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Foreword 1

In the realm of Critical Care Medicine, where the delicate balance between life and death
is often measured in drops, the judicious use of intravenous fluids emerges as a corner-
stone in the pursuit of healing. Rational Use of Intravenous Fluids in Critically Ill Patients
stands as a beacon in the ever-evolving landscape of medical care, guiding practitioners
through the intricacies of fluid management with precision, clinical insight, and a commit-
ment to the well-being of patients.

The book you are holding is more than a compendium of medical knowledge; it is a call
to action, urging healthcare professionals to reflect on the profound impact that intravenous
fluids can have on the course of illness. As we traverse the corridors of our critical care units
and confront the complexities of patient care, this volume serves as a trusted companion,
offering evidence-based insights, practical guidance, and a nuanced approach to fluid man-
agement. Moreover, inspired by the principles of fluid stewardship, the book offers support
to healthcare providers who want to champion this cause on a hospital-wide basis.

The journey through these pages takes us from the foundations of fluid physiology to
the frontiers of contemporary research, offering a comprehensive exploration of intrave-
nous fluid use in the context of critical illness. From the assessment of fluid responsiveness
to the nuanced considerations of different fluid types and indication spectra, from various
specific clinical conditions to the phase-wise approach in sepsis, and extending to the
effective management of acid-base and electrolyte disorders, this book strives to equip
healthcare professionals with the knowledge and tools needed to make informed, rational
decisions in the face of clinical challenges.

Welcome to Rational Use of Intravenous Fluids in Critically Ill Patients, where the
quest for excellence in fluid management unfolds with each turn of the page, guided by the
collective wisdom of dedicated professionals, some of whom I am privileged to call my
close friends.

Niels Van Regenmortel

International Fluid Academy

Ziekenhuis Netwerk Antwerpen (ZNA) Cadix
Antwerp, Belgium



Foreword 2

In the fight that intensivists lead for the critically ill patients, fluids are their first weapons.
We use them in almost all patients with circulatory failure during hemodynamic resuscita-
tion, for their power of volume expansion. We administer an even larger quantity to dilute
all the medications injected intravenously and to keep the catheters patent. A stay in criti-
cal care involves the administration of liters of fluids. For a long time, they were consid-
ered harmless substances: just water with a few grams of sodium or glucose. However,
they have gradually emerged for what they really are: drugs in their own right, with uncer-
tain and transient effectiveness, and very significant harmful effects.

This awareness is based on a very important scientific corpus today. The topic of fluid
therapy occupies a preponderant place in the scientific journals of our specialty. A few
years ago, Manu Malbrain founded the International Fluid Academy and set himself the
goal of addressing all aspects of the subject during scientific meetings.

This book stems from the same desire. This is the exceptional compendium of every-
thing we currently know about fluid therapy in critically ill patients. It addresses all facets,
from the normal physiology of fluid distribution and regulation to the composition of
artificial solutes used for resuscitation. The most theoretical aspects are discussed at the
same time as very practical topics, defining what an ideal “fluid stewardship” should be,
including in a few judiciously chosen specific situations. This book is a wealth of knowl-
edge for anyone interested in the subject of fluids in Intensive Care Units ... that is, for all
caregivers working in such units.

Finally, this book is published in Open Access, thanks to the significant support of the
International Fluid Academy. Manu Malbrain and his coeditors, Adrian Wong, Prashant Nasa,
and Supradip Ghosh, comply with the virtuous principles of #fFOAMEd (free open access
medical education), which wants to make knowledge accessible to all, especially to those in
low- and middle-income countries. This is not the least remarkable aspect of this work.

Xavier Monnet

International Fluid Academy (IFA), Medical Intensive Care Unit

Bicétre Hospital, AP-HP Paris-Saclay University Hospitals, Inserm UMR S_999
Paris, France
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Foreword 3

Rational Use of Intravenous Fluids in Critically 11l Patients is destined to become a trea-
sured resource. Presenting fluids as drugs that should be prescribed with care, the editors
have artfully crafted a four-part work anchored by foundational principles of fluid therapy.
The subsequent sections address implementation and analysis of the impact of a logically
designed fluid prescription. Like the editors, the authors are experts in the fields of fluid
therapy and critical care. This text explores all of the key elements of fluid therapy from
patient selection to goals to assessment of impact through to de-resuscitation. In this way,
each of the chapters is part of a much larger whole. Complex principles spanning acid-
base physiology to compartment syndrome—a signature feature of decades of fluid ther-
apy inquiry—are presented in a clear and concise manner. Organ failure and nutritional
therapeutics are equally well examined creating a holistic approach to fluid dynamics.
Therefore, this work is ideal for students, trainees, and faculty regardless of parent
discipline.

Concluding with a section on stewardship is rational when considering fluids as drugs,
but more importantly drives a fundamental shift in how all clinicians should consider fluid
therapy and its impact on patients. Instead of treating fluids as a commensal of hospital
care, we are inspired to ask fundamental questions to guide decision-making whether pre-
scribing maintenance fluids or pursuing guideline recommendations. Accordingly,
Rational Use of Intravenous Fluids in Critically Ill Patients stands as a comprehensive
guide to every aspect of fluid therapy required to rescue those with critical illness or injury.
Perhaps most importantly, the practical guidance presented within this text is applicable in
every care location around the world whether resource replete or resource limited.

Lewis J. Kaplan

Division of Trauma, Surgical Critical Care and
Emergency Surgery

Perelman School of Medicine

University of Pennsylvania

Philadelphia, PA, USA



Foreword 4

This excellent book addresses the current state of knowledge on intravenous fluid therapy
in critically ill patients. It was carefully produced by internationally recognized research-
ers and practitioners in Critical Care Medicine. The book is organized in four parts: the
first covers the essentials of intravenous fluid therapy; the second focuses on commercially
available intravenous fluids; the third discusses specific clinical situations; and the last
summarizes the concept of fluid stewardship.

It is very important to mention that this is an open access book, providing unrestricted
access to digital information. Open access publications support the rapid and wide dis-
semination of information, especially in low- and middle-income countries (LMIC), which
account for around 130 countries and 80% of the world population, and where access to
books or journal subscriptions may be less affordable. Giving the potential for increased
exposure and dissemination, open access publishing of scientific content can have a sig-
nificant impact on science, development, and health. I applaud the Publisher, the endorsing
scientific society International Fluid Academy, and the editors and co-authors for this
initiative. Education improves life.

Flavio E. Nacul

Brazilian Society of Intensive Care Medicine

Critical Care Medicine, Federal University of Rio de Janeiro
Rio de Janeiro, RJ, Brazil

Xl



Foreword 5

As Indonesia and other developing nations embark on a trajectory of growth and develop-
ment, a heightened awareness of the indispensable role of a robust healthcare system has
emerged. They require a comprehensive healthcare system that can effectively support
their multifaceted growth. This not only entails expanding the size of their healthcare sys-
tems but also fostering more differentiated and maturing healthcare systems, akin to those
found in developed nations.

Developing nations, including Indonesia, are also categorized as lower-middle-income
countries, implying inherent limitations in financial resources. One critical aspect of
healthcare that profoundly influences patient outcomes is fluid management.
Mismanagement of fluid administration can trigger a cascade of adverse effects, including
prolonged hospital stays, exacerbated mortality and morbidity rates, and an intensified
financial burden, particularly within ICUs, where resource consumption intensifies. This
intricate problem is particularly prominent in lower-middle-income countries like
Indonesia, where financial and technological resources are inherently limited compared to
developed nations.

The International Fluid Academy (IFA), a nonprofit organization dedicated to fostering
education and learning materials, has served as a beacon of support for the Indonesian
healthcare landscape. Their unwavering commitment to Free Open Access Material
(FOAM) has empowered developing countries’ healthcare professionals with the knowl-
edge and tools necessary to deliver optimal patient care.

The publication of the book Rational Use of Intravenous Fluids in Critically Ill Patients
marks a pivotal milestone in our collective endeavor to enhance fluid stewardship practices
within Indonesian hospitals. This comprehensive and meticulously structured text delves
into the intricacies of intravenous fluid therapy, offering an authoritative guide for health-
care professionals across all levels of expertise.

The book’s four meticulously crafted parts provide a holistic overview of fluid manage-
ment strategies: Fundamentals of intravenous fluid therapy, Available intravenous fluids,
Fluid therapy in special conditions, and Concepts of fluid stewardship and appropriate
fluid prescription.

Xl



XV Foreword 5

The depth and clarity of the content are a testament to the dedication and expertise of
the editors, authors, and contributors who have poured their hearts and minds into this
remarkable work. Their invaluable contributions have undoubtedly enriched the under-
standing of fluid stewardship among developing countries’ healthcare professionals, pav-
ing the way for improved patient outcomes.

As we navigate the future, the lessons imparted within this book will serve as a guiding
compass, empowering developing countries’ healthcare professionals to confidently and
expertly navigate the complexities of fluid management. The IFA’s unwavering commit-
ment to FOAM has once again proven invaluable, fostering a culture of continuous learn-
ing and improvement within the Indonesian and other developing countries’ healthcare
systems.

On behalf of Indonesian IFA Chapter

Faisal Muchtar

Medical Faculty Hasanuddin University and
Wabhidin Sudirohusodo Hospital

South Sulawesi, Indonesia
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Fluids are the cornerstone of therapeutic interventions in the intensive care unit. Despite
available evidence, these are often used in a rather inconsistent manner that is more based
on local culture of practice rather than guided by literature. There is a significant unmet
need in terms of basic understanding of fluid types, clinical implications of the usage of
each, and evidence-based practices for the same.

I am delighted to see the first edition of the Rational Use of Intravenous Fluids in
Critically 11l Patients, edited by four international experts in critical care and fluid dynam-
ics. Dr(s). Manu Malbrain, Adrian Wong, Prashant Nasa, and Suradip Ghosh bring together
a wealth and several years of experience and scientific expertise, complemented by a
diverse geographical range of practice, which aligns perfectly with the requirements of
this work. Between the four of them, they probably represent more than half of the pub-
lished evidence in this field. It is not a surprise to me that they have put together an excel-
lent compilation of authors and knowledge areas in this book. Parts cover fundamentals,
fluid types, therapy in special conditions, appropriate prescription, and fluid stewardship.
Each part covers a vast array of subtopics that serve the length and breadth of literature.
This text reaches out and touches all levels of readers, from trainees to expert practitioners.
My very best wishes to this team, and congratulations on publishing this much-needed
work that will benefit all of us.

Ashish K. Khanna

Perioperative Outcomes and Informatics Collaborative (POIC)
Section on Critical Care Medicine, Department of Anesthesiology
Atrium Health Wake Forest Baptist Medical Center

Wake Forest University School of Medicine

Winston-Salem, NC, USA
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Foreword 7

Education is the kindling of a flame
—Socrates

In the ever-evolving landscape of modern medicine and medical science, few domains are
as fundamental and pervasive as the study of fluids within the human body. It is with great
enthusiasm that I introduce this remarkable volume—a collaborative masterpiece written
by an assembly of distinguished fluid experts from around the globe. The book describes
the intricacies of fluid therapy and offers a comprehensive and educational journey that
spans the realms of basic terminology, in-depth physiology, clinical trial results, fluid
management in special patient groups, and the pivotal concept of fluid stewardship.
Unveiling a wealth of educational insights, the book serves as an invaluable compass for
practitioners and scholars alike, encapsulating the current pinnacle of our understanding
of fluid management across varied healthcare settings.

At its core, this comprehensive work reminds us to conceptualize fluids not merely as
pharmaceutical products but as dynamic solutions, each with unique properties, physio-
logical effects, and impact on patient outcomes. The book urges healthcare providers to
treat them with the same precision and consideration afforded to other drugs.

Terminology, the foundation upon which scientific communication rests, is meticu-
lously addressed in the first part. The authors recognize the importance of a shared lexicon
in fostering clear and effective communication among healthcare professionals. This com-
mitment to clarity and precision is not merely a semantic exercise; it is a fundamental
aspect of patient safety and quality care.

The reader is guided through the intricacies of fluid dynamics within the human body,
from cellular interactions to microvascular and systemic responses. This detailed explora-
tion provides a solid foundation for understanding the physiological underpinnings that
determine the beneficial and harmful effects of different fluids in diverse clinical scenar-
i0s. The exploration of fluid types is a testament to the ongoing evolution of medical sci-
ence. As our understanding deepens, thanks to clinical research and medical advances, so
does our ability to tailor fluid interventions to the unique needs of individual patients. By
presenting the specifics of various fluid compositions, this book empowers healthcare

XVII



XVII Foreword 7

providers to make informed decisions based on the latest evidence and to tailor fluid ther-
apy beyond the confines of one-size-fits-all approaches.

Drawing from a wealth of collective experience, the international experts critically ana-
lyze and synthesize the results of latest clinical trials, providing readers with a compass to
navigate the ever-expanding labyrinth of scientific literature related to fluids. Special
patient groups, often presenting unique challenges in fluid management, receive dedicated
attention in this volume. Patients with sepsis, trauma, cardiogenic shock, or burns and
other populations with unique physiological nuances like patients with intra-abdominal
hypertension are thoughtfully addressed, reflecting the authors’ commitment to education
and applicability across diverse clinical contexts. This inclusivity ensures that the book is
a valuable resource for a broad spectrum of healthcare professionals.

Fluid de-resuscitation, a concept vital to avoiding the pitfalls of iatrogenic harm, is
addressed with precision and care. The authors, cognizant of the delicate balance between
providing adequate fluid support and preventing complications and authors of many land-
mark papers themselves, share their collective expertise and offer insights that resonate
across varied healthcare settings and cultural contexts. This emphasis on judicious fluid
use solidifies the book’s role as an essential guide for clinicians committed to optimizing
patient outcomes.

One of the notable strengths of this book is its emphasis on fluid stewardship—a con-
cept that is gaining increasing recognition in contemporary medical practice. The authors
articulate the importance of viewing fluids not merely as solutions to be administered but
as pharmaceutical agents with potential risks and benefits. This shift in mindset, recogniz-
ing that fluids are indeed drugs, underscores the need for judicious and thoughtful admin-
istration, aligning with the principles of patient safety and responsible healthcare practice.

In conclusion, this masterpiece by international experts is a commendable contribution
to the medical literature on fluids, providing a holistic view and educational journey that
spans from the basic building blocks of terminology to the nuanced application of clinical
evidence. It is my sincere hope that this comprehensive exploration of fluids becomes an
indispensable resource for students, clinicians, and researchers alike, fostering a deeper
understanding of fluid therapy and shaping the mindset and practices of healthcare profes-
sionals dedicated to optimizing fluid therapy for the benefit of patients worldwide.

Marlies Ostermann
Guy’s and St Thomas’ Hospital, King’s College London
London, UK



Preface

In the ever-evolving world of medicine, every endeavor begins with a vision—a vision to
improve patient care, to advance knowledge, and to make a meaningful impact. The story
of our book, Rational Use of Intravenous Fluids in Critically Ill Patients, is no exception.
It is a tale of passion, collaboration, and a commitment to creating a resource that will
benefit healthcare professionals worldwide.

The genesis of this book was a personal journey for me. I had long harbored the aspira-
tion to compile a comprehensive and evidence-based guide on fluid therapy for critically
ill patients. I wanted to provide a tool that could empower healthcare practitioners with the
knowledge they needed to make informed decisions in their daily practice.

However, as I set out on this path, fate had something extraordinary in store. I crossed
paths with Dr. Supradip Ghosh, a visionary in his own right. Dr. Ghosh had a similar
dream—to provide critical care practitioners with a resource that would revolutionize
intravenous fluid management. It was serendipitous, to say the least. We realized that by
combining our expertise and resources, we could create something truly remarkable.

Our collaboration took shape with the support of the International Fluid Academy
(IFA). Recognizing the transformative potential of our project, IFA generously granted the
funds necessary to publish our book as “Open Access” in partnership with Springer. This
decision was grounded in our shared commitment to the principles of #FOAMed (free
open access medical education) and our mission to make knowledge accessible to all,
particularly those in low- and middle-income countries (LMIC).

Together with coeditors Dr. Adrian Wong and Dr. Prashant Nasa, we embarked on a
4-year journey marked by unwavering dedication and hard work. Each of us played a vital
role in shaping the book’s content and direction, infusing it with our collective expertise
and passion.

What sets our book apart is not only its comprehensive coverage of rationalized intra-
venous fluid therapy but also its unwavering commitment to equity, diversity, and inclu-
sion. We opened our doors to colleagues from India, offering them the opportunity to
coauthor chapters alongside esteemed professors from Europe. This collaboration was a
testament to our belief that knowledge knows no boundaries, and by working together, we
can elevate patient care worldwide.

XIX



XX Preface

Our book, published under the Open Access CC BY 4.0 License, delves deep into the
pathophysiology of intravenous fluid therapy for critically ill patients. It addresses the
critical need for evidence-based guidelines, emphasizing proper drug, dosing, indications,
contraindications, side effects, duration, and de-escalation. Each chapter features clinical
vignettes, key learning points, and an IFA commentary that references the latest literature
and evidence.

The book is structured into four parts, covering the fundamentals of intravenous fluid
therapy, the available fluids, fluid therapy in specific clinical scenarios, and an introduction
to the concept of fluid stewardship. We believe that this resource will not only enhance
education and training but also drive collaborative research in fluid management and mon-
itoring, ultimately improving patient survival rates.

I extend my heartfelt gratitude to my esteemed coeditors, every individual who offered
their unwavering support throughout the past 4 years and all the authors who contributed
to this book, as well as to the International Fluid Academy and Springer Nature Group for
their steadfast support. This book embodies our shared vision and dedication, and we hope
it becomes a landmark and an invaluable tool for healthcare professionals, students, and
anyone passionate about advancing critical care medicine.

The challenging times brought about by the COVID-19 pandemic nearly derailed our
journey, but we persevered, and together, we have transformed a dream into a reality, and
I invite you to join us in championing the message and mission of the International Fluid
Academy—a mission rooted in #FOAMed principles and dedicated to the pursuit of
knowledge, equity, diversity, and inclusion in the realm of critical care medicine.

Finally, I want to express my deepest appreciation to my wife, Bieke, and our three
wonderful sons, Jacco (and Dilana), Milan, and Luca. Your encouragement and under-
standing during this endeavor have been invaluable, and I am profoundly grateful for the
love and strength you have provided throughout this journey.

Manu L.N.G. Malbrain
Geel, Belgium/Lublin, Poland

To the original version of this book, 7 prefaces and 1 postface have been included.
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IFA Commentary

The chapter on terms and definitions of fluid therapy and monitoring in the book
“Rational Fluid Use in the Critically I1I” provides an essential foundation for under-
standing the importance of intravenous (IV) fluid therapy in critically ill patients.
The authors effectively highlight the need to view IV fluids as drugs and not simply
as a routine treatment option. The chapter’s approach is practical, providing clear
definitions of essential and common terms used in fluid therapy and organ function
monitoring, emphasizing the significance of appropriate fluid therapy such as vol-
ume status, resuscitation, maintenance fluids, colloids and crystalloids. This practi-
cal approach is critical for clinicians as it provides them with a clear understanding
of what they are administering and how to administer it appropriately.

Introduction

This introductory chapter will list the common terms and definitions used throughout this
book. Intravenous fluid (IV) therapy is a cornerstone to treating shock status and providing
water, electrolytes and glucose needs. Worldwide thousands of litres of IV fluids are
administered every day. However, IV fluids are not yet treated in the same way as other
medications given to our patients. We need to see them as drugs, and they come with a
dose, duration and de-escalation, and they need to be given in a timely manner, but only
when needed and when the patient cannot have oral fluid intake. They have indications,
contra-indications and potential adverse effects. Inappropriate fluid therapy is one of the
main concerns.

Thus, the appropriate use of IV fluids is an essential part of patient safety and deserves
careful oversight and guidance, given the association between fluid (mis)use and the del-
eterious effects causing patient morbidity and mortality [1]. Correct definitions, imple-
mentation of a fluid stewardship and organ function monitoring may limit the deleterious
effects of inappropriate fluid prescription and fluid overload [2]. The literature on fluid
therapy in the critically ill is continuously expanding, however, sometimes, different defi-
nitions are used. For example, fluid overload, fluid accumulation, hypervolemia and
hyperhydration are often used interchangeably, while, they may indicate different clinical
situations [3]. Using wrong definitions can lead to misunderstandings, misinterpretations
and inappropriate therapeutic decisions regarding fluid administration or fluid removal.

In this chapter, we provide definitions of the different terms important in the context of
fluid therapy in hospitalized patients, and intensive care units [4—10]. These definitions
will be repeated throughout the different chapters when these conditions are discussed in
more detail.
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Terms and Definitions

4 compartments: This can be dealt with in different ways, classically you have fat—water—
protein—and minerals while water on its own is also distributed into four compartments:
intracellular water (ICW), interstitial water, intravascular water and transcellular, with
extracellular water (ECW) calculated as the sum of interstitial + intravascular + transcel-
lular water content.

4 D’s: Fluids are medications in which one should take into account the 4D’s in analogy
to antimicrobial stewardship: Drug—Dose—Duration—De-escalation.

4 hits: The four hits are:

first hit = initial insult,

second hit = ischemia reperfusion,

third hit = global increased permeability syndrome (GIPS).

fourth hit = potential risk of hypoperfusion during de-resuscitation.

4indications: Fluids can be given for four reasons: resuscitation, maintenance, replace-
ment and nutrition.

4 fluid losses: Traditionally four ways can be taken into account with regard to fluid
losses: insensible loss, urine output, gastrointestinal losses and third space. Additional
losses can occur in trauma with overt bleeding or in severely burned patients.

4 phases: The four dynamic fluid phases are: resuscitation, optimization, stabilization
and evacuation.

4 questions: The four main questions surrounding fluid therapy that need to be
solved are:

when to start IV fluids?
when to stop IV fluids?
when to start fluid removal?
when to stop fluid removal?

4 spaces: There are traditionally four fluid spaces:

first space = intravascular.

second space = interstitial.

third space = pleural or peritoneal space.

fourth space = transcellular fluid, and not to forget the lymphatic system.

Abdominal compartment syndrome (ACS): Abdominal compartment syndrome (ACS)
is defined as a sustained intra—abdominal pressure (IAP) >20 mmHg (with or without an
abdominal perfusion perfusion (APP) <60 mmHg) that is associated with new organ dys-
function/failure. Primary ACS is a condition associated with injury or disease in the
abdomino-pelvic region that frequently requires early surgical or interventional
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radiological intervention. Secondary ACS refers to conditions that do not originate from
the abdomino-pelvic region. Recurrent ACS refers to the condition in which ACS redevel-
ops following previous surgical or medical treatment of primary or secondary ACS [11].

Abdominal perfusion pressure (APP): Abdominal perfusion pressure (APP) = mean
arterial pressure (MAP) — IAP. The Filtration Gradient (FG) = glomerular filtration pres-
sure (GFP) — proximal tubular pressure (PTP) = MAP — 2 x IAP [11].

Abdominal West zones: West zones describe areas of the abdomen based upon varia-
tions in IAP, central venous pressure (CVP) and inferior vena cava pressure (IVCP). These
differences result from vascular flow, gravity and pressure transmission from the abdomi-
nal to the thoracic compartment. The concept of abdominal vascular zones may be present
in the patient with IAH, analogous to the pulmonary vascular zone conditions described
by West. In this concept, an increased IAP increases venous return when the transmural
IVCP (defined as IVCP minus IAP) at the thoracic inlet significantly exceeds the critical
closing transmural pressure (= zone 3 abdomen). This is most often the case in hypervol-
emic patients with a high IVCP. In zone 3 conditions, the abdominal venous compartment
functions as a capacitor. In contrast, when the transmural IVCP at the thoracic inlet is
below the critical closure transmural pressure (= zone 2 abdomen), venous return is sig-
nificantly decreased. This is most often the case in hypovolemic patients and by extension
in most non-cardiogenic shock patients. In zone 2 conditions, the abdominal venous com-
partment functions as a collapsible starling transistor [12] (Fig. 1.1). This model clearly
illustrates why hypovolemia (and especially in combination with positive pressure

Zone 3: CVP > IVCP > IAP Zone 2: CVP > |AP > IVCP Zone 1: IAP > IVCP > CVP

Fig. 1.1 Abdominal West zones. The abdomen can be divided into discrete regions according to the
interplay between IAP, CVP and IVCP. These regions are zone 1, where IAP is higher than IVCP or
CVP; zone 2, where the IAP is lower than the CVP but higher than the IVCP and zone 3, where both
CVP and IVCP are higher than IAP. Other contributing factors (but more difficult to assess) are the
compliance of the lungs (Cy), chest wall (Ccw) and abdominal wall (C,p) as well as the use of posi-
tive pressure ventilation with PEEP and intrathoracic pressure. CVP central venous pressure, /AP
intra-abdominal pressure, /7P intrathoracic pressure, /VCP inferior vena cava pressure, PEEP posi-
tive end-expiratory pressure
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Table 1.1 AKI criteria according to different guidelines (with KDIGO being most commonly used)

Stage RIFLE AKIN KDIGO
Stage 1/ | sCr 1.5 x baseline sCr 1.5-2.0 x baseline | sCr 1.5-1.9 x baseline (within
risk (within 7 days) (within 7 days) 7 days)
Or Or Or
GFR decrease >25% >0.3 mg/dL increase >0.3 mg/dL increase (within
(within 48 h) 48 h)

Urine output <0.5 mL/kg/h x 6 h

Stage 2/ | sCr 2 x baseline sCr 2-3 x baseline sCr 2-2.9 x baseline
injury Or
GFR decrease >50%

Urine output <0.5 mL/kg/h x 12 h

Stage 3/ | sCr 3 x baseline sCr 3 x baseline sCr 3 x baseline
failure Or Or Or
GFR decrease >75% sCr >4 (with acute rise | sCr >4 (with 0.3 mg/dL
Or >0.5 mg/dL) increase within 48 h or
sCr >4 (with acute rise | Or 1.5 x baseline)
>0.5 mg/dL) Initiation of kidney Or
replacement therapy Initiation of kidney replacement
therapy
Urine output <0.3 mL/kg/h x 24 h
Or
Anuriax 12 h
Loss Complete loss of kidney
function >4 weeks
ESRD End-stage kidney
disease (>3 months)

AKIN acute kidney injury network, ESRD end-stage renal disease, KDIGO kidney disease: improv-
ing global outcomes, RIFLE risk failure loss end-stage renal disease, sCr serum creatinine

ventilation and high levels of PEEP) predisposes patients to lower cardiac output (CO) in
response to elevated IAP than normovolemia. In real life, the model may be more complex
and should also take into account, volemia status, compliance and positive pressure venti-
lation with PEEP settings.

Acid: A molecule or substance that is able to increase the concentration of hydrogen
ions (H+) when dissolved in water or an aqueous solution.

Acidemia: A blood pH that is lower than the normal physiologic range.

Acidosis: A process in the body in which there is a net accumulation of acid.

Acute kidney injury (AKI): According to the KDIGO guidelines [13], acute kidney
injury is defined by either an increase in serum creatinine >0.3 mg/dL within 48 h or an
increase in serum creatinine >1.5 times baseline or a urine output <0.5 mL/kg/h for 6 h
(Table 1.1).

Albumin leak index: Laboratory index correlated with ongoing infection or poor
source control, can be calculated by dividing the urine albumin by the urine creatinine level.

Alkalemia: A blood pH that is greater than the normal physiologic range.
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Alkalosis: A process in the body in which there is a net accumulation of base.

Anion: A negatively charged atom or molecule, such as chloride (C17) and bicarbonate
(HCO;).

Anion Gap (AG): The calculated difference between the major cations and anions in
plasma. The anion gap is calculated by the following formula: AG = (Na* + K*) — (CI” +
HCO;7). Anion gap is useful to help narrow down the potential causes of metabolic
acidosis.

Autotransfusion: A blood conservation strategy used during haemorrhage or surgery
where blood is collected, filtered and reinfused into the patient. This process is also
referred to as blood salvage or cell salvage. The passive leg raising test can be seen as a
sort of autotransfusion with 300 mL blood coming from the legs and mesenteric venous
pool increasing venous return into the central circulation. Another example of autotransfu-
sion is the use of vasopressors in vasoplegia with relative hypovolemia, increased
unstressed volume and a decreased stressed volume. See also under vasoplegia.

Balanced solution: An intravenous crystalloid fluid that contains an electrolyte compo-
sition similar to normal plasma. An iso-osmotic and isotonic balanced solution maintains
the acid—base status and does not induce inappropriate fluid shifts. Recently, fluids with
low chloride content are also labelled as “balanced” solutions. Hence, a balanced solution
can be categorized into (1) IV fluids with strong ion difference (SID) close to that of
plasma, i.e. 24-29 mEq/L, causing a minimal effect on the acid—base equilibrium and (2)
IV fluids containing normal or sub-normal chloride content (i.e. serum chloride
<110 mEq/L).

Base: A molecule or substance that is able to increase the concentration of hydroxyl
ions (OH™) when dissolved in water or an aqueous solution. The hydroxyl ions (OH") will
interact with hydrogen ions (H*) to form water molecules (OH~ + H* = H,0), so said in
other words a base is a substance or molecule that combines with hydrogen ions (H")
already present in the solution.

Base deficit: The amount of a strong base that must be added in vitro to 1 L of oxygen-
ated blood to return the pH to 7.40, at a partial pressure of carbon dioxide of 40 mmHg,
and temperature of 37 °C, in the presence of metabolic acidosis.

Base excess: The amount of a strong acid in mmol/L that must be added in vitro to 1 L
of oxygenated blood to return the pH to 7.40, at a partial pressure of carbon dioxide of
40 mmHg, and temperature of 37 °C, in the presence of metabolic alkalosis.

Breathing ongoing loss: As we breathe, we exhale moisture in the form of water
vapour. This is particularly noticeable in cold weather, when our breath may condense and
form visible clouds. This is a form of ongoing fluid loss. See also replacement fluids.

Bufffered solution: An intravenous crystalloid fluid that contains an acid—base buffer in
order to help maintain the SID. The most common buffers are bicarbonate or organic
anions (e.g. lactate, acetate, gluconate).

Capillary leak index: This index is correlated with ongoing infection or poor source
control, and can be calculated by dividing the serum C-reactive protein (CRP) by the
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serum albumin level, the higher the CRP, the more the inflammation and the lower the
albumin, the more the leak to the interstitium.

Cardiac output (CO): The amount of volume that is present at the end of the diastole
and that is ejected from the left ventricle (stroke volume) multiplied by the number of
heartbeats per minute, usually around 5-6 L/min. The cardiac index is CO normalized per
body surface area (in m?). The main drivers of cardiac output are preload, afterload and
contractility (Fig. 1.2).

Cardio-abdominal-renal syndrome (CARS): An organ—organ interaction between
heart, kidney and abdomen through elevated IAP has been proposed. Therefore, the tradi-
tional perception of worsening renal failure secondary to hypoperfusion of the kidneys
through low-flow states in critically ill patients, especially those with advanced decompen-
sated heart failure, has been challenged. The low cardiac output with venous congestion of
heart failure is proposed to cause elevated CVP, IAP, sodium and water retention, and
decreased renal perfusion pressure, leading to the concept of “Congestive Kidney Failure”
or “Cardio-Abdomino-Renal Syndrome (CARS)” (Fig. 1.3) [14].

Cation: A positively charged atom or molecule, such as chloride (C1*), sodium (Na*),
potassium (K*), calcium (Ca?*) and bicarbonate (NH,*).

Classification of fluid dynamics: With respect to the different phases of fluid resuscita-
tion (early vs. late) one can classify the dynamics of fluid management by combining early
adequate (EA) or early conservative (EC) and late conservative (LC) or late liberal (LL)
fluid management. Based on this theoretical concept, four distinct strategies can be
defined: EALC, EALL, ECLC and ECLL. The EALC and ECLC groups carry the best
prognosis (Fig. 1.4).

Circulating blood volume (CBV): The total (intravascular) volume of blood contained
within the circulatory system.
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Fig. 1.3 Pathophysiological effect of heart failure (in RED forward failure) related venous conges-
tion (in BLUE backward failure) on organ function and net effects on salt and water homeostasis (in
ORANGE). CVP central venous pressure, EDV end-diastolic volume, /AH intra-abdominal hyper-
tension, /AP intra-abdominal pressure, /TP intra-thoracic pressure, /VC inferior vena cava, MAP
mean arterial pressure, Na sodium, RAAS renin—angiotensin—aldosterone system, RH right heart,

RPP renal perfusion pressure, RVP renal venous pressure. (Adapted with permission from Dabrowski
et al. according to the Open Access CC BY License 4.0 [15])
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Fig. 1.4 Different phases and types of fluid resuscitation

Coherence: Coherence between microcirculation and macrocirculation in order to
obtain adequate regional and tissue oxygen delivery [16]. The hemodynamic coherence
depends on the type of the shock state and can be either: hypovolemic, cardiogenic, dis-
tributive or obstructive. Four different types of microcirculatory alterations have been
described: heterogeneity, hemodilution, hyperpermeability and vasoconstriction [17].

Colloid solution: Solutions constituted of macromolecules (with a molecular weight
>30 kDa) that are preferentially retained in the intravascular space following intravenous
administration. There are natural colloids (e.g. plasma and albumin) and synthetic colloids
(e.g. hydroxyethyl starches, dextrans and gelatins).

Colloid osmotic pressure (COP): The osmotic force exerted by large molecules (col-
loids) in a solution when separated by a semipermeable membrane from a region with a
different colloid concentration. The colloid osmotic pressure provided by plasma proteins
is also referred to as oncotic pressure. The normal value for COP is around 20 mmHg and
should be at least maintained above 16 mmHg.

Crystalloid: A solution that contains electrolytes and other small water-soluble mole-
cules, and/or dextrose or glucose. Crystalloids are categorized by their tonicity relative to
plasma: isotonic, hypotonic and hypertonic.

Cumulative fluid balance: The cumulative fluid balance is the amount of fluid accumu-
lated by calculating the sum of daily fluid balances over a set period of time. Usually, the
first week of ICU stay is taken into account for prognostication. A positive cumulative
fluid balance is a state where cumulative fluid intakes exceed cumulative fluid outputs.

Daily fluid balance: Daily fluid balance is the difference between all fluids given to a
patient during a 24-h period and combined output. As a consequence, daily fluid balance
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can be negative, neutral or positive. The daily fluid balance does not usually include insen-
sible losses unless the patient is being cared for on an ICU bed that can weigh the patient.
Caution should be exercised when using daily weight as a surrogate of fluid balance
because muscle and tissue loss cannot be easily measured.

De-escalation: Refers to not initiating extra fluids (withhold) or lowering of the dose or
speed of administration (withdraw/reduction) of previously started fluid therapy due to
improvement in the clinical condition of the patient.

Dehydration (see also fluid underload): Defined as excessive loss of body water, with
or without salt, at a rate greater than the body can replace it. Dehydration has a wide range
of aetiologies, including gastrointestinal loss of fluid (vomiting or diarrhoea), heat expo-
sure, prolonged vigorous exercise, kidney disease and medication (e.g. diuretics). A drop
in weight might be an indication of dehydration, though regular weight monitoring is often
difficult in ICU. The percentage of fluid loss is defined by dividing the cumulative fluid
balance in litres by the patient’s baseline body weight and multiplying it by 100%.
Dehydration is defined by a minimum value of 5% fluid loss. Dehydration is considered
mild (5-7.5%), moderate (7.5-10%), or severe (>10%).

De-resuscitation: Correction of fluid accumulation or fluid overload by the active
removal of the excess fluids using non-pharmacological (e.g. dialysis with net ultrafiltra-
tion) or pharmacological (e.g. diuretics) methods.

Diffusion: See osmosis.

Digestive processes ongoing loss: The digestive system processes food and drink,
absorbing nutrients and water from the food and excreting waste products. The amount of
fluid lost through digestion can vary depending on the type and amount of food consumed,
as well as individual digestive function. See also replacement fluids.

Drug: A medical substance or therapeutic that comes with indications, contra-
indications and potential adverse effects. It should be given judiciously and its effect
should be monitored. The dose must be appropriate as well as the duration. The drug
should be stopped when no longer needed.

Early adequate goal-directed fluid management (EAFM): EAFM is the initial hemo-
dynamic resuscitation of patients with septic shock by administering fluids within the first
6 h of the initiation of therapy. Most studies looking at the treatment of septic shock define
the early goal as giving 25-50 mL/kg (on average around 30 mL/kg) of fluids within the
first 6 h. The recent update of the surviving sepsis campaign guidelines defines EAFM as
the administration of 30 mL/kg of IV fluids within the first 1-3 h. However, it has been
suggested that fluid resuscitation using such large volumes of fluid in all patients may
cause “iatrogenic salt water drowning” and a more conservative strategy for fluid resusci-
tation might be warranted.

Early goal directed (fluid) therapy (EGDT): A protocol-driven treatment algorithm
introduced by Rivers et al. aiming to guide fluids, vasopressors, inotropes, blood products
and other resuscitation therapy towards specific hemodynamic end-points, with the goal of
maintaining and improving hemodynamic stability, adequate tissue perfusion and optimiz-
ing oxygen delivery [18]. See also EAFM.
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Ebb phase: This refers to the initial phase of septic shock when the patient shows
hyperdynamic circulatory shock with decreased systemic vascular resistance due to vaso-
dilation, increased capillary permeability, and severe absolute or relative intravascular
hypovolemia. Fluids are mandatory and lifesaving in this phase. The patient in this stage
needs EAFM.

Edema: Peripheral and generalized oedema (anasarca) is not only of cosmetic concern,
as believed by some, but is harmful to the patient, as it can cause organ oedema and dys-
function. Oedema mirrors fluid overload that has potential harmful consequences on dif-
ferent end-organ systems, with consequential effects on patient morbidity and mortality.
As such, fluid therapy can be considered a double-edged sword.

Effective osmole: An electrolyte (ion) that exerts an osmotic force across a semi-
permeable membrane and determines a solution’s tonicity. Sodium ion is the predominant
effective osmole in the body. See also under tonicity.

E:I ratio: The ratio of extracellular water to intracellular water (ECW/ICW) is nor-
mally below 1 (0.7-0.8). An increase in ICW will result in a decrease in the E:/ ratio and
is seen in patients with heart failure, liver cirrhosis or renal failure, especially in early
stage. A decrease in ICW will result in a increase in the E:/ ratio and is generally due to
osmotic leakage. Finally, an increase in ECW will also increase the E:/ ratio and occurs
due to shift from intra to extracellular space or capillary leak and resulting second (inter-
stitial) and third space fluid accumulation and/or oedema.

Electrolyte: Dissolved anions and cations in solution carrying a positive or negative
electric charge, such as sodium, potassium, chloride and calcium amongst others.

End-expiratory occlusion test: This is a test of fluid responsiveness that consists of
pausing the flow of mechanical ventilation at end-expiration for 15 s and measuring the
resultant changes in cardiac output. The test increases cardiac preload by stopping the
cyclic impediment of venous return that occurs at each insufflation of the ventilator. An
increase in cardiac output above the threshold of 5% indicates preload/fluid responsive-
ness. A continuous monitoring of cardiac output is recommended for an accurate measure-
ment of the change. When the test is performed with echocardiography, it is better to add
the effects of an end-inspiratory occlusion and if the combined change in velocity-time
integral is greater than or equal to 13% in total, fluid responsiveness is accurately pre-
dicted. This threshold is more compatible with the precision of echocardiography than that
obtained by end-expiratory occlusion alone, because the diagnostic threshold of changes
in stroke volume may vary with precision of echocardiography.

Endothelial glycocalyx (EG): The EG is a thin negatively charged proteinaceous mesh-
like layer, a gel-like matrix that surrounds all vascular endothelium on the luminal surface.
The endothelial glycocalyx (EG) is easy to imagine. It is like sea grass, a virtual structure
that lies flat on the ground where the river or sea is shallow (during low tide). Seagrass
stands tall when the river or sea is flooded (Fig. 1.5). It is composed of membrane-bound
glycoproteins and proteoglycans. The EG was previously thought to be inert but plays a
key role in vascular integrity and function; regulation of vascular permeability, endothelial
anticoagulation and modulation of interactions between the endothelium and the vascular
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Fig. 1.5 Seagrass analogy to illustrate the endothelial glycocalyx. Administration of intravenous
fluids (IVF) will result in the seagrass to change from the flat to the standing position

environment. Thus, the EG prevents free movement of water and electrolytes. Disruption
or degradation of the glycocalyx may be an important mediator of inflammation, oedema,
sepsis syndromes and capillary leak syndromes. Hence, in various surgical and disease
states the glycocalyx has the potential to be a novel therapeutic target.

Euvolemia: Normal circulating blood volume.

Evacuation phase: A phase during fluid therapy in critically ill patients with a focus on
organ recovery and resolving fluid overload (in case of no flow state), characterized by
active late goal-directed fluid removal (LGFR) by means of either diuretics or renal
replacement therapy with net ultrafiltration. The fluid removal may be performed in com-
bination with hypertonic solutions (hypertonic saline 3% or 7.2% or albumin 20%) in
order to obtain a negative fluid balance. See also under, late conservative fluid manage-
ment, late goal-directed fluid removal and de-resuscitation.

Extracellular water (ECW): Extracellular water is the body water that exists outside of
the cell membrane (like blood, interstitial fluid, etc.). The extracellular water can be fur-
ther subdivided into interstitial, lymphatic fluid, trans-cellular water and blood. This
accounts for up to 40% of total body water.

Extravascular fluid (EVF): Fluids that exist or accumulate outside the intravascular
space. This accounts for up to 75% of ECW.

Flow phase: This refers to the phase of septic shock after initial stabilization where the
patient will mobilize the excess fluid spontaneously, a classic example is when a patient
enters a polyuric phase recovering from acute kidney injury (AKI). In contrast to the “ebb”
phase, the “flow” phase refers to the time period after the acute circulatory shock has been
resolved. In this post-shock phase, the metabolic turnover is increased, the innate immune
system is activated, and a hepatic acute-phase response is induced. This hypercatabolic met-
abolic state is characterized by an increase in oxygen consumption and energy expenditure.

Fluid accumulation: An increase in net fluid balance resulting in the accumulation of
excess fluids in body tissues and weight gain and in some cases, peripheral oedema. This
results from pathophysiological processes of renal fluid and salt reabsorption. The term
fluid accumulation is preferred over fluid overload and describes a pathologic state of
overhydration associated with a clinical impact which may vary by age, comorbidity and
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Fig. 1.6 Relationship between fluid responsiveness and fluid tolerance and the risk of fluid accumu-
lation. (Adapted with permission from Monnet et al. [19])

phase of illness. It may occur with concomitant intravascular hypovolemia, euvolemia and
hypervolemia and may or may not be associated with clinical or imaging signs of oedema.
It describes a continuum. No specific threshold of fluid balance alone can define fluid
accumulation across all individuals. Fluid overload, volume overload and fluid accumula-
tion generally refer to the expansion of the extracellular fluid volume and usually indicate
water and sodium retention. The risk for fluid accumulation is dependent on the presence
of fluid unresponsiveness in combination with fluid intolerance (Fig. 1.6).

Fluid accumulation syndrome: The term to describe the presence of any degree of
fluid accumulation or fluid overload with a negative impact on end-organ function which
may or may not be associated with global increased permeability syndrome.

Fluid administration: The administration of fluids (or infusion) to a (critically ill)
patient either via the oral, enteral or parenteral route. The rate or speed of fluid administra-
tion is usually described in mL/kg/min (for fluid bolus or fluid challenge) or mL/kg/h (for
maintenance or nutrition solutions). Fluid rates described in mL/h or mL/min are mean-
ingless unless they are referenced to body weight. The dose, duration and de-escalation of
fluid administration should be stated and prescribed.

Fluid balance: See under daily and cumulative fluid balance.

Fluid bolus: A fluid bolus is the rapid infusion of fluids over a short period of time. In
clinical practice, a fluid bolus is usually given to correct hypovolemia, hypotension, inad-
equate blood flow or impaired microcirculatory perfusion. A fluid bolus typically includes
the infusion of 4-6 mL/kg of IV fluid over a maximum of 10-20 min.
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Fluid challenge: A fluid challenge is a dynamic functional test to assess a patient’s
fluid responsiveness by giving a fluid bolus of at least 4 mL/kg over 5-10 min and simul-
taneously monitoring the evolution of the hemodynamic status to be able to identify fluid
responsive state. Recently, it has been shown that in clinical practice there is a marked
variability in how fluid challenge tests are performed [20].

Fluid compartments: Describes the distribution of total body water (TBW) within sev-
eral well-defined spaces separated from each other by cell membranes. Together, the intra-
vascular and interstitial fluid compartments comprise the ECW (see under extracellular
water), and contain approximately one-third of the TBW, while ICW (see under intracel-
lular water) contains approximately two-thirds of the TBW. See also under the four spaces
and the four compartments.

Fluid creep: A term that refers to the unintentional and unmeasured fluid volumes
administered in the process of delivering medication (antibiotics, sedatives, painkillers,
etc.) and nutrition through enteral and parenteral routes. Fluid creep can also be described
as the administration of fluids in excess of the requirements calculated by the Parkland
Formula [not only in severe burns] [21]. It is also a term that refers to the unintentional and
unmeasured fluid volumes administered in the process of delivering medication (antibiot-
ics, sedatives, painkillers, etc.) and nutrition through enteral and parenteral routes. It may
sum up to 33% of all fluids administered, compared to maintenance (25%), nutrition
(33%) and resuscitation (6%) type of fluids [22].

Fluid infusion: See fluid administration.

Fluid loss and gain: Fluid loss is defined as a negative fluid balance, regardless of
intravascular status. Fluid gain is the opposite of fluid loss (Table 1.2).

Fluid overload (see overhydration): An increase in total body fluid (both water and
electrolytes) in excess of physiologic requirements. Traditionally it is defined as excess
fluid buildup in the body and has a negative impact on end-organ function. Some publica-
tions identify a threshold of 10% or more cumulative fluid balance for increased risk of

Table 1.2 Effect of fluid loss and gain on interstitial, plasma and intracellular volume and plasma
tonicity

Interstitial fluid Plasma volume Intracellular
Conditions volume (volemia) volume Plasma tonicity
Isotonic fluid | | (dehydration) | (hypovolemia) = (normal) = (plasma
loss isotonicity)
Hypotonic | (dehydration) =/ | (normo- or | (dehydration) 1 (plasma
fluid loss hypovolemia) hypertonicity)
Isotonic fluid | 1 (hyperhydration) | 1 (hypervolemia) = (normal) = (plasma
gain isotonicity)
Hypotonic 1 (hyperhydration) | =/t (normo- or ) | (plasma
fluid gain hypervolemia) (hyperhydration) | hypotonicity)
Hypertonic 1 (hyperhydration) | 1 (hypervolemia) | (dehydration) |1 (plasma
fluid gain hypertonicity)

1 Increased, = No change, | Decreased
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adverse effects. There is an ambiguity in this term, as it is interchangeably used in situa-
tions of volume overload, which refers to excess fluid in the intravascular fluid compart-
ment, and overhydration, which describes increased total body water but does not
necessarily reflect intravascular volume overload. While volume overload usually leads to
hypervolemia and hyperhydration resulting in peripheral oedema, the opposite is not
always true as oedema can be present in the absence of volume overload. Therefore, some
colleagues suggest avoiding the misleading term fluid overload (all or nothing) and using
fluid accumulation (graded phenomenon) instead [3].

Fluid refill rate: In stable patients undergoing intermittent haemodialysis, the fluid
refill rate is 2—6 mL/kg/h but may exceed 10 mL/kg/h at high rates of ultrafiltration [23].
Since transcapillary refill rate depends on oncotic pressure, vascular integrity and blood
pressure, it is reduced during critical illness [24]. A recent study showed that in critically
ill adults receiving continuous venovenous hemodiafiltration for acute kidney injury, the
rate of net ultrafiltration (UF) at which mortality is increased seemed to be from 1.75 mL/
kg/h and certainly from 2.8 mL/kg/h upwards [25].

Fluid responsiveness: Fluid responsiveness indicates a condition in which a patient
will respond to fluid administration by a significant increase in stroke volume and/or car-
diac output or their surrogates. A threshold of 15% is commonly used for this definition.
Physiologically, fluid responsiveness means that a linear relationship exists between car-
diac output and cardiac preload, i.e. the steep portion of the slope on the Frank—Starling
relationship. However, this may not be true at all times (in euvolemia or hypervolemia)
and in all patients (pre-existing cardiac dysfunction). Many studies have shown that fluid
responsiveness, which is a normal physiologic condition, exists in only half of the patients
receiving a fluid challenge in intensive care units. Different techniques for assessing fluid
responsiveness and the thresholds used are shown in Fig. 1.7.

Fluid resuscitation: See under resuscitation solutions and resuscitation phase.

Fluid or water retention: Non-specific term used for describing the accumulation of
excess fluid in body tissues resulting in clinical oedema. See under fluid accumulation.

Fluid space: See under four spaces.

Fluid stewardship: Fluid stewardship is a series of coordinated interventions, intro-
duced to select the optimal fluid, dose and duration of therapy that results in the best clini-
cal outcome, prevention of adverse events and cost reduction with a focus on value-based
healthcare.

Fluid therapy: The process of administering fluids as a medical treatment or preventa-
tive measure to maintain or restore normal body fluid balance. There are four indications
for fluid therapy: resuscitation, maintenance, replacement, and nutrition.

Fluid titration: Adjustment of IV fluid based on choice, type, rate, speed, dose, volume
and timing in order to improve hemodynamic stability and optimize tissue perfusion
(microcirculation), oxygen delivery and uptake.

Fluid tolerance: Can be defined as the degree to which a patient can tolerate the admin-
istration of fluids without causation of organ dysfunction [26]. Fluid tolerance comes to fill
in the continuum between fluid responsiveness and fluid overload or accumulation and
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overcome their inherent limitations (Table 1.3). It balances the impact of fluids during the
resuscitation phase from downstream (i.e. organ perfusion) to upstream (i.e. venous con-
gestion). This may allow clinicians to potentially modify their strategy and provide a more
harmonic resuscitation.

Fluid underload: Decrease in total body fluid, resulting in a fluid deficit of the extra-
cellular and/or intracellular fluid. Similar to dehydration and the opposite of fluid overload.

Global increased permeability syndrome (GIPS): The term used to describe the ongo-
ing fluid accumulation due to increased vascular permeability; often referred to as “the
third hit of shock”. Some patients will not transgress to the “flow” phase spontaneously
and will remain in a persistent state of global increased permeability syndrome (GIPS) and
ongoing fluid accumulation. It typically has a positive cumulative fluid balance with ongo-
ing capillary leak and organ failure.

Goal-directed therapy (GDT): See under early goal-directed (fluid) therapy (EGDT).

Hyperchloremic metabolic acidosis: Metabolic acidosis caused by hyperchloremia,
accompanied by a decrease in bicarbonate levels. Bicarbonate loss or dilution is a possible
explanation (Henderson—Hasselbalch approach) for metabolic acidosis. However, accord-
ing to Stewart’s approach, a decrease in SID caused by an increase in chloride (e.g. after
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Table 1.3 Key characteristics of fluid responsiveness, fluid tolerance and fluid overload concepts
(adapted from [26]). CO cardiac output, JAP intraabdominal pressure, PEEP positive end-expiratory
pressure, PPV pulse pressure variation, SVV stroke volume variation.

Fluid overload/
Characteristic | Fluid responsiveness Fluid tolerance accumulation
Definition Increase in cardiac output after Fluid tolerance is A state of global
preload incrementation by the degree to which | body accumulation
manipulation of venous return in a | a patient can tolerate | of fluids after
dynamic test context; increase in the administration of | resuscitation with a
CO >15% after fluid challenge; fluids without deleterious impact
increase in CO >10% after passive | causing organ on end-organ
leg raising test or increase in CO dysfunction or function
>5% after end-expiratory occlusion | failure
test
When to use During resuscitation phase During resuscitation | After resuscitation
phase and during
de-resuscitation
phase
Adequate use | Increase CO through a fluid Modify resuscitation | Prompt

challenge in fluid-responsive
patients to resolve hypoperfusion

strategy
(vasopressors, other
types of fluids, etc.)

de-resuscitation
when present

Inadequate use

Consider fluid responsiveness as a
mandatory trigger for fluid
administration, irrespective of

Assume that fluid
intolerance only
occurs in fluid

Inadequate timing or
intensity of
de-resuscitation (too

tissue perfusion status. Presence of | unresponsive late, too little, too
fluid responsiveness does not mean | patients long)
that fluids need to be given at all
times
Limitations Not assessable in all patients and Theoretical Retrospective

technical challenges; take into
account heart-lung interactions;
functional hemodynamics (PPV
and SVV) trustworthy if and tidal
volume >8 mL/kg, IAP normal, no
right heart failure, no excessive
PEEP/auto PEEP, no arrythmias

construct, not
clinically validated
yet

diagnosis; still lack
of evidence on how
to best de-resuscitate

infusion of large amounts of (ab)normal saline 0.9% NaCl) is responsible for metabolic
acidosis. Synonym: normal anion gap acidosis.
Hyperdynamic state: Hemodynamic status characterized by supraphysiologic blood
flow and cardiac output to the tissues (e.g. thyrotoxicosis, liver cirrhosis, severe burns,
severe pancreatitis, morbus Paget, thiamine deficiency (Beri-Beri), multiple myeloma and
plasmocytoma, chronic anaemia or polycythemia, AV fistula. Synonym: hyperperfusion.
Hyperhydration (see overhydration).
Hyperoncotic solution: A colloid solution with an oncotic pressure above that of
plasma (e.g. 10% hydroxyethyl starch, 20% human albumin).
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Hypertonicity: Plasma hypertonicity is accompanied by cell shrinkage (dehydration).
The water balance is regulated via antidiuretic hormone (ADH), thirst and the renin—
angiotensin—aldosterone system (RAAS).

Hypertonic solution: An IV crystalloid solution with a higher effective osmolality than
plasma (e.g. 3% sodium chloride has an osmolality of 1027 mOsm/L). Hypertonic saline
is a sterile hypertonic intravenous crystalloid composed of water, sodium and chloride.
Available in multiple concentrations including 3%, 5% and 7.2%.

Hypertonic-hyperoncotic solution: A solution containing a hypertonic crystalloid
(>310 mOsm/L) in combination with a hyperoncotic (>5%) colloid that is used as an alter-
native strategy during small-volume fluid resuscitation (e.g. 7.5% saline and 6%
Dextran-70, however this solution is no longer available).

Hypervolemia: Hypervolemia is the opposite of hypovolemia and is defined by intra-
vascular overfilling. This can be monitored in different ways: the absence of fluid respon-
siveness, increased barometric or volumetric preload indicators, and ultrasound findings.

Hypo-oncotic solution: A colloid solution with an oncotic pressure below that of
plasma (e.g. 4% human albumin).

Hypoperfusion: Inadequate blood flow to the tissues, resulting in decreased oxygen
delivery. End-organ hypoperfusion can clinically manifest as cool extremities, reduced
pulse quality (pulsus filiformis), increased capillary refill time, tachycardia and oligu-
ria [27].

Hypotonicity: Plasma hypotonicity is accompanied by cellular oedema (hyperhydra-
tion). The water balance is regulated via antidiuretic hormone (ADH) and thirst and the
renin—angiotensin—aldosterone system (RAAS).

Hypotonic solution: An IV solution with a lower effective osmolality than plasma (e.g.
0.45% sodium chloride: 154 mOsm/L). It has to be noted that glucose-containing solu-
tions like 5% dextrose in water is also classified as hypotonic solution despite having a
normal osmolality (278 mOsm/L) since the dextrose is rapidly taken up into cells and
metabolized following infusion, leaving water behind.

Hypovolemia: Hypovolemia is the term used to describe a patient with insufficient total
intravascular circulating blood volume. It does not refer to total body fluid but rather refers
solely to the intravascular compartment. Absolute hypovolemia can be caused by dehydra-
tion (i.e. water and electrolyte loss) or the loss of blood from the body or into a body cavity
(e.g. abdomen) [6]. Total body fluid comprises approximately 60% of the body weight of
men and 50% of women. Blood volume can be estimated according to Gilcher’s rule of
fives at 70 mL/kg for men and 65 mL/kg for women. Blood loss is frequently followed by
the recruitment of interstitial fluid and the movement of fluid from the interstitium to the
intravascular compartment. Vasoconstriction of the splanchnic mesenteric vasculature is
one of the first physiologic responses. Sodium and water retention results from the activa-
tion of the RAAS which replenishes the interstitial reserves and maintains trans-capillary
perfusion. As a result, the body may lose up to 30% of blood volume before hypovolemia
becomes clinically apparent. Therefore, undiagnosed hypovolemia may be present long
before clinical signs and symptoms occur. Hypovolemia can also occur in oedematous
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patients, where total body water is increased, but intravascular volume is reduced (e.g.
eclamptic patients). Finally, some patients are fluid responsive but not necessarily hypovo-
lemic. Even the most basic of paradigms, such as the description of early sepsis and dis-
tributive shock being a hypovolemic state needing aggressive fluid resuscitation, has
recently been called into question, with data suggesting improved outcomes with less or
even no administered intravenous fluid. Greater focus on the health and function of the
microcirculation and the endothelial glycocalyx, potential new treatment paradigms call-
ing for less fluids and earlier vasopressor use has become the focus. These elements make
an accurate assessment of fluid status in the critically ill a challenging task.

Ineffective osmoles: Small dissolved particles in solution that contribute to total osmo-
lality but do not exert an osmotic pressure because they freely cross and equilibrate across
cell membranes (e.g. urea, dextrose).

Insensible water loss: Body fluid losses that cannot be easily measured, such as evapo-
rative losses from the skin and respiratory tract, and the water content of the stool. The
daily amount of insensible losses can be calculated with Dubois’ formula: 550 mL/body
surface area, where body surface area = 71.84 x (body weight in kg)**** x (height in
c¢m)®’?. In the case of mechanical ventilation or active humidification, this value can be
divided by 2. Temperature corrections can also be made (for each 1 °C increase of tem-
perature above 37 °C, a 13% increase in insensible losses).

Interstitial dehydration: A negative sodium balance leads to a decrease in extracellu-
lar volume.

Interstitial fluid: The total volume of extracellular water contained within the intersti-
tial tissues surrounding cells (12—-15% of total body weight), or thus the fluid in which
cells are bathed.

Interstitial hyperhydration: A positive sodium balance leads to an increase in extracel-
lular volume (interstitial fluid overload).

Intra-abdominal hypertension (IAH): 1AH is defined by a sustained or repeated patho-
logic elevation of IAP >12 mmHg. IAH is graded as follows: Grade I: IAP 12—15 mmHg,
Grade II: IAP 16-20 mmHg, Grade III: IAP 21-25 mmHg and Grade IV: IAP >25 mmHg
[11]. TAH has a tremendous impact on organ function within and outside the abdominal
cavity (Fig. 1.8) [28].

Intra-abdominal pressure (IAP): Intra-abdominal pressure (IAP) is the pressure con-
cealed within the abdominal cavity. IAP should be expressed in mmHg and measured at
end-expiration in the complete supine position after ensuring that abdominal muscle con-
tractions are absent and with the transducer zeroed at the level of the mid-axillary line. The
reference standard for intermittent JAP measurement is via the bladder with a maximal
instillation volume of 20-25 mL of sterile saline. Normal IAP is approximately 5-7 mmHg
and around 10 mmHg in critically ill adults [11].

Intracellular volume (ICV): See intracellular water.

Intracellular water (ICW): Intracellular water is the body water that exists inside the
cell membrane, or thus the fluid of all body cells, and comprises 60% of total body water
or 40% of total body weight. Water balance is regulated via ADH, thirst and the RAAS.



22 M. L. N. G. Malbrain et al.

ICP 4 - CPP ¥ (=MAP-ICP)
Altered mental status
Encephalopathy

Metabolic disturbances

Adrenal insufficiency Tachycardia, MAP=

CVP A PCWP
SVRMCOV
Intrathoracic pressure Venous return
PIP AP, P Cypn ¥ SPVA > SVVA > PPVA
p.0, ¥ p,CcO,

MNausea - vomiting
Gastroparesis — GRV
Gastro-esophageal reflux

QJQ, P VgV, D EVLW A

Liver function tests
Portal blood flow ¥ Renal blood flow W
Lactate clearance W RVP 1 RVR P
Mitochondrial function W GFR ¥ AKI A

Na and H,0 retention
Celiac blood flow
SMA blood flow ¥

Mucosal blood flow
pH;¥ - APP ¥ (=MAP-IAP)

Oliguria/anuria

Rectus sheath blood flow ¥
Lower extremity weakness or numbness

Fig. 1.8 Summary of the most important pathophysiologic effects of increased intra-abdominal
pressure on end-organ function within and outside the abdominal cavity. AK/ acute kidney injury,
APP abdominal perfusion pressure, Cdyn dynamic respiratory compliance, CO cardiac output, CPP
cerebral perfusion pressure, CVP central venous pressure, EVLW extravascular lung water, GFR
glomerular filtration rate, GRV gastric residual volume, HR heart rate, JAP intra-abdominal pressure,
ICP intra-cranial pressure, /TP intra-thoracic pressure, MAP mean arterial pressure, PIP peak inspi-
ratory pressure, Paw airway pressures, PCWP pulmonary capillary wedge pressure, pHi intra-
mucosal gastric pH, PPV pulse pressure variation, Os/Qt shunt fraction, RVP renal venous pressure,
RVR renal vascular resistance, SMA superior mesenteric artery, SPV systolic pressure variation, SVR
systemic vascular resistance, SVV stroke volume variation, Vd/Vt dead-space ventilation

Intravascular fluid (IVF): Fluids that exist inside the intravascular space (arteries,
veins and capillaries) and account for up to 6-8% of total body weight.

Isooncotic solution: A colloid solution with an oncotic pressure similar to that of
plasma (e.g. 6% hydroxyethyl starch, 5% human albumin).

Isotonic solution: An 1V solution with an effective osmolality close to that of normal
plasma (278 mOsm/L). The osmolality of intravenous solutions containing sodium (the
main driver for osmolality) is approximately 0.93 x the osmolarity, due to the fact that
sodium chloride is not 100% disassociated in solution and plasma (but rather 93%).
Therefore, the osmolality of both plasma and 0.9% saline is approximately 287 mOsm/kg
(308 mOsm/L x 0.93) [29].

Late conservative fluid management (LCFM): LCFM describes a moderate fluid man-
agement strategy following the initial EAFM in order to avoid (or reverse) fluid overload.
Recent studies showed that LCFM, defined as two consecutive days of negative fluid bal-
ance within the first week of the ICU stay is a strong and independent predictor of survival
[30]. LCFM must be adapted according to the variable clinical course of septic shock
during the first days of ICU treatment, e.g. patients with persistent systemic inflammation
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maintain trans-capillary albumin leakage and do not reach the flow phase mounting up
positive fluid balances.

Late goal-directed fluid removal (LGFR): LGFR describes that in some patients more
aggressive and active fluid removal by means of diuretics or renal replacement therapy
with net ultrafiltration being needed either or not in combination with hypertonic solutions
to mobilize the excess interstitial oedema. This is referred to as de-resuscitation, a term
that was coined for the first time in 2014 [1].

Liberal vs. restrictive fluid therapy: Term applied to studies looking at the effect on
morbidity and mortality of a conservative (restrictive) fluid strategy, compared to a stan-
dard (liberal) fluid regimen [31, 32]. Most standard and liberal fluid regimens are more
likely to result in a positive fluid balance [33, 34]. The fluid strategy is probably more
important than the fluid itself (Fig. 1.9).

Macrocirculation: Large and medium-sized arteries and veins that serve as conduit
vessels, transporting blood and oxygen to and from organs.

Maintenance solutions: These IV fluids are given to cover the daily needs for water
(1 mL/kg/h), glucose (1-1.5 g/kg/day) and electrolytes, mainly potassium (0.75—1.25 mmol/
kg/day), sodium (1-1.5 mmol/kg/day), phosphate (0.1-0.5 mmol/kg/day), chloride
(1 mmol/kg/day), calcium (0.1-0.2 mmol/kg/day) and magnesium (0.1-0.2 mmol/kg/day).

Mean systemic or circulatory filling pressure (Pmsf): Pmsf is the blood pressure
throughout the vascular system at zero flow and offers information on vascular

Risk for adverse
outcomes

Very high

Intermediate high

Late liberal

........... ] Intermediate

Intermediate low

Late restrictive

Very low

Early Liberal Early Restrictive

Fig. 1.9 The fluid strategy, protocol or guidelines are more important than the type of fluid itself in
relation to morbidity and mortality. In view of some recent results and insights, early liberal should
probably be replaced by early adequate fluid management. EL early liberal, ER early restrictive, LL
late liberal, LR late restrictive
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compliance, volume responsiveness and it allows the calculation of (un)stressed volume.
For the determination of mean circulatory filling pressure, two bedside methods are avail-
able, either based on inspiratory hold-derived venous return curves (Pmsf hold) or on arte-
rial and venous pressure equilibration (Pmsf arm) [35]. Pmsf hold is based on the linear
relation between CVP and venous return (VR): VR = (Pms f—CVP)/RVR, where RVR is
the resistance to VR. Hereby, the CVP is increased by performing a series of end-inspira-
tory hold manoeuvres and CO is measured in the last 3 s of the 12 s inspiratory hold. After
7-10 s, a steady state occurs when VR = CO. By plotting the CVP and CO values, a VR
curve is constructed and the zero-flow pressure (Pmsf) is extrapolated (Fig. 1.10). As Pmsf
is defined as the steady-state blood pressure during no-flow conditions, the arm is used to
estimate the Pmsf arm. The upper arm is occluded to 50 mmHg above systolic blood pres-
sure, using a rapid cuff inflator or a pneumatic tourniquet. Measurements of arterial and
venous pressures through a radial artery catheter and a peripheral venous cannula in the
forearm are performed. When these two pressures equalize, Pmsf arm values are obtained.

Microcirculation: Blood vessels <200-300 pm in diameter, consisting of small arter-
ies, arterioles, capillaries and venules where oxygen diffuses to the tissues.

Mini fluid challenge: A mini fluid challenge is a dynamic functional test to assess a
patient’s fluid responsiveness by giving a fluid bolus of 1 mL/kg over 1-5 min to predict
the fluid responsiveness (10% increase in VTI) of a full fluid challenge.

Nutrition solutions: These solutions come in different types and can be given either
orally (total enteral nutrition, TEN) or intravenously (total parenteral nutrition, TPN).
When given instead of maintenance solutions they should cover the daily needs for water
as well as the daily caloric needs for glucose, lipids, protein, including essential amino-
acids, vitamins and trace elements.

Fig. 1.10 Integrated venous
return curve (a) and cardiac
function/output curve (b). The
intersection of these two ——
curves (c) is the working point
of the circulation. The central
venous pressure (CVP) when
venous return equals zero is
the Pmsf (d). The slope of the
VR is determined by the
resistance to venous return.
(Adapted with permission from
Wijnberge et al. under the
Open Access CC BY License
4.0 [35])

Working CVP = determines CO

VR and CO (L/min)

-10 0 10 20
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Oncoticity: Refers to the oncotic pressure, also called the colloid osmotic pressure
(COP), which is a form of osmotic pressure (see tonicity) exerted by the amount of pro-
teins in the intravascular space. Oncotic pressure shifts fluids from the extravascular space,
or interstitial tissues, into the intravascular space. Hence, depleted COP increases the risk
of interstitial and generalized oedema. A higher COP of a fluid prolongs the intravascular
half-life and consequently results in prolonged effects on blood pressure and perfusion.
When given 1 L of fluids, the intravascular volume will be increased after 1 h with 83 mL
for dextrose 5% in water, 250 mL for saline or balanced crystalloids and 1000 mL for a
colloid solution.

Ongoing fluid losses: See replacement fluids.

Optimization phase: The optimization phase focuses on organ rescue (maintenance)
and avoiding fluid overload (fluid creep). Aiming for neutral fluid balance.

Osmolality: A measure of the concentration of osmotically active particles per unit
volume of solution, measured in milliosmoles per litre of solution (mOsm/L). In clinical
practice, osmolarity and osmolality are similar enough to be used interchangeably. It
determines the tolerability of a solution. Serum osmolality can be calculated by the simpli-
fied formula: 2 x serum sodium (mmol/l) + BUN (blood urea nitrogen)/2.8 (mg/dL) + glu-
cose/18 (mg/dL) or 2 x Na + BUN + glucose (all in mmol/L) [36].

Osmolal gap (serum): measured serum osmolality—calculated serum osmolality.

Osmolarity: A measure of the concentration of osmotically active particles per unit
mass of solution, measured in milliosmoles per kilogram of solution (mOsm/kg).
Figure 1.11 shows the regulation of vasopressin secretion by plasma osmolarity.

Osmosis: Osmosis or diffusion is the movement of water across a semi-permeable
membrane from a less concentrated solution into a more concentrated solution.

Overhydration (see also fluid overload and fluid accumulation): A state of having a
positive fluid balance or description of a state where there is excess water in the body.
Dividing the cumulative fluid balance in litres by the patient’s baseline body weight and
multiplying by 100 defines the percentage of fluid accumulation. Overhydration at any
stage is the opposite of dehydration and can be classified as mild (5%), moderate (5—-10%)
or severe (>10%) fluid accumulation. Overhydration is also associated with worse out-
comes. Fluid administration potentially induces a vicious cycle, where interstitial oedema
induces organ dysfunction that contributes to fluid accumulation.

Oxygen consumption (VO,): The amount of oxygen consumed by the cells. Can be
calculated as the difference between oxygen delivery (DO,) measured at the arterial side
versus the mixed venous side. Simplified formula: VO, = (Sa0, — SvO,) x CO x Hgb; with
Sa0,: arterial oxygen satuation, SvO,: mixed venous oxygen saturation, Hgb: Haemoglobin.

Oxygen delivery (DO,): The amount of oxygen delivered to the cells can be calculated
as follows: cardiac output X total arterial oxygen content. With cardiac output equal to
heart rate multiplied by stroke volume. And total oxygen content is defined by the oxygen
bound to haemoglobin (Hgb x Sat x 1.36) plus the oxygen freely dissolved in the plasma
(pO, x 0.0036). Simplified formula: DO, = Sa0, x CO x Hgb. The DO, vs VO, relation-
ship is illustrated in Fig. 1.12.
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Fig.1.11 Control of vasopressin (ADH) secretion by plasma osmolarity and circulating blood vol-
ume in a shock state. Hypovolemia results in increased plasma osmolarity and decreased arterial
pressure that both will increase vasopressin release. Negative and positive feedback loops are indi-
cated with (—) and (+), respectively. ADH antidiuretic hormone, A7-II angiotensin II, CO cardiac
output, CVP central venous pressure, ECW extracellular water, GEDVI global end-diastolic volume
index, IVF intravascular fluid, MAP mean arterial pressure, RAAS renin—angiotensin—aldosterone
system, RPP renal perfusion pressure, VR venous return
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Parenteral: Administration of food or medication through a non-enteral (e.g. non-oral)
route, such as intravenous, subcutaneous, intramuscular and intradermal.

Parkland formula: A fluid resuscitation protocol for burn patients which suggests
administration of a balanced crystalloid solution (e.g. Ringer’s lactate) dosed at 4 mL/
kg/% of the total body surface area burned (TBSA) [37, 38]. Half of the volume is then
delivered over the first 8 h and the remainder over the next 16 h.

Passive leg raising test: The passive leg raising test is aimed at evidencing fluid respon-
siveness. It consists of moving a patient from the semi-recumbent position to a position
where the legs are lifted at 45° and the trunk is horizontal. The transfer of venous blood
from the inferior limbs and the splanchnic compartment towards the cardiac cavities mim-
ics the increase in cardiac preload induced by fluid [39]. In general, the threshold to define
fluid responsiveness with the passive leg raising test is a threshold of 10% increase in
stroke volume and/or cardiac output.

Perfusion: The passage of fluid through the circulatory system to organs and tissues.

Permissive hypotension: Permissive hypotension involves keeping the blood pressure
low enough (systolic pressures <90 mmHg) to avoid exacerbating uncontrolled haemor-
rhage while maintaining perfusion to vital end-organs. The potential detrimental mecha-
nisms of early, aggressive crystalloid resuscitation are well known and the limitation of
fluid intake by using colloids, hypertonic saline or hyperoncotic albumin solutions has
been associated with favourable effects [40]. Hypertonic saline allows not only for rapid
restoration of circulating intravascular volume with less administered fluid but also attenu-
ates post-injury oedema at the microcirculatory level and may improve microvascular
perfusion.

Pharmacodynamics: Pharmacodynamics relates the drug concentrations to its specific
effect. For fluids, the Frank—Starling relationship between cardiac output and cardiac pre-
load is the equivalent of the dose—effect curve for standard medications. Because of the
shape of the Frank-Starling relationship, the response of cardiac output to the fluid-
induced increase in cardiac preload is not constant (Fig. 1.13).

Pharmacokinetics: Describes how the body affects a drug resulting in a particular
plasma and effect site concentration. Pharmacokinetics of intravenous fluids depend on
distribution volume, osmolality, tonicity, oncoticity and kidney function. Eventually, the
half-time depends on the type of fluid and also on the patient’s condition and the clinical
context.

Plasma: The portion of blood that remains after the cells are removed. Plasma is
retrieved by centrifugation of an anticoagulated blood sample, and unlike serum, it con-
tains fibrinogen and clotting factors.

Prediction of fluid responsiveness: A process that consists of predicting before fluid
administration whether or not fluid administration will increase cardiac output. It avoids
unnecessary fluid administration and contributes to reduce the cumulative fluid balance. It
also allows one to undertake fluid removal being sure that it will not result in a hemody-
namic impairment. Prediction of fluid responsiveness cannot be achieved with static mark-
ers of cardiac preload, such as the central venous pressure, the pulmonary artery occlusion
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Fig. 1.13 Frank-Starling curve adapted from the original paper by Patterson and Starling where
central venous pressure (CVP) was on the Y-axis and cardiac output on the X-axis [41]. The dark
lines represent the individual curves obtained per dog in the experiment. The blue line is the mean
interpolation. The light blue arrows indicate fluid loading: (1) great increase in stroke volume (SV)
in a state of low preload; (2) moderate increase in SV in case of intermediate preload and (3) absent
increase in SV after fluid bolus in case of high preload. This reflects the dose—response or dose—
effect curve or thus the pharmacodynamics for fluids. The dotted red lines indicate the separation
between low—intermediate—high preload

pressure and its echocardiographic estimates or the left ventricular end-diastolic dimen-
sions. It is based on a dynamic assessment of the cardiac output/preload relationship. The
classic fluid challenge predicts fluid responsiveness but is inherently associated with fluid
boluses that do not increase cardiac output. The respiratory variations of stroke volume
and its surrogates (arterial pulse pressure, aortic blood flow, maximal velocity in the left
ventricular outflow tract, amplitude of the plethysmographic signal) in patients under
mechanical ventilation are reliable predictors of fluid responsiveness but are not reliable in
some conditions, the most common being spontaneous breathing, cardiac arrhythmias,
ventilation at low tidal volume and low lung compliance. The respiratory variation in the
diameter of the inferior and superior venae cavae shares the same limitations, except car-
diac arrhythmias. The passive leg raising (see below) and the end-expiratory occlusion test
are reliable in these circumstances. The threshold to define fluid responsiveness depends
on the change in cardiac preload induced by the test (e.g. 15% for the fluid challenge, 10%
for the PLR test and 5% for the end-expiratory occlusion test) (Fig. 1.14).
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Fig. 1.14 Tests and indices of preload responsiveness with proposed timeline. The principle of the
dynamic assessment of preload responsiveness is to observe spontaneous or induced changes in
cardiac preload, and the resulting change in cardiac output, stroke volume or their surrogates. Some
tests or indices use heart-lung interactions in mechanically ventilated patients, while some others
mimic a classical fluid challenge. Diagnostic threshold and year of description are indicated. CO
cardiac output, PPV pulse pressure variation. (Adapted with permission from Monnet et al. [19])

Plasma volume: See volemia.

Preload: From a theoretical point of view preload is the initial stretch on a single myo-
cyte prior to contraction. From a practical point, preload is the LVEDV and corresponding
LVEDP that stretches the left ventricle to its greatest dimensions under variable physio-
logic demand. Ideally, preload is a (combination of) parameter(s) that tell(s) the clinician
if fluids are needed and can be given safely. In real life, preload is also affected by the
afterload and contractility as illustrated schematically in Fig. 1.15.

Pulmonary West zones: West zones describe areas of the lung based upon variations in
pulmonary arterial pressure (p,), pulmonary venous pressure (p,) and alveolar pressure (py).
These differences result from a 20 mmHg increase in blood flow found in the base of the lung
relative to the apex as a result of gravity in an upright patient. The lung can be divided into
discrete regions according to the interplay between p,, p, and p,. These regions are zone 1,
where alveolar pressure is higher than arterial or venous pressure; zone 2, where the alveolar
pressure is lower than the arterial but higher than the venous pressure and zone 3, where both
arterial pressure and venous pressure are higher than alveolar. This is illustrated in Fig. 1.16.

Pulse pressure (PP): The difference between arterial systolic and diastolic blood pres-
sure measured in millimetres of mercury (mmHg) as illustrated in Fig. 1.17.

Pulse pressure variation (PPV): The mean difference between the maximum (PP,,,,)
and minimum (PP,;,) arterial pulse pressures during a series of respiratory cycles,
expressed as a percentage [42]. PPV is a functional hemodynamic parameter that predicts
fluid responsiveness in mechanically ventilated patients.
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Fig. 1.15 Schematic representation of preload (initial stretch at the end of diastole on a single
actin—myosin complex in the cardiac myocyte prior to contraction) and afterload
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Redistribution: When a fluid is infused into the body via an intravenous (IV) route, it is
introduced directly into the bloodstream. As a result, there can be an initial change in the
volume and distribution of body fluids as the body responds to the extra influx of fluids.
Intravenous infusion can cause a temporary increase in the volume of fluid in the circula-
tory system, which can result in an increase in blood pressure and/or stroke volume. This
can trigger a response from the kidneys, which attempt to compensate by excreting more
fluid and electrolytes. The net result of this process is a redistribution of fluid from the cir-
culatory system to other body compartments, such as the interstitial spaces (the spaces
between cells) and the intracellular spaces (the fluid within cells). The speed and extent of
fluid redistribution can be influenced by a variety of factors, including the rate of infusion,
the characteristics of the fluid being infused, and the overall health status and comorbidities
of the patient receiving the infusion. In some cases, fluid redistribution can lead to unwanted
side effects, such as swelling, oedema or electrolyte imbalances. However, in many cases,
the body is able to adjust to the changes in fluid volume and distribution and return to a state
of equilibrium relatively quickly. One must bear in mind that every ml of fluid that is infused
will be lost at some point to the extravascular space (Fig. 1.18).

Relative hypovolemia: See vasoplegia.

Replacement solutions: These IV fluids are given to replace ongoing fluid losses
(insensible losses, diarrhoea, vomiting, during fever, burns, etc.). As such they must
resemble as close as possible to the fluid that is lost. Ongoing fluid losses refer to the
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Pa>Pa> P,

Normal condition Hypovolemia Hypovolemia + PEEP

Fig. 1.16 Evolution of West zones during hypovolemia and PEEP. Left panel shows normal West zone
distribution. The middle panel shows the situation in a patient under mechanical ventilation and hypovo-
lemia where zone 1 conditions (p, > p, > p,) expand to zone 2 (p, > p > p,) and zone 2 conditions to zone
3 (p.>py > pa)- With p, arterial capillary pressure, p, > alveolar pressure and p, venous capillary pressure.
The right panel shows the situation in a hypovolemic patient with excessive PEEP causing further excur-
sion of zone 1 conditions to zone 3 resulting in a right-to-left shunt explaining the premature hump seen
on the transpulmonary thermodilution curve. (Adapted with permission from Hofkens et al. [42])
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Fig. 1.17 Schematic representation of the waterfall-effect. CO cardiac output, represented by the
pump. CVP central venous pressure, MAP mean arterial pressure, represented by the height of the
water tower, MSFP mean systemic filling pressure, PP pulse pressure, RVR resistance to venous
return, SVR systemic vascular resistance, VR venous return
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Fig. 1.18 Theoretical redistribution of intravenous fluids after infusion for a 70 kg man. (Adapted
with permission from Frost [43])

continuous loss of fluids from the body over time. Fluid losses can occur through a variety
of mechanisms, including urine output, sweating, breathing and digestive processes. In
order to maintain proper hydration and prevent dehydration, it is important to replenish
fluid losses through drinking fluids and consuming foods that contain water. The amount
of fluids needed will vary depending on factors such as age, activity level and environmen-
tal conditions. In cases of excessive fluid loss, such as due to illness or exercise, it may be
necessary to increase fluid intake to avoid dehydration. Figure 1.19 gives an overview of
the different potential ongoing fluid losses per day.

Resuscitation phase: Life-saving resuscitation phase with focus on patient rescue and
early adequate fluid management (EAFM), e.g. 30 mL/kg/1 h according to surviving sep-
sis campaign guidelines or a fluid challenge/bolus of 4 mL/kg given in 5—10 min.

Resuscitation solutions: These IV fluids are given to restore and stabilize hemodynamic
status in order to save lives in patients with shock and imbalance between oxygen delivery
and oxygen consumption illustrated by an increase in serum lactate levels beyond 3 mmol/L.
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Fig. 1.19 Diagram of ongoing losses. (Adapted from National Clinical Guideline Centre
“Intravenous fluid therapy in adults in hospital”, NICE clinical guideline 174 (December 2013) ©
National Institute for Health and Care Excellence 2013. All rights reserved. https://www.nice.org.
uk/guidance/cg174/resources/diagram-of-ongoing-losses-pdf-191664109)

Revised Starling equation: An updated version of the traditional Starling equation that
incorporates current understanding of the role of the endothelial glycocalyx in transvascu-
lar fluid filtration, also known as the Starling Principle.

ROSE: A conceptual framework that describes four different stages of fluid resuscita-
tion, beginning with initial rapid fluid administration to treat life-threatening shock
(Rescue), continued fluid therapy until adequate perfusion is restored (Optimization), fol-
lowed by ongoing maintenance fluids (Stabilization) and gradual discontinuation of fluid
support (i.e. evacuation or de-escalation) [1, 5, 44, 45]. This is illustrated in Fig. 1.20.
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Fig. 1.20 Graph showing the four-hit model of shock with evolution of patients” cumulative fluid
volume status over time during the five distinct phases of resuscitation: Resuscitation (R),
Optimization (O), Stabilization (S) and Evacuation (E) (ROSE), followed by a possible risk of hypo-
perfusion in case of too aggressive de-resuscitation. On admission patients are often hypovolemic,
followed by normovolemia after fluid resuscitation (escalation or EAFM, early adequate fluid man-
agement), and possible fluid overload, again followed by a phase returning to normovolemia with
de-escalation via achieving zero fluid balance or late conservative fluid management (LCFM) and
followed by late goal directed fluid removal (LGFR) or de-resuscitation. In the case of hypovolemia,
O, cannot get into the tissue because of convective problems, in the case of hypervolemia O, cannot
get into the tissue because of diffusion problems related to interstitial and pulmonary oedema and
gut oedema (ileus and abdominal hypertension). Adapted from Malbrain et al. with permission,
according to the Open Access CC BY License 4.0 [5]. * Volumetric preload indicators such as
GEDVI, LVEDAI or RVEDVI are preferred over barometric ones like CVP or PAOP. ** Vasopressor
can be started or increased to maintain MAP/APP above 55/45 during the de-resuscitation phase. #
can only be measured via the Swan-Ganz pulmonary artery catheter (PAC) and became obsolete.
APP abdominal perfusion pressure (APP = MAP-IAP), BIA bio-electrical impedance analysis, CI
cardiac index, CLI capillary leak index (serum CRP divided by serum albumin), COP colloid oncotic
pressure, CVP central venous pressure, EAFM early adequate fluid management, ECW/ICW extra-
cellular/intracellular water, EVLWI extravascular lung water index, FAS fluid accumulation syn-
drome, GEDVI global end-diastolic volume index, GIPS global increased permeability syndrome,
IAP intra-abdominal pressure, /CG-PDR indocyanine green plasma disappearance rate, /VCCI infe-
rior vena cava collapsibility index, LCFM late conservative fluid management, LGFR late goal-
directed fluid removal, LVEDAI left ventricular end-diastolic area index, MAP mean arterial pressure,
PAOP pulmonary artery occlusion pressure, PF P,O, over F,O, ratio, PLR passive leg raising, PPV
pulse pressure variation, PVPI pulmonary vascular permeability index, RVEDVI right ventricular
end-diastolic volume index, S0, central venous oxygen saturation, SSCG surviving sepsis cam-
paign guidelines, S,0, mixed venous oxygen saturation, SVV stroke volume variation, V; volume
excess (from baseline body weight), VExUS venous congestion by ultrasound
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Saline: Normal saline, also known as 0.9% sodium chloride (NaCl) solution, is a type
of intravenous infusion fluid that is commonly used in medical settings. It is a sterile solu-
tion of water and sodium chloride, with a concentration of 9 g of salt per litre of water and
3.5 g of sodium (the daily dietary requirement being 2.3 g). Normal saline is used for a
variety of purposes, including to restore fluid and electrolyte balance, to flush intravenous
lines, to dilute medications or to maintain intravenous access. Normal saline is generally
considered safe and well-tolerated, however there are substantial side effects. Excessive
infusion of normal saline can lead to salt and fluid accumulation, electrolyte (increased
sodium, chloride and potassium levels) and acid-base disturbances (hyperchloremic meta-
bolic acidosis), increased vasopressor and RRT need and AKI (Fig. 1.21). A recent meta-
analysis showed that normal saline should also be used with caution in patients with sepsis,
burns or diabetic ketoacidosis as well as those with heart failure, kidney disease or other
conditions that can affect fluid and electrolyte balance [46]. The only indications for
abnormal saline left are patients with traumatic brain injury and those with excessive
gastro-intestinal losses.

Sensible water loss: Measurable macroscopic body fluid losses, such as urine produc-
tion, vomiting and diarrhoea.

Serum: The portion of plasma that does not contain fibrinogen and clotting factors.

Shock state: A life-threatening, generalized form of acute circulatory failure associated
with imbalance between oxygen delivery and oxygen consumption, resulting in inade-
quate anaerobic oxygen metabolism by the cells. Shock can be classified into four major
classifications: hypovolemic shock refers to reduced effective circulating volume, from
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Dilutional and hyperchloremic MA Capillary leak

CI™ Na MK
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Fig. 1.21 Deleterious effects of excessive intravenous abnormal saline infusion. AKI acute kidney
injury, APP abdominal perfusion pressure, CI- chloride, CS compartment syndrome, EGL endothe-
lial glycocalix layer, FAS fluid accumulation syndrome, GFR glomerular filtration rate, GI gastroin-
testinal, JAH intra-abdominal hypertension, /AP intra-abdominal pressure, IS interstitial, K+
potassium, MAP mean arterial pressure, Na+ sodium, RRT renal replacement therapy
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internal or external intravascular fluid loss; obstructive shock results from physical impair-
ment to blood flow, such as from thromboembolic disease; distributive shock is caused by
maldistribution of blood flow due to loss of vasomotor tone, such as during sepsis or ana-
phylaxis and cardiogenic shock describes cardiac pump dysfunction resulting in decreased
forward flow.

Stabilization phase: Stabilization phase with focus on organ support (homeostasis).
Late conservative fluid management (LCFM) is defined as two consecutive days of nega-
tive fluid balance within the first week.

Standard base excess (SBE): Standard base excess or the base excess of the extracel-
lular fluid is the amount of strong acid (millimoles per litre) that needs to be added in vitro
to 1 L of fully oxygenated whole blood to return the sample to standard conditions (pH of
7.40, PCO, of 40 mmHg, and temperature of 37 °C), at a haemoglobin concentration of
~50 g/L. Standard base excess has been adjusted to reflect the extracellular fluid buffering
capacity of haemoglobin in vivo, which is not the case for traditional base excess. It is used
clinically to determine the degree of metabolic acidosis.

Starling principle: Traditional principle describing the fluid passage across the semi-
permeable capillary membrane, which is determined by the net result between hydrostatic
and oncotic pressures such that fluid leaves the capillary at the arterial end of the capillary
and is absorbed at the venous end of capillary (Fig. 1.22).

Stewart’s approach to acid-base: In the late 1970s Peter Stewart, a Canadian biophysi-
cist, described a quantitative approach to acid-base disorder. His approach was based
upon fundamental physicochemical properties of a solution that include principles of
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Fig. 1.22 Tllustration of the traditional Starling principle. The revised Starling principle questions
the proposed filtration and re-absorption mechanisms and points towards the importance of the role
of the endothelial glycocalyx and the lymphatics
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electroneutrality, law of conservation of mass and dissociation equilibrium of all incom-
pletely dissociated substances in a solution.

Stressed volume: The circulating blood volume that creates positive transmural pres-
sure via the elastic recoil of the vessel wall is termed “stressed volume”. See also under
vasoplegia.

Stroke volume variation (SVV): The mean difference between the maximum (SV ,.,)
and minimum (SV;,) stroke volume during a series of respiratory cycles, expressed as a
percentage [42]. SVV is a functional hemodynamic parameter that predicts fluid respon-
siveness in mechanically ventilated patients.

Strong ion: An anion or cation that is considered to be fully dissociated at physiologic
pH. The major strong anions are sulphate, chloride and lactate, while the major strong
cations in plasma are calcium, sodium and magnesium.

Strong ion difference (SID): The difference between the concentrations of strong cat-
ions and strong anions in plasma.

Strong ion gap (SIG): SIG is a predictor of morbidity and mortality and quantifies
[unmeasured anions] — [unmeasured cations] of both strong and weak ions. It reflects the
difference between the activity of all common cations (Na*, K*, Mg?*, Ca*") and the com-
mon anions (Cl~, lactate, urate) and other measured non-volatile weak acids (A™). SIG is
calculated as SIDa — SIDe, or more specifically, as [Na*] + [K*] + [Mg*] + [Ca*] — [CI~
corrected] — [lactate] — [A~] — [HCO57], in milli-equivalents per litre; where SIDa is the
apparent strong ion difference and SIDe is the effective strong ion difference.

Surviving sepsis campaign guidelines (SSCG): Sepsis and septic shock are leading
causes of death worldwide. The international Surviving Sepsis Campaign (SSC) is a joint
initiative of the European Society of Intensive Care Medicine (ESICM) and the Society of
Critical Care Medicine (SCCM). The SSC is led by multidisciplinary international experts
committed to improving time to recognition and treatment of sepsis and septic shock.
Initiated in 2002 at the ESICM’s annual meeting with the Barcelona Declaration, the cam-
paign progressed has several aims, including the development of guidelines for diagnosis,
treatment and post-ICU care of sepsis and a reduction of mortality from sepsis. The latest
update was done in 2021 [47, 48].

Sweating ongoing loss: Sweat is produced by the sweat glands in response to heat or
exercise, and helps to regulate body temperature. The amount of sweat produced can vary
depending on environmental conditions, activity level and individual factors such as age
and fitness level. See also replacement fluids.

Therapeutic dilemma: A therapeutic conflict is a situation where each of the possible
therapeutic decisions carries some potential harm. In high-risk patients, the decision about
fluid administration should be made within the context of a therapeutic conflict. Therapeutic
conflicts are the biggest challenge for protocolized cardiovascular management in anaes-
thetized and critically ill patients. A therapeutic conflict is where our decisions can make
the most difference (Fig. 1.23).

Third space fluid: Fluid without a physiological function confined in a body fluid com-
partments or spaces that is anatomically separated from other compartments. Fluid
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Fig. 1.23 Diagnostic and therapeutic options when confronted with a therapeutic dilemma: one
must always outweigh the potential risks and benefits of fluid administration versus fluid removal.
CVP central venous pressure, EVLW extravascular lung water, GEDVI global end-diastolic volume
index, LAP left atrial pressure, LVEDAI left ventricular end-diastolic area index, PCWP pulmonary
capillary wedge pressure, P/F PaO, over FiO, ratio, PLR passive leg raising test, PPV pulse pressure
variation, PVPI pulmonary vascular permeability index, RVEDVI right ventricular end-diastolic vol-
ume index, SPV systolic pressure variation, SVV stroke volume variation, TEO tele-expirtatory
occlusion test

movement to these spaces may occur following overzealous intravenous fluid administra-
tion, but need probably to be included in the interstitial fluids. Because third space fluids
are reabsorbed into the central fluid compartment some consider them to be a myth.

Tonicity: The measurement of the effective osmolality of a solution (also referred to as
osmotic pressure) is the concentration of a solution as described by total solutes per vol-
ume which corresponds to its ability to cause water to diffuse across a semi-permeable
membrane, such as the cell membrane. The tonicity determines the distribution of the
given solution. The cell will shrink when placed in a hypertonic solution, swell when
placed in a hypotonic solution and the cell volume will remain unchanged when placed in
an isotonic solution. Serum osmolality can be calculated by the simplified formula:
2 x serum sodium (in mmol/L).

Total body water (TBW): Total body water is the body water that exists in- and outside
of the cell membrane: TBW = ICW + ECW. Accounts for 55% (female) up to 65% (man)
of total body weight (Fig. 1.24).

Unstressed volume: The volume inside a vessel at near zero transmural pressure is
termed ““ unstressed volume” . This volume fills the system without exerting tension on the
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Fig. 1.24 Body water composition for an adult 80 kg male. ECW extracellular water, /CW intracel-
lular water, ISF interstitial fluid, /VF intravascular fluid, TBW total body water, TCF transcellular
fluid. These fluids are contained within epithelial lined spaces. Examples of this fluid are cerebrospi-
nal fluid, pleural fluid, pericardial fluid, peritoneal fluid, bladder urine, eye fluid, joint fluid, etc.

vessel wall. The sum of the stressed (~30% of total volume) and unstressed (~70% of total
volume) volumes is the total blood volume within the venous system. More than 70% of
total circulating blood volume (CBV) is located in the large veins, and increased vascular
compliance (vasoplegia) like in sepsis or induced by anesthesia can cause a substantial
increase in CBV (with up to 80%). This increased venous compliance and increased CBV
in early sepsis may represent a recruitable source of preload, as veins are very sensitive to
low doses of vasopressor. These drugs directly convert unstressed blood volume to stressed
blood volume while maintaining nearly normal venous elastance (Fig. 1.25).
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Fig. 1.25 Effect of fluid loading and venoconstriction on volume. (a) Effect of volume loading on
mean systemic filling pressure (Pmsf) and (un)stressed volume. Administration of a fluid bolus
increases Pmsf (from Pmsfl to Pmsf2, indicated respectively by position A (red dot) to B (green
dot) on the pressure/volume curve). Unstressed volume remains constant while stressed volume
increases. Total volume = unstressed + stressed increases, carrying a risk for fluid overload. (b)
Effect of venoconstriction and venodilation on mean systemic filling pressure (Pmsf) and (un)
stressed volume. Venoconstriction increases Pmsf (from Pmsf1 to Pmsf2, indicated respectively by
position A (red dot) to B (green dot) on the pressure/volume curve). Unstressed volume decreases
while stressed volume increases. Total volume = unstressed + stressed remains constant, resulting in
an auto-transfusion effect. Venodilation as seen in sepsis (vasoplegia) decreases Pmsf (from Pmsf1
to Pmsf3, indicated respectively by position A (red dot) to C (blue dot) on the pressure/volume
curve). Unstressed volume increases while stressed volume decreases. Total vol-
ume = unstressed + stressed remains constant, resulting in an intravascular underfilling effect.
(Adapted according to the Open Access CC BY License 4.0 with permission from Jacobs et al. [49])
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Urine output: The kidneys filter waste products and excess fluids from the blood, and
these are excreted from the body as urine. The amount of urine produced can be affected
by factors such as hydration status, medications and underlying medical conditions. Urine
output is normally between 1 and 2 mL/kg/h and is sometimes used as a resuscitation
target in severely burned patients. Oliguria <0.3-0.5 mL/kg/h and anuria are part of the
KDGO definition of AKI. See also replacement fluids.

Vascular volume: See circulating blood volume.

Vasoplegia: Condition characterized by a low systemic vascular resistance in conjunc-
tion with profound hypotension and a normal to increased cardiac output. Also known as
vasoplegic, distributive or hyperdynamic shock. Results in relative hypovolemia with a
reduction in the effective circulating blood volume due to venodilation and increased
venous capacitance. The early use of vasopressors may cause an autotransfusion effect
with an increase in mean systemic filling pressure and redistribution and recruitment of
preload from the venous side, thereby increasing the stressed volume towards the central
circulation [49].

Volemia (plasma volume): Anatomically defined as the volume limited by the vascular
endothelium. The effective arterial blood volume that really perfuses organs; cannot be
really measured. Interstitial and plasma volume can be uncoupled = most frequently inter-
stitial fluid accumulation associated with hypovolemia (plasma dehydration). Euvolema
normal volemia, hypovolemia low volemia, hypervolemia high volemia.

Volume depletion: The loss of water and electrolytes from the extracellular fluid
compartment.

Volume kinetics: This is an adaptation of pharmacokinetic theory that makes it possible
to analyse and simulate the distribution and elimination following an infusion of intrave-
nous fluids. Applying this concept, it is possible, by simulation, to determine the infusion
rate that is required to reach a predetermined plasma volume expansion.

Volume overload: See fluid overload and fluid accumulation.

Water: Because water contains a lot of small water molecules (with a molar mass of
18 Da and a molecular weight of 18 g/mol), the molar concentration of water is about
55.3 mol/L at 37 °C. There are much less hydrogen ions than there are water molecules in
a glass of water. In reality water is only slightly dissociated and a virtually inexhaustible
source of protons (H+). The concentration of [H*] is therefore solely determined by the
dissociation of water and not by the amount of [H*] that is added or removed. According
to Stewart’s approach, the three independent variables that determine the dissociation of
water and hence the amount of [H*] are the strong ion difference (SID), the amount of
weak acids and the partial pressure of carbon dioxide (pCO,).

Weak ion: An anion or cation that is not fully dissociated at physiologic pH.

West zones (abdominal): See abdominal West zones.

West zones (pulmonary): See pulmonary West zones.

Worsening renal function (WRF): Recent interest has focused on worsening renal
function (WRF), a situation strongly related to mortality, but seemingly only when heart
failure status deteriorates [50]. Worsening renal function (WRF) is defined as a 0.3-0.5 mg/



42 M. L. N. G. Malbrain et al.

Fig. 1.26 Statistical model of
nonparametric logistic 137 patients with septic shock
regression showing the
relationship between mean
central venous pressure during
the first 24 h after admission
and the probability of new or
persistent acute kidney injury.
Note the plateau for the
incidence of acute kidney
injury (AKI) when the lower
limit of central venous pressure
(CVP) was between 8 and

12 mmHg. Over this limit, the
rise in CVP was associated
with a sharp increase in new or
persistent AKI incidence.
(Adapted from Legrand 4 8 8 10 12 14 16
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dL rise in serum creatinine or a decrease in glomerular filtration rate (GFR) of 9-15 mL/
min during hospitalization for acute decompensated heart failure. From the patients with
acute decompensated heart failure who develop WREF, 66% die within 1 year [S1]. Previous
data have shown that CVP may even be more important than CO to predict WRF espe-
cially in patients with ADHF as well as sepsis [52, 53] (Fig. 1.26).

Conclusions

We hereby would like to quote and thank Rosalind S. Chow [6]: “Despite the frequency
with which fluids are administered to critically ill patients, developing an effective fluid
management plan and strategy may at times be surprisingly complex. A thorough under-
standing of the physiology of body fluids, fluid administration routes, therapeutic delivery
strategies, risks, and complications will help to optimize patient outcomes. National and
multinational organizations, such as the International Fluid Academy (IFA, www.fluid-
academy.org), provide opportunities for clinicians and researchers to promote research
and education in the practice of fluid therapy. The use of clear and consistent terminology
is a key component to fostering effective communication and collaboration within the
veterinary and human healthcare fields.”

Acknowledgements The definitions presented herein have been adapted from a number of recent
papers with permission according to the Open Access CC BY License 4.0 [1, 2, 4-10].
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In this chapter, we undertake a deep dive into the secrets of the different fluid spaces
and learn about body composition. How many body compartments exist? This ques-
tion can be dealt with in different ways, classically there are fat tissue—water—pro-
teins—and minerals while water on its own is also distributed into four compartments:
intracellular water—interstitial water—intravascular water—and transcellular, with
extracellular water calculated as the sum of interstitial plus intravascular plus trans-
cellular water content (Fig. 2.1). There is ongoing discussion about the different
fluid spaces and there are traditionally four: the first or intravascular space—the
second or interstitial space—the third or pleural and peritoneal space—and the
fourth space or the transcellular fluid. And not to forget the lymphatic system. Each
compartment or space is separated from each other and the surrounding fluids by
specific cells and membranes and an endothelial glycocalyx layer surrounding the
vascular space, which regulates fluid and electrolyte shifts and transport between
different compartments, spaces and cells. The endothelial glycocalyx is a thin nega-
tively charged proteinaceous mesh-like layer, a gel-like matrix that surrounds all
vascular endothelium on the luminal surface. It is composed of membrane-bound
glycoproteins and proteoglycans. It was previously thought to be inert but plays a
key role in vascular integrity and function: the regulation of vascular permeability,
endothelial anticoagulation and modulation of interactions between the endothelium
and the vascular environment. Thus, it prevents the free movement of water and
electrolytes. Disruption or degradation of the glycocalyx may be an important medi-
ator of inflammation, oedema, sepsis syndromes and capillary leak syndromes.
Therefore, in various surgical and disease states, the glycocalyx has the potential as
a novel therapeutic target. These new insights gave birth to an updated version of the
traditional Starling equation that incorporates the current understanding of the role
of the endothelial glycocalyx in transvascular fluid filtration, also known as the
Starling Principle. The traditional principle describes the fluid passage across the
semipermeable capillary membrane, which is determined by the net result between
hydrostatic and oncotic pressures such that the fluid leaves the capillary at the
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TBW (80kg) = 60% (48L)

ECW =33%

ICW = 66% (32L) (16L)

TCF= Lymph
2.5% 2.5%
{0.5L)  (0.5L)

Fig. 2.1 Body water composition for an adult 80 kg male. ECW extracellular water, ICW intracel-
lular water, ISF interstitial fluid, /VF intravascular fluid, TBW total body water, TCF transcellu-
lar fluid

arterial end of the capillary and is absorbed at the venous end of the capillary. The
Revised or extended Starling Principle recognises that, because microvessels are
permeable to macromolecules, a balance of pressures cannot halt fluid exchange. In
most tissues, steady oncotic pressure differences between plasma and interstitial
fluid depend on low levels of steady filtration from plasma to tissues for which the
Revised Principle provides the theory [1].

Learning Objectives
After reading this chapter, you will:

1.

Learn about interstitial fluid dynamics in order to manage clinical problems of
fluid and albumin maldistribution.

. Understand that lymphangions propel lymph flow, an active and vital part of the

circulation of extracellular fluid and soluble proteins including albumin from
capillary beds to the great veins.

. Learn that the lymphatic and immune cell systems have an important role in the

storage and release of sodium ions.

. Understand that the relationship between intravenous sodium dose and oedema is

not as clear cut as previously believed.

. Comprehend that the separation of cytosol from extracellular fluid includes vol-

ume-regulated anion channels within cell membranes, enabling intracellular fluid
volume to be maintained in the face of wide variations in extracellular fluid
composition.

. Know that the prescription of adequate amounts of potassium to patients is

important.
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Introduction

An appreciation of the distribution of water (the aqueous biological solvent) and its solutes
is fundamental to understanding the physiology of body fluid spaces. The normal compart-
mentalisation of body water has been measured in various ways, and the decompartmen-
talisation seen in many critical illnesses is held to be an important pathophysiological
phenomenon. Traditionally blood has been treated as an intravascular fluid circulation,
while the lymphatic vessels have been called a drainage system. The modern view is of an
actively pumped double circulation of extracellular fluid (intravascular plasma, and inter-
stitial fluid and lymph) that enables vital solutes to be transferred to and from the intracel-
lular fluid. Fluid flux across cell membrane barriers and across the different microvascular
permeability barriers is determined by hydrostatic pressure differences and solute concen-
tration gradients. Total body water volume is largely regulated by the pituitary hormonal
effect of arginine vasopressin acting on vasopressin type 2 receptors in renal collecting
ducts to retain or release water. In critical illness, arginine vasopressin deficiency predis-
poses patients to dilutional hyponatremia if the infused volume is larger than necessary or
excessively prescribed as ‘electrolyte-free water’. Body sodium is conserved by the renin—
angiotensin—aldosterone axis regulating the degree of sodium reabsorption in renal distal
tubules. Body sodium largely determines the proportion of body water that comprises
extracellular fluid volume, but there is significant non-osmotic sodium storage capacity in
the interstitium, particularly in the interstitium of the skin, which may have clinical rele-
vance. In addition, volume-regulated anion channels enable cells to discharge osmotic
molecules to the interstitium to protect intracellular fluid volume when body water tonicity
is low. Balancing the body’s potassium (mostly intracellular) with sodium (mostly extra-
cellular) depends on an adequate availability of magnesium. Rapid extracellular fluid
osmolality changes can dangerously disturb the intracellular—extracellular fluid equilib-
rium, so awareness of the major contributors to plasma osmolality is essential. However,
evidence from surgical practice suggests that adaptive mechanisms exist to stabilise the
intracellular volume in the face of excessive intravenous fluid infusions, and an alternative
model of body water response to intravenous infusions is proposed. See also Chap. 3 for
the second part on fluid physiology.

Total Body Water

The deuterium nuclear magnetic resonance (*H NMR) is a modern method that has been
validated for the determination of total body water in humans. The ’H NMR method has
advantages over other techniques based on ?H,O dilution. It is fast, accurate, needs only a
small dose of 2H,O, and can be done using any body fluid [2]. Total body water data from
the Fels Longitudinal Study (1999) suggest that the average white American woman has
around 30 kg of total body water contributing to her body weight of 65-75 kg, while the
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average white American man has around 42—44 kg of total body water contributing to his
body weight of 75-93 kg [3]. Bioimpedance spectroscopy (BIS) and multifrequency bio-
impedance analysis (MFBIA) are alternative research technologies [4]. Direct measure-
ment of body water has yet to find a role in the clinical diagnosis of dehydration [5].

Most tissues contain 70—-80% water, the exceptions being bone and adipose tissue at
10-20%. The major contributors to variation in an individual’s total body water to weight
are muscle mass (high in water content) and adiposity (fat is low in water content). This
explains why females and older individuals typically have a lower percentage of total body
water to body weight and may be more prone to disorders of tonicity. As a rule of thumb,
the total body water can be estimated as 50% of body weight. In very muscular adults,
total body water may be greater than the average. For greater precision, there are a number
of anthropomorphic equations for the calculation of total body water. The Watson formula
for total body water was derived from and validated on several hundreds of patients. It uses
height, weight, age and gender:

*  Women Total body water = —2.097 + 0.1069 x Height + 0.2466 x Weight.
* Men Total body water = 2.447 — 0.09156 x Age + 0.1074 x Height + 0.3362 x Weight

Clinical Use of Total Body Water Estimation and Modified
Body Weights

The rational fluid prescriber is greatly assisted by an estimate of the patient’s total body
water to make measured decisions about solvent/solute imbalances and the doses of fluid
and/or electrolytes needed to correct them. Total body water estimates are also needed to
decide the appropriate doses of hydrophilic drugs. For non-obese patients, total body
water is proportionate to body weight, but with increasing obesity the utility of body
weight as a scalar of total body water and cardiac output diminishes; the excess weight is
predominantly fat rather than water and takes little of the cardiac output. Anaesthetic mus-
cle relaxant drugs and antibiotics are hydrophilic and the preferred scalar of dose should
logically be total body water. In anaesthetic practice, the recommended dose of hydro-
philic drugs such as non-depolarising muscle relaxants is usually scaled to body weight for
the non-obese, and to the ideal body weight for obese patients. The Devine formula is
widely used:

* Women: Ideal Body Weight (in kilograms) = 45.5 + 2.3 kg/in. over 5 ft.
e Men: Ideal Body Weight (in kilograms) = 50 + 2.3 kg/in. over 5 ft.

Ideal body weight is the best-adjusted weight for following total body water. It is rea-
sonable to presume that the volume of distribution of urea is the total body water and
thereby be able to titrate haemofiltration or haemodialysis prescription by ideal body
weight to the desired rate of change of urea concentration or to clear other toxins.
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An estimated lean body mass formula (eLBM) for the normalisation of body fluid
volumes was proposed in 1984, the Boer formula [6].

e Women: eLBM =0.252W + 0.473H — 48.3.
e Men: eLBM = 0.407W + 0.267H — 19.2.

The Peters formula has been proposed for use in anaesthesia and critical care of boys
and girls 14 years or younger. The formula first calculates the estimated extracellular fluid
volume and then derives the eLBM [7].

» Estimated extracellular fluid volume (eECV) = 0.0215 x W64 x H0-7236,
e eLBM =3.8 x eECV.

Estimated lean body mass is the best scalar of cardiac output in obese patients and is
therefore the preferred scalar of the induction dose of hypnotic agents such as di-isopropyl
phenol or thiopentone sodium and for the initial dosing of intravenous opiates such as
fentanyl and remifentanil. Notice however that these agents are lipophilic and so the mea-
sured body weight is the appropriate scalar for setting the steady-state rate of maintenance
infusion, even in obese patients.

Tidal volume recommendations for pulmonary ventilation are given in mL/kg pre-
dicted body weight (PBW), a parameter calculated from height and gender as height
most closely predicts normal lung volumes in men and women [8]. In emergency
situations when body weight has not been measured or recorded, predicted body
weight can rapidly be estimated from height and gender to guide fluid therapy and
drug dosing.

Water Absorption

Water is absorbed into the body from the intestinal lumen across the intestinal epithe-
lial membrane and absorption is influenced by luminal osmolality, solute absorption
and the anatomical structures of the intestine [9]. Epithelial cells pump intracellular
sodium via membrane-bound sodium potassium ATP-ase into the mucosal intersti-
tium, enabling an isosmotic diffusion of water from the lumen into the epithelial cell
and thence into the mucosal interstitial fluid. For as long as the epithelium is secreting
salt and water to the interstitium, the mucosal capillaries and venules can continue in
a steady state of fluid absorption to the plasma. These are diaphragm-fenestrated cap-
illaries, specialised to permit high transendothelial absorption rates. The fenestrations
are 10-30 nm wide and formed by the condensation of the luminal and abluminal
endothelial cell membranes. They support a diaphragm that functions as a low-resis-
tance filtration/absorption barrier.

Figure 2.2 illustrates the absorption pathway from the intestinal lumen to the plasma.
Some interstitial fluid is also removed by lymphatic pumping. Should intestinal water
absorption dry up, the epithelial secretion of solvent and small solutes that provides an
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Lamina densa/ collagen fibres =

Interstitial hyaluronan gel phase
Active Na+ (and H20) secretion

Epithelial membrane

H20 absorption

Intestinal Lumen

Fig. 2.2 The absorption pathway from intestinal lumen to plasma

exception to the Michel-Weinbaum model of steady-state fluid filtration also ceases, so
that microvascular steady-state filtration of plasma solvent to the tissues without reabsorp-
tion is restored and gastro-intestinal fluid loss is prevented.

The other tissue microvascular beds in which we find diaphragm-fenestrated capillaries
for the absorption of interstitial fluid include exocrine glands, renal peritubular, endocrine
glands, peripheral ganglia, nerve epineurium, circumventricular organs, choroid plexus
and the ciliary process of the eye.

Plasma Volume

Plasma volume is a critical care concept rather than an anatomic entity. It is often mea-
sured as the volume of distribution of an indicator dye such as Evans Blue or radio-labelled
albumin, spaces which are substantially larger than the calculated intravascular erythro-
cyte dilution volume. When reading clinical studies that report plasma volume, it is helpful
to bear in mind what has actually been measured or calculated. Broadly, the normal circu-
lating plasma volume is around 2.5-3.0 L at sea level in men and falls by 15-20% with a
sojourn to high-altitude living. The circulating plasma contains around 2 L of blood cells
(mostly erythrocytes), giving a circulating blood volume at sea level of about 4.5 L [10].
The third contributor to the total intravascular volume is the slower-moving fluid within
the endothelial glycocalyx layer, which has been estimated to be as much as 1.5 L in
healthy adults or as little as a few hundred milli litres in a variety of cardiovascular disease
states [11, 12]. For our approximation we can call it 0.5 L, giving a total intravascular
volume of about 5 L at sea level.
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Fig. 2.3 The paracellular (inter endothelial cleft) fluid filtration pathway of continuous capillaries

The circulatory flow rate of blood (Q,) is supported by the elastic recoil of venules and
small veins on the post-capillary blood volume. The venular filling pressure of around
18 mmHg provides a gradient down to the central venous pressure, which is kept close to
zero by the healthy heart. The ventricles fill during diastole from the venous excess vol-
ume, and the flow to the ventricle is kept nearly constant by the contraction of the atrium.
The ventricles eject blood against an afterload that raises the pressure of blood within
pulmonary and systemic arteries for distribution to the tissues [13].

Critical care practitioners fear reduced plasma volume with consequent reduced Q..
They place wide-bore catheters within large veins for ‘access’ by which to administer vital
medicines, and to allow the infusion of ‘resuscitation’ fluids. In most critical care patients,
the intravenous route is the predominant source of fluid input.

The fluid leaves the circulating plasma volume by transendothelial microvascular filtra-
tion to the extravascular extracellular fluid of the perfused tissue or organ [14]. Figure 2.3
illustrates the paracellular (inter endothelial cleft) fluid filtration pathway of continuous
capillaries.

Traditional clinical teaching has too often ignored the Starling principle and the hetero-
geneity of the permeability barriers in tissues and organs, which we consider next.

The Starling Principle and Microvessel Heterogeneity

The idea that a single capillary could simultaneously filter fluid from plasma to the inter-
stitial fluid and absorb it back again was always difficult to believe and had never been
seen in laboratory experiments. The diagram showing a declining sum of hydrostatic and
osmotic pressure differences from the arteriolar entry to the venular exit of a capillary,
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with flow reversal as the osmotic pressure difference exceeds the hydrostatic pressure dif-
ference, has been called The Diagram to Forget. The capillaries of sinusoidal organs such
as liver, spleen and bone marrow receive 25-30% of the left ventricular output via the
hepatic artery and portal vein. The splanchnic microvessels are very ‘leaky’ indeed. They
have a discontinuous endothelial surface layer that allows proteins to pass freely in either
direction through transendothelial fenestrae and through interendothelial junction gaps so
that no osmotic pressure gradient can occur. In such tissues, the unopposed hydrostatic
pressure difference ensures that only transendothelial fluid filtration occurs.

In non-sinusoidal tissues, the endothelial surface layer is continuous and largely imper-
meable to proteins. The paracellular endothelial barrier here presents a layered structure
that depends on a continuous activation of signalling pathways regulated by sphingosine-1-
phosphate (S1P) and intracellular cAMP. The layers are

e The glycocalyx and its endothelial surface layer
* The junction breaks (or gaps) of the tight junction strand
e The adherens junction

Solvent and small solutes first pass through the resistance of the endothelial surface
layer. The greater resistance occurs where fluid is jetted though infrequent slit-like inter-
endothelial tight junction breaks to the interendothelial cleft. The adherens junction pro-
vides a third, variable resistance to the paracellular flow of filtrate [15].

Plasma proteins are concentrated on the intravascular aspect of the endothelial surface
layer and the filtrate entering the interendothelial cleft is almost protein-free. Soluble
interstitial proteins diffuse into the post-glycocalyx solvent filtrate, and the protein con-
centration in the fluid of the interendothelial clefts will therefore depend on the rates at
which the solvent from the plasma filtrate and protein from the interstitium enter the cleft.
At high filtration rates, the protein concentration (and colloid osmotic pressure) in the cleft
is low, but as the transendothelial filtration rate falls the protein concentration (and colloid
osmotic pressure) in the interendothelial cleft rises. The dependence of the colloid osmotic
pressure Starling force on the solvent filtration rate within a subglycocalyx ‘protected
region’ of the general interstitial fluid thus ensures that the osmotic forces oppose but, at
steady state, do not reverse the flow of the filtrate. This is the Michel-Weinbaum Model,
confirmed by experiments published in 2004.

Exceptions to the No-Absorption Rule

We have, however, already mentioned an exception to the steady-state filtration rule in the
intestinal mucosal microvasculature. A supply of protein-free solvent to the interstitium by
an adjacent secreting epithelium keeps the interstitial colloid osmotic pressure low so that
the colloid osmotic pressure difference that drives fluid absorption can be sustained.
Similar conditions are found in the peritubular capillaries of the renal cortex and the
ascending vasa recta of the renal medulla, which are in a continuous state of absorption of
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interstitial fluid because it is continuously secreted by the renal tubular epithelium. In
lymph nodes, the interstitial fluid is continuously replenished by the flow of the prenodal
lymph with a low protein concentration.

We know that fluids (and water-soluble medicines) injected into the subcutaneous tis-
sue or muscle are rapidly absorbed because the injected volume creates a local exception
to the Michel-Weinbaum Model. If Starling’s nineteenth century experiments on the
absorption of infused fluids from a dog’s leg are to be criticised, we can point to his failure
to notice that he was creating an artefactual exception, a low-protein lacuna of injected
fluid within the interstitium.

Such exceptions aside, in the microcirculation of most tissues the reabsorption of fil-
tered fluid occurs only transiently and only after a substantial disequilibrium of the Starling
forces. Tissue fluid balance thus depends critically on the circulation of extracellular fluid
through the interstitium and the efficiency of lymphatic pumping in most tissues. Herein,
the clinician finds rational approaches to manipulating the distribution of extracellular
fluid. Plasma volume can be preserved, and interstitial fluid volume reduced, by reducing
the transendothelial solvent filtration rate and by enhancing lymphatic pumping of high
protein fluid to the great veins. Biophysical colloid osmotic pressure therapy was once
liberally used to support the plasma volume, but advances in physiology and pathophysiol-
ogy now explain the limitations of that approach.

The Current Understanding of Starling Forces

Capillary hydrostatic pressure P, is the main driving force of transendothelial solvent fil-
tration (J,) from plasma to the interstitium. In congestive states elevated P, increases J,
and oedema ensues if it is not matched by increased lymph flow. Hypovolaemia reduces P,
so that J, approaches zero; or put another way, fluid cannot leave the hypovolaemic circu-
lation. The clinician can protect the plasma volume by avoiding transient peaks of high P,
by using smaller bolus doses of intravenous fluid. An infusion of the arteriolar constrictor
norepinephrine will also protect against increased P. and J,. The optimal norepinephrine
dose for the arteriolar effect on P, is less than the dose that raises arterial pressure [11].

Interstitial hydrostatic pressure P; falls in the first stages of inflammation because of
molecular conformational changes in the biomatrix and enhanced lymphatic pumping, and
greatly increases J, before there is any change in capillary permeability.

Plasma colloid osmotic pressure II, is by far the largest Starling force at play, but its
influence on J, is modified by the dependence of the subglycocalyx colloid osmotic pres-
sure I, on J,. As J, falls, I, rises and the colloid osmotic pressure difference (I, — I1,)
cannot sustain negative J, (absorption) for more than about 30 min.

The general interstitial fluid colloid osmotic pressure IT; is now known to have no direct
effect on J,. Interstitial proteins play their part in regulating J, by diffusing into interendo-
thelial clefts and varying IL,.
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The net rate of solvent filtration from the plasma to interstitium (excluding the glo-
merular filtration of more than 100 mL/min) is normally just a few mL/min, averaging
0.3-0.4 L/h or 8 L/day. Evidence from the data of Robert Hahn’s fluid kinetic studies sug-
gests that under the extreme disequilibrium of rapid isotonic salt solution infusion (50 mL/
min), J, in patients can transiently approach 25-30 mL/min [16].

Starling Forces; Steady State Variations Versus Abrupt Disequilibrium

Clinical researchers who claim to have discredited the Michel-Weinbaum account of the
steady-state Starling principle fail to understand that an abrupt change in a Starling force
can, if large enough, result in a transient reversal of transendothelial solvent flow. Acute
reduction in capillary hydrostatic pressure or acute elevation of plasma colloid osmotic
pressure can result in the absorption of interstitial fluid into the plasma. The well-
recognised phenomenon is called autotransfusion, and in adults could be as much as
0.5 L. It is, however, soon followed by a return to steady-state filtration. Pulmonary micro-
circulation is an obvious example for the clinician of steady-state filtration sustained even
at low capillary pressures.

Interstitium and Lymphatics

It has long been appreciated that, at a steady state, the quantity and pressure of the
extracellular fluid are just as important in determining plasma volume as is the quan-
tity of plasma protein. A decrease in the volume of the circulating red blood cells is
normally compensated by an increase in plasma volume, and an increase in the vol-
ume of the circulating red cells is compensated by a decrease in plasma volume. The
infusion of hyperosmotic albumin solution causes a transient rise in plasma volume,
and the removal of plasma protein causes a temporary decrease in plasma volume. The
changes in plasma volume produced by varying the amount of circulating plasma pro-
tein are not permanent in normal subjects because the body is able to add protein to
the bloodstream or remove it. When the blood volume is raised by the addition of
protein, the body withdraws protein from the circulation. When the volume is decreased
by lowering the quantity of the circulating protein, the body adds protein to the blood-
stream. In conditions of increased body water, the plasma volume rises while plasma
protein concentration falls [17].

Extracellular fluid circulates. In health the skeletal muscles (female or male) account
for 2.2 or 3.5 L, connective tissues 2.4 or 3.0 L, skin 2.0 or 3.0 L, adipose tissue 2.0 or
1.6 L and nervous system 1.4 and 1.5 L. In either sex, there is roughly a litre of fluid in
each of the bone, bone marrow and transcellular spaces. The water in the adipose tissue is
predominantly extracellular, so the proportion of total body water that is extracellular
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tends to be higher in women and in the obese. In morbid obesity, 50-60% of the total body
water may be extracellular.

The basement membrane, where it exists, is a specialised part of the extracellular matrix
60-100 nm in thickness, composed of type IV collagen and laminin and closely adherent
to the cell membrane. It imposes some resistance to the circulation of extracellular fluid as
it leaves the interendothelial cleft and enters the interstitium.

The interstitium is the extracellular matrix within which reside tissue parenchymal
cells. It accounts for about one-sixth of the total body volume. The perivascular extracel-
lular matrix forms an organ-specific vascular niche that orchestrates mechano-, growth
factor and angiocrine signalling required for tissue homeostasis and organ repair. The
composition of the interstitium is controlled by the regulation of synthesis and turnover of
each of its individual components, driven by cytokines and growth factors [18]. Around
half of the total body albumin is circulating through the interstitium at any one time, and
this proportion increases in critical illness as the transendothelial albumin transfer rate
from plasma to interstitium increases. This accelerated transfer of albumin is the major
cause of post-surgical or post-traumatic hypoalbuminaemia.

Interstitial fluid traverses three ‘phases’ of the interstitium. The fact of an extravascu-
lar circulation of extracellular fluid draws our attention to the way interstitium channels
the flow. The major structural elements of the interstitium are collagen fibre bundles,
which are visible to light microscopy and can extend for long distances. Probe-based
confocal laser endomicroscopy (pCLE) is an in vivo imaging technology that provides
real-time histologic assessment of tissue structures in patients. The technology has
recently been used to visualise the interstitium of the gastrointestinal tract and urinary
bladder submucosae, the dermis, peri-bronchial and peri-arterial soft tissues and fascia.
The interstitial space is generally defined by a complex lattice of thick collagen bundles
that are intermittently lined on one side by fibroblast-like cells that can be stained with
endothelial cell markers. These cell-lined collagen bundles channel the circulation of
interstitial fluid.

The Triphasic Interstitium; Collagen Phase

For the purposes of understanding interstitial water disposition, the interstitium has been
described as triphasic [19]. The collagen triple helix consists of three intertwined polypep-
tide chains that entangle water molecules, a property called collagen hydration. Collagen
fibre bundles can therefore be considered one of the interstitial aqueous phases. Collagen
bundles of several interstitial spaces have been reported to be associated with thin, flat
cells (spindle-shaped in cross section) that have scant cytoplasm and an oblong nucleus,
and express the transmembrane phosphoglycoprotein CD34. These cells lack the ultra-
structural features of endothelial differentiation yet appear to channel the flow of intersti-
tial fluid [20]. Endothelial cell membrane-bound integrins can act upon collagen fibrils in
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the adjacent (perivascular) extracellular matrix, exposing glycosaminoglycans (GAGs) to
take up water and thereby lower the interstitial pressure.

The Triphasic Interstitium; Hyaluronan Gel Phase

The interstitial gel phase is largely composed of coiled and twisted proteoglycan fila-
ments, barely visible on electron microscopy but holding 99% of the interstitial water
in association with glycosaminoglycans, mostly hyaluronan. Hyaluronan restricts the
movement of water and forms a diffusion barrier that regulates the transport of sub-
stances through intercellular spaces. Hyaluronan takes part in the partitioning of
plasma proteins between vascular and extravascular spaces, and creates the excluded
volume phenomenon that affects the solubility of macromolecules in the interstitium,
changes chemical equilibria, and stabilises the structure of collagen fibres. Interstitial
water and solutes of the gel phase occupy the spaces within the proteoglycan/ hyal-
uronan matrix. The effective radius of these spaces, known as their hydraulic radius,
is as small as 3 nm in cartilage and up to 300 nm in the vitreous body of the eye. The
hydraulic radius of a matrix determines its resistance to the flow of solvent and sol-
utes through that part of the interstitium. The Wharton’s Jelly of the umbilical cord is
an open and loosely organised matrix with a hydraulic radius of about 30 nm and is
a good example of the gel nature of the interstitium. The interstitial gel restricts water
mobility and so stabilises tissue shape. It also prevents interstitial fluid displacement
by gravity and slows the spread of organisms such as bacteria. Interstitial hyaluronan
washout when lymph flow is raised during systemic inflammation could well contrib-
ute to elevated plasma hyaluronan concentrations which are most commonly attrib-
uted to disturbance of the endothelial glycocalyx.

Toll-like receptors are found within the extracellular matrix and are believed to have a
pivotal role in the early development of systemic inflammatory response and ventilator-
induced lung injury. Integrins and their receptors modulate cell locomotion through the
extracellular matrix, and can also modulate the interstitial pressure.

The Triphasic Interstitium; Aqueous Phase

Around 1% of interstitial water is normally within a gel-free phase through which water
can flow alongside collagen fibre bundles with their associated CD34+ interstitial cells.
This space appears microscopically as fluid vesicles and rivulets. The proportion of the
gel-free water phase is increased in interstitial oedema, and in the most severe cases up to
50%. Interstitial gel-free solvents and solutes are drawn into collecting lymphatics in order
to complete the circulation of interstitial fluid.
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Gel Swelling Pressure

GAG:s attract water molecules and confer the ability of the interstitial gel phase to swell by
taking up water. The gel swelling pressure is defined as the subatmospheric pressure that
precisely balances the suction effect of the interstitial GAGs, and is an osmotic pressure
largely due to sodium ions attracted by the fixed negative charges—the Gibbs—Donnan
effect. Many tissues maintain a subatmospheric interstitial fluid pressure in health because
the GAGs are normally under-saturated with water. The lymphatic system maintains this
state of under-saturation by pumping fluid away from the gel phase of the interstitium into
the aqueous lymph. Reduction of the pumping capacity of the lymphatic system therefore
predisposes to fluid retention and oedema.

In collagen-rich tissues such as the skin, the swelling tendency of the interstitial matrix
is further counteracted by tissue fibroblasts which tension the collagen fibrils under the
regulation of collagen-binding integrins at the cell membrane contact points. The tension
of collagen fibres restricts the swelling of GAGs. Collagen-binding integrins only have a
limited role in adult connective tissue homeostasis because of the relative paucity of cell-
binding sites in the mature fibrillar collagen matrices. Their importance may be greater in
connective tissue remodelling, such as wound healing. The skin has been recognised to
hold a substantial non-osmotic store of sodium within its interstitium, with a regulatory
role in salt and water homeostasis.

Interstitial Starling Forces

Aqueous interstitial fluid can be harvested from nylon wicks implanted subcutaneously,
for instance in the arm and leg. In a study of anaesthetised children, the mean plasma col-
loid osmotic pressure was 26 mmHg while the sampled interstitial fluid colloid osmotic
pressure was about 14 mmHg. Albumin is largely excluded from the interstitial gel phase
and the collagen phase but is present in the free-flowing interstitial aqueous phase and in
the lymph within lymphatic vessels. Water and small solutes (Na*, Cl~, and urea) move
easily between aqueous and gel phases, and between intracellular fluid and extracellular
fluid according to prevailing osmotic, hydrostatic and electrochemical forces. The pres-
ence of proteins will affect the viscosity of the flow and accumulation of water in hypopro-
teinaemic oedematous conditions. As interstitial fluid accumulates and the aqueous phase
expands relative to the gel phase, this mechanism becomes increasingly relevant.

Interstitial fluid volume, and so pressure, varies from tissue to tissue and with the rate
of fluid exchange. Integrin activation and subsequent conformational changes to collagen
allow the GAGs to become hydrated. This brings about an acute reduction in interstitial
fluid pressure in inflammatory conditions, increasing the transendothelial pressure differ-
ence and thereby increasing J, by as much as 20-fold independently of other causes of
capillary leak.
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Water absorption from the gut lumen is associated with the increased mucosal intersti-
tial fluid pressure that promotes water transfer to the plasma by fenestrated mucosal capil-
laries. Fluid secretion, for instance by endocrine and salivary glands, reduces their
interstitial pressure and so increases transendothelial filtration to supply the water needed
to continue the secretion. The matrix compressive effect of fibroblasts via collagen-binding
integrins has only a limited effect on the regulation of interstitial fluid pressure.

Lymphatic Vascular System

St George’s Hospital surgeon William Hunter demonstrated the role of lymphatics in
absorbing tissue fluids to the bloodstream in the mid-eighteenth century, yet in clinical
teaching today the role of the lymphatic vascular system is often misrepresented by calling
it a drainage system. The lymphatic system pumps fluid from tissues and returns it to
blood vessels. Lymphatics also transport lymphocytes and dendritic cells to the lymphoid
organs. The lymphatic system vasculature consists of thin-walled capillaries and larger
vessels that are lined by endothelial cells [21]. There are unique lymphatic markers that
differentiate lymph vessels from blood vessels. These include Prox1, a transcription factor
required for programming the phenotype of the lymphatic endothelial cell, and LYVE-1, a
CD44 homologue. Vascular endothelial growth factor receptor 3 is a receptor for vascular
endothelial growth factors (VEGF) C and D, and is not detected in blood vascular endo-
thelial cells. VEGF-C and VEGF-D regulate lymphangiogenesis by activating VEGFR-3,
a cell-surface tyrosine kinase receptor, leading to the initiation of a downstream signalling
cascade.

The afferent lymphatic vessels are of two types, initial and collecting. They differ ana-
tomically (i.e. the presence or absence of surrounding smooth muscle cells and semilunar
lymphatic valves), in their expression pattern of adhesion molecules and in their permis-
siveness to fluid and cell entry. A lymphangion is defined as the functional unit of a lymph
vessel that lies between two lymphatic valves.

The afferent lymphatics deliver around 8 L of lymph to lymph nodes per day. The col-
loid osmotic pressure of lymph is substantially lower than IT, and its continuous delivery
to the lymph node creates a Starling principle exception, allowing the absorption of sol-
vent to the plasma, about 4 L/day, to be sustained. The remaining 4 L/day of lymph pro-
ceed to the efferent system.

Efferent lymphatic vessels conduct lymph away from lymph nodes, to further lymph
nodes or the lymphatic trunks. They also feature semilunar valves to ensure one-way flow
and an investment of smooth muscle to pump the contained fluid. The right and left lumbar
trunks and the intestinal trunk constitute the cisterna chyli. The left lymphatic duct, more
often called the thoracic duct when seen in the chest, originates on the 12th thoracic ver-
tebra from the confluence of the right and left lumbar trunks, then traverses the diaphragm
at the aortic aperture and ascends the superior and posterior mediastinum between the
descending thoracic aorta and the azygos vein. The left lymphatic duct averages about
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5 mm diameter as it passes behind the left carotid artery and left internal jugular vein at the
fifth thoracic vertebral level and drains into the venous angle of the left subclavian and
internal jugular veins. There are two valves at the junction of the duct with the left subcla-
vian vein that prevent the flow of venous blood into the duct when central venous pressure
exceeds thoracic duct lymph pressure. Efferent lymph from the right thorax, right arm,
head and neck is conducted by the smaller right lymphatic duct.

The terminal section of the thoracic duct can be examined at the bedside by 2D ultra-
sound using high-resolution linear probes (7-12 MHz). Anatomic variations were noted in
27% of subjects in a clinical series of several hundred patients. The normal thoracic duct
diameter is about 2.5 mm, independent of the subjects’ age. The diameter is substantially
increased in subjects with congestive heart failure and liver cirrhosis. Dynamic imaging of
the chyle flow and valve function was possible. This technology holds promise for future
clinical research [22].

A non-muscular lymphatic endothelial vessel network in the dura mater of the mouse
brain was discovered by researchers in Helsinki. The dural lymphatic vessels absorb cere-
brospinal fluid from the adjacent subarachnoid space and brain interstitial fluid via the
glymphatic system described by Iliff [23]. The traditional view of cerebrospinal fluid
(CSF) circulation is that it is produced in the choroid plexus, flows slowly through the
subarachnoid space, and is reabsorbed by arachnoid villi or around spinal nerves. In the
new paradigm, CSF is a fluid with tightly controlled chemical constituents that flows rap-
idly around the subarachnoid space and through the brain and spinal cord tissue, fulfilling
a role similar to the lymphatic system in other organs. A significant portion of CSF enters
the brain via para-vascular spaces (Virchow—Robin spaces) that surround penetrating
arteries and arterioles (periarterial spaces). The fluid then leaves the brain via peri-venular
spaces. This fluid flow is facilitated at least in part by aquaporins in the end feet of astro-
cytes, which surround the brain vasculature and form a key component of the blood—brain
barrier. Functional lymphatic tissue has been found lining the dural sinuses, which con-
duct fluid into deep cervical lymph nodes via foramina at the base of the skull, where
solvent and small solutes can be absorbed to lymph node venules while efferent lymph
flows to the right thoracic duct.

The renal medulla has no lymphatic vessels. Fluid that is absorbed from the collecting
ducts into the renal medullary interstitium must therefore be continuously absorbed into
the bloodstream by the ascending vasa recta capillaries. It has been demonstrated that
labelled albumin is cleared from the medullary interstitium directly into the blood, and it
has been calculated that the convective flow of large solutes can account for this efficient
clearance.

Interstitial Fluid Dynamics

Intrinsic lymphatic pumping is regulated by four major factors: preload, afterload, sponta-
neous contraction frequency and contractility. The similarity to the Frank—Starling rela-
tionship for the heart is obvious.
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* Preload is the end-diastolic pressure (or volume) within the valved muscular lymphan-
gion. Increasing the ‘filling pressure’ over a physiologic range increases the amplitude
of contraction and so enhances pump output.

* Afterload: The lymphatic pump must adapt to elevated outflow pressures resulting
from partial outflow obstruction, increased central venous pressure and/or gravitational
shifts. Lymphangions in series can propel lymph against higher pressures than indi-
vidual lymphangions.

* Contraction frequency of collecting lymphatics is exquisitely sensitive to pressure,
and changes as small as 0.5 cm H,O can double the contraction frequency.

* Contractility is often used in the lymphatic context to describe the enhancement of
amplitude or frequency of contraction in response to a pressure increase or agonist
activation. The cardiac parallel is the concept of inotropy and inotropic agents.

There are of course extrinsic pump mechanisms operative in vivo. Leg muscles, for
example, contribute significantly to the energy expended on pumping lymph to the ingui-
nal, femoral and iliac lymph nodes. Lymph flow in the thoracic duct is supported by the
cycle of breathing. The thoracic duct smooth muscle is capable of contracting with suffi-
cient force to propel lymph towards the jugular venous junction at 1-3 mL/min which is
just about sufficient to move the normal daily efferent lymph volume of around 4 L.

Lymphatic muscle contractions, like cardiac muscle contractions, can occur spontane-
ously, but in health, they are subject to neural modulation. Sympathetic adrenergic nerve
fibres appear to be the dominant neural innervation of the lymphatic vasculature. a-adrenergic
stimulation of contractile lymphatic vessels consistently increases tone, amplitude and fre-
quency, while pB-adrenergic receptor activation decreases them. Substance P, commonly
associated with afferent nerve endings, augments tone and increases frequency. Muscarinic
receptors promote an increase in frequency, but the inhibitory effect of endothelial nitric
oxide synthase (eNOS) activation seems to be predominant. Mu receptor agonists such as
endorphins and morphine reduce the spontaneous contractility of smooth muscle every-
where. Serotonin (5-HT) can either inhibit or increase spontaneous lymphatic contractions
depending on the species and the state of serotonin receptor expression. Other inhibitory
factors include vasoactive intestinal peptides and calcitonin gene-related peptides.

Contraction synchrony within a lymphangion generates a systolic pressure pulse that
can open the outflow valve and eject lymph. Lymphatic contractions are triggered by an
action potential achieved in a pacemaker lymphatic microvascular cell, and the action
potential propagates rapidly from cell to cell over the length of the lymphangion. Electrical
coupling between the cells is presumably through connexins that form intercellular gap
junctions. Application of gap-junction blockers in mesenteric lymphatic vessel segments
leads to uncoordinated contractions.

Valve function is critical. Collecting lymphatics contain bicuspid (semilunar) valves
whose leaflets extend from a ring-shaped base and insert into the vessel wall. The valve
opening is a tapered funnel. A dilated sinus downstream from the valve facilitates valve
opening and partially balances the high resistance of the narrow orifice created by the
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valve leaflets. Valves are spaced at semi-regular intervals, and the factors that control their
spacing are not known.

Barrier function of lymphatic vessels was once disregarded, presuming they were
impermeable to fluid and solute. More recent analyses of collecting lymphatic endothelial
junction proteins reveal no major differences from those of blood vessels. Collecting lym-
phatics are not only permeable to solute and fluid, their albumin permeability is compa-
rable to that of post-capillary venules. Like venules, lymphatic permeability is actively
regulated because it can be modified by several signalling pathways, including nitric
oxide. Lymphatic capillaries are an order of magnitude more permeable than collecting
lymphatic microvessels, most likely due to their discontinuous pattern of junctional adhe-
sion proteins, facilitating fluid and solute absorption from the interstitium.

Lymphatic contractile dysfunction is often contingent on inflammatory states such as
trauma, sepsis, burns and even major surgery. It is a likely contributor to the accumulation
of interstitial fluid or oedema seen in these conditions.

Lymphatics and the Interstitial Storage of Sodium

It has long been taught that body sodium content directly determines the extracellular fluid
volume and therefore the effective circulating fluid volume. Long-term blood pressure
regulation, it was taught, relies on renal mechanisms to retain or excrete sodium in order
to keep the effective circulating fluid volume within very narrow margins of equilibrium.
Clinicians therefore use isotonic salt solutions to resuscitate patients with reduced effec-
tive circulating fluid volume (hypovolaemia) and are cautioned that excessive sodium
administration must cause oedema. Recent investigations in humans confirm animal labo-
ratory evidence that some sodium is in fact stored within the body without commensurate
water. This phenomenon was observed with salt solution infusions in surgical patients as
long ago as 1986. Indeed, it appears that electrolyte homeostasis in the body cannot be
achieved by renal excretion alone, and involves extrarenal regulatory mechanisms such as
this. The sodium store is now shown to be an interstitial reservoir that buffers the free
extracellular sodium and is regulated by extrarenal, tissue-specific mechanisms for the
release and storage of sodium. Immune cells from the mononuclear phagocyte system,
including macrophages and dendritic cells, are the local sensors of interstitial electrolyte
concentration. The major anatomic site of this sodium regulation is the interstitium of the
skin, with its substantial volume of interstitial fluid and lymphatic vasculature forming a
vessel network that can be expanded or reduced according to long-term sodium intake.
Skin macrophages and lymphatics are now known to act in concert as systemic regulators
of body fluid volume and long-term blood pressure. Interstitial electrolyte concentrations
are higher than in blood, and macrophages regulate local interstitial electrolyte composi-
tion via a tonicity-responsive enhancer-binding protein which induces vascular endothelial
growth factor (VEGF-C) production as tonicity rises. Acting on VEGF Receptor 3,
VEGF-C stimulates lymphangiogenesis to extend the capillary network and enhance the
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capacity for interstitial fluid clearance. At the same time, VEGF-C stimulates VEGF
Receptor 2 on blood capillaries promoting endogenous nitric oxide synthesis and increas-
ing local blood flow. Free sodium ions are thus presented via the bloodstream for renal
excretion and the extracellular space is protected from major sodium-induced fluid volume
fluctuations [24].

A recent study has shown that fluid leaving the skin as lymph is isosmotic to plasma,
even after a high sodium intake, but raises the possibility that the skin can differentially
control its electrolyte microenvironment by creating local gradients that may be function-
ally important [25].

To investigate the effects of sodium intake on the endothelial surface layer, 12
healthy male volunteers were randomised to low sodium (less than 50 mmol/day) or
high sodium (more than 200 mmol/day) diets for 8 days. There was no measurable
effect on arterial pressure, perfused boundary region (endothelial surface layer thick-
ness) or glycosaminoglycan excretion. Body weight increased by around 2.5 kg with
high salt intake, suggesting an extracellular volume expansion. Plasma volume mea-
sured by the central volume of distribution of radiolabelled albumin was unaffected.
Subjects who had followed a low sodium diet were then given 540 mL of 2.4% (hyper-
tonic) sodium chloride as an acute sodium load. This challenge increased the volume
of distribution of albumin by 250 mL and increased the transcapillary escape rate of
albumin from 7% to 10% per hour. There was no acute effect on arterial pressure or
perfused boundary region. The authors’ interpretation of their data was that acute
intravenous sodium loading was associated with increased microvascular permeabil-
ity, suggesting functional damage to the endothelial surface layer, but there are other
plausible interpretations, including a natriuretic peptide effect. In the same experi-
ment plasma sodium concentration at the end of hypertonic saline infusion was as
predicted by standard sodium kinetics, but 4 h later had decreased by 1.8 mmol/L
against a predicted fall of less than 1 mmol/L. The authors therefore concluded that
healthy individuals are able to osmotically inactivate significant amounts of sodium
after hypertonic saline infusion.

Interstitial Fluid and Lymph in Critical lliness

Cope and Litwin (1962) were perhaps the first to demonstrate that fluid absorption to the
plasma after acute haemorrhage (reduced capillary pressure) did not fully explain the
observed restoration of plasma volume [26]. That volume largely came from a rise in
thoracic duct lymph flow, and over the following 24 h lymph flow had returned about
twice the amount of protein that had been lost by haemorrhage. They called this phe-
nomenon ‘the essentiality of the lymphatic system to the recovery from shock’. Plasma
volume refill after blood loss was measured in the 1960s, but is rarely considered in
current teaching. Values of 1 mL/min or more imply that the efferent lymph flow is at
least doubled during plasma volume refill. Robert Demling in Boston made important



66 T. Woodcock

contributions to the pathophysiology of oedema [27]. We see in his work an appreciation
of the abrupt disequilibrium of Starling forces moving to a steady state. His laboratory
demonstrated that a marked increase in fluid flux after sustained protein depletion is
unrelated to colloid osmotic pressure. They drew attention to the possible contribution
of decreasing viscosity of the interstitial matrix leading to a more rapid interstitial fluid
accumulation. The surgical research team in Denver, Colorado, have developed a
hypothesis that mesenteric ischaemia/reperfusion primes polymorphonuclear leucocytes
which can then be provoked, for example by endotoxin, to cause distant organ injury by
migrating across the endothelium cell and releasing reactive oxygen species [28]. The
gut-lymph hypothesis is a variant; the shock-injured gut releases biologically active fac-
tors into mesenteric lymph, and these factors activate circulating neutrophils to injure
distant endothelial cells.

We now have a dynamic model of an extracellular fluid circulation of solvent, small
solutes and albumin in various tissue beds, driven by the lymphatic pump, contributing to
the supply and removal of larger, less diffusible molecules to the cells and their intracel-
lular fluid compartment. I summarise this in Fig. 2.4. The relative sizes of the fluid com-
partments as illustrated here are not to scale with actual volumes.
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Fig. 2.4 Dynamic model of an extracellular fluid circulation of solvent, small solutes and albumin
in various tissue beds
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Pulmonary Starling Forces and the Extravascular Lung Water

The pulmonary circulation operates at much lower hydrostatic capillary pressure than the
various systemic loops but sustains steady-state solvent filtration to the pulmonary inter-
stitium. As the lungs reside in a sub-atmospheric pressured body space, the interstitial
fluid pressure there is lower than that in subcutaneous tissue and fluid from pulmonary
capillaries is primarily drawn into the perivascular interstitial space by virtue of the sub-
pleural pressure there. Fluids and solutes are largely excluded from the alveoli by the tight
junctions of the alveolar epithelium.

In the progression of pulmonary oedema, fluid accumulates first in the interstitial space
around the airways forming ‘peribronchial cuffs’. The Staverman reflection co-efficient
sigma for albumin in pulmonary capillaries is, on average, around 0.7. There is thus more
interstitial protein in the lung than in other tissues with continuous capillaries, and the col-
loid osmotic pressure difference only weakly opposes steady-state filtration at low capil-
lary pressure. Bronchial artery-supplied capillaries also filter fluid to the pulmonary
interstitium and so contribute to the interstitial fluid volume and pulmonary lymph flow.

The volume of pulmonary interstitial fluid is strictly controlled by the lymphatic sys-
tem. Extravascular lung water can be measured at the bedside by double indicator dilution
or by thermodilution alone but includes intracellular fluid. The normal value is about
0.5 L. In severe pulmonary oedema values of more than 1.5 L are recorded, almost all of
the excess being extracellular fluid in the interstitium or alveoli.

Cell Fluid and Extracellular Fluid

There are of course cellular elements in the blood which, in females or males, account for
1.0-1.4 L of the intracellular fluid. Skeletal muscle intracellular water varies greatly with
muscle mass, but we may nominally expect 11.5 or 18.2 L. The nervous system accounts
for 2.5 or 2.8 L. Bone and bone marrow have barely 0.5 L of intracellular fluid, similar to
the adipose tissue. Connective tissues and transcellular fluid have very few cells and so
very little intracellular water.

Starling Forces Between Extracellular and Intracellular Fluids

Body water distribution between the extracellular and intracellular compartments in
each tissue reflects a steady state of hydrostatic pressure and osmosis. At equilib-
rium, the difference between the intracellular pressure and extracellular pressure is
equal and opposite to the osmotic pressure difference across the cell membrane. The
magnitude of diffusive water flux due to the osmotic pressure difference of an imper-
meable solute across an ideal membrane is proportional to the solute’s concentration
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difference and the membrane’s hydraulic conductance (L,). In reality, the cell mem-
branes are less than ideal barriers, and most solutes are not fully impermeable. A
fraction of the partially impermeable solute molecules will therefore be washed
through the permeability barrier with solvent flux; this is the convective transport of
solutes. In the 1950s Staverman proposed the reflection coefficient sigma (o) to
account for the observed osmotic pressure gradient relative to the ideal osmotic pres-
sure gradient for an impermeable solute. A solute whose sigma approaches zero
exerts almost no osmotic pressure (an ineffective osmol), and a solute whose sigma
approaches 1 is almost fully effective. Albumin and urea are examples of important
solutes whose ¢ for cell membranes approaches 1 in health, and Staverman’s reflec-
tion coefficient ¢ for a solute can be thought of as the fraction of molecules that are
reflected by the membrane. When almost all the molecules are reflected ¢ approaches
1.0. When half of the molecules are reflected, o is 0.5, and when only one in ten mol-
ecules is reflected o is 0.1.

Maintenance of the Extracellular-Intracellular Solute Balance is
Energy-Dependent

Cells need a near-continuous supply of adenosine tri-phosphate (ATP) to extrude perme-
able Na* ions (via membrane channels) which are then balanced by an influx of permeable
K* ions; sodium and potassium therefore behave like impermeable effective osmoles
sequestered in the ECF and ICF. Magnesium is an important co-factor. The sodium-
potassium pump was discovered in 1957 by the Danish scientist Jens Christian Skou, a
Nobel Prize winner in 1997. For every ATP molecule consumed, three sodium ions leave
the cell and two potassium ions enter; there is thus a net export of a positive charge per
cycle creating a membrane potential. Chloride (C17) concentrates in the ECF, while fixed
anions predominate in the ICF. The fixed intracellular anions include;

* Metabolites such as ATP, phosphocreatine and sulphate
* Nucleotides
* Proteins, which provide most of the intracellular anionic equivalence

Along with potassium they create the Donnan effect osmotic gradient which would
draw water into the cell were it not for the double Donnan effect of sodium potassium
ATP-ase.

Double Donnan Effect

e The intracellular protein concentration (non-diffusible anion) is higher than extracel-
lular, bringing about the first Gibbs—Donnan equilibrium. With unequal distribution of
diffusible ions and electric charge, water tends to move into cells.
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e Active extrusion of sodium by Na-K pump makes sodium the major extracellular cat-
ion, and it has low membrane permeability. This brings about a second Gibbs—Donnan
equilibrium that tends to move water out of cells.

* At steady state the two effects balance out and cell volume remains stable, but if sodium
potassium ATP-ase is inhibited cells will swell and rupture due to the first Gibbs—
Donnan equilibrium. Water is therefore passively distributed between intracellular and
extracellular compartments in proportion to the effective Na* and K* contents to reach
effective osmotic equilibrium (tonicity) and establish cell volume.

Potassium and Magnesium lons

Potassium is the major intracellular cation and 98% of the total body potassium is intracel-
lular. The plasma levels of potassium and magnesium are generally poor indicators of the
whole-body content of these electrolytes which are the major intracellular cations, but
deficiency does eventually manifest as reduced plasma concentrations. It is a common
clinical experience that hypomagnesaemia limits the ability to normalise plasma potas-
sium by giving potassium supplements. Sometimes hypokalaemia only improves after
magnesium has been given. The predominant factor seems to be magnesium’s part in the
working of several weak inward-rectifier potassium channels found in various isoforms
along the renal tubular epithelium. The renal outer medullary potassium channel (ROMK)
is the prototypic member of this family, and it plays a central role in the regulation of salt
and potassium homeostasis [29]. Intracellular magnesium and poly-amines enter the
inward-rectifier potassium channel cytoplasmic pore and plug the potassium permeation
pathway, giving rise to the phenomenon of ‘inward rectification’. In simple terms, intracel-
lular magnesium blocks what would otherwise be the inward flow of potassium and so the
recovery of potassium from the lumen of the distal tubule. When intracellular magnesium
is depleted, the block is lifted allowing potassium to be conserved.

Cell Volume Regulation and Intracranial Pressure

The principle that cell volume is closely linked to plasma tonicity is particularly important
in the nervous system; as plasma tonicity falls, cells swell. An acute onset (usually in
<24 h) of hyponatremia causes severe, and sometimes fatal, cerebral oedema. It takes just
a 3% fall in plasma osmolality (from 288 to 280 mosmol~!) to bring about a 3% increase
in brain cell volume, around 40 mL. As the cranial cavity is a rigid box, the same volume
(40 mL) of blood and cerebrospinal fluid must be displaced, and this represents 30% of the
normal intracranial fluid volume. When intracranial pressure is raised, or intracranial com-
pliance is low, a rapid fall in plasma tonicity can have grave consequences for cerebral
perfusion. Hypertonic salt solution boluses (e.g. 3% sodium chloride or 8.4% sodium
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bicarbonate) acutely raise plasma tonicity and thus draw water out of brain cells, allowing
the intracranial blood volume and perfusion to increase.

With slower tonicity changes, the brain is protected by adaptive steady-state mecha-
nisms, permitting survival at very low serum sodium concentrations. Adaptation to severe
hyponatremia is critically dependent on the loss of organic osmolytes from brain cells.
These intracellular, osmotically active solutes contribute substantially to the osmolality of
cell water and do not adversely affect cell functions when their concentration changes. The
volume-regulated anion channels (VRAC) are members of the superfamily of chloride/
anion channels. VRAC are activated by cell swelling and restore cell volume by discharg-
ing anionic osmoles to the interstitium. VRAC also play a role in cell proliferation, apop-
tosis, cell migration and the release of various mediators. They could prove to have an
important role in central nervous system pathophysiology.

The adaptation that permits survival in patients with severe, chronic (>48 h’ duration)
hyponatremia also makes the brain vulnerable to injury (osmotic demyelination) if the
electrolyte disturbance is corrected too rapidly. The reuptake of organic osmolytes after
correction of hyponatremia is slower than the loss of organic osmolytes during the adapta-
tion to hyponatremia. Areas of the brain that remain most depleted of organic osmolytes
are the most severely injured by rapid correction. The brain’s reuptake of myoinositol, one
of the most abundant osmolytes, occurs much more rapidly in a uremic environment, and
patients with uraemia are less susceptible to osmotic demyelination. Cerebral demyelin-
ation is a rare complication of overly rapid correction of hyponatremia. The principal risk
factors for cerebral demyelination are correction of the serum sodium of more than
25 mEq/L in the first 48 h of therapy, correction past the point of 140 mEq/L, chronic liver
disease and prior hypoxic/anoxic episode.

Cell Volume Regulation beyond the Brain

Volume-regulated anion channels (VRAC) are not unique to the central nervous system
and may prove to have a pivotal role in cell volume regulation in all cell types. Research
into the therapeutic potential of hypertonic saline led to the observation that variations in
cell volume have quite profound effects on cellular metabolism and gene expression and
could, for example, protect against lung injury in a haemorrhagic shock model. Meta-
analysis of human studies confirms the expectation of lower-volume resuscitation from
sepsis with hypertonic saline, but with no signal of outcome advantage. Hypertonic sodium
is also effective as chloride-free sodium lactate. VRAC activity could explain the finding
from clinical experience that neither electrolyte-free water nor potassium solution infu-
sions increase the steady-state intracellular fluid volume. Total body water expansion by
intravenous fluid infusions of any tonicity appears to be limited to the extracellular fluid
volume. Hessels and her colleagues at Groningen have therefore proposed an ‘alternative
model’ of water, sodium and potassium distribution.
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Hessels’ Alternative Model of Water, Sodium
and Potassium Distribution

It has been taught that an infusion of electrolyte-free water will increase the volume of all
compartments of the total body water and reduce osmolarity. In a cohort study of post-
surgical patients treated in an Intensive Care Unit with conventional intravenous fluids for
4 days, Hessels and colleagues found that there was a strongly positive accumulation of
sodium and total fluid, but a negative balance of electrolyte-free water and potassium [30].
In a sub-study comparing the effects of prescribing potassium to a target of 4.0 mmol/L or
4.5 mmol/L they found that all the excess potassium of the second group was renally
excreted. They interpreted these observations as showing that excess fluid in clinical prac-
tice results in interstitial expansion (extracellular oedema) while the intracellular volume,
where potassium is the dominant osmolar cation, is regulated close to its healthy normal.
They speculate that the cytosol is able to clear alternative osmolytes when there is a vol-
ume increase by electrolyte-free water infusion, and generate alternative osmolytes when
hypertonic saline infusion reduces cell volume. Intracellular volume is thereby conserved
in the face of changing body water tonicity. Further research including a broader popula-
tion of critically ill patients would be interesting. Hessels and colleagues have considered
the possibility that excess infused sodium is stored non-osmotically in the skin of patients.
Their data confirmed ‘Missing extracellular sodium’ ions, and ‘missing extracellular chlo-
ride’ too [31].

Studies to identify whether the missing ions are held non-osmotically or shifted to the
intracellular fluid are warranted.

Water Excretion

There are of course a number of insensible losses, but the major route of water excretion
is renal. The glomerular capillaries operate at a high P, driving a very high filtration rate
(the glomerular filtration rate) of solvent and small solutes from the plasma to the renal
tubules. The glomerular capillaries feature open (that is, non-diaphragm) fenestrations that
have just enough glycocalyx overhanging the edge to retain albumin in the bloodstream.
Of the 120 mL/min that are filtered, barely 1 mL/min leaves the collecting ducts to enter
the renal pelvis, ureter and urinary bladder for micturition. The filtration capacity of the
glomerular capillaries is therefore nearly matched by the absorptive capacity of the peritu-
bular capillaries of the renal cortex and the ascending vasa recta of the renal medulla. The
renal tubules and collecting ducts are the secreting epithelia that provide an independent
supply of low-protein solvent to the renal interstitium that creates an exception to the no-
absorption rule and allows the diaphragm-fenestrated peritubular capillaries and ascend-
ing vasa recta to sustain a high absorption rate. Aldosterone adjusts sodium and potassium
secretion/absorption in the tubular fluid emerging from the loops of Henle into the distal
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convoluted tubules. Arginine vasopressin is the hormone that makes final adjustments to
the water conductance of the collecting ducts.

Take Home Messages

e Quantitative consideration of the patient’s body water volumes is essential to the
prescription of an appropriate rate and total dose of fluid infusion.

* The distribution of extracellular fluid between plasma and the interstitium is most
effectively managed by consideration of capillary pressure P, or perhaps more
specifically of the venular filling pressure.

*  While the colloid osmotic pressure of plasma I, has historically been considered
to be important, we now know that the colloid osmotic pressure difference that
opposes filtration varies substantially with the filtration rate J, and cannot create
a sustained (steady state) absorption of interstitial fluid to the plasma.

*  While the healthy blood-brain barrier is close to impermeable, all other capillar-
ies are to a greater or lesser extent leaky to solvents and solutes.

e The sinusoidal tissue capillaries take a quarter of the left ventricular output and
are totally leaky, so we must dismiss the oft-taught shibboleth that albumin and
plasma proteins are confined to the intravascular space.

References

—

10.

. Michel CC, Woodcock TE, Curry FE. Understanding and extending the Starling principle. Acta

Anaesthesiol Scand. 2020;64(8):1032-7.

.Khaled MA, Lukaski HC, Watkins CL. Determination of total body water by deuterium

NMR. Am J Clin Nutr. 1987;45:1-6.

. Chumlea WC, Guo SS, Zeller CM, Reo NV, Siervogel RM. Total body water data for white

adults 18 to 64 years of age: the Fels Longitudinal Study. Kidney Int. 1999;56:244-52.

. Ellegard L, Bertz F, Winkvist A, Bosaeus I, Brekke HK. Body composition in overweight and

obese women postpartum: bioimpedance methods validated by dual energy X-ray absorptiom-
etry and doubly labeled water. Eur J Clin Nutr. 2016;70:1181-8.

. Lacey J, Corbett J, Forni L, et al. A multidisciplinary consensus on dehydration: definitions,

diagnostic methods and clinical implications. Ann Med. 2019;51:232-51.

. Boer P. Estimated lean body mass as an index for normalization of body fluid volumes in humans.

Am J Physiol. 1984;247:F632-6.

. Peters AM, Snelling HL, Glass DM, Bird NJ. Estimation of lean body mass in children. Br J

Anaesth. 2011;106:719-23.

. Brower RG, Lanken PN, Maclntyre N, et al. Higher versus lower positive end-expiratory pres-

sures in patients with the acute respiratory distress syndrome. N Engl J Med. 2004;351:327-36.

. Shi X, Passe DH. Water and solute absorption from carbohydrate-electrolyte solutions in the

human proximal small intestine: a review and statistical analysis. Int J Sport Nutr Exerc Metab.
2010;20:427-42.

Young AJ, Karl JP, Berryman CE, Montain SJ, Beidleman BA, Pasiakos SM. Variability in
human plasma volume responses during high-altitude sojourn. Physiol Rep. 2019;7:¢14051.



2 Fluid Physiology Part 1: Volume and Distribution of Water... 73

11. Woodcock TE, Woodcock TM. Revised Starling equation and the glycocalyx model of trans-
vascular fluid exchange: an improved paradigm for prescribing intravenous fluid therapy. Br J
Anaesth. 2012;108:384-94.

12. Woodcock TE. Plasma volume, tissue oedema, and the steady-state Starling principle. BJA Educ.
2017;17:74-8.

13. Woodcock T. Fluid physiology: a handbook for anaesthesia and critical care practice. Cambridge
Scholars Publishing; 2019.

14.Levick JR, Michel CC. Microvascular fluid exchange and the revised Starling principle.
Cardiovasc Res. 2010;87:198-210.

15.Curry FR, Adamson RH. Tonic regulation of vascular permeability. Acta Physiol (Oxf).
2013;207:628-49.

16. Hahn RG. Volume kinetics for infusion fluids. Anesthesiology. 2010;113:470-81.

17. Warren JV, Merrill AJ, Stead EA. The role of the extracellular fluid in the maintenance of a nor-
mal plasma volume. J Clin Invest. 1943;22:635-41.

18. Wiig H, Swartz MA. Interstitial fluid and lymph formation and transport: physiological regula-
tion and roles in inflammation and cancer. Physiol Rev. 2012;92:1005-60.

19.Bhave G, Neilson EG. Body fluid dynamics: back to the future. J Am Soc Nephrol.
2011;22:2166-81.

20. Benias PC, Wells RG, Sackey-Aboagye B, et al. Structure and distribution of an unrecognized
interstitium in human tissues. Sci Rep. 2018;8:4947.

21. Scallan JP, Zawieja SD, Castorena-Gonzalez JA, Davis MJ. Lymphatic pumping: mechanics,
mechanisms and malfunction. J Physiol. 2016;594:5749-68.

22.Seeger M, Bewig B, Giinther R, et al. Terminal part of thoracic duct: high-resolution US imag-
ing. Radiology. 2009;252(3):897-904.

23.11iff JJ, Goldman SA, Nedergaard M. Implications of the discovery of brain lymphatic pathways.
Lancet Neurol. 2015;14:977-9.

24. Wiig H, Luft FC, Titze JM. The interstitium conducts extrarenal storage of sodium and repre-
sents a third compartment essential for extracellular volume and blood pressure homeostasis.
Acta Physiol (Oxf). 2018;222

25. Nikpey E, Karlsen TV, Rakova N, Titze JM, Tenstad O, Wiig H. High-salt diet causes osmotic gra-
dients and hyperosmolality in skin without affecting interstitial fluid and lymph. Hypertension.
2017;69:660-8.

26. Cope O, Litwin SB. Contribution of the lymphatic system to the replenishment of the plasma
volume following a hemorrhage. Ann Surg. 1962;156:655-67.

27.Demling RH, Kramer GC, Gunther R, Nerlich M. Effect of nonprotein colloid on postburn
edema formation in soft tissues and lung. Surgery. 1984;95:593-602.

28. Dzieciatkowska M, D’ Alessandro A, Moore EE, et al. Lymph is not a plasma ultrafiltrate: a pro-
teomic analysis of injured patients. Shock. 2014;42:485-98.

29. Hadchouel J, Ellison DH, Gamba G. Regulation of renal electrolyte transport by WNK and
SPAK-OSRI kinases. Annu Rev Physiol. 2016;78:367-89.

30. Hessels L, Oude Lansink A, Renes MH, et al. Postoperative fluid retention after heart surgery is
accompanied by a strongly positive sodium balance and a negative potassium balance. Physiol
Rep. 2016;4

31.Hessels L, Oude Lansink-Hartgring A, Zeillemaker-Hoekstra M, Nijsten MW. Estimation
of sodium and chloride storage in critically ill patients: a balance study. Ann Intensive Care.
2018;8:97.



74 T. Woodcock

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter's Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Fluid Physiology Part 2: Regulation of Body 3
Fluids and the Distribution of Infusion
Fluids

Robert G. Hahn @

Contents
Introduction 77
Fluid Balance 78
Fluid Intake 78
Fluid Losses 78
Fluid Movement and Edema Formation .79
Cell Membrane 79
Capillary Membrane . 80
The Starling Equation . 81
Edema Formation . 81
The Importance of Organ Function 82
The Kidneys 82
Nervous Control 82
Hormones 83
Cardiac Response to Fluid . 83
Electrolytes 84
Crystalloid Fluid Solutions . 85
Ringer’s Solution . 85
Other Crystalloid Fluids . 86
Colloid Fluid Solutions .87
Measurement of Body Fluid Volumes 87
Fluid Efficiency 88
Volume Kinetics, Basic Concepts 89
Crystalloids Versus Colloids .92
Goals of Fluid Therapy .93
References . 9%
R. G. Hahn (04)

Anaesthesia and Intensive Care, Karolinska Institutet, Stockholm, Sweden
e-mail: r.hahn @telia.com; robert.hahn @sll.se

© The Author(s) 2024 75
M. L. N. G. Malbrain et al. (eds.), Rational Use of Intravenous Fluids in Critically
11l Patients, https://doi.org/10.1007/978-3-031-42205-8_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-42205-8_3&domain=pdf
https://doi.org/10.1007/978-3-031-42205-8_3
https://orcid.org/0000-0002-1528-3803
mailto:r.hahn@telia.com
mailto:robert.hahn@sll.se

76 R. G. Hahn

IFA Commentary (MLNGM)

We continue a similar but also different deep dive in the second part on fluid physiol-
ogy. Are colloids and crystalloids really different with respect to their plasma
volume-increasing or volume-expanding effects? In conditions of low blood pres-
sure and hypoperfusion (e.g., postoperative or shock state, after anesthesia induc-
tion, and trauma), it seems that as long as they are infused crystalloids and colloids
have similar effects compared to healthy volunteers where colloids have a greater
effect on effective plasma volume. Can we talk about the pharmacokinetics and
pharmacodynamics of fluids in analogy to antibiotics or other drugs? Volume kinet-
ics is an adaptation of the pharmacokinetic theory that makes it possible to analyze
and simulate the distribution and elimination following an infusion of intravenous
fluids. Applying this concept, it is possible, by simulation, to determine the infusion
rate that is required to reach a predetermined plasma volume expansion. Fluid phar-
macokinetics describes how the body affects a drug, resulting in a particular plasma
and effect site concentration. The pharmacokinetics of intravenous fluids depends on
distribution volume, osmolality, tonicity, oncoticity, and kidney function. Eventually,
the half-time depends not only on the type of fluid, but also on the patient’s condi-
tion, comorbidities, and the clinical context. Fluid pharmacodynamics relates drug
concentrations to their specific effect. For fluids, the Frank—Starling relationship
between cardiac output and cardiac preload is the equivalent of the dose—effect
curve for standard medications. Because of the shape of the Frank—Starling relation-
ship, the response of cardiac output to the fluid-induced increase in cardiac preload
is not constant. This chapter will give a concise overview of fluid kinetics and
dynamics with a focus on fluid intake and fluid loss and the important role of the cell
and capillary membrane. It will discuss the Starling equation and edema formation
and how organ dysfunction (e.g., kidney, neurologic, cardiovascular, and endocrine)
may alter fluid homeostasis. An overview will be given on daily electrolyte needs
(Table 3.1) the different crystalloid and colloid solutions and how they may have
different impacts on fluid efficiency (Fig. 3.1).

Table 3.1 Daily electrolyte requirements

mmol/kg/ | mmol/day

Electrolyte | Function day (80 kg)

Sodium Main extracellular cation 1-1.5 80-120

Potassium | Main intracellular cation, acid—base regulation, 0.75-1.25 |60-100
neuromuscular contractility

Chloride Extracellular anion, acid—base regulation 0.75-1.25 | 60-100

Phosphate | Main intracellular anion, acid—base regulation, energy | 0.2-0.5 2045
source (ATP)

Magnesium | Co-factor in enzyme systems, neuromuscular 0.1-0.2 5-10
contractility

Calcium Bone mineralization, neuromuscular contractility 0.1-0.2 5-10
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TBW = ECW + ICW 9 1L saline (0.9%) — isotonic
' ' ' YTHIY S '

Fig. 3.1 Different volume expansion effects in stable (not critically ill) conditions after 1 h of
administration of 1 L of IV solution

Learning Objectives

After reading this chapter, you will:

1. Know what the normal need for fluid is in a human and what might cause this
need to change.

2. Understand how osmotic and colloid osmotic pressure in an infusion fluid alters
its distribution between body fluid compartments.

3. Comprehend the traditional Starling equation.

4. Identify how fast glucose can be administered by intravenous infusion without
causing harm and how this can be monitored.

5. Learn the cardiac and renal responses to dehydration and fluid loading.

Introduction

The turnover of fluid is fairly slow in humans, with a basic need of 1.0 mL/kg/h. The body
has limited tolerance for losses of body fluid, so the intensivist has to deal with derange-
ments such as hypovolemia, volume depletion, and dehydration. An infusion fluid can be
tailored to distribute into any of the body fluid spaces, including the plasma, the extracellular
fluid space, or the total body water. The fluid balance is controlled by the kidneys, the ner-
vous system, and hormones; however, these control systems may be dysfunctional during
intensive care due to the disease and the medical treatment. The key clinical guides to fluid
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management are the hemodynamic responses to fluid and the signs of organ dysfunction,
such as lowered pH, plasma lactate, and plasma creatinine. Volume expansion is often
needed during the initial treatment phase due to vasodilatation and disturbances of the
adrenergic system. Judicious fluid administration is recommended later in the course of
disease, because fluid underload and overload are both problematic. Electrolyte derange-
ments may be induced by disease and/or medication. The most essential electrolyte distur-
bances to consider involve sodium, potassium, calcium, and bicarbonate. Volume kinetic
analysis shows a pronounced distribution phase for bolus doses of crystalloid fluid. Colloid
fluid provides a two to three times stronger plasma volume expansion, but the difference
between colloid and crystalloid solutions disappears after 6-12 h, depending on arterial
pressure. Measurements of body fluid volumes can be performed but have limited applica-
bility due to the complex methodology. See also Chap. 2 for the first part on fluid physiology.

Fluid Balance

Fluid Intake

Water constitutes between 50% and 60% of the body weight in adult females and males,
respectively, with some decrease over the lifespan. The water volume is distributed over
two compartments, the intra- and extracellular fluid spaces (ICF and ECF, respectively);
the ECF is further divided into plasma and interstitial fluid. These volumes are tightly
controlled by hormonal, neurological, and cardiovascular mechanisms.

The turnover of fluid in the body is fairly slow. The basic need for fluid is 1.0 mL/kg/h,
i.e., 1.2 L/day in a patient weighing 50 kg and 2.4 L in a patient weighing 100 kg. To
obtain a reasonable margin, the basic need is usually set 25% higher.

The so-called 4/2/1 rule provides a recommendation for suitable water intake for chil-
dren. This rule suggests 4 mL/kg/h for infants weighing 3—10 kg; 40 mL/kg plus 2 mL/
kg/h for each kg over 10 kg for children weighing 10-20 kg; and 60 mL/h plus 1 mL/kg/h
for each kg over 20 kg in children weighing >20 kg.

Fluid Losses

Fluid losses from the body consist primarily of insensible water losses (i.e., evaporation,
which is mostly derived from the airways) and baseline diuresis. These two sources each
account for half of the water loss in a fasting individual. A small amount of water, approxi-
mately 300 mL/day, is created in the body as a result of the metabolism of glucose. Water
losses by sweating are normally quite small, but these increase in fever conditions and
during physical exercise.

The body has a limited tolerance for losses of body fluid. The blood volume, which is
a part of both the ICF and ECF, is particularly sensitive. A loss of blood volume below



3 Fluid Physiology Part 2: Regulation of Body Fluids... 79

Table 3.2 Effect of fluid loss and gain on interstitial, plasma, and intracellular volume and plasma

tonicity

Interstitial fluid Plasma volume Intracellular
Conditions volume (volemia) volume Plasma tonicity
Isotonic fluid | | (dehydration) | (hypovolemia) = (normal) = (plasma
loss isotonicity)
Hypotonic | (dehydration) =/ | (normo- or | (dehydration) | 1 (plasma
fluid loss hypovolemia) hypertonicity)
Isotonic fluid | 1 (hyperhydration) | 1 (hypervolemia) = (normal) = (plasma
gain isotonicity)
Hypotonic 1 (hyperhydration) | =/t (normo- or 1 | (plasma
fluid gain hypervolemia) (hyperhydration) | hypotonicity)
Hypertonic 1 (hyperhydration) | 1 (hypervolemia) | (dehydration) 1 (plasma
fluid gain hypertonicity)

1 increased, = no change, | decreased

normal is called hypovolemia. The arterial pressure is maintained by catecholamine release
during blood losses of up to 20% of the blood volume (approximately 1 L in the adult)
although cardiac output falls. The body then changes strategy to vasodilatation, which cre-
ates an abrupt drop in pressure. The reason for this changeover is unclear from a physio-
logical point of view; however, a low flow and low blood pressure more effectively allow
blood clots to form, which is beneficial in uncontrolled hemorrhage.

Loss of extracellular fluid is called volume depletion and occurs in patients experienc-
ing diarrhea and vomiting. Finally, loss of total body water is due to insufficient intake of
water and is common in the elderly. The hallmark of insufficient water intake is a rise in
serum osmolality to 300 mosmol/kg or more. This condition is often called dehydration in
daily language, but it is more specifically hyperosmotic dehydration or else intracellular
volume depletion and occurs in patients experiencing diarrhea and vomiting. Finally, loss
of total body water is due to insufficient intake of water and is common in the elderly. The
hallmark of insufficient water intake is a rise in serum osmolality dehydration. In con-
scious humans, dehydration quickly leads to poor mental and physical performance.

Table 3.2 shows the effect of fluid loss and gain on interstitial, plasma, and intracellular
volume and plasma tonicity.

Fluid Movement and Edema Formation
Cell Membrane

Movements of fluid between the body fluid volumes are determined by specific factors.
The distribution across the cell membrane, i.e., the separation between the ICF and ECF,
is governed by osmolality and the permeability of the cell membrane for the molecules
that contribute to the osmolality. For example, sodium is important for fluid distribution
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because only small amounts of this ion enter the cells, and whatever amount enters is
quickly expelled via the sodium—potassium pump. By contrast, ethanol markedly raises
the osmolality but does not redistribute water because ethanol easily passes through the
cell membrane. Many molecules, such as amino acids, have intermediate characteristics
and may, like glucose, be actively pumped into the cells, and water then follows by virtue
of osmosis. Therefore, the influence of a glucose solution on the fluid distribution is time-
dependent. The ability of a solution to redistribute water across the cell membrane is
called its tonicity. A saline solution with a concentration higher than 0.9% withdraws fluid
from the ICF to the ECF and is therefore called hypertonic. By contrast, pure water is
strongly hypotonic, as it distributes across the cell membrane in proportion to the sizes of
the ICF and ECF. An ethanol solution can be hyperosmotic while still being hypotonic.

Capillary Membrane

The capillary membrane separates the blood from the interstitial fluid. This membrane
allows the filtration of fluid from the plasma to the interstitium through pores and fenestra-
tions over a very short distance of the length of the capillary. The pores are either small
(40-45 A) and allow small ions to pass with ease, or they are large (250 10\) and allow
proteins to pass. The proteins follow the flow of fluid through the large pores, in a process
called convection, and leave the plasma at a rate of 5-8% per hour. This means that small
molecules, such as electrolytes and glucose, are filtered freely in both the small and large
pores, while macromolecules (such as albumin) pass slowly through the large ones only.
Filtered fluid is mostly returned to the plasma by lymphatic flow, while absorption from
the interstitium to the plasma occurs in the gastrointestinal canal and lymphatic glands.
Absorption also occurs from other body areas in hypovolemic states.

In healthy humans, the hydrostatic pressure in the capillaries is 17-25 mmHg, whereas
it is slightly negative, at about —3 mmHg, in the interstitial fluid. The interstitial fluid
space is filled with proteoglycan filaments and collagen fibrils that bind the tissues together.
The connective tissue has an initial low compliance for volume expansion, which counter-
acts fluid accumulation. The jelly-like consistency of the interstitium restricts the rapid
movement of fluid, whereas electrolytes and metabolic products diffuse almost freely.

The interstitial fluid volume corresponds to 15% of the body weight; of this, only two-
thirds becomes expanded by an infusion of crystalloid fluid. Very dense areas of the inter-
stitial fluid space, such as bone tissue, might even be difficult to expand by fluid at all.

The osmolality created by the macromolecules is called the colloid osmotic pressure. It
accounts for only a small fraction of the total osmolality in the body fluids but is still,
together with the hydrostatic pressure, the pressure that determines the distribution of fluid
between the plasma and the interstitium. A colloid infusion fluid that expands the plasma
volume by its own volume is considered iso-oncotic.

The difficulty for macromolecules to pass the endothelium is partly explained by the
existence of a layer on the luminal side of the endothelium called the glycocalyx. This
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layer might be degraded in inflammatory states and ischemia, which then accelerates the
passage of macromolecules. The functions of the glycocalyx layer have been mostly dis-
closed during the past 25 years, and many details of its physiological role probably remain
to be established.

The integrity of the glycocalyx layer in living humans can be explored by filming the
microcirculation with a camera placed on the nail bed or below the tongue. Alternatively,
molecular constituents of the glycocalyx layer, such as syndecan-1, heparan sulfate, and
hyaluronic acid, are found in increasing concentrations in plasma and urine. However, so
far, linking increasing plasma levels to a physiological effect in humans has been
challenging.

The Starling Equation

Fluid exchange across the capillary membrane was investigated by the English physiolo-
gist Ernest Starling (1866—1927) who, in 1896, formulated his Starling Equation, which is
still considered to be valid. The “traditional” equation summarizes the factors that deter-
mine the transcapillary exchange in the following way:

Fluid exchange = K, [(Pc -P)-o (np -, )]

where K; is a proportionality constant, P, and P; are the hydrostatic fluid pressure in the
capillary and interstitium, respectively, and 7, and r; are the colloid osmotic pressure in the
plasma and interstitial fluid, respectively. The symbol ¢ is the reflection coefficient, which
explains how easily macromolecules pass through the capillary wall. A reflection coeffi-
cient of 1.0 means that the membrane is impermeable, and 0 means that the molecule
passes without any difficulty. The value of o greatly varies between vascular beds.

Recent microcirculatory research suggests that the principles behind the Starling equa-
tion need to be revised due to the active role played by the endothelial glycocalyx layer in
forming the transcapillary fluid equilibrium. These alternations are discussed in detail by
Tom Woodcock in the first chapter of this book.

Edema Formation

Edema develops in response to the rapid infusion of crystalloid fluid, which overwhelms
the capacity of the lymphatic system to return the infused volume. Edema can also occur
due to the blunted return of fluid from the interstitial fluid space to the plasma, as in the
case of acute burns, toxicosis of pregnancy, and sepsis. A gradual loss of the elastic proper-
ties of the interstitial meshwork of proteoglycans occurs if volume expansion progresses.
Massive expansion of the interstitial fluid space, corresponding to a crystalloid fluid infu-
sion of approximately 7-8 L, finally overcomes the negative pressure. The tissue then
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breaks up, and fluid accumulates in small pools or lacunae in the skin and certain organs,
such as the heart.

The brain is not subject to edema by fluid overload with isotonic fluid. Instead, brain
edema arises due to metabolic or physical damage or reductions in serum osmolality.
Edema is particularly critical in this organ as the skull provides the brain with only a lim-
ited capacity to swell.

The Importance of Organ Function
The Kidneys

Approximately 20% of the renal plasma flow is filtered in the glomeruli and creates the
primary urine. The renal blood flow and the glomerular filtration rate are affected by the
arterial pressure, but they are autoregulated between 80 and 160 mmHg. The primary urine
is refined within the kidneys with regard to volume and the composition of small mole-
cules. The kidneys have a remarkable capacity to match variability in the intake of water
with urinary excretion. Proteins are not excreted in healthy humans.

Normal urinary excretion in an adult is 1.0-1.5 L per 24 h. Excretion of less than
400 mL is called oliguria and less than 100 mL is called anuria. The reasons for anuria can
be pre-renal (low arterial pressure), intra-renal (kidney injury), or post-renal (renal stones
and outflow obstruction).

Poor urinary excretion is often treated with a bolus infusion of 500 mL of crystalloid
fluid in case the patient is hypovolemic. A second treatment is an injection of loop diuret-
ics, which increase sodium excretion and urine volume. A third method is to boost urinary
excretion with 100-200 mL of hyperosmotic 10-20% mannitol, which is not metabolized
and only eliminated by osmotic diuresis.

Nervous Control

The autonomic nervous system maintains a balance between parasympathetic and sympa-
thetic nervous impulses. The sympathetic impulses are of particular interest for fluid bal-
ance, as they constrict arterioles, which raises peripheral resistance. Sympathetic impulses
also constrict large veins, which increases cardiac output, and stimulates the release of
noradrenaline and adrenaline from the adrenals into the blood. These are short-acting
hormones that cause vasoconstriction, although adrenaline causes vasodilatation in mus-
cle tissue.

Urinary excretion is reduced by beta-1-receptor stimulation, which can be created by
providing the drug isoprenaline, while diuresis is increased by alpha-1-stimulation, which
is achieved by phenylephrine.
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Hormones

Besides the two hormones excreted from the adrenal medulla, which are under the control
of sympathetic nerves, a number of other agents also affect the fluid balance. Cortisol is
excreted from the adrenal cortex. This stress hormone has profound effects on metabolism,
but it also promotes fluid retention by increasing the reabsorption of sodium in the kid-
neys. Cortisol excretion is elevated by surgical stress.

Renin is excreted by the kidneys in response to low arterial pressure. Renin activates a
vasoconstrictor and angiotensin and further stimulates the secretion of aldosterone, which
is another hormone that reduces sodium excretion and thereby promotes water retention in
the body.

Vasopressin (antidiuretic hormone) is excreted from the brain in response to high serum
osmolality. This hormone acts on the kidneys to increase the reabsorption of water.
Vasopressin is important for the long-term correction of the body’s fluid balance in plasma
concentrations between 1 and 6 pg/mL. Very high plasma concentrations, up to several
hundred pg/mL, occur in response to any short period of hemorrhagic hypotension. In this
range, the hormone also has a vasoconstrictive effect. Despite the short half-life of vaso-
pressin, the elevation of its plasma concentration is sufficient to cause renal fluid retention
that lasts for several hours.

Atrial natriuretic peptide (ANP) is excreted in response to the distention of the atrial
muscle cells of the heart. The key effect of ANP is to decrease the blood volume by
increasing sodium excretion and capillary leakage of proteins. A structurally similar hor-
mone, brain natriuretic peptide (BNP), is released from the cardiac ventricles in response
to distention. These hormones act on the same receptors, but ANP exerts a stronger effect.

Vasopressin, ANP, noradrenaline, and adrenaline exert immediate effects and have
short half-lives, whereas the steroid hormones cortisol and aldosterone act more slowly.

Cardiac Response to Fluid

The typical hemodynamic response to volume loading with an infusion fluid is an increase
in cardiac output, with no change in arterial pressure, while peripheral resistance decreases.
The rise in cardiac output requires a sufficient venous return and the ability of the heart to
pump more fluid. Cardiac output does not increase if the vascular system is already ade-
quately filled with volume. The ability of the heart to pump more volume in response to
fluid loading is called fluid responsiveness. This can be tested in many ways, both by infus-
ing a bolus volume of fluid (during general anesthesia) or by recording the response in
cardiac stroke volume to leg lifting (“passive leg raising test” in the conscious patient).
Providing infusion fluid to a patient who is not fluid-responsive is hardly meaningful, as it
impairs oxygen delivery and raises the central venous pressure. However, a patient can be
made more fluid-responsive by the administration of adrenergic drugs.

Monitoring of the central hemodynamic response to volume loading has a key role in
guiding fluid therapy and will be reviewed in greater detail elsewhere in this book.
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Electrolytes

Sodium This ion is essential to nerve function and is the most abundant positively charged
ion in the ECF. Sodium is essential for maintaining fluid balance across the cell mem-
brane. Sodium enters the cells, but, as already mentioned, intracellular sodium is actively
pumped out to the ECF again. The normal plasma sodium concentration is
133-146 mmol/L. A drop in concentration below 130 mmol/L triggers the appearance of
nervous system symptoms, consisting of confusion and various degrees of muscular weak-
ness and depressed consciousness [1, 2]. Severe forms of hyponatremia, involving brain
damage, correspond to plasma concentrations below 120 mmol/L.

Hyponatremia can be acute (excessive water ingestion), subacute (2-3 days after sur-
gery), or chronic (unhealthy diet, kidney injury, and diuretics). The chronic form is most
commonly seen in intensive care. The speed at which hyponatremia is restored must match
the rate at which it has developed because the brain adapts slowly to a new ionic environ-
ment [3]. Hypernatremia also blurs consciousness, and the cause is usually iatrogenic.

Chloride This is the negatively charged ion that balances the sodium ion in the
ECF. Elevated concentrations, which are usually iatrogenic, reduce urinary excretion by
local vasoconstriction and are associated with acidosis. Hypochloremia arises as a result
of vomiting and causes metabolic alkalosis.

Calcium Half of the calcium in plasma is abound to albumin and the other half is the
biologically active free ionized fraction, which is important for muscle and nerve function
and serves as a co-factor for coagulation proteins.

Infusion of approximately 4 L of fluid that lacks calcium (0.9% saline and PlasmaLyte)
dilutes the calcium concentration enough to impair muscle function. The deterioration also
includes the heart, whereby cardiac output decreases. Blood transfusions having citrate as
a preservative have the same effect, but they work by binding calcium rather than diluting
the concentration. Intravenous calcium is an effective treatment.

Injections of large amounts of calcium stop the heart in systole; however, in a clinical
setting, plasma calcium is rarely high enough to disturb heart function.

Bicarbonate This ion has a profound importance for the acid—base balance due to its
capacity to buffer hydrogen ions; however, perhaps even more importantly, it increases the
strong ion difference to create a neutral blood pH. Sodium bicarbonate is marketed as a
hypertonic infusion fluid and might be considered for temporary relief in severe metabolic
acidosis (pH < 7.0). Instead, the chief therapeutic effort should be directed toward treating
the cause of the acidosis.

Potassium This is the most abundant positively charged ion within the cells, whereas its
concentration in the ECF is quite low (3.6-5.1 mmol/L). A deviation of 50% from the
upper or lower border of the normal range may have a fatal outcome on the heart. The
effect of potassium on the heart is opposite that of potassium, but arrhythmia is the most
typical sign of abnormal values.
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Acute stress causes a temporary shift of potassium from the ECF to the ICF and is often
seen after trauma and surgery. The mechanism is adrenergic beta-2-receptor stimulation.
Therefore, hyperkalemia can be treated with adrenaline. Chronic hypokalemia is usually
the result of diuretic therapy or an aberrant diet.

Potassium should be added to infusion fluids used for maintenance therapy
(20-40 mmol/L). Due to the risk of cardiac arrhythmias, it should be provided no faster
than 10 mmol//h unless the electrocardiograph is monitored continuously. Hence, infu-
sions with a higher potassium concentration than the plasma cannot be administered at a
high rate.

Crystalloid Fluid Solutions
Ringer’s Solution

Ringer’s solutions are aimed to resemble the composition of the ECF fluid. However, the
sodium concentration is 130 mmol/L, which is lower than in the plasma (mean
138 mmol/L). A buffer (lactate or acetate) is usually added to maintain a normal pH. These
fluids still exert a slight acidifying effect. Both lactate and acetate also have some vasodi-
lating properties. These solutions are slightly hypotonic (270 mosmol/kg).

Ringer’s solutions are distributed from the plasma across the ECF volume in a process
that requires approximately 30 min for completion. However, very small amounts (5 mL/
kg) undergo barely any distribution and almost exclusively fill up the plasma volume [4].
Larger volumes infused over 30 min expand the plasma volume by approximately half its
volume. When the infusion is turned off, the plasma volume expansion rapidly falls until
full equilibration in the ECF volume has been achieved. Thereafter, the fluid is eliminated
by voiding with a half-life of between 20 and 40 min (volunteers) to several hundred min-
utes (arterial hypotension, anesthetized patients).

The suitable rates of infusion of Ringer’s solutions are often said to be limited only by
the patient’s hemodynamic capacity. However, large-scale infusions (75-100 mL/kg over
30 min) change the integrity of the interstitial meshwork of the interstitial fluid space and
thereby promote edema [4]. Body areas that are particularly susceptible to crystalloid fluid
overload, such as the skin, lungs, and gastrointestinal wall, have a high compliance for
volume expansion. Volume loading might also cause degradation of the endothelial glyco-
calyx layer. However, infusing 25 mL/kg seems to be innocuous in this respect [5].

Ringer’s solutions are used to expand the ECF volume, which is needed to combat fluid
and blood losses during surgery and intensive care. ECF volume expansion also compen-
sates the blood flow for disturbances of the autonomic nervous system, which occur due to
general anesthesia and severe disease.
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Other Crystalloid Fluids

Normal (0.9 %) saline is an isotonic fluid that contains only sodium and chloride in equal
amounts. The fluid causes slight metabolic acidosis when the infused volume is 2 L or
more. The half-life in volunteers is twice as long as for Ringer’s solutions and amounts to
approximately 90 min [6]. The indication for isotonic saline is restricted to hyponatremia
and volume replacement after vomiting.

Saline may also be used in a 3% or 7.5% solution to combat brain edema or severe
hyponatremia, and for fluid resuscitation in acute trauma care. These hypertonic fluids
should not be infused together with erythrocytes.

Mannitol is a sugar isomer that can only be eliminated by urinary excretion. The half-
life is almost the same as for isotonic saline. Mannitol is iso-osmotic in a 5% concentration
but is used in a 10-20% preparation to treat brain edema and to stimulate diuresis.
Hypertonic mannitol contains no electrolytes, which are therefore excreted along with the
osmotic diuresis. The resulting decrease in the electrolyte concentrations in the ECF
causes post-infusion cellular swelling (rebound effect).

Glucose (dextrose) fluids are maintenance solutions. They cannot be infused as liber-
ally as the previous crystalloid solutions due to an accompanying rise in plasma glucose.
A glucose solution is iso-osmotic at a 5% concentration, which only contains
200 kcal/L. This small amount of calories can only prevent starvation and does not provide
adequate nutrition. The chief indication for its use is to prevent hypoglycemia and severe
muscle wasting and to provide water for hydration of the ICF space.

The main problem with glucose solutions is that intravenous administration trespasses
the gastrointestinal hormones that aid the glucose metabolism. Hence, the hyperglycemic
effect of an intravenous infusion is much greater when compared to oral intake of glucose.
Even worse, the trauma associated with intensive care causes resistance to the effects of
insulin. Therefore, plasma glucose should be measured often and not allowed to rise above
9-10 mmol/L. This is usually achieved by not allowing 1 L of glucose 5% to be infused
over a shorter time period than 6 h [7].

The use of glucose solutions of concentrations higher than 5% should be monitored
carefully with measurements of plasma glucose. Insulin administration is often needed.
The aim is then to increase the administration of calories and/or to restrict the administra-
tion of fluid volume.

Allowing very high plasma concentrations of glucose (>12 mmol/L) is discouraged,
not only because they promote bacterial growth, but also because osmotic diuresis devel-
ops. If cardiac arrest develops, any brain damage will be greater in the hyperglycemic
compared to the normoglycemic patient [8].
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Colloid Fluid Solutions

Colloid fluids contain water, electrolytes, and a macromolecule that contributes to the
intravascular colloid osmotic pressure. Large volumes improve the microcirculation and
slightly impair coagulation. In contrast to crystalloids, colloids all share an allergic poten-
tial. Hence, colloid fluids should only be given if drugs to combat allergic reactions are
at hand.

Albumin is the chief plasma protein and is marketed for plasma volume expansion in
iso-oncotic or nearly iso-oncotic preparations (3—5%) and in a hyper-oncotic concentra-
tion (20%). Albumin also serves as an antioxidant.

The 4% albumin preparation expands the plasma volume by approximately the same
amount as the infused volume. The half-life of its plasma volume expansion is several
hours, which is closely related to the intravascular persistence of the albumin [9]. The
intravascular persistence is probably shorter in septic patients due to increased capillary
leakage of albumin [10].

The 20% preparation increases the circulating plasma volume by twice the infused
volume [11].

Repeated infusions of large amounts of albumin put a burden on protein metabolism
and urea excretion, which can be an issue in intensive care patient.

There is no evidence that albumin promotes kidney injury in septic patients [12].

Hydroxyethyl starch (HES) is a colloid solution prepared from plants. HES prepara-
tions are colloids intended for plasma volume expansion. The most widely used, Voluven
(Fresenius Kabi), expands the plasma volume by as much as the infused amount. The
elimination is complex and involves a mixture of urinary excretion, molecular cleavage,
and phagocytosis.

Impairment of kidney function has been associated with the use of HES in septic
patients. Therefore, HES has only limited importance as a plasma volume expander in
intensive care.

Gelatin contains small colloid molecules prepared from animals. Elimination is by
renal excretion. Therefore, the volume expansion is claimed to be short-lived (2 h). Allergic
reactions are fairly common but are mostly limited to fever reactions.

Plasma expands the plasma volume by as much as is observed with 5% albumin [9].
However, plasma should not be used for volume expansion because plasma contains coag-
ulation proteins and has a greater allergic potential than 5% albumin.

Measurement of Body Fluid Volumes

Many techniques can be used to assess the body fluid volumes. These were of greatest
importance in the 1950s and 1960s but are considered too cumbersome for clinical use
today. However, these methods are still used in research and have contributed much knowl-
edge about macroscopic fluid physiology.
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The leading principle is the dilution concept. A substance that distributes in one body
fluid space only is injected and allowed to equilibrate. A blood sample is taken, and the
volume occupied by the injected substance is calculated as the dose divided by the plasma
concentration. This principle is most attractive if the turnover of the injected substance is
slow. If not, several samples must be taken into account for substance elimination.

Tracers for the measurement of the ECF volume include bromide, which has a slow
turnover, and iohexol, which also yields the glomerular filtration rate. To use iohexol, sev-
eral samples must be taken into account for urinary excretion of the tracer [13].

Tracers for the measurement of total body water are tritium (radioactive) and deuterium
(not radioactive). Several hours are required for equilibration. Ethanol has been proposed
for this purpose, as ethanol is a solvent and distributes evenly in water alone [14].

The plasma volume has frequently been measured with radioiodinated albumin, which
is radioactive. Several blood samples are usually taken. Evans blue is a dye that colors
albumin in the plasma. Plasma tracers overestimate the plasma volume by almost 10%
[15]. Indocyanine green (ICG) is also a dye that binds to plasma albumin. The half-life is
only 3 min, due to rapid uptake by the liver [16]. The transit time from injection in the
central circulation to the liver is approximately 1 min. Whether ICG overestimates the
plasma volume is not known.

The red cell mass can be measured with labeling techniques, such as chromium, tech-
netium, and carbon monoxide.

Bioimpedance (BIA) uses the fact that water volumes oppose electrical currents and
that the opposition is different inside and outside the cells. BIA is measured by running a
series of electrical currents through the body, usually from the arm to one leg, and then
evaluating the impedance pattern in relationship with the quantification of the body fluid
volumes by tracer techniques [17]. The measurement requires about 1 min to complete and
is painless, but it is disturbed by body movements.

Anthropometric equations are created based on tracer measurements. They point out
typical correlations between body fluid volumes and characteristics of the individual, such
as gender, height, and weight [18, 19]. The most common assumptions are that the blood
volume constitutes 7%, the interstitial fluid 15%, the ECF volume 20%, the ICF volume
35-40%, and the total body water 55-60% of the body weight. Albeit crude, these assump-
tions are quite useful in everyday clinical work.

Fluid Efficiency

The intravascular volume expansion resulting from infusing a fluid is often related to the
amount infused. The concept of fluid efficiency has two characteristics: the degree and the
duration of volume expansion relative to the infused volume. Tracer methods have been
used to assess fluid efficiency, and physiological endpoints are also useful.
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A widely used approach is to use hemodilution for this purpose. The hemodilution tells
us over how large a space the infused fluid volume has distributed. The hemodilution will
be quite large if a colloid fluid distributes only over the plasma volume (Fig. 3.2).

The volume of distribution of a fluid that spreads across the total body of water can also
be estimated using the dilution concept, although the hemodilution will be much smaller.
If we specifically want to estimate how much the blood volume has increased, we must
assume a blood volume at baseline, which may or may not be correct.

Commonly used equations assume that the hemoglobin concentration is measured
before (Hb) and after (Hb(7)) the infusion. Here, BV denotes the blood volume at baseline.

ABV =BV (Hb/Hb(t))-BV
Fluid efficiency = ABV / infused volume

These relationships assume that no bleeding occurs. If this is the case, then the intensiv-
ist can estimate the total hemoglobin mass as BV x Hb, from which losses of Hb are
subtracted. The new Hb mass is then divided by Hb(¢) to yield the new BV [20]. This
calculation is very useful clinically.

A key insight is that hemodilution should ideally parallel the relationship between
bleeding and BV. The patient is hypervolemic if the hemodilution is greater than the blood
loss divided by BV, whereas the patient is hypovolemic if the hemodilution is small in
relation to the bled volume.

Volume Kinetics, Basic Concepts

The hemodilution concept can be elaborated upon to capture flows of fluid between body
fluid compartments over time. This approach is called volume kinetics and has similarities
to pharmacokinetics. One important difference is that the walls of the body fluid compart-
ments are expandable [21]. Another difference is the choice of input variable. In
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conventional pharmacokinetics, the plasma concentration of the drug to be studied serves
as the input. For volume kinetics, hemodilution is used to capture the distribution of the
infused water volume. With regard to volume, the blood contains almost exclusively Hb
and water. If Hb is decreased, the water component of the blood is increased. The increase
in the blood water concentration then seems to yield the same concept as a drug concentra-
tion in conventional pharmacokinetics. Sadly, though, this is an illusion, because the rise
in blood water concentration that occurs when a fluid is infused represents a dilution of
administered water in a much larger water volume. This fact adds some requirements to
the calculations.

The blood volume is not important to the calculations, but volume kinetics is still based
on serial analysis of the blood Hb concentration and, at best, the urine volume as well,
during and after infusion of a fluid in a controlled setting. The results have shown that the
interstitial fluid space after expansion by a crystalloid fluid is only twice as large as the
plasma volume, i.e., less than commonly assumed. The distribution of crystalloid fluid
occurs with a half-life of 8 min, except in association with an abrupt drop in arterial pres-
sure, when distribution is temporarily arrested. Hence, when the blood pressure drops, it
does not matter if one infuses a crystalloid or a colloid fluid.

The simple experiment shown in Fig. 3.2 illustrates the basic thoughts on volume kinet-
ics. Serial measurements of Hb in ten volunteers are performed during and after a 30-min
infusion of 10 mL/kg of hydroxyethyl starch in ten male volunteers weighing 80 kg. The
hemodilution is corrected for baseline hematocrit to express the plasma dilution.
Extrapolation to time O of the exponential elimination curve yields a plasma dilution of
0.3. If we divide the infused volume (800 mL) by the plasma dilution at time O (i.e., 0.3),
we obtain the volume of distribution for the infused starch volume. This is almost pre-
cisely 3.0 L, which is the expected plasma volume in these volunteers [22]. From this
estimation, we can conclude that the starch preparation only distributes in the
plasma volume.

We can also obtain the half-life of the intravascular persistence from Fig. 3.2. By plot-
ting the curve on a logarithmic paper, it becomes apparent to the naked eye that half of the
plasma volume expansion has subsided after 120 min. The volume expansion of the starch
preparation lasts for 4 half-lives, i.e., 480 min.

The volume kinetic calculations become more complicated, necessitating the use of a
computer, when crystalloid electrolyte fluids and glucose solutions are studied. Here, the
infused fluid is assumed to distribute between a central fluid space, which is the plasma,
and a peripheral fluid space, which is the interstitial fluid. Fluid distributed from the
plasma to the interstitium is governed by a rate parameter k;, and the return of fluid by
another rate parameter k,;. The elimination of fluid, mostly by urinary excretion, is deter-
mined by a rate parameter k;,. Figure 3.3 shows how volume kinetics can reveal that the
edema and hypovolemia in toxicosis of pregnancy are due to poor return of distributed
fluid, whereas the diuretic response to infused fluid is well maintained [21].
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Crystalloids Versus Colloids

The difference in fluid efficiency (sometimes called potency) between crystalloid and col-
loid fluids can be disclosed over time using volume kinetics. The colloid is more efficient
during infusion and during the distribution phase of the crystalloid (Fig. 3.3), which can
be more precisely quantified by plotting the ratio between the plasma volume expansion
yielded by the two infusions (Fig. 3.4).

Using typical kinetic data for conscious volunteers, the colloid is twice as effective as
a crystalloid during infusion and is three times more effective during the distribution phase
of the crystalloid, while the difference between the two types of infusion disappears at
12 h (ratio = 1.0).

The elimination of crystalloid fluid is greatly retarded during general anesthesia due to
the reduction in arterial pressure [21]. By contrast, the intravascular persistence of a col-
loid fluid does not seem to be affected by the arterial pressure. Therefore, the ratio between
a colloid and a crystalloid infusion will reach 1.0 by 5-6 h after a 60-min infusion and by
10 h during continuous infusions. These calculations do not assume any injury to the endo-
thelial glycocalyx layer. The fact that the better plasma volume expansion from a colloid
fluid is only temporary has caused much confusion in intensive care [23].

The finding of a transient 50% plasma volume expansion of crystalloid electrolyte fluid
is worrying in the presence of a hemorrhage that has not been stopped surgically. The
recommendation that three times the bled volume should be infused leads to hypervol-
emia, with a high risk of rebleeding if a major vein is injured. Moreover, urinary excretion
is almost normal, despite hypovolemia, at least as long as the arterial pressure is unchanged,
and this leads to a later rebound hypovolemia. One would think that the body would retain
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Fig. 3.4 (a) Plasma volume expansion resulting from infusing 1 L of 5% albumin and Ringer’s
acetate in volunteers. (b) The ratio between the plasma volume expansion during and after infusion
of 1 L of hydroxyethyl starch and Ringer’s acetate over 1 h. (Simulations based on volume kinetic
data taken from Ref. 9 and 22)
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a sufficient amount of the infused fluid to restore and maintain normovolemia, but this is
not the case. Therefore, optimal handling is to infuse 1.5 times the bled volume over
30 min and not to stop the infusion, but to gradually reduce the rate of infusion by 50%
every 30 min. This practice restores the blood volume while avoiding both hyper- and
hypovolemia [24].

Goals of Fluid Therapy

A primary goal of fluid therapy in intensive care is to safeguard cardiovascular sufficiency
to ensure normal tissue perfusion and oxygenation of the body organs. For this purpose,
the response of cardiac output to fluid administration is a useful guide. However, it might
be questioned whether striving toward a high cardiac output is needed in the absence of
signs of organ dysfunction (normal plasma lactate, creatinine, low pH, etc.). Using
repeated fluid boluses to achieve this goal might lead to overhydration and problems with
edema later in the disease process.

Both fluid underload and overload are problematic; hypovolemia causes a convection
limitation because too little blood and oxygen reach the capillaries. Fluid overload creates
another problem, diffusion limitation, because interstitial edema increases the distance that
oxygen and metabolic products must travel between the capillaries and the cells [25]. To
avoid mistakes, combinations of fluids and vasopressors/inotropes are titrated carefully to
find an optimal fluid balance situation where organ function is preserved.

Systemic vasodilatation and disturbance of adrenergic function are the main reasons
why fluid therapy should be aggressive in the early stages of severe disease. To avoid fluid-
associated complications, early deliberate fluid overload must later be reversed by apply-
ing a dehydrating strategy (de-escalation). More about fluid management during these
stages is discussed in other chapters of this book.

Arterial pressure, central venous pressure, and urinary excretion only give vague sig-
nals about inappropriate fluid therapy. Central venous pressure rises when the volume of
administered fluid has passed the flat portion of the Frank—Starling curve, but this pressure
might be affected by other stimuli as well. Arterial pressure and urinary excretion do indi-
cate underhydration, but only at a very late stage. Clinical judgment is blurred by the
release of a host of hormones and cytokines, as well as drug effects and therapeutic inter-
ventions, such as mechanical ventilation, which affect fluid physiology.

The management of fluid therapy during intensive care is a difficult task that requires
skill, knowledge, and good clinical judgment to ensure normal tissue perfusion and oxy-
genation of the body organs. The tools are given in this book, but it takes a good doctor to
use them successfully.
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Take Home Messages

* Plasma volume expansion is needed during the initial treatment phase of acute
disease due to vasodilatation and disturbances of the adrenergic system.

e The “traditional Starling equation” summarizes the factors that determine the
transcapillary exchange in a way that is sufficient in most practical settings.

e Fluid accumulation and fluid overload cause edema by, in part, a gradual loss of
the elastic properties of the interstitial meshwork of proteoglycans.

* A drop in plasma sodium to below 130 mmol/L triggers the appearance of ner-
vous system symptoms, consisting of confusion and various degrees of muscular
weakness and depressed consciousness.

* Infusion of approximately 4 L of fluid that lacks calcium (0.9% saline and
PlasmaLyte) dilutes the calcium concentration enough to impair muscle function.
The deterioration also includes the heart, whereby cardiac output decreases.

* The fluid efficiency is the plasma volume expansion divided by the infused fluid
volume. This is 0.5 for a crystalloid fluid infused over 30 min, approximately 0.8
for 5% albumin, 1.0 for hydroxyethyl starch 130/0.4, and 2.0 for 20% albumin.

* The blood volume expansion during infusion of crystalloid fluid is at least 50%
as long as the infusion is continued. The reason for this is the slow distribution.
After infusion this fraction drops to 20% within 30 min.

e If mean arterial pressure decreases by 20% (e.g., after induction of anesthesia,
during surgery, in case of hypovolemic shock), crystalloid distribution stops and
100% of the infused fluid then remains in the blood. The explanation for this is
the Starling mechanism.

e Excretion of a crystalloid fluid is very slow during anesthesia. The reason for this
observation is mainly the reduced arterial pressure, while the pressure hardly
affects the intravascular persistence of colloid fluids. This helps us to understand
why crystalloids and colloids in this setting may have similar volume expansion
effects.
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IFA Commentary (MLNGM)
In this chapter, the different hemodynamic principles from Frank—Starling to
Guyton—Hall will be discussed. However, it were Sydney Patterson (1882—1960)
and Ernest Starling (1866—1927) that first described the mechanical factors that
determine the output of both ventricles [1]. Before Patterson, it was Otto Frank
(1865-1944) who continued the experiments at Carl Ludwig’s Physiological
Institute. He looked at an improved frog heart preparation from the viewpoint of
skeletal muscle mechanics, substituting volume and pressure for length and tension,
which enabled him to measure isovolumetric and isotonic contractions. With increas-
ing filling of the frog ventricle, diastolic pressure was elevated at each step. However,
beyond a certain filling pressure, it decreased. Otto Frank compiled all of the data in
the famous pressure—volume diagram [2]. Afterwards, Arthur Guyton (1919-2003)
credited Ernest Starling for appreciating that output from the heart is dependent
upon the return of venous blood and that venous return is dependent upon the pres-
sure upstream to the heart in the systemic circulation, which Starling called mean
systemic pressure. Starling had not dealt with the mechanics of the systemic circula-
tion or the factors that determine flow back to the heart; the concept of venous return
and its determinants awaited Guyton: “When a change occurs in the hemodynamics
of the circulatory system one cannot predict what will happen to the cardiac output
unless he takes into consideration both the effect of this change on the ability of the
heart to pump blood and also the tendency for blood to return to the heart from the
blood vessels” [3]. Together with John Hall, he wrote the famous Guyton and Hall
Textbook of Medical Physiology. Going further back in time, William Harvey
(1578-1657) was an English physician who made seminal contributions to anatomy
and physiology. He was the first known physician to describe completely and in
detail the systemic circulation and properties of blood being pumped to the brain and
body by the heart. Stephen Hales (1677-1761) was an English clergyman who made
major contributions to a range of scientific fields including botany, pneumatic chem-
istry and physiology. He was the first person to measure blood pressure and he
invented several devices, including a ventilator. We need to understand that pulse
pressure is more important than mean arterial pressure (MAP) as flow needs to bring
oxygen to the tissues. On the other hand, in patients with advanced decompensated
heart failure (but also in sepsis) we already know that central venous pressure (CVP)
is more important than cardiac output (CO) in explaining worsening renal function
(WRF) (Fig. 4.1) [4, 5].

However, the microcirculation is equally important as it manages bodily fluids.
The endothelial glycocalyx (EG) is a thin-walled layer that keeps fluids in place and
only limited filtration occurs (at the venous side). The revised Starling principle
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developed by Charles Michel and Sheldon Weinbaum has gained importance, and
we know that diffusion and convection are two different things as are coherence and
heterogeneity [6, 7]. The physiological compartment that manages fluids in the body
is the microcirculation. That is why titrating IV fluids based on macrocirculatory
parameters can lead to inappropriate administration of fluids leading to overload and
organ dysfunction. In order to preserve organ and microcirculatory function, we
should therefore limit fluid intake and avoid fluid accumulation. Besides giving a
fluid bolus to increase circulating volume and to improve CO, the use of early vaso-
pressors can help to convert unstressed to stressed volume, but this may not be suf-
ficient in patients with profound capillary leak and vasodilation. A rapid fluid bolus
can potentially improve hemodynamic parameters during shock states; however, too
rapid infusion may cause harm to the EG layer and too much fluid may cause venous
congestion and significant morbidity and mortality as previously stated. Fluids are
drugs and should only be given when the patient is a fluid responder (i.e. both ven-
tricles acting on the steep part of Frank—Starling curve) and when needed (i.e. shock
state with increased lactate). They should never be used to treat or improve the
“numbers” (e.g. low MAP, CO, CVP or urine output) (Fig. 4.2).

Suggested Reading

1. Patterson SW, Starling EH. On the mechanical factors which determine the
output of the ventricles. J Physiol 1914;48(5): 357-79.

2. Zimmer HG. Who discovered the Frank-Starling mechanism? News Physiol
Sci 2002;17:181-84.

3. Guyton AC, Lindsey AW, Abernathy B, Richardson T. Venous return at vari-
ous right atrial pressures and the normal venous return curve. Am J Physiol
1957;189(3):609-15.

4. Verbrugge FH, Dupont M, Steels P, Grieten L, Malbrain M, Tang WH,
Mullens W. Abdominal contributions to cardiorenal dysfunction in conges-
tive heart failure. J Am Coll Cardiol 2013;62(6):485-95.

5. Legrand M, Dupuis C, Simon C, Gayat E, Mateo J, Lukaszewicz AC, Payen
D. Association between systemic hemodynamics and septic acute kidney
injury in critically ill patients: a retrospective observational study. Critical
Care 2013;17(6):R278.

6. Michel CC, Woodcock TE, Curry FE: Understanding and extending the
Starling principle. Acta Anaesthesiol Scand 2020;64(8):1032-7.

7. Adamson RH, Lenz JF, Zhang X, Adamson GN, Weinbaum S, Curry
FE. Oncotic pressures opposing filtration across non-fenestrated rat microves-
sels. J Physiol 2004;557(Pt 3):889-907.

99



100

S. Ghosh

Fig. 4.1 Statistical model of
nonparametric logistic
regression showing the
relationship between mean
central venous pressure during
the first 24 h after admission
and the probability of new or
persistent acute kidney injury.
Note the plateau for the
incidence of acute kidney
injury (AKI) when the lower
limit of central venous pressure
(CVP) was between 8 and 12
mmHg. Over this limit, the rise
in CVP was associated with a
sharp increase in new or
persistent AKI incidence.
Adapted from Legrand

et al. [5]

Fig. 4.2 Illustration of the
concept of preload depen-
dence. (a) Fluid responsiveness
illustrated by a greater increase
in mean systemic filling
pressure with 7 mmHg (from
22 to 29 mmHg) compared to
the 2 mmHg increase in CVP
(from 6 to 8 mmHg) resulting
in a 15% increase in cardiac
output from 5.4 to 6.2 L/min.
(b) Fluid unresponsiveness
illustrated by an equal increase
in mean systemic filling
pressure with 4 mmHg (from
24 to 28 mmHg) and a 3
mmHg increase in CVP (from
8 to 11 mmHg) not resulting in
a significant increase in cardiac
output (from 5.9 to 6.0 L/min)

137 patients with septic shock

04 05 06 0.7 08
1

Risk of new or persistent AKI

03

0.2

16

Mean CVP (mmHg)

a
Cardiac output
Venous return

.
.
Lannsnnnngd =
. k .
L .
:’4 .*0

1.07

[\ %]
lm-----l--
8
%]
a
o

b

Cardiac output
Venous return




4 Fluid Dynamics During Resuscitation: From Frank-Starling to... 101

Case Vignette

Mr. X, a 67-year-old gentleman with a history of long-standing diabetes mellitus and
benign prostatic hypertrophy, presented to the emergency department (ED) with
fever and dysuria for the past 3 days. His wife noticed him to be disoriented since
morning and decided to bring him to the ED. On examination, he was drowsy but
rousable. His extremities were cold to touch. He had a heart rate of 116/min, blood
pressure of 70 mmHg systolic and respiratory rate of 24/min. Pulse oximetry read-
ing showed 95% while breathing room air. Capillary refill time was 6 seconds.
Systemic examination findings were unremarkable except for some tenderness on
deep palpation of the right flank. The emergency physician decided to infuse him
rapidly with 500 ml of Ringer’s lactate.

Questions
Q1. What are the possible hemodynamic effects of this fluid bolus on Mr. X?

Learning Objectives
The learning objectives of this chapter are:
1. To learn about various factors regulating venous return.
2. To understand the possible effects of fluid boluses and vasoactive drugs on
venous return.
3. To learn about cardiac function curve and factors contributing to the shape of
the curve.
4. To understand the effects of fluid boluses and vasoactive drugs on cardiac
function curves and cardiac output.
5. To understand the framework provided by Guyton in understanding the cir-
culation of blood and the effects (and possible harmful effects) of fluid
boluses on the macro-hemodynamic parameters.

Introduction

The purpose of resuscitation in a shocked patient is to maintain the perfusion of tissues and
organs. Options available for resuscitation are basically limited to intravenous fluids, vaso-
active agents (vasopressors and inotropes) and blood transfusion (in specific situations). A
detailed understanding of the effects of these agents on circulation is important for their
appropriate use. Numerous scientists have contributed to our current understanding of
circulatory physiology [1]. Prominent among them were the German physiologist Otto
Frank and British physiologist Earnest Henry Starling. They are credited with describing
the relationship between the length of cardiac muscle just before cardiac contraction and
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the strength of the contraction itself (Frank—Starling law). American physiologist, Arthur
C Guyton, went a step further and described the dynamics of blood in circulatory physiol-
ogy. His model of circulation integrated two different functions “the return function” and
“the cardiac function” previously described separately by various researchers. The
Guytonian model of circulation is now the most widely followed model of circulatory
physiology and is described in detail in Guyton and Hall’s Textbook of Physiology [2]. In
this chapter, we shall reappraise the circulatory physiology as proposed by Guyton and
understand the possible effects of fluid and vasoactive agents on circulation. See also
Chap. 5 to understand heart-lung interactions and fluid responsiveness.

What Are the Factors That Determine Flow of Blood from Peripheral
Circulation to Heart?

Hagen—Poiseuille’s law states that the flow of fluid through a system is related to the pres-
sure gradient between two parts of the system (difference between upstream pressure and
downstream pressure) divided by the resistance to flow (analogous to Ohm’s law of elec-
trical current flow).

_ Upstream Pressure (P1) — Downstream Pressure (P2)
B Resistance to Flow (R )

FLOW (F)

Bayliss and Starling first proposed the role of peripheral circulation in determining the
return of blood to the heart (“venous return”). They coined the term mean circulatory filling
pressure (P,), described as the average pressure in the circulation when the heart is stopped
momentarily and the pressure in the entire circulatory system equilibrates, for example after
administration of the cardioplegic solution. [3] A closely related and more widely used term
is mean systemic pressure (P,,) defined as the equilibrium pressure only in the systemic cir-
culation in the absence of any flow, ignoring the heart and pulmonary circulation (e.g. by
clamping the aorta and venae cavae). Bayliss and Starling also realized that during active flow,
P, (or P,) is determined primarily by the pressure in the venous side of the circulation as
the larger volume of blood is stored in the high-capacitance venous system. Years later,
Guyton proposed P, as the upstream pressure for the venous return [4]. He described the
right atrial pressure (RAP) as the downstream pressure with the difference between P,,, and
RAP as the net driving pressure for venous return to the heart. Following the Hagen—
Poiseuille’s law, the relationship between VR, P,,,, RAP and RVR can be plotted as follows:

(Pms - RAP)
RVR

VR =

VR venous return, P, mean systemic pressure, RAP right atrial pressure, RVR resistance
to venous return
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What Are the Factors That Determine Mean Systemic Pressure?

P, is the result of elastic recoil potential, stored in the walls of the components of the
circulatory system and is determined by the volume of blood that stretches the vessels
further beyond their normal shape (so-called stressed volume). Stressed volume, in turn,
depends on two factors—total circulatory volume and the capacitance of the circulatory
system. Normally, only 30% of the blood volume (mostly in the venous circulation) con-
tributes to the stressed volume. The rest of the blood volume (so-called unstressed volume)
does not contribute to the circulation but acts only as a reserve. There can be only two
ways to increase “‘stressed volume” (and P, in this process), either by increasing circula-
tory volume (e.g. by fluid loading) or by decreasing venous capacitance (e.g. by increasing
sympathetic tone with norepinephrine or other vasopressors).

Under normal circumstances, the blood volume remains near constant. Thus, the major
factor that determines the return of blood to the heart is resistance to venous return, pro-
duced as a result of changes in resistance of blood vessels at the level of organs [2]. The
change in resistance and venous capacitance is determined by local factors. For example,
during states of high oxygen demand at the organ level, local vasodilator substances are
released, decreasing the overall resistance to venous return. Another important factor that
determines venous return in the physiological state is RAP, the downstream pressure for
VR. Appropriate gradient to VR is maintained by keeping the RAP closer to 0 mmHg by
cardiac action [2].

Guyton’s Experiment and Venous Return Curve

In the classical animal experiment, Guyton and colleagues cannulated the right atrium and
pulmonary artery of anaesthetized dogs and drained the right atrial blood directly to the
pulmonary artery via a horizontal thin rubber tubing bypassing the right ventricle [5].
Blood was pumped from the right atrium to the pulmonary artery by using an artificial
pump. The pump speed was maintained sufficiently to keep the rubber tubing in a semi-
closed state. Pressure at the beginning of the perfusion circuit (reflecting right atrial pres-
sure) was varied by adjusting the height of the horizontal rubber tubing. From this model,
they could demonstrate the effects of varying right atrial pressure (from very high positive
to very low negative) on venous return (quantified by the amount of blood flowing to the
pulmonary artery). They graphically represented their findings with RAP plotted on the
x-axis and VR on the y-axis as shown in Fig. 4.3

As can be seen from the extreme left curve in Fig. 4.3, with progressive lowering
of RAP, VR increases until a point beyond which it remains in a plateau state at all
RAP values more negative than —2 to —4 mmHg. Guyton demonstrated that this pla-
teau is produced because of the progressive collapse of great veins, due to higher
surrounding pressure. In the intersection between VR curve with X-axis, the RAP
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Fig. 4.3 Venous return curves. \"E"O('-L‘i"?:}""-‘“”
Relationship between right

atrial pressure and venous
return (left curve). Change in
the shape of the curve with a
decrease in resistance to
venous return (middle blue
curve) and with an increase in
P, or mean systemic pressure
(right curve)

RAP (mmHg)

Pms

reaches the value of P, and the VR becomes zero (thankfully only in theory!). The
slope of the curve is related to —1/RVR, i.e. steeper venous return curve means a
decrease in resistance to VR.

Starling’s Experiment

In anaesthetized dogs, Starling and his colleagues ligated the inferior vena cava, distal
aorta and branches of the aortic arch, keeping the pulmonary circulation and blood flow to
the heart itself intact [6]. Through an aortic cannula, systemic blood flow was diverted via
the extracorporeal circuit into an elevated reservoir. Blood was returned back to the right
atrium through a cannula placed in the superior vena cava. The rate of blood flow from the
reservoir into the right atrium was adjusted using a resistor. Over a wide range, the heart
could eject whatever volume of blood the system returned to the right atrium. With the
increasing the return of blood into the right atrium (by adjusting the Starling resistor),
there was a slow rise in right atrial pressure up to a certain limit. Beyond that limit, the rise
in RAP was abrupt, limiting the further return of blood to the right atrium. Starling graphi-
cally displayed RAP on the y-axis and the return of blood to the right atrium (VR) on the
x-axis [6]. Starling’s original series of curves are shown in Fig. 4.4.
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Fig. 4.4 Original starling curve. Relationship between right atrial pressure and venous return in
different animals. Permission required [6]

Effect of Fluid Bolus on Venous Return Curve

A fluid bolus can have three potential effects on VR.

1. Fluid bolus is expected to shift the VR curve to the right by increasing the “stressed
volume” (and P,,) (as can be seen in the extreme right curve in Fig. 4.3). The increase
in P, in turn is expected to increase the gradient (P,,—RAP) for VR. In reality, the
relationship between fluid bolus and an increase in P, is not as simple and depends on
venous capacitance. Another factor that plays a significant role in determining the rise
in P, after fluid bolus is the extent of capillary leak in various disease states. In cases
of profound vasoplegia (as in septic shock), venous capacitance and capillary leak
increase significantly and fluid bolus may fail to increase “stressed volume”.

2. The increase in circulatory volume is also expected to shift the VR curve clockwise,
resulting in a decrease in RVR. This drop in RVR can also facilitate venous return (as
seen in the middle curve in Fig. 4.3).
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3. The rise in venous return in turn will produce a rise in RAP. Up to a certain limit, the
rise in RAP is minimal with a normally contractile heart, but beyond that limit heart
cannot accommodate blood further and RAP starts rising disproportionately, resulting
in a fall in VR [6].

Cardiac Function Curve

The amount of blood ejected by the ventricle in a single cardiac cycle is called the stroke
volume. The critical determinant of stroke volume is the ventricular volume (and pres-
sure), just before the onset of ventricular contraction or at end diastole. This end-diastolic
volume (or pressure) is also known as ventricular preload. At the molecular level, preload
is determined by the length of the sarcomere at the end of diastole. This relationship was
discovered independently by both Otto Frank and Ernest Henry Starling, while working
on isolated heart—lung preparation in the animal model (frog and dog, respectively) [1].
Other factors that determine the stroke volume are the load ventricle faces during the
lejection of blood (also known as afterload) and the elastance of ventricle (or cardiac
contractility). The amount of blood ejected by the ventricle in one minute is known as
cardiac output and is determined by the stroke volume and heart rate.

Guyton graphically described this relationship between cardiac output and preload
(also known as the Frank—Starling relationship), depicting cardiac output on the x-axis and
the right atrial pressure (as the surrogate of end-diastolic pressure) on the y-axis producing
a curvilinear pattern (cardiac function curve). Figure 4.5 below shows a series of cardiac
function curves.

As can be seen in Fig. 4.5, the cardiac function curve reaches a plateau beyond a certain
point (curve 1). Another important point to note is that the cardiac function curve is not a
single curve but a series of curves and depends on the afterload and contractility of the
ventricle. With a decrease in afterload or an increase in contractility, the cardiac function
curve is shifted upwards and towards the left (curve 2 in Fig. 4.5). On the contrary, an

Fig. 4.5 Cardiac function CARDIAC OUTPUT
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increase in afterload and a decrease in contractility shift the curve towards the right and
downwards (curve 3 in Fig. 4.5).

Integrating the Return Function with Cardiac Function

Guyton and colleague proposed a framework to show how the return function of the
circulation and cardiac function operate together in the overall circulatory system
[7]. Two basic functions of the heart play a significant role in the circulatory dynam-
ics. Firstly, in the steady state, the heart pumps out whatever comes in, i.e. VR must
be equal to cardiac output (CO). Secondly, VR is facilitated by the constant pumping
of blood from the right heart that keeps the RAP low. As VR and CO must be equal
in steady state and both VR curve and cardiac function curve use RAP as the indepen-
dent variable, the two curves can be superimposed, as seen in Fig. 4.6. Intersection of
these two curves is the equilibrium point where VR is equal to CO. This equilibrium
point defines the VR/CO in different clinical situations and will be discussed further
in the next section.
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Overall Effect of Fluid Bolus on Circulation

Figure 4.7 graphically displays the overall effects of fluid bolus and vasoactive drugs.

As discussed earlier, intravenous fluid infusion raises the P, by increasing stressed
volume (unless there is an extreme vasoplegia or capillary leak) and shifts the VR curve to
the right. This produces a new equilibrium point in the integrated venous return and car-
diac function curve. As can be seen in Fig. 4.7, following a fluid bolus, the venous return
curve is shifted from the baseline (dotted line) towards the right (dashed line). This results
in a shifting of the equilibrium point from point A to point B with a corresponding increase
in cardiac output, provided that the new equilibrium point (point B) is in the steep part of
the cardiac function curve (permissive heart; middle cardiac function curve). Fluid bolus
may also increase the venous return by shifting the curve clockwise (by reducing the resis-
tance to venous return; not shown in Fig. 4.7) [8]. Another relatively less important effect
of fluid bolus is a decrease in afterload by haemodilution (and reduction in viscosity of the
blood). A decrease in afterload shifts the cardiac function curve towards the left (not
shown in Fig. 4.7) [6].

In cases of a poorly contractile heart (when the cardiac function curve is shifted right-
ward), with similar change in VR, there is minimal or no change in CO and a dispropor-
tionate rise in RAP (point C to point D in Fig. 4.7). In addition to the impediment of VR
to the heart (by decreasing the pressure gradient for VR), high RAP produces back pres-
sure changes. Raised RAP can produce further reduction in organ perfusion by increasing
renal, hepatic and intestinal venous pressure and also impairment in microcirculatory
flow [9].

Fig. 4.7 Integrated cardiac CO/VR
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Inotropic infusion or a decrease in afterload can shift the cardiac function curve to the
left. With this changed cardiac function curve, an increase in P, (and VR) will increase
CO further (point E to point F in Fig. 4.7).

Validation of Guytonian Model in Human Studies

Maas and colleagues tested the feasibility of measuring P, in intact circulation and tested
the effects of hypo- and hypervolemia on P, [10]. In a study on postoperative cardiac
surgery patients, they estimated the VR curve by constructing a regression line between
pairs of cardiac output (as surrogate of VR) and central venous pressure (CVP as a surro-
gate of RAP). CVP and CO values are measured during 12-second inspiratory hold
manoeuvre at four different levels of plateau pressure (5, 15, 25 and 35 cm H20). CO was
measured using pulse contour analysis. The intercept of the regression line at the x-axis
was taken as P, (as discussed in an earlier section). VR curves were constructed at base-
line (in resting state), during relative hypovolemia (by raising the head of the bed at 30°)
and after hypervolemia (by infusion of 500 ml colloids). The study could confirm that P,
decreases with hypovolemia and increases with hypervolemia [10].

In another study on postoperative cardiac surgery patients, the same group tested the
effects of norepinephrine on CO and VR curves [11]. In all patients, norepinephrine caused
an increase in P, resistance to VR and systemic vascular resistance (SVR). However, the
effect of norepinephrine on cardiac output was variable. Patients who had a decrease in
CO on norepinephrine also had a significantly higher rise in CVP, RVR and SVR com-
pared to those who had an increase in CO on norepinephrine [11]. Persichini and col-
leagues observed similar effects of norepinephrine on P,,, and VR in human septic shock
patients [12].

Cecconi and colleagues tested the effects of fluid challenge on P, (a Pms analogue)
and VR gradient (dVR = P, — CVP) using Navigator™ technology [13]. Studying post-
operative patients, they found that the increase in cardiac output by >10% (“responders’)
with fluid challenge was associated with the corresponding increase in dVR. In “non-
responders”, in turn, dVR did not increase despite the consistent increase in P, because
of a disproportionate rise in CVP [13]. These findings validate the Guytonian model of
circulation.

Case Vignette
Mr. X, the patient in the vignette, has clinical evidence of septic shock and the pur-
pose of administering a fluid bolus (500 ml Ringer’s lactate in this vignette) is to
improve tissue perfusion by increasing the cardiac output.

However, the effects of fluid boluses on cardiac output are variable based on the
underlying pre-dominant macro-hemodynamic state. Three possible hemodynamic
effects of this fluid bolus on Mr X are as follows:
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e Scenario 1: P, may actually rise with minimal rise in RAP, thus increasing VR
and CO and in turn improving the organ perfusion (desirable effect).

e Scenario 2: In patients with extreme vasoplegia, stressed volume and P, may
not increase and both venous return and cardiac output remain unchanged. This
will harm Mr. X in the long run by producing a positive cumulative fluid balance.

* Scenario 3: There may be a minimal rise in P,,, with a disproportionate increase
in RAP and no change in VR or CO. The rise in RAP may in turn reduce organ
perfusion further (undesirable effect).

Patients who increase their cardiac output by at least 10% after a rapid bolus of
intravenous fluid are described as fluid responders (as in scenario 1). Patients who
fall in scenarios 2 and 3 are called fluid non-responders. Fluid responsiveness can be
detected by actually challenging the patient with a defined fluid bolus quickly or by
performing certain clinical manoeuvres to look for it without actually giving fluid.

Conclusion

The effects of fluid on hemodynamic parameters are not straightforward and depend on
various underlying patient-related factors. To obtain a desirable outcome of fluid bolus, it
is important for the clinician to be reasonably confident about possible increase in stroke
volume (and cardiac output) post-bolus administration. The later can be achieved by care-
ful clinical examination supported by appropriate tests of fluid responsiveness or a care-
fully performed fluid challenge. While administering fluid boluses, one also should not
forget the possible harmful consequences of a fluid bolus, especially when there is no
improvement in stroke volume (or cardiac output).

Take-Home Messages

* Rapid fluid bolus can potentially improve hemodynamic parameters in a shock
state provided several patient-related conditions are fulfilled.

» For an increase in stroke volume (or cardiac output), stressed volume (and mean
systemic pressure) should increase significantly with only minimal change in
right atrial pressure. Also, both ventricles must be working in the steep portion of
the cardiac function curve.

* The increase in stressed volume may not be sufficient in profound vasodilatory
state and in the presence of leaky capillaries.

*  When it does not produce improvement in macro-hemodynamic parameters, fluid
boluses can only contribute to fluid overload and potential harm associated with
the same.

e Potential harms associated with fluid bolus cannot be ignored and need to be
considered before prescription.
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IFA Commentary (MLNGM)

This chapter will explore a variety of different methods for determining fluid respon-
siveness, many of which are based on heart-lung interactions. A recent review paper
provides a comprehensive overview of the various monitoring tools available,
including arterial waveform variations and the passive leg raising test, as well as
several other approaches [1]. It is noteworthy that any test, in order to be able to
predict fluid responsiveness, should monitor cardiac output (CO) continuously.

Arterial waveform analysis. The first method to be discussed involves taking
advantage of heart-lung interactions, specifically the respiratory variations in arterial
pressure that are seen in ventilated patients. These variations have been shown to be
related to central blood volume, diastolic function, and cardiac contractility. In 2000,
Michard and colleagues demonstrated that the respiratory variation in pulse pres-
sure, or pulse pressure variation (PPV), which reflects stroke volume variation
(SVV), can detect fluid responsiveness when it is increased above 12—15% during
controlled mechanical ventilation [2].

Since then, numerous studies have confirmed the validity of this index, while oth-
ers have described various surrogates for stroke volume whose respiratory variabil-
ity predicts response to fluid, such as systolic pressure variation (SPV) with the
separation of deltaUp and deltaDown phenomena [3]. Only the deltaDown is an
indicator for fluid responsiveness whereas deltaUp can be increased in patients with
heart failure and situations of increased intrathoracic pressure (e.g., with high PEEP,
autoPEEP, or abdominal hypertension). However, the limitations of these functional
hemodynamic parameters soon became apparent, as to be accurate, PPV and SVV
require a fixed heart rate and a significant positive-pressure-induced increase in
intrathoracic pressure.

Other factors, such as spontaneous respiratory activity, cardiac arrhythmias,
lower tidal volumes used in the management of acute respiratory distress syndrome,
as well as low pulmonary compliance, increased intra-abdominal pressure [4], and
right heart failure, may generate false positives and false negatives [5], making nei-
ther PPV nor SVV usable across all patients with cardiovascular insufficiency.

Although a little bit counterintuitive, PPV has a better overall area under the
receiver operating characteristic curve (AUROC) to predict fluid responsiveness
compared to SVV, and thus is preferred. In 2004, two articles in the same issue of
the journal reported the ability of changes in the inferior vena cava diameter to pre-
dict fluid responsiveness [6, 7]. Unfortunately, vena cava distensibility shares many
limitations with PPV and SVV and has limited predictive value [8].

The passive leg raising test. To circumvent the limits of PPV, the passive leg rais-
ing (PLR) test has been developed. The postural change, which was used for years
by rescuers in patients falling in collapse, induces a significant though transient
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blood transfer from the lower extremities and the splanchnic territory that increases
cardiac preload. The PLR test is considered positive if the cardiac output (CO)
increases with 10%.

In 2006, the ability of the PLR test to detect preload responsiveness was demon-
strated, including in conditions in which PPV is invalid [9]. It has been widely vali-
dated and integrated into international recommendations [10].

The end expiratory occlusion test. In 2009, heart-lung interactions during
mechanical ventilation were explored again, and the end-expiratory occlusion test
was developed, consisting of temporarily stopping the cyclical drop in preload
caused by insufflation. This test was shown to indicate preload responsiveness if CO
increased with 5% [11].

The respiratory systolic variation test. The respiratory systolic variation test
(RSVT) was developed in 2005, consisting of four incremental, successive, pressure-
controlled breaths [12], and the slope of the RSVT decreased significantly after
intravascular fluid administration and correlated with the end-diastolic area and with
changes in cardiac output better than filling pressure. Later, in 2017, the tidal vol-
ume challenge was developed to use PPV despite low tidal volume ventilation [13].
It simply consists of transiently increasing the tidal volume from 6 to 8 mL/kg and
detecting a PPV increase in preload-responsive patients. The haemodynamic effects
of recruitment manoeuvres also use heart-lung interactions (Fig. 5.1).

The mini-fluid challenge test. Finally, since the “classical” fluid challenge (4 ml/
kg/5-15 min) inherently induces fluid overload (when continued until the patient
becomes no longer fluid responsive), a “mini-fluid challenge” made up of only
100-150 mL (1-2 ml/kg/1-5 min) of fluid was demonstrated to also predict volume
responsiveness but with less inherent fluid accumulation (14). It has already received
a reasonable validation.

Suggested Reading

1. Monnet X, Malbrain M, Pinsky MR. The prediction of fluid responsiveness.
Ann Intensive Care. 2022;12:46.

2. Michard F, Boussat S, Chemla D, Anguel N, Mercat A, Lecarpentier Y, et al.
Relation between respiratory changes in arterial pulse pressure and fluid respon-
siveness in septic patients with acute circulatory failure. Am J Respir Crit Care
Med. 2000;162(1):134-8.

3. Perel A, Pizov R, Cotev S. Systolic blood pressure variation is a sensitive indi-
cator of hypovolemia in ventilated dogs subjected to graded hemorrhage.
Anesthesiology. 1987;67(4):498-502.

4. Malbrain MLNG, De Keulenaer BL, Khanna AK. Continuous intra-abdominal
pressure: is it ready for prime time? Intensive Care Med. 2022;48(10):1501-4.



116 A.Singh and S. Srinivasan

5. Monnet X, Shi R, Teboul JL. Prediction of fluid responsiveness. What’s new?
Ann Intensive Care. 2022;12(1):46.

6. Barbier C, Loubieres Y, Schmit C, Hayon J, Ricome JL, Jardin F, et al.
Respiratory changes in inferior vena cava diameter are helpful in predicting
fluid responsiveness in ventilated septic patients. Intensive Care Med.
2004;30(9):1740-6.

7. Feissel M, Michard F, Faller JP, Teboul JL. The respiratory variation in inferior
vena cava diameter as a guide to fluid therapy. Intensive Care Med.
2004;30(9):1834-7.

8. Vignon P, Repesse X, Begot E, Leger J, Jacob C, Bouferrache K, et al.
Comparison of Echocardiographic Indices Used to Predict Fluid Responsiveness
in Ventilated Patients. Am J Respir Crit Care Med. 2017;195(8):1022-32.

9. Monnet X, Rienzo M, Osman D, Anguel N, Richard C, Pinsky MR, et al. Passive
leg raising predicts fluid responsiveness in the critically ill. Crit Care Med.
2006;34(5):1402-7.

10. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C,
et al. Executive Summary: Surviving sepsis campaign: international guidelines
for the management of sepsis and septic shock 2021. Crit Care Med.
2021;49(11):1974-82.

11. Gavelli F, Shi R, Teboul JL, Azzolina D, Monnet X. The end-expiratory occlu-
sion test for detecting preload responsiveness: a systematic review and meta-
analysis. Ann Intensive Care. 2020;10(1):65.

12. Perel A, Minkovich L, Preisman S, Abiad M, Segal E, Coriat P. Assessing fluid-
responsiveness by a standardized ventilatory maneuver: the respiratory systolic
variation test. Anesth Analg. 2005;100(4):942-5.

13. Myatra SN, Prabu NR, Divatia JV, Monnet X, Kulkarni AP, Teboul JL. The
changes in pulse pressure variation or stroke volume variation after a “tidal
volume challenge” reliably predict fluid responsiveness during low tidal volume
ventilation. Crit Care Med. 2017;45(3):415-21.

14. Muller L, Toumi M, Bousquet PJ, Riu-Poulenc B, Louart G, Candela D, et al.
An increase in aortic blood flow after an infusion of 100 ml colloid over 1 min-
ute can predict fluid responsiveness: the mini-fluid challenge study.
Anesthesiology. 2011;115(3):541-7.



5 Understanding Heart-Lung Interactions: Concepts of Fluid Responsiveness 17

1 ..andthe changes in stroke
e T | valume or its surrogates are
(/Stroke used to detect preload

| volume | responders ) .
s % " — - - Passive leg raisin

e variation

,'-,f:.'.l-l'-l-ltlf-: v_,ll }I.l J.',‘,'},"ul.l u

Cardiac preload

—— r
Using heart-lung
. N 2005 interactions
mechanical

ventilation change ‘ R s 207

| cordiac preload.. | R W u\‘.'J'LU\lL{J‘.I'-ﬂ\i'll:l."'l'\ R T
S . 07

———— f_”i “J _flj_fl_"Jll Sigh manoeuvre

Fig. 5.1 Tests and indices of preload responsiveness with proposed timeline. The principle of the
dynamic assessment of preload responsiveness is to observe spontaneous or induced changes in
cardiac preload, and the resulting change in cardiac output, stroke volume or their surrogates. Some
tests or indices use heart-lung interactions in mechanically ventilated patients, while some others
mimic a classical fluid challenge. Diagnostic threshold and the year of description are indicated. CO
cardiac output, PPV pulse pressure variation. Adapted with permission from Monnet et al. [1]

Learning Objectives

The learning objectives of this chapter are:

1. Physiology of heart-lung interactions and their effect on hemodynamics

2. Identify fluid responsiveness using heart-lung interactions

3. Physiology, techniques, and evidence of various dynamic measures of fluid
responsiveness based on heart-lung interactions

4. Clinical implication of fluid responsiveness and consideration for fluid accumu-
lation with injudicious fluid administration

Case Vignette

Mr. J, a 62-year-old male with a history of hypertension, presented to the ICU with
septic shock secondary to a urinary tract infection. The patient was intubated and
mechanically ventilated, and initial resuscitation with fluids and vasopressors was
initiated. The patient remained hypotensive despite ongoing vasopressor support.
The critical care team suspected that the patient might be volume depleted, and they
wanted to assess his fluid responsiveness.
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The team decided to use heart-lung interactions to assess fluid responsiveness in
Mr. J. They performed a passive leg raise (PLR) maneuver and monitored the
patient’s hemodynamic response.

During the PLR, the team observed an increase in the stroke volume (SV) by
20%, indicating that Mr. J was fluid responsive. The patient received a fluid bolus,
and his blood pressure improved. The team continued to monitor the patient closely
and adjusted his fluid management accordingly.

Questions

Q1. Why did the critical care team decide to use heart-lung interactions to assess
fluid responsiveness in Mr. J?

Q2. What was the hemodynamic response observed during the PLR maneuver, and
what does it indicate and what are its limitations?

Introduction

A thorough understanding of ventilation and its effects on the hemodynamics of critically
ill patients constitutes an integral part of managing patients in intensive care units.
Cardiopulmonary interactions in ventilated and non-ventilated patients may affect the
hemodynamics, which can lead to diminished tissue oxygen delivery and organ dysfunc-
tions, thereby contributing to morbidity and mortality. Therefore, a thorough understand-
ing of the effects of spontaneous and positive pressure ventilation on the cardiovascular
system helps us to understand hemodynamic perturbations better and manage them
appropriately.

The main goal of fluid administration is to increase the preload and ultimately to
improve cardiac output and oxygen delivery. While consensus exists on the use of fluid
challenge to assess preload responsiveness, the type of fluid, extent and rate of administra-
tion, and hemodynamic targets need to be standardized in clinical practice [1]. At times,
the fluid challenge is unsafe and leads to volume overload in non-responders [2].

Increasing evidence suggests that excessive fluid administration is associated with
increased mortality [3]. Fluid need and responsiveness should be assessed before fluid
administration to avoid volume overload and its complications.

Differentiating fluid responders from non-responders is essential to determine the effi-
cacy of therapy and to avoid the deleterious effects of volume overload. For this reason,
various static and dynamic parameters have been used in critically ill patients to predict
volume responsiveness. These parameters have varying degrees of accuracy and short-
comings in various patient groups. All these parameters are based on the impact of the
cyclic variations caused by respiration on the cardiac filling and hence require a thorough
understanding of heart-lung interactions. See also Chap. 4 to learn more about fluid
dynamics during resuscitation according to Frank—Starling and Guyton-Hall.
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Basics of Respiratory and Cardio-Circulatory Physiology

The cardiovascular system consists of mainly two components: the circuit and the pump.
The circuit contains arterial resistance and venous capacitance vessels. Arteries and arteri-
oles are the resistance vessels that have smooth muscles responsible for controlling the
resistance to blood flow by changing the caliber. Venules and veins are capacitance vessels
that hold at least 70% of circulating blood volume and have no major contribution to
resistance. The pump is constituted of the right and left ventricles, enclosed by the pericar-
dium. The ventricles work in parallel but pump in series and are connected to each other
through pulmonary circulation. Both the heart and surrounding lungs are enclosed within
the rigid chest wall, creating a chamber within a chamber effect [4]. Therefore, phasic
changes in pleural pressure during the respiratory cycle will affect the pressure system of
the cardiac chambers and influence the gradient for venous return, preload, and after-
load [5, 6].

Transmural pressure (Pry) is the difference of pressures (internal to external) across a
hollow structure. In the thoracic cavity, the external pressure for the heart is pericardial
pressure (Ppgg) and for lungs, the external pressure is the pleural pressure (Pp) [7, 8].

The transmural pressure (RAPry) for the right atrium can be calculated by the formula:
RAPy = RAP — Py [9]. However, in the clinical practice, Pp. and Ppgg are assumed to be
equal to intrathoracic pressure (ITP) which is the external pressure around the heart and
the lungs. However, it must be noted that ITP is not homogeneously distributed throughout
the thorax [10]. The Pry; is the actual working pressure that, together with chamber com-
pliance, defines the venous return, cardiac filling, and hence, cardiac output. In clinical
practice, Pp; can be estimated by measuring the esophageal pressure with an air-filled bal-
loon in the esophagus at end-expiration [11].

The lungs are surrounded by two pleural layers and enclosed by the chest wall and the
diaphragm. The two pleural layers ensure the mechanical coupling between lung and the
chest wall. Py, is negative in spontaneous breathing and acts as external pressure of the
lung and cardiac structures. The Pry for lungs or transpulmonary pressure (Prp) is the dif-
ference of alveolar pressure (P,;) and Pp;. It decides the lung volume at the end of inhala-
tion, depending on the compliance of the lung within the chest wall [9].

Lung compliance (CL) and chest wall compliance (CCW) defines the total compliance
of the respiratory system (CRS): i.e. (1/CRS = 1/CL + 1/CCW) [12].

Blood flow through the lungs depends on the driving pressure for the blood, that is
(mean pulmonary artery pressure [PAPm] — mean left atrial pressure [LAPm]) and pulmo-
nary vascular resistance (PVR) [13]. With a pulmonary artery catheter, LAPm can be
estimated by measuring pulmonary artery occlusion pressure (PAOP).

The pulmonary vascular resistance is increased by vasoconstriction, hypoxic (Euler-
Lilijestrand reflex [14]) or hypercapnic pulmonary vasoconstriction [15]. Pulmonary ves-
sels are more compliant than systemic vessels, compressible by surrounding lungs and act
as Starling resistors. A vessel working as a Starling resistor, can change its diameter and
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the related resistance to flow according to its surrounding pressure. Increased extravascu-
lar pressure (increased P, or Pp) diminishes transmural pulmonary vascular pressure,
resulting in an increased PVR [16]. During the respiratory cycle at end-expiration, when
the lung is at its functional residual capacity (FRC) and where the resistance of inter-
alveolar vessels equals the resistance of extra-alveolar vessels, PVR is the lowest [17].

Effects of Mechanical Ventilation on Intrathoracic Pressure

During the inspiratory phase of mechanical ventilation, the machine delivers a tidal vol-
ume through an artificial airway to the lungs leading to positive P,; and Pp;. The transmis-
sion of airway pressure to the pleural space is lower if the CRS of the system is low, as in
acute respiratory distress syndrome (ARDS), which has reduced lung compliance and
therefore, has less hemodynamic effect by heart-lung interactions compare to increased
compliant system as seen in chronic obstructive pulmonary disease (COPD) [18].

With the application of positive end-expiratory pressure (PEEP) and the absence of
spontaneous breathing efforts, Py is positive throughout the respiratory cycle. In contrast,
with unforced spontaneous breathing, Pp; always remains negative.

The physiological consequences of these changes in Py and Prp are as follows:

1. An elevated P, combined with the supine position alters pulmonary blood flow by
creating lung areas with zone 1 conditions (compression of alveolar vessels) and
increasing the proportion of areas with zone 2 conditions (compression of veins), caus-
ing increased PVR and dead space ventilation.

2. An increased ITP reduces Py of large intrathoracic blood vessels as the vena cava and
thoracic aorta, thereby diminishing intrathoracic blood volume.

3. The ITP is also transmitted to the pericardium, which encloses the heart.

These physiological consequences are due to respiratory swings in intrathoracic pres-
sure, and their effects on hemodynamics are predictable; for example, as RAP increases
with positive ITP, the venous return goes down [19, 20]. This could lead to profound and
sometimes abrupt cardio-circulatory effects with positive pressure ventilation. This phe-
nomenon should be expected and patients need appropriate monitoring (Fig. 5.2). The
overall effect of positive pressure on preload, afterload, and pump function will be
explained in detail later.
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Fig. 5.2 Cardiovascular effects of mechanical ventilation

The Pump

The pumping work of the heart is to maintain adequate and optimum cardiac output.
Cardiac output is determined by the heart rate and stroke volume. Stroke volume is the
amount of blood expelled from the left ventricle (LV) into the systemic circulation with
each heartbeat. Averaged over several seconds to minutes, LV stroke volume equals right
ventricular stroke volume. The LV preload, myocardial contractility, and afterload are the
main determinants of stroke volume.

Venous Return and Ventricular Preload

Cardio-circulatory physiology and heart-lung interactions can best be understood if we
familiarize ourselves with determinants of venous return and the functioning of the right
ventricle. Of the total blood volume, only about 15% exerts pressure, and the rest is said
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to be “unstressed volume”, which theoretically exerts no pressure (or minimal pressure) on
the walls of the vessels. Hence, unstressed volume is the blood volume that resides in the
vessels at near