are separated from the light source. Most
commercially available NIRS devices use a sensor with a light transmission source
and two diodes each separated by app. 1 cm. The light source is separated from
the light collecting diodes. Increasing the distance between the diodes allows for
signal detection of deeper tissue. The intensity of the returning light is inversely
related to the amount of absorption. This means that with greater light absorp-
tion, it equals to that less light is detected by the collecting photodiodes.

Using a modification of the Beer-Lambert law, which accounts for both absorption
and scattering in tissue, the relative concentrations of HbO, and HHb can be calcu-
lated depending on some assumptions. Such calculations are usually integrated in the
commercial NiRS-devices without user access to the computation. Usually, algorithms
are considered under some sort of patent protection and therefore unavailable. The
key assumptions for using a modified Beer-Lambert in NIRS devices are (i) HbO,
and HHb are the main light absorbers, (3) Extinction coefficients for HbO, and HHb
are known, (ii7) Scattering is constant during the measurement, and (iv) Optical
pathlength can be estimated. Some NIRS devices use several wavelengths to improve
accuracy, and such also allows for a differentiation of, for instance, cytochrome
oxidase.

In some commercially available NIRS devices, the Beer-Lambert Law allows
for quantification of the relative concentration changes in pmol. The advantage
of the unit pmol/L is that it resembles the unit for hemoglobin concentration in
blood, but the approximation between mmol and pmol may be difficult to apply
in clinical work. Alternatively, based on data for optical densities, an NIRS device
may calculate rSO, using the formula [(HbO,/(HbO, + HHb)) x 100] providing
simplicity as the influence of absolute pathlength and varying baseline concentra-
tions is excluded. Secondly, rSO, depends only on the ratio of two hemoglobin
types, not on absolute values or exact pathlengths. The unit % resembles the unit
used for the pulse oximetry determined SpO,. Thus, a value for rSO;, like “70%”
allows use of trigger alarms for interventions. Importantly, rSO, appears clinical
feasible as the rSO, value is under the influence of factors impacting microvascu-
lature blood flow such as cardiac output, blood pressure, and CO,. Thus, a drop
in SrO, reflects decrease in regional perfusion. This qualifies for its feasibly as a
clinical tool reflecting the impact of systemic hemodynamic on regional blood
flow. That is why Murkin described cerebral oximetry as the index organ for
systemic organ blood flow [4].

In summary, with a pulse oximeter attached to finger or the ear lobe, a pulse
oximetry determined SpO, provides a measure of O, hemoglobin saturation in arterial
blood. The NIRS determined rSO, is an estimate of O, hemoglobin saturation in the
microvasculature beneath the NIRS sensor; the value represents a summation of light
absorption by hemoglobin in arterioles, capillaries, and venules. This rSO, estimate
is not the total amount of hemoglobin or O, delivered to the tissue; however, with a
drop in rSO,, it may relate to a decrease in local perfusion reflecting less hemoglobin is
being delivered. Thus, changes in rSO, mirror changes in regional blood supply, and it
also mirrors the balance between O, supply and O, demand.
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4. Relevance of NIRS in the operating theater

For the clinician interested in monitoring regional tissue oxygenation and the
impact of conditions on regional perfusion, NIRS is considered an invaluable tool.
None of the traditional or modern devices to track central hemodynamics or the pulse
oximetry perfusion index can deliver insight into regional tissue perfusion. This is
highly relevant to consider in patients who may have deteriorated capacity for blood
flow regulation. Such patients include but is not limited to frail patients or elderly
patients with atherosclerosis, heart failure, or just diabetes. Other concerns relate
to surgical positions that hinders or could influence the integrity of regional blood
flow homeostasis. It needs to be considered that the proportion of elderly patients
with multimorbidity requiring polypharmaceutical treatment is in dramatic increase
throughout the Western hemisphere.

The risk for elderly frail patient in general anesthesia (GA) is difficult to ignore
especially in complicated surgeries under prolonged time for intervention. In these
patients, the risk for development of postoperative cognitive decline is significant
[30]. Therefore, lowered cerebral perfusion even locally should be avoided [31]. The
potential for an impact of anesthesia on regional blood flow in certain areas of the
brain is also difficult to exclude. Importantly, low preoperative ScO, associates with
30-day all-cause mortality in elderly patients undergoing surgery for hip fracture
[32]. The frail elderly patients should be offered the opportunity to have their brain
monitored for adequate O, supply. Cerebral oximetry is easy to apply on the forehead
below the hairline and above the expected location of the frontal sinuses.

In the operating theater with patients in GA, physiological parameters usually
rapidly change in a hyperdynamic environment. Although the use of pulse oximetry
failed to impact outcome in large clinical trials in the 1990s [33] later confirmed in
Cochrane review papers [34, 35], most patients now have their finger pulp fixed for
SpO, monitoring in the operating theater. Therefore, the vast amount of literature
supporting use of NIRS in the operating theater is difficult to ignore as otherwise
assessment of the anesthetized brain in most cases is done using clinical eyeballing.
Thus, during cardiac surgery involving on-pump low-pressure circulation, cerebral
oximetry assisted management of circulation is associated with better outcome as
compared to no-brain assisted circulatory management [7]. Furthermore, Casati et al.
[36, 37] explored the effects during major abdominal surgery, and already in 2009,
it was noted that cerebral oxygen desaturation predicts cognitive decline and longer
hospital stay [38]. In addition, Heringlake et al. [39] suggest preoperative rSO, below
50% should prompt concern for systemic hypoperfusion. The association between
changes in cerebral oxygenation intraoperatively and postoperative cognitive decline
supports the use of cerebral oximetry as a standard of care procedure in vulnerable
patients [31]. A recent meta-analysis has underscored the need to incorporate NIRS in
the monitoring toolbox for anesthetic care of high-risk surgical patients [24].

The usual argument for ignoring the potential of NIRS to track changes in regional
perfusion is based on uncertainty for what NIRS estimates and how to intervene if
the recording for rSO, drops. When NIRS is applied on the forehead before anesthesia
is delivered, the value for rSO, in the frontal lobe is 40-90% with highly individual
variations in an unselected pool of noncardiac vascular surgical patients [40]. Of
interest, a value below 50% is reported to be associated with higher risk for develop-
ment of postoperative complications following cardiac surgery [39]. Furthermore,
with an abrupt change in systemic blood flow, regional perfusion in the tissue beneath
an NIRS sensor becomes lowered as visualized by sudden drop in tissue oxygenation
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(see Figure 1). Furthermore, the rSO, value reflecting brain oxygenation in the
frontal lobe is responsive to changes in CO, [2, 41, 42]. Only the brain vasculature or
the chemoreceptors controlling the cerebral vascular bed demonstrates significant
CO;, reactivity [41, 42]. The traditional view is that neither the skin nor the skeletal
muscle has capacity to regulate regional perfusion upon changes in arterial CO, levels.
In contrast, the level of O, transport capacity influences the NIRS signal. This is
shown by increasing the arterial hemoglobin concentration through blood transfusion
[43-46]. Furthermore, breathing oxygen enriched atmospheric raises the level of not
only physical dissolved O, in blood but also Sa0O, and in turn, the NIRS determined
muscle oxygenation by 5% and the frontal lobe oxygenation by 10% [40]. The reason
may be that oxygen levels on the venous side of capillaries are slightly higher and as
such sensed by NIRS.

Figure 1 shows the rSO, responses for rSO, of skeletal muscle (SmO,) and for rSO,
of the frontal lobe (ScO,) in patient under GA for open surgical repair of abdominal
aortic aneurysm. As shown in the figure, the sudden downslope drop of the curves coin-
cides with cardiac arrest induced by ventricular tachycardia. In principle, such condition
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Figure 1.

Lower panel shows in skeletal muscle oxygenation with a NIRS sensor placed on the middle part of the biceps
muscle and upper panel is cerebral oxygenation determined by a NIRS sensor placed unilateral on the forehead
in patient undergoing open surgical vepair of an abdominal aortic aneurysm. As shown in the figure, the sudden
downslope drop of the curves coincides with cardiac arvest induced by ventricular tachycardia. As systemic
circulation was vestoved, the values for tissue oxygenation in brain and skeletal muscle gained pre-arrest levels.

After the cardiac arvest, blood loss necessitated blood transfusion creating up-slope of the curves for tissue
oxygenation.
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provokes zero systemic perfusion. As cardiac output was restored, the values for tissue
oxygenation in brain and skeletal muscle gained pre-arrest levels. The figure illustrates
the close relationship between systemic flow and NIRS determined tissue oxygenation.
Although the values for SmO, and ScO, may respond in parallel, the responses
depend on autoregulation and the influence of the sympathetic nervous system. In
hypovolemia that can be graduated progressively in the head-up tilt model in healthy
humans, SmO; is reduced with a gradual reduction in central blood volume while an
increase in heart rate attempts to maintain blood pressure [27, 28, 47, 48]. As central
blood volume becomes depleted, blood pressure is maintained through increased
activity of sympathetic activity that raises heart rate [49]. However, syncope occurs
when sympathetic drive abruptly loses its activity whereby parasympathetic probably
gets an overhand [50, 51]. This may be seen as decrease in blood pressure that affects
blood supply to the brain. The increased vasodilatory component in skeletal muscle is
noted by an increase in SmO, that comes few seconds before the drop ScO, [48]. This
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Figure 2.

Th%f panels show tissue oxygenation (lower panel is oxygenation the biceps skeletal and upper panel is the

frontal lobe) in a patient with severe heart failure (due to left ventricular ejection fraction below 10%) that was
supported by an external ventricular assist device. As part of the medical treatment, it was needed to observe
whether the patient could manage own circulation with limited external assist support. Thus, the external pump
flow was reduced gradually (from 3.1 to 1.8 L) without changes in the administered doses of vasoactive medication
whereby mean arterial pressuve (MAP) decreased. While muscle oxygenation responded vapidly to the changes in
systemic flow, the frontal lobe oxygenation response appeared slower.
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coincides with development of syncopal symptoms like nausea, dizziness, blurred
vision, and eventual loss of consciousness.

The different response of SmO, and ScO, to gradual systemic flow by hypovolemia
can also be visualized by limiting the level of cardiac output. Figure 2 shows tissue
oxygenation in a patient with severe heart failure (due to left ventricular ejection
fraction below 10%) that was supported by an external ventricular assist device. As
part of the medical treatment, it was needed to observe whether the patient could
manage own circulation with limited external assist support. Thus, the external pump
flow was reduced gradually without changes in the administered doses of vasoac-
tive medication. While SmO, responded rapidly to the changes in systemic flow, the
ScO, response appeared slower. It could be that cerebral autoregulation attempted to
regulate perfusion for the new systemic situation of flow and pressure.

5. Specific noncardiac surgeries and NIRS

This is a broad category covering abdominal, orthopedic, neurological, urologi-
cal, and other procedures as well as vascular surgery where various arteries may be
clamped to allow for the surgical repair. Such could involve the carotid, mesenteric,
and femoral artery as well as the abdominal aorta. Secondly, in noncardiac surgery,
the patient may be exposed to a variability of positions depending on the intended
surgery. Most commonly, patients are supine, but a prone position could come in use
in certain rectal procedures. The Trendelenburg is used to enhance surgical field vis-
ibility. A steep Trendelenburg position (STP) may be applied in urology and gynecol-
ogy, while a head-up position could come in use for shoulder surgery. Each position
could include a specific risk for regional tissue oxygenation. A direct impact on the
brain is when a longitudinal incision is made along the anterior border of the sterno-
cleidomastoid muscle to expose the common carotid artery, carotid bifurcation, and
internal carotid artery and external carotid artery during vascular surgery.

5.1 Carotid endarterectomy

For patients undergoing CEA, the surgery should not be done without some sort
of monitoring of changes of brain perfusion even if the surgery is done solely by use
of local anesthesia (LA). The debate is not new. Thus, CEA may be executed using
LA or GA [52]. In both situations the concern is what happens when the carotid
artery is clamped. The advantage of LA is that the level of consciousness of the
patient is easy to monitor, and it speaks for use of LA [53]. Here, a simple routine
is that the patient is asked to squeeze a hand. If hand force drops or the level of
consciousness fades, then it is likely cerebral perfusion is inadequate to maintain
specific tasks of neurons. Then, concern is raised on whether it is needed to insert a
shunt or to finish surgery in a hurry. With the patient in GA, a change in the level of
consciousness is difficult to monitor. Here, the surgeon must rely on stump pressure
measurements for assessment of the integrity of the Circle of Willis [54]. In prin-
ciple, it is unknown whether atherosclerosis is manifested in main cerebral arteries
besides the internal carotid artery of interest for surgery. Thus, recordings of ScO, by
NIRS provide an opportunity for a keyhole view of changes in global cerebral blood
flow during CEA [55-59].

The experience is that a rapid drop in the ScO, recording occurs ahead of loss
of consciousness (Figure 3). Thus, when the internal carotid artery is clamped,
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Figure 3.

Thge figure demonstrates changes in frontal lobe oxygenation before, during and after carotid endarterectomy. The
red line vepresents the NIRS signal for the right frontal lobe, while the blue line is the NIRS signal from the left
frontal lobe. It can be seen with a cross-clamp on the right internal carotid artery, the frontal lobe oxygenation
(same side as surgery) demonstrated a marked and vapid down-hill slope corvesponding to an absolute 20-25%
drop or a relative veduction by ~30%. It is clearly visualized that the frontal lobe oxygenation opposite to the
surgical side was remarkable unchanged by cavotid endarterectomy. With the red line veaching a minimum,

it coincided with that the patient became unconsciousness. The anesthetist administered vasoactive therapy
intravenously to allow for a rapid increase in blood pressure. Such initiated increase in frontal lobe oxygenation
probably due to an increase in cerebral blood flow following change in systolic blood pressure from ~120 to

~170 mmHg. The patient regained consciousness (indicated by horizontal arrow) that allowed the surgeon

to terminate CEA that vesulted in successful outcome. The sudden up-slope of the red curve at the time point

60 minutes indicates when the cvoss-clamp was veleased to allow for a marked incvease in frontal lobe oxygenation
that stabilized when antihypertensive medication was administered. The up-slope of the curves illustrates the
potential of NIRS to unmask episodes of cerebval hyperperfusion after surgery.

ScO, may decrease on same side as surgery. The contralateral ScO,, however, usu-
ally remains unchanged. In the case presented, ~10-20 seconds after the artery was
clamped, ScO, reached a minimum coinciding with that the patient became uncon-
sciousness. The anesthetist administered vasoactive therapy intravenously to allow
for a rapid increase in blood pressure. Then, ScO, increased to a plateau probably due
to an increase in cerebral blood flow following change in systolic blood pressure from
~120 to ~170 mmHg. The patient regained consciousness which allowed the surgeon
to terminate CEA that resulted in successful outcome.

When CEA is performed using GA, the state of patient following carotid cross
clamp is difficult to monitor. In this situation, other precautions are needed. The
surgeon may rely on stump pressure measurements to evaluate whether other
cerebral arteries are able to supply the circle of wills. Low stump pressure may
support a decision to insert a shunt to secure blood supply to the brain while
internal artery is clamped [54]. The advantage of GA is that the metabolic rate of
neurons is lowered.

When surgery is terminated, then the neurological state of the awake patient
becomes of interest. Such is a concern when CEA is done in GA. Carotid clamping
and shunt placement could provoke mobilization of small arteriosclerotic plaque
that in turn may impact blood flow in small arteries of the brain with potential to
form a blood clot. Following reperfusion after cross clamp is released, there is a risk
of cerebral hyperperfusion due to impaired cerebral autoregulation [9] and greater
intraoperative variability in blood pressures associates with a higher risk of headache
after CEA [60]. The risk remains for several days after surgery and blood pressure
reduction therapy is usually proactive. The predominant symptom is neurological
deficits or even just headache complaints. Thus, monitoring cerebral oxygenation
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may be considered also in the recovery phase following CEA [61]. In summary, NIRS
is highly relevant for the anesthetic care of the patient undergoing CEA.

5.2 Head down position

Certain surgical interventions in gynecology and urology may require
Trendelenburg position to optimize visualization of the surgical field, a process
further supported by intraperitoneal gas insufflation (IGI). The robot-assisted
laparoscopic prostatectomy may use STP characterized by 30-40-degree head down.
Patients generally tolerate robot-assisted surgery similar to open surgery [62, 63], and
laparoscopic surgery seems not associated with an increased risk of venous throm-
boembolism and cardiac complications [64]. However, the combined effect of STP
and IGI challenges the cardiovascular integrity and in turn neurocognitive recovery
[18]. Also, intracranial pressure may increase during STP [65] with consequence
for intraocular pressure [66, 67]. Thus, the integrity of cerebral blood flow is likely
affected although the NIRS determined cerebral oxygenation remains remarkable
stable during STP [68, 69]. However, ScO, may decrease in the elderly [20] as cerebral
autoregulation of the brain of elderly patient seems impaired [70]. Here, an NIRS
device would be feasible to record changes of cerebral oxygenation especially with
patients in prolonged STP.

Another argument for inclusion of NIRS in the monitoring package for surgery
in STP with IGI is the reported cardiovascular changes: blood pressure increases by
~35%, cardiac stroke volume and cardiac output decrease by ~20%, central venous
pressure increases to app. 20 mmHg, and pulmonary capillary pressure is raised 2-3
fold [18, 71, 72] with significant overall increase in cardiac afterload [73]. In fact,
the perioperative changes reflect a hyperdynamic situation [74] although little effect
on cardiac workload and cardiac performance also is reported [75, 76]. The affected
cardiovascular integrity remains when the patient is returned to the supine position as
hypotension occurs in up to 20% of patients [77]. Even brief episodes of hypotension
are associated with an increased risk of end-organ injury [1, 78] supporting the use of
brain as the index organ for systemic flow [4].

Recently, it has been reported that the combined effects of IGI and STP may dam-
age venous endothelium secondary to lowered venous blood flow in the lower limbs
predisposing for deep venous thrombosis [19]. In fact, the diameter of the femoral
vein becomes enlarged as also femoral venous bloods flow drops [19]. Thus, develop-
ment of compartment syndrome in the lower limbs is reported [79] and lower limb
perfusion evaluated by NIRS could be considered for patients undergoing surgery in
STP. Such may contribute to assist anesthetic care of the patient.

5.3 Head up position: Beach chair

The beach chair position (also known as sitting of semi-sitting) may find its
use in certain areas of surgical interventions in the orthopedic and neurosurgi-
cal specialities. In the orthopedic surgery, the beach chair may be considered for
shoulder arthroscopy or even more complicated repair. It is chosen to facilitate
better surgical view of the field of interest, but specific risks need to be consid-
ered such as the level of comorbidities of the patient. Secondly, the beach chair
position may challenge circulatory integrity with potential impact on the brain
[80]. Thus, complications such as cerebral hypotension, infarction, cutaneous
facial nerve neuropraxia, hypoglossal nerve injury, and blindness are all rare
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but seen only in beach chair positioning [81]. Thus, when using the beach chair,
specific attention needs to be devoted to the brain. The reason is that in GA,
normal compensatory mechanisms for central blood volume depletion (due to
that legs may be positioned below the heart) is inadequate as they rely on sympa-
thetic nervous activity. As mentioned in previous sections, depletion of central
blood volume challenges the normal compensatory mechanisms and occurrence
of hypotension may have consequence for the ability of circulation to supply

the brain with blood. Thus, during beach chair, ScO, may become dramatically
reduced even in healthy subjects [82, 83]. In such case, interventions need to be
established to protect the cerebral perfusion as guided by changes in ScO, [80].

5.4 Frail patients

It is suggested that especially elderly patients and those with impaired myocardial
contractility are at risk for development of adverse cardiovascular effects following
robot-assisted surgery in STP [18]. In particular, cardiovascular disease, such as heart
failure, atherosclerosis, and diabetic cardiomyopathy, is associated with impaired
autonomic dynamics, and patients presenting such disease may be vulnerable to the
physiological abnormalities induced by anesthesia.

For certain surgeries, there might be an option to choose between the use of spinal
anesthesia (SP) or GA. Interesting, SP is associated with a favorable hemodynamic
profile compared to GA [84]. Presence of hypotension may disrupt blood flow
autoregulation with potential consequences for oxygenation in local tissue and organs
(eq the brain) in vulnerable individuals [85]. Frailty determines the outcome after
surgery [86], and especially patients with urine bladder cancer are often elderly with
multiple comorbidities [87]. In these patients, increasing frailty is associated with a
higher risk of discharge to assisted living facilities after surgery [88]. Furthermore,
they have higher risk of cancer recurrence [89].

Frailty is associated with raised levels of C-reactive protein with inflammation
playing a role in aging [90] and cardiovascular disease [91] due to the impact of
inflammation on endothelial function. Thus, circulatory integrity is likely less adapt-
able to abrupt vasodilatory challenge by anesthesia that may have consequence for the
brain. While SP seems to benefit the hemodynamic profile in certain patients [84],

SP may be associated with more frequent episodes of lowered ScO, in elderly patients
[92]. As the brain serves as the index organ for detecting systemic hypoperfusion [4],
low cerebral oxygenation associates with cognitive decline after GA in elderly patients
[8, 31]. Monitoring the brain is reccommended for high-risk surgical patients [24],

and such should include the frail who may be more intolerable to even low to modest
change in cerebral oxygenation.

5.5 Hypotensive anesthesia

A specific use of NIRS may be in spine surgery where controlled hypotension is
often used to reduce blood loss [93]. During such procedure, cerebral hypoperfusion
is a risk [94], especially in vulnerable patients. Thus, during hypotensive anesthesia,
NIRS provides a practical tool to guide safe lower blood pressure limits in accordance
with the cerebral autoregulation [95]. This would allow the anesthetist to adjust blood
pressure targets, to optimize oxygen delivery, and to minimize the risk of neurologic
complications using the ScO, cuff-off values suggesting regional hypoperfusion of
the brain in clinical practice.
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5.6 Is monitoring of muscle oxygenation relevant during surgery?

The NIRS determined SmO, may be a valuable adjunct in perioperative monitor-
ing. By providing continuous measurements of SmO,, NIRS enables early detection
of muscle hypoperfusion in consequence of specific surgical procedures that could
impact regional blood supply.

In noncardiac vascular surgery, use of NIRS was probably first described by Eiberg
et al. more than 25 years ago in patients undergoing infrainguinal bypass procedures
[17]. In this study, SmO, on the dorsum of the foot dropped significantly during
femoral artery clamping and then rose sharply after revascularization. Others have
used NIRS in lower-limb revascularization, with sensors placed over the gastroc-
nemius or tibialis anterior may help to detect graft occlusion or thrombosis [96].

In endovascular aortic repair, Taudorf et al. [97] demonstrated that gluteal SmO,
becomes lowered following hypogastric artery occlusion, with prolonged recovery
times linked to symptomatic gluteal claudication.

In orthopedic surgery, particularly those involving pneumatic tourniquet use, NIRS
may help to diagnose tissue ischemia. With sensors placed on the vastus lateralis muscle
distal to the cuff, NIRS may help to guide earlier cuff deflation or pressure adjustments.
In reconstructive microsurgery, including use of free-flap in breast reconstruction, NIRS
offers a monitoring of flap viability. Sustained reductions in SmO, are associated with
venous or arterial compromise [98]. Such should prompt re-exploration.

Finally, in major abdominal and high-risk general surgery, monitoring of peripheral
muscle such is reported to uncover hypoperfusion despite normal systemic hemo-
dynamics, enabling targeted fluid or vasopressor therapy [99]. Furthermore, during
abdominal surgery or gynecological interventions with application of the lithotomy
(Steinschnittlage) position, compression of the leg muscle may cause a risk for hypoper-
fusion and pressure-related tissue injury. Thus, Svendsen et al. [100] applied NIRS to the
medial gastrocnemius during surgery in the lithotomy position and observed a significant
decline in SmO, during leg elevation for ~25 minutes, corresponding with a marked drop
in perfusion pressure. Further emphasizing the clinical relevance, crural compartment
syndrome is associated with the lithotomy positioning [101] and patients with acute
compartment syndrome have lower SmO, as compared to the healthy limb [102].

The NIRS determined SmO, complements traditional monitoring by providing a
window into the adequacy of perfusion at the tissue level. In these settings, the ability
to detect ischemia early and intervene promptly has the potential to improve surgical
outcomes and reduce complications.

6. Pitfalls for use of NIRS

When an NIRS sensor is intended for recording of ScO,, the sensor placement on
the forehead needs to take few issues into consideration that could impact the quality
of the backscattered light and in turn the level of tissue oxygenation. First, in most
cases, the orientation of the frontal sinuses is unknown. Usually, the frontal sinuses
typically lie around 1.5 cm above the eyebrow, though the exact location can vary
between individuals. Thus, care should be taken to place the NIRS sensor at least
3 cm above the upper level the eyebrow [103]. In addition, the NIRS sensor should be
placed as lateral as possible and avoidance of central placement on the forehead.

The extensive venous drainage of the brain is also an issue. Here, the veins are collected
in the sagittal sinuses justifying the lateral position of NIRS sensor on the forehead. In
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most patients, an artery exits from the orbital cave almost at the midline of the eyebrow.
This artery (the supraorbital artery) supplies the skin around the eyebrow and the lower
part of the forehead with oxygen. The hairline is an issue as signal handling by most
commercial NIRS devices could be influenced by hair and its color as is the case with the
impact of nail polish on pulse oximetry recordings. The influence of skin on the NIRS
recording is a topic. For most humans, however, the skin including its different layers on
the forehead is ~1.0 mm thick [104]. Therefore, the contribution of skin to the overall
light absorption seems almost trivial. With extensive accumulation of bilirubin in skin,
however, NIRS readings seem complicated [105, 106].

The thickness of the scull bone varies by location and individual, but on average,
it ranges from 5.5 to 8.2 mm. The occipital and frontal bones are typically thicker than
the parietal and temporal bones. Studies show that women’s sculls tend to be thicker
than men’s. Bone is usually rather less obstructive to light. Bone is relatively easy to
pass for near-infra light without much absorption unless hemoglobin is trapped in the
bone. As light is considered to penetrate tissue to a depth of 3-4 cm, the brain tissue
seems likely to contribute most to light absorption.

Changes of CO, could impact the level of vasoconstriction in the skin. The
traditional view, however, is that skin possesses little CO, reactivity while cerebral
perfusion is under the influence of CO,. Thus, hyperventilation-induced hypocapnia
decreases ScO, [2] with little effect on SmO,, and ScO, helps to identify the lower
limit of the cerebral autoregulation [95]. Such needs to be considered with the patient
in GA as ventilatory settings usually follows standard guideline in accordance to age
and weight of the patient. The capnography measurement of expired CO, reflects the
arterial levels but not to a 1:1 equation.

Vasoactive drugs may be administered to compensate for anesthesia-induced
vasodilatation that may result in lowered blood pressure. The anesthetist may use
noradrenaline, ephedrine, and phenylephrine to stimulate alpha- and beta-adrenergic
receptors. These drugs deliver increase in blood pressure by vasoconstriction and
increase in heart rate although the response on tissue oxygenation depends on the
vasoactive agent used [107-109]. While most vessels present responsiveness to
adrenergic stimulation, the brain seem without such mechanisms. Furthermore,
genetic variability of the adrenergic receptors [110, 111] may determine the response
to vasoactive drugs and in turn the impact on ScO,. Use of calcium as a vasoactive
drug does not affect the level of ScO, when calcium is used to treat anesthetic induced
hypotension [112]. In addition, in most cases, even 30% drop in mean arterial pres-
sure at the induction of anesthesia has little effect on cerebral oxygenation [113].

The different NIRS devices may not report similar values for tissue oxygenation.
Different devices seem to be influenced differently by extracerebral components
[114]. One NIRS device may use a spatially resolved NIRS-technology where two
light detectors provide a signal that appears to be a combination of cerebral and
extracerebral components. Other devices use a technology aiming for ScO, estimates
from deeper tissue. As the skin perfusion also reflects changes in systemic perfusion,
it seems a matter of temper which company brand to use for tracking changes in
regional tissue oxygenation in the perioperative setting.

7. Recommended actions

When planning anesthetic care, it is recommended to consider risk factors for the
development of perioperative hypoperfusion such as hypotension, hypovolemia, and
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anemia, also considering an influence of hypocapnia. This is important in patients
with severe arteriosclerosis who suffer from impaired autoregulation. Preexisting
cerebrovascular disease should be considered as well.

The intended surgery is always an issue when anesthetic care of the patient is
planned. Thus, based on this narrative review, cerebral oximetry should be consid-
ered for major abdominal surgery, specific orthopedic surgeries involving the elderly,
neurosurgery when feasible, and particularly in vascular surgery and in surgery
involving frail patients. The anesthetic considerations involve the capacity to provide
vasopressor therapy and the ability to adjust for ventilation as well as knowledge
on how to administer fluid in a goal-directed manner using cardiac stroke volume.
For practical purposes, a baseline NIRS recording before anesthesia is considered
an advantage. Attention is devoted to that movement of the head, for example, in
response to orotracheal intubation, affects the pathway of light into the brain. Also,
movement of the NIRS sensor is considered to affect the baseline recording. An
algorithm or a guideline may help to support the decision-making strategy as supple-
mented by NIRS recordings [8, 24].

8. Conclusion

Cerebral oximetry is considered a valuable tool as a monitoring device to record
changes in frontal lobe oxygenation during noncardiac surgery to reduce the risk of
perioperative complications. Implementing targeted interventions in response to
change in cerebral oxygenation may improve the patient’s postoperative outcome.
Further research is needed to establish standardized protocols and ensure broader
clinical adoption. Secondly, newer NIRS devices offering insight into whole brain
oxygenation may be on the doorstep as next generation for perioperative monitoring.
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Chapter 6

Methodological Issues and Safety
Considerations in Enhancing
Exercise Performance through
Ischemic Preconditioning

Yilin Zhang and Yun Xie

Abstract

Ischemic preconditioning (IPC), a technique involving short, intermittent bouts
of limb ischemia followed by reperfusion, has gained significant attention in sports
science as an intervention to enhance exercise performance. Although empirical
studies have reported beneficial effects on endurance, strength, and recovery,
methodological inconsistencies and safety concerns remain unresolved. This chapter
systematically reviews key methodological variables of IPC, including intervention
devices, pressure protocols, target limbs and cycles, timing intervals, experimental
designs, and participant characteristics, highlighting their potential moderating
effects on IPC outcomes. Furthermore, the chapter evaluates existing safety issues in
IPC applications and proposes practical strategies—such as individualized pressure
control, rating of perceived exertion (RPE) monitoring, and standardized warm-up
procedures—to improve the feasibility and applicability of IPC interventions. Results
suggest that IPC is a low-risk and highly adaptable method with potential to enhance
physical performance. However, its underlying mechanisms are yet to be unified,
and its applicability remains limited. There is an urgent need for future studies with
higher ecological validity across variables such as gender, age, and athletic level. This
review aims to provide methodological guidance and safety references for the scien-
tific use and further development of IPC interventions.

Keywords: ischemia, pressure, blood flow restriction, perceived exertion, method,
safety

1. Introduction

Ischemic preconditioning (IPC) refers to a process in which the body is exposed
to several brief, non-lethal episodes of ischemia followed by reperfusion, thereby
enhancing tissue tolerance to subsequent prolonged and severe ischemic insults, ulti-
mately providing protective effects to target organs [1]. This mechanism was initially
discovered for its cardioprotective effects and gained widespread attention through
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clinical and experimental studies in the 1980s and 1990s [2, 3]. Subsequent research
has demonstrated that IPC also confers protective benefits to the liver [4], kidneys
[5], brain [6], intestines [7], and skeletal muscle [8].

In the field of sports science, IPC is defined as the repeated application of
localized limb ischemia and reperfusion prior to exercise or testing, with the aim
of enhancing physical performance within a specific time window [9, 10]. The
primary mechanism is thought to involve an increased tolerance to subsequent
ischemia induced by IPC [11], along with a reduction in the energy metabolism rate
during exercise without affecting adenosine triphosphate (ATP) levels [3]. This line
of research gained traction in the early twenty-first century, with a pivotal 2005
study showing that IPC provided both early and late protection against endothelial
ischemia-reperfusion injury in humans [12]. In 2010, it was further demonstrated
that performing IPC before an incremental cycling test could improve maximal
oxygen uptake (VO,max) by 3% and power output by 1.6% [13]. Over the past
two decades, research in this area has grown exponentially, with over 200 original
studies on IPC and exercise performance currently available in both domestic and
international databases.

Despite the extensive body of research on IPC, the field remains characterized by
substantial methodological heterogeneity [14]. A recent study found that although
IPC significantly improves exercise performance, the underlying mechanism may
stem more from placebo effects—such as low-pressure ischemia (e.g., 20 mmHg)—
than from IPC’s direct physiological efficacy [15]. Their results indicated a significant
placebo effect compared to control conditions (e.g., effect size for resistance exercise
repetitions = 0.45; p = 0.03) [15]. However, Zhang Yilin et al. identified considerable
methodological inconsistencies across 79 studies [15, 16]: (1) 61 studies included a
warm-up between IPC and performance testing, meaning the reported interval actu-
ally reflected the time between IPC and the warm-up, not the test itself; (2) only 13
studies employed a direct IPC-to-test protocol without a warm-up; (3) 3 studies used
a warm-up-IPC-test sequence. This methodological heterogeneity extends beyond
placebo effects and experimental sequencing. Variables such as time interval between
IPC and testing [17], ischemia-reperfusion protocol [18], pressure standards [18],
and participant characteristics (e.g., sex, age, and training background) [17] may all
directly or indirectly influence the effectiveness of IPC on performance outcomes
[19]. For instance, regarding time interval, Seeley et al. found that a 45-minute delay
between IPC and warm-up enhanced muscle oxygen saturation during recovery
from sprinting, outperforming a 5-minute delay [17]. In terms of sex differences, IPC
significantly enhanced sympathetic functional sympatholysis in men (A-3% + 9%
vs. baseline A-8% + 7%, p = 0.02), but not in women (A-5% + 10% vs. baseline
A-8% + 9%, p = 0.13) [20]. Age-related physiological changes, such as reduced
vascular elasticity and metabolic efficiency, may also diminish IPC’s effectiveness in
older adults. Furthermore, because IPC involves acute limb occlusion, it can induce
blood pressure fluctuations in the treated or adjacent regions [19, 21]. Therefore,
uncertainty in IPC parameter protocols and improper implementation may raise
safety concerns.

In light of these issues, the present study focuses on original research combining
ischemic preconditioning with exercise interventions, with an emphasis on synthesiz-
ing methodological findings in existing literature. Given that many methodologi-
cal factors are closely related to safety, this review also addresses safety concerns
associated with IPC. The aim is to provide a scientific basis for the informed and safe
application of IPC in both fitness and elite sports contexts.
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2. Methodological issues in optimizing exercise performance through
ischemic preconditioning

Ischemic preconditioning IPC involves short-duration, high-frequency cycles of
limb blood flow occlusion and reperfusion, eliciting physiological responses that are
highly time-dependent and subject to individual variability [19, 22]. Although its
potential to enhance exercise performance has been supported by systematic reviews
[23, 24], significant methodological heterogeneity continues to hinder the standard-
ization of IPC protocols and the comparability of results. IPC is primarily applied
prior to exercise, testing, or competition, aiming to improve subsequent performance
through repeated ischemia-reperfusion cycles. As such, factors such as the type of
occlusion device, protocol design, applied pressure, site of occlusion, time interval
before performance, and participant characteristics may all potentially influence the
effectiveness of IPC interventions [19].

2.1Types of ischemic preconditioning devices

In studies examining the acute effects of ischemic preconditioning IPC on exer-
cise performance, the type of occlusion device used plays a crucial role in ensuring
standardized protocol implementation, reproducibility of outcomes, and control of
safety margins. Current mainstream IPC devices can be broadly categorized into three
types based on their method of pressure application: traditional manually inflatable
cuffs, elastic compression bands, and automated closed-loop systems. Each device
type exhibits varying degrees of efficacy advantages, and practical limitations in both
research and applied settings [22, 25, 26].

First, traditional manually inflatable cuffs remain the most widely used basic
tool in IPC research. These devices typically employ standard medical sphygmoma-
nometer cuffs, which are manually inflated to a pressure above the limb’s arterial
systolic pressure (typically 220-250 mmHg) to induce brief cycles of ischemia and
reperfusion [25, 27]. Their primary advantages lie in their wide availability, low cost,
and operational simplicity, making them highly practical in early exploratory studies.
For example, Ferreira et al. used specially designed dual-chamber inflatable cuffs
and monitored posterior tibial artery blood flow with Doppler ultrasound to confirm
complete vascular occlusion, thereby ensuring consistent pressure across intervention
groups [28]. However, such devices rely heavily on operator experience, making them
vulnerable to human error in pressure magnitude, duration, and release timing. These
factors can introduce systematic bias and inconsistencies in intervention delivery,
ultimately compromising the internal validity and reproducibility of studies [16, 22].

Among elastic compression devices, blood flow restriction (BFR) training bands
offer a lightweight, training-integrated alternative. These bands wrap around the
limb using elastic materials to partially restrict venous return, creating a state of
“limited ischemia” while still allowing some arterial inflow [29]. BFR bands are
widely used in resistance training, rehabilitation, and IPC-related research. Their
advantages include ease of wear, compact size, low cost, and suitability for everyday
training environments or home-based interventions [30]. However, studies have
pointed out that due to the inherent elasticity of the material and variability in how
well the bands conform to individual limb shapes, these devices often lack precise
pressure regulation, resulting in substantial inter-individual variability [31, 32].
Citherlet et al. found that elastic BFR bands produced considerable pressure fluc-
tuations during use when comparing subjective discomfort scores with objective
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pressure monitoring data. In more severe cases, such fluctuations may affect par-
ticipants’ tolerance and muscle perfusion efficiency, thereby weakening the overall
effectiveness of the intervention [32].

To enhance intervention precision and minimize human error, automated IPC
devices have recently become the mainstream tools for ischemic interventions. These
systems are based on microprocessor-controlled closed-loop circuits that allow
precise setting and monitoring of pressure and duration, while also responding in
real-time to the physiological feedback of the participant. Their advantages include
standardized intervention processes, fine-tuned pressure regulation, and the ability
to record data. Currently, automated IPC devices can be broadly divided into three
categories. The first category includes laboratory-grade high-precision equipment,
such as the Hokanson Rapid Cuff Inflation System and the Delfi Personalized
Tourniquet System. The Hokanson Rapid Cuff Inflator (D.E. Hokanson Inc., USA) is
widely used in physiological experiments due to its ultra-fast inflation speed (com-
pleted within 0.3 seconds) and its ability to maintain consistent pressure [33]. Ina
study utilizing this device, Bouffard et al. found that it effectively improved 30-sec-
ond Wingate anaerobic performance in endurance athletes [34]. In contrast, the
Delfi system offers more advanced individualized closed-loop control by measuring
each participant’s limb occlusion pressure (LOP) in real time and applying a pressure
percentage based on that value (e.g., 80% LOP). This significantly enhances the indi-
vidualization and safety margin of pressure application [35-37]. Scott et al. reported
that the Delfi system outperformed traditional cuff methods in repeated sprint
performance and muscle reoxygenation. Loenneke et al. also noted that the Delfi
system supports comprehensive pressure history tracking and data export, making it
one of the most data-integrated platforms currently available in BFR and IPC research
[38]. The second category includes smart devices designed for athletic training, such
as SmartCuff, Kaatsu Master, and BStrong. These devices are typically equipped with
microprocessors, Bluetooth modules, and mobile app control systems, enabling rapid
parameter configuration, real-time monitoring, and training log recording—particu-
larly suitable for coach-led interventions in athletic settings [26, 39].

The third category comprises compact, personalized devices such as the Occlude
Pro, which are smaller, more affordable, and suitable for beginners or recreational
users performing low-intensity, self-administered IPC (https://occlusioncuff.com).
While these devices offer portability and accessibility advantages, they still face
technical limitations in pressure control, feedback mechanisms, and safety assurance,
and are currently more appropriate for low-risk intervention contexts.

Although automated smart IPC devices offer significant advantages in interven-
tion efficiency and standardization, the suitability of different device types for vari-
ous populations and research purposes still requires clear delineation. Medical-grade
devices such as the Delfi and Hokanson systems are well-suited for high-standard
physiological research and elite athletic interventions due to their high precision,
parameter stability, and comprehensive safety mechanisms. However, their high cost
and bulky size limit their applicability in practical training environments. Smart
training devices excel in functional convenience and adaptability to various settings,
making them ideal for use by coaching teams and non-elite populations. Nevertheless,
some models still require improvements in pressure resolution and over-limit warning
systems. Handheld portable devices, while offering a degree of flexibility, generally
lack precise pressure control and physiological feedback features, resulting in limited
risk management capabilities. These are more appropriate for low-intensity exercise
or early-stage rehabilitation training.
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In summary, for experimental research and high-performance athletes, the use
of high-precision devices such as Delfi and Hokanson is recommended to ensure
standardized intervention protocols and reproducible outcomes. For the general
population, smart and portable devices like SmartCuff may be selected based on
the training context, but it is advisable to complement their use with assessments of
limb circumference or blood pressure parameters [40]. Moreover, it is essential to
enhance users’ understanding of device operation procedures, pressure-related risk
identification, and emergency response protocols to minimize adverse events caused
by improper use.

2.2 Pressure standards and intensity levels

In IPC applications, the setting of pressure parameters is a critical factor affecting
both safety and efficacy. The lack of standardized pressure guidelines has become
a major point of contention in current methodologies. Traditional protocols often
employ a fixed high pressure (e.g., 220 mmHg), overlooking substantial individual
differences in arterial pressure, limb circumference, and vascular characteristics
[18, 21, 41]. This one-size-fits-all approach poses dual risks: insufficient pressure
may lead to incomplete blood flow occlusion, thereby diminishing physiological
effects [25]; whereas excessive pressure can cause severe pain (average VAS score
of 6.5/10) and even tissue damage [42, 43]. As such, determining the minimum
effective pressure based on individualized total occlusion pressure (TOP) has
become a key direction for optimizing IPC. However, TOP measurement presents
technical challenges—while medical ultrasound is the gold standard, it is expen-
sive [44, 45], and pulse oximetry is susceptible to environmental interference
[46]. Incorporating systolic blood pressure (SBP) into a predictive formula (e.g.,
TOP = 0.7 x SBP + 0.3 x thigh circumference — 15.2) can increase estimation success
rates to 90%, offering a viable solution for field applications [47]. Notably, cuff
width is significantly and negatively correlated with occlusion pressure (r = —0.81); a
13 cm wide cuff requires only 161.2 mmHg on average to achieve complete occlusion
[48, 49]—125 mmHg less than narrower 5 cm cuffs—while also reducing the risk of
subcutaneous nerve compression [48].

After establishing the importance and methodological approach for determining
individualized pressure settings, understanding the differential effects of varying
pressure magnitudes—namely high pressure (HP) versus low pressure (LP)—on
exercise performance becomes essential. At the efficacy level, HP (220 mmHg)
and LP (20 mmHg) IPC protocols exhibit paradoxical outcomes. Although neither
condition significantly impacts isometric strength or fatigue index, both result in
increased total work during repeated knee extensions (HP: ES = 0.29; LP: ES = 0.34
vs. Con: ES = 0.17), suggesting potentially distinct underlying mechanisms [50]. A
study monitoring autonomic nervous system responses indicated that LP significantly
elevated sympathetic-vagal balance (LF/HF%) and suppressed parasympathetic
activity (RMSSD%) [51, 52], whereas HP elicited a weaker neural response, implying
that LP may exert physiological effects via neural reflex pathways mediated by group
III/IV afferent fibers [53]. Further research has revealed a more complex dose-
response relationship between pressure magnitude and recovery outcomes: moderate
pressure (MP: 100 mmHg) improved maximal voluntary contraction recovery rate,
whereas HP (220 mmHg) and LP (20 mmHg) were ineffective. This effect appeared
to be independent of muscle oxygenation, as no significant differences in SmO, were
observed between groups [54].
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Current debates primarily center on the fundamental mechanisms underlying
the effects of IPC. The performance enhancement observed in the low-pressure (LP)
group may be attributed to placebo effects or centrally mediated expectation mecha-
nisms—specifically, the presence of a cuff may enhance motor cortex excitability
through perceptual cues [55]. However, the stronger pain stimulus reported in the
high-pressure (HP) group (VAS 6.2 vs. 1.8) did not translate into differences in sub-
jective fatigue (RPE) [42, 43], suggesting that nociceptive afferent signals originating
from peripheral tissues (i.e., pain) may be modulated or suppressed by higher-order
central expectations or regulatory processes. Another critical point of contention
involves the temporal nature of metabolic adaptations: IPC appears ineffective—or
even detrimental—for maximal efforts lasting <10 seconds (e.g., 30-meter sprints)
[56], yet improves performance in submaximal efforts exceeding 10 seconds [57].
This discrepancy may relate to the differential regulation of ATP utilization effi-
ciency—IPC has been shown to help preserve phosphocreatine levels [58], but may
simultaneously suppress glycolytic flux during maximal power output [59].

From a practical standpoint, three major limitations must be addressed. First,
measurements of total occlusion pressure (TOP) are predominantly conducted in
the supine position [60], neglecting the impact of posture-induced arterial pressure
changes during real-world applications in seated or standing positions. Second, the vast
majority of studies have focused on male participants, overlooking the influence of sex-
based physiological differences—such as the faster accumulation of fatigue observed in
females—on IPC responsiveness [61]. Third, anatomical factors such as limb circum-
ference and adipose tissue distribution have not been adequately integrated into pres-
sure determination models [49, 62]. Future research should develop posture-adjusted
TOP algorithms, expand validation in sex-specific contexts, and explore adaptable IPC
protocols for diverse exercise scenarios in order to facilitate the translation of IPC from
controlled laboratory settings to practical training environments.

2.3 Implementation sites and protocol duration

In terms of implementation site selection, current research generally suggests that
the application of ischemic preconditioning IPC should correspond to the primary
working limbs involved in the target exercise. That is, the choice of IPC site often
depends on the specific nature of the activity, such as whether it predominantly
engages upper- or lower-limb muscle groups. For example, in upper-limb-dominant
sports such as rowing [63], bench press [51], and climbing [64], IPC is typically
applied to the upper limbs. Conversely, in activities like running [65], cycling [66],
jumping [36], and various forms of lower-limb resistance training [67], IPC is more
frequently administered to the lower limbs. In contrast, Lisb6a et al. implemented
IPC simultaneously on both upper and lower limbs and found additional benefits
for swimmers’ 50-meter performance (+1.0%-1.2%). Similarly, a recent study by
Urbanski et al. demonstrated that combined upper- and lower-limb IPC enhanced
relative peak power output during rowing (6.5-6.8 W/kg) [63]. Moreover, some stud-
ies have investigated the effects of IPC applied to non-exercising limbs, indicating
that even when the intervention site does not align with the primary working muscu-
lature, IPC can still extend time to exhaustion in male participants during fatiguing
resistance tests (+5 min, P = 0.01) [68]. Although no studies to date have directly
compared the intervention effects between upper- and lower-limb IPC, the current
literature has not reported any adverse outcomes associated with site selection, sug-
gesting that IPC exhibits high safety and adaptability across different limb regions.
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The IPC implementation cycle refers to the selection of ischemia and reperfu-
sion durations, as well as the number of repeated cycles. The most widely adopted
IPC protocol consists of 3 to 4 cycles of 5-minute ischemia followed by 5-minute
reperfusion—a classical regimen originally derived from clinical studies [2, 3, 11, 58]
and subsequently validated across numerous sports performance studies [27, 67, 69, 70].
For example, in a systematic review, Marocolo et al. [8, 22] reported that nearly all
IPC research has employed this standard protocol, confirming its effectiveness and
broad applicability in enhancing athletic performance. Nevertheless, an increasing
number of studies have begun to explore alternative cycle durations and frequencies
in an effort to further optimize IPC efficacy. Recent investigations have tested both
shorter and longer ischemia/reperfusion durations to assess their impact on perfor-
mance outcomes. Urbanski et al. [63] found that although a single 5-minute IPC cycle
(1 x 5min) did not significantly affect test duration, power output, heart rate, or
blood lactate (BLa) concentration, it significantly reduced the time required to reach
peak power during a 500-meter rowing ergometer trial (p = 0.017). Furthermore,
this protocol was associated with a notably lower rating of perceived exertion (RPE),
showing nearly a 2-point reduction compared to the control group (IPC: 5.2 + 0.5
vs. Con: 6.9 + 0.5, p < 0.001; effect size = 1.19), suggesting that IPC may enhance
performance while simultaneously reducing perceived fatigue, thereby improving
the performance—perception relationship [71]. In another study aimed at determining
the optimal IPC dosage for improving cycling time trial performance, Cocking et al.
[72] compared the effects of four-cycle and eight-cycle IPC protocols, concluding that
while the four-cycle protocol effectively shortened time trial completion time, the
eight-cycle protocol provided no additional benefit to performance.

Although the classical IPC protocol of 3-4 x 5 minutes is widely effective for acute
enhancement of exercise performance, recent studies have begun to investigate IPC as
a “chronic” intervention strategy within training cycles, exploring its adaptive effects
when applied over multiple consecutive days or even weeks—such as for 7 days [73],
10 days [74], 2 weeks [75], or 8 weeks [76]. Lindsay et al. [77] reported that applying
a4 x 5 min bilateral leg IPC protocol daily for 7 days led to a 3.4% increase in average
power output during a simulated Keirin sprint, an 18.5% improvement in maximal
aerobic power, and a significant 12.8% enhancement in VO,peak, with additional
benefits in ventilatory capacity when combined with hypoxic exposure [73]. In con-
trast, Tanaka et al. found that a two-week IPC intervention (6 sessions per week) did
not improve systemic or localized performance outcomes. Specifically, there were no
significant changes in VO,peak pre- and post-intervention (P = 0.147, 95% CI: —0.67
to 1.09), nor in time to exhaustion (P = 0.923, 95% CI: —0.86 to 0.89) [75]. Moreover,
no significant differences were observed in repeated moderate-intensity cycling tests,
knee extensor strength, or quadriceps muscle volume [75]. Similarly, Slysz and Burr
[76] conducted an 8-week unilateral leg IPC intervention (three sessions per week) in
well-trained middle- and long-distance runners and reported no significant improve-
ments in 1-km run time or maximal oxygen uptake (VO,max), with only a marginal
trend toward improved running economy during low-intensity efforts (P = 0.057).

In summary, IPC site selection should ideally align with the primary working
limbs; however, both combined and non-matching applications have shown to be
potentially effective and safe. Regarding protocol duration, the classical 3-4 x 5-min-
ute regimen remains a reliable strategy for acutely enhancing performance.
Nevertheless, tailoring the duration and number of cycles (e.g., shorter protocols
or four-cycle schemes) to specific sporting contexts may confer additional benefits,
such as faster attainment of peak power and reduced perceived exertion. In contrast,
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the use of IPC as a chronic intervention strategy—applied over multiple weeks as a
training aid—yields inconsistent findings, and current evidence remains insufficient
to support its generalized efficacy as a routine training adjunct.

2.4 Timing intervals and experimental design IPC

The interval between IPC application and subsequent exercise testing is a criti-
cal variable influencing its physiological effects. Early IPC studies in animal models
clearly identified a biphasic effect, characterized by an initial early protection
window and a delayed second window of protection [2, 78, 79]. The early window
typically lasts 1-2 hours, while the delayed second window appears 12-24 hours post-
intervention and persists longer. Its mechanisms involve angiogenic activation, myofi-
brillar structural preservation, and enhanced mitochondrial activity [8, 9, 80, 81].
However, within the field of exercise science, most studies have focused on the early
effect window, typically around 45 minutes after IPC intervention [15, 16]. Empirical
findings have demonstrated that, compared to a 5-minute interval, a 45-minute delay
prior to high-intensity sprint cycling elicits a greater rebound in skeletal muscle
metabolism and facilitates better muscle reoxygenation during active recovery at
lower intensities [17]. These results suggest that implementing an appropriately
delayed interval after IPC may help optimize muscle deoxygenation efficiency and
mitochondrial oxidative function, thereby creating a more favorable physiological
state for subsequent exercise performance.

It is worth noting that the structure of the warm-up routine during experimental
procedures is also a critical factor influencing the effectiveness of IPC. Currently,
more than 70% of experimental designs follow the sequence of “IPC — warm-up —
performance test,” whereas relatively few adopt a direct “IPC — performance test”
approach [16]. Although meta-analyses have synthesized the overall effects of IPC
interventions on exercise performance [15, 16], they did not distinguish between
studies with or without warm-up protocols, thereby introducing potential confound-
ing in the interpretation of results. As warm-up routines are well known to indepen-
dently enhance athletic performance, the effect sizes reported in these meta-analyses
may not accurately reflect the isolated contribution of IPC. Furthermore, previous
studies have suggested that placebo effects significantly influence IPC outcomes
[15], and warm-up routines themselves may elicit psychological expectancy effects.
Therefore, whether the combined or synergistic effects of “warm-up + IPC” amplify
the performance-enhancing mechanisms of IPC warrants further investigation. Our
research team has previously highlighted that the lack of precise reporting on the
interval between IPC and performance testing is a major barrier to standardizing
IPC protocols [16]. For example, although Kaur et al. [82] reported a 15-minute
interval following IPC, this actually included 3 minutes of warm-up and 2 minutes of
measurement, making the true interval closer to 20 minutes. In another study, Lisb6a
etal. [83] found no significant improvement in 50-m sprint swimming performance
when tested 1 hour post-IPC, but observed significant enhancements at 2 and 8 hours
post-intervention—both of which included approximately 20 minutes of warm-up.
Similarly, Richard et al. [84] reported a 1-hour interval, but this also incorporated
20-40 minutes of warm-up activities. These findings suggest that warm-up routines
are often embedded within the stated pre-test interval, potentially obscuring accurate
interpretation of IPC’s temporal effect window.

Over the past two decades, the lack of standardized warm-up protocols and
inconsistent reporting of interval durations have hindered the standardization of IPC
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procedures in the field of exercise science. Therefore, scientific rigor in experimental
design and control over the implementation process have become critical factors

for improving research quality. Current research efforts have primarily focused on
controlling placebo effects and clarifying underlying physiological mechanisms.
Standardized study designs often adopt a three-arm trial structure—including IPC,
sham (placebo) intervention, and a no-intervention control group—combined with
randomized controlled or crossover trial formats to effectively minimize placebo-
related confounding. This approach has emerged in response to growing evidence
that significant placebo effects may be present in IPC interventions, potentially
driven by mechanisms involving brain—somatic sensory integration and vagal nerve
regulation [21]. More specifically, the tactile sensations experienced during ischemic
procedures can elicit a cascade of psychophysiological responses, which may subtly
influence participants’ behavioral performance through complex interactions among
perceptual, motor, and cognitive systems [85]. As a result, recent studies have begun
incorporating psychophysiological indicators—such as emotional valence and subjec-
tive experience—into IPC protocols that gradually increase cuff pressure from sham
(low pressure) to true IPC (high pressure), aiming to systematically explore the role
of perceived placebo-induced enhancements in performance [51, 54, 86-89]. Subtle
yet often overlooked elements of sham IPC—such as heightened sensitivity of tactile
receptors, increased experimenter attention, and resulting psychological priming—
may also exert significant influence on motor behavior [90-92]. Although the existence
of placebo effects is widely acknowledged, some studies still fall short in interpreting
these outcomes. For instance, several trials have shown that sham IPC significantly
outperforms control conditions, yet fail to strictly control for variables such as warm-
up routines and interventional timing [16]. In the context of performance research,
warm-up is already recognized as an essential prerequisite, while the interval between
intervention and testing has been confirmed as a critical modulatory factor [9].

In summary, effective control of placebo effects is a critical component of IPC
experimental design. If the objective is to elucidate the physiological mechanisms of
IPC itself, it is recommended that intervention studies be conducted under no-warm-
up conditions to minimize potential confounding variables. However, in athletic
training and competitive settings, IPC interventions are more appropriately admin-
istered prior to warm-up. This approach not only reduces the risk of injury associated
with high-intensity exercise but may also allow low-intensity activity to synergisti-
cally potentiate the latent effects of IPC. For example, Telles et al. [51] demonstrated
that both low- and high-pressure IPC protocols can enhance maximal strength
performance through favorable psychophysiological responses, such as the activation
of group Il and IV afferent nerve fibers. Moreover, combining IPC with different
exercise intensities—such as 50% MVC handgrip training [93], 5-km time trials [94],
or exhaustive tests at 70% VO,max [95, 96]—has consistently shown positive effects
on both athletic performance and physiological indicators.

2.5 Participant characteristics

Among the various factors influencing the efficacy of ischemic preconditioning
IPC in enhancing exercise performance, individual participant characteristics—such
as age, sex, and training experience—are widely recognized as important moderating
variables that may substantially affect both the effectiveness and applicability of the
intervention. Existing studies have shown that individuals at different ages exhibit
marked differences in cardiovascular regulation, metabolic responses to exercise,
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and tissue tolerance. Sex-related differences may also mediate heterogeneity in IPC
outcomes through mechanisms involving hormonal profiles, muscular strength, and
blood flow regulation. Furthermore, an individual’s training status and competitive
level directly influence the magnitude of physiological response and the capacity for
adaptation to exogenous interventions. Currently, the participant pool in most IPC
research is heavily concentrated among young, recreationally active males, limiting
the generalizability of findings and constraining the interpretation of IPC responsive-
ness across diverse populations. Therefore, it is essential to systematically consider
the moderating and confounding effects of participant characteristics in both study
design and practical application. Tailoring IPC protocols to account for population-
specific physiological traits and athletic backgrounds will be key to improving the
ecological validity and practical relevance of IPC research.

2.5.1 Age and sex

In recent years, although the number of original studies combining IPC with
exercise has increased significantly, research subjects remain predominantly young or
middle-aged males, while empirical data on females and older adults remain limited
[8]. In one study focusing on elderly populations, researchers compared the effects
of different interventions on blood pressure and found that handgrip training and
high-intensity interval training (HIIT) were more effective than IPC. However, it is
important to note that the IPC group in this study did not incorporate any form of
exercise [97]. In contrast, recent findings suggest that IPC combined with aerobic
exercise can significantly improve general health indicators, quality of life, and
endurance performance in older adults aged 70 years, demonstrating promising
intervention potential [98]. Specifically, a 6-week IPC intervention significantly
increased the six-minute walk distance (from 489 m to 540 m), along with notable
improvements in several functional fitness parameters, including balance score
(from 3.73 to 3.80), Timed Up and Go (TUG) test score (from 3.20 to 4.13), and
lower-limb maximal strength (from 114 N to 149 N) [98]. In comparison, Telles et al.
[99] analyzed the acute effects of IPC in physically active older women and found that
the IPC group exhibited a significantly shorter TUG time than the sham group (a 7.2%
reduction), although no significant difference was observed in the six-minute walk
test (IPC group improved by 2.1% compared to sham). This finding contrasts with the
17.13% improvement reported by Mufioz-Gémez et al. [98], which may be attributed
to differences in intervention protocol design. Nevertheless, the results indirectly sug-
gest that longer-term (e.g., 6-week) IPC interventions combined with aerobic activi-
ties such as walking may offer more pronounced benefits than acute applications.
Supporting this, another study employing a similar 6-week IPC protocol also reported
positive effects on functional indicators in older adults [100].

In sports science research, it is widely acknowledged that males and females
exhibit distinct cardiovascular regulatory mechanisms both at rest and during exer-
cise [101, 102]. Gibson et al. [56] reported that ischemic preconditioning IPC did not
significantly affect performance in male and female team sport athletes completing
five sets of 6-second repeated sprint cycling. However, more recent studies suggest
that the ergogenic effects of IPC may exhibit sex-specific differences, potentially
related to disparities in metabolic responses and functional sympathetic inhibition
during exercise between males and females [20, 63]. For instance, Paradis-Deschénes
etal. [103], in a study involving five sets of five maximal voluntary knee extensions,
found that males experienced greater improvements in total work following IPC.
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Further evidence from time-to-exhaustion protocols [68] and handgrip training trials
[20] showed that IPC significantly increased endurance duration and grip strength
only in male participants. A key mechanism underlying this sex-specific response may
lie in the tighter coupling between muscle blood flow and absolute muscle strength in
males [20]. Supporting this, previous studies have shown that when absolute muscle
contraction intensity is controlled between sexes, the exercise-induced blood pressure
response differences largely disappear [104-106], further reinforcing the physiologi-
cal basis for sex-specific IPC effects.

2.5.2 Experience level

The training experience and athletic level of participants—such as elite athletes
versus recreationally active individuals—may significantly influence the actual
effectiveness of IPC interventions. Existing findings indicate that individuals with
lower training status or without systematic training tend to exhibit more pronounced
improvements in rating of perceived exertion (RPE) following IPC, whereas highly
trained or elite athletes often experience limited benefits [15]. This disparity suggests
that baseline training status or physiological adaptation capacity may serve as impor-
tant modulators of IPC efficacy.

However, the vast majority of empirical studies on IPC and performance
enhancement have focused on recreational or amateur populations, limiting the
generalizability of findings to higher-level athletic cohorts. In elite sports environ-
ments, the marginal gains from exogenous or physiological modulation strategies
are often already saturated, and whether IPC still offers meaningful performance
improvements in such settings remains unclear. Furthermore, most studies employ
open-ended laboratory testing protocols, in which participants are unaware of the test
endpoint. This design contrasts significantly with the demands of competitive sport,
where pacing strategies and self-regulated effort allocation are critical. Conversely,
field-based assessments or pacing-controlled tests in simulated competitive environ-
ments are more ecologically valid, yet remain underrepresented in the literature, with
limited empirical evidence available. Therefore, a key priority for advancing this field
is to increase research on IPC applications in real-world or sport-specific contexts,
particularly focusing on performance outcomes among elite-level athletes.

Currently, the evaluation of IPC intervention effects is primarily based on
statistical significance testing (e.g., p-values) or the estimation of effect sizes (ES).
However, there remains considerable debate within the academic community regard-
ing the appropriateness and interpretation of such statistical indicators in exercise
performance research [107, 108]. While this chapter does not aim to elaborate on
the broader controversies surrounding statistical methodologies, it is important
to emphasize that statistical outcomes—whether derived from t-tests, analysis of
variance, or effect size calculations—must be interpreted cautiously in the context
of the specific research setting. For elite athletes, even a small observed effect may
translate into meaningful advantages in competitive scenarios; conversely, among
recreational athletes, moderate or even large effect sizes may lack practical relevance
or generalizability [109].

A review of nearly 50 experimental studies investigating the effects of IPC on
exercise performance in healthy individuals reveals that only two have specifically
targeted elite competitive athletes: one study involved national-level speed skat-
ers [84], and the other focused on professional road cyclists [110]. The remain-
ing literature predominantly features recreationally trained individuals, casual
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participants, and even sedentary or healthy control subjects. Although some studies
describe their participants as “highly trained,” they often fail to meet the standards
of elite athletic performance. Notably, a field-based study conducted by Foster et al.
evaluated the impact of IPC on a 12.8-km time trial in a hypoxic environment. While
the intervention group showed a slight improvement in performance, the difference
was not statistically significant, and the effect size was minimal [111]. Another study
examining IPC’s impact on swimming performance reported modest improvements;
however, the 100-meter freestyle times in the intervention group were close to 60 sec-
onds—substantially slower than elite competitive swimmers, who typically complete
the event in under 50 seconds—thus disqualifying the sample as truly elite [112].

In summary, current evidence does not yet support the conclusion that IPC
produces consistent and significant performance-enhancing effects in self-paced
events or field-based competitive settings. As a performance-enhancement strategy,
IPC still presents considerable uncertainty. Future research should aim to overcome
limitations related to participant sampling and the artificiality of testing conditions.
In particular, it is essential to conduct ecologically valid intervention studies involv-
ing professional athletes under authentic competitive scenarios to comprehensively
evaluate the practical utility of IPC in high-performance sport.

3. Safety considerations of ischemic preconditioning for performance
enhancement

When evaluating the impact of ischemic preconditioning IPC on exercise per-
formance, safety remains one of the most critical considerations in both research
and practice. This is particularly relevant when applying IPC to healthy individuals
or clinically vulnerable populations, where balancing intervention efficacy with the
avoidance of potential discomfort or risk is essential for assessing feasibility. To date,
no study has reported adverse safety outcomes associated with IPC. However, because
IPC involves the intermittent occlusion of limb blood flow, it inherently introduces a
degree of invasiveness and nociceptive stimulation. Therefore, the ability to continu-
ously assess participants’ subjective experience and anticipate potential risks is key to
ensuring the safe and effective delivery of the intervention. In this context, the rating
of perceived exertion (RPE) scale—a simple and sensitive self-perception tool—has
gained increasing attention as a means of monitoring subjective responses during IPC
procedures.

During IPC procedures, RPE is commonly used to monitor intervention tolerabil-
ity and to evaluate the presence of pain or discomfort responses in participants [113].
Clinical studies often record both RPE and subjective discomfort scores to assess the
tolerability and safety of IPC. RPE is considered a key indicator reflecting partici-
pants’ real-time subjective load and pain perception. An abnormally elevated RPE
often suggests that ischemia-induced discomfort may be exceeding the individual’s
tolerance threshold. To ensure safety, some studies have recommended the immediate
cessation of IPC stimulation when participants report intolerable discomfort, indi-
cated by excessively high RPE or pain scores [114]. Therefore, continuous monitoring
of RPE during IPC application is essential for identifying adverse subjective responses
in a timely manner, positioning RPE as a potential early warning marker of pain or
intolerance.

Existing research has shown that performing IPC prior to exercise interventions
may help reduce RPE scores during subsequent physical activity [115]. For instance,
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ter Beek et al. reported that, in healthy males, IPC significantly reduced RPE dur-

ing cycling at high power outputs compared to a placebo group—specifically, at
workloads of 210 W and 245 W, RPE scores were significantly lower in the IPC group
(p < 0.01) [37]. Similarly, a study by Montoye et al. involving 115 female athletes
found that, although IPC did not improve overall performance during a 2.4-km run,
RPE scores in the IPC group were approximately 0.8 units lower than those in the pla-
cebo group (based on the 6-20 scale) [115]. Additionally, a systematic review by Caru
etal. [23] noted that IPC may delay the rate of RPE increase during exercise, poten-
tially reducing the body’s sensitivity to fatigue-related signals and thereby alleviating
the perceived exertion associated with high-intensity effort. This reduction in RPE
suggests that IPC may improve subjective exercise experience [116]. However, it is
important to note that not all studies have observed changes in RPE. In certain clinical
populations—such as heart failure patients undergoing six-minute walk tests—IPC
failed to improve performance or significantly affect exercise RPE [117]. Overall,
most studies involving healthy individuals and athletes support the notion that IPC
can attenuate perceived exertion without compromising exercise safety.

When IPC leads to a significant increase in RPE, it is often accompanied by intense
pain and heightened sympathetic nervous system activity. Ischemic stimulation
activates group III/IV muscle afferent fibers, which trigger a central sympathetic
reflex, resulting in elevated heart rate and blood pressure [118]. Excessively high
RPE may indicate excessive sympathetic activation, which could pose risks—such
as large fluctuations in blood pressure or arrhythmias—particularly for individuals
with cardiovascular dysfunction or other vulnerable populations. Albuquerque et al.
[119] reported that discomfort or pain induced by excessively high cuff pressures not
only elevates RPE but may also alter the expected physiological response pattern of
IPC. Meanwhile, a study by Incognito et al. [118] found that a single bout of IPC did
not significantly reduce blood pressure or muscle sympathetic nerve activity during
static exercise, suggesting that IPC might not suppress exercise-induced sympathetic
excitation. However, in practical settings, when high RPE arises due to intense pain,
excessive sympathetic activation remains a potential concern. Therefore, the safe
implementation of IPC requires avoiding extreme elevations in RPE. If participants
report perceived exertion levels classified as “very hard” or approaching their toler-
ance limit (e.g., scores above 18 on the Borg 6-20 scale), this is typically regarded as
a warning sign [120]. In such cases, pressure should be reduced or the intervention
paused to prevent adverse physiological responses caused by nociceptive stress.
Fortunately, no serious adverse events directly linked to IPC have been reported in
current human studies. On the contrary, multiple clinical trials have indicated that
IPC is generally well-tolerated across different populations—for example, no seri-
ous adverse reactions were observed following a single RIPC session in individuals
with multiple sclerosis [113], and no negative hemodynamic events were reported in
patients with chronic heart failure undergoing RIPC [117].

In summary, IPC is considered safe when applied under standardized conditions;
however, monitoring indicators such as RPE remains essential to prevent excessive
sympathetic activation or other adverse responses in individual cases.

4. Conclusion and future perspectives

As alow-cost and non-pharmacological physiological intervention, ischemic
preconditioning IPC has demonstrated potential in enhancing exercise performance.
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However, current literature indicates that the efficacy of IPC remains highly influ-
enced by numerous methodological variables. These include the type of equipment
used, pressure settings, site and duration of occlusion, timing intervals, warm-up
protocols, and individual participant characteristics—all of which may modulate IPC
outcomes through complex physiological mechanisms. Furthermore, some studies
suggest that the performance-enhancing effects of IPC may be partly attributable to
placebo or expectancy-related mechanisms, thereby adding further complexity to its
research and practical application.

In terms of safety, although most studies have not reported serious adverse events,
notable inter-individual variability in subjective tolerability remains. This is particu-
larly relevant under high-pressure IPC conditions, where the risks of pain and height-
ened sympathetic nervous responses cannot be overlooked. Therefore, developing
individualized pressure assessment models, enhancing device feedback mechanisms,
and optimizing intervention protocols represent critical directions for improving the
safety boundaries of IPC in future applications.

In conclusion, the mechanisms underlying IPC interventions remain inconclusive,
and their efficacy is constrained by multiple interacting factors. As such, the practi-
cal implementation of IPC in both elite sports and health promotion should proceed
with caution. Future research should prioritize the following areas: first, clarifying
the causal pathways between various methodological variables and IPC effects within
a standardized experimental framework; second, expanding the diversity of study
samples, particularly by including female participants, older adults, and elite athletes;
third, advancing ecologically valid IPC research in real-world training environments,
with long-term monitoring of training adaptations and performance outcomes; and
fourth, strengthening the integration of psychophysiological assessments to bet-
ter delineate the boundaries of placebo effects in IPC interventions. Only through
a clearer understanding of both theoretical mechanisms and practical application
logic can IPC truly transition from controlled laboratory settings to applied contexts,
thereby serving broader goals in performance enhancement and health promotion.
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Chapter7

Hemodynamic Stability during
Spinal Anesthesia

Maliha Khalid and Muhammad Khalid

Abstract

Spinal anesthesia, also known as subarachnoid block, is a regional anesthesia tech-
nique often preferred over general anesthesia for surgeries involving the lower abdomen,
perineum, and lower limbs. This approach helps avoid serious complications associated
with general anesthesia, such as intubation difficulties, aspiration, and opioid-related
issues. For lower limb surgeries, various anesthetic options are available, including general
anesthesia, central neuraxial blocks, peripheral nerve blocks, and local anesthesia.
Compared to general anesthesia, spinal anesthesia provides more stable vital signs, less
postoperative pain, reduced blood loss, and a lower risk of deep vein thrombosis and
delirium. However, spinal anesthesia can cause hypotension, bradycardia, and other
cardiovascular effects due to sympathetic blockage, with hypotension being the most
common complication. This is primarily due to decreased systemic vascular resistance and
vasodilation, leading to reduced cardiac output. Despite these potential drawbacks, spinal
anesthesia remains a widely used and effective technique for lower limb surgeries globally.

Keywords: spinal anesthesia, hyperbaric bupivacaine, mean arterial pressure,
hemodynamic stability, neuraxial block

1. Introduction

Spinal anesthesia has become a crucial component of modern anesthetic practice,
particularly for surgeries involving the lower abdomen, limbs, and obstetrics [1].
This technique offers a safer alternative to general anesthesia, with benefits includ-
ing reduced risk of intubation difficulties, aspiration, and cardiodepressant effects
[2]. It provides effective anesthesia with muscle relaxation, is cost-effective, and has
been shown to lower blood loss and mortality rates, especially in obstetric cases [3].
Bupivacaine is a commonly used medication for spinal anesthesia, and studies have
reported varying frequencies of hypotension with different concentrations of hyper-
baric bupivacaine. For instance, a study conducted by Goyal and colleagues found
that the frequency of hypotension was 66.67% when 0.5% hyperbaric bupivacaine
was used in a lower segment cesarean operation [4]. The study observed a notable
difference in systolic blood pressure (SBP) between the 0.75 and 0.5% hyperbaric
bupivacaine groups, with SBP after 5 minutes of spinal anesthesia being 109.20 + 21.65
and 113.23 + 20.27 mmHg, respectively. Another study led by Ali et al. discovered
that the frequency of hypotension was 30.8% with 0.75% hyperbaric bupivacaine in
lower segment cesarean section [5]. In contrast, a study by Rani et al. found that a high
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intrathecal dose of 15 mg of hyperbaric 0.5% and 15 mg of hyperbaric 0.75% bupiva-
caine had no significant effect on mean arterial pressure in patients undergoing elective
surgery under conventional spinal anesthesia [6]. However, a study conducted by Rai
etal. found that pregnant females undergoing elective cesarean section and receiving
conventional dose (15 mg) of spinal anesthesia with 0.5 versus 0.75% hyperbaric bupi-
vacaine had a statistically significant difference hemodynamically, with the group of
patients receiving 0.75% hyperbaric bupivacaine experiencing more hypotension [7].
Unilateral spinal anesthesia is a subset of spinal anesthesia that offers benefits like
stable hemodynamics, reduced urine retention, increased patient satisfaction, and
faster recovery but it limits the anesthetic effects to the operative side only [8]. This
study aims to investigate the effects of low-dose hyperbaric bupivacaine (7.5 mg)
in different concentrations (0.5 and 0.75%) on hemodynamic stability in patients
undergoing unilateral spinal anesthesia, building upon the existing research on spinal
anesthesia and its applications.

2. Anatomy

Understanding the anatomy and physiology of the spinal column and its contents
is essential for effective spinal anesthesia.

2.1 Spinal column

The spinal column comprises 33 vertebrae, divided into cervical, thoracic, lumbar,
sacrum, and coccyx regions, with four distinct curves [1]. Each vertebra consists of a
weight-bearing body, pedicles, and laminae that form transverse and spinous pro-
cesses. Five key ligaments support the vertebral bodies, with the ligamentum flavum
playing a significant role in spinal procedures due to its thickness and elasticity [1].

2.2 Contents of spinal column

The vertebral canal houses key structures, including the meninges, cerebrospinal
fluid (CSF), spinal cord, nerve roots, and vessels.

2.2.1 Meninges

The spinal meninges consist of three protective layers: dura mater, arachnoid
mater, and pia mater [2]. These layers protect the spinal cord and facilitate substance
movement within the spinal canal.

2.2.2 Cerebrospinal fluid

CSF is a complex solution produced through plasma ultrafiltration and glucose
oxidation, with specific characteristics, including a specific gravity of 1.003-1.009
and a volume of approximately 20 mL in the spinal subarachnoid space.

2.2.3 Spinal cord

The spinal cord originates from the medulla oblongata and gives rise to 31 pairs of
spinal nerves, each corresponding to specific dermatomes [2]. Specific dermatomes
correspond to specific areas of the body.
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2.2.4 Vessels

The spinal cord’s blood supply comes from three main arteries: one anterior spinal
artery and two posterior spinal arteries, which supply the anterior and posterior
spinal cord, respectively [9]. Venous drainage occurs through a network of anterior
and posterior veins.

3. Structures pierced during subarachnoid block

When administering spinal anesthesia, a needle must traverse several structures to
reach the subarachnoid space. The sequence of structures is as follows [10]: the needle
first passes through the skin and subcutaneous tissue, followed by the supraspinous
ligament and interspinous ligament. Next, it encounters the ligamentum flavum, a
thick and elastic ligament. After penetrating the ligamentum flavum, the needle enters
the epidural space, which contains areolar tissue. Finally, the needle passes through the
dura mater to reach the subarachnoid space, where the anesthetic is administered.

4. Physiology of neuraxial blockade
Neuraxial block can have various physiological effects on the body [11]:
4.1 Cardiovascular effects

Spinal anesthesia can cause decreased heart rate and arterial blood pressure due to
sympathectomy-induced vasodilation, with the extent of these effects depending on
the block height. Venodilation has a more significant impact due to the large volume
of blood in the venous system. High neuraxial blockade can slow heart rate by block-
ing cardiac accelerator fibers (T1-T4).

4.2 Respiratory effects

In healthy patients, neuraxial block typically has minimal effects on pulmonary
function, with tidal volume remaining stable and vital capacity decreasing slightly
due to reduced expiratory reserve volume (4.05 -3.73 L). However, patients with
severe respiratory compromise may be at risk due to respiratory muscle paralysis.

4.3 Gastrointestinal effects

Nausea and vomiting occur in up to 20% of patients undergoing neuraxial anes-
thesia, primarily due to unopposed parasympathetic activation leading to gastro-
intestinal hyperperistalsis. This can create favorable surgical conditions due to the
contracted state of the intestines.

4.4 Effect on renal function

Neuraxial blockade can lead to decreased renal blood flow, but this typically has mini-
mal physiological impact. Urine retention is a notable effect, which can delay discharge
and require catheterization. Lower doses of local anesthetics can impair bladder function.
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4.5 Endocrine effects

Spinal anesthesia can effectively block many endocrine and metabolic changes
associated with the stress response by limiting sensory signals to the central nervous
system in order to mitigate the body’s stress reaction to surgery.

5. Factors affecting block height

Several factors influence the block height in spinal anesthesia. These include
patient characteristics, technique of injection, and characteristics of the local anes-
thetic solution.

5.1 Patient characteristics

Patient-specific factors that influence block height include cerebrospinal fluid
(CSF) volume, age, weight, and body mass index (BMI). While patient height and age
do not directly correlate with block features, BMI significantly predicts total sensory
block development. Other factors like intra-abdominal pressure and spinal column
anatomy also play a role [12, 13].

5.2 Technique of injection

The injection technique is crucial in determining block height, with factors like
bevel direction and injection rate impacting anesthetic spread. These variables can
significantly influence the effectiveness of spinal anesthesia.

5.3 Characteristics of local anesthetic solution

The effectiveness of local anesthetics depends on baricity, dose, volume, and
concentration [14]. Baricity affects anesthetic spread, with isobaric, hyperbaric, and
hypobaric solutions behaving differently. Dose and concentration also impact block
height, with controllable factors including dose, site of injection, baricity, and patient
posture. Understanding these factors enables tailored spinal anesthesia for specific
surgical needs and patient conditions. The concentration of local anesthetics affects
the type of block achieved, with varying concentrations providing different levels of
motor block.

6. Pharmacokinetics of local anesthetics in spinal anesthesia

After injecting a local anesthetic into the subarachnoid space, its concentration
rapidly declines due to several factors. Initially, cerebrospinal fluid (CSF) dilution
and mixing occur within 2-3 minutes, driven by the force and volume of the injec-
tion. The anesthetic then undergoes diffusion, distribution, and binding to neural
tissues. Ultimately, vascular absorption and elimination via the arachnoid villi and
parenchymal capillary bed contribute to the decrease in anesthetic concentration
over time.
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7. Sequence of nerve modality block

The sequence of sensory and motor blockade typically follows a specific order. It
begins with vasomotor block, leading to vasodilation, followed by a loss of temperature
sensation, pain perception, and tactile sensation. As the block progresses, motor function
is impaired, resulting in muscle weakness or paralysis. Finally, deep sensations such as
pressure, position sense, and vibration are lost, marking the progression of the blockade.
Understanding this sequence is essential for effective spinal anesthesia management.

8. Hemodynamic instability during neuraxial blockade
8.1 Managing hypotension in spinal anesthesia

Hypotension is a common consequence of spinal anesthesia, particularly with
higher dermatomal levels, due to sympathetic chain suppression [15]. This can lead to
nausea, vomiting, and potential spinal cord ischemia. Research has identified various
strategies to prevent and manage hypotension, including positioning patients in the
Trendelenburg position, fluid loading with lactated Ringer’s solution or 6% hydroxy-
ethyl starch solution, and vasopressor therapy. Co-hydration has been found to be
more effective than pre-hydration, and colloid loading is better at sustaining cardiac
output and blood pressure. According to Shin et al., crystalloid pre-treatment may
delay the cranial distribution of the block and stimulate cerebrospinal fluid produc-
tion [16].

8.2 Preventing hypotension in obstetric patients

In obstetric patients undergoing spinal anesthesia, factors contributing to
hypotension include increased venodilation due to hormonal changes, hyperten-
sion, advanced age, higher BMI, higher birth weight, and higher block level [17,

18]. Common measures to prevent and manage hypotension include fluid loading,
lateral tilt or wedge under the right buttock, and vasopressor therapy [19, 20].
Phenylephrine is often preferred over ephedrine due to its effectiveness in maintain-
ing hemodynamic stability without increasing fetal acidity [21]. A variable infusion
of phenylephrine (25-50 pg/min) is more effective than constant infusion [22].
However, phenylephrine infusion can cause bradycardia due to a baroreflex-mediated
mechanism.

8.3 Special consideration

For patients with severe heart disease, non-invasive cardiac output monitoring
may be beneficial [23]. In patients with conditions like pre-eclampsia, sympathetic
inhibition affecting arterial vasculature plays a major role in reducing arterial pres-
sure, supporting the use of vasopressor therapy [20].

8.4 Understanding spinal hypotension and bradycardia

Spinal hypotension and bradycardia are primarily caused by the blockade
of spinal sympathetic nerve fibers [24]. As the block extends to higher thoracic
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levels, the body’s ability to compensate for these changes is impaired. The block-
ade of T5-L1 spinal nerve fibers reduces efferent input to the adrenal glands,
limiting the release of catecholamines that help counteract hypotension and
bradycardia.

8.5 Mechanisms and risk factors

Systemic blood pressure is determined by cardiac output and systemic vascular
resistance (SVR), with the latter being the primary cause of spinal hypotension [25].
Factors like aortocaval compression in pregnant women can exacerbate the condition,
and high thoracic blocks can further worsen hypotension by reducing myocardial
contractility [26]. A T4 sensory block can cause a significant drop in mean arterial
pressure, resulting from a reduction in SVR and cardiac output.

8.6 Predictors and incidence

According to Carpenter et al., the strongest predictor of hypotension during spinal
anesthesia is a peak sensory block height at or above TS5, with an odds ratio of 3.8
[27]. Other significant risk factors for hypotension include being over 40 years old
and having a baseline systolic blood pressure below 120 mmHg [28, 29]. Studies have
shown that hypotension requiring treatment occurs in around 33-38% of patients,
while bradycardia occurs in 13% of patients [30-32].

8.7 Prevention and treatment

Prophylactic crystalloid injection only temporarily increases blood pressure and
cardiac indices, with short-lived effects [33, 34]. Volume preloading with colloid
solutions results in greater and longer-lasting volume expansion, but still fails to
avoid hypotension in all patients [35]. Due to the lack of consistent evidence, pro-
phylactic volume preloading is not recommended for euvolemic patients receiving
spinal anesthesia [36]. Vasopressor therapy depends on the patient’s hemodynamic
profile, with ephedrine being the preferred choice for postpartum spinal hypoten-
sion [37]. Phenylephrine is suitable for hypotensive and tachycardic patients, while
low-dose epinephrine can increase cardiac output and arterial pressure [38, 39].
For severe bradycardia or asystole, 5-20 pg of epinephrine should be administered
intravenously, with the dose gradually increasing every minute [39]. In cases of
asystole, 1 mg of epinephrine should be injected immediately. Atropine treats mild
to severe bradycardia while epinephrine provides strong alpha- and beta-adrenergic
stimulation [39].

9. Unilateral spinal anesthesia: A better option for lower limb
procedures

Unilateral spinal anesthesia (ULSA) may be a better option than traditional
spinal anesthesia for procedures involving one lower leg, reducing hypotension risk,
facilitating faster recovery, and increasing patient satisfaction [40]. Techniques
such as lateral decubitus position, low anesthetic doses, specific needle orientation,
and slow injection rates can achieve ULSA using hypobaric, isobaric, or hyperbaric
solutions.
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9.1 Effective doses and solutions

Studies have found that low doses of bupivacaine can be effective in ULSA. Nair
etal. found that an intrathecal dose of 4-5 mg hyperbaric bupivacaine was sufficient
for arthroscopic knee surgery [41]. Minville et al. demonstrated the effectiveness of
low intrathecal doses (mean dose of 5 mg) in elderly patients undergoing hip fracture
surgery, providing stable operating conditions and improved hemodynamic stability
[42]. Atef et al. found that 7.5 mg of 0.5% hyperbaric bupivacaine resulted in less
hypotension compared to 10 mg in elderly patients undergoing arthroscopy under
ULSA [43].

9.2 Comparison of hyperbaric and hypobaric solutions

Kaya et al’s study compared hyperbaric and hypobaric bupivacaine (75 mg) in
50 patients undergoing lower limb orthopedic surgery, finding both effective with
intraoperative hemodynamic stability and rapid recovery [44]. However, bilateraliza-
tion was more likely with hypobaric bupivacaine. Imbelloni et al. investigated 5 mg
of bupivacaine in ULSA in 150 patients, finding all three approaches (hypobaric,
isobaric, or hyperbaric) successful [45, 46].

9.3 Minimizing hemodynamic instability

Perioperative hemodynamic instability can be minimized by reducing cardiovas-
cular effects of neuraxial blockade, and techniques like one-sided sympathetic block
and dose restriction are effective [47]. ULSA with low doses (7.5 mg) significantly
reduces the risk of hypotension compared to traditional spinal anesthesia (15 mg)
which ranges from 25 to 69% [48-50].

9.4 Clinical trial on unilateral spinal anesthesia

Our study involved 100 patients aged 20-70 years who underwent lower limb
surgery and were divided into two groups: Group A received 0.5% hyperbaric bupi-
vacaine, while Group B received 0.75% hyperbaric bupivacaine. To achieve unilateral
anesthesia, patients were placed in a lateral position tilted 30 degrees toward the
surgical side immediately after intrathecal injection. The results showed significant
differences in mean arterial pressure (MAP) between the groups, with more pro-
nounced hemodynamic changes in patients receiving 0.75% hyperbaric bupivacaine
(p-value <0.05). The study’s limitations included limited outcomes, but the use of
sequential sampling reduced bias. A multicenter study is needed for future therapeu-
tic implications due to our single-center design.

10. Conclusion

Our study indicates that 7.5 mg of 0.5% hyperbaric bupivacaine maintains more
stable mean arterial pressure compared to 7.5 mg of 0.75% hyperbaric bupivacaine
in patients undergoing lower limb surgery under unilateral spinal anesthesia. We
suggest that 7.5 mg of 0.5% hyperbaric bupivacaine is a suitable dose for minimizing
hypotensive effects in these patients. This dose may be considered for routine use in
similar surgical procedures.
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Mean Arterial Pressure MAP Mean + SD Mean + SD Pvalue
Group A Group B
n=>50 n=>50
Baseline MAP 88.72+171 88.94 +1.95 0.551
MAP at 15 minutes post unilateral spinal anesthesia 86.22 +2.55 81.78 +1.52 0.000
MAP at 30 minutes post unilateral spinal anesthesia 83.72 £ 336 75.84 +1.34 0.000
MAP at 45 minutes post unilateral spinal anesthesia 80.02 + 340 70.90 + 0.97 0.000
MAP at 60 minutes post unilateral spinal anesthesia 7714 £ 4.24 66.06 + 1.62 0.000

Source: Khan et al. [51].

Table 1.
Mean arterial pressure measured at diffevent time intervals in both groups of patients.

Complications Group A Group B P Value
n =50 (%) n=>50 (%)

Nausea and vomiting 1(2%) 2 (4%)

Bradycardia 1 (2%) 1 (2%) 0.842

Hypotension 0 0

No complications 48 47

Source: Khan et al. [51].

Table 2.
Comparison of complications in both groups of patients.
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Figure 1.

Mean arterial pressure (MAP) was measured at various time points after administering unilateral spinal
anesthesia in two patient groups. The measurements were taken at baseline (MAP1), 15 minutes post-anesthesia
(MAP2), 30 minutes post-anesthesia (MAP3), 45 minutes post-anesthesia (MAP4), and 60 minutes post-
anesthesia (MAPs5). By tracking MAP at these different intervals, the study allowed for a comparison of
hemodynamic changes between the two groups over time, providing insight into the effects of unilateral spinal
anesthesia on blood pressure. Source: Khan et al. [51].
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Chapter 8

Minimally Invasive Cardiac Output
Monitoring Devices: Principles,
Applications, and Limitations

Bhavya Naithani Dube, Mallikarjun Dube and Neeraj Kumar

Abstract

Minimally invasive cardiac output monitoring (MICOM) devices have revolution-
ized hemodynamic monitoring in critically ill patients. This chapter reviews the prin-
ciples and applications of various MICOM devices, including pulse contour analysis
(e.g., LIDCO and PiCCO), esophageal Doppler, and bioimpedance cardiography.
LiDCO and PiCCO devices use pulse contour analysis to estimate cardiac output,
providing valuable insights into hemodynamic function. Their clinical utility spans
diverse patient populations, such as those undergoing surgery or experiencing shock.
Evidence supporting their use in goal-directed therapy protocols is also examined.
However, MICOM devices have limitations, including issues related to accuracy,
precision, and clinical interpretation. Understanding these limitations is crucial to
harnessing their potential. By providing a comprehensive overview of MICOM
devices, this chapter empowers clinicians to make informed decisions about hemody-
namic management in critical care settings, ultimately enhancing patient outcomes
and driving progress in critical care medicine.

Keywords: MICOM, LiDCO, PiCCO, hemodynamic monitoring, cardiac output

1. Introduction

The quantification of cardiac output, a crucial macrohemodynamic variable, is
essential in evaluating hemodynamically unstable, critically ill patients. This key met-
ric, which measures the blood flow produced by the heart, plays a vital role that is
closely tied to the nuanced interpretation of associated hemodynamic and metabolic
parameters. As therapeutic interventions progress, the interaction between cardiac
output values and their fluctuations often guides treatment decisions, highlighting the
necessity for accurate measurement and contextual comprehension.

Managing circulatory shock in intensive care unit (ICU) patients requires precise
hemodynamic monitoring to assess cardiac function, vascular filling, and tone. Mon-
itoring cardiac output has become an essential part of anesthesia and critical care,
acting as a key indicator of oxygen delivery to tissues and identifying patients at
increased risk of significant morbidity and mortality. This parameter informs treat-
ment decisions, particularly in fluid resuscitation and the use of vasoactive and
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inotropic medications. Basic monitoring tools such as heart rate and blood pressure are
necessary, but they are often insufficient for assessing volume status and predicting
cardiac output. Advanced hemodynamic monitoring offers valuable insights, aiding
clinicians in diagnosing and treating shock more effectively [1].

The Swan-Ganz catheter, introduced in 1970, has been fundamental in measuring
cardiac output and providing insights into patients’ hemodynamic status. Although its
use has declined due to studies questioning its impact on clinical outcomes, it remains
the benchmark against which newer monitoring technologies are evaluated. The
invasive nature of the Swan-Ganz catheter presents certain challenges and risks,
including infection, pulmonary artery rupture, arrhythmias, thrombosis, and embo-
lism [2].

Researchers have developed minimally invasive cardiac output monitors to address
the limitations of the Swan-Ganz catheter. These devices, such as transpulmonary
thermodilution and non-invasive technologies, use different techniques to calculate
cardiac output, each with its own potential errors and invasiveness levels [1]. Under-
standing these devices’ principles and the clinical contexts that affect their accuracy is
crucial for evaluating their reliability in ICU patients. This chapter provides a com-
prehensive review of cardiac output calculation principles, potential errors, and the
clinical scenarios where monitor accuracy may be compromised, helping clinicians
make informed decisions and optimize patient care.

2. Overview of cardiac output monitoring devices

Table 1 provides a comparative overview of cardiac output monitoring devices,
highlighting their principles, advantages, and limitations.

3. Rationale for excluding the pulmonary artery catheter

In this chapter, we focus exclusively on the minimally invasive and non-invasive
methods of cardiac output monitoring. While the pulmonary artery catheter (PAC)—
commonly referred to as the Swan-Ganz catheter—was revolutionary in providing
direct hemodynamic assessment, its current use in clinical practice is notably
restricted due to significant limitations.

The PAC is highly invasive. Placement and use are associated with
considerable risks, including infection, pulmonary artery rupture, arrhythmias,
thrombosis, and embolism. Over the past two decades, substantial research has
questioned whether these risks are justified by clinical benefit. Multiple large clinical
trials and systematic reviews have failed to demonstrate an improvement in patient
outcomes when PACs are routinely used in critically ill or high-risk surgical
populations [3].

For instance, a landmark randomized controlled trial published in 2003 in The
New England Journal of Medicine found no advantage of catheter-guided therapy
over standard care for high-risk elderly surgery patients admitted to the intensive care
unit [4]. Additionally, the 2013 Cochrane review by Rajaram and colleagues con-
cluded that PAC use does not improve outcomes in adult intensive care unit
patients [5]. These data suggest that routine use of the pulmonary artery
catheter is unwarranted and may actually increase morbidity and mortality in
certain patients.
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Device/method

Principle of
measurement

Advantages

Disadvantages

Pulmonary artery
catheter (PAC)

Thermodilution via
pulmonary artery
catheter

Reference standard;
direct measurement;
full hemodynamics

Highly invasive; risks of infection,
rupture, arrhythmia, thrombosis,
embolism

Transpulmonary
thermodilution
(TPTD)

Cold saline bolus
and arterial
thermistor analysis

Less invasive than PAC;
measures extra
parameters

Requires both central venous and
arterial access

Pulse contour
analysis (e.g. PICCO
and LiDCO)

Analysis of arterial
pressure waveform

Minimally invasive;
continuous, real-time
monitoring

Accuracy affected by arrhythmias,
vascular tone, algorithm/
calibration limits

Lithium dilution
cardiac output

Lithium chloride
bolus; arterial

Minimally invasive;
repeated measurements

Special equipment/lithium
required; contraindicated in

(LiDCO) lithium detection  possible patients on lithium
FloTrac/Vigileo Proprietary arterial Minimally invasive; Decreased accuracy in low-

waveform easy continuous use flow/high-resistance/

statistical analysis vasoconstriction states
Esophageal Doppler ~ Doppler ultrasound Minimally invasive; Requires probe placement;

in distal esophagus tracks fluid operator and patient dependent;

responsiveness unreliable in aortic disease

Bioimpedance/ Electrical Non-invasive; simple, Less accurate in obesity,
bioreactance cardiac impedance/phase  rapid application pulmonary edema, severe

output monitors

shift across thorax

arrhythmias

Ultrasonic cardiac
output monitor
(USCOM)

Doppler ultrasound
across heart valves

Non-invasive; portable;
rapid assessment

Operator dependent; less reliable
in complex cardiac anatomy

CO = cardiac output; PAC = pulmonary artery catheter; TPTD = transpulmonary thermodilution; PiCCO = pulse

contour cardiac output.

Table 1.

Cardiac output monitoring devices: principles, advantages, and disadvantages.

In light of these findings, the prevalence of PAC use has significantly declined.

Many contemporary guidelines and expert recommendations suggest restricting or
discontinuing the routine application of PAC monitoring for most modern critical care
and perioperative scenarios, given its limited efficacy and potential for patient harm.

Given these concerns, the need for accurate yet safer alternatives has driven
advances in both minimally invasive and non-invasive cardiac output monitoring
methods. The remainder of this chapter is devoted to the principles, devices, and
clinical applications of these newer technologies, which aim to provide actionable
hemodynamic data while minimizing procedural risks [6]. Figure 1 demonstrates the
properties of an ideal haemodynamic monitoring system.

4. Precision, accuracy, and the evolving role of volumetric indices

To replace the gold standard in cardiac output measurement, a new technique
must demonstrate both high precision and accuracy. While accuracy ensures that
measured values reflect the true cardiac output, precision—the ability to reliably
detect consistent changes—may be even more critical for monitoring dynamic patient
responses and evaluating therapeutic interventions.
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Figure 1.
An ideal heamodynamic monitoring system.

The complexities of cardiac function are aptly described by the Frank-Starling
mechanism, which highlights the relationship between left ventricular preload and the
fiber length of myocardial muscles at the end of diastole [7]. This interplay is best
expressed in terms of the left ventricular end-diastolic volume, a direct volumetric
measure. Unfortunately, accurate bedside measurement of left ventricular end-
diastolic volume is not readily feasible in clinical practice [7].

Historically, clinicians have relied on pressure-based surrogate markers such as
central venous pressure (CVP) and pulmonary artery occlusion pressure (PAOP) to
estimate preload. These indices are based on the assumption of a stable relationship
between pressure and volume within the heart. However, in critically ill patients, this
assumption often fails due to significant alterations in ventricular compliance, fluctu-
ating intrathoracic pressures, and changes in cardiac geometry. As a result, pressure-
based parameters can be misleading and poorly reflect true intravascular volume
status [8].

Low values of CVP and PAOP may sometimes indicate low preload, but crucially,
these parameters do not predict fluid responsiveness and should not guide resuscita-
tion toward arbitrary thresholds. Attempting to optimize hemodynamics based only
on absolute CVP or PAOP values risks both under- and over-resuscitation, especially
in patients experiencing increased intrathoracic pressure—a condition reported in
more than 30% of patients receiving critical care. Consequently, modern resuscitation
algorithms emphasize the limitations of pressure-based monitoring and increasingly
promote volumetric assessment as a more faithful representation of true cardiac filling
status [9].

This clinical recognition has fueled the development and routine clinical adoption
of volumetric preload indices, which directly measure the volume status of the heart
and central circulation, providing actionable data for fluid management—particularly
in patients with altered chest and cardiac compliance [9].
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Parameter Definition/description Unit
Cardiac output (CO) Total volume of blood pumped by the heart per minute L/min
Stroke volume (SV) Amount of blood ejected from the ventricle with each heartbeat mL
Stroke volume index Stroke volume standardized for body surface area mL/m”
(SVID)

Cardiac index (CI) Cardiac output normalized for body surface area L/min/m?*
End-diastolic volume Volume of blood in the ventricle at end of diastole (preload) mL
(EDV)

End-systolic volume Volume of blood remaining in the ventricle at end of systole mL
(ESV)

Ejection fraction (EF) Percentage of end-diastolic volume ejected with each contraction %

(indicator of systolic function)

Global end-diastolic Cumulative volume of blood in all four cardiac chambers at end- mL/m?
volume index (GEDVI) diastole, normalized for body surface area

Intrathoracic blood Total blood volume within the thoracic compartment (all cardiac =~ mL/m’
volume index (ITBVI) chambers and pulmonary vasculature), per body surface area
Extravascular lung water Amount of fluid in pulmonary interstitium and alveolar space, mL/kg
index (EVLWI) normalized for body weight (indicator of pulmonary edema risk)

Table 2.

Hemodynamic parameters and their definitions.

4.1 Key hemodynamic and volumetric indices

The following volumetric and functional indices now guide advanced
hemodynamic management in critically ill and surgical patients and are summarized
in Table 2.

Table 2 summarizes key volumetric and flow-based parameters used in advanced
hemodynamic monitoring. Units are standardized to facilitate comparison across
individuals of varying body size. Parameters such as GEDVI, ITBVI, and EVLWI are
particularly relevant in critical care settings for assessing preload, thoracic blood
volume, and pulmonary fluid status [10].

Collectively, these volumetric parameters provide comprehensive insights into
cardiac function, true preload (volume status), and the patient’s overall fluid balance.
Their use allows clinicians to tailor fluid therapy and optimize hemodynamic man-
agement more precisely, markedly improving decision-making in patients—particu-
larly those with increased intrathoracic pressure, altered cardiac compliance, or
complex critical illness [11].

5. Principles of physics behind cardiac output monitoring

Cardiac output (CO)—the volume of blood pumped by the heart per minute—is a
fundamental parameter in evaluating cardiac function, perfusion, and overall circula-
tory status. Its measurement relies on several distinct physical principles and methods,
each with unique strengths and limitations. The main approaches include the
following [12]:
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1.Fick method

2. Dilution techniques (thermodilution, dye densitometry, and lithium dilution) [13]
3. Arterial pulse analysis [14, 15]

4.Electrical impedance methods (transthoracic impedance and bioreactance) [15, 16]

5.Doppler ultrasound [17]

Each of these approaches offers a distinct way to assess cardiac function, with its
own strengths and weaknesses.

5.1 The Fick Principle

The Fick Principle, developed by Adolf Eugen Fick in 1870, is a fundamental
concept in cardiovascular physiology that enables the calculation of cardiac output
based on the relationship between oxygen consumption and blood flow. At its core, it
posits that the amount of oxygen extracted by the body’s tissues is directly propor-
tional to the difference in oxygen content between the arterial blood supplying the
tissues and the venous blood returning to the lungs, which implies that CO—the
volume of blood pumped by the heart per unit time—can be determined by measuring
the difference in oxygen content between arterial and venous blood and dividing the
oxygen consumption by this difference.

Mathematically, this relationship can be expressed as follows:

VO,

CO=—"——
(CaOz — CVOz)

1)

Where:

CO = Cardjiac output (L/min)

VO, = Oxygen consumption (ml O,/min, typically 125 x BSA for indirect method)

CaO; = Arterial oxygen content (ml O,/L)

CvO, = Mixed venous oxygen content (ml O,/L)

The Fick principle’s application extends to various substances beyond oxygen,
including carbon dioxide and specific markers, enabling assessment of blood flow and
metabolic activity in specific organs and tissues, in addition to whole-body measure-
ments (Figure 2).

The Fick principle relies on two fundamental assumptions. Firstly, it assumes a
steady state condition where oxygen consumption and delivery are balanced, meaning
the rate at which tissues uptake oxygen equals the rate at which oxygen is delivered to
them. Secondly, it assumes that cardiac output is equal in both ventricles, implying
that blood volume pumped by the right ventricle into the lungs is matched by that
pumped by the left ventricle into the systemic circulation. These assumptions are
necessary for accurately applying the Fick Principle to calculate cardiac output [18].

Oxygen Consumption (VO,)

Cardiac Output (CO) Arterial Oxygen Content (Ca0)
—Venous Oxygen Content (CvO,)

Figure 2.
Fick Principle equation illustrating the velationship between cardiac output, oxygen consumption, and arterial-
venous oxygen content difference.
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Respiratory gases can be measured in a seald system
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Oxygen in Oxygen out

Oxygen used by organ=0xygen in-Oxygen out
(vo2 or Oxygen flux)

CO = Vo2
Ca-Cv
Arterial oxygen
concentration Ca
Venous oxygen [ |

concentration Cv
Partial pressure of dissolved oxygen can be used as a measure

The Fick Principle to measure Cardiac Output

Figure 3.
The Fick’s Principle to measure cardiac output.

The Direct Fick method is considered the benchmark for measuring cardiac out-
put. It involves directly measuring the difference in oxygen levels between inspired
and expired air to determine oxygen consumption (VO,). Additionally, arterial and
mixed venous blood gases are analyzed to calculate oxygen content in arterial (CaO,)
and venous (CvO,) blood, with the latter requiring a pulmonary artery sample. This
method provides a precise calculation of cardiac output (Figure 3) [19].

5.2 Indirect Fick methods

In contrast, Indirect Fick methods estimate one or more variables, introducing
potential errors. They include estimation of oxygen consumption (VO,) using nomo-
grams, which are charts that predict normal values based on factors like age, sex, and
weight; carbon dioxide content (CaCO,) based on end-tidal CO, measurements,
which measure CO; levels in exhaled breath; venous CO, content (CvCO,) during
rebreathing, where a patient rebreathes CO, to alter CO; levels in the blood; and
finally estimation of arterial oxygen content (CaO,) using pulse oximetry. Arterial
oxygen saturation can be non-invasively monitored using pulse oximetry, a technique
that measures SpO, levels [19].

Needless to say, indirect methods may be less precise than the Direct Fick method due
to the potential for estimation errors. As mentioned earlier, a modified indirect version of
the Fick principle uses carbon dioxide (CO,) to measure cardiac output in mechanically
ventilated patients. This technique involves a specialized device that includes a rebrea-
thing loop, CO, sensor, and airflow sensor, and by analyzing changes in CO, elimination
during normal and partial rebreathing states, the device estimates cardiac output.

Nevertheless, this approach has drawbacks, such as necessitating intubation and
mechanical ventilation with consistent settings. Its suitability is also limited for
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patients with substantial respiratory diseases, making it mainly applicable to those
who are mechanically ventilated and hemodynamically stable.

5.3 Limitations of the Fick method and indirect approaches

The Fick method for calculating cardiac output is subject to several limitations that
can compromise its accuracy. Notably, indirect estimates can introduce significant
errors, particularly in patients with complex physiological conditions, such as morbid
obesity, hypothermia, or sepsis. Even the direct Fick method is not entirely infallible,
exhibiting an inherent margin of error of approximately £8%. Certain pulmonary
conditions, such as severe pneumonia, can lead to augmented oxygen consumption,
thereby resulting in an overestimation of cardiac output. Furthermore, the method’s
presumption of a condition of equilibrium may not be correct as oxygen consumption
may not precisely reflect tissue oxygen requirements. Moreover, in high-output states
characterized by narrow arteriovenous oxygen content differences, even miniscule
errors in measurement can be substantially magnified. Lastly, intracardiac shunts can
confound the measurement by inducing changes in oxygen content that are unrelated
to alterations in cardiac output, thereby underscoring the need for cautious interpre-
tation of Fick’s method to results (Figure 4) [20].

NICO Timing Diagram (3 minute cycle}——

«—— Baseline (60 sec.)- “— Rebreathing (50 sec.) —— -Stabilization (70 sec.)
-Rebreathing valve OFF -Rebreathing valve ON- Rebreathing valve OFF-
VCO,-PaCO, & ETO, VCO, reducedPaCO, & ETCO, VCO,reducedPaCO, & ETCO,
at baseline lavels Mixed venous Co, uncharged 1 to baseline levels

1
= -
il \ F st
G VES ) ( veo,
N \__.\_ e

=)
) OFF
Rebreathing Rebreathing
valve mactive
Aclive

Mixed Arterial Shuitt
Venous Co, 0,

Mixed Arterial
O,

VCO, \ AVCO; I /
|
[
1

ETCO; m

*3 mmHg typical

Oxygen or another marker such as éye can be used b3 the Fick principle to calculate
cardlac output. The Stewart-Hamilton equaston is a modified pricive itolitie
calculates cardiac output c®).

Y

Figure 4.
Rebreathing circuit and sequence of breathing using the NICO system. Partial rebreathing is initiated every 3 minutes
by opening the valve and pulmonary blood flow is calculated by difference between normal and rebreathing ratio.
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5.4 Thermodilution techniques

In a recent advancement, transpulmonary thermodilution, the principle of which
was obtained from the Stewart Hamilton Equation, has emerged as a promising
technique, endeavoring to replicate the accuracy of the venerable pulmonary artery
catheter (PAC) thermodilution method while mitigating its attendant complications.
The Stewart-Hamilton equation has its origins in the concept of thermal dilution,
where a cold saline bolus is injected into the bloodstream, causing a temporary drop in
blood temperature. As the cold saline mixes with the blood, the temperature change is
measured over time, creating a thermodilution curve. The area under this curve is
inversely proportional to cardiac output: a larger area indicates slower blood flow
(lower cardiac output), while a smaller area indicates faster blood flow (higher cardiac
output). By analyzing this curve, the equation calculates cardiac output, providing a
quantitative measure of the heart’s pumping efficiency [21].

Innovative devices such as the PiCCOplus and EV1000/VolumeView have
harnessed this technology to facilitate intermittent calibration of their sophisticated
pulse pressure analysis-based cardiac output monitors. It involves the judicious injec-
tion of cold saline into the superior vena cava via a central venous catheter, while an
arterial cannula, strategically placed in a major artery, incorporates a thermistor to
meticulously measure the subtle changes in blood temperature. Advanced computer
software then generates a thermodilution curve, elegantly plotting the temperature
fluctuations over time [22].

Notably, cannulation via the femoral vein is generally eschewed, as it may precip-
itate an overestimation of intrathoracic blood volume. Furthermore, if femoral venous
access is deemed necessary, the catheter should be positioned contralateral to the
femoral arterial catheter to preclude crosstalk phenomena [23].

These cutting-edge monitors also provide a wealth of additional hemodynamic
parameters, including global end-diastolic volume, intrathoracic blood volume, extra-
vascular lung water, and a pulmonary vascular permeability index, all derived from
the transpulmonary thermodilution technique. This comprehensive suite of metrics
offers clinicians a nuanced understanding of cardiovascular dynamics, thereby
informing therapeutic decision-making [21].

A myriad of potential sources of error has been discerned in the transpulmonary
thermodilution technique as it exhibits a heightened susceptibility to errors precipi-
tated by drift and indicator recirculation, yet paradoxically demonstrates a reduced
vulnerability to errors stemming from respiratory variation [24]. The fundamental
difference in measurement sites, wherein PAC thermodilution assesses right heart
cardiac output and transpulmonary thermodilution evaluates left heart cardiac out-
put, can lead to disparate measurements in the presence of intracardiac or
intrapulmonary shunts.

Furthermore, the magnitude of error induced by valvular regurgitation is inher-
ently unpredictable, being contingent upon the site and severity of the regurgitation.
Notwithstanding these potential pitfalls, a robust correlation between PAC and
transpulmonary thermodilution has been established in diverse experimental and
clinical contexts, including cardiac surgery and intensive care settings involving septic
and burn patients. Intriguingly, underestimation of cardiac output has been reported
due to indicator recirculation, despite the fact that a substantial proportion (approxi-
mately 96-97%) of the indicator is recovered in the aorta. Indicator recirculation
refers to the phenomenon wherein the cold injectate diffuses into tissues and subse-
quently reenters the bloodstream, potentially leading to measurement inaccuracies.
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Moreover, indicator loss into the lungs, particularly in patients with pulmonary
edema, has been posited as a contributing factor to poor correlation in some studies.
The interplay between indicator loss and recirculation appears to be complex, with the
effects of these two parameters tending to counterbalance each other; however, the
relative significance of each remains to be fully elucidated [25].

5.5 Pulse dye densitometry

Pulse dye densitometry (PDD) employs the DDG-2001 analyzer to estimate arterial
indocyanine green (ICG) concentration following intravenous injection. This non-
invasive technique utilizes a fingertip sensor emitting specific wavelengths to detect ICG
levels after pulmonary circulation. The relative ICG concentration ratio is then used to
calculate cardiac output [26]. Notably, ICG is a safe and non-toxic dye, rarely associated
with allergic reactions, and is exclusively cleared by the liver. Furthermore, the magnitude
of error induced by valvular regurgitation is inherently unpredictable, being contingent
upon the site and severity of the regurgitation. Notwithstanding these potential pitfalls, a
robust correlation between pulmonary artery catheter (PAC) and transpulmonary
thermodilution has been established in diverse experimental and clinical contexts, includ-
ing cardiac surgery and intensive care settings involving septic and burn patients [27].

Intriguingly, underestimation of cardiac output has been reported due to indicator
recirculation, despite the fact that a substantial proportion (approximately 96-97%)
of the indicator is recovered in the aorta. Indicator recirculation refers to the phe-
nomenon wherein the cold injectate diffuses into tissues and subsequently reenters
the bloodstream, potentially leading to measurement inaccuracies [28]. Moreover,
indicator loss into the lungs, particularly in patients with pulmonary edema, has been
posited as a contributing factor to poor correlation in some studies. The interplay
between indicator loss and recirculation appears to be complex, with the effects of
these two parameters tending to counterbalance each other; however, the relative
significance of each remains to be fully elucidated.

5.6 Pulse dye densitometry

Pulse dye densitometry (PDD) uses the DDG-2001 analyzer to measure arterial
indocyanine green (ICG) concentration after intravenous injection. This non-invasive
method employs a fingertip sensor to detect ICG levels post-pulmonary circulation
and calculates cardiac output based on the ICG concentration ratio. ICG is a safe, non-
toxic dye cleared exclusively by the liver. The PDD technique enables repeated mea-
surements every 20 minutes once ICG levels drop to 1%. However, study results on
PDD accuracy are inconsistent, necessitating further research (Figure 5) [26].

5.7 The lithium dilution method

The LiDCOplus system offers real-time cardiac output monitoring through pulse
power analysis via the PulseCO algorithm, complemented by lithium dilution for
intermittent calibration. The LiDCOplus system is an amalgamation of two proprie-
tary algorithms: the LiDCO system, which meticulously measures cardiac output
through indicator dilution, and the PulseCO system, which provides a continuous,
nuanced analysis of the arterial waveform. The harmonious union of these two sys-
tems is calibrated to perfection, yielding a precise and reliable measurement of cardiac
function [23].

168



Minimally Invasive Cardiac Output Monitoring Devices: Principles, Applications...
DOI: http://dx.doi.org/10.5772 /intechopen.1014590

Z —~ This is the Mean Transit Time: time it takes for half
:;:};cuon of coid e p—— of the cold indicator to pass

'4 Cardiac output = Volume pumped
Unit time
Therefore volume / Time (measured Cardiac output) x Mean Transil
Logarithimic Time (Mit) = Total Volume (ITTV)
I’gﬁ“m‘r:ﬁ- 2 And when we say Total Volume, that is all the volume between the
change 85% Valume / unit time x time =volume :;'“‘:5'31 5‘[;J"E:‘;i]3;‘1,55‘;\::'“;?‘35‘":’;‘;S’\"Q,S&'E‘B?m‘5"5
rms. il is EDV +
We have two different time parameters to choose
from Mit and Dst
s Puimonary tharacic volume
45% S PV
Vermicuiar End e
™, aapasaetr “g'mn Voume — it
. o R i
~ s RVEDV s
~,
This i the Downslope tme: time It takes for the
extrapolated slope lo reach o zéro, The starting point is
TIME [ ost | taken as 85% of femperature response and the
end point as 45% of temperature response
Figure 5.

Diagram explaining the principle of thermodilution and how the mean transit time and downslope time are used
to calculate intrathoracic blood volumes.

A delicate lithium sensor, attached to the arterial line, senses the lithium ions as they
flow through the circulation, generating a concentration-time curve that holds the
secrets of cardiac output. This subtle yet powerful technique requires only an arterial
line and a peripheral intravenous line, a testament to its minimally invasive nature. The
PulseCO system is a marvel of mathematical wizardry, employing an autocorrelation
algorithm to distill the arterial pressure waveform into a precise calculation of stroke
volume [24]. The root mean square method, a clever mathematical trick, determines the
volume of the arterial tree, while patient-specific factors are carefully woven into the
calculation to yield an accurate measurement of cardiac function. This method involves
injecting small boluses of lithium chloride, which are then measured by a sensor
attached to an arterial cannula, generating a concentration-time curve that facilitates
calculation of plasma flow using the Stewart-Hamilton equation [13, 24].

Lithium’s unique properties render it an ideal indicator, but certain limitations
apply. Patients on long-term lithium therapy may experience reduced accuracy.
Moreover, the presence of non-depolarizing neuromuscular blocking agents, particu-
larly atracurium and rocuronium, can lead to overestimation of cardiac output due to
sensor cross-reactivity. Additionally, contraindications include patients weighing
under 40 kg and those in the first trimester of pregnancy [24].

Despite these limitations, studies have demonstrated excellent correlation between
lithium dilution cardiac output measurement and the pulmonary artery catheter
thermodilution technique in various clinical settings. Research has shown minimal
bias between the LiDCO device and thermodilution, with some variability in specific
patient populations, such as those undergoing coronary artery bypass grafting or
aortic clamping/unclamping. Nonetheless, current evidence suggests that LiDCOplus
technology is a trustworthy alternative to the more invasive thermodilution method
that uses a pulmonary artery catheter [13, 24].

There are various publications about the LiDCOplus system in multiple clinical
settings, yielding promising results. Studies have supported the use of LiDCOplus
with thermodilution in post-coronary artery bypass graft (CABG) patients [13], satis-
factory correlation in post-liver transplant patients [28], and good correlation in post-
cardiac surgery patients [29]. Moreover, LiDCOplus-based goal-directed therapy has
been shown to significantly reduce complications and hospital stay [30]. However, its
accuracy may be limited in certain situations, such as off-pump CABG, where a poor
correlation was observed [31]. In contrast, LIDCOplus has proven sensitive in
assessing intravascular volume in off-pump coronary artery bypass (OPCAB) surgery
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patients [32]. Furthermore, comparative studies have found LiDCO to be the least
erroneous among other devices like PiCCO, FloTrac, and PAC [33]. These findings
reiterate its benefits and limitations in different clinical contexts.

5.8 Arterial waveform analysis method

The arterial waveform method for cardiac output monitoring uses the blood pres-
sure waveform to estimate stroke volume and cardiac output. This technique, first
introduced by Otto Frank in 1899, utilizes a “Windkessel” model to describe the
circulation. The Windkessel effect is a physiological phenomenon that describes how
the left ventricle’s contraction generates a systolic pressure wave that is then converted
into a constant pressure in the systemic vasculature, maintaining a stable blood pres-
sure and ensuring continuous blood flow to the tissues, even during diastole [21].

When the left ventricle contracts, it ejects blood into the aorta, causing the aortic walls
to expand and stretch. This expansion stores potential energy, which is then converted to
kinetic energy as the walls recoil, propelling blood forward into the systemic vasculature
during diastole. This process, likened by Otto Frank to the ‘Windkessel’ air chamber used
in fire engines, enables the conversion of the sinusoidal pressure wave generated by the
heart into a positive and constant pressure at the tissue (Figure 6) [34].

The pulse pressure conceptual principle has been studied in clinical practice for a
long time, initially through assessing the character and volume of the pulse. With
advancements in technology, arterial cannulation and pulse pressure waveform analysis
have become ubiquitous techniques for monitoring cardiac output. Pulse pressure anal-
ysis involves calculating stroke volume from the arterial waveform, considering factors
like systolic and diastolic portions, aortic impedance, compliance, and peripheral vas-
cular resistance. The pressure-recording analytical method (PRAM) is a technique that
calculates cardiac output using physical parameters, including left ventricular ejection
force, arterial impedance, compliance, and peripheral resistance [35].

The pulse pressure analysis technique utilizes the arterial waveform, obtained
from an arterial catheter or finger probe, to calculate stroke volume and systemic
vascular resistance. However, this method is complicated by the nonlinear and age-
related compliance of the aortic wall, which precludes a direct correlation between
pressure and volume. To address this limitation, in 1983, Wesseling et al. [36] intro-
duced an algorithm that accounts for the nonlinear compliance of the aortic wall,
allowing stroke volume to be calculated by analyzing the area under the systolic
portion of the arterial waveform.

A distinct approach to estimating stroke volume involves analyzing pulse contour
characteristics using models of systemic circulation. Conversely, pulse power analysis
adopts a different strategy, focusing on the power changes within each heartbeat. This
method posits that the net power change results from the balance between incoming
blood volume and peripheral blood loss. By leveraging autocorrelation over time and
sidestepping frequency-based methods, pulse power analysis reduces the impact of
arterial damping and waveform irregularities. Although it can monitor stroke volume
changes, calibration against a reference method, such as lithium dilution, is necessary
to obtain precise absolute values.

The arterial waveform method has various benefits, including its less invasive
nature, attenuating complications associated with traditional methods. It provides
continuous, real-time monitoring of cardiac output, allowing for prompt interven-
tions. Some systems, like the Nexfin monitor, are completely non-invasive, making
them extremely useful for patients where invasive monitoring is not feasible.
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(A)A pulmonary artery catheter is inserted through a central vein and threaded into the heart,
reaching the pulmonary artery. This placement allows clinicians to monitor heart function, pulmonary
pressures, and cardiac output with high precision.
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Figure 6.

The Windkesel model translating into a normal and abnormal pulse pressure waveform. (A) Pulmonary artery
catheter inserted through central vein measures cardiac output via indicator dilution. Known volume of indicator
(dye) added to bloodstream; its concentration as it passes detector plotted as curve over time. (B) Transpulmonary
thermodilution technique achieves similar parameters.

However, the arterial waveform method also has several disadvantages. It requires an
ideal arterial pressure tracing, which can be affected by under- or over-damped
waveforms. Moreover, its accuracy may be limited when patients are on significant
inotropic or vasopressor support, off-pump coronary artery bypass surgery, and open
aortic abdominal aneurysm repair [34, 35].

Various commercial systems utilizing arterial waveform analysis have been devel-
oped, including auto/non-calibrated and externally calibrated devices (Table 3).
Auto/non-calibrated devices include the FloTrac sensor, ProAQT sensor, LiDCO rapid
system, Nexfin monitor, and esCCO. Calibrated devices include the LiDCOplus,
PiCCOplus monitor, and EV1000/VolumeView monitor. These systems employ vari-
ous techniques to determine cardiac output, including analysis of pulse contour, pulse
power, or pulse wave transit time.
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5.9 Non-calibrated and uncalibrated devices

Non-calibrated (uncalibrated) cardiac output monitoring devices estimate cardiac
output and stroke volume using proprietary algorithms, without depending on exter-
nal reference calibration. The most widely used systems include the following:

1.FloTrac sensor: This device uses advanced algorithms to calculate stroke volume
(SV) from the arterial waveform obtained from a standard arterial catheter.
The ProAQT sensor in the Pulsioflex monitor uses a similar approach.

2.LiDCO rapid system: This monitor uses pulse power analysis to track changes in
stroke volume and calculates cardiac output (CO) using nomograms.

3. Nexfin monitor: This non-invasive device uses an inflatable finger cuff to derive
the finger arterial pressure waveform, which is then reconstructed into a brachial
arterial pressure waveform. It measures various hemodynamic parameters,
including continuous blood pressure, heart rate, and cardiac output.

4.esCCO: This non-invasive monitor uses pulse wave transit time (PWTT) analysis
technology to calculate cardiac output. PWTT is the time delay between the
electrocardiogram (ECG) R-wave peak and the pulse wave rise point, which is
used to estimate stroke volume and cardiac output (Figure 7) [37].

Introducing pulse wave transit time (PWTT)
PWTT time from the peak of the R s
‘eak of Re-wave

wave in ECG to rising point ot the .~ ECG Electrodes L
pulse waveform sensed by Nihon 4
Koden SPO2 finger probe It o \__-_/\
consists of three sub-periods Reatiefost e
pressure '“‘h"“\M
Radial arterial T
pressure o /’—?
Differentiated ?T‘ %
pulse oximeter \ A 30%
wave ~— o S—
i pulse oximeter: :
|PEP (pre-ejection period) from the ECG R- SPOZ probe e =T Puise wave
wave lo the rise point of the aortic root PWTT ise poinl
pressure wave. Time
Shortens with increasing cardiac contractility Correlation between blood pressure and PWTT

Blood Pressure

T1: to rise point of the radial Down -- m Longer

artery pressure wave,
Depends on arterial compliance, +
shortening with increasing blood

pressure

CO = Kx PWTT + B) x HR: where a and
B are

T2: counts to the rise point of the pulse experimental constants

oximetery wave,as measured by
SpO2 probe on the fingertip
reflects vascular resistance and
shortens with vasodilation

Figure 7.
The concept of pulse wave transit time, the time delay between the ECG, R wave and the pulse wave rise point, and

the equation demonstrating how it is used to calculate the cardiac output.
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5.10 Clinical validation and limitations of arterial waveform devices

Numerous studies have validated the precise and accurate nature of these systems in
various clinical settings. The FloTrac/Vigileo system provides accurate and reliable
cardiac output measurements in diverse clinical contexts. Giomarelli et al. found that
the pressure recording analytical method (PRAM) is accurate for real-time cardiac
output monitoring during coronary artery bypass graft (CABG) surgery and the post-
operative period, when compared to pulmonary artery catheter (PAC) thermodilution
[12]. Donati et al. compared PRAM, pulse contour cardiac output (PiCCO), and contin-
uous PAC thermodilution in a mixed medical-surgical intensive care unit, showing good
concordance between PRAM, PAC, and PiCCO in hemodynamically stabilized patients
[38]. Romagnoli et al. investigated PRAM, FloTrac/Vigileo, and transthoracic echocar-
diography in vascular surgery patients, demonstrating good concordance between
PRAM and echocardiographic measurements [39].

The Nexfin monitor has also been validated with positive results, while the
PiCCOplus monitor has been shown to be reliable in pediatric patients, during one-
lung ventilation, and in the setting of renal replacement therapy. Additionally, the
EV1000/Volume View monitor has demonstrated superior calculation of global end-
diastolic volume (GEDV) compared to the PiCCOplus monitor.

However, despite these advances, some studies have reported limitations and
potential sources of error for these technologies. These include under- or over-
damped arterial waveforms, various conditions that can distort the arterial pressure
waveform, and reduced measurement accuracy in patients who are receiving signifi-
cant inotropic or vasopressor support.

By understanding both the strengths and limitations of the arterial waveform
method, clinicians can make informed decisions about its use in cardiac output mon-
itoring and thereby optimize patient care.

5.11 Transthoracic impedance and bioreactance analysis

The realm of cardiac output monitoring has witnessed the emergence of innovative
techniques, including impedance cardiography. This methodology, first described by
Nyboer in 1950, involves the extrapolation of stroke volume (SV) using variations in
transthoracic electrical impedance. The technique was later refined by Kubicek et al.
[40] in 1966, paving the way for its clinical application.

Impedance cardiography operates on the principle of detecting changes in transtho-
racic voltage in response to an applied high-frequency current across the thorax. This is
achieved through skin electrodes or electrodes mounted on a tracheal tube. The SV is
calculated using a formula that takes into account various parameters, including the
resistivity of blood, thoracic length, ventricular ejection time, and basal thoracic imped-
ance. Despite its promise, it has limitations, including sources of error such as motion
artifacts, electrical interferences, arrhythmias, and anatomical abnormalities, with a meta-
analysis revealing a mean percentage error of 43% compared to the PAC thermodilution
technique. To overcome these limitations, bioreactance technology has been introduced,
analyzing phase shifts induced between an applied electrical current and the resulting
voltage signal to calculate stroke volume, boasting a higher signal-to-noise ratio and
reducing interference. Bioreactance provides a wealth of hemodynamic data, including
cardiac output, heart rate, blood pressure, and thoracic fluid content, as well as clinical
parameters like cardiac index and total peripheral resistance. While this technology holds
promise, its accuracy during dynamic conditions remains debated. Further research is
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needed to validate the accuracy and reliability of impedance cardiography and
bioreactance in various clinical settings, and as technology evolves, these methodologies
are likely to play an increasingly important role in managing critically ill patients. A study
published in the Journal of Clinical Monitoring and Computing found that bioreactance-
based cardiac output monitoring was accurate and reliable in patients undergoing cardiac
surgery. Another study published in Critical Care Medicine found that impedance cardi-
ography was a useful tool for monitoring cardiac output in critically ill patients. However,
other studies have raised concerns about the limitations and potential sources of error in
these technologies. A meta-analysis published in the Journal of Critical Care found that
impedance cardiography had a mean percentage error of 43% compared to the PAC
thermodilution technique, highlighting the need for further validation. Another study
published in the Journal of Cardiothoracic and Vascular Anesthesia found that
bioreactance-based cardiac output monitoring was not accurate in patients undergoing
cardiac surgery, particularly in the immediate postoperative period. Some studies have
reported mixed results, suggesting that the accuracy of impedance cardiography and
bioreactance may depend on specific patient populations or clinical contexts. For exam-
ple, a study published in the Journal of Clinical Monitoring and Computing found that
bioreactance-based cardiac output monitoring was accurate in patients with stable hemo-
dynamics but not in those with dynamic changes in cardiac output. Overall, while some
studies support the use of impedance cardiography and bioreactance in cardiac output
monitoring, others highlight the need for further research to fully understand their
limitations and potential applications (Figure 8).
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Figure 8.
A flowchart depicting the principle of bioreactance and impedance analysis, the mathematical equations involved
and a picture depicting how the sensors are placed.
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5.12 Transesophageal echocardiography and aortic Doppler

Transesophageal echocardiography (TEE) and aortic Doppler are advanced hemody-
namic monitoring modalities that offer comprehensive insights into cardiac
function and volume status, but their principles and clinical applications differ
significantly [41].

5.12.1 Transesophageal echocardiography (TEE)

TEE is a sophisticated tool that provides detailed real-time information about
cardiac structure, function, and hemodynamics. It utilizes an ultrasound probe placed
in the esophagus, granting close proximity to the heart and excellent image quality,
relatively uninhibited by chest wall, lung, or adipose tissue. TEE leverages Doppler
technology to perform quantitative assessments of cardiac output and other hemody-
namic parameters.

* Calculation of stroke volume (SV) and cardiac output (CO):
o Stroke volume (SV) is determined using the Doppler velocity-time integral
(VTI) and cross-sectional area (CSA) of the left ventricular outflow tract

(LVOT):

SV =VTI x CSA

VTI: Doppler velocity-time integral (cm)

CSA: Cross-sectional area of LVOT (cm?)

Cardiac output (CO) is then calculated by multiplying SV by heart rate (HR):

CO =SV x HR

Additional functional assessment:

o TEE can evaluate ejection fraction (EF), estimate left ventricular end-diastolic
area (LVEDA) as a surrogate for preload/volume status, and visualize wall
motion or anatomical abnormalities.

o It is highly sensitive for detecting right ventricular (RV) strain, which is
valuable in cases of suspected pulmonary embolism.

¢ Validation and limitations:

o Perrino et al. demonstrated that TEE yielded clinically acceptable
agreement with thermodilution by pulmonary artery catheter during cardiac
surgery [42].

o However, Concha et al. noted significant discrepancies when comparing TEE
to FloTrac/Vigileo in laparoscopic colon surgery, underscoring the need for
context-specific interpretation and technique awareness [43].

176



Minimally Invasive Cardiac Output Monitoring Devices: Principles, Applications...
DOI: http://dx.doi.org/10.5772 /intechopen.1014590

o TEE is operator-dependent; high-quality images are essential for accuracy.
Morbidity is rare but possible, as demonstrated by Kallmeyer et al., who
reported a 0.2% complication rate (most commonly severe odynophagia) in
over 7000 cardiac surgery patients [42].

5.12.2 Aortic Doppler

Aortic Doppler (also known as esophageal or transthoracic Doppler) provides a
non-invasive or minimally invasive means of estimating cardiac output by measuring
the velocity of red blood cells within the aorta—a surrogate for aortic blood flow.

* Doppler principle and calculation:

o The Doppler equation for red cell velocity is: Fd = 2Ft-V-cos6/C;
CFd = C2Ft-V-cosf

- Fd: detected frequency shift
- Ft: transmitted frequency
- V: velocity of red blood cells
- cos: correction factor for probe angle
- C: Speed of sound in tissue
o Conversion to flow (stroke volume):

- The cross-sectional area (CSA) of the aorta is estimated via nomograms or
M-mode ultrasound.

- The integral of the velocity-time curve (stroke distance) is multiplied by CSA
to yield stroke volume (SV).

o Cardiac output calculation: CO = SV x HR
* Clinical utility and limitations:
o Aortic Doppler provides continuous beat-to-beat trend monitoring and is
especially valuable in anesthetized or sedated patients where quick, minimally

invasive assessment is needed.

o Accuracy depends on appropriate probe positioning, correct angle of
insonation, and appropriate patient selection for CSA estimation.

o It does not provide detailed anatomical or structural information compared to
TEE, but is less invasive and operator-dependent (Figure 9) [17].

The information gleaned from the cardiac output monitors can be analyzed in
different ways. This can be better appreciated using a case scenario.
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Figure 9.
Oesophagel Doppler monitoring of cardiac output devices. The diagram shows normal versus pathological traces.

5.13 Clinical application: Interpreting cardiac output monitor data: A case

scenario
A 65-year-old male patient is admitted to the intensive care unit (ICU) with septic

shock. He is mechanically ventilated and receiving vasopressor support. His hemody-
namic parameters are as follows:

* Cardiac output (CO): 3.2 L/min

e Cardiac index (CI): 1.8 L/min/m?

¢ Stroke volume (SV): 40 mL/beat

o Stroke volume index (SVI): 25 mL/m?/beat
* Global end-diastolic volume index (GEDVI): 680 mL/m? (normal range:

600-800 mL/m?)
* Extravascular lung water index (EVLWI): 12 mL/kg (normal range: 3-7 mL/kg)

5.13.1 Interpretation
* The patient’s cardiac output and cardiac index are low, indicating decreased

cardiac function.
* The stroke volume and stroke volume index are also low, suggesting decreased

cardiac contractility.
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* The GEDVI is within normal limits, suggesting adequate preload.
* The EVLWI is elevated, indicating pulmonary edema.
5.13.2 Management

* Administer fluids to optimize preload and cardiac output.

* Consider adding inotropes to support cardiac contractility.
* Titrate vasopressors to optimize blood pressure and perfusion.

* Implement strategies to reduce pulmonary edema, such as diuretics or
ultrafiltration.

5.13.3 Goals
* Increase cardiac output and cardiac index to normal ranges.
* Improve stroke volume and stroke volume index.
* Reduce EVLWI to normal range.
* Optimize blood pressure and perfusion.

This case scenario illustrates the use of volumetric indices to guide hemodynamic
management in a critically ill patient. By interpreting these indices, clinicians can
make surmises about fluid therapy, vasopressor support, and other interventions to
optimize cardiac function and patient outcomes. The pursuit of optimal cardiac out-
put monitoring is a nuanced and multifaceted endeavor, with various devices and
techniques vying for attention. Minimally invasive cardiac output monitoring
(MICOM) devices aim to evaluate stroke volume (SV) and predict fluid responsive-
ness, but their utility is tempered by the complexity of individual patient needs and
the limitations of each method.

6. Conclusion

In clinical practice, a goal-directed approach is essential, taking into account the
unique characteristics and comorbidities of each patient. The Frank-Starling physiolog-
ical model of the heart provides a framework for understanding the relationship
between cardiac volume loading and stroke volume, but defining a “sustained response”
and “an appropriate fluid challenge” can be challenging in real-world settings.

Derived indices, such as pulse pressure variation (PPV) and stroke volume varia-
tion (SVV), can offer valuable perspectives into fluid responsiveness, but their accu-
racy is influenced by factors like tidal volume and intrathoracic pressure. The clinician
must therefore interpret these values in the context of the patient’s overall clinical
picture.

Despite these challenges, there is evidence to support the use of MICOM devices in
improving patient outcomes, particularly in colorectal surgery and cardiac patients.
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Goal-directed therapy protocols have been shown to reduce complications and length
of stay in the ICU, but the exact mechanisms remain somewhat nebulous.

Ultimately, the effective use of MICOM devices requires a deep understanding of
their limitations and the importance of individualized patient care. By acknowledging
the complexities of cardiac output monitoring and embracing a nuanced approach,
clinicians can harness the potential of these devices to improve patient outcomes and
advance the field of critical care medicine.
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Abstract

Hemodynamic monitoring is the cornerstone of modern critical care. It facilitates
the early identification and management of hemodynamic instability, especially in
complex conditions such as shock, heart failure, ARDS, and acute kidney injury.
Monitoring techniques in ICU have evolved from basic bedside assessments to
advanced invasive methods like PAC (PA catheter), minimally invasive methods like
PiCCO (pulse contour analysis), and non-invasive modalities—especially point-
of-care ultrasound (POCUS). This progress over the last five to six decades reflects
the ongoing evolution of hemodynamic monitoring systems with a strong emphasis
on patient safety and minimizing complications. POCUS is non-invasive, repeat-
able, and offers reliable sensitivity and specificity for organ-specific assessments
(cardiac, respiratory, and renal) with the added advantage of no procedural risk.
Dynamic and static physiological parameters derived from POCUS complement those
obtained from conventional invasive devices such as PAC and PiCCO. Individualized
management of fluid responsiveness and resuscitation endpoints can be achieved
by integrating static and dynamic indices obtained from POCUS. The future of
POCUS is promising as new modalities are emerging, such as VEXUS (Venous Excess
Ultrasound) for detecting congestion, Doppler, and advanced cardiac ultrasound for
detecting and quantifying both left and right ventricular function. Although there are
technical challenges, especially steep learning curves associated with newer and more
refined modalities, these can be overcome through training and regular incorporation
of POCUS into advanced hemodynamic monitoring in the ICU setting.

Keywords: hemodynamic monitoring, critical care, point-of-care ultrasound

(POCUS), pulmonary artery catheter (PAC), fluid responsiveness, cardiac output,
preload and afterload, dynamic parameters
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1. Introduction
1.1 Importance of hemodynamic monitoring in critical care

Hemodynamic monitoring is one of the most vital aspects of patient assessment
and ongoing support in the ICU. It has been a cornerstone in the detection and
management of shock, assisting in differentiating among various types of shock and
guiding their specific treatments. Additionally, hemodynamic monitoring plays a
crucial role in managing conditions such as heart failure, acute respiratory distress
syndrome, and acute kidney injury. Focused hemodynamic evaluation enables
clinicians to develop individualized management strategies, facilitating targeted
interventions such as fluid administration, medication adjustment, and vasopressor
titration. Traditionally, hemodynamic monitoring has been divided into basic and
advanced methods. Although basic monitoring is important, it plays a limited role in
the comprehensive care required in the ICU. Patients receiving organ support typi-
cally require advanced hemodynamic monitoring. Conventional advanced techniques
include invasive methods such as arterial blood pressure monitoring, central venous
pressure measurement, and the use of pulmonary artery catheters. These methods
are either invasive or semi-invasive and have got both procedural and post-procedural
complications, namely, the iatrogenic injuries and the postop procedural infection
during the maintenance phase of the invasive lines [1].

With the advancement of research and critical care, there was always a surgery
for non-invasive method of advanced hemodynamic monitoring in ICU. With the
advances in ultrasound technology, portability of the ultrasound instruments and
its advantages like safety, rapidity, reproducibility, and repeatability of point of
care ultrasound was introduced into the ICU care. Studies have also demonstrated
that POCUS has relative good sensitivity and specificity in detecting the cause of
hemodynamic instability that his diagnostic accuracy and ultimately improving the
outcome of the critically ill patients. In the last two decades, it has been seen that
there are missed publications of literature on the use of point of care ultrasound and
ICUs. Though there are some hurdles in focus like one time investment on quality
ultrasound instrument, a steep learning curve, user dependent result with variability,
maintenance of the instrument [2].

1.2 Evolution of monitoring techniques in the ICU

Hemodynamic monitoring in general, and particularly in the ICU, has witnessed
remarkable evolution over the past five to six decades. It began with basic bedside,
intermittent clinical assessments such as heart rate measurement, non-invasive blood
pressure monitoring, and evaluation of perfusion signs like capillary refill, skin tempera-
ture, and urine output. During the 1953 polio epidemic, the first concept of the ICU was
introduced, leading to the need for advanced monitoring techniques. Although invasive
blood pressure monitoring was developed earlier in the 1900s, a landmark event came
in the 1970s with the invention of the pulmonary artery catheter (PAC), which allowed
direct and continuous monitoring of cardiac function and hemodynamics. However,
the PA catheter was highly invasive; it was intermittent to begin with, later adding a few
continuous, real-time features. The PA catheter was associated with significant procedural
risks and complications without clear evidence of mortality benefit. This led to a search
for less-invasive monitoring systems, such as arterial pressure waveform analysis. Around
2000, technologies using pulse contour and indicator dilution techniques were developed.
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Over the last 15 years, the focus has shifted further toward minimally invasive and non-
invasive modalities, including ultrasound-based methods like transthoracic and transo-
esophageal echocardiography and pulse contour analysis, as well as novel techniques like
bio-impedance and bio-reactance [3].

The development of dynamic indices to predict fluid responsiveness, such as pulse
pressure variation and stroke volume variation, has also improved the precision and
clinical utility of monitoring. Today, point-of-care ultrasound (POCUS) allows for
immediate bedside assessment of hemodynamics and organ function, establishing itself
asan indispensable tool in the care of critically ill patients due to its acceptable accuracy
in trained hands, safety, and repeatability. This continuous evolution reflects an ongoing
effort to balance the need for accurate, clinically actionable information with the impera-
tive to minimize risk and enhance patient comfort in the intensive care setting [1].

In this chapter, we will focus on the role of POCUS in hemodynamic monitoring in
the ICU. We will compare the parameters used by POCUS with those of conventional
invasive monitoring, highlighting the beneficial effects of POCUS while also acknowl-
edging its disadvantages.

2. Physiological perspective of hemodynamic monitoring
2.1 Static and dynamic parameters

The term hemodynamics refers to the pumping of blood by the heart to the organs
and the return of blood back to the heart. While assessing hemodynamics, there are
methods that measure single time-point measurements referred to as static param-
eters. These can be pressures or volumes, for example, central venous pressure (CVP),
pulmonary artery occlusion pressure (PAOP), and global end-diastolic volume, etc.

Parameters that are measured based on changes during the heart-lung interactions
are called dynamic parameters. These changes normally occur during respiratory
phases or volume challenges. These parameters are usually useful in guiding fluid
management. Examples include pulse pressure variation (PPV) and changes in
inferior vena cava (IVC) diameter during respiration [4].

2.2 Heart-lung interaction

This concept is very important to understand to derive dynamic parameters in
hemodynamic monitoring. Heart-lung interaction refers to the physiological changes in
heart function caused by phasic variations in intrathoracic pressure during inspiratory
and expiratory cycles of respiration especially during the positive pressure ventilation.
This is reflected both on the pressure and volumes of the circulatory system. Positive pres-
sure inspiration increases intrathoracic pressure, leading to a decrease in venous return
and subsequently reducing cardiac output. Inspiration will increase the lung volume and
elevates the pulmonary vascular resistance, which impacts the right ventricular afterload
and decreases the RV output which later (usually after three heart beats) will decrease the
LV output. The increase in right atrial pressure causes distension of the vena cava. These
interactions influence both the preload and afterload of the heart and play a crucial role
in interpreting hemodynamic monitoring data. Many modern hemodynamic parameters,
such as pulse pressure variation and stroke volume variation, rely on analyzing these
heart-lung interactions to predict fluid responsiveness. Understanding this principle helps
guide fluid management and optimizes cardiovascular support in critically ill patients.
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This concept will also be briefly discussed when comparing parameters derived from
different hemodynamic monitoring tools [5].

2.3 Classical hemodynamic parameters for assessment and management

Heart rate by continuous ECG monitoring, which has added advantage of rhythm
and ST segment change monitoring. MAP can be assessed either by the NIBP or
invasive arterial BP monitoring (Table 1).

2.4 Hemodynamic parameters monitored during management of a critically ill
patient

The following classical parameters/indices are usually measured during the
diagnosis and management of critically ill patients [6].

Cardiac output/index: Thermodilution via PAC, transpulmonary thermodilution
by PiCCO, and estimated by Doppler or 2D ECHO in POCUS.

Preload and filling pressures: CVP (central venous pressure) and PCWP (pulmo-
nary capillary wedge pressure) by PAC; GEDV (global end-diastolic volume) by
PiCCO; and IVC diameter (inferior vena cava) and collapsibility in POCUS.

Contractility: Pressure waveform analysis in PAC, SVV (stroke volume variation)
trends in PICCO, and visual evaluation (eye balling) of ventricular function by POCUS.

Afterload: SVRI (systemic vascular resistance index) is calculated in PA Catheter
and PiCCO data; POCUS estimates vascular resistance indirectly through ventricular
function and Doppler assessments.

Volume responsiveness: Dynamic indices like PPV (pulse pressure variation) and
SVV (stroke volume variation) from PiCCO and PAC; respiratory variation in IVC
diameter — collapsibility and distensibility index by POCUS.

POCUS (point-of-care ultrasound) is a non-invasive tool for hemodynamic
assessment in ICUs. It is used to identify shock and to classify shock. POCUS may help
differentiate shock. It is also useful for assessing fluid responsiveness and for weaning
from mechanical circulatory support like ECMO. Serial assessments are needed to
guide fluid management.

Table 2 compares the parameters from standard monitoring by the PA catheter
and PiCCO with those from POCUS [7, 8].

2.5 Preload

Preload is defined as the myocardial wall stress at the end of diastole, determined
largely by ventricular filling volume and myocardial compliance. According to the

Parameter Normal range/value Data acquisition methods

Heart rate (HR) 60-100 beats/min Measured directly (ECG, pulse)

Systolic blood pressure (SBP) 90-140 mmHg Measured directly (arterial line, cuff)

Diastolic blood pressure (DBP) 60-90 mmHg Measured directly (arterial line, cuff)

Mean arterial pressure (MAP) 70-105 mmHg Measured directly (arterial line, cuff)
Table 1.

Basic hemodynamic parameters.
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Parameter

PA catheter (PAC)

PiCCO

POCUS (Critical Care
Echo)

Pressures — direct measurements

Central venous pressure Yes Optional (requires Yes (estimate via IVC or
(CVP) CVC) SVC US)

Pulmonary artery pressure Yes No No (can suggest RVSP via
(PAP) Doppler)

Pulmonary capillary wedge Yes No No (estimate LA pressure
pressure (PCWP) via Doppler)

Volumes

Preload (e.g., GEDV, ITBY, No (uses CVP/ Yes (GEDV, ITBV, Yes (IVC, LV size, other
SVV) PCWP) SVV, PPV) indices)

Stroke volume/stroke Yes Yes Yes

volume index

Cardiac output/cardiac Yes (CO, CI, Yes (T'TP) Yes (LVOT diameter x
index thermodilution) VTI)

Continuous cardiac output Yes Yes (pulse contour) No (serial exams only)

monitoring

Derived parameters

Systemic vascular resistance
(SVR/SVRI)

Yes (calculated)

Yes

No (calculated, less
direct)

Contractility (e.g., dP/dt,
CFI)

Limited (indirect)

Yes (dPmx, CFI,
GEF)

Yes (visual/E-point septal
separation)

Extravascular lung water No Yes No (can assess edema but
(EVLW/ELWI) not quantify)

Other functions

Dynamic fluid No (static) Yes (SVV, PPV) Yes (IVC variation, LVOT
responsiveness VTI)

Oxygen saturation (SvO,/ Mixed venous O,, yes Central venous No

Scv0,) O,, yes

Lung and other organ
Assessment

No

No (parameters
only)

Yes (lung, abdomen,
pericardium, etc.)

Transpulmonary thermodilution.

Table 2.
Comparison of advanced hemodynamic parameters: PA catheter, PiCCO, and POCUS.

Frank-Starling principle, more preload usually increases stroke volume—up to a
point. Beyond that point, extra filling does not improve output and may cause conges-
tion. In the critically ill patients, the focus is not on the absolute value of preload but
on fluid responsiveness, the capacity of the heart to increase stroke volume—typically
by >10-15%—following a preload challenge [9].

Assessing preload is central to hemodynamic management, yet no single param-
eter perfectly reflects a patient’s volume status. POCUS provides a powerful multi-
modal approach by integrating information from venous, cardiac, and pulmonary
windows. The following sections outline the main POCUS-based parameters for
preload assessment and fluid responsiveness.
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2.6 Inferior vena cava (IVC) and internal jugular vein (IJV)

The most widely used approach is evaluation of the inferior vena cava (IVC). By
measuring the IVC diameter and its variation with respiration, clinicians can esti-
mate right atrial pressure and venous return. In spontaneously breathing patients, a
marked inspiratory collapse of the IVC suggests low right atrial pressure and possible
preload responsiveness, whereas a plethoric, non-collapsible IVC often indicates high
filling pressures. In mechanically ventilated patients, the degree of cyclic distension
of the IVC during positive-pressure breaths can reflect preload reserve. As an alterna-
tive when the IVC is technically difficult to visualize, ultrasound evaluation of the
internal jugular vein (IJV) diameter and collapsibility has been explored, though it is
less widely validated than IVC assessment [10].

The IVC is best visualized in the subcostal (subxiphoid) long-axis view using a
low-frequency phased array or curvilinear probe (2-5 MHz). The probe is placed just
below the xiphoid with the marker directed toward the patient’s head. The IVC can
be seen coursing into the right atrium. Measurements should be taken approximately
2 cm caudal to the junction of the IVC with the right atrium, avoiding the hepatic
vein confluence. M-mode is often used for dynamic assessment of collapsibility or
distensibility.

Parameters Measured [11]:

 IVC diameter (IVCd): The maximum and minimum diameters of the IVC are
measured during the respiratory cycle.

* Collapsibility index (CI): For spontaneously breathing patients, CI = (IVCmax —
IVCmin)/IVCmax x 100.

* Distensibility index (DI): For mechanically ventilated patients, DI = (IVCmax -
IVCmin)/IVCmin x 100.12

* In spontaneously breathing patients:
o IVCd <2.1 cm with >50% collapse - RAP ~0-5 mmHg (suggests low preload).

o IVCd >2.1 cm with <50% collapse — RAP ~10-20 mmHg (suggests higher
preload, possibly congestion).

* In mechanically ventilated patients [12]
o A distensibility index >18% suggests fluid responsiveness.
1. Left ventricular end-diastolic area (LVEDA) [13].

2.The LVEDA, measured in the parasternal short-axis view, reflects left
ventricular preload. An LVEDA <10 cm? is often taken as a marker of under-
filling. A small LVEDA, particularly when associated with “kissing” of the
ventricular walls during systole, is consistent with hypovolemia. Conversely,
adilated LV with poor contractile excursion suggests that the ventricle is
operating on the flat portion of the Frank-Starling curve, where further fluid
loading is unlikely to improve stroke volume.
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3. Right ventricular (RV) size and function [14].

RV dimensions provide indirect clues to preload status and volume tolerance.

A small, underfilled RV may indicate volume depletion, whereas a dilated RV
(especially with septal shift) signals pressure overload or venous congestion.

RV function should be considered in conjunction with IVC findings, since RV
dysfunction may cause a distended IVC without true intravascular overload.
Evaluating RV function at the bedside involves three primary parameters:
tricuspid annular plane systolic excursion (TAPSE), RV outflow tract velocity-
time integral (RVOT-VTI), and peak systolic tissue doppler velocity (S’). These
measurements help determine how well the RV is contracting and pumping
blood forward. TAPSE assesses the longitudinal movement of the tricuspid an-
nulus, providing a simple measure of RV systolic function—values below 17 mm
suggest dysfunction. RVOT-VTI reflects stroke volume across the RV outflow
tract, with values <12 cm indicating reduced forward flow, particularly useful in
shock states. S’, measured by tissue Doppler, detects subtle RV impairment when
velocities fall below 10 cm/s, correlating well with mild RV dysfunction. While
each parameter has strengths, they should be interpreted together—TAPSE and
S’ are angle-dependent and load-sensitive, whereas RVOT-VTI better reflects
hemodynamic impact. Integrating these with RV size and IVC dynamics helps
distinguish between volume depletion, pressure overload, and intrinsic RV fail-
ure, guiding targeted clinical decisions.

4. Lung ultrasound: B-lines

191

Lung ultrasound complements cardiac assessment by revealing the downstream
consequences of elevated filling pressures. Multiple bilateral B lines indicate
extravascular lung water. When three or more B lines are visualized in a single
intercostal space and this pattern is observed across multiple lung regions, it
strongly suggests the presence of pulmonary edema, most commonly of cardio-
genic origin. However, clinicians should maintain a broad differential diagnosis
as similar findings may occur in ARDS, pulmonary fibrosis, or other diffuse
parenchymal lung diseases. Moreover, in asymptomatic individuals, occasional
B lines (1-2 per field) may be normal, particularly in dependent lung zones. It is
pertinent to emphasize that lung ultrasound helps distinguish between a patient
who is fluid responsive and one who may not be fluid tolerant. For example, a
patient with a collapsible IVC but extensive B lines may improve cardiac output
with fluids but at the cost of worsening pulmonary edema. Thus, integrating
cardiac and lung ultrasound ensures safer hemodynamic management [14].

. Venous excess ultrasound (VEXUS)

Traditional measures of fluid responsiveness, while useful for determining
whether a patient will benefit from additional volume, fail to address the potential
consequences of fluid administration on venous pressure and end-organ perfu-
sion. This is where the venous excess ultrasound (VEXUS) protocol provides criti-
cal insight by interrogating organ-level venous flow disruptions, providing a direct
window into congestion. The core principle of VEXUS rests on recognizing that el-
evated central venous pressure creates downstream pressure waves that propagate
through the venous system, progressively altering normal blood flow patterns.
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As right heart pressures increase, these abnormal hemodynamic forces transmit
backward through the inferior vena cava to the hepatic, portal, and renal veins,
transforming their characteristic Doppler waveforms from continuous forward
flow to pulsatile or even reversed flow patterns. These sequential changes in venous
Doppler signatures serve as a sensitive barometer of worsening congestion, where
more distal venous abnormalities (like portal pulsatility or renal vein flow rever-
sal) indicate increasingly severe venous hypertension and higher risk of end-organ
damage. The protocol essentially maps this pressure cascade through standard-
ized Doppler evaluation, converting abstract hemodynamic concepts into visible,
gradable ultrasound findings that correlate with clinical outcomes. By shifting the
clinical question from simple fluid responsiveness to a more sophisticated evalua-
tion of fluid tolerance, VEXUS helps clinicians avoid the pitfalls of inappropriate
fluid administration while optimizing organ perfusion in critical illness [15].

3. Left ventricular parameters

Dynamic parameters are particularly useful for predicting fluid responsiveness.
POCUS can estimate stroke volume by measuring velocity-time integral (VTI) at the
left ventricular outflow tract (LVOT). By repeating the VTI before and after a pas-
sive leg raise or a small fluid challenge, one can determine whether cardiac output
increases meaningfully in response to increased venous return. An increase in VTI
of more than 10-15% is usually considered a marker of preload responsiveness.
Similarly, respirophasic changes in VTT or stroke volume in mechanically ventilated
patients provide another dynamic window into preload dependence.

Trans-mitral Doppler and tissue Doppler imaging provide insights into left ven-
tricular filling pressures. The ratio of early mitral inflow velocity (E) to early diastolic
mitral annular velocity (e’) correlates with left atrial pressure. An elevated E/e’ ratio
suggests impaired diastolic compliance and higher filling pressures, indicating that
the patient is unlikely to tolerate further fluid loading. Although more complex to
perform, this method adds valuable information, especially in patients with preserved
or borderline LV systolic function.

No single parameter should be used in isolation. Instead, combining IVC or IJV
assessment with LVEDA, RV assessment, lung POCUS, VEXUS, LVOT VTI, and E/e’
ratio provides a comprehensive view of preload and fluid responsiveness. POCUS
thereby bridges the gap between static estimates of cardiac filling and dynamic evalu-
ation of cardiac performance, allowing fluid administration to be tailored more safely
and effectively at the bedside [16].

4. Measures of LV contractility
4.1 Ejection fraction

Ejection fraction is often employed as a surrogate measure to qualitatively or quan-
titatively estimate left ventricular performance or more commonly systolic function.
At the bedside, there are various methods to estimate ejection fraction, namely, visual
estimation of LV systolic function, E-point septal separation (EPSS), mitral annular
plane systolic excursion (MAPSE), fractional shortening (FS), fractional area of
change (FAC) or the Simpson’s biplane method.
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A rapid and accessible technique for estimating left ventricular ejection fraction
(LVEF) is visual assessment, often called the “eyeball method.” This approach is
typically performed using the parasternal long-axis (PSLA), parasternal short-axis
(PSSA), and apical 4-chamber (A4C) views. The clinician evaluates the motion of the
mitral valve during diastole and assesses the movement of the left ventricular walls
throughout the cardiac cycle. This competency can be acquired with minimal train-
ing, such as a one-day program and about 50 supervised POCUS examinations [17].
However, because this method is subjective, lacking quantitative analysis, it is not the
most accurate in estimating ejection fraction.

The mitral E-point septal separation (EPSS) technique offers a rapid, quantita-
tive method for assessing LV function and has been validated against cardiac MRI;
while mitral annular plane systolic excursion (MAPSE) measures the longitudinal
contraction of the left ventricle, a component responsible for approximately 60%
of stroke volume. While MAPSE is specific for identifying a reduced LVEEF, it lacks
sensitivity. Therefore, combining MAPSE with both visual estimation and EPSS
creates a more robust and accurate composite assessment than any single method
used alone [18].

Fractional shortening (FS) is a measurement derived from the parasternal long-
axis (PLAX) view, calculated by assessing the left ventricular end-diastolic diameter
(LVEDD) and end-systolic diameter (LVESD). The formula FS (%) = [(LVEDD —
LVESD)/LVEDD] x 100 quantifies the percentage change in the LV diameter between
diastole and systole, serving as an estimate of the ventricle’s contractile efficiency.
However, this metric is a surrogate for ejection fraction (LVEF) and has significant
limitations: it is highly dependent on preload and afterload, can appear artificially low
in the presence of regional wall motion abnormalities, and has been demonstrated to
underestimate LVEF in cases of concentric left ventricular hypertrophy [19].

Of all these methods, the Simpson’s biplane method is recommended by the
American Society of Echocardiography as a gold standard measure of LVEF by 2D
echo. Owing to its operator-dependent nature and the practical difficulty of tracing
endocardial borders in multiple views, this quantitative method is often bypassed in
fast-paced clinical environments like the ICU. Consequently, many clinicians advocate
for a more efficient approach that combines qualitative LVEF estimation with direct
measurements of flow, such as the left ventricular outflow tract velocity time integral
(LVOT V'TI) [20].

4.2 Left ventricular velocity: Time integral (LVOT-VTI)

Left ventricular EF (LVEF) may not reliably reflect stroke volume (SV) or cardiac
output (CO), and paradoxically a high LVEF can be associated with reduced SV,
while a severely reduced LVEF can be associated with normal SV. A comprehensive
hemodynamic assessment should include evaluating LVOT VT1I variation in mechani-
cally ventilated patients or performing a passive leg raise (PLR) test in spontaneously
breathing patients to determine fluid responsiveness [20]. Measurement of SV and
CO using LVOT diameter and LVOT-VTI provides real-time insight into the effective-
ness of preload changes, such as those following a fluid bolus or passive leg raise test,
as well as after interventions like inotropes. Cardiac Index obtained by indexing body
surface area to cardiac output, provides a more refined assessment of hemodynamic
status [14]. The LVOT diameter is measured in the PLAX view during mid-systole,
when the aortic valve is fully open and the measurement is taken at the base of the
aortic valve, and the LVOT area is then calculated using the formula:
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LVOT area =3.14 x (LVOT radius)’ 1)

The VTI represents the distance blood travels from the LVOT to the aorta, mea-
sured in centimeters and averaged over several cardiac cycles to account for beat-to-
beat variability. It is obtained by placing the sample volume at the center of the LVOT
and tracing the velocity curve in the apical five-chamber view using pulse-wave
Doppler [14]. LV stroke volume can be calculated with the formula,

LV stroke volume = LVOT areacm® x LVOT VTI (cm) )

When combined with lactate measurements and blood pressure, the LVOT-VTI
can also aid in determining the etiology of shock. A low VTT in the presence of
hypotension and elevated lactate indicates a low-output shock (cardiogenic shock),
whereas a high VTI with similar findings may point toward distributive shock (early
sepsis). The normal LVOT-VTI range is 17-23 c¢m, and it serves as a surrogate marker
for stroke volume. When interpreted alongside the overall clinical picture, VTI can
be a valuable tool for longitudinal monitoring and has been associated with reduced
duration of vasoactive agent use. The limitations of LVOT VTI should be recognized
as conditions such as subaortic stenosis, dynamic LVOT obstruction from systolic
anterior motion (SAM) of the mitral valve, significant aortic regurgitation, or the
presence of a prosthetic aortic valve can lead to overestimation of stroke volume [20].

4.3 Left ventricular afterload

Echocardiography is a critical tool for assessing left ventricular afterload, particularly
by identifying dynamic obstructions like left ventricular outflow tract obstruction
(LVOTO). A peak gradient exceeding 30 mmHg indicates hemodynamically significant
LVOTO, which has major implications for hemodynamic management. This condi-
tion often arises from systolic anterior motion (SAM) of the mitral valve or underlying
pathologies such as hypertrophic or infiltrative cardiomyopathies. Importantly, critical
illness states like hypovolemia, dehydration, and shock can precipitate or exacerbate
LVOTO by reducing preload, even in structurally normal hearts. This load-sensitive
nature means the condition often resolves with volume resuscitation and the cessation of
inotropic support. The characteristic echocardiographic finding is a late-peaking, “dagger-
shaped” continuous wave Doppler waveform across the LVOT, which is distinct from the
symmetrical profile of fixed aortic stenosis. A key limitation of this bedside tool, however,
is its inadequacy for ruling out acute aortic pathology due to difficulty in obtaining
adequate views of the thoracic aorta [20].

5. Right ventricular function and contractility
5.1RV to LV ratio

The RV-to-LV ratio is a simple qualitative indicator of RV dysfunction, as the RV
which is normally smaller than the LV and shows an increased ratio when it becomes
enlarged. In the Apical 4-Chamber View, freeze the image in end-diastole and divide
the measurement of the RV diameter by the measurement of the LV diameter at the
base of the heart [21].
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* RV/LV Ratio of 0.67:1 to 1:1 is considered mildly dilated
* RV/LV Ratio of 1:1 to 1.5:1 is considered moderately dilated
* RV/LV Ratio of >1.5:1 is considered severely dilated

5.2 Tricuspid annular plane systolic excursion (TAPSE)

TAPSE, which correlates with RV ejection fraction, provides a regional assessment
of RV systolic performance by evaluating longitudinal function. It measures the peak
systolic excursion (in millimeters) of the tricuspid annulus from its end-diastolic posi-
tion to its maximal systolic displacement toward the apex. This measurement is typi-
cally obtained using M-mode in the apical four-chamber view. A greater longitudinal
displacement reflects better RV contractility, whereas a TAPSE value below 17 mm
indicates RV systolic dysfunction, showing high specificity but low sensitivity [22].

5.3 Peak lateral tricuspid annular systolic velocity (S’ or systolic wave prime)

S’ is measured in the apical four-chamber view using tissue Doppler imaging
(TDI) at the lateral tricuspid annulus. An S’ velocity below 10 cm/s is strongly associ-
ated with RV systolic dysfunction and may correlate more closely than TAPSE in cases
ranging from normal RVEF to mild RVEF reduction. Specifically, an S’ of less than
11.5 cm/s corresponds to an RVEF below 45%, with 90% sensitivity and 85% specific-
ity [11]. While simple and easy to perform, it shares the same limitations as TAPSE,
being one-dimensional and dependent on load and angle.

* S§' >10 cm/s — normal RV systolic function

* S’ <10 cm/s — suggests RV systolic dysfunction

* Severely reduced S’ (< 7 cm/s) — may indicate significant RV failure
5.4 Right ventricular outflow tract velocity: Time integral (RVOT-VTI)

Like LVOT-VTI, RVOT-VTI reflects the distance blood travels through the RVOT
during systole. Stroke volume is determined by multiplying the RVOT cross-sectional
area by the RVOT-VTL. This parameter offers valuable information on both RV func-
tion and pulmonary vascular resistance, with values >12 cm generally considered
normal [11].

6. Right ventricular afterload
6.1 Tricuspid regurgitation (TR) jet velocity

Tricuspid regurgitation (TR) jet velocity is a critical echocardiographic param-
eter used to estimate pulmonary artery systolic pressure (PASP), particularly in the
screening and assessment of pulmonary hypertension (PH). A tricuspid regurgitation
(TR) jet velocity exceeding 2.8 m/s serves as an independent predictor of pulmonary
hypertension, whereas a velocity greater than 3.4 m/s is highly suggestive of it [23].
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Pulmonary artery systolic pressure can be estimated using the modified Bernoulli
equation:

PASP = 4 (TR velocity)2 + estimated right atrial pressure (RAP) (3)

TR velocity is measured using continuous wave Doppler in the apical four-
chamber or parasternal RV inflow view. RAP is estimated based on inferior vena cava
(IVC) diameter and collapsibility.

* Normal RAP (0-5 mm Hg) — IVC diameter < 2.1 cm with >50% collapsibility
* High RAP (10-20 mmHg) — IVC diameter > 2.1 cm with <50% collapsibility

In combination with RVOT VTI, pulmonary vascular resistance (PVR) can be
estimated with the formula:

PVR = (TR velocity)/RVOT VTI x 10 + 0.16 4)
PVR values >3 Wood units suggest elevated PVR and afterload.
6.2 Pulmonary artery acceleration time (PAAT)

PAAT is another measure to assess pulmonary hypertension. It is the time from
the start of RV ejection to the peak of the RVOT VTI waveform. PAAT shortens as
pulmonary hypertension worsens:

* Normal: >130 ms

* Borderline: ~100-130 ms

» Mild pulmonary hypertension: ~ 60-100 ms

* Severe pulmonary hypertension: < 60 ms
6.3 McConnell’s sign

Hypokinesis or akinesis of the mid-right ventricular free wall with preserved api-
cal contraction where the RV apex is hyperdynamic on POCUS is a well-established
indicator of right heart strain, especially in the context of acute pulmonary embolism.
This regional dysfunction is a marker of acute RV overload and has strong specificity
for PE when present. While the pooled sensitivity is 22%, a specificity of 97% was
noted in the setting of acute PE in a meta-analysis [24].

6.4 The 60/60 sign

A pulmonary acceleration time under 60 ms, when accompanied by a tricuspid
regurgitant pressure gradient less than 60 mmHg, strongly suggests an acute rise in
right ventricular afterload, often from pulmonary embolism. Though this finding is
highly specific, it is not sensitive, and when combined with McConnell’s sign, it hasa
sensitivity of 36% and a specificity of 94% [25].
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6.5 The “D-sign”

D-sign is an indirect sign of elevated right ventricular afterload. In the paraster-
nal short-axis view, the left ventricle may appear D-shaped as elevated right-sided
pressure displaces the interventricular septum toward the left. This septal flatten-
ing is observed during both systole and diastole in the setting of pressure overload,
indicating acute right ventricular strain. The eccentricity index (EI) is determined
by comparing the left ventricular diameters measured parallel and perpendicular
to the interventricular septum. In a normal heart, this ratio is approximately 1 while
in the presence of pulmonary hypertension, elevated right ventricular pressure flat-
tens the septum, resulting in an increased EI and a more D-shaped left ventricle that
is associated with pulmonary hypertension, acute PE, and RV failure [22].

7. Conclusion

Advanced hemodynamic monitoring is an essential intervention for assessment
and management in critical care. It helps guide the diagnosis and management of
cardiovascular instability and other organ dysfunction, such as ARDS and AKI. The
ongoing evolution of technology has led to the development of invasive, minimally
invasive modalities, and non-invasive techniques like POCUS (point-of-care ultra-
sound), making cardiovascular monitoring safer and more cost-effective. POCUS
is less time-consuming, easily available at the bedside, and offers the advantage of
repeatability. It not only helps in assessing the cardiovascular system but also provides
access to other organs such as the lungs, abdomen (FAST), and renal system (VEXUS).
POCUS is a promising tool that has gained greater acceptance in the modern ICU, and
new modalities are continually being discovered within this non-invasive platform.
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Abstract

Perioperative hemodynamic monitoring plays a crucial role in guiding anesthetic
management, maintaining cardiovascular stability, and improving surgical outcomes.
This chapter provides a clinical overview of current monitoring methods, ranging
from simple noninvasive tools to advanced technologies such as pulse contour analysis
and transesophageal echocardiography (TEE). The objectives of monitoring through-
out the perioperative phases are emphasized. Particular attention is paid to high-risk
groups, such as the elderly and individuals suffering from cardiovascular disease.
Smarter monitoring can have a quantifiable impact in a field where every second
matters.

Keywords: perioperative, hemodynamic, intra-operative, invasive, noninvasive,
anesthesia, monitoring, goal-directed therapy, stability, outcome

1. Introduction

Hemodynamic monitoring is central to anesthetic practice, particularly in the
perioperative period, where patient physiology is challenged by significant stress—
from anesthetic agents, surgical manipulation, fluid shifts, and underlying comorbid-
ities. Major adverse consequences, such as myocardial damage, acute kidney injury,
stroke, and delayed recovery, can result from even brief episodes of hypotension or
impaired perfusion [1, 2]. As a result, meticulous hemodynamic parameter monitor-
ing is an essential clinical duty rather than merely a technical one.

Technological developments in monitoring have broadened the anesthesiologist’s
toolkit beyond conventional measurements such as noninvasive blood pressure and
central venous pressure. Real-time knowledge of cardiac output, volume respon-
siveness, and tissue perfusion can be obtained using devices such as bioimpedance
systems, transesophageal echocardiography, and pulse contour analysis [3, 4].
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As surgical populations age and case complexity rises, the function of hemodynamic
monitoring has expanded beyond conventional parameters to include dynamic, goal-
directed strategies that advise personalized patient management [4]. With an emphasis
on when and how to employ different modalities during the preoperative, intraoperative,
and postoperative phases, this chapter provides a clinical overview of perioperative hemo-
dynamic monitoring. We go over the advantages and disadvantages of various devices,
explore specialized strategies for high-risk groups, and take a look at how careful analysis
of hemodynamic data can lessen complications and aid in the recovery process.

2. Goals of hemodynamic monitoring

The primary goal of perioperative hemodynamic monitoring is to maintain
appropriate tissue perfusion and oxygen delivery during the surgical procedure. In
order to direct prompt interventions, this entails not only monitoring cardiovascular
parameters but also analyzing trends and changes in real time. Effective monitoring
informs intraoperative decision-making regarding fluid administration, vasopressor
support, and cardiac function optimization.

2.1 Detecting hemodynamic instability early

Hemodynamic instability is recognized as a complex syndrome involving many
physiological parameters resulting in impaired circulation and oxygen delivery to
vital organs. Blood pressure is the most widely used indicator of hemodynamic insta-
bility during the perioperative period. Clinically, hemodynamic instability is typically
defined by abnormalities of blood pressure, heart rate/rhythm, cardiac output, stroke
volume, and central venous pressure [5, 6].

According to the available data, even brief periods of hypotension and patient
harm are strongly correlated [2, 5-7]. Additionally, there is proof that myocardial
damage following noncardiac surgery is linked to variations in heart rate intraop-
eratively [1, 8]. Lastly, we know that hours of increasing hemodynamic instability
precede the majority of in-hospital cardiac arrest events [9, 10].

2.2 Guiding fluid and vasoactive therapy

A major challenge in anesthesia is finding a balance between fluid resuscitation
and avoiding fluid overload, which can lead to tissue edema, delayed wound healing,
and pulmonary complications. It has been established that static measures such as
central venous pressure (CVP) do not serve as very good indicators of fluid respon-
siveness. A systematic review showed that CVP and blood volume had a very poor
relationship and that CVP/DeltaCVP could not predict the hemodynamic response to
a fluid challenge [11].

Rather, goal-directed strategies use cardiac output monitoring and dynamic
indices to optimize fluid and vasopressor use to the patient’s needs, in particular,
improving hemodynamic efficiency and outcomes [12].

2.3 Optimizing tissue perfusion and oxygen delivery

Enough oxygen, glucose, and other metabolites must be delivered to each cell, and
the waste products of cell metabolism must be removed, in order for tissue perfusion
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Goal Monitoring focus Intended clinical outcome

Early detection of Continuous blood pressure, SVV, Prevention of myocardial injury, AKI, and
instability PPV, HR, and MAP stroke through prompt intervention
Tailored fluid and

vasopressor therapy

Optimizing perfusion and MAP >65 mmHg, ScvO,, lactate, Improved tissue oxygenation; reduced risk
oxygen delivery and urine output of ischemic complications

Intraoperative risk Trends in BP, CO, HR, lactate, and Early identification of deterioration;
stratification responsiveness to therapy improved triage, and postoperative planning

SVV: Stroke volume variation, PPV: Pulse pressure variation, HR: Heart vate, MAP: Mean Arterial Pressure, ScvO2:
Central Venous oxygen saturation, BP: Blood pressure, CO: Cardiac output.

Table 1.
Goals of hemodynamic monitoring and associated clinical outcomes [2, 5, 6, 8-11].

to occur. This is accomplished when each organ’s flow at the microcirculation level is
“adequate,” a state that is impossible to evaluate with the monitoring tools we cur-
rently have. Thus, we focus on the primary factors that are most likely to produce
sufficient microcirculatory blood flow: mean arterial pressure (MAP), central venous
oxygen saturation (ScvO,), and lactate levels. Thus, ideally, both instantaneous arte-
rial pressure and beat-by-beat systemic blood flow should be monitored in addition to
heart rate to “optimize” tissue perfusion [4].

2.4 Supporting risk stratification and prognostication

Monitoring data can inform intraoperative and postoperative risk assessment.
Early warning systems are designed to provide a system for escalating care [10].
Communication, triage, and recovery planning are all enhanced when hemody-
namic monitoring is incorporated into broader perioperative management strategies

(Table1) [3].

3. Monitoring modalities

Perjoperative hemodynamic monitoring covers a wide range from simple, nonin-
vasive methods to advanced technologies that can perform a thorough cardiovascular
assessment. The patient’s risk profile, the complexity of the surgery, and the require-
ment for real-time intervention all influence the modality selection. Three levels of
monitoring strategies are distinguished in this section: basic, invasive, and advanced
modalities.

3.1 Basic monitoring

Regardless of the length of time or location of anesthesia, the Association of
Anaesthetists believes that it is imperative that minimum standards of monitoring be
followed whenever a patient is put under anesthesia. The following, in our opinion,
qualifies as minimal anesthesia monitoring [13]:

1. Plethysmograph and pulse oximeter: Arterial oxygen saturation can be continuously
measured with this noninvasive device. By using the pleth variability index and
waveform quality, it also offers indirect information about perfusion [13, 14].
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2. Noninvasive blood pressure: NIBP, which is obtained sporadically using oscillo-
metric cuffs, is crucial for monitoring trends but may overlook brief hypo-
tension. When there are arrhythmias or inadequate perfusion, its accuracy
decreases [13].

3.ECG: Arrhythmias, ischemia, and abnormal heart rates must all be identified
with continuous ECG monitoring. For effective ischemic detection, Lead II and
V5 are frequently utilized [14].

4. Temperature: Before anesthesia and every 30 min until the end of surgery.

5. Capnography: While primarily a respiratory monitor, it becomes a mandatory
monitor during general anesthesia. EtCO2 levels reflect cardiac output, espe-
cially during low-flow states such as cardiac arrest or shock.

3.2 Invasive monitoring

The use of additional cardiovascular monitoring during anesthesia should be
considered, for instance, due to cardiovascular comorbidity, frailty, the emergency or
specific nature of the surgery; several methods exist. Invasive monitoring provides
real-time, high-fidelity data critical for managing high-risk cases.

1. Arterial catheterization: Provides continuous beat-to-beat blood pressure mea-
surements. Allows arterial blood gas sampling and advanced waveform analysis
(e.g., dicrotic notch and PPV). Indicated in patients with anticipated hemody-
namic fluctuations or major blood loss.

2. Central venous pressure (CVP): Central venous pressure (CVP) is used almost
universally to guide fluid therapy in hospitalized patients. Although recent stud-
ies have proven CVP to be an unreliable indicator [11], it is still useful for trend
monitoring and for administering vasoactive drugs or total parenteral nutrition.

3. Pulmonary artery catheter (PAC): Initially introduced in 1970, popularly known
as the “Swan-Ganz” catheter, is used for measuring cardiac output (by the
thermodilution technique), for right atrial and right ventricular pacing, and for
measuring right-sided pressures, including pulmonary capillary wedge pres-
sure [15]. While its use has declined over time due to invasiveness and associated
complications, it remains valuable in select population (e.g., severe chronic heart
failure and transplant cases) [12, 15].

3.3 Advanced monitoring technologies

Overall, the combination of technology development, expanding awareness of
the goal-directed therapy (GDT) concept, and commercial interest in noninvasive
monitoring has led to advanced monitoring modalities.

1. Transesophageal echocardiography (TEE): The proximity of the esophagus to
much of the heart and great vessels makes it an excellent ultrasonic window, so
that TEE provides additional and more accurate information for several specific
diagnoses and for many catheter-based cardiac interventions. Offers real-time
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imaging of cardiac function, chamber size, volume status, and valve integrity.
Requires interpretation and skill, but it is crucial for rapid identification of he-
modynamic compromise [16].

2.Pulse contour analysis (e.g., FloTrac/Vigileo, PiCCO, and LiDCO): Uses arterial
waveform data to calculate stroke volume variation (SVV), cardiac output,
and systemic vascular resistance. Uncalibrated PCS is a less invasive method
to estimate CO. Effectiveness varies with patient condition and ventilation
parameters [17].

3. Esophageal Doppler: Although the use of transthoracic echocardiography has be-
come common for estimation of Stroke volume (SV), a small and simple-to-use
handheld ultrasonic device is now available. Positioned in the sternal notch, a
Doppler measure of ascending aortic blood flow velocity is obtained and refer-
enced to a nomogram for aortic diameter, and these data are used for calculation
of volume flow [12].

4.Bioimpedance and bioreactance (e.g., NICOM): When a high frequency/low
voltage current is applied to the chest via surface electrodes, impedance to
this current oscillates with cardiac filling and ejection. The amplitude of this
oscillation is proportional to SV, and devices are available to estimate the
proportionality constant and provide clinically useful information. As with
bioimpedance, a current of constant frequency is applied. Unlike bioimped-
ance, bioreactance analyzes the phase difference between the applied current
and the resultant voltage: oscillation of this phase difference is proportional
to SV (Table 2) [12].

Modality Category Primary outputs Typical usage indication

Noninvasive blood pressure Basic BP trends All surgical patients

Echocardiography Basic HR, arrhythmia All surgical patients

Pulse oximetry Basic SpO2, perfusion All surgical patients

Capnography Basic ETCO2, perfusion All under GA

Arterial line Invasive Continuos BP, ABG Major surgery, unstable BP

Central venous pressure Invasive Preload estimate Vasoactive therapy, volume
status

Pulmonary artery catheter Invasive CO, PAP, ScvO2 Cardiac and transplant cases

Transesophageal Advanced Cardiac function and Cardiac or complex noncardiac

Echocardiography volume surgery

Pulse contour Advanced CO, SVV, and SVR High-risk surgery and GDT
protocol

Esophageal Doppler Advanced Aortic flow, SV Fluid optimization

Bioimpedance Advanced CO (noninvasive) Noninvasive CO trending

BP: Blood pressure, HR: Heart rate, SpO2: Oxygen saturation, ETCO2: End tidal CO,, SV: Stroke Volume, SVV: Stroke
volume variation, SVR: Systemic Vascular Resistance, ScvO2: Central venous oxygen saturation, CO: Cardiac output,
PAP: Pulmonary artery pressure, GDT: Goal-Directed therapy, ABG: Arterial Blood Gas.

Table 2.
Monitoring modalities.
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4. Perioperative phases and monitoring needs

Hemodynamic monitoring is a dynamic process that changes throughout the
perioperative period in response to the patient’s physiological needs. Every stage
offers different obstacles and chances for action, and the type and level of monitoring
should be in line with the changing risk profile.

4.1 Preoperative phase: Baseline risk and readiness

The goal of preoperative monitoring is not active management, but risk stratifica-
tion and preparation. A thorough preoperative anesthesia assessment helps identify
patients with cardiovascular vulnerabilities who may benefit from invasive or
advanced monitoring intraoperatively. Consider preoperative echocardiography or
stress testing in high-risk patients. Discussion with surgical and critical care teams
regarding planned monitoring and resuscitation thresholds.

4.2 Intraoperative phase: Dynamic assessment and intervention

This is the most active phase for hemodynamic monitoring.

Focus areas:

Blood pressure stability and cardiac output.

Fluid responsiveness and ongoing losses.

Effects of anesthetic agents, positioning, and pneumoperitoneum.

Response to vasoactive medications.

The monitoring strategy includes basic monitoring for all patients (NIBP, ECG,
SpO,, and EtCO,). An arterial line is used for high-risk cases or those with antici-
pated blood loss. CVP or cardiac output monitoring for fluid management in major
procedures and use of dynamic indices (SVV and PPV) and/or TEE or pulse contour
systems for real-time decision-making [14].

4.3 Postoperative phase: Surveillance and stabilization

Continuous monitoring during the first few hours after surgery enables the
early identification of delayed decompensation, especially in high-risk patients or
those who have persistent bleeding, residual vasodilation, or lingering anesthetic
effects.

Phase Primary goals Monitoring needs

Preoperative Risk stratification and NIBP, ECG, focused echo, discuss plan for invasive
optimization monitoring if needed

Intraoperative Maintain stability, guide Full ASA monitors; + A-line, CVP, SVV/PPV, TEE, CO
fluids/vasopressors monitor, and depending on complexity

Postoperative Early detection of Continuous ECG and BP; + A-line, telemetry, output
deterioration tracking, and ICU-level support

NIBP: noninvasive blood pressure, ECG: echocardiography, SpO,: oxygen saturation, CVP: central venous
pressure, SVV: stroke volume variation, PPV: pulse pressure variation, CO: cardiac output, TEE: transesophageal
echocardiography.

Table 3.
Monitoring focus by perioperative phase [14].
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Focus areas:

Rebound hypertension or hypotension.

Pain, agitation, or hypoxia-induced cardiovascular strain.

Persistent bleeding or third spacing.

Myocardial ischemia or arrhythmias.

The monitoring strategy includes continued ECG and BP monitoring in the PACU
or ICU. The arterial line may be continued if still in place and the patient is unstable.
Monitor urine output, lactate, and ScvO, if available.

Consider telemetry or step-down ICU monitoring for patients with intermediate
risk (Table 3).

5. Guided hemodynamic strategies

The evolution of hemodynamic monitoring has shifted clinical practice from static
assessment toward goal-directed therapy (GDT), an individualized, vesponsive approach
to fluid and cardiovascular management. Rather than applying uniform protocols,
guided strategies aim to match cardiovascular support with a patient’s current physi-
ological needs.

GDT extrapolates a patient’s fluid responsiveness from measurable hemodynamic
changes according to the Frank-Starling curve. It involves setting specific hemody-
namic goals and using continuous monitoring to guide treatment decisions, most
often in high-risk surgical patients. Core principles include:

1. Preload optimization: Guided by dynamic indices or response to fluid bolus.

2. Afterload management: Use of vasopressors or vasodilators to maintain target
mean arterial pressure (MAP).

3. Contractility support: Use of inotropes when stroke volume or cardiac output
remains low despite preload optimization.

Common targets include (summarized from literature) [18].

1.CVP 8-12 cm H,0

2.MAP >65 mmHg

3.5v0, > 70%

4,Scv0O, > 65%

5. Urine output >0.5 ml/kg/h

6. Hematocrit >30%

Guided strategies are only as effective as the data that inform them. GDT is best
implemented using advanced monitoring modalities. Numerous studies have shown

that intraoperative GDT reduces complications and shortens hospital stays, especially
in high-risk surgeries.
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6. Impact on outcomes

Effective hemodynamic monitoring contributes directly to improved perioperative
outcomes by:

6.1 Enhancing surgical recovery

Meta-analysis concludes that the use of a preemptive strategy of hemodynamic
monitoring and coupled GDT can reduce surgical mortality and morbidity [19].

6.2 Optimizing fluid management

Avoids both hypoperfusion and fluid overload, reducing risks of pulmonary
edema and abdominal compartment syndrome.

Although the evidence base continues to evolve, trends support the integration
of dynamic, individualized monitoring into routine anesthetic practice for high-risk
patients (Table 4) [3, 4, 19].

The following outcome measures can be used to evaluate the effectiveness of
hemodynamic monitoring.

7. Future of hemodynamic monitoring

As surgical care becomes more complex and personalized, the field of hemody-
namic monitoring is evolving to meet new demands. Hemodynamic monitoring’s
future depends on more intelligent integration and decision support in addition to
more advanced tools.

7.1 Artificial intelligence and predictive analytics

With appropriate algorithms, computers can learn to detect patterns and asso-
ciations in large data sets. Preliminary studies show that Al-guided platforms can
improve intraoperative blood pressure stability and reduce clinician workload [20].

7.2 Wearable and minimally invasive devices

The use of noninvasive cardiac output sensors, wireless patch monitors, and
photoplethysmography (PPG) is enabling hemodynamic surveillance outside of the
intensive care unit and operating room.

Outcome metric Clinical relevance

Intraoperative hypotension episodes Predictor of MI, AKI, stroke

Postoperative complication rate Infection, ileus, pulmonary issues

Length of ICU and hospital stay Resource use, recovery quality

30-day morbidity and mortality Standard benchmark in surgical outcomes
Readmission and reoperation rates Indicator of unresolved hemodynamic instability

MI: myocardial infarction, AKI: acute kidney injury.

Table 4.
Outcome measures to evaluate the effectiveness of hemodynamic monitoring.
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7.3 Integration with electronic health records (EHR) and closed-loop systems

Health care organizations should organize care into a well-integrated and synergistic
mesosystem that contains all of the microsystems throughout the patient’s episode of care
(preadmission, preoperative, intraoperative, postoperative, and recovery periods).

Centralized data platforms can enable accurate and efficient data collection, which
can provide quality feedback to hospitals and individual clinicians.

8. Conclusion

Perioperative hemodynamic monitoring is a dynamic, decision-making process
that has a direct impact on recovery paths, surgical outcomes, and patient safety. It
is much more than a standard checklist. Anesthesiologists now have strong tools to
evaluate and support cardiovascular function in real time, ranging from fundamental
metrics like blood pressure and heart rate to sophisticated cardiac output monitoring
and goal-directed therapy.

Individualized monitoring techniques are becoming more and more necessary as
surgical care becomes more complex. Research keeps showing that careful, directed
hemodynamic care improves outcomes, lowers morbidity, and shortens hospital
stays, especially for high-risk patients. However, clinical judgment cannot be replaced
by even the most sophisticated technology.

In the end, hemodynamic monitoring becomes more than just a tool when it is
applied purposefully and intelligently; it becomes the foundation of safer, more intel-
ligent anesthesia.
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Abstract

The pulmonary artery catheter (PAC), used first in the 1970s, remains an essential
tool in advanced hemodynamic monitoring despite the presence of less invasive
alternatives. This chapter provides an extensive review of the PAC’s principles, clinical
applications, and its role in critical care. It includes detailed anatomy and insertion
technique of the PAC, focusing on its capability to provide real-time measurements
of key parameters such as pulmonary artery pressure, pulmonary capillary wedge
pressure, cardiac output, and mixed venous oxygen saturation. These measurements
enable the accurate evaluation of volume status, cardiac function, and oxygen deliv-
ery, particularly in managing complex conditions such as shock, heart failure, and
perioperative instability. The clinical utility of PAC in intensive care units and major
surgeries is reinforced, along with its superiority in situations requiring detailed
hemodynamic assessment. Despite risks associated with its use, including insertion-
related complications and data misinterpretation, technological advancements and
integration with personalized medicine continue to support its relevance. The PAC
remains a gold standard for managing critically ill patients where high-precision,
real-time cardiovascular parameters are essential for optimizing outcomes.

Keywords: pulmonary artery catheter (PAC), hemodynamic monitoring, cardiac
output, pulmonary capillary wedge pressure (PCWP), critical care, heart failure,
advanced monitoring, thermodilution

1. Introduction
1.1 Historical background

The pulmonary artery catheter (PAC) was first introduced by Dr. Swan and
Dr. Ganz in the early 1970s, marking a significant milestone in the management of
critically ill patients. Before this breakthrough, physicians had only a limited number
of reliable tools to accurately assess hemodynamic status in patients with complex
shock or heart failure. The PAC (Figure 1) allowed clinicians to measure intracardiac
pressures, including pulmonary artery pressures (PAP) and pulmonary capillary
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Proximal lumen Port in the Right Atrium/
RAP, CVP
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PAP, PAWP

Thermistor Port
—

Balloon-Inflating valve
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Balloon
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Figure 1.
Standard four-lumen pulmonary artery catheter.

wedge pressure (PCWP), as well as cardiac output (CO), in real time. This technology
quickly gained widespread use in anesthesia and intensive care settings, enabling the
precise monitoring of circulatory status [1]. The ability to assess both volume status
and cardiac function facilitated decision-making, particularly for patients undergoing
major surgeries or those in severe shock.

Though the start sparked excitement, the use of PAC has declined over the years,
particularly due to the emergence of less invasive monitoring techniques and grow-
ing concerns about its potential complications. Nonetheless, research has repeatedly
shown PACs’ unparalleled capacity to deliver extensive hemodynamic data, especially
for critically ill patients with multiple comorbidities or intricate hemodynamic
profiles [2]. The historical background of PAC usage, along with its sustained clinical
significance, validates its role as a core tool of advanced hemodynamic monitoring.

1.2 Overview of hemodynamic monitoring

Hemodynamic monitoring includes a range of techniques used to assess the car-
diovascular system’s function, focusing on parameters such as blood pressure, heart
rate, cardiac output, systemic vascular resistance, and pulmonary pressures. It is of
extreme importance in managing patients with acute cardiovascular compromise,
especially in settings such as intensive care units (ICUs), postoperative care units, and
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emergency departments [3]. The primary purpose of hemodynamic monitoring is
to assess perfusion, direct treatment strategies (fluid resuscitation, vasopressor use,
etc.), and optimize organ function.

The PAC remains one of the most reliable techniques for hemodynamic moni-
toring. It provides continuous real-time data on parameters like cardiac output,
pulmonary artery pressure, and mixed venous oxygen saturation (SvO,), allow-
ing clinicians to make evidence-based decisions depending on dynamic changes
in physiology. Though newer technologies, such as noninvasive cardiac output
monitoring or ultrasound-based assessments, have become popular, PAC continues
to play a crucial role in complex cases, where these alternatives may not provide
the level of detail required for appropriate intervention [4]. In this context, PAC is
considered a ‘gold standard’ in advanced monitoring and is pivotal to the manage-
ment of critically ill patients.

2. Principles of pulmonary artery catheterization
2.1 Anatomy and insertion technique

Insertion of the PAC is typically performed via the internal jugular vein, sub-
clavian vein, or femoral vein, though the internal jugular central venous approach
remains the most common. The catheter is advanced into the right atrium, then the
right ventricle, and finally, the pulmonary artery. The catheter must be positioned
properly within the pulmonary artery for accurate measurements. The process of
catheter insertion is guided by either anatomical landmarks or ultrasound, which
significantly reduces complications related to improper placement, such as arterial
puncture, pneumothorax, and cardiac arrhythmias [5, 6].

The insertion of a PAC is generally performed under sterile conditions in an inten-
sive care or operating room setting. Ultrasound guidance is used for the insertion of
central venous access, providing real-time visualization of the vessels and improving
the safety of catheter placement. After insertion, the catheter is connected to a pres-
sure transducer, and the necessary hemodynamic parameters can be measured [7].
Additionally, the PAC can have various types of sensors and ports, including those
that measure pressures (right atrial, right ventricular, pulmonary artery pressures)
and those that allow for the blood sample extraction for analysis of mixed venous
oxygen saturation (SvO,). Correct positioning and regular monitoring of the catheter
are essential to obtaining accurate and reliable readings.

2.2 Anatomy of the pulmonary artery catheter

The pulmonary artery catheter (PAC) is a 7-French catheter that typically
is 110 cm in length, although shorter versions of approximately 90 cm are also
available.

At its distal tip, the catheter features a single open lumen. This distal lumen has
two functions: it allows for the measurement of pulmonary artery (PA) pressures and
enables the sampling of venous blood for mixed venous oxygen saturation (SvO,)
analysis. Furthermore, an optical sensor is incorporated near the tip to enable con-
tinuous monitoring of mixed venous oxygen saturation (SvO,).

The balloon is located at the very tip of the catheter and is designed to hold up to
1.5 ml of volume, which inflates it to a diameter of approximately 13 mm.
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Approximately 4 cm proximal to the catheter tip, a thermistor is integrated into
the catheter. This thermistor is responsible for sensing temperature changes in the
pulmonary arterial blood as it flows past the catheter.

The thermistor is a small resistor that changes its resistance based on temperature,
meaning that electrical resistance differs in response to changes in temperature. This
feature allows for accurate thermal detection, which is essential for measuring cardiac
output (Table1).

2.3 Hemodynamic parameters measured

The primary hemodynamic variables assessed using the PAC include pulmonary
artery pressure (PAP), pulmonary capillary wedge pressure (PCWP), cardiac output
(CO), and mixed venous oxygen saturation (SvO,). These measurements generate a
valuable understanding of both the heart’s ability to pump blood and the lungs’ ability
to oxygenate blood.

* Pulmonary artery pressure (PAP): PAP is an important parameter for assessing
pulmonary hypertension and diagnosing left-sided heart failure. It is measured
directly through the catheter’ distal lumen and can be used to determine
whether elevated pressures in the pulmonary arteries are due to intrinsic lung
pathology or left-sided heart dysfunction [3].

* Pulmonary capillary wedge pressure (PCWP): PCWP is a surrogate for left atrial
pressure and is essential in evaluating fluid status and distinguishing between
cardiogenic and non-cardiogenic pulmonary edema (Figure 2) [8]. An elevated
PCWP suggests left-sided heart failure, whereas a normal PCWP in the presence
of pulmonary edema suggests other causes, such as acute respiratory distress
syndrome (ARDS) (Figure 3) [9].

* Cardiac output (CO): Using the thermodilution method, the PAC provides
accurate real-time data on cardiac output (Figure 4). This measurement is criti-
cal for assessing the heart’s pumping efficiency and is used to guide therapy in

Port/Lumen Location Function

Proximal port/Blue RA Measures central venous pressure (CVP) and allows for
injection of fluid or cold saline for thermodilution
cardiac output measurement.

Distal port/Yellow PA Measures PAP and samples mixed venous blood.
Balloon inflation Connects to the balloon Inflates a small balloon to help float the catheter into
port/Red near the catheter tip place and to measure PAWP.
Thermistor port/ Near the distal tip Measures blood temperature for cardiac output
White determination via thermodilution.
Proximal infusion RA Used for fluid or medication infusion.
port

Table 1.

Standard pulmonary artery catheter ports/lumens.
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Figure 2.
Standard pulmonary artery catheter ports/lumens.

patients with shock [7]. The most recent version of pulmonary artery catheters
(PACs) implements a pulsed heated thermodilution method to measure cardiac
output in a continuous fashion, known as Thermodilution Continuous Cardiac
Output (TDCCO). In this technique, a small amount of heat is released from a
thermal filament located in the right ventricular segment of the catheter. The
resulting temperature change is detected by a thermistor at the catheter tip and
processed through a modified Stewart-Hamilton equation to calculate TDCCO
in real time [10].

* Mixed venous oxygen saturation (SvO,): SvO, reflects the balance between oxygen
delivery and consumption. It is measured through the catheter and provides
critical information in managing patients with systemic shock, sepsis, or multi-
organ failure [11].
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Figure 3.
The PAC displayed pressure waveforms/values from the right atrium, right ventricle, pulmonary artery, and
wedge (PCWP) positions.
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Cardiac Output (CO) = © fﬂig’i K
Where:

+ V =Volume of injectate {mL)

+ T}, = Blood temperature
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« AT(t) = Change in blood temperature over lime

+ K = Constant that incorporates the specific heat and density of blood and injectate

Figure 4.
The temperature change versus time graph applied to the Stewart-Hamilton equation.
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3. Clinical applications
3.1 Use in critical care

The use of the PAC in critical care settings has become standard practice for
managing patients with severe cardiovascular or respiratory compromise. Its ability
to provide continuous real-time data makes it invaluable for managing critically
ill patients, particularly those with shock, severe heart failure, and multi-organ
dysfunction [11, 12]. PAC monitoring is beneficial in situations where clinical
examination by itself is inadequate for making decisions, such as in cases of acute
decompensated heart failure, sepsis, and postoperative management following major
surgery. For example, in shock states such as cardiogenic, septic, and hypovolemic
shock, the PAC supplies vital data to differentiate between causes of hypotension
and guide interventions. In these settings, monitoring both cardiac output and right
atrial pressure can help clinicians adjust fluid therapy, vasopressors, and inotropes,
ultimately optimizing the patient’s hemodynamics and maximizing treatment
effectiveness [13].

3.2 Role in cardiogenic shock and heart failure

PAC has been particularly valuable in the management of cardiogenic shock and
heart failure, where the understanding of preload, afterload, and contractility is
important for determining the optimal treatment approach. In cardiogenic shock,
the PAC provides real-time data on right and left heart function, helping distinguish
between fluid overload and low cardiac output states. It has been shown to guide the
use of inotropes, diuretics, and vasopressors to optimize hemodynamics in patients
with severe heart failure [14, 15].

In patients with decompensated heart failure, especially those in need of
advanced therapies like mechanical circulatory support or heart transplantation,
PAC data have been indispensable in guiding management strategies [16, 17]. The
ability to monitor pulmonary pressures, CO, and SvO, in these complex cases has
led to improved decision-making and outcomes in this critically ill patient popu-
lation [11, 18].

3.3 Application in major surgeries

PAC is commonly employed in major surgeries, particularly cardiac surgery,
where managing fluid balance, cardiac output, and pulmonary pressures is neces-
sary. It is also used in high-risk noncardiac surgeries where the patient’s hemody-
namic status is subject to acute changes and instability. For example, in cardiac
surgery, PAC monitoring is essential to ensure adequate perfusion pressures
and to prevent ischemia during periods of impaired cardiac function or
perfusion [19, 20].

During major surgeries, continuous monitoring of the right ventricle (RV) and
left ventricle (LV) performance, along with PAP and CO, helps ensure the heart can
cope with the hemodynamic demands of the surgery. This monitoring enables the
anesthesia and surgical teams to take immediate action to any changes in the patient’s
condition and to adjust interventions promptly [3]. Additionally, PAC data aids
in postoperative recovery, ensuring that the patient is stabilized and lowering the
incidence of complications.
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4. Interpretation of hemodynamic data
4.1 Pulmonary artery pressure

Pulmonary artery pressure is an important indicator of the pressure load in the
right side of the heart and the pulmonary circulation. Elevated PAP can be a sign of
pulmonary hypertension, which may be secondary to left-sided heart failure, pulmo-
nary embolism, or intrinsic lung disease. Accurate interpretation of PAP in conjunc-
tion with PCWP and CO is essential to identify the underlying cause of pulmonary
hypertension [21, 22]. For instance, high PAP in the presence of elevated PCWP
suggests cardiogenic causes, while normal or low PCWP with elevated PAP indicates
primary pulmonary disease [14].

In patients with complex shock or right ventricular failure, continuous PAP moni-
toring is invaluable for adjusting fluid management and vasoactive therapies [19, 23].

4.2 Cardiac output and mixed venous oxygen saturation

Cardiac output measurement using the PAC is crucial for assessing the heart’s
ability to pump oxygenated blood into vital organs. Decreased CO can indicate
heart failure, sepsis, or other shock states, and appropriate interventions (e.g., fluid
resuscitation, inotropes) are often guided by CO measurements [7]. Additionally,
monitoring mixed venous oxygen saturation (SvO,) provides information about the
balance between oxygen delivery and consumption. A low SvO, can signal inadequate
perfusion or an increase in metabolic demand, both of which may require interven-
tions like increasing cardiac output or correcting oxygenation deficits [11].

4.3 Pulmonary capillary wedge pressure

PCWP is considered one of the most accurate indirect measures of left atrial
pressure and is a vital diagnostic aid in differentiating between cardiogenic and non-
cardiogenic pulmonary edema. High PCWP in the context of pulmonary edema often
implies left-sided heart failure, whereas normal PCWP with pulmonary edema is
suggestive of ARDS or other non-cardiogenic causes [9]. The continuous monitoring
of PCWP helps guide fluid management and diuretic therapy in patients with heart
failure, improving clinical outcomes and avoiding volume overload.

5. Benefits of pulmonary artery catheter use
5.1 Precision in volume status assessment

PAC facilitates precise measurement of right atrial pressure (RAP), pulmonary
artery pressures, and cardiac output, which together provide a thorough assessment
of a patient’s volume status. These measurements are far more accurate than depend-
ing exclusively on clinical examination or more basic hemodynamic parameters like
central venous pressure (CVP) [24]. The ability to assess preload, afterload, and
cardiac contractility in real-time ensures that fluid therapy and vasopressor use are
optimized, minimizing the risk of under-resuscitation or fluid overload [13]. This is
particularly critical in patients with complex shock or heart failure, where traditional
markers often fail to provide adequate guidance.
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5.2 Guiding vasopressor and fluid therapy

In critically ill patients, titration of vasopressors, inotropes, and fluids plays a
central role in enhancing hemodynamic status and preventing multi-organ failure.
PAC’s ability to measure cardiac output, pulmonary pressures, and SvO, allows clini-
cians to dynamically adjust therapy in response to changes in the patient’s condition.
For example, a drop in SvO, could prompt the use of inotropes or increased fluid
resuscitation, while elevated pulmonary pressures may suggest the need for diuretics
or adjustments in afterload reduction [8, 25].

6. Risks and complications
6.1 Insertion-related risks

Although the pulmonary artery catheter is a high-impact modality for hemody-
namic monitoring, its insertion carries intrinsic hazards. The most common compli-
cations include vascular injury, arrhythmias, pneumothorax, and catheter-related
infections. Vascular injury can occur during central venous catheterization, particu-
larly if the procedure is performed in an emergency or with inadequate training or
supervision [26]. Arterial puncture, hematoma formation, or even inadvertent arte-
rial cannulation can lead to bleeding or vessel injury, especially if proper technique is
not employed. Furthermore, the placement of the catheter may lead to arrhythmias,
particularly during catheter passage through the right atrium and ventricle [6].

The risk of pneumothorax is especially worrisome when the catheter is inserted
via the subclavian vein or when the catheter is advanced too far, leading to perforation of
the vessel and subsequent leakage of air into the pleural space. This can cause significant
complications, requiring immediate management, including thoracostomy [5]. Other less
common but life-threatening complications include catheter misplacement and damage
to heart structures, leading to arrhythmias, tamponade, or perforation of the myocardium
[7]. To minimize these risks, using ultrasound-guided catheter placement has become a
widely adopted practice in many centers, improving safety and success rates [6].

6.2 Misinterpretation and over-reliance

A prevailing challenge associated with PAC use is the potential for misinterpretation
of data, particularly if the measured values are not considered within the broader clinical
context. For example, evaluating elevated pulmonary pressures without accounting for
patient factors such as fluid status, lung compliance, or systemic vascular resistance can
lead to suboptimal therapeutic decisions, such as unnecessary diuresis or overuse of ino-
tropes. Similarly, PAC data should never be the sole determinant of therapeutic interven-
tions; clinical judgment remains foundational in guiding patient management [5, 15].

Over-reliance on PAC can also be problematic. In recent years, there has been a
growing recognition of the importance of integrating PAC data with other monitoring
tools, such as echocardiography, pulse index continuous cardiac output (PiCCO), and
clinical examination. Failure to incorporate other aspects of patient evaluation can
lead to inadequate responses to changes in the patient’s condition [8]. For example,

a patient may exhibit a normal CO but still be clinically unstable due to other factors
such as sepsis or arrhythmias, which require specific management beyond the scope
of PAC measurements [5].
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7. Alternatives and comparisons
7.1 Comparison with less invasive techniques

The advent of less invasive hemodynamic monitoring techniques, such as PiCCO
(pulse index continuous cardiac output) and echocardiography, has prompted compari-
son with the PAC. PiCCO, which uses transpulmonary thermodilution, provides contin-
uous cardiac output monitoring without the need for central venous catheter placement,
making it a promising alternative for certain patients [27]. Similarly, echocardiography,
both transthoracic and transesophageal, offers real-time visualization of cardiac anatomy
and function and can be used to estimate cardiac output, assess ventricular function, and
detect abnormalities such as valvular disease or intraventricular thrombus [6].

These less invasive alternatives have the advantages of avoiding the risks asso-
ciated with PAC insertion, such as infection, pneumothorax, and arrhythmias.
However, they also have limitations. PiCCO requires a catheter to be placed in a
central vein, and while it does not need to enter the pulmonary circulation, it still
requires invasive access. Furthermore, echocardiography, while providing dynamic
and comprehensive data on cardiac function, is operator-dependent and may not
always provide accurate measurements in critically ill patients, particularly those with
poor echogenicity or challenging anatomy [27].

Despite these alternatives, the PAC remains the most comprehensive tool avail-
able for measuring pulmonary pressures, cardiac output, and mixed venous oxygen
saturation, all critical parameters in the management of complex shock and heart
failure [26]. The decision to use a PAC versus an alternative method depends on the
clinical context, the patient’s condition, and the available expertise.

7.2 When PAC is superior

While less invasive methods have their place in clinical practice, PAC remains
superior in certain situations. In critically ill patients with severe right heart failure,
pulmonary hypertension, or complex shock, the ability to measure direct pulmonary
artery pressures and accurately assess cardiac output is essential for making rational
therapeutic decisions [28]. Additionally, in patients undergoing major cardiac sur-
gery, the PAC provides continuous real-time monitoring, which is vital for promoting
ideal hemodynamic management and avoiding adverse outcomes [15].

Moreover, the PAC’ ability to simultaneously evaluate multiple hemodynamic
parameters—including right atrial pressure, pulmonary artery pressure, cardiac
output, and mixed venous oxygen saturation—makes it an indispensable tool in cases
where detailed, multifactorial hemodynamic assessment is needed [29]. For patients
with severe multi-organ failure or who are undergoing complex surgical procedures,
the comprehensive data provided by the PAC allows clinicians to manage these high-
risk situations more effectively, minimizing the risk of adverse outcomes.

8. Recent advances and future perspectives

8.1 Technological improvements

The PAC has experienced substantial technological improvements over the past
several decades. One remarkable advance is the incorporation of fiber-optic sensors,
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enabling more precise and continuous measurements of hemodynamic parameters,
including cardiac output and pulmonary artery pressures. These sensors offer
enhanced resistance to interference and provide real-time data with higher precision,
which is essential for handling complex clinical situations [26].

Furthermore, newer PACs are equipped with integrated temperature sensors
that improve the accuracy of thermodilution-based cardiac output measurements.
These advances have improved the overall value of the PAC, particularly in high-
risk patients, through enhanced data reliability and minimal calibration demands.
Moreover, the improvement of more user-friendly PAC systems, with developed
graphical interfaces and automated data processing, has simplified data interpretation
for clinicians, even in busy ICU settings [29].

Wireless data transmission is an emerging advancement, allowing for remote
monitoring of patients in critical care settings. This could transform the manage-
ment of patients, particularly in telemedicine or in environments with high nurse-
to-patient ratios. As a result of these technological advancements, the PAC may
continue to serve a key function in advanced hemodynamic monitoring sustainably
over time.

8.2 Evolving role in personalized medicine

As personalized medicine becomes more embedded within clinical practice, the
role of the PAC is projected to develop further. Within the framework of precision
medicine, where treatments are adapted based on an individual’s genetic makeup,
underlying diseases, and response to therapy, PAC monitoring will provide important
data to guide patient-specific interventions. For example, in patients with heart
failure or pulmonary hypertension, understanding their individual hemodynamic
profile will enable more precise titration of medications such as inotropes, diuretics,
and vasopressors, decreasing the risk of treatment failure or adverse reactions.

Moreover, in the context of organ transplantation (such as heart, lung, or kidney
transplants), PAC monitoring may assist in directing early postoperative manage-
ment, guaranteeing that perfusion pressures and cardiac output are optimized during
the critical early days after surgery. Continuous assessment of the patient’s hemody-
namic status will enable clinicians to modify therapies as needed, enhancing long-
term outcomes and reducing the risk of graft rejection or organ failure [27].

9. Conclusion
9.1 Summary of clinical value

The pulmonary artery catheter is still considered the gold standard for advanced
hemodynamic monitoring, affording comprehensive, real-time data on critical
parameters such as pulmonary artery pressure, cardiac output, and mixed venous
oxygen saturation. Its role in assessing both the right and left sides of the heart, along
with the pulmonary circulation, provides clinicians with an extensive understanding
of a patient’s hemodynamic status. Such detailed information is invaluable in manag-
ing complex, critically ill patients, most significantly those with severe shock, heart
failure, or undergoing major surgeries [27]. The PAC plays a critical role in settings
where other monitoring tools may be inadequate, such as in cases of severe right heart
failure, pulmonary hypertension, or multi-organ dysfunction.
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9.2 Recommendations for practice

While the use of the PAC is associated with some risks, such as insertion-related
complications and the potential for misinterpretation of data, these can be mitigated
with proper technique, intensive monitoring, and extensive insight into the clinical
context. Clinicians need to incorporate PAC data with other diagnostic tools, such
as echocardiography, laboratory results, and clinical examination, to ensure that
management decisions are based on a holistic view of the patient’s condition.

Given its precision and depth of information, PAC remains a cornerstone in the
management of critically ill patients, despite the availability of less invasive alterna-
tives. In settings where detailed hemodynamic monitoring is essential, the PAC offers
unparalleled value and is likely to continue evolving with advancements in technol-
ogy, enhancing its role in personalized and precision medicine.
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Chapter12

Non-Invasive Cardiac Output
Monitoring in Perioperative
Medicine

Ashok Kandasamy

Abstract

Hemodynamic monitoring is a key aspect in intensive care, which enables the tailor-
ing of fluid and vasoactive drug therapy. Non-invasive monitoring has the advantage
of low invasiveness and fewer complications, when compared to invasive methods.
This chapter will offer a short overview of the various techniques of non-invasive CO
monitoring, associated principles, validation data and limitations. Methods reviewed
are electrical bioimpedance and bioreactance, respiratory-based CO monitoring, pulse
wave transit time, radial artery applanation tonometry and ultrasound CO monitor-
ing. Although numerous techniques are already in use, additional work is required to
develop devices that are sufficiently accurate for routine, non-invasive measurements.

Keywords: non-invasive cardiac output monitoring, hemodynamic, bioimpedance,
bioreactance, pulse wave transit time, radial artery applanation tonometry, ultrasound

1. Introduction

Cardiac output measurement is an integral part of hemodynamic monitoring in
perioperative care. In addition to the Swan-Ganz pulmonary artery catheter (PAC) and
transpulmonary thermodilution, less invasive methods for CO determination like pulse
contour analysis and esophageal Doppler are already in widespread use. Completely
non-invasive methods like electrical bioimpedance, bioreactance, pulse wave transit time,
radial artery applanation tonometry and ultrasound are now available for CO monitoring.

In this review, we will discuss these non-invasive methods for CO estimation.

1.1 Use of non-invasive cardiac output monitoring in perioperative medicine

For patients undergoing surgery, goal-directed optimization of hemodynamic
variables reduces both postoperative morbidity and improves patient outcomes
[1-3]. There is evidence from Cochrane Systematic Review including more than
5000 patients from 31 studies, that goal-directed measures to augment global blood
flow result in an overall reduction in postoperative complications and hospital stay [4].
Moreover, a recent meta-analysis of cardiac surgical patients revealed improved out-
comes in terms of postoperative complications and length of hospital stay in cardiac
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surgery patients using goal-directed hemodynamic therapy [5]. There is a lot of data to
show that goal-directed optimization of oxygen delivery and cardiac index can reduce
postoperative complications and mortality in selected high-risk surgical patients [6].

1.2 Critical illness

In critically ill patients, monitoring of cardiac output, oxygen delivery and tissue
oxygenation plays a decisive role in differentiating shock states [7, 8]. Monitoring of
cardiac output is also vital in identifying which patients may benefit from volume
expansion (fluid responders—patients who can increase their stroke volume after
administration of a fluid challenge) [9, 10]. Close monitoring of the patient’s volume
status (preload) and cardiac function (cardiac output) is of utmost importance in
patients with severe sepsis, distributive shock and septic cardiomyopathy [11].

2. Methods of non-invasive cardiac output measurement
2.1 Electrical bioimpedance
2.1.1 Technical details

Electrical bioimpedance is based on the assumption that impedance of thorax
varies with thoracic fluid content. Based on a circulatory system model, variation
in aortic blood volume during cardiac cycle (Qi) results in changes in aortic imped-
ance (Za). This can be assessed by application of a high-frequency current to thorax
and estimating the difference between applied and detected voltage. Transthoracic
impedance (Z,) can be obtained from the applied voltage and amplitude. Stroke vol-
ume is the product of peak flow and ventricular ejection time (VET). Stroke volume
(SV) can also be determined by the multiplying maximal rate of change of Z, (dZ,/
dt.y) with ventricular ejection time (Figure1) (VET)—Eq. (1).

[SV =dZ,/dt, X VET] )

Electrical bioimpedance principles have been described by Kubicek and col-
leagues for clinical application in 1966 and by Bernstein et al. in 1986 [12, 13]. In the

Fonax o dZ/dt . o d®/dt, .,

o

Time ——

Aortic Blood Flow (F)

Figure 1.

Diagram depicting aortic flow as a function of time to estimate SV from bioimpedance (dZ,qx/dt) or phase shifts
(AD/dt yaxs bioveactance). Stroke volume is proportional to the product of peak flow (Fu.y) and ventricular
ejection time (VET)—Reprinted with permission—Copyright © 2007 by the American Physiological Society.
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meantime, many devices have emerged that employ electrodes that are placed on
patients’ skin for quantifying thoracic electrical bioimpedance [14]. Several systems
utilizing these principles have been commercialized or are under development,
including ‘electrical velocimetry’, which uses a modified equation based on the maxi-
mum rate of change of impedance to assess aortic flow and stroke volume [15].

A modification of the thoracic bioimpedance method by placing electrodes on
the endotracheal tube, close to the aorta (ECOM; ConMed Corp), is available. This
method of signal recording first appeared in experiments on animal models (swine)
in 2000 [16].

2.1.2 Review of literature

Many studies have been carried out across different patient populations to study
the performance of thoracic bioimpedance in a variety of patient and clinical settings
[17]. Thoracic bioimpedance has undergone further testing using upgraded soft-
ware for measurement of CO. On the one hand, in cardiac surgical patients, studies
showed encouraging results when comparing thoracic bioimpedance with Swan Ganz
thermodilution catheter (TDC) measurement [18-21]. On the other hand, studies
revealed high bias and wide limits of agreement when comparing thoracic bioimped-
ance with Swan Ganz thermodilution catheter (TDC) measurement in cardiac surgi-
cal and mixed ICU patients [22, 23].

Electrical velocimetry (which utilizes bioimpedance technology) showed low
accuracy and precision when compared with pulmonary artery thermodilution
in cardiac surgery patients [24]. Clinical studies on electrical bioimpedance with
electrodes attached to an endotracheal tube demonstrated low precision and high
percentage error in cardiac surgical patients when compared with Swan-Ganz
thermodilution [25-28].

2.1.3 Limitations

Measurement of thoracic bioimpedance is highly dependent on the position of
electrodes and is limited by electrocauterization, pleural effusion, pulmonary conges-
tion, changes in vascular resistance and cardiac Arrhythmias [29-32].

3. Thoracic bioreactance
3.1 Technical details

Bioreactance represents the phase shift in voltage across the thorax (Figure 2).
It is assumed that the phase shift depends on pulsatile flow and that the bioreac-
tance signal is more closely related to aortic blood flow and less dependent on intra
and extravascular lung water [33]. Non-invasive CO monitoring, Cheetah Medical
(NICOM) (Portland, OR, USA) utilizes four electrodes and calculates CO for the right
and left side of the body (independently) with the final CO being the average of these
two values [33].

The pulsatile changes in frequency (due to flow) combined with the changes in
voltage across the thorax are determined by the bioreactance principle. Of note, the
bioreactance eliminates the impact of extraneous artifacts on CO measurement. Non-
invasive CO monitoring, Cheetah Medical (NICOM) has shown good agreement with

229



Hemodynamics and Hemodynamic Monitoring

other CO monitoring systems using arterial waveform analysis, as well as Swan Ganz
thermodilution in multidisciplinary ICU and cardiac surgical patients.

3.2 Review of literature

The NICOM bioreactance system for measuring cardiac output was first described
in 2007, and later evaluated in 110 ICU patients after cardiac surgery, with average
bias (standard deviation) +0.06 liter min (0.71 liter min™*) [34, 35]. In a multicentre
analysis comparing the NICOM bioreactance method in 111 patients (mixed ICUs
and cardiac catheterization laboratories) with PA catheter-derived cardiac output,
the authors observed a low bias of —0.09 liter min™" and wide 95% limits of agree-
ment of —2.5 liter min ™" to +2.3 liter min ™ for ICU patients [36]. Consistent results
were obtained in studies performed in post-cardiac surgical patients when using CO

KF gencrator
75Kz fxed
amplitude signal

(b)

Amplaude

Figure 2.

NICOM principle (a) Electrodes are placed on the thorax. (b and c) Voltages are recorded between two inner
electrodes after passing a high-frequency current between two outer electrodes. The phase shift ($) and rate of
change of phase (dd/dt) between these signals are used to estimate stroke volume (SV). RF radio frequency (d)
representations of flow in the aorta as a function of time underlying the basic principle for estimation of stroke
volume from changes in phase shifts (dx/dt,qy) and ventricular ejection time (VET). (Crit Care Res Pract. 2020
Sep 15;2020: 748181. Reprinted with permission—Copyright © 2020 Sanjeev Sivakumar and Christos Lazaridis).
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measurements from transpulmonary thermodilution and calibrated pulse contour
analysis [37] or with PA thermodilution as the criterion standard [38]. A study

in surgical patients treated for ovarian cancer revealed that thoracic bioreactance
does not provide an acceptable cardiac index when compared with transpulmonary
thermodilution [39].

3.3 Limitations

The present bioreactance technology is not free of weaknesses. Like bioimpedance,
bioreactance recordings can be influenced by electrical interference. Bioreactance
does not indicate rapid variations in cardiac output, as it provides measurements that
are averaged over a minute. This approach can be particularly useful in the presence
of mild arrhythmias (as it is an averaged value).

4. Respiratory-derived cardiac output (CO) monitoring

Fick principle is used to calculate cardiac output from oxygen consumption (VO,)
and the difference between arterial and venous blood oxygen content (CaO, - CvO,).
This technique was originally described in intubated, sedated and ventilated patients
(without severe gas-exchange abnormality), using exhaled oxygen (O,) or carbon
dioxide (CO,) exhaled gas, and requires invasive arterial and mixed venous blood
sampling, applying the following equations [40]:

CO=VO0, /Ca0, - CvO,

CO=VCO0, /CaCO, -CvCO, (2)

A non-invasive tool based on the slope of the CO, dissociation curve (S) and the
end-tidal carbon dioxide (S. etCO,) as a surrogate for CaCO, has been introduced. As
CvCO, is cumbersome to measure, it is estimated based on separate time intervals:
normal respiration () and a 30-second period of rebreathing (r). If CO and the
CvCO, are unchanged during both time intervals, the equation can be extrapolated as:

CO=AVCO, /A(S.etCO,) (3)

It is feasible to measure etCO, in expired gas with a tight-fitting facemask.
Rebreathing permits estimation of CO without the need for invasive vascular access.
This necessitates an extra loop of the ventilatory circuit to create a temporary partial
rebreathing system (Figure 3).

The NICO-sensor (Philips Respironics, Eindhoven, the Netherlands) and
INNOCOR (Innovision ApS, Denmark) are designed based on the partial rebreathing
principle [42, 43]. However, there are several limitations like (i) minimal changes
in CO, can cause significant differences in CO measurements, that is, even minimal
leaks in face mask can induce measurement bias, (ii) may not be applicable in ICU
setting, as these devices require the patient to be in a steady respiratory state, (c)
differences between VCO, and end-tidal CO, reflect only the fraction of the lung
that is ventilated; therefore, contribution of atelectasis or intrapulmonary shunting
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Figure 3.

Partial vebreathing principle. Left (baseline)—rvebreathing valve is off—parameters at baseline. Middle (early
rebreathing)—valve is on—decrease of VCO, with simultaneous rise in PaCO, and PETCO,. Right panel
(late rebreathing )—uvalve is off—parameters return to baseline levels, whereas mixed venous PCO, has varied.
(Reprinted with permission: [41].)

has to be taken into account, which is difficult in the ICU where patients can present
with more than one lung pathology [44-46]. Two recent articles studied the partial
rebreathing principle with thermodilution. Neither of these could demonstrate
equivalence between the two methods [47, 48].

A recent retrospective cohort study compared thermodilution and the Fick
principle in over 12,000 patients who underwent right heart catheterization. This
study revealed an acceptable systematic bias of 0.4% but poor limits of agreement
from —1.31 to +1.271/min, and a measurement difference of more than 20% for CO in
40% of patients [49].

Thus, partial CO,-rebreathing is not yet simple enough for routine use in critical
care, but developments like improved rebreather-face interface to optimize mask
seal and algorithms that can take into account the variations in end-tidal CO, are
applicable in critical care. In fact, the latter issue appears intractable since respiratory
disorders like pulmonary edema, pneumonia and acute exacerbations of COPD are
the most frequent causes for ICU admission.

5. Pulse wave transit time
5.1 Technical details

When applied to non-invasive CO monitoring, pulse wave transit time (PWTT) is
the time interval between the R-wave in the ECG and pulse wave rise-point measured
by pulse oximetry. The esCCO method (Nihon Kohden, Japan) provides non-invasive
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—_—t - Time

Pulse Wave Transit Time

Figure 4.
PWTT is the delay between the genevation of stroke volume (orange) and the genevation of the R-wave of an ECG
(green). Reprinted with permission—Copyright © 2017 Nguyen and Squara.

CO measurement by analysis of ECG, pulse oximeter waveform, and arterial pressure.
Simplified methodology for monitoring of CO in this regard is based on the assumed
negative relationship between the PWTT and stroke volume (Figure 4).

5.2 Review of literature

There is a paucity of literature on this innovative technology. Yamada and co-
workers in 2004 evaluated the esCCO system in comparison with continuous PAC
thermodilution (multicentre study, 213 surgical and ICU patients) and revealed a
bias of 0.13 liter min™" with 95% limits of agreement of —2.13 liter min™" to +2.39 liter
min~' and a percentage error of 54% [50, 51]. In another study of 35 cardiac surgical
patients, a bias of 0.80 liter min™" (95% limits of agreement of —2.00 liter min ™" to
+3.61 liter min™%; percentage error 53%) was observed [52].

5.3 Limitations

One of the drawbacks to the esCCO system was the need for a reference cardiac
output value at the time of the first measurement for adjustment [53]. Although a
calibration model based on patient demographic features and cardiovascular variables
including heart rate, pulse pressure, and pulse wave transit time was reported, it was
not thoroughly tested and likely requires refinement [53, 54].

6. Radial artery applanation tonometry
6.1 Technical details

Radial artery applanation tonometry allows continuous non-invasive measure-
ment of the arterial pressure waveform [55-61]. This concept was first reported in
1963 [62, 63]. Many of these devices required arterial pressure values obtained from
cuff oscillometry for the purpose of calibration [64-68]. The T-Line (Tensys Medical
Inc., USA) has developed its own algorithm for continuous arterial waveform analysis
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[57]. After placing the sensor on the radial artery, its position is adjusted using an
electromechanical system. From the arterial pressure signal measured in the optimal
‘applanation’ state (Transmural pressure of the artery equals zero), mean arterial
pressure can be calculated. The arterial waveform is scaled using a proprietary
algorithm based on biometrical data, from which systolic and diastolic blood pressure
can be derived (Figure5).

6.2 Review of literature

A recently developed auto-calibrating algorithm for non-invasive continuous CO
monitoring using radial artery applanation tonometry was validated in a pilot study
[69]. It is possible to measure CO by monitoring the arterial pressure waveform at the
root of the radial artery with the use of applanation tonometry using this algorithm
if the harmonic analysis of the arterial pressure waveform is accomplished with a
non-linear mathematical model using physiological and biometrical input of the
patient [69]. In this proof-of-concept study, cardiac output values recorded by means
of radial artery applanation tonometry and pulse contour analysis in real-time,
calibrated by transpulmonary thermodilution, were recorded simultaneously [69]. A
CO bias of +0.1 L/min (0.8 L/min), 95% limits of agreement of —1.5 to +1.7 L/min,
and percentage error of 23% indicated good accuracy and precision in this study.

b
Figure 5.

Arterial pressure waveforms: Prior to incorporating the arterial waveform analysis, the pressure curve for each
patient (green) was visually verified to overlay with the corvesponding arterial catheter-based tracings (blue). An
illustration for an impeccable (a) and not impeccable (b) waveform is provided above.

i
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6.3 Limitations

Radial artery applanation tonometry is dependent on the quality of the arte-
rial waveform. Under these circumstances, the most important prerequisite is
the proper placement of the sensor over the radial artery. Rapid movement of
the patient’s arm can influence the accuracy of waveform analysis and thus CO
determination.

7. Ultrasonic methods
7.1 Key concept

Cardiac output can be determined from aortic flow velocity and cross-sectional
area of the aorta. Velocity of the flow of blood can be determined by the application
of Doppler ultrasound:

SV = VTIx CSA 4)

VTI = aortic velocity time integral, CSA = cross-sectional area of aorta. Therefore,
a non-invasive estimation of CO measurement requires a device continuously mea-
suring aortic flow velocity, in a constant manner (Figure 6).

The ultrasonic cardiac output-monitoring (USCOM) device requires pre-
calculation of the aortic valve area based on the patient’s age and body weight. In
addition, the ICU environment does not appear suitable for performing USCOM
[70-72]. Limitations are (i) difficulty in maintaining a steady Doppler probe posi-
tion in critically ill patients [73] (ii) poor echo window in post-cardiac surgical
patients, and (iii) lack of accuracy of the valve area estimation with increasing age

VTI
VTI (em)
i
E
3]
>
SV '-
Time (s)

Figure 6.

Echocardiographic cardiac output measurement. Velocity time integral (VTI) multiplied by cross-sectional area
(CSA) of the aorta allows estimation of stroke volume (SV). Reprinted with permission—Copyright © 2017
Nguyen and Squara.
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group. Few studies highlight the utility of USCOM in critical care, with a system-
atic bias of —0.36 L/min. Nonetheless, the limits of agreement were not accept-
able, ranging from —2.34 to 1.621/min, and the reported percentage error (29%)
seemed too high for daily use [74].

POCUS for hemodynamic monitoring has become very popular in the ICU, but
not so for continuous echocardiographic monitoring of CO by USCOM. In fact, a
very high error, related to valve area estimate error and/or probe displacement,
renders it difficult to use in a routine way. Nevertheless, the initial calibration from
echocardiography-determined valve area and standard signal-quality controls might
optimize this approach.

8. Non-invasive CO monitoring in critically ill patients

Assessment of CO is vital in the hemodynamic monitoring of critically ill patients.
The ‘clinical reference standard’ for CO monitoring has been assessed by thermodilu-
tion with a pulmonary artery catheter (TDPAC). Due to the concerns regarding the
safety of Pulmonary artery catheters, semi-invasive and non-invasive methods to
estimate CO have been developed. In elective postoperative ICU patients, the non-
invasive methods perform reasonably well and appear to be better as trend-monitor-
ing devices (rather than for determination of the absolute CO) [75].

9. Conclusions

In summary, cardiac output measurement is of fundamental importance in
perioperative medicine. Several totally non-invasive technologies are in use for
haemodynamic optimization. They are easy to handle, operator-independent and
have a better safety profile. These technologies constitute potentially valuable
non-invasive tools to quantify the heart-lung interaction at the bedside and can be
integrated for use at various stages in the perioperative care. They also enable goal-
directed strategies in low or intermediate-risk surgical patients and those under-
going proecdures like endoscopy. Furthermore, these technologies might allow
non-invasive real-time monitoring of therapeutic maneuvers like the fluid challenge
or the passive leg raising test.

A note of caution: Cardiac output estimates are obtained with high accuracy and
precision by several technologies under experimental conditions, but not necessarily
so in the real world. However, for most devices, there is contradictory evidence about
the measurement quality. Thus, it is important to investigate the potential improve-
ment of various technologies in terms of signal recording and processing. Moreover,
there are limitations to each technology for clinical application. Despite their apparent
ease of application, however, for every available non-invasive CO monitoring device,
there are clinical situations where CO measurement can be challenging, if not impos-
sible. These settings must be established in detail for each application in research
and in clinical practice. More research and development are required to enhance the
practicability and clinical application of non-invasive CO monitoring techniques.
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Abstract

This chapter reviews the physiological changes of pregnancy, their impact on
maternal hemodynamics, and the role of invasive and non-invasive monitoring
techniques. It integrates evidence-based recommendations from ASA, AHA, ESC,
and WHO to connect physiological understanding with clinical monitoring strategies.
Pregnancy produces major cardiovascular adaptations, including expanded plasma
volume, increased cardiac output through enhanced stroke volume and heart rate,
and reduced systemic vascular resistance. Aortocaval compression further modifies
preload, afterload, and venous return, influencing overall perfusion. These adapta-
tions may mimic or mask disease, complicating the interpretation of vital signs,
laboratory findings, and imaging results. A structured, risk-based approach tailors
monitoring intensity to maternal condition across antenatal, intrapartum, periopera-
tive, and postpartum stages. Core noninvasive modalities—blood pressure, ECG,
pulse oximetry, and capnography—form the foundation of safe obstetric anesthesia
practice, while bedside echocardiography refines the evaluation of ventricular
function, filling status, and pulmonary pressures without radiation exposure. When
greater precision is required, invasive arterial lines enable beat-to-beat pressure
measurement and arterial blood gas analysis. Central venous and pulmonary artery
catheters are reserved for complex cardiopulmonary disease or refractory shock.
Advanced hemodynamic systems, such as arterial waveform analysis and trans-
pulmonary thermodilution, provide the continuous assessment of cardiac output,
preload, and afterload, guiding individualized fluid and vasopressor therapy in severe
preeclampsia, obstetric hemorrhage, or cardiomyopathy. Effective collaboration
among anesthesiologists, obstetricians, and intensivists ensures accurate interpreta-
tion and timely response to evolving physiology. Integrating physiological insight
with guideline-based monitoring enhances early recognition of deterioration and
optimizes maternal and neonatal outcomes.

Keywords: pregnancy, hemodynamic monitoring, obstetric anesthesia, cardiovascular
adaptations, maternal outcomes, fetal outcomes
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1. Introduction

Pregnancy is associated with significant physiological changes in blood pres-
sure, heart rate, and cardiac output, requiring tailored hemodynamic monitoring
in pregnancy for the early detection and management of maternal cardiovascular
compromise, as well as improved maternal and fetal outcomes. Some of the physi-
ological adaptations of normal pregnancy can unmask or worsen preexisting disease,
confounding the diagnosis of heart disease. Thus, an understanding of pregnancy
adaptations is essential to avoid misinterpretation. Women with underlying cardiac
disease may not always accommodate these changes, and ventricular dysfunction
leads to cardiogenic heart failure [1].

Traditionally, anesthesia practice has been grounded in vigilance and continuous
clinical assessment of the patient. The term “monitoring” itself comes from the Latin
monere, meaning to warn, remind, or caution. Although there is limited high-grade
evidence that electronic monitors alone reduce morbidity and mortality, modern
monitoring devices do not replace the clinician’s responsibility. Instead, they comple-
ment it by providing clinical information more rapidly, more frequently, and with
greater quantitative precision than physical examination alone.

The purpose of monitoring is to enhance the anesthesiologist’s situational aware-
ness, enabling timely recognition and management of clinical problems while guiding
therapy. The value of any monitoring method lies in its ability to help maintain the
patient’s physiology within safe limits. However, the benefits of each technique must
be weighed against its costs and potential risks, as invasive monitoring may expose
patients to iatrogenic complications if not appropriately justified.

Pregnancy-induced hypervolemia serves multiple purposes: it supports the meta-
bolic demands of the enlarged uterus and its expanded vasculature, ensures adequate
nutrients for the growing placenta and fetus, protects against reduced venous return
in supine or upright positions, and provides a safety margin against blood loss during
delivery.

Over a century ago, Williams noted that pregnancy in women with significant
heart disease carries serious risks, including decompensation and death. Today, car-
diovascular disease contributes to nearly 26% of pregnancy-related maternal deaths,
highlighting the critical importance of careful hemodynamic monitoring. Some
women with life-threatening cardiac abnormalities can undergo corrective surgery,
after which pregnancy carries a significantly reduced risk. Heart disease in pregnancy
remains the leading non-obstetric cause of maternal mortality.

Gestational changes begin soon after the cessation of the bleeding tear drop, when
the ovum is fertilized, and pregnancy changes continue throughout, stimulated by the
placenta and fetus, which modify every organ system to accommodate the growing fetus.

Physiological changes during gestation are adaptive and necessary to ensure the
well-being of both the mother and fetus throughout pregnancy, as well as to prepare the
mother to meet the increasing metabolic and circulatory demands. The journey of three
trimesters involves every organ system undergoing alteration to facilitate fetal growth
and prepare for the delivery and breastfeeding of the newborn beyond the amniotic sac.

2. Background

Pregnancy involves extensive physiological adaptations that affect multiple organ
systems, where values considered abnormal outside of gestation may represent
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normal changes during pregnancy. These modifications can obscure the recognition
of underlying medical disorders or intensify their clinical expression. Cardiovascular
alterations, particularly changes in preload, afterload, and cardiac function, are
central to these adaptations and may significantly influence the course of preexisting
heart disease, thereby increasing maternal and fetal risk.

Heart failure symptoms may manifest in pregnant mothers with severe cardiac
dysfunction when pregnancy-related increases in blood volume and cardiac output
reach their maximum.

Most healthy women are able to adapt easily to these physiological changes, but
women with significant heart disease may develop new symptoms or worsening of
pre-existing symptoms as they struggle to adapt cardiovascularly. A healthy heart has
sufficient reserve to manage the increased load, whereas a diseased heart may fail to
compensate.

In women with severe cardiac dysfunction, heart failure may occur as pregnancy-
induced hypervolemia and cardiac output peak, most often peripartum, when labor,
delivery, or complications such as preeclampsia, hemorrhage, anemia, or sepsis
impose additional strain.

The incidence of cardiovascular disease is increasing among women of childbear-
ing age and during pregnancy, driven by factors such as corrected congenital heart
disease in women reaching reproductive age and the more frequent diagnosis of
new cardiac conditions with advancing medical care. In some cases, life-threatening
cardiac abnormalities can be corrected surgically, making subsequent pregnancies
considerably safer.

During labor, cardiac output (CO) increases by ~10% due to autotransfusion and
pain-induced catecholamines and further rises in the second stage with maternal
pushing. It peaks at up to 80% immediately after delivery, resulting from autotransfu-
sion and the relief of aortocaval compression, and then returns to pre-labor levels
within one hour.

3. Role of hemodynamic monitoring in pregnancy

Hemodynamic monitoring during pregnancy is crucial for distinguishing physi-
ological changes from pathology, detecting complications early, guiding management
in high-risk conditions, and ensuring both maternal stability and fetal well-being [2].

The pursuit of safer anesthetic techniques characterized the late nineteenth and
early twentieth centuries. The introduction of electrocardiography, pulse oximetry,
blood gas analysis, capnography, and neuromuscular monitoring transformed
anesthesia practice, significantly reducing morbidity and mortality. These monitors
provided early warning of acute physiological deterioration, allowing intervention
before irreversible harm occurred.

The emergence of more advanced and sophisticated monitoring technologies does
not diminish the anesthesiologist’s responsibility to apply sound clinical judgment.
On the contrary, it demands a thorough understanding of these devices to ensure they
are utilized safely, accurately, and appropriately.

3.1 Physiological adaptation monitoring

Pregnancy induces significant cardiovascular adaptations, including increased
blood volume, elevated cardiac output, reduced systemic vascular resistance,
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Hemodynamic Monitoring — Clinical Significance in Pregnancy

+ Tracks CO, SV, SVR, MAP — key
for maternal stability

+ Essential in high-risk pregnancies
(CHD, pulmonary HTN,
preeclampsia, sepsis, hemorrhage)

+ Guides fluid, vasopressor, and
anesthetic management

+ Protects uteroplacental perfusion
and fetal oxygenation

[T Blood Volume] 1 Cardiac Output]
r

Figure 1.
Hemodynamic monitoring and clinical significance in pregnancy.

and positional hemodynamic effects (Figure 1). Careful monitoring is essential
to differentiate these normal physiological changes from early manifestations of
underlying pathology.

3.2 Early detection of complications

Hemodynamic monitoring in pregnancy plays a pivotal role in differentiating
physiological adaptations from pathological changes. It enables the early detection of
hypertensive disorders such as gestational hypertension, preeclampsia, and eclamp-
sia, ensuring timely intervention to prevent maternal and fetal morbidity. Monitoring
also helps in identifying hypotension, which may occur due to conditions like supine
hypotension syndrome or as a complication of neuraxial anesthesia. Furthermore, it
assists in recognizing early signs of heart failure, arrhythmias, or decompensation,
particularly in women with preexisting structural or acquired heart disease, thereby
safeguarding maternal cardiovascular stability and fetal well-being.

3.3 Guidance in high-risk pregnancies

Hemodynamic monitoring is crucial in high-risk pregnancies, particularly in
women with congenital or acquired heart disease, pulmonary hypertension, severe
preeclampsia, sepsis, or obstetric hemorrhage, where even minor circulatory imbal-
ances can result in significant maternal or fetal compromise. In such cases, monitor-
ing provides essential information to guide individualized fluid therapy, optimize
vasopressor use, and titrate medications with precision. This targeted approach not
only supports maternal hemodynamic stability but also preserves uteroplacental
perfusion, thereby reducing the risk of adverse outcomes for both mother and fetus.

3.4 Intrapartum and perioperative safety

Continuous hemodynamic monitoring during labor, cesarean delivery, and critical
care is essential to ensure maternal stability and maintain adequate fetal perfusion.
Pregnancy and delivery are characterized by rapid and sometimes dramatic cardio-
vascular changes, particularly during uterine contractions, the stress of delivery,
and the immediate postpartum period when autotransfusion from the contracted
uterus significantly increases circulating blood volume. Early detection of these
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Hemodynamic monitoring in pregnancy

Indications Contraindications/limitations
* Track physiological adaptations (1CO, 1volume, and * No absolute contraindications — type
ISVR) depends on modality (invasive vs.
* Early detection of complications (HTN, preeclampsia, noninvasive)
hypotension, heart failure, and arrhythmias) * Invasive monitoring limited by infec-

tion risk, coagulopathy, and vascular

High-risk pregnancies (CHD, pulmonary HTN, severe

preeclampsia, sepsis, and hemorrhage) complications

Intrapartum and perioperative monitoring (labor,
cesarean, and critical illness)

Guide fluids, vasopressors, and anesthetic drugs

Protect maternal stability and uteroplacental perfusion

Table 1.
Hemodynamic monitoring in pregnancy.

hemodynamic shifts allows timely interventions to prevent maternal decompensa-
tion, optimize fluid (Table 1) and drug therapy, and safeguard uteroplacental blood
flow, thereby protecting both maternal and fetal outcomes.

3.5 Protecting maternal and fetal outcomes

It ensures optimal maternal circulation, which is vital for maintaining adequate
uteroplacental blood flow and supporting fetal oxygenation, while also minimizing
the risk of adverse events through early recognition and timely intervention [3].

4. Monitoring standards

ASA standards mandate continuous basic anesthetic monitoring by qualified
personnel, with specific requirements for oxygenation, ventilation, circulation, and
temperature to ensure patient safety. Specifically, arterial blood pressure and heart
rate must be assessed at least every five minutes in all anesthetized patients.

Intermittent noninvasive blood pressure monitoring typically meets this standard,
but continuous monitoring may be necessary in patients with significant comorbidi-
ties or during high-risk surgeries.

The American Society of Anesthesiologists (ASA) first issued monitoring
standards in 1986, reflecting advances in technology and practice [4]. The current
version (effective July 1, 2011) emphasizes regular and frequent monitoring [5], the
integration of clinical judgment, and awareness of circumstances that may impact the
accuracy or applicability of monitoring systems [6].

Standard I

Qualified anesthesia personnel must be present in the operating room during
general anesthesia, regional anesthesia, or monitored anesthesia care. These provid-
ers are responsible for continuously monitoring the patient, adjusting anesthetic care,
and responding to physiological changes resulting from surgery or drug therapy.

Standard 11

Continuous evaluation of the patient’s oxygenation, ventilation, circulation, and
temperature is required. Key requirements include the following:
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1. Oxygenation: During general anesthesia, inspired oxygen concentration should
be continuously monitored with an analyzer equipped with a low-concentration
alarm, while pulse oximetry provides a quantitative assessment of blood oxygen-
ation, ensuring patient safety throughout anesthesia care.

2. Ventilation [7]: Ventilation must be continuously assessed in all anesthetics, us-
ing clinical signs and, whenever possible, capnography with tidal volume moni-
toring in general anesthesia. In regional or local anesthesia, clinical observation
is sufficient, while moderate or deep sedation requires both clinical assessment
and exhaled CO, monitoring, unless technically limited. Clinical signs and the
detection of expired CO, should always confirm proper placement of the airway
device. Mechanical ventilation must include a device to detect breathing system
disconnections, ensuring patient safety.

3. Circulation [8]: Circulatory monitoring requires continuous ECG display with
blood pressure and heart rate measured at least every five minutes, while overall
circulatory function should be continually assessed using methods such as pulse
palpation, heart sound auscultation, intra-arterial pressure tracing, peripheral
pulse ultrasound, plethysmography, or oximetry.

4. Temperature: Continuous temperature monitoring must always be available
during anesthesia and is mandatory in situations where significant temperature
changes are intended, anticipated, or suspected, ensuring early detection and
management of hypothermia, hyperthermia, or malignant hyperthermia to
maintain patient safety.

4.1 Monitoring goals

* Early detection of hypotension, hypovolemia, or cardiac decompression [9]

* Fluid therapy

* Vasoactive drug administration

* Adequate maternal and fetal perfusion

* Minimize perioperative and peripartum complications

4.2 Monitoring parameters

* Heart rate, blood pressure, and oxygen saturation

* Cardiac output and stroke volume

* Central venous pressure with a central venous catheter [10]

* Pulmonary artery pressure (in selected cardiac cases)

* Indirect perfusion monitors (urine output and Lactate)
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5. Hemodynamic changes in pregnancy and clinical significance
5.1 Cardiovascular system

Anatomical changes: The gravid uterus elevates the diaphragm, displacing the heart
upward, outward, and slightly rotated on its long axis to the left. The apex beat shifts to
the fourth intercostal space, ~2.5 cm lateral to the midclavicular line. Pregnancy utilizes
a mixture of eccentric and concentric ventricular remodeling (Figure 2).

5.2 Physiological changes

Cardiac output — An increase in cardiac output from the fifth week of gestation
until term is reflected as reduced systemic vascular resistance with increased stroke
volume and heart rate, ensuring adequate perfusion of maternal organs and fetopla-
cental circulation. The rise in cardiac output during pregnancy results from expanded
blood volume and the higher oxygen demand driven by increased metabolic activity.
These adaptations may be profound in multiple gestations [12].

Uterus

A
no
(2]
3
: 2
LD e——

Figure 2.

Clist wall measurements in nonpregnant (left) and pregnant women (vight). The subcostal angle increases, as
does the anteroposterior and transverse diameters of the chest wall and chest wall circumference. These changes
compensate for the 4-cm elevation of the diaphragm so that total lung capacity is not significantly reduced.
(Redrawn from Hegewald and Crapo [11].)
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Cardiac output Gestational age

CO starts to increase Fifth week of gestation

Peaks 30-34 weeks

Term gestation Stable till delivery (lateral recumbent)
Labor ¢ 50% 1 from baseline

* With an additional increase of 15-30% during contractions

* Autotransfusion of blood from the placenta occurs in the third stage

of labor
Immediate postpartum 70% 1 from baseline (autotransfusion +TMAP)
Postpartum * 1-hour postpartum returns to prelabor level

¢ 4 weeks return to pre-pregnant level

Table 2.
Physiological adaptations in pregnancy.

Blood volume: increases throughout pregnancy by 45-50% greater than pre-
pregnancy values at term. This represents an increase in both red cell volume and
relatively greater plasma volume, resulting in physiological anemia.

Systemic vascular resistance is reduced due to peripheral vasodilatation mediated
by progesterone, estrogen, and prostacyclin (Table 2).

Central venous and pulmonary artery pressures are unchanged during pregnancy,
although central venous pressure is increased during labor and may remain elevated
for a few hours postpartum.

5.3 Blood pressure

Systemic vascular resistance (SVR) decreases by about 21% in pregnancy,
primarily due to the smooth muscle-relaxing effects of progesterone, nitric oxide,
prostaglandins, and atrial natriuretic peptide (ANP). Despite the significant rise
in cardiac output (Table 3), maternal blood pressure falls because BP = CO x SVR.
Consequently, diastolic BP and mean arterial pressure (MAP) decrease by
5-10 mmHg, mirroring the reduction in SVR.

Hemodynamic changes in pregnancy

Parameters Increased Decreased
Cardiac output +40%

Stroke volume +27%

Heart rate +17%

Venous pressure +100%

Systemic vascular resistance (SVR) —21%
Pulmonary vascular resistance -34%

Table 3.

Hemodynamic changes of pregnancy.
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5.4 Venous pressure

Antecubital venous pressure remains unchanged during pregnancy, whereas
femoral venous pressure rises significantly, particularly in the later months. This
increase is caused by the compression of the common iliac veins by the gravid uterus,
which is more pronounced on the right side due to uterine dextrorotation. Femoral
venous pressure rises from 8 to 10 cm H,0 in the nonpregnant state to about 25 cm
H,0 in the lying position and up to 80-100 cm H,0 when standing [13].

5.5 Central hemodynamics

Despite increases in blood volume, cardiac output, and heart rate during preg-
nancy, there is no significant change in CVP, MAP, or PCWP. This stability is due to a
marked reduction in systemic vascular resistance (SVR), pulmonary vascular resis-
tance (PVR), and colloid osmotic pressure.
6. Monitoring modalities

Non-invasive (Table 4)

* Blood pressure

Comparison of monitoring modalities in pregnancy

ECG monitoring Pulse oximetry
* Detects arrhythmias (SVT, AF, ectopics, and * Monitors maternal oxygenation
blocks)

* Early hypoxemia detection (PE, asthma, pneumonia,
Essential in high-risk women (CHD, cardiomy- and cardiac disease)
opathy, and valves)

¢ Intrapartum and perioperative monitoring

Guides therapy (QT, ischemia, pacing, and

. . * Critical care use (cardiac, pulmonary, and sepsis)
cardioversion)

* Supports fetal well-being via maternal oxygenation

Evaluates palpitations, syncope, chest pain

Intrapartum/postpartum safety

NIBP monitoring Hemodynamic monitoring

Routine BP checks (antenatal, labor, and Tracks physiological adaptations (1 CO, 1 volume, and
postpartum) | SVR)

Detects hypertension, preeclampsia, and Detects complications (HTN, preeclampsia, HF, and
eclampsia arrhythmias)

Essential in high-risk (chronic HTN, renal, High-risk: CHD, pulmonary HTN, sepsis, and
diabetes, and cardiac) hemorrhage

Intrapartum safety (hypotension after Intrapartum/periop: guides fluids, drugs, and

neuraxial and surges) Vasopressors

Guides fluids, anti-hypertensives, and Ensures maternal stability and uteroplacental

anesthetics perfusion

Protects maternal-fetal perfusion

Table 4.
Monitoring modalities in pregnancy.
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o Manual
o Automated
* ECG (heart rate and rhythm) [14]
* Oxygen saturation (Sp02)
* Doppler (non-invasive cardiac output monitoring)

* Exercise testing

Holter monitoring

Invasive monitoring
* Arterial line for continuous blood pressure monitoring and oxygen saturation
* Central venous pressure monitoring (CVP)
* Pulmonary artery catheter (in severe cardiac disease) [15]
* Right heart catheterization
* Advanced hemodynamic monitors (e.g., FloTrac, PiCCO)
* Edwards monitor
* Cardioversion
* Cardiopulmonary bypass

6.1 Non-invasive blood pressure monitoring in pregnancy (NIBP)

NIBP monitoring in pregnancy is a simple, safe, and an essential tool for early
detection of hypertensive disorders, guiding therapy, and ensuring maternal and fetal
well-being.

Noninvasive blood pressure monitoring is appropriate for patients with medical
comorbidities who do not necessitate continuous blood pressure monitoring. The
measurement interval should be tailored to the patient’ clinical condition and the
appropriate size cuff (Figure 3) [16].

Role of non-invasive blood pressure (NIBP) monitoring in pregnancy:

Noninvasive blood pressure monitoring is a safe, simple, and widely used tool for
routine surveillance during antenatal care, labor, and the postpartum period. It allows
early detection of hypertensive disorders such as gestational hypertension (Table 5),
preeclampsia, and eclampsia and is essential in high-risk women with chronic
hypertension, renal disease, diabetes, or cardiac conditions. During labor, it enhances
safety by detecting hypotension after neuraxial block or hypertensive surges, while
also guiding therapy through the titration of antihypertensives, fluids, and anesthetic
drugs. Ultimately, it protects both mother and fetus by ensuring adequate uteropla-
cental perfusion and oxygenation [17].
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Indirect Blood Pressure Monitoring

Correct vs Incorrect Cuff Use BP Cuff-
(2 Correct Cuff Sizing & % Incorrect Cuff Use
Positioning * Too small/loose cuff — Falsely HIGH
+ Cuff width = 40% of arm BP
circumference * Arm below heart level — Falsely HIGH BP
« Bladder length covers = 80% of arm  * Too large cuff — Falsely LOW BP
+ Arm positioned at heart level + Arm above heart level — Falsely LOW BP
+ Ensures accurate oscillometric + Rapid deflation — Falsely LOW BP

readings

Figure 3.
Blood pressure cuff sizing.

Role of non-invasive blood pressure (NIBP) monitoring in pregnancy

Routine surveillance

Monitors BP during antenatal visits, labor, and postpartum

Early detection

Identifies gestational hypertension, preeclampsia, and eclampsia

High-risk monitoring

Essential for chronic HTN, renal disease, diabetes, and cardiac conditions

Intrapartum safety

Detects hypotension after neuraxial block or hypertensive surges

Guides therapy

Assists in titration of antihypertensives, fluids, and anesthetic agents

Maternal and fetal protection

Maintains uteroplacental perfusion and fetal oxygenation

Table 5.
Non-invasive blood pressure monitoring in pregnancy.

Non-invasive blood pressure (NIBP) monitoring can be performed using auto-
mated oscillometric devices for continuous, user-friendly measurements, or manual
auscultatory methods for confirmation and accuracy in selected cases (Table 6).

6.1.1 Indications

Periods of marked hemodynamic variability may necessitate more frequent blood
pressure measurements to ensure optimal management. In prolonged surgical cases,
repositioning the blood pressure cuffs every few hours is advisable to minimize the
risk of neuropraxia or skin injury.

6.1.2 Contraindications

Noninvasive blood pressure cuffs can cause iatrogenic injury even in healthy limbs.
Repeated cycling during prolonged surgery may result in skin abrasions or contu-
sions, which can be reduced by placing a light dressing under the cuff. The radial
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Manual vs. automated NIBP monitoring

Manual BP measurement Automated NIBP (oscillometric)
Estimates systolic BP by palpating the return of an Uses oscillometric method to detect arterial wall
arterial pulse while cuff deflates. oscillations and estimate BP.
Relies on clinician skill, simple equipment, useful Provides automated, repeatable readings, widely
when oscillometry is not reliable. used in perioperative care.

Table 6.

NIBP monitoring manual vs. automated.

nerve, which spirals around the humerus, is also vulnerable to neuropraxia from
prolonged (Table 7) mechanical compression. To minimize these risks, relocating the
cuff every few hours during lengthy procedures is advisable [18].
6.1.3 Clinical significance of blood pressure monitoring

Mean arterial pressure in pregnancy (MAP)

+ MAP ~ DBP + 1/3 (SBP - DBP)

* Represents average arterial pressure during a single cardiac cycle

* Reflects tissue perfusion more accurately than SBP or DBP alone

* Normal in pregnancy: slightly reduced in mid-pregnancy due to |SVR

* Critical for maintaining uteroplacental perfusion
6.1.4 Physiological pulse pressure in pregnancy

Pregnancy is characterized by an increase in stroke volume and cardiac output,

accompanied by a reduction in systemic vascular resistance (SVR) [19]. These
hemodynamic adaptations result in a slight widening of pulse pressure compared to

Non-invasive blood pressure (NIBP) monitoring

Indications Contraindications/limitations
* Routine surveillance (antenatal visits, labor, and postpartum) o Few limitations — safe and noninvasive
* Early detection of gestational hypertension, preeclampsia, and * Inaccurate in arrhythmias (e.g., AF)
eclampsia

¢ Frequent cycling may cause
High-risk women (chronic HTN, renal disease, diabetes, and discomfort
cardiac disease)

Intrapartum safety (neuraxial-induced hypotension and
hypertensive surges)

Guides fluid, antihypertensive, and anesthetic therapy

Maternal-fetal protection (maintains uteroplacental perfusion)

Table7.
Indications and contraindications of non-invasive blood pressure monitoring.
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the non-pregnant state, reflecting the physiological adjustments required to support
maternal and fetal circulation.

6.1.4.1 Widened pulse pressure (>60 mmHg)

A widened pulse pressure may indicate conditions such as aortic regurgitation,
hyperthyroidism, anemia, or patent ductus arteriosus, as well as other high-output
states, including normal physiological changes during pregnancy. While a modest
increase in pulse pressure is expected during pregnancy (Table 8), an excessive
widening beyond physiological limits should raise concern for underlying pathology
and prompt further evaluation.

6.1.4.2 Narrow pulse pressure (<25 mmHg)

A narrowed pulse pressure may indicate serious conditions such as hypovolemia,
hemorrhage, shock, cardiac tamponade, or severe heart failure. In obstetric practice,
it is particularly significant as a narrowing pulse pressure can serve as an early marker
of hypovolemia, most notably in cases of postpartum hemorrhage, allowing for
prompt (Table 8) recognition and intervention [20].

6.1.5 Monitoring

Pulse pressure (PP) serves as a valuable parameter for assessing stroke volume and
arterial compliance, providing insight into cardiovascular function. When interpreted
in conjunction with mean arterial pressure (MAP), it helps determine the adequacy of
tissue perfusion. In high-risk pregnancies, such as those complicated by preeclampsia
or underlying cardiac disease, continuous arterial line monitoring enables real-time
PP analysis, facilitating timely interventions to optimize maternal hemodynamics and
safeguard fetal well-being (Figure 4).

6.2 ECG adaptations in pregnancy

ECG monitoring in pregnancy is vital for detecting arrhythmias, guiding treat-
ment, ensuring perioperative and intrapartum safety, and protecting both mother
and fetus in high-risk conditions [21].

Normal pregnancy causes an alteration in the electrocardiogram, with an aver-
age 15-degree left-axis deviation, as the diaphragm is elevated, which alters the

Significance in pregnancy

* SVR = (MAP - CVP) x 80/CO

* Reflects resistance offered by systemic circulation

* Pregnancy: |SVR due to progesterone, NO, and prostaglandins

* Helps explain | MAP despite 1CO

* Low SVR is critical to accommodate tblood volume without hypertension

* Abnormal rise in SVR — preeclampsia and hypertension

Table 8.
Significance of pulse pressure in pregnancy.
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Significance in Pregnancy
* Reflects the difference between systolic and
diastolic BP (normal in pregnancy is ~40, | SysoicBp (20 mmk)
* Pregnancy: modestly widened due to 1CO & |SVR 2

» Widened PP: seen in hyperdynamic states anemia,
AR)

» Narrow PP: may suggest hypovolemia, hemorrhage,
tamponade, severe HF

» Useful for detecting early hypovolemia in obstetric
hemorrhage

» Provides information on stroke volume and arterial
compliance

= Important in hemodynamic monitoring of high-risk
pregnancies (preeclampsia & postpartum
hemorrhaae)

ml'ulse Pressure (PP) = Systolic BP - Diastolic BP

=
=

Pulse Press

g

s

i B (30 mmHg)

Arterial Pressure (mmHg
=

=

=

Figure 4.
Pulse pressure graph.

heart’s position; however, it does not alter ECG voltage. These physiological changes
(Figure 5) necessitate a cautious approach when diagnosing heart disease in
pregnancy.

* Reduced mean PR interval

¢ Increased heart rate

¢ Left axis deviation

Figures.

Normal electrocardiograph (ECG) adaptations during pregnancy, including a reduced mean PR interval,
increased heart vate, left axis deviation, inverted or flattened T waves, and a Q wave in lead DIII. (Reproduced
with permission from [22, 23].)
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* Inverted or flattened T waves in lead III and V1-V3
¢ Qwave in lead Il and III and avF

The incidence of arrhythmias increases during pregnancy in women with or with-
out structural heart disease. This is mainly attributed to atrial and ventricular stretch
from increased intravascular volume and a higher resting heart rate. Autonomic and
hormonal changes of pregnancy may also contribute. Holter monitoring frequently
shows premature atrial and ventricular contractions (Table 9).

ECG monitoring facilitates early detection of atrial fibrillation in pregnant women
with stenotic valvular lesions (such as aortic or mitral stenosis) or with hypertrophic
cardiomyopathy and associated diastolic dysfunction leading to significant hemody-
namic compromise, especially in pregnant women with stenotic valvular lesions (such
as aortic or mitral stenosis) or with hypertrophic cardiomyopathy and associated
diastolic dysfunction.

6.2.1 ECG monitoring — Clinical significance in pregnancy
6.2.1.1 Detection of arrhythmias

Pregnancy increases the risk of arrhythmias such as atrial and ventricular ectopics,
supraventricular tachycardia, atrial fibrillation, and conduction abnormalities [24].
Continuous ECG monitoring is therefore essential, as it enables the early identifica-
tion of rhythm disturbances and allows for timely intervention to protect maternal
and fetal outcomes (Table 10).

6.2.1.2 Evaluation of high-visk patients

ECG monitoring is essential in women with congenital heart disease, cardiomy-
opathies, valvular disease, or pulmonary hypertension, as it facilitates the early detec-
tion of rhythm or conduction abnormalities and allows for the prompt recognition of
cardiovascular decompensation.

Role of ECG monitoring in pregnancy

Detection

Identifies arrhythmias (SVT, AF, ventricular ectopics, and blocks)

High-risk use

Essential in congenital/structural heart disease, cardiomyopathy, and prosthetic valves

Guiding Management

Monitors QT, conduction, ischemia; guides drugs, pacing, and cardioversion

Symptom evaluation

Assesses palpitations, syncope, chest pain, and dyspnea

Labour and postpartum

Continuous ECG ensures early detection of decompensation or arrhythmias

Tableg.
Role of ECG monitoring in pregnancy.

259



Hemodynamics and Hemodynamic Monitoring

ECG monitoring in pregnancy

Indications Contraindications/limitations

* Detection of arrhythmias (SVT, AF, ectopics, and blocks) ¢ No absolute contraindications (safe and

* High-risk women (CHD, cardiomyopathy, and prosthetic noninvasive)

valves) e Artifacts due to motion, poor electrode

* Guides therapy (QT, ischemia, pacing, and cardioversion) contact

* Misinterpretation due to normal

¢ Evaluation of palpitations, syncope, chest pain, and dyspnea
Ve PP yneop P yeP pregnancy-related ECG changes

* Continuous monitoring during labour and postpartum in
high-risk women

Table 10.
Indications and contraindications of ECG monitoring in pregnancy.

6.2.1.3 Guidance in therapy

Continuous ECG monitoring is invaluable for assessing the effects of antiarrhyth-
mic medications, guiding electrolyte management, and evaluating the outcomes of
interventions such as pacing or cardioversion. It also facilitates the early detection
of QT prolongation, ischemia, or conduction delays, enabling clinicians to promptly
adjust therapy and minimize the risk of complications in both mother and fetus
(Table11).

6.2.1.4 Perioperative and intrapartum monitoring

Continuous ECG monitoring during labor, cesarean section, or anesthesia in high-
risk pregnancies is vital for enhancing maternal safety, as it enables the rapid detec-
tion of arrhythmia or ischemic changes and allows for immediate intervention [25].

6.2.1.5 Protects maternal-fetal outcomes

Early detection and prompt correction of maternal cardiac instability help main-
tain uteroplacental perfusion and minimize fetal risk.

6.3 Pulse oximeter monitoring in pregnancy hemodynamics
Pulse oximetry is indicated in almost all pregnant women requiring monitoring

(Table 12), especially high-risk or critically ill patients. It has no absolute contraindi-
cations; however, certain technical and physiological factors may affect its reliability.

ECG Monitoring — clinical significance in pregnancy

* Detection of arrhythmias: ectopics, SVT, AF, and conduction blocks

* Evaluation of high-risk patients (CHD, cardiomyopathy, valvular disease, and pulmonary HTN)
* Guides therapy: drug effects, electrolyte imbalance, QT prolongation, and ischemia

* Perioperative and intrapartum safety: labour, cesarean, and anesthesia monitoring

* Protects maternal-fetal outcomes by early detection of cardiac instability

Table 11.
Clinical significance of ECG monitoring in pregnancy.
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Pulse oximetry monitoring

Indications Contraindications/limitations

Routine perioperative and anesthetic monitor- ¢ No absolute contraindications (safe and noninvasive)

ing (labor and cesarean) * Interference: dyshemoglobins, IV dyes, nail polish,

High-risk pregnancies (preeclampsia, eclamp- henna, ambient light, and motion
sia, and HELLP)

¢ Poor accuracy: peripheral vasoconstriction, shock,
Maternal cardiac disease (valvular, cardiomy- severe PET, and hypothermia

opathy, and pulmonary HTN)

¢ Electrocautery interference during surgery

Pulmonary disease (asthma, pneumonia, and
embolism)

Critical illness/ICU (sepsis, hemorrhage,
ARDS, and severe anemia)

Symptomatic patients (dyspnea, chest pain,
cyanosis, and altered sensorium)

Fetal safety is indirectly ensured by ensuring
maternal oxygenation

Table 12.
Pulse oximetry monitoring.

Pulse oximetry is a simple, non-invasive, and essential tool for monitoring hemo-
dynamics during pregnancy. It allows rapid detection of hypoxemia, supports safe
anesthetic care, guides management in high-risk situations, and protects both mater-
nal and fetal outcomes. It measures tissue oxygen saturation; pulse oximetry provides
continuous, noninvasive monitoring with modern devices that are autocalibrating
and have fast response times. However, it is a poor indicator of ventilation, as oxygen
desaturation is a late manifestation of apnea or respiratory insufficiency [26].

Assessment of arterial oxygenation is a vital component of anesthesia practice, as
early recognition and timely management of hypoxemia help prevent serious com-
plications. Clinical signs of hypoxemia—such as tachycardia, altered mental status,
and cyanosis—are often subtle or masked during anesthesia, making pulse oximetry
indispensable. Importantly, in addition to oxygen saturation, pulse oximetry also
provides continuous heart rate monitoring, which further aids in assessing the clinical
situation early and guiding timely management to prevent complications.

While pulse oximetry offers clear clinical benefits, its accuracy and reliability can
be affected by several factors commonly encountered during anesthesia, including
dyshemoglobins, intravenous dyes (such as methylene blue, indocyanine green, and
indigo carmine), nail polish, ambient light, variability in light-emitting diodes, motion
artifact, and background noise. Additionally, electrocautery may interfere with pulse
oximeter function if radiofrequency emissions are detected by the photodetector.

6.3.1 Clinical significance

1. Early detection of hypoxemia: Pulse oximetry is essential in pregnancy as it de-
tects early desaturation from respiratory or cardiovascular compromise, such as
pulmonary embolism, pneumonia, asthma, pulmonary edema, sepsis, or cardiac
failure, enabling timely interventions to prevent maternal decompensation and
protect fetal well-being (Figure 6).
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Pulse Oximetry - Clinical Significance in Pregnancy Plethysmographic Waveform

+ Detects hypoxemia early, noninvasive & continuous

+ Essential during labor, cesarean, and anesthesia

+ Critical in high-risk pregnancies (preeclampsia, cardiac
disease, sepsis)

» Guides oxygen therapy and supports fetal oxygenation

Figure 6.
Pulse oximetry clinical significance.

2.Intrapartum and anesthesia monitoring [27]: During labor, pulse oximetry is
essential, particularly with neuraxial or general anesthesia, where hypoventila-
tion or airway compromise may develop. It also helps detect hypoxemia result-
ing from hypotension-induced reductions in uteroplacental perfusion, ensuring
timely corrective measures for maternal and fetal safety.

3. Maternal oxygenation monitoring: Pulse oximetry provides a continuous, non-
invasive assessment of arterial oxygen saturation (SpO,), offering real-time
insight into maternal oxygenation status. Ensuring adequate maternal oxygen
delivery plays a critical role in maintaining optimal uteroplacental blood flow
and supporting fetal perfusion, thereby reducing the risk of hypoxic complica-
tions.

4.High-risk pregnancies: In high-risk pregnancies complicated by preeclampsia,
cardiac disease, pulmonary hypertension, sepsis, or hemorrhage, pulse oximetry
is particularly important as oxygen delivery is critical. Continuous monitoring in
the ICU or operating room provides essential guidance for optimizing maternal
hemodynamics and tailoring oxygen therapy to ensure maternal stability and
fetal well-being [28].

5.Maternal-fetal safety: By maintaining adequate maternal SpO,, pulse oxim-
etry indirectly safeguards fetal oxygenation and helps reduce the risk of in-
trauterine hypoxia. It is especially valuable in emergencies, providing a rapid,
non-invasive assessment of oxygenation status before invasive monitoring
can be established.

6.4 Echocardiography
6.4.1 Role of echocardiography in pregnancy monitoring

Echocardiography provides a safe, accurate, and noninvasive method to assess
cardiac structure and function throughout all stages of pregnancy. Both transthoracic
and transesophageal echocardiography can be utilized to evaluate overall cardiac
risk and guide management in pregnant women with heart disease. The echocardio-
graphic parameter—Ileft ventricular ejection fraction—remains unchanged during
pregnancy. Diastolic function is most commonly assessed echocardiographically by
evaluating mitral valve inflow, pulmonary venous flow, and myocardial tissue motion
(tissue Doppler imaging).

In pregnancy, the hyperdynamic circulation can lead to misinterpretation of echo-
cardiograms in women with cardiac disease, as cardiac impairment may be missed
when ventricular function appears normal instead of appropriately hyperdynamic.
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It is also valuable for assessing intravascular volume and may reduce the need for
invasive right-sided heart catheterization to measure ventricular filling pressures.

6.4.2 Role of echocardiography in pregnancy
6.4.2.1 Diagnosis of cardiac disease

Echocardiography is a safe and reliable tool for evaluating both structural and
functional heart abnormalities during pregnancy [29]. It plays a key role in identify-
ing conditions such as congenital heart disease, valvular lesions, cardiomyopathy, and
pulmonary hypertension (Figure 7). Beyond diagnosis, it is highly valuable for risk
stratification and guiding individualized management planning, ensuring optimal
maternal and fetal outcomes.

6.4.2.2 Assessment of cardiac function

Echocardiography effectively detects chamber enlargement, assesses ventricular
function, and identifies abnormalities in wall motion. In normal pregnancy, the left
ventricular ejection fraction (LVEF) typically remains unchanged, but the technique
is crucial for evaluating the severity of stenotic or regurgitant lesions, which may be
exacerbated by the altered hemodynamics of pregnancy [30].

6.4.2.3 Hemodynamic monitoring

Echocardiography provides a non-invasive method for assessing intravascular
volume and cardiac filling pressures, often reducing the need for invasive right-sided
heart catheterization. It is particularly valuable in critically ill pregnant women,
where it helps guide fluid resuscitation and drug therapy safely and effectively.

6.4.2.4 Guidance in high-visk situations
Echocardiography is especially important for women with congenital heart dis-
ease, prosthetic valves, pulmonary hypertension, or severe valvular stenosis. In com-

plex situations where detailed imaging is required, transesophageal echocardiography
may be employed to provide more precise evaluation and management guidance.

Role of Echocardiography in Pregnancy

Heart
+ Diagnoses structural and functional cardiac abnormalities ,
+ Assesses chamber size, ventricular function, and valvular /;“f““"“"“ e
lesions ‘,,:,;,
+ Noninvasive monitoring of intravascular volume & filling &

pressures

+ Guides management in high-risk pregnancies (CHD,
prosthetic valves, pulmonary HTN)

+ Safe, radiation-free, and repeatable for mother and fetus
+ TEE may be used in complex or high-risk cases

Figure7.
Role of echocardiography in pregnancy.
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6.4.2.5 Fetal and maternal safety

Echocardiography is noninvasive, radiation-free, and safe for both mother and
fetus, making it an ideal tool in pregnancy [31]. Its wide availability and abil-
ity to be repeated as needed allow for effective ongoing monitoring throughout
gestation.

7. Arterial line monitoring

Invasive ABP monitoring in pregnancy is reserved for critically ill or high-risk
women where precise, continuous monitoring, and rapid therapeutic adjustments are
essential to ensure maternal stability and fetal safety.

In summary, arterial BP monitoring in pregnancy is indicated in severe mater-
nal disease, unstable hemodynamics, or when tight BP control and frequent ABG
sampling are required. It should be avoided in patients with local infection, vascular
compromise, or coagulation abnormalities.

Role of invasive arterial BP monitoring in pregnancy (Table 13)

* Continuous and accurate blood pressure monitoring [32]

o Provides beat-to-beat BP measurement, superior to non-invasive methods in
unstable patients.

* High-risk pregnancies

o Indicated in women with severe preeclampsia, eclampsia, HELLP syndrome,
or hemodynamic instability.

o Used in patients with significant cardiac disease, pulmonary hypertension, or
severe hemorrhage.

* Intrapartum and perioperative safety

Invasive arterial blood pressure monitoring

Indications Contraindications/
limitations
* Severe preeclampsia, eclampsia, HELLP (tight BP control) ¢ Absolute: Infection at

insertion site, distal limb

Maternal cardiac disease (valvular stenosis, cardiomyopathy, and

pulmonary HTN) ischemia, and severe periph-

eral vascular disease

Hemodynamic instability (hemorrhage, sepsis, and shock)

Relative: Coagulopathy,
High-risk cesarean or obstetric anesthesia thrombocytopenia, poor

Need for frequent ABG sampling Zolilat’ertal :)irculztion (flailed
en’s test), and vascular

Major surgery in pregnancy (cardiac, neurosurgery, and non-obstetric) trauma

Metabolic derangements and anticipated BP fluctuations

Table 13.
Invasive blood pressure monitoving: indications and contraindications.
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Arterial Line Waveform
Invasive Arterial BP (ABP) - Clinical Significance in Pregnancy

+  Provides continuous, beat-to-beat BP monitoring

+ Rapid changes and fluctuations in blood are anticipated

+ Indicated in severe preeclampsia, hemorrhage, and cardiac disease
+ Allows frequent ABG sampling

+ Hemodynamic instability

+ Metabolic derangements

+  Guides vasoactive drug and fluid therapy in high-risk cases

Figure 8.
Clinical significance of invasive blood pressure monitoring in pregnancy.

o Recommended during high-risk cesarean deliveries, cardiac surgery, or proce-
dures requiring tight BP control (e.g., neuraxial block in preeclampsia).

* Guiding therapy
o Allows precise titration of vasoactive drugs, fluids, and anesthetics [33].

o Facilitates monitoring during rapid hemodynamic shifts in labor, delivery, or
postpartum autotransfusion (Figure 8).

¢ Additional benefits

o Enables arterial blood gas (ABG) sampling for oxygenation, ventilation, and
acid-base balance.

o Provides early warning of maternal hypotension or hypertension, protecting
uteroplacental perfusion and fetal oxygenation.

8. CVP and right heart pressure

CVP monitoring in pregnancy is indicated for high-risk monitoring of cardiac/
obstetric patients, providing reliable vascular access and facilitating complex hemo-
dynamic management, as well as guiding fluid therapy. However, contraindications
such as infection, thrombosis, or severe coagulopathy must be carefully considered
(Figure 9). Interpretation should always consider the physiological changes associ-
ated with pregnancy [34].

Normal CVP Waveform

+ Normal CVP trace shows 3 positive waves (a, ¢, v) and 2 Narmal CVP Waveform
descents (x, y) ? T v

+ Represents filling and emptying of the right atrium

+ Shape influenced by HR, conduction disturbances, tricuspid M v

valve function, intrathoracic pressure, RV compliance
+ In atrial fibrillation: a waves are absent

Figure 9.
Normal central venous pressure waveform.
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Central venous cannulas provide essential intraoperative vascular access and
facilitate assessment of intravascular volume status, rapid fluid administration, inser-
tion of pulmonary artery or central venous oximetry catheters, placement of transve-
nous pacing electrodes, monitoring of central venous pressure (CVP), and serve as an
access point for detection and management of venous air embolism.

8.1Role of CVP in pregnancy
8.1.1 Assessment of intravascular volume

Central venous pressure (CVP) monitoring provides an estimate of right atrial
pressure and venous return, reflecting right-sided hemodynamics. It is particularly
useful in guiding fluid therapy for critically ill obstetric patients, such as those with
sepsis, hemorrhage, or severe preeclampsia, and offers a less invasive and more cost-
effective option compared to pulmonary artery monitoring.

8.1.2 Guidance in high-risk pregnancies

CVP monitoring is especially useful in women with cardiac disease, including
valvular lesions, cardiomyopathy, or pulmonary hypertension. It helps guide fluid
resuscitation while minimizing the risk of fluid overload and pulmonary edema,
ensuring safer hemodynamic management (Table 14) [35].

8.1.3 Perioperative and critical care use

During major surgery, such as cesarean delivery in high-risk women or car-
diac procedures during pregnancy, CVP monitoring allows close assessment of

CVP monitoring and clinical significance in pregnancy

* Guides fluid therapy in critically ill obstetric patients

* Useful in high-risk cardiac conditions (valvular disease, cardiomyopathy, and pulmonary HTN)
* Provides reliable access for fluids, drugs, and nutrition

* Supports perioperative management in high-risk surgery

* Interpretation requires caution due to pregnancy-related physiologic changes

* Trends are more valuable than single values

Functions of central venous cannulas

* Provide reliable intraoperative vascular access

* Facilitate assessment of intravascular volume status

* Enable rapid fluid and drug administration

* Insertion of PACs or central venous oximetry catheters
* Placement of transvenous pacing electrodes

* Monitoring of central venous pressure (CVP)

* Detection and management of venous air embolism

Table 14.
Monitoring and functions of the central venous cannula.
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CVP monitoring in pregnancy - indications and contraindications

Indications Contraindications/limitations

Severe preeclampsia/eclampsia with pulmonary edema Absolute: local infection at the insertion site

or oliguria

Absolute: venous thrombosis or SVC
HELLP syndrome with hemodynamic instability obstruction

Massive obstetric hemorrhage, transfusion Relative: severe coagulopathy or

thrombocytopenia

Sepsis/septic shock needing goal-directed fluids

Relative: distorted anatomy (neck/mediasti-
nal masses and prior surgery)

Maternal cardiac disease (valvular lesions, cardiomyopa-

thy, and pulmonary HTN)

Pregnancy factors: aortocaval compression,
1 intra-abdominal pressure

High-risk cesarean or major surgery

Need for central venous access (vasoactive drugs, nutri-
tion, and dialysis)

Does not reliably reflect left-sided filling
pressures

Detection/management of venous air embolism

Table 15.
Indications and contraindications of central venous pressure monitoring in pregnancy.

hemodynamic status. It also serves as a reliable access point for administering vasoac-
tive drugs, rapid fluid resuscitation, and parenteral nutrition when required.

8.1.4 Limitations in pregnancy

CVP monitoring has important limitations, as it can be affected by factors such as
aortocaval compression, increased intra-abdominal pressure, and mechanical venti-
lation. Single CVP readings are often unreliable, making trends over time and cor-
relation with the clinical picture more meaningful [36]. As CVP is less predictive of
left-sided filling pressures, echocardiography is often required for supplementation,
and its accuracy is further reduced in the presence of cardiac or pulmonary parenchy-
mal disease that alters pressure-volume relationships (Table 15).

9. Pulmonary artery catheterization

Pulmonary artery catheters (PACs) provide more comprehensive information
than central venous monitoring, as they differentiate the function of the right heart,
pulmonary circulation, and left heart. Pulmonary artery pulsatile pressures reflect
right ventricular function, while pulmonary capillary wedge pressure (PCWP) closely
approximates left ventricular end-diastolic pressure (LVEDP). With balloon infla-
tion, the PAC wedges in the pulmonary vasculature. PACs are also utilized to measure
cardiac output in structurally normal hearts. However, their routine utilization has
declined significantly in recent years (Figure 10).

10. Left and right-sided heart catheterization

Cardiac interventions may occasionally be necessary during pregnancy for both
diagnosis and treatment [37]. Cardiac catheterization for suspected coronary artery
disease is considered safest in the second trimester, after completion of organogenesis
and before activation of the fetal thyroid. Fetal radiation exposure can be minimized

267



Hemodynamics and Hemodynamic Monitoring

Pulmonary Artery Catheter (PAC) in Pregnancy

Role & Indications Contraindications / Limitations

* Provides detailed hemodynamic - Absolute: infection at the insertion site, tricuspid or
assessment beyond CVP pulmonary valve prosthesis

* Measures right heart and pulmonary - Absolute: right heart masses or thrombus

circulation function - Relative: coagulopathy, thrombocytopenia, distorted
+ Pulmonary artery pressures reflect RV anatomy

performance « Invasive — risks of arrhythmia, infection, thrombosis,
+ PCWP approximates LV end-diastolic PA rupture

pressure (LVEDP) + May not alter outcome in many obstetric patients

+ Used to measure cardiac output in « Use has declined markedly with reliance on echo and
structurally normal hearts |less invasive tools

+ Considered in refractory preeclampsia,
pulmenary HTN, and unexplained shock
+ Useful in complex cardiac disease

during pregnancy or surgery me -

. |

Figure 10.
Indications and contraindications of pulmonary artery catheter in pregnancy.

Principles of safe cardiac inverventions in pregnancy

* Cardiac interventions may be required for diagnosis or treatment during pregnancy
* Cardiac catheterization for coronary artery disease is safest in the second trimester
* By this stage, organogenesis is complete, and the fetal thyroid remains inactive

* Fetal radiation minimized with abdominal shielding

* Use of brachial or radial artery access is preferred over femoral

* Limit fluoroscopy time to reduce fetal exposure

Diagnostic cardiac catheterization in pregnancy

o Left-sided heart catheterization is the gold standard for diagnosing coronary artery disease

* Can be safely performed at any stage of pregnancy when clinically indicated

* Second trimester preferred for elective procedures (post-organogenesis and pre-fetal thyroid activation)
¢ Fetal radiation minimized with abdominal shielding and radial/brachial access

* Fluoroscopy time should be limited to reduce fetal exposure

* Reserved for women with suspected or confirmed ischemic heart disease during pregnancy

Table 16.
Principles of cardiac interventions in pregnancy.

by using abdominal shielding, brachial or radial artery access, and limiting the time
spent on fluoroscopy (Table 16 and Figure 11).

11. Advanced hemodynamic monitoring - PICCO

The PiCCO system provides advanced, minimally invasive hemodynamic moni-
toring during pregnancy and is particularly valuable in critically ill obstetric patients,
especially when precise assessment of fluid and cardiac performance is crucial
(Table 17).
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Right Heart Left Heart
Catheterization Catheterization

Right vs Left Heart Catheterization

Access Route  Via venous system  Via arterial system
(jugular, subclavian, (radial, femoral) Heart
femoral)
Main RA, RV, PA LV pressures, Right eart Cath = fa vein
Measurements  pressures, PCWP  coronary anatomy, —_— W
(estimates LVEDP) wall motion
Primary Uses Pulmonary HTN, Gold standard for
severe CAD, LV
preeclampsia, dysfunction,
unexplained shock, ischemia evaluation w W
RV function
Pregnancy Guides Reserved for
Applications fluid/vasopressor suspected ischemic .
therapy in high-risk heart disease
obstetrics
Risks Arrhythmia, Radiation exposure,
infection, vascular injury,
thrombosis, PA stroke
rupture
Figure 11.

Right vs. left heart catheterization.

PiCCO monitoring in pregnancy

Role and indications Advantages and limitations

* Advanced hemodynamic monitoring when
standard tools are insufficient

* Less invasive than pulmonary artery catheter (PAC)

* Provides continuous, dynamic, real-time data

Measures CO, SVV, SVR, GEDV, and EVIW Helps balance fluids vs. risk of overload

Useful in severe preeclampsia/eclampsia

X * Requires arterial + central venous access (still invasive)
with pulmonary edema

* Interpretation affected by pregnancy physiology (1CO, |SVR)

Guides fluid resuscitation in sepsis, septic

shock, massive hemorrhage * Limited evidence base in obstetric patients

Monitors cardiac performance in cardiomy-
opathy or complex cardiac disease

Table 17.
PICCO monitoring in pregnancy.

11.1 FloTrac monitoring in pregnancy

FloTrac offers a less-invasive alternative for advanced hemodynamic monitoring
in pregnancy, especially valuable in high-risk obstetric and cardiac patients, guiding
fluid and vasoactive therapy while reducing the need for invasive catheters. It ana-
lyzes the arterial pressure waveform to calculate [38].

* Cardiac output (CO)
¢ Stroke volume (SV)
¢ Stroke volume variation (SVV)

* Systemic vascular resistance (SVR)
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FloTrac monitoring in pregnancy

Role and indications Advantages & limitations

Less invasive — requires only an arterial line
(no central line)

Provides minimally invasive, continuous hemodynamic
monitoring

Calculates CO, SV, SVV, and SVR from arterial
waveform

Quick setup, continuous real-time data

Integrates easily into anesthesia and ICU
workflows

Useful in severe preeclampsia/eclampsia with instability

Guides management in obstetric hemorrhage and mas-
sive transfusion

Accuracy reduced in arrhythmias, severe
vasodilation, and extreme states

May be influenced by pregnancy physiology
(1CO and |SVR)

Helps in sepsis, septic shock, cardiomyopathy, or
valvular disease

Limited validation and evidence in obstetric

Supports perioperative monitoring in high-risk cesarean

or cardiac surgery patients

Table 18.
FloTrac monitoring in pregnancy.

11.2 Role in pregnancy

FloTrac provides continuous maternal hemodynamic monitoring without the
need for a pulmonary artery catheter, making it especially valuable in high-risk
obstetric conditions such as severe preeclampsia, obstetric hemorrhage, sepsis,
or peripartum cardiomyopathy [39]. It guides fluid and vasopressor therapy to
balance perfusion while avoiding overload and can be effectively applied periop-
eratively during cesarean section, cardiac surgery in pregnancy, and in critical
care settings (Table 18).

12. Cardioversion

Cardioversion (synchronized or unsynchronized) is safe and effective in preg-
nancy for managing unstable arrhythmias, with maternal safety prioritized and
continuous FHR monitoring recommended (Figure 12) [40].

Cardioversion in Pregnancy

Safety & Precautions

« Safe at all stages of pregnancy; no adverse fetal
effects reported

+ Monitor FHR during and after cardioversion

Role & Indications

+ Used for unstable maternal arrhythmias
unresponsive to drugs

+ Synchronized: AF, atrial flutter, SVT,

monomorphic VT with pulse
+ Unsynchronized (defibrillation): pulseless VT,
ventricular fibrillation

Syncmonued Cclduumlsmhuomzed Cardioversion (Defibrillation)

Lop

i '_ﬂ_ﬂ_

—oske - . de =
0%00 05 50 675 100 %000 025 050 675 100
ime ime

ECG

Figure 12.
Cardioversion in pregnancy.
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12.1 Synchronized cardioversion

Synchronized cardioversion involves delivering an electric shock timed with the
QRS complex. It is utilized to treat supraventricular arrhythmias (such as atrial fibril-
lation, atrial flutter, and atrial tachycardia) and monomorphic ventricular tachycardia
with a pulse.

12.2 Unsynchronized cardioversion

Pulseless and polymorphic ventricular tachycardia are managed with unsynchro-
nized cardioversion (defibrillation).

13. Defibrillation

Defibrillation is the delivery of electric energy to terminate ventricular fibrillation
[41]. Biphasic automatic external defibrillators (AEDs) are more effective at termi-
nating ventricular fibrillation using lower energy levels (Table 19).

14. Implantable cardiac devices

Pacemakers and ICDs are safe and effective in pregnancy, ensuring mater-
nal rhythm stability and improving outcomes. Care requires multidisciplinary
planning, intrapartum monitoring, and electrocautery precautions to prevent
complications.

Hemodynamic instability due to symptomatic bradycardia, asystole lasting
more than 3 seconds, or escape rhythms below the AV node with rates under 40
beats per minute [42] requires a temporary venous pacemaker in pregnant women
(Table 20).

Congenital heart disease with advanced second- or third-degree AV block is
uncommon in pregnancy but may necessitate temporary pacing. The choice to
implant a temporary or permanent device should be made collaboratively by a multi-
disciplinary team.

Defibrillation in pregnancy

Role and indications Safety and precautions

* Indicated for pulseless ventricular tachycardia
(VT) and ventricular fibrillation (VF)

Defibrillation is safe at all stages of pregnancy

Transthoracic impedance unchanged — standard
¢ Follows standard ACLS protocols — no pregnancy- energy levels apply
specific modifications to energy levels

Remove external/internal fetal monitoring leads
» Immediate intervention is critical for maternal before shock delivery

survival, which optimizes fetal survival FHR should be monitored after defibrillation

Maternal resuscitation remains the priority

Prepare for emergency delivery if maternal
resuscitation is unsuccessful

Table 19.
Defibrillation in pregnancy.
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Implantable cardiac devices in pregnancy

Role and indications Safety and peripartum precautions

Pacemakers for bradyarrhythmias (e.g., high- Generally safe during pregnancy; fetal exposure

grade AV block) minimal

Device reprogramming may be required for physiologic
changes

ICDs for prevention of life-threatening
ventricular arrhythmias

During cesarean: ICD shock function may be
deactivated

Indications remain the same as the non-
pregnant population

External defibrillator/pacing equipment should be
available

Ensure rhythm stability, reduce maternal/fetal
risk

Use bipolar electrocautery; keep grounding pad away
from device

Maternal stabilization improves fetal outcomes

Breastfeeding is safe; normal postpartum device
checks apply

Table 20.
Implantable cardiac devices in pregnancy.

1. Types of Devices

* Pacemakers (PM): for management of bradyarrhythmia (e.g., advanced AV
block) (Figure13).

* Implantable cardioverter-defibrillators (ICD): for prevention or termination of
life-threatening ventricular arrhythmias.

Pacemaker vs ICD in Pregnancy — Comparison

Primary Bradyarrhythmia Ventricular
Indication s, AV block tachyarrhythmia
s, prevention of
sudden cardiac "
death “ “
Role in Maintains Prevents/treats
Pregnancy adequate HR life-threatening
and rhythm arrhythmias
stability
Safety Safe; minimal  Safe; shocks not
fetal risk from harmful to fetus
pacing
Peripartum No major Deactivate
Precautions modifications; shock therapy
ensure device  during cesarean
check if cautery used;
external defib
available
Postpartum Normal device Normal device
checks; checks;
breastfeeding breastfeeding
safe safe
Figure 13.

Comparison of pacemakers vs. implantable cardioverter-defibrillators (ICD) in pregnancy.
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15. Cardiopulmonary bypass

Cardiopulmonary bypass can be performed safely during pregnancy when essen-
tial, ideally in the second trimester, with strategies to maintain maternal hemody-
namic stability and uteroplacental perfusion to protect the fetus.

The second trimester is considered the optimal time for cardiopulmonary bypass
during pregnancy, whereas procedures done immediately postpartum or on an
emergency basis carry a higher risk of maternal mortality (Figure 14).

Intraoperative FHR monitoring is essential. Fetal outcomes improve with nor-
mothermic CPB at >2.4 L/min/m’ maintaining MAP >70-75 mmHg, left uterine
displacement, and hematocrit >28%.

15.1 Cardiopulmonary resuscitation in pregnancy

Standard BLS and ACLS principles apply in pregnancy. CPR in pregnancy requires
early recognition, left uterine displacement, a higher hand position for compressions,
standard defibrillation, and rapid perimortem cesarean if no ROSC by 4 minutes.

15.1.1 Incidence

Maternal cardiac arrest occurs in approximately 1 in 20,000-30,000 pregnan-
cies and may result from pregnancy-specific complications such as amniotic fluid
embolism, severe hemorrhage or uterine atony, eclampsia, and placental abruption.
Non-obstetric causes, including cardiomyopathy, arrhythmia, sepsis, and trauma,
also contribute significantly to maternal collapse.

Cardiopulmonary Bypass (CPB) in Pregnancy

Maternal & Fetal Considerations

* Maternal survival comparable to non-pregnant women

* Maintain normothermia, MAP >70-75 mmHg, pump flow

Maternal & Fetal Considerations

Cardiopulmanary Bypass (CPB) in Pugnanq'

>2.4 L/min/m?

¢ Left uterine displacement to avoid aortocaval
compression

* Fetal mortality remains 20-30% despite advances

* Protective strategies: hematocrit >28%, minimize CPB
duration

* Continuous intraoperative FHR monitoring recommended

Indications & Timing

* Life-saving cardiac surgery (severe valve _Matama‘f‘u“r‘"“’mmpmk
disease, aortic dissection, CAD) - Fetal mortaiity 20-30%

* Elective surgery deferred until postpartum if
possible

» Safest in 2nd trimester (post-organogenesis,
moderate uterine size)

® 1st trimester = 4 risk of miscarriage &
teratogenicity

* 3rd trimester > P risk of preterm labor

Figure 14.

Maternal and fetal considerations in cardiopulmonary bypass in pregnancy.
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15.1.2 Modifications to standard CPR

During maternal cardiac arrest, modifications to standard CPR are required.
Chest compressions should be performed with manual left uterine displacement or
a15-30¢ tilt to relieve aortocaval compression, placing the hands slightly higher on
the sternum due to the cephalad displacement of the diaphragm. Early intubation is
recommended due to the increased risk of aspiration, and IV or IO access should be
established above the diaphragm to ensure effective drug delivery.

15.1.3 Defibrillation in pregnancy

Defibrillation in pregnancy is performed using the same energy levels as in non-
pregnant adults and is considered safe at all gestational ages. Fetal monitoring leads
should be removed before shock delivery, and continuous fetal heart rate monitoring
is essential after return of spontaneous circulation (ROSC) to assess fetal well-being.

15.1.4 Emergency hysterotomy/perimortem cesavean delivery

Emergency hysterotomy/perimortem cesarean delivery: If return of spontaneous
circulation (ROSC) is not achieved within 4 minutes of maternal cardiac arrest, an

CPR in pregnancy — overview Modifications of CPR in pregnancy

* Incidence: ~11in 20,000-30,000 pregnancies ¢ Left uterine displacement (15-30 degrees)

* Pregnancy-specific causes: AFE, hemorrhage/ ¢ Airway

uterine atony, eclampsia, and abruption o Consider airway edema associated with pregnancy

* Non-obstetric causes: cardiomyopathy,

¢ Breathin
arrhythmia, sepsis, and trauma &

o Be aware of the impact of decreased functional residual

* Maternal survival is the strongest predictor of o
capacity in pregnancy

fetal survival
¢ Circulation

o Perform chest compressions higher on the sternum than
in nonpregnant patients

* Defibrillation
o May use automated external defibrillator (AED)
o Apply same energies as in nonpregnant patients
o Remove all fetal monitoring probes and leads

¢ Drugs

o Drugs (and doses) are the same as those used in
nonpregnant patients

Perimortem cesavean delivery Defibrillation in pregnancy

* If no ROSC within 4 minutes — perform * Same energy levels as non-pregnant adults

cesarean by 5 minutes * Safe in all trimesters; impedance unchanged

* Improves maternal resuscitation (relieves

; * Remove fetal monitoring leads before shock
aortocaval compression)

. * FHR monitoring recommended after ROSC
¢ Increases chance of neonatal survival

* Requires coordinated team response (OB,
anesthesia, neonatology, and ICU)

Table 21.
Cardiopulmonary resuscitation modifications in pregnancy.
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emergency hysterotomy or cesarean delivery should be performed by 5 minutes. This
intervention not only improves maternal resuscitation by relieving aortocaval com-
pression but also significantly enhances the chances of neonatal survival, making it a
critical component of maternal cardiac arrest management.

15.1.5 Key principles

Maternal survival remains the strongest predictor of fetal survival, emphasizing
the need to prioritize maternal resuscitation efforts. Standard BLS and ACLS proto-
cols apply (Table 21) during pregnancy but require specific modifications to account
for physiological changes and the presence of the gravid uterus (Table 21). Effective
management also relies on close multidisciplinary coordination among obstetric,
anesthesia, neonatal, and critical care teams to optimize both maternal and fetal
outcomes.

16. Summary

Pregnancy induces significant cardiovascular and physiological adaptations—
such as an expanded blood volume, increased cardiac output, and decreased
systemic vascular resistance—that can exacerbate or mask underlying heart disease.
Accurate hemodynamic monitoring is therefore essential to distinguish normal
gestational changes from pathology, maintain maternal stability, and safeguard
fetal well-being.

Standard noninvasive monitoring (NIBP, ECG, pulse oximetry, and capnography)
provides continuous surveillance, while advanced modalities—arterial lines, central
venous pressure, pulmonary artery catheters, and contemporary arterial waveform/
thermodilution systems (e.g., FloTrac, PiCCO)—support timely diagnosis, guide
fluid and vasoactive therapy, and help prevent complications in higher-risk scenarios.
In line with ASA standards, anesthesiologists are responsible for continuous monitor-
ing of oxygenation, ventilation, circulation, and temperature during routine and
high-risk obstetric care. A tailored, risk-stratified monitoring strategy, interpreted
through the lens of pregnancy physiology, reduces morbidity and mortality, opti-
mizes intrapartum management, and improves maternal-fetal outcomes. This chapter
integrates current evidence, guideline recommendations, and practical considerations
into a concise framework for perioperative and critical care in pregnancy.

16.1 Key messages

* Pregnancy produces significant cardiovascular changes that can mask or mimic
disease.

* Correct interpretation of hemodynamic data requires explicit knowledge of
normal gestational adaptations.

* Standard monitoring (NIBP, ECG, pulse oximetry, and capnography) is founda-
tional for all obstetric patients.

* Advanced monitoring (arterial line, CVP, PAC, arterial pressure analysis,
FloTrac, and PiCCO) is adjunctive for high-risk or unstable cases.
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¢ Adherence to ASA standards ensures continuous monitoring of oxygenation,
ventilation, circulation, and temperature.

* Individualized, risk-based monitoring improves detection of deterioration,
guides timely intervention, and enhances maternal and fetal outcomes.

* Differentiating physiologic vs. pathologic change is critical to avoid misdiagnosis
and mismanagement.
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