FLUID THERAPY
FOR THE
SURGICAL PATIENT

EDITED BY
CHRISTER H. SVENSEN e DONALD S. PROUGH
LIANE S. FELDMAN e TONG J. GAN
https://t.me/MedicalBooksStore

CRC Press

Taylor & Francis Group



Fluid Therapy
for the

Surgical Patient

https://t.me/MedicalBooksStore



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com/

Fluid Therapy
for the

Surgical Patient

Edited by

Christer H. Svensen
Professor and Director for Doctoral Education
Karolinska Institutet, Department of Clinical Science and Education
Unit of Anesthesiology and Intensive Care, Stockholm South General Hospital
Stockholm, Sweden

Donald S. Prough
Professor and Chair, Department of Anesthesiology
Rebecca Terry White Distinguished Chair of Anesthesiology
The University of Texas Medical Branch
Galveston, TX, USA

Liane S. Feldman
Professor of Surgery and Chief of the Division of General Surgery
McGill University, Montreal, QC, Canada

Tong J. Gan
Professor and Chairman, Department of Anesthesiology
Stony Brook University, NY, USA

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2018 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed on acid-free paper

International Standard Book Number-13: 978-1-4987-3543-8 (Paperback)
978-0-8153-9311-5 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged, please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.
copyright.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC),
222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that
provides licenses and registration for a variety of users. For organizations that have been granted a
photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and
are used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


www.copyright.com
www.copyright.com
www.copyright.com
http://www.taylorandfrancis.com
http://www.crcpress.com

Contents

Preface.....c.oouiiiiiiiiiciciciccec e vii

EAIEOTS ..o ix

CONETIDULOTS ...t xi

Chapter1 Fluid balance, regulatory mechanisms, and electrolytes......... 1
Mats Rundgren and Christer H. Svensen

Chapter 2 Infusion fluids 31
Christer H. Svensen and Pedro Ibarra

Chapter 3 Perioperative fluid therapy: A general overview................ 47
Husong Li and Donald S. Prough

Chapter4 Goal-directed fluid therapy: Use of invasive and
semi-invasive devices 75
Kirstie McPherson and Monty Mythen

Chapter 5 Monitoring the microcirculation 95
Mustafa Suker and Can Ince

Chapter 6 Noninvasive hemodynamic monitoring............cce....... 109
Cecilia Canales, Andy Trang, and Maxime Cannesson

Chapter 7 Fluid therapy for the high-risk patient
undergoing surgery 125
Patrick A. Ward, Sophie E. Liu, and Michael G. Irwin

Chapter 8 Fluid therapy for the trauma patient 149
Ronald Chang and John B. Holcomb

Chapter 9 Fluid management in the ambulatory surgery,
gynecologic, and obstetric patient 175

Ramon Abola and Tong |. Gan



vi

Contents

Chapter 10 Perioperative fluid management in patients

undergoing abdominal surgery: Focus on enhanced
recovery programs after SUrgery ......eeeerinenenennnnns 195
Juan C. Gomez-Izquierdo, Gabriele Baldini, and

Liane S. Feldman

Chapter 11 Pediatric fluid therapy......cccooeveveveverererereeeeeeeeeeeencnennes 237

Andreas Andersson and Per-Arne Lonnquist

Chapter 12 Burn resuscitation.........eveeeverereeieeeeneneeeneeneeeseeeenene 257

Fredrick J. Bohanon, Paul Wurzer, Charles Mitchell,
David N. Herndon, and George Kramer

Chapter 13 Fluid therapy in the intensive care unit, with a

special foCUuS 0N SEPSIS.....cvrererererererereeeeereeeeeeeeesenenes 279
Jean-Louis Vincent, Diego Orbegozo, and
Christer H. Svensen

Chapter 14 Fluid therapy for the cardiothoracic patient...................... 293

Thuan M. Ho and Ronald G. Pearl

Chapter 15 Fluid management in neurosurgical patients................... 309

Stefanie Fischer and Donald S. Prough



Preface

Fluid therapy for surgical and critically ill patients is considered a
ubiquitous part of treatment. Since all interventions for our patients
should be based on evidence and proven experience, you would expect
fluid therapy to be based on firm and robust evidence. Unfortunately,
fluid therapy is a complex intervention and it can be difficult to test
single elements.

The overall aim of perioperative fluid management is to stabilize an
unstable patient and prevent further harm. The target of all treatment is
to provide a range of therapeutic interventions to heal the patient. It can
be very difficult to attribute single interventions to be responsible for one
major outcome. By providing fluids, one must maintain effective intra-
vascular volume, compensate for intraoperative volume losses, and pre-
vent intraoperative and postoperative complications of inadequate tissue
perfusion. All surgical patients, ranging from those having minimally
invasive outpatient procedures to those having major intra-abdominal
or intrathoracic surgery, receive some quantity of fluid intraoperatively
and postoperatively. Historically, both the composition and quantity of
perioperative fluid management have generated controversy, for exam-
ple, crystalloids versus colloids, liberal versus restricted regimens, and
goal-directed versus more empirical approaches. Consequently, although
perioperative fluid therapy is generally considered necessary, specific
characteristics remain controversial. It is also important to not forget the
basics in physiology and pathophysiology.

Admittedly, there are many textbooks covering the topic of fluid
therapy. However, this book tries to cover the most recent evidence
and practical guidelines to date and is edited by experienced clinicians
and researchers who are experts in their respective fields. Recently,
there have been several randomized studies covering the topic of sep-
sis and septic shock. These studies have challenged the commonly used
bundles of interventions used for the last decade for this severe disease.

vil



i Preface

Furthermore, there are new and innovative methods of monitoring the
microcirculation by noninvasive methods, which should have great
impact for the future. We truly hope this book will be of help for the
clinician and researcher interested in this area.

Christer H. Svensen
Karolinska Institutet

Donald S. Prough
University of Texas Medical Branch

Liane S. Feldman
McGill University

Tong J. Gan
Stony Brook University
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chapter one

Fluid balance, regqulatory
mechanisms, and electrolytes

Mats Rundgren
Karolinska Institutet
Stockholm, Sweden

Christer H. Svensen
Karolinska Institutet, Stockholm South General Hospital
Stockholm, Sweden
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Key points:

¢ Total body water (TBW) is divided into the following compartments
(spaces):
 Intracellular fluid space (ICF)—about two-thirds of TBW.
 Extracellular fluid space (ECF)—about one-third of TBW, which in
turn is divided into the following:
— Interstitial fluid space (ISF)—about three-quarters of the ECF.
- Intravascular fluid space (IVS)—about one-quarter of
the ECE.

¢ The quantitatively most important electrolytes are sodium (Na*),
potassium (K*), calcium (Ca?*), magnesium (Mg?!), phosphate, sul-
fate, and chloride (Cl").

* The amount of Na* in the body determines the ECF volume. The
distribution of fluid between the intravascular and extravascular
compartments is decisive for the plasma volume.

* The approach taken by Starling to describe the movement of fluids
across the endothelial wall is now known to be too simplistic. The
endothelium consists of a thin layer of cells with an inner fragile
layer, the endothelial glycocalyx, which contains glucose amino-
glycans amongst other components. This layer, easily destroyed, is
decisive for vascular barrier persistence.

* Hormonal compensatory mechanisms take great part in fluid
distribution.

1.1 Water

Fluid balance in a general sense involves the metabolism of water and
electrolytes. The well-being of all cells places demands on the surround-
ing (extracellular) as well as the interior (intracellular) environment. It is
important that there is a stable body fluid osmolality, or rather tonicity,
regulating cell volume, which in turn appears to affect many cellular
functions. The ECF is determined by the amount of body sodium (Na*),
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while the body fluid osmolality mainly reflects water metabolism. This
chapter focuses on the turnover of water and Na*, the regulation of body
fluid osmolality and ECF volume, and factors influencing the interchange
of water between fluid compartments.

1.1.1 Distribution

The body water is distributed between different fluid compartments, or
rather spaces. Water transport is mainly governed by tonicity gradients
(from lower to higher) but also via hydrostatic pressure gradients (from
higher to lower). The two major fluid spaces, the intracellular (ICF) and
extracellular (ECF) fluid spaces, are separated by the cell membrane.

Somewhat surprisingly, the effect of cell volume on cellular function
has rarely been investigated. The ability of many kinds of cells to change
their intracellular tonicity in anisotonic environments, and thereby
actively regulate their own volume, reflects the functional importance of
cell volume. Most importantly, it is a phenomenon that should be consid-
ered in the treatment of both hyper- and hypo-osmolar conditions. The cell
membranes are generally sufficiently water permeable for slow passage of
water needed for leveling out osmotic gradients between ICF and ECF.
Higher water exchange volume is facilitated by specific water channels
(aquaporins). These channels are ubiquitously distributed but are mainly
expressed in epithelia (kidneys, gastrointestinal tract, airways, and exo-
crine glands) and in capillary endothelial cells. The epithelia of collecting
ducts in the kidneys constitute a unique part where the water permeability
is hormonally controlled by antidiuretic hormone (vasopressin) [1].

The other barrier separates the intra- and extravascular (intersti-
tial fluid, ISF) parts of the ECF space and is made up of the wall of the
exchange blood vessels (capillaries and postcapillary venules). The fluid
exchange across this barrier is dependent on both osmotic and hydrostatic
forces. It is appropriate to consider the characteristics of the barrier, that is,
the walls of the exchange vessels, which may vary in different parts of the
body, as well as in different pathological states such as inflammation. In
principal, this may also be true for the cell membrane in general but less
apparent than in different parts of the cardiovascular system [2].

The total body water (TBW) is divided into the following spaces:

¢ ICF—about two-thirds of TBW
e ECF—about one-third of TBW

The ECF is divided into

¢ [SF—about three-quarters of the ECF
¢ Intravascular fluid (IVS), where plasma water is the water compo-
nent of plasma volume (PV)—about one-quarter of the ECF



4 Fluid therapy for the surgical patient

An additional part of the ECF, not included above, is the transcellular
fluid, which is separated from the ISF by epithelia. These are fluid spaces
(approximately 1 L in adults) that contain cerebrospinal fluid, joint fluid,
and eye chamber fluid. Being surrounded by epithelia with different
transport capacities and permeability characteristics, transcellular fluid
usually has a quite different composition than the rest of the ECF. The
transcellular fluid is not included in fluid balance calculations.

Large variations of water content of different tissues are obvious. The
main reason for the variability in the TBW percentage of the body weight
is the amount of fat tissue. The variability of TBW related to body weight
is about 45%—-70%. This raises the question whether fluid therapy calcula-
tions ought to be based on lean body mass, rather than total body weight.
Women have somewhat lower TBW in relation to body weight due to more
subcutaneous fat. With increasing age TBW decreases, mainly reflecting
tissue atrophy (cell mass reduction). Infants have a much higher TBW
percentage of bw. (80%), mainly due to a higher ECF volume. Towards
puberty, TBW gradually decreases towards adult conditions, with by far
the greatest change occurring during the first year of life.

1.1.2 Turnover

The daily water turnover is about 40 mL/kg body weight in a healthy
adult. This corresponds to more than 2.5 L in an individual weighing
70 kg. Variations are usually quite extensive without obvious reasons
like body and environmental temperature and physical activity. Intake of
water is usually more governed by food and drinking habits, rather than
“physiological” need due to dehydration. Most people drink in advance,
and the kidneys normally maintain the water balance via a controlled
excretion of water [3]. The urine production is determined by the appro-
priate quantity of water, electrolytes, and metabolites needed to balance
intake/production and the renal concentrating capacity. Water is lost from
the body via several different routes like the skin, airways, gastrointesti-
nal tract, and kidneys. The urine is normally the major route for excretion
of water and electrolytes and many of the regulatory mechanisms target
renal function. A common cause for increased water loss is elevated body
temperature during fever or hyperthermia. Usually, a 10% increase in
water loss per degree C elevation of body temperature is considered. The
change is highly dependent on environmental factors such as ambient
temperature, humidity, and dressing and therefore is a rather uncertain
parameter. During hyperthermia and profuse sweating, the correlation
between body temperature and water loss is even more unreliable.

In infants, the daily water turnover is much higher compared to adults
(about 100-150 mL/kg body weight/day). Contributing factors are a larger
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skin area for evaporation in relation to body mass, a higher metabolic rate,
and a reduced urinary concentrating ability. This should normalize to
adult conditions around puberty.

1.2 Electrolytes

The quantitatively most important electrolytes are sodium (Na*), potas-
sium (K*), calcium (Ca?!), magnesium (Mg?"), phosphate (several forms),
sulfate (several forms), and chloride (CI). These ions constitute slightly
more than 80% of the inorganic material in the body. A characteristic
feature, as the term implies, is their electric charge. In many contexts,
among them fluid balance, it is therefore more relevant to talk about
positively (cations) and negatively (anions) charged ions and addition-
ally include some organic substances. The physiologically most impor-
tant cations are Na*, K*, Ca%, Mg?, and H* (strictly speaking H;O").
Correspondingly, important anions are Cl;, HCO;~ och phosphate
(mostly as HPO,%). It is also important to recall that proteins have many
negative charges at the pH levels present in body fluids.

The electrolyte composition of the body fluid spaces is commonly
depicted in a Gamble diagram, where the concentrations are expressed as
mEq/L, to make clear that the number of positive and negative charges is
the same within a fluid space (electroneutrality). A somewhat more lucid
illustration of the electrolyte composition of the fluid spaces is given in
Figure 1.1.

Electrolytes have structural (e.g., calcium and phosphate in bone tis-
sue) as well as biochemical (almost all electrolytes) cellular functions.
The metabolism of each electrolyte is effectively controlled, usually with
involvement of hormones. Regulatory mechanisms are mainly involved
in control of urinary excretion. So far no precise control of intake of any
electrolyte has been observed in humans, although increased appetite for
salt (NaCl) may appear in sodium deficiency. It is anyway far less accu-
rate than that observed in many mammals, mainly herbivores. For cal-
cium, and to some extent phosphate, the degree of intestinal absorption
is under regulatory control. Another principal aspect is that the extracel-
lular concentration of certain electrolytes (mainly Ca?* and K*) influences
cell excitability. This may have acute serious effects on nerves, heart, and
skeletal muscle. The influence on excretion or intake would be too slow,
and therefore mechanisms are available to influence distribution between
body fluid compartments, like insulin- or epinephrine-induced cellular
uptake of K* in acute hyperkalemia. A basic problem is that the extracellu-
lar (plasma) electrolyte concentration will not give information about the
total balance. Appropriate conclusions must be drawn together with the
clinical situation and prevailing acid base status.
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B space
Interstitial space

Intracellular space

K
CaZ+
Mg2+
Total

C1-
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HPO >~

SO,>
Organic acids
Protein
Total

Figure 1.1 Electrolyte composition of body fluid spaces.

1.3  Sodium (Na*)
1.3.1 Distribution

More than 95% of the osmoles (particles in solution) in ECF are sodium
and chloride ions. Since Na* is mainly allocated in the ECF, the total
amount of this ion determines the ECF volume. Some 20%-25% of total
body sodium resides in the mineral part of bone tissue. It is usually
stated that up to about 70% of the body Na* content is exchangeable.
This would mean that a substantial part of the sodium content in bone
is available in sodium deficiency states. Clinically relevant deminer-
alization of bone tissue is commonly not observed, even in chronic
severe Na* deficiency, although recent experimental findings in ani-
mals indicate that bone tissue density may decrease in such situations.
Normal Na* concentration in the different fluid compartments is shown
in Figure 1.1.
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1.3.2 Normal intake

Recommended daily intake of sodium is 80-100 mmol (corresponding to
5-6 g NaCl). The average intake in the Western diet is twice as much.
Intake above 300 mmol/day as part of a daily diet is uncommon. The
minimum need should be about 25-30 mmol/day (~2 g NaCl). Still, sev-
eral populations, among them the Yanomami Indians in the Amazon, eat
clearly less (<10 mmol/day).

1.3.3 Excretion

The urine is the major route for excretion (80%-90%). As already stated,
the regulatory mechanisms are focused on renal function. Losses via
sweat are highly variable but amount to 10%—20% of the daily excretion
at moderate sweating. Large amounts of sodium and other electrolytes
may be lost via the gastrointestinal tract (vomiting and diarrhea), which
normally excrete only a few percent of the daily losses. Profound sweat-
ing in hot, humid climates and/or strenuous exercise may justify extra
intake of NaCl, partly because the control of sodium intake in humans is
rather unreliable. It is also worth noting that sweat is always hypotonic,
meaning that more water than osmoles (Na* and CI°) is lost. Since the
kidneys filtrate about six times the total body Na* content per day, any
reduced ability to reabsorb sodium in the tubules may cause profound
renal losses.

1.4 Potassium (K*)
1.4.1 Distribution

Potassium is the dominating cation in the ICF, which contains 98% of
total body amounts. The concentration of K in the different fluid spaces
is shown in Figure 1.1. It is apparent that the total content of potassium in
blood plasma is only 15 mmol. The intracellular K* concentration varies
between different cell types but is commonly between 140 and 160 mmol.
The plasma concentration of K* in most cases reflects the total body potas-
sium, despite uneven distribution between ECF and ICFE. Typical situa-
tions where plasma K* is a less reliable indicator of total body potassium
are in acid-base disturbances and changes in insulin effects on tissues.
Insulin stimulates cellular uptake of potassium, as does epinephrine and
aldosterone.

Normal daily potassium intake is 40-90 mmol. The variation is rather
large, depending on eating habits. A Western diet is usually stated to con-
tain 70 mmol/day. The minimum requirement for an adult is calculated to
be 20-40 mmol/day.
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1.4.2 Excretion

Normally about 90% of daily intake is excreted via the urine and
the remaining part via feces and only a small amount via sweat.
Gastrointestinal secretions contain rather high concentrations of potas-
sium and are a potential route for major losses in vomiting and diar-
rhea. The renal handling of potassium is rather complex and is not yet
fully understood. The major part of urinary potassium is via tubular
secretion in the distal parts of the nephron, and osmotic diuresis tends
to increase urinary K* excretion.

1.5 Fluid exchange across the cell
membrane (between ECF and ICF)

For practical purposes, only osmotic forces are considered when explain-
ing fluid transfer across the cell membrane. The osmotic pressure (m)
may be described by the general gas law in accordance with van't Hoff’s
equation:

n=CxRxT

C = concentration expressed as molality (mol/kg solvent, i.e., in the
body mol/kg H,0)

R = general gas constant (8,214 x 10-% J/K/mmol)

T = temperature in degrees Kelvin (K)

For an osmotic force (expressed as osmotic pressure) to be exerted,
a barrier that is not freely permeable for the solutes needs to be pres-
ent, that is, the force is only generated by the solutes that are not freely
permeable. However, there are two circumstances to consider. Van't
Hoff’s equation is valid for “ideal” solutions (i.e., there is no interaction
between the solutes among themselves or between the solutes and the
solvent molecules). Since this is usually not the case under physiologi-
cal conditions, the concentration needs to be corrected by an “activity”
factor (f), (“osmotic coefficient”), which can vary between 1 (ideal solu-
tion) and 0 (increasing deviation from ideal conditions). The activity
factor is not only dependent on the properties of the solutes but also
on their concentration. The interactions between solutes and solvent
increase with increasing concentration and therefore a lower value for f.
The activity factor for, for example, Na* (respectively CI) in the rela-
tively dilute body fluids is about 0.93. In Box 1.1, the consequences of this
fact for calculation of “effective” osmolality of an isotonic NaCl solution
are shown. In daily clinical practice the activity factor is commonly not
used for different calculations, but knowledge of the concept facilitates
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BOX1.1 CALCULATION OF OSMOLALITY
FOR ISOTONIC SALINE

A 0.9% NaCl solution (isotonic NaCl) contains 9 g/L.

The molar mass for NaCl is 58.5 g/mol, which gives (9 + 58.5)
a molar concentration of Na* (respectively Cl-) = 0.154 mol/L
(154 mmol/L). Thus, the solution has an osmolarity (moles/liter
solution) of 154 x 2 = 308 mOsm/L.

Correction with the “activity” factor 0.93 gives a concentration of
143 for Na* and Cl- and the osmolarity of 286 mOsml/L. This corre-
sponds to normal extracellular [Na*], but a notably higher [C]] than
in plasma.

Crystalloid (electrolyte) solutions at physiological concentrations
have almost identical numerical values expressed either as osmolar-
ity (osmol/L solution) or osmolality (osmol/kg solvent).

the understanding of why commonly used solutions for infusion have a
theoretically higher osmolality than expected.

As mentioned above it is sometimes also important to consider pos-
sible variations in membrane permeability between different cells and
during different conditions. Water follows an osmotic pressure gradient
(Am), which is determined by the concentration difference (rather than dif-
ference in “activity”—see previous paragraph) for the solutes that can-
not pass the barrier. The degree of permeability for each solute can be
expressed by a reflection coefficient (o) that can vary between 0 (freely
permeable solute, i.e., passes equally easy as the solvent [water] mole-
cules) and 1 (totally impermeable solute). Due to its composition, the cell
membrane is hydrophilic at its surfaces but hydrophobic in its middle
layer. Small lipophilic substances pass with great ease (e.g.,, oxygen, car-
bon dioxide, and in most instances urea) and create no osmotic gradients
between ICF and ISF. Most low molecular hydrophilic substances, like glu-
cose and amino acids, have varying reflection coefficients, whereas larger
molecules (proteins) have a very low permeability. To further complicate
matters, not only passive permeability characteristics but also different
transport mechanisms in the cell membrane play a role. Administration
into the ECF of glucose in a concentration higher than normal may induce
osmosis across the cell membrane, depending on the capacity for cellular
glucose uptake.

In common clinical practice, it is usually not necessary to consider
variations in different cell membrane permeability characteristics. The
basis for classification of clinically used solutions as iso-, hyper-, or hypo-
tonic is their effect on water passage over the erythrocyte cell membrane.
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A striking example of changes in water permeability over time is the
regulatory effect of vasopressin on the collecting tubule chief cells in the
kidneys (see the section “Hormonal Compensatory Mechanisms”).

1.6 Exchange across blood vessels
(between plasma and ISF)

The amount of Na* in the body determines the ECF volume. The distribu-
tion of fluid between the intravascular and extravascular (ISF) compart-
ments is decisive for the PV. The PV in turn is the most important factor
for the blood volume and thereby of crucial importance for effective per-
fusion of the tissues and organs. Increased displacement of fluid from the
plasma compartment to the interstitial fluid is commonly called edema,
whereas cellular accumulation of fluid is usually specified as cellular
edema. The increased interstitial fluid volume may be equally hazardous
with increased diffusion distance for oxygen and nutrients to the cells and
impaired diffusion of metabolites in the other direction. There is no obvi-
ous direct control of the ISV volume, and known mechanisms for regu-
lation of the ECF volume are directly or indirectly related to the blood
volume or the degree of intravascular filling (see the section “Disturbances
and Compensatory Mechanisms”). Control mechanisms relate to effects
on the amount of Na*, that is, the total ECF volume.

Blood vessels for exchange of fluids consist of capillaries and post-
capillary venules. For simplicity, the following is restricted to the capil-
laries. Several structural components, of varying amount and functional
characteristics, make up the barrier. There are three main categories
of capillaries—continuous, fenestrated, and discontinuous (sinusoids).
There are intercellular clefts between the endothelial cells, which to
a varying extent contain constitute adhesion lines made up of several
protein-rich tight junctions. They are of crucial importance for the perme-
ability of low molecular hydrophilic substances. The intercellular clefts
are tortuous and commonly have a length exceeding the thickness of
the endothelial cell. In fenestrated capillaries, transcellular “pores” are
observed covered by a very thin membrane. Outside all epithelial and
endothelial cells a basal membrane is found, which is composed of sev-
eral different macromolecules, among them collagen (type IV), supplying
support and mechanical strength to the very thin vessel. Discontinuous
capillaries (sinusoids) have large openings between the cells and the sur-
rounding basal membrane may also be discontinuous.

The capillary wall consists of a single layer of endothelial cells
(1-3 pm to cover the vessel circumference of 4-8 pm). The surface facing
the inside of the wall is covered by a layer of proteoglycans and other
macromolecules and is called the glycocalyx [2].
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1.6.1  Glycocalyx—revised version of the Starling principles

Fluid movement across the cell membrane is controlled mainly by osmotic
forces, and the forces governing fluid movement across the endothelial
(capillary) wall were first described by Ernest Starling in 1896. Originally,
this concept described an outward movement of fluid due to the hydrostatic
pressure on the arterial side of the capillary, while there is a slight inward
movement on the venous side. This was due to the lower hydrostatic and
the increased colloid osmotic pressure within the vessels produced by the
protein content of the plasma. Plasma hydrostatic and colloid osmotic pres-
sures are supposedly counteracted by weak interstitial hydrostatic and col-
loid osmotic pressures. The vascular wall is permeable to water and small
molecules but less so to protein or other large molecules. If isotonic solu-
tions are given, there are no movements of fluid across the cell membrane
and fluids remain in the extracellular space. Under normal conditions with
an intact vascular barrier, there is a flow of fluid and albumin across the
barrier with fluid and albumin returning via the lymph vessels.

The approach taken by Starling to describe the movement of fluids
across the endothelial wall is now known to be too simplistic. The endothe-
lium consists of a thin layer of cells with an inner fragile layer, the endothe-
lial glycocalyx (EG), which contains glucose aminoglycans. The glycocalyx
binds plasma proteins to form the endothelial surface layer, which has a
high internal oncotic pressure. The low net flux passing through the EG
has low concentrations of proteins, and the oncotic pressure beneath this
layer is low. Thus, there is a zone where almost no circulation occurs and
noncirculating protein-rich plasma predominates. The intravascular vol-
ume can, therefore, be considered to consist of circulating red cells and PV
as well as a noncirculating PV. The function of the glycocalyx appears to
be the maintenance of an effective colloid osmotic pressure close to 70%
of the luminal osmotic pressure while keeping the colloid concentration
outside the endothelium equal to that inside the lumen of the microvessel.
Thus, transcapillary fluid exchange seems to depend not on the difference
between the hydrostatic and oncotic pressure between blood and tissue but
rather between the blood and the small space underneath the EG but still
within the lumen of the capillary (see Figure 1.2a and b).

Destruction of the glycocalyx, which can occur during surgery, trauma,
and septicemia, will eventually cause a change in the global difference
between hydrostatic and oncotic pressures. If the interstitial colloid osmotic
pressure then equals that of the plasma, interstitial edema will occur.
Reduction or destruction of the EG leads to platelet aggregation, leuko-
cyte adhesion, and increased permeability, all of which are hallmarks of
interstitial edema. Factors that can cause destruction of the EG are prote-
ases, ischemia/reperfusion, tumor necrosis factors, oxidized low density
lipoproteins, and atrial natriuretic peptide triggered by hypervolemia.
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Figure 1.2 (a) A capillary vessel with surrounding tissue. Endothelial cells permit
leakage of water, small solutes, and proteins. Abbreviations refer to the Starling
formula, here modified by the existence of the glycocalyx. P, arterial vascular
hydrostatic pressure; P, venous vascular hydrostatic pressure; I1, arterial vascu-
lar oncotic pressure; Il venous vascular oncotic pressure; P; interstitial hydro-
static pressure; and I1; interstitial oncotic pressure. (b) In the capillaries, there is a
relatively high hydrostatic pressure gradient, but this is opposed by a large oncotic
pressure gradient established between the endothelial surface layer and the
underside of the glycocalyx. In addition, there is a high resistance to flow through
the narrow inter-endothelial clefts. In the venular sections, the hydrostatic pres-
sure gradient is small and owing to the easy egress of colloids, there is hardly
any oncotic pressure gradient. The enlargement of the inter-endothelial cleft illus-
trates the ability of the endothelial glycocalyx to establish an oncotic gradient and
the maintenance of the protein-poor zone under the glycocalyx by the low flow
of ultrafiltrate through the narrow cleft. This convection prevents interstitial pro-
teins from diffusing up to the luminal side of the endothelial cells. P, hydrostatic
pressure; I, oncotic pressure; ¢, capillary lumen; e, endothelial surface layer (ESL);
g, underside of the glycocalyx; t, tissue; IS, interstitial space; and v, venular lumen.



Chapter one:  Fluid balance, regulatory mechanisms, and electrolytes 13

Factors that have been shown experimentally to protect the endothelium
are hydrocortisone, antithrombin, and the anesthetic gas sevoflurane.

These structures (glycocalyx, endothelial cells, intercellular clefts
with “tight junctions,” fenestrations, and basal membranes) constitute the
barrier for fluid and solute exchanges between the plasma and interstitial
compartments. Apart from the sinusoids, the most apparent property of
the barrier is that it has a low permeability for proteins. Still, some pro-
teins do pass the barrier, but there are uncertainties about the detailed
mechanisms. Slow passage via vesicles, possibly through successive
fusion of several vesicles after initial invagination of the cell membrane,
has been suggested and partly supported by electron microscopy. Others
have suggested the presence of transcellular “pores,” where some are suf-
ficiently large to permit transit of proteins, whereas another population
of smaller pores probably consists of the intercellular clefts. Regardless of
the structural basis for these functional pores, calculations show that they
make up a very small part of the total capillary wall surface.

As indicated previously, the permeability characteristics of the bar-
rier are not static and may vary in different situations. For example, the
permeability of the intercellular clefts increases in response to factors
enhancing the intracellular concentration of cyclic guanine monophos-
phate, cGMP, (e.g., nitric oxide NO, atrial natriuretic peptide [ANP], etc.).
The opposite effect is regularly seen when intracellular cyclic adenosine
monophosphate, cCAMP, increases. The most dramatic change in perme-
ability is seen during inflammation, when all capillaries increase their
permeability in general, which together with hemodynamic changes of
the microcirculation causes a classic interstitial edema.

Through active control of the balance between pre- and postcapillary
resistance, the hemodynamic conditions in the exchange vessels can be
changed to allow a net absorption of fluid as in hemorrhage (transcapil-
lary refill). Finally, increased knowledge about the extent of possible active
control of permeability and exchange area (filtration coefficient) would be
of great importance for the understanding of the distribution of adminis-
tered fluids in clinical practice. So far, traditional pharmacokinetic prin-
ciples (volume kinetics) are extremely difficult to apply in the clinical field
to understand the fate of administered fluids.

1.7 Disturbances and compensatory mechanisms

If the concept of fluid balance is restricted to include the turnover of water
and salt only, its main task is to maintain a constant body fluid osmolality and
preserve an optimal ECF volume. The osmolality is one of the most actively
and accurately controlled variables in the body. A deviation by 1% from nor-
mal (in either direction) is sufficient to activate relevant compensatory mech-
anisms. Control of the ECF volume, however, has a large degree of tolerance.



14 Fluid therapy for the surgical patient

Here, no obvious counter-regulatory mechanisms are observed until it has
changed by 5%-10%. Body fluid osmolality is mainly controlled via the water
turnover, whereas the ECF volume is governed by the Na*-balance. From a
practical point of view, it is therefore relevant to consider any large deviation
from normal osmolality as a sign of a primary disturbance in water turnover.
Correspondingly, a primary disturbance in Na* turnover is reflected as a
change in ECF volume [4]. Direct measurements of the PV or the total ECF by
indicator dilution methods are time- and labor-consuming and have errors
of about 10%. It is therefore not generally available in the clinical setting.
Another important issue in investigating and interpreting fluid balance
disturbances is that they are commonly a combination of perturbations in
water and Na* turnover. In addition, some regulatory mechanisms (e.g., the
renin-angiotensin system) are involved in the control of water as well as Na*
balance, although with somewhat different priority, and this may contrib-
ute to some confusion in understanding pathophysiological mechanisms.
In Figure 1.3, effects on body fluid osmolality (usually reflected
by the plasma/serum Na* concentration) and volume of the two

A. Water deficit B. Water surplus

Thirst No
l thirst
Normal
Osmolality = 290 mOsm/kg
< [Na']=142mM
Volume: ECV =14 L —> <—— Volume: ICV =28 L
C. Na* deficit D. Na* excess

(Thirst)
(AVP) Thirst
Na-retention AVP
salt demand Natriuresis

Figure 1.3 Disturbances and compensatory mechanisms at excess/shortage of
water (A and B) (respectively Na*; C and D). Changes in osmolality along the y-axis
and changes in volume along the x-axis. Na* = Na* concentration. See comments in
text on possible changes in osmolality/Na* concentration in Na*-deficit and -excess.
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major fluid compartments plus major compensatory mechanisms are
summarized for four typical “pure” disturbances in water (respectively
Na*) homeostasis. The aim is to form the basis and facilitate understand-
ing of the pathophysiology of more complex disturbances in fluid bal-
ance. The terminology for the four typical situations in the figure is
commonly used in physiology. In clinical practice the disturbances are
classified as isotonic, hypotonic, or hypertonic dehydration (respectively
hyperhydration). The first three indicate if the “effective” osmolality
(i.e., tonicity) over the cell membrane is normal, decreased, or increased.
Dehydration (respectively hyperhydration) only indicates whether the
total amount of body water is lower or higher than normal. This ter-
minology does not distinguish the distribution of existing body water
between the ICF and ECF.

A. Water deficit, which produces the so-called absolute dehydration
(example of hypertonic dehydration) with decreased ECF and ICF
volumes and increased body fluid osmolality/elevated Na* in plasma
(hypernatremia). One-third of the deficit falls upon the ECF and the
remaining two-thirds on the ICF. Clinically the degree of dehydration
is graded in relation to the reduction in body weight. Moderate dehy-
dration corresponds to a 2%-3% reduction in body weight, marked
dehydration to 5%, and 5%-10% reduction in body weight is classified
as severe dehydration. In severe dehydration, obvious signs of impaired
peripheral circulation are seen and the patient is in hypovolemic pre- or
manifest shock. With increasing degree of dehydration, the reduced ECF
volume gradually reinforces the stimulation of AVP release and thirst.
The former only reduces further urinary water loss, whereas drinking
water replenishes the water deficit and eventually normalizes the fluid
balance.

B. Surplus of water (hyperhydration) results in increased ECF and
ICF volume, with the same distribution pattern between the spaces as
mentioned above for the water deficit. The dilution of body fluids leads
to lowered osmolality and plasma Na* (hyponatremia). The adequate
compensation is decreased water intake and an increased urinary
excretion of water (via decreased release of AVP), which eliminates
the excess.

C. Na* deficit is associated with decreased ECF volume (hypovolemia)
and an expansion of the ICF volume, that is, a transfer of fluid from the
ECF to the ICF. At moderate degrees of Na* deficit the osmolality and the
Na* are unchanged, or at least within the reference interval, and only
primary salt-retaining mechanisms are activated. When the degree
of hypovolemia begins to interfere with efficient tissue perfusion,
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increasing stimulation of AVP release and thirst (shown within brack-
ets in the figure) ensues. In this situation, lowered osmolality and Na*
may appear. If the amount of water is lower than normal (i.e., a com-
bined water and Na* deficit) an isotonic or hypotonic dehydration may
be at hand. The latter is commonly seen when Na* and water losses
(as in copious sweating) are replenished with electrolyte-free solutions
(water) only. The delayed water-retaining response illustrates that
maintenance of osmolality has a higher priority than preservation of
ECF volume, until hypovolemia reaches a stage where vital circulatory
functions are threatened. In humans, the control of salt intake appears
to be less pronounced (see the section “Nonhormonal Compensatory
Mechanisms”), despite observation of obvious salt hunger in situations
of severe Na* deficit.

Hyponatremia is one of many difficult diagnoses to make and it
is also difficult to treat. The different causes of hyponatremia are dealt
within other chapters (see Chapter 11, “Pediatric Fluid Therapy”), but
Table 1.1 could enhance the understanding of hyponatremia and its dif-
ferent causes.

D. Excess of Na* causes relative dehydration (or cellular dehydration)
with redistribution of water from the ICF to the ECF (hypervolemia). The
associated effects on osmolality are highly dependent on how the sur-
plus of Na* has been achieved, or rather to what extent there is also a
concurrent retention of water. In a slowly developing excess, like in pri-
mary hyperaldosteronism, when the excretion of Na* is low in relation to
intake, and there is also a certain degree of water retention, the osmolality
and plasma Na* are principally unchanged (usually in the upper range
of the reference interval). On the contrary, acute intake of salt-rich food

Table 1.1 Hyponatremia

Hyponatremia-Na* < 135 mmol/L

Hypovolemia Euvolemia Hypervolemia
Extrarenal salt loss ~ Renal salt loss Edematous

(Fena < 1%) (Fen, <2%)

Dehydration Diuretics SIADH CHF

Diarrhea Nefropathia Hypothyroidism  Liver disease
Vomiting Mineralcorticoid =~ Psycogen Nefrotic syndrome
CSw deficiency polydipsia

Beer potomania

Note: Fe, Fractional excretion of sodium; CSW, Central Salt Wasting Syndrome; SIADH,
Syndrome of Inappropriate Secretion of ADH; CHF, Cardiac Heart Failure.
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or administration of concentrated NaCl solutions raises the osmolality
and plasma Na*. In this situation, thirst and AVP release are stimulated,
which if anything aggravates the hypervolemia but simultaneously low-
ers the osmolality towards normal. Again, this illustrates the higher pri-
ority of osmolality maintenance over ECF volume. Increased renal Na*
excretion is the most adequate compensatory response for the underly-
ing disturbance, and it takes place regardless of how the excess has been
obtained. In fact, the natriuretic mechanisms (see the section “Hormonal
Compensatory Mechanisms”) are improved by the aggravated hypervol-
emia caused by the water addition in acute NaCl excess. There are also
contributory mechanisms elicited by gastrointestinal factors involved,
since oral salt loading elicits faster and larger increase in Na* excretion
than corresponding intravenous administration. It has also been shown
in humans and animals that elevated plasma Na* per se may increase the
renal Na* excretion, although much less than that induced by an increase
in ECF volume.

1.8 Hormonal compensatory mechanisms
1.8.1 Vasopressin

Vasopressin (AVP, antidiuretic hormone) is a 9-amino acid peptide syn-
thesized in hypothalamic neurons. Long axons from these neurons ter-
minate in the neurohypophysis, from which the peptide is released into
the blood in response to appropriate incoming neuronal signals to the
hypothalamic neurons.

1.8.1.1 Effects

The most important physiological effect of AVP is its urinary concentrat-
ing effect, that is, reduction of water excretion. This is caused by increas-
ing the water permeability in the apical membrane of the epithelial cells
renal collecting ducts via so-called V, receptors [5].

The net result is an accentuated reabsorption of water to the hyper-
osmotic medullary interstitium and concentration of the urine (antidi-
uresis). Small amounts of AVP are released from the neurohypophysis
which leads to a urine osmolality clearly above that in body fluids and
consequently a reduced demand on water turnover. When plasma levels
decrease below normal large amounts of dilute urine (water diuresis) are
excreted and may amount to 15-25 L per day. Recently AVP has also been
observed to affect different transporters involved in Na* reabsorption in
different parts of the nephron. Based on animal experiments in preferen-
tially rodent species, AVP has also been suggested to influence (increase)
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renal Na* excretion, whereas no such effect on net excretion of Na* has
been confirmed in humans.

As the name implies, AVP also exerts effects on blood vessels. AVP
is a potent vasoconstrictor in some vascular beds, preferentially in
the skin, mucous membranes, and in splanchnic organs. Vasoconstriction
is exerted via Vj-receptors in the vascular smooth muscle. Hypertensive
effects of AVP in conscious individuals are seen only at very high plasma
levels, partly due to a potentiating effect of AVP on the arterial baroreflex,
which counteracts the increase in blood pressure caused by the elevated
total vascular resistance. Other Vi -receptor-mediated effects include
stimulation of prostaglandin synthesis, inhibition of renal renin release,
stimulation of pituitary adrenocorticotropic hormone (ACTH) release
(Vypreceptor), and increased glycogenolysis in the liver. Via the other
main receptor (V,) synthesis of coagulation factors (Factor VIII and the
von Willebrand factor) are stimulated. The physiological importance of
all these effects in the healthy human is not fully elucidated. The same
seems to apply for the central nervous effects (e.g, memory function)
exerted by other nonhypothalamic AVP-containing neurons (probably
also AVP-releasing).

The possible role of AVP in several clinical conditions may be clarified
and enlarged by the increasing use of a more easily handled but reliable
“surrogate” method of monitoring the AVP release. Similarly, the rela-
tionship between insulin and C-peptide, a biologically inactive peptide
(copeptin), is co-released with AVP in equimolar amounts. Due to its longer
half-life and stability in plasma, copeptin is more suitable to analyze in
clinical settings than AVP, which demands careful pre-analysis sample
handlings and is time-consuming [6].

1.8.1.2 Regulation

There are basically two types of stimuli that exert the physiological con-
trol of AVP release. Of foremost importance is the osmolality/tonicity of
the ECF (“osmotic control”), but the release is also influenced by factors
related to the ECF volume (“volumetric control”) [7]. The osmotic control is
mediated via sensory cells in the hypothalamus (osmosensors, commonly
called osmoreceptors), which sense the surrounding tonicity. There is some
evidence that the ECF Na* exert a particularly important influence, rather
than tonicity as such [8]. Increased tonicity activates the sensors, whereas
hypotonicity has the opposite effect. In turn, the sensors control the
activity of the AVP-producing cells in another part of the hypothalamus.
A corresponding, but separate, type of sensors influence thirst mecha-
nisms (see the section “Nonhormonal Compensatory Mechanisms”).
Most individuals appear to have a threshold level of 280 mOsm/kg where
the AVP begins to be released. The corresponding “osmotic threshold” for
thirst is somewhat higher [4].
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A doubling of the low basal plasma AVP levels causes a maximum
antidiuretic effect. Still, AVP levels continue to rise linearly when the
plasma osmolality increases beyond that, giving rise to maximal antidi-
uretic response. In the opposite direction, AVP levels diminish to unde-
tectable levels at about 10% lowering of plasma osmolality. The volumetric
control of AVP release consists of two components, a humoral and a reflex
(neuronal) part. The humoral component is represented by angiotensin II
(ANG 1I) (see below), whose formation is increased during hypovolemic
conditions. A clear stimulatory effect by ANG II on AVP release is not seen
until rather high levels in humans. This may partly be due to the concurrent
hypertensive effect of ANG II, which is a potent vasoconstrictor agent. Basal
ANG II levels under normovolemic conditions have a rather small effect on
AVP release. The influence of ANG II on AVP release, and on water intake,
is clearly reinforced by concurrent elevation of the [Na*] (hypernatremia).
The reflex mediated influences of the ECF volume on AVP release consist
of active inhibitory signals from arterial baroreceptors and distension sen-
sors in the cardiac atria and pulmonary veins. The possible importance of
mechanistic sensors in the left ventricle in this regard is still unclear.

Increased ECF volume and/or elevated blood pressure increase the
activity of these sensors, which accentuates the inhibition, and the AVP
release decreases. In hypovolemia and/or hypotension, the tonic inhibi-
tion is released and AVP levels increase. About 5%-10% deviation from
normal blood pressure (or ECF volume) is needed before AVP release is
affected. Then, an exponential increase in AVP levels is seen in response
to further lowering of the blood pressure. A corresponding degree of
changes of AVP levels (in the other direction) in response to hyperten-
sion/hypervolemia is not seen. Plasma AVP levels far above those needed
for maximal urinary concentration are reached after distinct blood pres-
sure falls, while the hormone contributes to the compensatory elevated
peripheral resistance. The osmotic and volumetric influences act jointly
in the control of AVP release. The osmotic threshold and the slope of the
relationship between plasma osmolality and plasma AVP are both influ-
enced by the concurrent ECF volume. A practical consequence of this
phenomenon is that in chronic hypovolemic conditions the AVP release
is regulated around a lower osmotic level, like a reset of a hypothetical
“osmostat.” Principally, the opposite changes occur in hypervolemia, but
they are not as evident as in hypovolemia.

There are several other factors that may influence the AVP release.
Among stimulatory factors or situations, nausea (strong effect), hypogly-
cemia, nicotine, and different kinds of stress (particularly painful stimuli)
ought to be kept in mind. Inhibitory influences are exerted by cortisol,
ethanol (usually at relatively low concentrations only), and hypothermia,
for instance. A range of pharmaceutical drugs have effects (in either direc-
tion) on plasma AVP levels, but that is outside the scope of this chapter.
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1.8.1.3  Pathophysiology
1.8.1.3.1 Diabetes insipidus In diabetes insipidus (DI), there is a
decreased or total lack of AVP effect. There are two main forms of DI:

¢ Central DI (sometimes called cranial DI), where there is an insufficient
or total lack of synthesis and/or release of biologically active AVP.

¢ Nephrogenic DI, when the target organ (kidney) does not respond
normally to AVP.

In both forms, the patient has a deficient capacity to concentrate the
urine, consequently associated with excretion of large volumes of
dilute urine and secondary polydipsia (increased water intake) [9].
There are several different underlying causes for both forms of DI Both
have hereditary forms. Central DI may be caused by brain tissue injury
(inflammation, trauma, etc.) or due to different mutations in the AVP
gene. Mild forms of central DI may pass undiagnosed, whereas severe
lack of AVP is strikingly obvious. Complete forms of nephrogenic DI
(usually caused by mutation[s] in the AVP V,-receptor or water channel
protein AQP?2) are difficult to manage and if untreated commonly cause
larger water turnover than central DI—up to 20-25 L/day. Importantly,
some electrolyte disturbances (hypokalemia and hypercalcemia) and
pharmacological treatment (lithium chloride in bipolar disease) may
cause nephrogenic DI. These forms are usually corrected by normal-
izing electrolyte balance or adjustment of therapy.

The polydipsia is usually capable of maintaining largely normal
amounts of body water, but naturally the patients tend to be “on the dehy-
drated side,” that is, serum Na* and plasma osmolality are in the upper
range of the reference interval.

1.8.1.3.2  Syndrome of inappropriate antidiuretic hormone secretion The
condition is caused by inadequately high AVP release for the prevailing
fluid balance. It is characterized by low plasma osmolality and [Na*] due
to water retention. The urine osmolality is not necessarily high, which
could be misleading. In fact, from a water balance perspective, any condi-
tion with low plasma osmolality should be accompanied by maximally
diluted urine. An important part of the diagnosis is normal renal and
adrenal function and absence of concurrent hypovolemia.

Several clinical conditions may be associated with syndrome of
inappropriate antidiuretic hormone secretion (SIADH). The relationship
between plasma osmolality and AVP levels is altered. Four different types
of disturbances in this relationship have been identified. High (in absolute
terms) AVP levels in plasma are found in only 20% of SIADH cases (usu-
ally ectopic hormone production). In most cases, the water retention is
slow, due to a marginal imbalance in intake and output, and it takes days
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to weeks to develop clinically significant hyponatremia. The symptoms
are related to signs of water intoxication and are critically dependent on
both degree and rate of water retention.

1.8.2 Renin—angiotensin system

Renin is a proteolytic enzyme that is synthesized in and released from
juxtaglomerular cells in the kidney. In plasma, renin splits a globulin
(angiotensinogen) from the liver, forming the decapeptide angiotensin L.
Two further amino acids are split off from this peptide by angioten-
sin I converting enzyme (ACE) and the octapeptide ANG II is formed.
Textbooks usually emphasize that ACE is preferentially produced by the
endothelium in pulmonary vessels, but the enzyme is present in all parts
of the peripheral circulation. The pulmonary vessels have a high con-
centration of ACE, but even higher concentrations are found in choroid
plexus in the brain ventricles. All mentioned components of the renin-
angiotensin system (RAS), summarized in Figure 1.4, are present in
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Figure 1.4 The renin-angiotensin-aldosterone system (RAS).
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blood plasma and are governed almost exclusively by renin released
from the kidneys (Figure 1.4).

There are, however, several tissue-bound paracrine forms of the RAS,
for example, in the brain, blood vessels, heart, and other parts of the kid-
neys than the juxtaglomerular apparatus. Much less is known about the
functions and control of these “local” RAS. The schematic illustration in
Figure 1.4 is a simplification, since there are more biologically active forms
of angiotensin (ATs), as well as several isoforms of involved enzymes.
ANG II acts via two main classes of receptors, AT1 and AT2. Almost all
established classical effects of ANG II are mediated via AT1 receptors.
Pharmacological interference with RAS activity is common, and renin,
ACE, and AT receptor inhibitors are available.

1.8.2.1 Effects

In experimental situations, an abundance of effects can be demonstrated
for ANG II and AT1 receptors are widely expressed in the body. Probably
the most evident role played by ANG II is in hypovolemic conditions
when the plasma ANG II concentration is clearly elevated. It is also one of
the most potent endogenous vasoconstrictor agents known and it elevates
the blood pressure above normal when administered to normovolemic
individuals. The peptide also acts on the brain to increase the blood pres-
sure via stimulation of sympathetic nerve activity.

In fluid balance control, the most obvious role for ANG II is to reduce
renal Na* excretion. It is achieved by a direct effect on proximal tubular
Na* reabsorption but more importantly as the primary stimulating fac-
tor for adrenal aldosterone release (see below). The fact that Na* excre-
tion may increase if ANG II levels are elevated in normovolemia has
sometimes caused some confusion about the true effect on Na* balance.
The acute increase in blood pressure seen in those situations is the main
natriuretic mechanism (the so-called pressure natriuresis) and does not
reflect the situation when endogenous ANG II formation is stimulated
(i.e., hypovolemia). ANG II may also stimulate intake of sodium (sodium
appetite) in species who express a distinct control of NaCl intake (see the
section “Sodium Intake”). It is commonly stated that ANG II is involved
in the control of water intake and AVP release, which is true but more
so in pathophysiological situations. In humans, somewhat higher ANG II
levels are needed to stimulate thirst and AVP release than those needed to
clearly affect sodium balance.

1.8.2.2 Regulation
RAS activity is mainly controlled via regulation of renal renin release. It is
only in certain situations that substrate availability (angiotensinogen) and/
or ACE activity are limiting factors. There are three classical stimuli that
control renin release. All of them are related to the ECF volume, which in
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turn is directly related to the amount of sodium in the body. The stimuli
are (1) low renal perfusion pressure; (2) increased renal sympathetic nerve
activity; and (3) low Na* and CI- uptake in the tubular “macula densa”
epithelial cells (last portion of the loop of Henle). In hypervolemia, these
variables change in the opposite direction and inhibit renin release. Other
factors of less certain relative importance in the control of renin release
are prostaglandins/prostacyclins, nitric oxide (NO) (stimulatory) and
AVP and natriuretic hormones (inhibitory).

1.8.2.3  Pathophysiology
Renal hypoperfusion may appear without systemic hypovolemia.
Different renal injuries and renal artery stenosis activate the RAS and
cause hypertension, aggravated by the secondary hyperaldosteronism
that ensues. The latter is typical for all forms of chronic hypovolemia,
where, in contrast, hypertension is absent.

1.8.3 Aldosterone

The steroid hormone aldosterone is synthesized in the outermost layer
(zona glomerulosa) of the adrenal cortex. Aldosterone is a vital so-called
mineralocorticoid, whose main effect is to increase reabsorption of Na* in
the distal parts of the nephrons. About 500 of the fully 24,000 mmol Na*
filtered each day in the kidneys has been estimated to be under control
by aldosterone. In the aldosterone-controlled reabsorption of Na*, water
follows in “normal” proportions, since it takes place in parts of the neph-
ron where water permeability is sufficiently high, regardless of AVP
levels. This means that aldosterone mediates reabsorption of a largely
isotonic NaCl solution, which explains why ECF volume increases as in
primary hyperaldosteronism, without concomitant major effects on [Na]
in plasma.

Aldosterone has the opposite effect on urinary excretion of K* and
protons (H*), which consequently increases. The cellular mechanisms
for the renal effects of aldosterone are only partly understood. As usual
for steroid hormones, effects are mainly mediated via regulation at the
transcriptional level. Aldosterone-stimulated synthesis and incorporation
in the luminal (apical) cell membrane of epithelial Na* channels and K¢
channels occur in the distal tubules and cortical collecting ducts. In addi-
tion, the Na*—K* pump (Na*-K*—ATPase) in the basolateral membrane and
an ATP-driven proton pump (in the apical cell membrane of intercalated
cells) are stimulated by aldosterone.

1.8.3.1 Regulation

The most important factor regulating aldosterone synthesis and release
is the plasma ANG II concentration (see above), but the plasma K* should
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also be regarded as a physiologically relevant component. Hyperkalemia
stimulates aldosterone release, whereas low plasma K* has a smaller
effect in the opposite direction. There is no obvious direct acute con-
trol of aldosterone release via ACTH in the traditional hypothalamus—
hypophysis—adrenal axis. However, ACTH has important trophic effects
on the adrenal cortex and is of importance for maximal synthetic capac-
ity of aldosterone, since the pituitary hormone stimulates early steps in
the adrenal hormone synthesis. Fever has been suggested to involve a
relatively stronger influence of ACTH on aldosterone release than under
normal conditions. Often, hyponatremia as such is suggested to stimu-
late aldosterone release, but evident effects are not seen until at very
low plasma Na*. Atrial natriuretic peptides (see below) have a relatively
strong inhibitory effect on aldosterone release in experimental situa-
tions. Still, the relative importance in physiological control of hormone
release is unclear.

1.8.3.2  Pathophysiology

Primary hyperaldosteronism is seen with overproducing adrenal tumors
(Conn’s syndrome) or more commonly in general adrenal cortical hyper-
plasia. The cardinal effects are hypervolemia, hypertension, hypoka-
lemia, and metabolic alkalosis (usually a rather mild form). Plasma Na*
is commonly within, but in the upper part of, the reference interval for
healthy individuals. The degree of hypervolemia is to some extent self-
limiting, since the low urinary Na* excretion increases again at a certain
degree of volume expansion, despite persistent high levels of aldoste-
rone (“aldosterone escape”). Counteracting effects of natriuretic peptides,
whose release is increased in hypervolemia, are probably a major con-
tributory factor for the escape phenomenon. Hypervolemia is important
for the development of hypertension but the increased aldosterone effects
also, via largely unknown mechanisms, contribute to increased peripheral
resistance, which maintains the high blood pressure. Apparently, both
cerebrally mediated effects on the cardiovascular system and changes
in vascular smooth muscle cell ionic composition with altered sensitiv-
ity to vasoconstrictor stimuli play a role. Over the last decade the preva-
lence of hyperaldosteronism (expressed as the aldosterone/renin ratio)
in hypertension has been observed to be more common than previously
appreciated. It is particularly obvious in more severe forms of hyperten-
sion and a relationship between aldosterone levels and different negative
cardiac and vascular effects has been noticed. This has led to increased
use of aldosterone antagonists as a supplement in the pharmacological
treatment of hypertension [10].

In secondary hyperaldosteronism, the hormone release is stimulated via
increased activation of RAS (see above). Most commonly, it is a physio-
logical response to hypovolemia. In this situation (chronic hypovolemia),
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the ECF volume is of course decreased and hypertension is absent, whereas
the other effects mentioned above are present (hypokalemia, metabolic
alkalosis). The RAS activation in this situation aims at restoring ECF vol-
ume toward normal and counteracting hypotension. In contrast, when
RAS activity is increased during normovolemia (e.g., renin-producing
tumor, renal artery stenosis, etc.), there are similar effects as seen in
primary hyperaldosteronism, but plasma renin and angiotensin levels
are high.

Isolated aldosterone deficiency is a rare occasion, but could be seen
when general destruction of the adrenal cortex occurs (Addison’s dis-
ease). Fluid balance-related symptoms and signs include hypovolemia,
hypotension (orthostatism), hyperkalemia, and metabolic acidosis.
Plasma osmolality and Na* are often lowered; however, they are not
primarily due to increased urinary Na* losses but mainly due to the
reflecting secondary stimulated AVP release (hypovolemia and low
cortisol levels).

1.8.4 Natriuretic peptides

Natriuretic peptides constitute a family of closely related peptides.
Traditionally, the most well-known member is ANP, which was the first
to be isolated. Today, brain natriuretic peptide (BNP) is equally well
known and has exceeded ANP as a diagnostic tool.

The peptides are named after the tissue where they were first isolated,
but both ANP and BNP are primarily synthesized in and released from
the heart. ANP can mainly be found in the atrial myocytes (in adults)
and BNP in the ventricular myocardium. Increased release of the pep-
tides occurs in response to increased filling of the atria and the ventricles
(increased wall tension) as in general hypervolemia. During “isolated”
increased filling of central parts of the circulation, as in heart failure or
certain forms of arrhythmias, stimulation of natriuretic peptide occurs.
Other stimulatory, but probably less important, factors are cardiac sympa-
thetic activity, ANG II, and endothelin.

1.8.4.1 Effects

As evident from their names these peptides increase the urinary excre-
tion of Na*. The effect is achieved via several different mechanisms,
among others by inhibition of RAS and aldosterone at different sites
of action. Direct inhibitory effects on renal renin release and on adre-
nal cortex aldosterone are well documented. The peptides are also
general vasodilators, with particularly strong effects on renal circula-
tion. Consequently, the glomerular filtration rate is increased, which
facilitates renal excretion of Na*. Not surprisingly, direct effects on
tubular reabsorption of Na* also contribute to the natriuretic effect.
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There are receptors for natriuretic peptides in the brain, and inhibi-
tion of sodium intake (sodium appetite) has been observed in several
species that express a specific regulation of salt intake. At very high
doses central inhibitory effects on water intake (thirst) and AVP release
have also been observed. The physiological importance of natriuretic
peptides is still unclear, but several of their effects have been shown
to counteract the development of hypervolemia in experimental situ-
ations. There may also be a specific effect in protection against intra-
vascular overfilling, by affecting the distribution of fluid between the
intra- and extravascular (interstitial fluid) compartments. Regulation
of natriuretic peptide release and their main effects are summarized
in Figure 1.5.

1.8.4.2  Pathophysiology

The highest plasma levels of ANP and BNP are seen in chronic con-
gestive heart failure (CHF). Plasma levels of pre-proBNP are used
clinically as an indicator to follow the degree of heart failure. CHF
is characterized by severe sodium retention from ineffectively circu-
lating blood volume, which activates sodium-retaining mechanisms
(mainly RAS and aldosterone). In animal experiments the natriuretic
peptides have been shown to have a certain counteracting effect on the
sodium retention in CHF.
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Figure 1.5 The regulation of ANP and BNP release and their effects. ANP, atrial
natriuretic peptide; BNP, brain natriuretic peptide; ANG II, angiotensin II; and
Aldo, aldosterone.
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1.9 Nonhormonal compensatory mechanisms
1.9.1 Water intake

The feeling of thirst is aroused in dehydration and we usually associate
it with mouth dryness. However, the actual sensory function to identify
water deficit is mediated via hypothalamic osmosensors, but probably
separated from those involved in the control of AVP release (see above).
Information from the mouth cavity (and probably several other places in
the body) obviously contributes to the sensation of thirst but is not of pri-
mary regulatory importance, which used to be a longstanding belief. The
control of AVP release water intake is also influenced by signals related to
the ECF volume (volumetric control), although not of any obvious impor-
tance for the normal daily water intake. The thirst mechanism appears to
be even less influenced by the volumetric control than the AVP release,
contrary to several reports of severe thirst in acute hypovolemic condi-
tions, like hemorrhage.

Genuine thirst is commonly not experienced during normal sed-
entary life, and we usually drink in advance of physiological need in
association with feeding and other social activities [7]. Quite often, fluid
intake is driven by needs other than that for water, like coffee, tea, beer,
etc. Therefore, it is the kidneys that, via regulated water excretion, nor-
mally maintain body water content. The idea that healthy adult individu-
als generally have an inadequately low water intake, and therefore are
continuously slightly dehydrated, seems to have contributed to the appar-
ent change in water drinking habits in the Western world over the last
20 years. Small water bottles for frequent sipping have become common
accessories for many. There is no evident support for this idea, but at the
same time knowledge is lacking about the more precise hydration status
in the general population as well as possible health risks or general well-
being during mild dehydration. It is also to be noted that humans, in con-
trast to many animal species, are slow in voluntary rehydration, which
commonly occurs in several steps in response to acute dehydration.
Further, replenishment of water deficit by spontaneous drinking during
hard physical exercise, particularly in competitive situations, tends to be
on the short side of needs. The strong thirst most of us occasionally expe-
rience may be suppressed by different distracting stimuli. Still, the thirst
mechanism is considered one of our strongest autonomic drives, which is
fully corroborated in more severe forms of dehydration as witnessed by
individuals “caught” in hot, dry environments without access to water
and patients with severe water losses (i.e., diabetes insipidus).

Regardless of the precision of rehydration in humans mentioned
above, there is reflex inhibition of thirst as well as AVP release in asso-
ciation with water drinking. It is mediated by a plethora of signals
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(triggered by temperature, osmolality, etc., of the beverage) from several
levels of the upper gastrointestinal tract. They aim at giving information
about the intake of fluid before it has been absorbed and normalized the
dehydration-induced elevation of the osmolality. Without this mechanism,
rehydration would lead to a transient overcompensation and the osmolal-
ity would not be as tightly regulated as most cells appear to demand.

1.9.2 Sodium intake

Specific control of sodium intake is most evident in herbivores, which
commonly have a rather Na*-deficient diet. Mechanisms for regulated
sodium intake have probably been of less evolutionary importance in
humans, who to a greater or smaller extent have had a mixed diet of veg-
etarian and animal products. The commonly used phrase “salt appetite”
rather expresses that NaCl (table salt) is found tasty and is associated with
positive palatable experiences.

Ingestion of salt in amounts above bodily needs is common in humans
as well as animals. Human use of NaCl as a spice and for conservation
of food is not very old from an evolutionary perspective. There may of
course be an underlying biological mechanism for salt appetite related to
our physiological need for NaCl. In animal species expressing an evident
regulation of sodium intake, cerebral Na*-sensitive sensory mechanisms
are involved, as are ANG II and sex hormones. Intense salt craving has
been reported in humans with marked sodium deficiency. However, the
degree of salt hunger is not as strongly correlated to the degree of sodium
deficiency as strength of thirst is in relation to degree of dehydration.
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2.1 Introduction

The terms “crystalloid” and “colloid” were coined by Thomas Graham
in the early nineteenth century. He discovered that some substances dif-
fused quickly through parchment paper and tissue membrane from ani-
mals and that they also formed crystals after drying. He named these
small molecular substances crystalloids to differ them from larger molecu-
lar substances. Administration of saline solutions during the cholera out-
break in the nineteenth century was described by O’Shaughnessy and
later published in The Lancet by Thomas Latta in 1832. Sydney Ringer
(1834-1910) studied the effects of various inorganic salts on the functions
of the heart and smooth musculature. He discovered that very precise
concentrations of Na*, K¥, Ca™*, and CI- were required in irrigation solu-
tions to optimize protoplasmatic activity. These studies culminated in
the creation of a primary form of a solution that today bears his name.
Crystalloids can be described as solutions containing small molecules less
than 30 kilodaltons (kDa), mainly consisting of salt or sugar. To compile
a solution that contains all crystalloid plasma components at physiologi-
cal concentrations and at the same time is protein free, has a neutral pH,
and is isotonic is not possible. Current crystalloids have varying levels of
electrolyte content and may also have lactate or acetate; they are used for
bolus, resuscitation, and maintenance infusions. In the past, much was
focused on isotonicity and less on the physiological electrolyte pattern.

Colloids can be described as macromolecular substances of different
sizes that are microscopically dispersed and remain afloat in carrier solu-
tions. Colloids can either be artificial (dextran, hydroxyethyl starch, gela-
tin) or natural (albumin, plasma). Colloids are supposed to expand plasma
volume more consistently and remain in the vascular space, although it
appears that during critical illness, the volume effects of infused crystal-
loids and colloids are almost equal. Regardless of whether crystalloids or
colloids are used, a majority of commercially available solutions are iso-
tonic, which means they are iso-osmolar with plasma, with an osmolarity
of approximately 280-300 mOsmol/kg water. On the contrary, hypertonic
salt solutions (3%—7.5% sodium chloride) are available and have a very
high level of osmolality. These solutions sometimes contain a colloid in
addition (dextran or hydroxyethyl starch).

2.2 Crystalloids

2.2.1 Solutions providing basic fluid requirements/rehydration

The basic fluid requirement consists of replacement for evaporation, loss
of water and electrolytes through sweat (perspiratio sensibilis), urine, and
the small amount that is passed through defecation. Sodium has a crucial
impact on the extracellular fluid volume. Potassium is the predominant
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cation in the intracellular compartment, electrophysiologically active and
important to renal function (see Chapter 1). Calcium is required for neu-
ronal excitability and electromechanical coupling of muscle cells. During
anesthesia and surgery, the level of antidiuretic hormone is increased,
which reduces the elimination of free water. If the patient is adminis-
tered hypotonic solutions, S-Na will decrease, with potentially dangerous
hyponatremia. This could have deleterious effects on brain cells, particu-
larly in small children [1].

Pure glucose solutions distribute to all fluid spaces. Glucose solutions
supply a basic number of calories, which in many situations may help to
prevent hypoglycemia. The glucose content can vary (2.5% or 5%, i.e., 25
or 50 mg/mL) depending on the nutritional status of the patient. A certain
amount of water is released during the metabolism of glucose and acetate,
which makes a positive contribution to the total water balance.

2.2.2  Isotonic sodium chloride

Isotonic sodium chloride (9 mg/mL, 0.9% w/v of NaCl) is usually
described as “normal” or “physiological,” reflecting that it has an
osmolality similar to plasma and the interstitial space (see Table 2.1).
It is made from common salt that has been dissolved in sterile water.
The solution provides a chloride content that is higher compared to
plasma. Consequently, isotonic sodium chloride will result in an excess
of chloride ions and can lead to the development of hyperchloremic aci-
dosis, explained by the fact from Stewart’s concept that the strong ion
difference (SID—the sum total of sodium, potassium, and magnesium
minus the sum total of chlorides and lactate) determines pH in extracel-
lular fluid (ECF) [2]. The SID is usually +40 in the ECF, but the equivalent
total figure in isotonic sodium chloride is 0. Supplying sodium chlo-
ride will therefore decrease the SID and cause acidosis. In animals and
healthy volunteers, it has been demonstrated that chloride induces vaso-
constriction and decreases glomerular filtration rate. It also prevents the
release of renin and lowers systemic blood pressure [3].

Despite this, isotonic saline is still one of the most commonly used
crystalloid solutions in the world. It is cheap and compatible with blood,
which in the early days was an important issue. This has partly been over-
come with multilumen infusion catheters.

2.2.3 Balanced solutions

To replace the inevitably absent negative charges after as exact repli-
cation of the concentrations of strong ions as possible, metabolizable
anions are used. Anions could be either acetate (acetic acid), lactate (lactic
acid), gluconate (gluconic acid), malate (malic acid), or citrate (citric acid).
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Consuming H* ions and oxygen, these anions are metabolized in the
liver (mainly lactate) or in muscle (mainly acetate and malate) to replace
HCO; . Replacing Cl- with lactate decreases the total Cl- load, and when
lactate is metabolized in the liver Na* is released, which could react with
other anions. Ringer solutions usually have a CI- level of 110 mmol/L in
contrast to 154 mmol/L as in isotonic saline.

The chemical equation for the oxidative breakdown of lactate to bicar-
bonate is

CH,-CHOH-COONa + 3 O, = 2 CO, + 2 H,0 + NaHCO,

Ringer’s lactate (in the United Kingdom labeled as Hartmann's solu-
tion) is used almost everywhere in the world. In Scandinavia researchers
found that the decomposition of lactate is first and foremost dependent
on the liver but also to a certain degree on the kidneys. When lactate is
supplied exogenously, the gluconeogenesis is the principal pathway for
lactate. This could have implications for perioperative care. A report pub-
lished by the National Academy of Sciences in the United States in the
late 1990s suggested that lactated Ringer should be modified because the
D-lactate moiety available in most preparations had adverse effects in
critically ill patients.

Acetate, on the other hand, can be metabolized by most cells in the
body, which implies they should be more suitable for critically ill patients.
The chemical equation for the reaction of sodium acetate with oxygen is

CH,-COONa + 2 O, = CO, + H,0 + NaHCO,

Compared to lactate, acetate produces HCO;™ more quickly, creates
moderate O, consumption, has lower effect on the respiratory quotient,
is unchanged in patients with diabetes, and can be used as a hypoxia
marker. Like Ringer’s lactate, the sodium level in Ringer’s acetate is con-
siderably lower compared to plasma. This has been regarded as a disad-
vantage, and therefore the sodium level was increased in Ringerfundin
to resolve this shortcoming. However, this solution also contains a
higher concentration of chloride (127 mmol/L) compared to Ringer’s
acetate (110 mmol/L).

2.2.4 Plasma-Lyte

Plasma-Lyte is a solution with an osmolality and electrolyte content more
similar to plasma. The buffering capacity consists of gluconate, which
is a slow-acting weak buffer. The solution has mainly been used in the
United Kingdom and South Africa but is now registered in other coun-
tries. Many think it is the “ideal” crystalloid. However, a large clinical
trial in Australia and New Zealand has shown no differences in acute
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kidney injuries or death in critically ill patients when comparing buffered
crystalloid such as Plasma-Lyte to isotonic saline [4].

2.2.5 Pure buffer solutions

Sodium bicarbonate, 50 mg/mL (Na* 600 mmol/L, HCO;~ 600 mmol/L with
an osmolality of approximately 1,000 mOsmol/kg H,O, pH 8), is a hyper-
tonic infusion solution used to treat metabolic acidosis. Bicarbonate essen-
tially has an extracellular buffering effect that eliminates CO,. That is why
respiratory insufficiency with P,CO, > 6.5-7 kPa (~50 mmHg) is a relative
contraindication for administering sodium bicarbonate, since it will require
enhanced ventilation work to eliminate exogenously administered CO,.

To facilitate extra- as well as intracellular acidosis treatment, a
combination buffer based on trometamol, bicarbonate, and acetate has
been developed (Tribonat®). The solution has the following composi-
tion: Na* 195 mmol/L, HCO;~ 155 mmol/L, phosphate 20 mmol/L,
acetate 200 mmol/L, trometamol (tris-hydroxymethyl-aminomethane)
300 mmol/L; osmolality 800 mOsmol/kg. Infusion of this solution pro-
duces both extracellular (HCO;") and intracellular (metamol) buffering,
as well as a slower buffering effect when the acetate metabolizes. The
phosphate content reduces the risk of hypophosphatemia development
during the correction of acidosis.

2.2.6  Mannitol

Mannitol is an osmotic carbohydrate (contains 150 mg/mL with approxi-
mately 930 mOsmol/kg H,O) that is excreted in the kidneys but not
reabsorbed in the tubules. The high osmolality attracts fluid from the
intracellular to the extracellular space. Mannitol is used when kidney fail-
ure is imminent and to treat brain edema due to traumatic injuries.

2.2.7 Hypertonic saline with or without colloid

In the 1930s, it was discovered that it was possible to prevent tissue
preparations from swelling by storing them in a hypertonic solution.
In 1980, studies showed that the addition of small volumes (4-6 mL/kg
body weight) of hypertonic salt (7.5% NaCl; 2,400 mOsmol/kg H,O) pro-
vided treatment for hypovolemic shock and improved survival in animal
models. Hypertonic solution mobilizes extravascular fluid from the inter-
stitial and intracellular spaces into the bloodstream. Together with hemo-
dilution and vasodilation there is also a de-swelling of endothelial cells,
which improves microcirculation. This was considered an ideal solution
for prehospital and military use (approximately 250 mL hypertonic NaCl
was equivalent to 3 L Ringer’s acetate).

The effects of hypertonic infusion solution are summarized in Table 2.2.
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Table 2.2 Physiological effects of hypertonic solutions

Fluid redistribution

Mobilization of fluid from extra- and intracellular spaces into the bloodstream
results in:
¢ increased intravascular volume
® hemodilution
® decreased blood viscosity
¢ increased venous return
e increased preload for the heart
e increased cardiac output
Vascular dilatation
The vasodilating effects of hypertonic solutions result in:
e decreased afterload
¢ improved regional blood flow
e decreased cardiac workload
Cellular decongestion
The edema-reducing effects of hypertonic solutions result in:
* improved capillary blood flow
e decreased tissue enema
e increased diuresis

The hypertonic effect is, however, short lived. Adding a colloid will
substantially prolong the effect of retaining fluid in the vascular space.
Examples of these solutions are as follows: NaCl 7.5%, NaCl 7.5%/6% dex-
tran 70 (Rescueflow®), both with osmolality 2,462 mOsmol/kg H,O and
in NaCl 7.2% 6% hydroxyethyl starch (HES) 200/0.4-0.65 HyperHAES®
(osmolality of 2,464 mOsmol/L).

Clinical experiences of fluid therapy using hypertonic crystalloid—
colloid mostly come from prehospital and military settings. Randomized
studies in Australia and North America have, however, shown that despite
promising laboratory findings there is no clinical benefit in neurological
or mortality outcomes [5-7].

In Latin America, hypertonic saline at 3% is commonly used as a
“bridge,” to transiently maintain mean blood pressures above 45 mmHg
of mean arterial pressure in bleeding patients, until bleeding is controlled
and blood products are available. Some studies have shown similar effects
of the use of 3% versus 7.5% of hypertonic saline [8].

2.3 Colloids

Thomas Graham used the name “colloids” (from the Greek collodion,
meaning “a gluey substance” or “glue”) since they diffused very slowly
through parchment or membrane and did not form crystals such as
albumin and gel-like compounds. The large molecules found in colloid
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solutions expand the plasma volume, resulting in a colloid osmotic pres-
sure that is the equivalent of the natural pressure of the plasma. Colloid
solutions are retained longer in the intravascular fluid compared to crys-
talloid solutions, which means that presumably smaller quantities are
needed. A positive effect is achieved more quickly than when the same
volume of crystalloid is administered. In addition, there is considerably
less expansion of the interstitial fluid space, which in turn decreases the
amount of edema, improves microcirculation, and therefore also pro-
vides better conditions for an adequate oxygen supply to the tissues.
This applies to patients whose glycocalyxes are intact (see Chapter 1).
Due to side effects and lacking volume effects, there is little evidence to
justify the use of colloids in critically ill patients. In elective surgery, the
evidence is less clear. This will be further explained in other chapters in
this book [9].

Colloids are categorized either as natural or as artificial colloids.
There has been debate ongoing for many years about which colloid, if any,
to use and discussion of the merits of colloid solutions versus crystalloid
solutions. The results of studies carried out do not indicate any general
advantages of one solution over the other.

2.3.1 Natural colloids
2.3.1.1 Plasma

Plasma infusion expands the intravascular fluid space slightly less than
the volume of fluid supplied. Plasma is less effective as a volume expander
compared to an infusion of equivalent volumes of dextran, starch, or albu-
min solutions. This is because plasma contains elements that increase cap-
illary permeability. Infusion of plasma causes activation of inflammatory
responses and cascade systems may be activated. As such, plasma should
only be administered if there is justification to do so, mainly to provide
coagulation factors or coagulation inhibitors.

2.31.2 Albumin
Plasma protein levels and the physiological significance of albumin are
summarized in Box 2.1.

Albumin is a natural colloid and the predominant protein in human
plasma. Albumin accounts for 60%-80% of the colloid osmotic pressure
in the bloodstream. Normal transcapillary leakage is 5%-10% per hour.
The albumin is returned to the bloodstream via the lymphatic system.
Leakage may increase in the event of trauma or septic conditions, which
leads to redistribution of the albumin so that a much larger proportion
ends up in the interstitial fluid space (“albumin trapping”). Extravascular
edema may be formed from the albumin binding the fluid, which impedes
microcirculation and impairs oxygenation of the tissues.
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BOX 2.1 PLASMA PROTEIN LEVELS AND THE
PHYSIOLOGICAL SIGNIFICANCE OF ALBUMIN

Plasma protein levels g/L

Approximately 70 g/L in total (adults 65—80 g/L, children 4575 g/L):
e Albumin: 45 g/L
e Globulins: 25 g/L
¢ Fibrinogen: 3 g/L

Physiological significance of albumin:
® Regulates transvascular fluid flow
* Binds anions and cations reversibly
e Transports free fatty acids, hormones, enzymes, trace elements,
drugs, etc.
* Has detoxifying effects
e Catches free radicals
¢ Has an inhibiting effect on platelet aggregation

Source: Hahn, R.G., et al., Acta. Anaesthesiol. Scand., 60(5), 569-578, 2016.

2.3.2  Artificial colloids

2.3.2.1 Dextran
Dextran consists of polysaccharides made of glucose. It is excreted to a
certain degree through kidneys, the remaining part being broken down
in the plasma into carbon dioxide and water.

The most common preparations are 6% dextran 70; 3%, 4%, and 6%
dextran 60; and 3.5% and 10% dextran 40. Its ability to expand plasma
volume varies from between slightly less than infused volume (3% 60)
to more than the infused volume (10% 40), while 6% dextran 70 has the
longest duration. Dextrans improve rheology and are also used for pro-
phylaxis of thrombosis (Table 2.3). Dextran inhibits platelet aggregation,
lowers factor VIII/von Willebrand factor levels, reduces leukocyte adhe-
sion, and can also be used in thromboprophylaxis. Intravascular accumu-
lation may increase in the event of kidney disease.

The maximum dose recommended is 1.5 g/kg body weight in a
24-hour period. To reduce the risk of allergic reaction, low molecular
dextran-1 (Promit® 20 mL 15% dextran 1) is administered to bind the
reactive points on any antibodies directed towards dextran. Antibodies
may have been created because of administration of dextran earlier in life
or may occur naturally in the gastrointestinal system. Dextrans can also
interfere with blood group tests and crossmatch.
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There is a risk of overhydration if dextran is administered too quickly.
This risk applies to patients with latent or manifest heart failure.

2.3.2.2 Gelatin

Gelatin consists of polypeptides made from bovine gelatin. If kidney
function is normal, it is excreted quickly through the urine. There is a cer-
tain risk of histamine-mediated anaphylaxis, although this risk applied
more to older, now deregistered, gelatin solutions. The main gelatin solu-
tion used is a succinylated gelatin (modified fluid gelatin) 4% solution in
a physiological common salt solution with a molecular weight of approxi-
mately 35 kDa. The volume effect of this lasts about 2-3 hours. Thereafter
the solution is eliminated in two phases, with a half-life of around 8 hours
in the first phase and several days in the second phase. The gelatin is
excreted primarily through the urine; only around 1% of the infused dose
is metabolized.

2.3.2.3 Starch

The following parameters are usually stated to determine the biochemical
properties of hydroxyethyl starch:

* Mass concentration

* Mean molecular mass

* Degree of substitution

¢ Pattern of substitution

The mass concentration determines the oncotic value. If 6%, the product
contains 6 g HES per 100 mL solution, which makes it iso-oncotic with
plasma. The mean molecular mass is given in kilodaltons (kDa). The
closer the mean molecular mass is to the renal threshold of 40-70 kDa,
the more it is eliminated by the kidney. The degree of substitution gives
the proportion of hydroxylated glucose units of the total number. That
is, a degree of 0.4 means that of 10 glucose units in the original molecule,
4 have a hydroxyethyl group in Positions 2, 3, and 6. HES is differenti-
ated into high (0.7), medium (0.5), and low substituted (0.4) preparations.
The pattern of substitution that is the ratio of hydroxylation at Position 2
(strong interference with plasma amylase) and Position 6 (weak interfer-
ence with plasma amylase) is also an important issue. The higher the C2/
C6 ratio, the longer duration in the circulation.

There are several different preparations available that are made from
HES. There are several HES solutions differentiated by the molecular
weight (MW 70-450 kDa), the substitution ratio (0-1), and the concentra-
tion (6% or 10%). Starch molecules with a weight of more than 70 kDa
to some extent are broken down by amylase and then secreted via the
kidneys. Other parts accumulate in reticulo-endothelial tissues and have
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been attributed as a cause of pruritus. Available preparations for periop-
erative use are HES 130/0.4 (corn starch) and HES 130/0.42 (potato starch).
The potato starch is mixed with a balanced solution (Tetraspan®), and corn
starch solutions are mixed either with a common salt solution (Voluven®)
or a balanced solution (Volulyte®). HES preparations with larger molecu-
lar sizes are registered in the United States (Hespan® and Hextend®), but
are not used in Europe.

In the early 2000s, it was suspected that HES with larger molecular
sizes (>200 kDa) caused kidney problems in critically ill patients. Although
this was thought to be attributed to the molecular size per se [10], it has
now been established that nephrotoxic problems also occur with lower
molecular sized preparations in critically ill settings [11,12]. Although
there are conflicting opinions and the perioperative and trauma settings
have shown no evidence of renal problems [13-16], HES has been widely
restricted; as of the time of publication of this book the products have been
black boxed by many regulatory authorities around the world. However, it
has been suggested that there may be an intraoperative safe area to replace
blood loss before the threshold of transfusion. In critically ill patients the
investigational studies were done when patients were already resusci-
tated and the glycocalyx was more damaged; therefore there still might
be a window for use of HES during an initial stabilization phase.

2.4 Volume kinetics (VK)

Infusion fluids have traditionally been described in relation to their
expected ability to fill anatomical spaces such as the vascular and intersti-
tial spaces. In reality, the pattern is more complex [1718]. Fluid distribution
is dependent on well- and less-perfused parts of the body. Apparently,
a two-volume model would best suit isotonic solutions during anesthe-
sia and surgery, dehydration and hypovolemia. If the rate of infusion is
known, distribution volumes of central and peripheral volumes can be
calculated together with elimination rate constants and intercompart-
mental constants. This will elucidate directions and rate of fluid move-
ments between spaces. A simple sketch of a two-volume model is shown
in Figure 2.1.

It would be tempting to resemble the central fluid space (Vc) with the
plasma volume and the peripheral volume (Vt) with the interstitium (see
Figure 2.1). This is not entirely true. The fractional dilution of the plasma
expansion would change the pressure in tissues and thereby merely
reflect distribution of fluid over time. The elimination constant between
spaces (Cld) rather reflects differences in perfusion and changing perme-
ability between body regions. Stated in other words, the estimates derived
from VK are not measurements of anatomical spaces but rather functional
volumes indicating how the body handles fluid.
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Ro

Peripheral

Central

space

Figure 2.1 Two-volume model for volume kinetics. Infusion rate (Ro) will
expand a central space (V,, difference between expandable v, and V) with an
elimination rate constant of k;,. The fluid infusion at some points will expand
a peripheral space V, governed by k;, and return constant k,,. The following
equations apply:

d
%zRO—klo (Ve=Ve)= ki (Ve =Ve) + kot (v = Vi) 1)

dvt
di‘;‘:klz (VC —VC)— ky (Vt _Vt) 2.2

v.—V. [Hb/hb]-1

V. (1-Hct) 23

Equations (2.1) and (2.2) are differential equations that can be solved with nonlin-
ear regression. Equation (2.3) expresses the Hb-derived fractional plasma dilution
and indicates the volume expansion of V.. Hb, hemoglobin; Hct, hematocrit.

Currently, VK has had little clinical impact. The most important con-
tribution from this research field is that it has broadened our understand-
ing of how fluids are handled by the body. It has, however, been hampered
by the lack of obvious receptors and the need for plasma dilution as a
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central key for calculation of parameters. To clarify parameter estimates,
the models require stressful infusions and repetitive endogenous dilu-
tion markers. The latter is currently an obstacle since frequent invasive
observations are not possible in the clinical area. Noninvasive determina-
tions of hemoglobin are not precise enough to allow robust calculations.
Recently, there have been commendable efforts to use population kinet-
ics to allow for confounding factors such as gender, age, and underlying
pathology [19,20].
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Key point:
This chapter provides a general and brief historical overview. It gives
a summary of microcirculatory physiology and includes a comparison
of crystalloids and colloids. Finally, the chapter contains an evidence-
based discussion of perioperative fluid therapy.

3.1 Introduction

Perioperative fluid management must maintain effective intravascular
volume, compensate for intraoperative volume losses, and prevent intra-
operative and postoperative complications of inadequate tissue perfu-
sion. All surgical patients, ranging from those having minimally invasive
outpatient procedures to those having major intraabdominal or intratho-
racic surgery, receive some quantity of fluid intraoperatively and postop-
eratively. Historically, both the composition and quantity of perioperative
fluid management have generated controversy, for example, crystalloids
versus colloids, liberal versus restricted regimens, and goal-directed ver-
sus more empirical approaches. Consequently, although perioperative

47
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fluid therapy is generally considered necessary, specific characteristics
remain controversial. Much of the controversy is directly related to fac-
tors that constrain accurate assessment of patients” status. Key limiting
factors include the following:

1. We cannot accurately evaluate blood volume.

2. We cannot quickly identify fluid overload.

3. We cannot accurately recognize hypovolemia.
4. We cannot accurately evaluate tissue perfusion.

Those problems persist despite a long history of perioperative fluid
therapy.

Although clinical trials of perioperative fluid strategies over the past
two decades have provided valuable insights, the answers to several key
questions remain incomplete. Those questions are:

1. How is perioperative fluid management influenced by the type of
surgery, by intercurrent treatment, and by underlying diseases?

2. Should perioperative fluid management be based on a prescribed
“dose” or should it be given to attain certain physiologic goals?

3. If physiologic goals are preferable, which goals should be used?

3.2 Historical considerations

Some of the critical advances in perioperative fluid therapy occurred in
the context of caring for mass military casualties. The bloody casualties of
World War II facilitated application of intravenous fluid and transfusion
therapy and conclusively established the role of intravenous fluid therapy
in medical practice [1]. Shires et al. [2,3] introduced the clinically useful,
but subsequently discredited, concept of a “third space,” considered to
be a third component of the extracellular fluid (ECF) volume, along with
interstitial fluid volume and plasma volume (PV). The concept of this
sequestered volume of fluid seemed to explain fluid deficits that were not
clearly attributable to measured blood loss [4,5]. In part because of Shires’
work, perioperative resuscitation with substantial volumes of crystalloid
was widely incorporated into management of battle casualties in Vietnam.
Based on the theoretical need to replace “third space” losses, infusion of
large volumes of crystalloid during surgery became standard clinical
practice [3,6-9], especially in patients undergoing abdominal surgery.
Interstitial accumulation of fluid in tissues was interpreted as an unavoid-
able consequence of proper fluid management. Postoperative patients
commonly gained 7-10 kg of weight (7-10 L of retained fluid) [10-13],
prompting increasing concerns about the influence of excessive fluid
accumulation on morbidity and mortality [14,15].



Chapter three:  Perioperative fluid therapy 49

Concurrently, investigators clarified the physiologic basis for periop-
erative fluid therapy. The volumes and compositions of body fluid com-
partments were quantified [16-19]. Overnight fasting produces a slight loss
of total body water because of obligatory water loss, although sodium loss
is minimal [20]. Insensible losses continue as a consequence of ventilation
with unhumidified gases and perspiration. Evaporative losses increase
substantially with damage to the skin barrier [21]. However, in aggregate,
the intravascular deficits attributable to these factors is modest. In terms
of the physiologic basis of perioperative fluid therapy, the most important
recent advance is the rapidly increasing understanding of the vascular
endothelial glycocalyx. The endothelial glycocalyx, consisting of mem-
brane-bound proteoglycans and glycoproteins, coats the endothelium on
the luminal side [22-24].

Pharmacologic vasodilation produced by general and neuraxial
anesthesia was managed by infusing intravenous fluids. However,
preanesthetic fluid loading has little influence on anesthesia-related
hypotension [25-28], prompting the concept that mild, intermit-
tent, intraoperative hypotension is more appropriately treated with
vasopressors [28]. Widespread application of invasive central venous
pressure and pulmonary arterial occlusion pressure measurements
offered misleading reassurance, in that large volumes of retained fluid
often were associated with apparently safe cardiac filling pressures.

In a seminal and highly controversial publication, Arieff et al. [29] pro-
posed, based on experience in his local hospital, that thousands of surgical
patients annually developed pulmonary edema as a consequence of unnec-
essary fluid administration and that some died, even in the absence of
cardiac risk factors. Subsequent research demonstrated fundamental flaws
in the methodology that generated the concept of third-space fluid accumu-
lations [30]. Consequently, most clinicians accept the premise that, in the
absence of major perioperative hemorrhage, large volumes of intravenous
fluid are not necessary perioperatively and may lead to hypervolemia with
detrimental pulmonary and systemic interstitial edema [3,31].

During the past 10-15 years, clinical studies have generated compel-
ling evidence that restrictive fluid therapy, best defined as avoidance of
fluid administration for which there is no clear need, is associated with
improved perioperative outcomes in comparison to unnecessarily aggres-
sive fluid therapy [7,32-41]. However, excessive fluid restriction is also
associated with complications, such as increased nausea and vomiting,
especially in relatively short outpatient procedures [42].

The ultimate goal of perioperative fluid therapy is individualized
patient care, that is, administration of the best volume and best com-
position of fluids for a specific patient undergoing a specific procedure.
Ideally, perioperative fluid therapy will avoid both inadequate and exces-
sive fluid administration, both of which in theory or practice could be



50 Fluid therapy for the surgical patient

associated with complications. Bellamy [43] has conceptually depicted
fluid therapy as a U shape, with complications associated with either side
of the U and favorable outcomes associated with the base (Figure 3.1) [43].
Most patients have sufficient physiological reserves that they tolerate
either under- or overhydration. More fragile patients require more pre-
cise fluid therapy. To some extent, individualized fluid therapy can be
approximated by referring to published clinical trials, for example, for
patients undergoing colon surgery, a protocol resembling that used by
Brandstrup et al. [32] appears to be appropriate. More specific information
about the hemodynamic status of an individual patient may be obtained
from a variety of invasive and noninvasive monitors. Although consider-
able controversy surrounds the appropriate use of intraoperative moni-
tors, some clinical investigators argue that fluid therapy that is guided by
quantitative monitoring is associated with improved surgical morbidity
and mortality [31,44].
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Figure 3.1 Curve A represents the relative risk of perioperative morbidity related
to qualitative fluid load. Broken line B represents a hypothetical division between
patient groups managed using a dry (limited fluid load) versus a wet (higher
fluid load) trial. Broken line C represents a division between patients managed
using an optimized (below line C) or non-optimized (above line C). In individual
patients, an optimal fluid “dose,” that is, one that minimizes perioperative mor-
bidity risk, could be larger or smaller based on the needs of an individual patient.
(From Bellamy, M.C,, Br. ]. Anaesth., 97, 755-757, 2006. With permission.)
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In this chapter, we will provide an overview of current practice
related to perioperative fluid therapy, including important aspects of
microcirculatory physiology, the advantages and disadvantages of crys-
talloid versus colloid fluids, clinical trials of fluid management strategies
in specific types of patients, and the role of monitoring in refining fluid
administration.

3.3  Microcirculatory physiology

In theory, intravenous fluids distribute in body fluids based on the rela-
tionship between sodium and colloid concentrations in the infused fluid
and various body fluid compartments (Figure 3.2). Water, ions, and, to a
variable extent, colloids such as albumin pass between plasma, intersti-
tial fluid (ISF), and intracellular fluid (ICF). Total body water constitutes
60% of body weight in lean adults, somewhat more in infants and chil-
dren, and somewhat less in obese or aged adults. The ICF compartment,
which constitutes two-thirds of total body water, contains minimal
sodium. The remaining one-third, the ECF compartment, has a sodium

ECV
I
IFV ICV
0 mEq/L Na* 15 mEq/L
mEq/L K* 150 mEq/L
4% 16% 40%
TBW TBW TBW
3L 1L 28 L

Figure 3.2 Total body water (TBW) constitutes 60% of body weight in lean adults,
somewhat more in infants and children and somewhat less in obese or aged adults.
The intracellular volume (ICV) compartment, which constitutes two-thirds of
total body water, contains minimal sodium. The remaining one-third, the extra-
cellular volume (ECV) compartment, has a sodium concentration ~140 mEq/L.
The capillary endothelium separates the ECF compartment into interstitial fluid
volume (IFV), which is 75-80% of ECF, and plasma. The sodium concentration
in IFV and plasma is equal but plasma contains ~4.0 g/dL of albumin, while the
concentration in IFV is much lower.
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concentration ~140 mEq/L. The ECF compartment is separated by the
capillary endothelium into ISF, which is 75%-80% of ECF [16,17], and
plasma. The sodium concentration in ISF and plasma is equal but plasma
contains ~4.0 g/dL of albumin, while the concentration in ISF is much
lower. The capillary endothelium is freely permeable to water, anions,
cations, and other soluble substances such as glucose but is less perme-
able to protein. The permeability of capillary membranes to specific sub-
stances is described by the reflection coefficient (c), which ranges from 0
for freely permeable substances such as sodium ions in peripheral capil-
lary beds to 1.0 for completely impermeable substances. In peripheral
capillaries ¢ for albumin is ~0.7.

The conventional model of the forces governing fluid shifts between
plasma and ISF includes permeability and the hydrostatic and col-
loid osmotic pressure (COP) gradients across the capillary membrane
(Figure 3.3) [45]. In this model, the hydrostatic pressure gradient, which
tends to push fluid out of capillaries, is opposed by the inward pull of the
COP gradient. Physiological fluid movement occurs continuously through
an intact capillary barrier and is returned to the vascular compartment by
the lymphatic system, thereby avoiding interstitial edema. Pathological
fluid movement occurs when a damaged vascular barrier allows excessive
fluid accumulation, leading to interstitial edema [46].

However, the conventional model does not include the endothelial
glycocalyx, which, together with bound plasma constituents such as albu-
min, constitutes a physiologically active endothelial surface layer (ESL)

Conventional starling equilibrium

( ) ) ) <—— Endothelial cell
P. T <«—— Vessel lumen

( I I )
P T <«—— Interstitium

is is

Jv/A =Lp [(P~-P,) — o(m, -7 )]

“Low lymph flow paradox” — Lymph flow is less than calculated.

Figure 3.3 Conventional concept of the Starling principle. Jv/A, volume filtered
per unit area; Lp, hydraulic conductance; P,, capillary hydrostatic pressure; Py,
interstitial hydrostatic pressure; 6, osmotic reflection co-efficient; m., capillary
oncotic pressure; T, interstitial oncotic pressure. The “low lymph flow para-
dox,” that is, the experimental observation that lymph flow is less than would be
predicted from the equation, suggests that the conventional model is incomplete.
(From Alphonsus, C.S., and Rodseth, R.N., Anaesthesia, 69, 777-784, 2014. With
permission.)
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with a functional thickness of over 1 mm (Figure 3.4) [45]. Recognition of
the importance of the endothelial glycocalyx has substantially modified
the concept of the classical Starling equilibrium and redefined the con-
cept of vascular permeability. More recent research has demonstrated
the important regulatory contribution of the endothelial glycocalyx to
transendothelial fluid movement. The ESL, composed of glycoproteins,
proteoglycans, and glycosaminoglycans, contains no erythrocytes and is
rich in fluid-binding proteins. Therefore, the intravascular volume, tra-
ditionally consisting of the PV and red cell volume, also contains the gly-
cocalyx volume [47], which in adults is noncirculating and approximates
700-800 mL [11,48].

Effectively, the glycocalyx increases the oncotic pressure within the
ESL, while a small space between the anatomical vessel wall and the ESL
remains nearly protein-free [49]. Therefore, the actual COP gradient that
opposes the hydrostatic pressure gradient is higher than is suggested
by the calculated gradient between plasma COP and COP in ISF [23].
Physiologically, there is a “double barrier” to fluid movement across capil-
laries, which consists of both endothelial cells and the ESL [23].

The ESL constitutes the first contact between blood and tissue and
contributes to vascular barrier function, inflammation, and coagulation.

Revised starling equilibrium

/ Endothelial cell
)

Endothelial surface

( ) )

[ ) “7 layer (glycocalyx)
Plc T <«——— Vessel wall
( )
HSL <— Subglycocalyx space
( ) )

<— Interstitium

Jv/A=Lp [(P,-P,) - o, - )]

Sg’

Figure 3.4 The revised Starling equilibrium includes the influence of the endo-
thelial surface layer (glycocalyx) and the colloid osmotic pressure in the subgly-
cocalyx space (%,,). Jv/A, volume filtered per unit area; Lp, hydraulic conductance;
P, capillary hydrostatic pressure; Py, interstitial hydrostatic pressure; 6, osmotic
reflection co-efficient; T, oncotic pressure on plasma-side of endothelial surface
layer. The osmotic pressure gradient that opposes the hydrostatic pressure gradi-
ent is the gradient from =, to m,, rather than the gradient from =, to m, (inter-
stitial oncotic pressure). (From Alphonsus, C.S., and Rodseth, R.N., Anaesthesia,
69, 777-784, 2014. With permission.)
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Table 3.1 Factors associated with glycocalyx damage and protection

Factors associated with glycocalyx damage
Reperfusion injury

Inflammation and trauma

Atherosclerosis and diabetes

Hypervolemia

Factors associated with glycocalyx protection
Maintain concentration of plasma proteins
Pharmacologic doses of albumin
Glucocorticoids (mast-cell stabilization)
Antithrombin III and protease inhibition
Antioxidants

Normovolemia

Avoid ANP release

Supply raw materials for glycocalyx production

Various drugs and pathologic states impair the glycocalyx scaffolding
and reduce the thickness of the ESL. Postischemic reperfusion, both
experimental [22] and clinical [50], impairs glycocalyx function, as do
systemic inflammatory states such as diabetes, hyperglycemia, surgery,
trauma, and sepsis [47]. The systemic inflammatory response syndrome
leads to thinning of the ESL, which triggers increased leukocyte adhesion
and increased transendothelial permeability [22,49,51,52]. Hypervolemia
also impairs the glycocalyx impairment, mediated by liberation of atrial
natriuretic peptide [53].

Perioperative protection of the endothelial glycocalyx has the poten-
tial to limit interstitial edema. Currently, there are no generally accepted
pharmacological strategies to preserve the structure and function of the
glycocalyx, although experimental studies suggest that hydrocortisone,
antithrombin, and sevoflurane preserve endothelial integrity [54,55].
Avoiding insults that damage the glycocalyx and incorporation of poten-
tially protective agents (Table 3.1) represent reasonable strategies [56].

3.4 Crystalloid and colloid fluids

Intravenous fluids fall into two broad categories: crystalloids and col-
loids. Crystalloids, which are aqueous solutions of electrolytes, small
organic anions, or sugars and are available in varying compositions
(Table 3.2) [57], represent the original and the oldest form of intravenous
fluid therapy.

In clinical practice, the most commonly used crystalloid, 0.9%
saline [58], contains 154 mmol/L each of sodium and chloride. Because the
solution contains a higher concentration of chloride than the approximately
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Table 3.2 Contents of commonly available crystalloid solutions

0.9%
Sodium 5% Plasma-

Content Plasma chloride  Glucose Hartmann’s®  Lyte 148

Sodium 135-145 154 0 131 140
(mmol/L)

Chloride 95-105 154 0 111 98
(mmol/L)

Potassium 3.5-5.3 0 0 5 5
(mmol/L)

Bicarbonate 24-32 0 0 29 (lactate) 50 (27
(mmol/L) acetate; 23

gluconate)

Calcium 2.2-2.6 0 0 2 0
(mmol/L)

Magnesium 0.8-1.2 0 0 0 1.5
(mmol/L)

Glucose 3.5-5.5 0 278 (40 g) 0 0
(mmol/L)

pH 7.35-7.45 45-7.0 3.5-55 5.0-7.0 4.0-6.5

Osmolarity 275-295 308 278 278 295
(mOsm/L)

Source: Garrioch, S.S., and Gillies, M.A., Curr. Opin. Crit. Care, 21, 358-363, 2015.
2 Hartmann'’s solution, Lactated Ringer’s solution.

100 mmol/L in plasma, infusions of large volumes of chloride-rich solu-
tions, such as 0.9% saline, result in hyperchloremia metabolic acidosis both
in healthy volunteers [59] and surgical patients [60]. The magnitude of the
reduction can be readily predicted from the relative volumes of ECF (the
distribution volume for chloride and bicarbonate, i.e, 20% of total body
weight) and the volume of infused 0.9% saline [61]. Not simply an acid-base
issue, hyperchloremia has also been associated with decreased renal blood
flow and glomerular filtration rate [62].

Balanced salt solutions, such as lactated Ringer’s solution, are crystal-
loids that more closely resemble plasma constituents in that an anionic
component, for example, acetate or lactate, partially replaces chloride.
A recent large observational study of over 30,000 adult patients undergo-
ing major abdominal surgery compared morbidity and mortality between
those receiving 0.9% saline and 926 patients who only received the bal-
anced crystalloid solution Plasma-Lyte 148 on the day of surgery [63].
The patients receiving Plasma-Lyte 148 had less acidemia, lower mor-
tality (5.6% in the 0.9% saline group vs. 2.9% in the Plasma-Lyte 148
group; P < 0.001), fewer postoperative infections, less frequent electrolyte
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disturbances, less frequent acute kidney injury requiring dialysis, and
required fewer blood transfusions. Another large cohort study of over
9,000 patients showed an increased 30-day mortality (odds ratio [OR] 2.05,
95% confidence interval [CI] 1.62-2.59) in hyperchloremic noncardiac sur-
gical patients [64].

Balanced salt solutions that contain potassium have been considered
hazardous for patients with renal failure, diabetic ketoacidosis, and those
undergoing renal transplantation surgery. However, the low concentra-
tion of potassium in balanced salt solutions, ~4.0 mEq/L, is small in com-
parison to total body potassium stores exceeding 4,200 mEq in a 70-kg
adult. A randomized controlled trial comparing 0.9% saline to lactated
Ringer’s solution in 51 patients undergoing renal transplant surgery dem-
onstrated more frequent clinically significant hyperkalemia (29% vs. 0%;
P <0.05) and metabolic acidosis (31% vs. 0%; P < 0.04) in patients receiving
saline, presumably because the acidemia produced by 0.9% saline caused
movement of potassium from intracellular to extracellular fluid [65]. In
liver transplantation, a high chloride-based fluid regimen has been asso-
ciated with acute kidney injury [66]. In ICU patients with sepsis, balanced
crystalloid use was associated with reduced hospital mortality (relative
risk [RR] 0.86, 95% CI 0.78-0.94) in comparison to 0.9% saline [67]. Because
the calcium in Ringer’s solution can bind to certain drugs and reduce
their effectiveness, aminocaproic acid (Amicar), amphotericin, ampicillin,
and thiopental should be infused in another crystalloid. The calcium in
Ringer’s can also inactivate the citrated anticoagulant in blood products,
promoting rouleaux formation in donor blood. These findings suggest
that balanced crystalloids are the fluids of choice for fluid resuscitation
in the perioperative setting, and the use of 0.9% saline should be reserved
for specific conditions such as treatment of hypochloremic metabolic
alkalosis.

The term colloids refers to aqueous solutions that contain both electro-
lytes and large organic macromolecules (usually >40 kDa). Because larger
molecules cross the endothelium less well, colloids are better retained
within the intravascular space than crystalloids. Although the longer
plasma half-life of colloids theoretically increases their effectiveness
as resuscitation fluids, increased endothelial permeability in critically
ill patients may accelerate movement into the interstitial space, thereby
reducing the efficacy of volume expansion, increasing tissue edema, and
potentially promoting end-organ damage.

The size of colloids is conventionally described in terms of two dif-
ferent expressions of molecular weight: (1) Mw, weight average molecular
weight and (2) Mn, number average molecular weight. The Mw deter-
mines the viscosity and Mn indicates the oncotic pressure. Albumin is
said to be monodispersed because all molecules have the same molecular
weight (Mw = Mn). Artificial colloids are all polydispersed with a range
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of molecular weights [68]. Almost all colloid solutions have an osmolal-
ity similar to that of plasma. However, colloid osmotic (oncotic) pressure,
which represents a small percentage of osmolality, varies greatly. As col-
loid osmotic pressure increases, initial volume expansion increases. The
sodium content, the primary cationic determinant of osmolality, of com-
mercially available colloid solutions is similar to that of crystalloid solu-
tions, while the potassium, chloride, and calcium concentrations differ.
Urea-linked gelatin solutions contain limited concentrations of potassium
and calcium.

The plasma half-life of a colloid depends on its molecular weight,
elimination route, and function of the metabolizing or excreting organ.
Half-lives of colloids vary greatly. The molecular weight mainly deter-
mines the degree of volume expansion, whereas intravascular persistence
is determined by elimination. When compared to crystalloids, colloids
induce greater PV expansion for the same administered volume [68].

Volume expansion produced by colloid administration is context-
sensitive. Volume loading with either 6% hydroxyethyl starch (HES) or
5% albumin in normovolemic patients resulted in 68% of the infused vol-
ume extravasating from the intravascular space into the ISF within min-
utes [14,31]. Conversely, when 6% HES or 5% albumin was given to replace
withdrawn blood and produce normovolemic hemodilution, the volume
remaining in the PV approached 90% [11]. Based on theoretical volumes
of distribution (total ECF for crystalloid vs. plasma PV for colloid), at
least three to four times more crystalloid than colloid should be neces-
sary to achieve similar hemodynamic effects. The ratio in surgical studies
appears to be considerably lower (mean 1.8, SD 0.1) [69], perhaps because
vasopermeability to colloid is increased in the clinical setting or because
replacement with colloid of shed blood requires a ratio exceeding 1:1.

Though colloids result initially in a greater increase in intravascu-
lar volume than colloids, greater intravascular volume expansion does
not appear to improve mortality. Two randomized controlled studies,
the Saline versus Albumin Fluid Evaluation (SAFE) study and the Fluid
Expansion as Supportive Therapy (FEAST) study, addressed that ques-
tion. In the SAFE study, 6,997 critically ill, ICU-admitted adults were
randomized to resuscitation with 4% albumin or 0.9% saline [70]. In the
FEAST study, 3,141 febrile, critically ill children were randomly assigned
to receive boluses of 5% albumin, 0.9% saline, or no bolus of resuscita-
tion fluid [71]. While neither the FEAST nor the SAFE study detected
differences in clinical outcomes between groups receiving 0.9% saline
or albumin, a subgroup analysis from the SAFE study showed higher
mortality associated with albumin in 460 patients with traumatic brain
injury (RR, 1.63; 95% CI 1.17-2.26; P = 0.003) [72]. In contrast, another
subgroup analysis of the SAFE study indicated a potential decrease
in the adjusted risk of death with albumin in severely septic patients
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(OR 0.71; 95% CI 0.52-0.97; P = 0.03) [73]. Both of these studies assume
that all crystalloid solutions are similar. However, several studies now
have shown a benefit of balanced crystalloid solutions over 0.9% saline
in perioperative mortality and morbidity [63,74]. Therefore a comparison
between colloid and crystalloid in which the crystalloid is 0.9% saline
might reflect the adverse influence of 0.9% saline rather than the influ-
ence of crystalloid fluids per se.

Several clinical studies have confirmed that synthetic colloids, like
albumin solutions, provide greater volume expansion than crystal-
loids and therefore greater increases in cardiac index, cardiac output,
and stroke volume in cardiac surgery, major vascular surgery, or septic
patients [75,76].

Albumin, the first colloid solution used clinically, is harvested from
human plasma and is available in several concentrations (4%, 5%, 20%,
and 25%). The cost of albumin, which varies widely across the world, has
limited its use. Synthetic colloids, in particular HES, gelatins, and dextran,
are less expensive but still may not be preferable for clinical use. Gelatins
are protein-based products derived from bovine gelatin. HES, large car-
bohydrate molecules derived from the starch of potatoes or maize, are
available in solutions of various molecular weights (130, 200, and 450 kD).
Dextrans are carbohydrate-based, polysaccharide molecules made by bac-
teria during ethanol fermentation. The colloid osmotic (oncotic pressure)
of colloid solutions varies depending on molecular weight and concentra-
tion. Both hypo-oncotic (gelatins, 4% and 5% albumin) and hyperoncotic
solutions (20% or 25% albumin, dextran, and HES 6% and 10%) have been
used. The physiological actions, volume expansion properties, and poten-
tial morbidities of these solutions are determined by multiple factors,
including oncotic pressure, molecular weight, plasma half-life, metabo-
lism, and tissue accumulation [68]. Table 3.3 compares 4% albumin solu-
tion to several crystalloid solutions.

In the United States, the only colloid solutions now used commonly
are albumin-based. Concerns regarding the toxicity of commonly used
synthetic colloid solutions have resulted in a marked decrease in use, espe-
cially in critically ill patients, and repeated calls for complete withdrawal
from the market. Serious concerns have risen over deleterious effects
of semisynthetic colloids on specific systems, such as hemostasis [77]
and renal function [78-80]. Significant reductions in factor VIII and von
Willebrand factor are observed after infusion of dextrans, gelatins, and
HES, with high-molecular weight HES and dextran having the greatest
effect on hemostasis [77] Substantial evidence suggests that infusion of
semisynthetic colloids is associated with a greater likelihood of renal dys-
function and an increased requirement for renal replacement therapy than
albumin or crystalloids. Four well-designed, large, randomized controlled
trials, published in 2008, 2012, and 2013, compared the use of HES with
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acetated or lactated Ringer’s solutions [81,82] or with 0.9% saline [83,84].
The groups receiving HES had an increased risk of death [81] and need
for renal replacement therapy [81-84]. Growing concerns about safety,
especially of HES colloids, and the lack of conclusive evidence of clinical
superiority of colloids suggest that less expensive crystalloids are prefer-
able for routine perioperative use [85]. Defining an optimal perioperative
fluid strategy remains an ongoing challenge. Failure to provide adequate
intravenous fluid can place a patient at risk of developing hypovolemia,
acute kidney injury, and coagulopathy. Although colloid solutions, in
comparison to crystalloids, induce greater PV expansion for the same
administered volume, growing concerns about safety prompt serious con-
cerns. As noted previously, current evidence suggests that balanced crys-
talloids and albumin may be safer than 0.9% saline and synthetic colloids,
respectively. At the same time, each patient’s perioperative fluid therapy
should be individualized, based on consideration of intravascular volume
status, comorbidities, type of surgery, and goal(s) of fluid resuscitation.
These considerations should be considered prone to replacement with
others based on results from ongoing clinical trials.

3.5 Perioperative fluid management

Planning and delivering an optimal perioperative “dose” of fluid for
every patient is currently impossible, although recent clinical studies pro-
vide guidance that is sufficient to improve fluid management in compari-
son to conventional treatment. The factors that theoretically determine
an appropriate dose of perioperative fluid constitute the perioperative
morbidity risk [43], which is the net effect of the preoperative physical
status of a patient, anesthetic administration, the use of positive pressure
ventilation, and surgical circumstances, especially the type and duration
of the surgery and expected blood loss. Each factor alone can exert a sub-
stantial effect on net risk, but precise measurement of the risk associated
with any one factor is difficult and measurement of net risk is at this time
impossible.

Assume for purposes of discussion that a population of patients could
undergo surgery and that all factors but one could be held constant. If all
factors but one—preoperative physical status, anesthetic administration,
positive pressure ventilation, or surgical circumstances—could be held
constant, the optimal dose of fluid for the population of patients would
likely be described by a normal distribution curve. Imagine a curve that
describes fluid-associated perioperative morbidity for a specific set of sur-
gical circumstances (see Figure 3.1). A few patients should receive very little
fluid, a few should receive a substantial quantity of fluid, and the majority
of patients would do well with intermediate quantities. Assume then that
net perioperative morbidity risk consists of both “minor” complications,
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Figure 3.5 Net perioperative morbidity risk consists of both “minor” compli-
cations, for example, thirst or postoperative nausea and vomiting, and “major”
complications, for example, organ failure or death. Both may be associated with
inadequate or excessive perioperative fluid therapy.

for example, thirst or postoperative pain severity, and “major” complica-
tions, for example, organ failure or death (Figure 3.5). Now assume that
those curves are distinct for different sets of surgical circumstances. If we
convert the horizontal axis to mL/kg of fluid in published clinical studies,
we can visualize the influence of perioperative fluid load on complication
risk for routine outpatient surgery (Figure 3.6) [7], laparoscopic cholecys-
tectomy (Figure 3.7) [38], and colon surgery (Figure 3.8) [32]. Note that the
three studies represented in the figure each studied only two “doses” of
fluid, so the results are represented by two symbols without connecting
curves, because the full curves cannot be predicted based on only two
points each.

Moreover, for any pair of points, it seems likely that the points would
be different if any one factor, such as preoperative physical status or sur-
gical speed and expertise, were variable. From that perspective, consider
the typical randomized clinical trial of fluid administration, in which a
specific surgical procedure is performed by a variety of surgeons, often
in multiple institutions, on a variety of patients with a wide variety of
preoperative medical conditions. For practical reasons, patients in typical
clinical trials are randomized to two strategies of fluid administration,
low and high. Either strategy could be superior—closer to optimal—in a
subset of patients, in which case the overall outcome of the trial could be
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Figure 3.6 The data have been abstracted from Maharaj et al., who studied eighty
ASA T-II patients undergoing gynecologic laparoscopy. Patients were random-
ized to receive either a “low-dose” (3 mL/kg total) or a “high-dose” (2 mL/kg per
hour fasting) of preoperative sodium lactate solution. Patients in both groups aver-
aged approximately 70 kg. The low dose group had an overall incidence of post-
operative nausea and vomiting (PONV) exceeding 80% and the high-dose group
had an overall incidence <60%. (Data from Maharaj, C.H., et al., Anesth. Analg.,
100, 675-682, 2005.)

determined by the relative numbers of patients in each subset. Therefore,
prediction of a proper “dose” of perioperative fluid for a specific patient
undergoing surgery is difficult at best, which has prompted a search for
effective methods for individualizing fluid therapy.

In any surgical patient, the aim of intraoperative fluid therapy is to
maintain an adequate circulating volume to ensure end-organ perfusion
and oxygen delivery to the tissues. Traditional fluid therapy was based on
four now-controversial pathophysiologic assumptions:

1. Preoperative fasting results in hypovolemia because of ongoing
insensible losses.

2. Evaporative losses increase when surgery compromises the dermal
barrier.

3. Surgery-induced fluid shifts into a “third space” require generous
replacement.

4. Moderate hypervolemia is well tolerated because the kidneys regu-
late the overload [46].
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Figure 3.7 The data have been abstracted from Holte et al., who studied 48 ASA
I-1I patients undergoing laparoscopic cholecystectomy. Patients were randomized
to receive either a “low-dose” (15 mL/kg total) or a “high-dose” (40 mL/kg total)
of lactated Ringer’s solution. Four hours postoperatively, the low dose group had
a statistically significantly greater reduction in workload (assessed using tread-
mill exercise). (Data from Holte, K., et al., Ann. Surg., 240, 892-899, 2004.)

Recent studies of perioperative fluid management challenge those con-
cepts and suggest that significant benefit can be achieved by individual-
izing therapy based on patient responses. Perioperative fluid management
has long been dictated by a generalized formulaic approach, rather than
physiologic and homeostatic needs. However, both under-resuscitation and
over-resuscitation can have deleterious effects and lead to increased mor-
bidity and mortality [86,87].

Perhaps the greatest influence on current practice was a multicenter
study by Brandstrup et al. [32] in 141 patients undergoing major colorectal
surgery. A group randomized to perioperative intravenous fluid restric-
tion (mean 2,740 vs. 5,388 mL) experienced significantly more major and
minor complications, such as anastomotic leakage, pulmonary edema,
pneumonia, and wound infection. Despite fluid restriction and a periop-
erative decrease in urinary output, acute kidney injury did not occur in
any patient. However, the group randomized to restrictive management
also received a higher proportion of fluid as colloids. In a similar study;,
Nisanevic et al. found that restrictive fluid therapy (1.2 vs. 3.7 L) decreased
postoperative morbidity and hospital stay in a more heterogeneous group
of 152 patients scheduled for abdominal surgery [40]. Protocol-based fluid
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Figure 3.8 The data have been abstracted from Brandstrup et al., who studied 172
ASA THII patients undergoing elective colorectal resection. Patients were random-
ized to receive either a fluid restriction or standard perioperative fluid regimen.
Total postoperative complications (including minor complications, tissue heal-
ing complications and cardiopulmonary complications) were significantly fewer
in the fluid restriction group. (Data from Brandstrup, B, et al., Ann. Surg., 238,
641-648, 2003.)

restriction has been associated with a reduced incidence of perioperative
complications such as cardiopulmonary events [32,40] and disturbances
of bowel motility [540], while improving wound and anastomotic
healing [32,40] and reducing hospital stay [5,40]. Postoperative fluid restric-
tion was associated with less weight gain, earlier return of bowel function,
and shorter hospital stay [5]. If perioperative fluid restriction minimizes
weight gain, a surrogate measure of fluid retention, after colon surgery to
<10 kg (<1.0 L), complications of colon surgery appear to be limited [34].
While restrictive fluid therapy has been associated with fewer com-
plications in intra-abdominal and other major procedures, patients hav-
ing minor ambulatory surgery may have less postoperative nausea and
vomiting (PONV) and postoperative pain if they receive somewhat more
fluid. In patients undergoing gynecologic laparoscopy, larger (2 mL/kg
per hour of fasting) infusions of sodium lactate solution over 20 minutes
preoperatively were associated with less pain and PONV than 3 mL/kg
total [7]. Reduced pain resulted in fewer patients receiving morphine
(35% vs. 65%), which may partially explain the lower incidence of PONV.
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Also, in women undergoing ambulatory gynecologic laparoscopy,
Magner et al. [88] reported that intraoperative infusion of 30 mL/kg of
sodium lactate solution reduced the incidence of vomiting, nausea, and
antiemetic use in comparison to 10 mL/kg. In contrast, McCaul et al. [89]
showed that even complete avoidance of perioperative fluid infusion did
not increase the risk of PONV in comparison to 1.5 mL/kg of sodium lac-
tate per hour of fasting. In patients undergoing laparoscopic cholecystec-
tomy, intraoperative administration of 40 mL/kg of crystalloid improved
postoperative organ function and recovery and reduced vomiting in com-
parison to 15 mL/kg LR [38]. However, fluid restriction was not associated
with clinically important differences in recovery variables after fast-track
knee arthroplasty [36].

These data, despite some inconsistencies, suggest that higher volumes
of balanced salt solutions might reduce the risk of PONV and improve
general well-being after ambulatory surgery or laparoscopic surgery
of the gall bladder or female reproductive tract. However, the opposite
appears to be true for patients undergoing intra-abdominal surgery, espe-
cially colorectal surgery.

Of course, the above studies randomized patients to higher or lower
“doses” of perioperative fluids. Goal-directed therapy (GDT) hypothesizes
that outcomes may be improved if fluid therapy is individualized, based
on quantitative assessment of a patient’s individual fluid responsiveness.
Assessment could include ability to improve cardiac output, stroke vol-
ume, or oxygen delivery in response to fluid administration or a surrogate
of fluid administration (e.g, straight-leg raising). However, a variety of
goals have been used. In the 1980s, pulmonary artery catheters (PACs)
were inserted to measure and maintain tissue oxygen delivery above a
target threshold (>600 mL O,/kg/min/m?) in high-risk surgical patients;
in some surgical series that approach was associated with reduced com-
plications, duration of hospitalization, duration of ICU stay, duration of
mechanical ventilation, and costs [90]. Unfortunately, PACs themselves
are associated with morbidity.

Inrecent years, less-invasive methods of monitoring flow-based hemo-
dynamic parameters have been developed. Minimally invasive monitors
include esophageal Doppler monitoring and arterial waveform analysis
(e.g., stroke volume variation and pulse pressure variation, PPV). Other
methods require both arterial and central venous access to measure car-
diac output. Both the LiDCO and PiCCO systems use arterial pulse con-
tour analysis to measure stroke volume after initial calibration with either
lithium (LiDCO) or thermal indicators (PiCCO). The FloTrac/Vigileo sys-
tem also analyses pulse contour but does not require calibration, which is
based on a computer program after input of biometric data [31].

A recent systematic review and meta-analysis looked at the use of
preemptive hemodynamic intervention in moderate- to high-risk patients
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to improve postoperative outcomes. Twenty-nine studies were identi-
fied that used various forms of hemodynamic monitors, including PAC,
LiDCO, PiCCO, FloTrac, and PPV. Interventions consisted of fluid therapy
with or without inotrope support. Preemptive fluid therapy guided by
hemodynamic monitoring appeared to reduce surgical morbidity and
mortality [44]. In the intraoperative setting, esophageal Doppler monitor
(EDM) has been the most heavily investigated minimally invasive moni-
toring technique [91,92]. In cardiac surgery, EDM was associated with
decreased hospital length of stay, fewer complications, and decreased
gastric acidosis [93] Meta-analyses of EDM in major abdominal surgery
have shown that it is associated with fewer postoperative complications,
reduced ICU admission, reduced hospital length of stay, and faster return
of gastrointestinal function [94,95] However, EDM has not been widely
adopted in the United States, perhaps in part because of challenges in
obtaining proper alignment of the probe and in part because the primary
EDM measure of preload, corrected systolic flow time in the descending
aorta, is nonintuitive.

In contrast to apparent perioperative value, GDT has been less suc-
cessful in critically ill patients. Two recent large, multicenter random-
ized controlled trials, the Australasian Resuscitation in Sepsis Evaluation
(ARISE) and Protocolized Care for Early Septic Shock (ProCESS) stud-
ies, examined GDT in early septic shock [96,97]. The ARISE study found
no reduction in all-cause mortality at 90 days, and the ProCESS study
showed no improvement in outcomes including 60-day in-hospital
mortality, 90-day mortality, 1-year mortality, or the need for organ sup-
port. The OPTIMISE trial [86] was a multicenter, randomized, observer-
blinded trial of 734 high-risk patients undergoing major GI surgery in
17 hospitals in the United Kingdom. The aim of the study was to evalu-
ate a GDT algorithm (based on cardiac output measurements using the
LiDCO monitor) using intravenous fluid boluses and an inotrope (dopex-
amine). This multicenter study did not confirm previous data suggest-
ing that GDT improved outcome. There were no significant differences
between the groups for infection, length of stay, critical care-free days,
morbidity on Day 7, or all-cause mortality at 30 or 180 days.

The clinical value of GDT remains uncertain. Reducing the uncertainty
requires answers to several questions. What is the best hemodynamic
goal (cardiac output, stroke volume, mixed venous oxygen saturation)?
What is the best objective evidence that GDT is necessary—simply fall-
ing below the goal or evidence of tissue hypoperfusion? If the latter is
necessary, what indicator of tissue hypoperfusion is sufficiently sensi-
tive and specific? What type of fluid should be administered to attain the
goal? Does addition of an inotropic agent improve outcome? Most impor-
tantly, what algorithm(s) should be used to achieve the goal? Although
GDT remains an attractive concept, much more research is necessary to
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implement successful management, perhaps using monitors that have yet
to be introduced.

3.6 Conclusion and suggestions

Intravenous fluid therapy is an important aspect of perioperative care.
Evidence suggests that we may be able to modify outcome by our choice of
intravenous resuscitation fluid, particularly in high-risk patients. Current
clinical evidence favors the use of balanced salt solutions for perioperative
fluid therapy and resuscitation. There is no evidence to suggest that syn-
thetic colloids are superior to crystalloids, and because of the possibility
of harm they cannot be recommended. In the low-risk patient undergo-
ing low-risk or ambulatory surgery, crystalloid infusions of the order of
20-30 mL/kg (e.g., 2 L over 30 min to the average adult) improves ambula-
tory anesthesia outcomes such as pain, nausea, and dizziness and increases
street readiness. On the other hand, high-risk patients undergoing major
intra-abdominal surgery seem to benefit from a restrictive fluid regimen.
As less invasive methods of monitoring flow-based hemodynamic param-
eters have entered clinical practice, the concept of GDT shows promise for
improving outcomes. However, further clinical research is necessary to
determine if that promise is justified.
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There is an abundance of different approaches and protocols used to
access physiological responses to bolus fluid administration. Focus has
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e Pulmonary Artery (PA) catheter
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¢ LiDCO
¢ EV1000
¢ Transesophageal echocardiography

4.1 Introduction

The esophageal Doppler device currently has the strongest evidence.

Today, goal-directed fluid therapy (GDFT) may be defined as the
controlled delivery of fluids to patients at a rate and volume such as to
optimize end-organ perfusion and function. Typically, a cardiac output
monitor is used to individualize fluid therapy and optimize a patient’s
stroke volume (SV) in the perioperative period.

Fluid is usually delivered as a series of fluid “bolus challenges,” the
dynamic physiological response to which is monitored. Responsiveness
thus indicates the presence of a cardiac “preload reserve,” whereby
increasing ventricular end-diastolic pressure drives an increase in dia-
stolic myocyte load and thus in subsequent myocyte systolic contractile
work. Stroke volume thus rises (in the absence of alterations in afterload).

The literature relating to the use of fluid boluses in both research
and clinical arenas reveals marked variation in the type and volume
of fluid used and the speed at which it is delivered. Indeed, in a recent
meta-analysis, bolus volume varied between 100 and 3,000 mL and rates
of infusion from 1 to >60 minutes [1]. Such variation leads to marked
differences in the degree of resulting ventricular preload. Studies and
practice algorithms also show variation in the provision for augmenta-
tion with an inotrope/vasopressor/vasodilator in addition to the fluid
challenge given.

Likewise, the physiological response to the fluid challenge in terms of
tissue perfusion/oxygen delivery is determined through assessment of a
variety of different surrogates. These include measures of cardiac preload
(central venous pressure, or left ventricular end-diastolic pressure), sim-
ple hemodynamic measures (cardiac output blood pressure, heart rate),
or measures of oxygen delivery (e.g., changes in tissue oxygen saturation
or mixed venous oxygen saturation). All have benefits and flaws and are
discussed in detail below.

In any case, fastidious attention to perioperative fluid management
can improve clinical outcome [2,3]. Similarly, inattention to perioper-
ative fluid balance causes harm. Mythen and Webb [4] showed that
inadequate perioperative gut perfusion (of which low gastric mucosal
pH is an index) is associated with increased morbidity and subsequent
healthcare costs. This study showed how the addition of an individual-
ized approach to optimize SV with fluid boluses in patients undergoing
cardiac surgery reduced the incidence of gut mucosal hypoperfusion
(gastric intramucosal pH <7.32) to 7% (v. 56% in the control group).
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Such physiological and clinical benefits of increasing SV with GDFT
have since been repeatedly shown to decrease postoperative morbidity,
with the greatest benefits accruing in those at greatest risk of occult tissue
hypoperfusion and oxygen debt [5]. A systematic review (meta-analysis of
31 studies with 5,292 participants) suggested that GDFT reduced morbid-
ity (renal, respiratory failure, and wound infections) and reduced hospital
length of stay [6].

Since then, the Optimisation of Cardiovascular Management to
Improve Surgical Outcome (OPTIMISE) trial has been completed [7]. It
represents the largest study to date to have examined the effect of goal-
directed therapy on outcomes following surgery in 734 high-risk sur-
gical patients, randomized to a goal-directed therapy algorithm using
intravenous fluid boluses and an inotrope (dopexamine) or usual care.
The primary outcome of the study was 30-day moderate or major com-
plications and mortality. This was present in 36.6% of the intervention
group as compared to 43.4% in the usual care group with a relative risk
(RR) of 0.84 (95% confidence interval [CI] 0.71-1.01; P = 0.07). Including
this study (and six others) in an updated meta-analysis, the authors
demonstrated benefits of goal-directed therapy to reduce complications
after surgery [7].

Though most recently published evidence has been less overtly favor-
able, the trend continues to consistently err towards the benefits of GDFT
and the use of technology to guide fluid outcomes. Demonstrating mean-
ingful benefits has its challenges, with wide variation in clinical practice,
the GDFT protocols and algorithms applied, adherence to their applica-
tion, and the interpretation of derived data [8].

4.2 Devices used in GDFT

There is a growing abundance of different approaches and protocols used
to assess physiological response to bolus fluid administration. Focus has
shifted in more recent iterations of technologies towards the provision of
dynamic indices that guide optimization of volume status by predicting
an individual’s response to a fluid bolus. Noninvasive approaches will
be described in Chapter 5. This chapter will look at invasive and semi-
invasive devices used to assess response to a fluid challenge.

4.3 Simple hemodynamic responses

With increased cardiac output, heart rate will tend to fall and blood
pressure to rise, if other variables such as afterload and autonomic drive
are constant. As such, heart rate, blood pressure, urine output, and cen-
tral venous pressure have all been used to guide fluid management.
However, these variables correlate poorly with end-organ perfusion
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and are unreliable indicators of volume status. Hamilton-Davies et al.
showed that when healthy volunteers were bled to 75% of their baseline
blood volume, heart rate and blood pressure did not alter significantly.
In contrast, SV (measured by suprasternal Doppler) and gastrointestinal
tonometry (a marker of splanchnic perfusion) were markedly changed,
providing a more reliable index of hypovolemia [9]. A recent meta-
analysis [1] investigating the predictive value of central venous pres-
sure (CVP) measurement as a marker of fluid responsiveness showed
that there is no robust data to support the widespread practice of using
central venous pressure to guide fluid therapy. The authors as such con-
cluded that CVP should not be used to make clinical decisions regarding
fluid management. Urine output in the perioperative setting similarly
provides a poor index of volume status. The oliguria (<0.5 mL/kg/hr)
typically seen perioperatively usually reflects an appropriate neurohor-
monal response to “surgical stress” and is an unreliable measure of end-
organ perfusion in this setting.

4.4 Measures of cardiac output
4.4.1 Pulmonary artery catheter and thermodilution

The pulmonary artery catheter was for many years the gold standard of
cardiac output monitoring. Perioperatively, its use has now markedly
declined or vanished, due to an increasing number of less invasive devices
in the marketplace and a wealth of literature citing risks over benefits in
fluid management [10]. A pulmonary artery balloon floatation catheter is
typically inserted via an introducer placed in a great vein, for example,
the internal jugular. Once the catheter is threaded into the great vein
beyond the introducer, then the balloon close to the tip of the Pulmonary
Artery (PA) catheter is inflated. The catheter is advanced and the balloon
sails the tip following the flow of blood through the right atrium, right
ventricle, and into the pulmonary artery. The continuous monitoring of
pressure and display of wave form from the most distal lumen of the
catheter tracks the passage of the balloon through the various compart-
ments and guides the operator. A chest x-ray is needed to confirm cor-
rect placement and lack of knotting. “Wedging” of the inflated balloon at
the catheter tip in the pulmonary artery enables measurement of the fill-
ing pressures of the left heart—the “wedge pressure.” Cardiac output is
calculated by thermodilution technique using either an intermittent cold
bolus technique or a continuous pulsed hot wire and other variables, such
as systemic vascular resistance, are derived. PA catheters can also have
continuous measurement of pulmonary artery blood saturation (“mixed
venous saturation”) by near-infrared oximetry similar to that deployed in
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a pulse oximeter. Thus the PA catheter offers a wealth of information and
was the dominant technology for cardiac output measurement and used
exclusively in the early goal-directed therapy trials. However, it is highly
invasive and has thus fallen from favor.

4.4.2  Complications

Complications associated with the use of the Pulmonary Artery Catheter
(PAC) may be divided into technical problems leading to misinterpreta-
tion of data and inappropriate interventions and clinically harmful effects,
leading to patient morbidity and mortality (see Table 4.1).

4.4.3 Fall from favor

At its peak of favor, its use in seriously ill hospitalized patients was
reported to be 20%-43% [11], considered by many the gold standard for car-
diac output evaluation. The variables generated by the PAC are however
not dynamic, and the risk-benefit profile to patients is increasingly con-
tentious given the morbidity associated with their use.

The use of pulmonary artery catheters has steadily decreased in the
last 20 years. Weiner et al. collected data from all US states contributing
to the Nationwide Inpatient Sample, part of the Agency for Healthcare
Research and Quality’s Healthcare Cost and Utilization Project, which
contains information on all discharges from a 20% stratified sample of
community hospitals in the United States (5-8 million discharges per
year). Between 1993 and 2004, pulmonary artery catheterization use in
medical and surgical patients decreased by 65% and 63%, respectively, in
the United States [11].

Table 4.1 Problems associated with use of pulmonary artery catheters

Technical problems Clinical problems
Damping of trace Knotting of the catheter
“Zeroing” errors and obtaining Pulmonary artery rupture

baseline measurements.

Variation of stroke volume throughout = Pulmonary hemorrhage
respiratory cycle affects accuracy of

readings.
Changing patient position Pulmonary artery thrombosis
Warming of cold indicator prior to Arrhythmia

injection.

Endocarditis
Air embolism
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Connors et al. were amongst the first to publish compelling data
questioning the benefits of PACs, demonstrating a 24% increased risk of
death in ICU patients who received a PAC within 24 hours of admission
to an ICU [12]. This observational study appears to have put a break on
the widespread use of the PAC, and a raft of studies that followed [13-19]
similarly have shown little or no improvement in mortality from the PAC.
A Cochrane systematic review and meta-analysis published in 2006 dem-
onstrated no benefit from the use of the PAC in both critical care and high-
risk surgery patients [20]. Moreover, exposure to harmful complications
and the arrival of more minimally invasive technologies has diminished
its use in diverse groups.

The increasing presence of transthoracic and transesophageal echo-
cardiography (TEE) in cardiac surgery now largely supersedes the use of
the PAC. Whilst their utility in specific defined groups continues to be
efficacious, widespread use is diminishing. A review has suggested that
specific and more complex groups of cardiac patients are most likely to
benefit from PAC monitoring [21]. These groups include impaired right
ventricular systolic function, left ventricular diastolic dysfunction, acute
ventricular septal defect, and presence of a left ventricular assist device.
Its previously widespread use in cardiac surgery is now very limited,
as exampled by a lack of benefit shown for the use of PAC for routine
coronary artery bypass grafting surgery [22]. The most compelling use
still seems be for perioperative management of patients with severe
pulmonary hypertension and acute right ventricular failure, when mea-
surement of pulmonary artery pressures facilitates judicious use of vaso-
pressor and fluids [23].

Prior to the introduction of the PAC, the direct Fick method was the
reference standard by which all other methods of determining Cardiac
Output (CO) were evaluated. Newer technologies following on from the
PAC have nearly always been validated using the PAC as the “gold stan-
dard” reference. However, thermodilution is not a sufficiently robust
method, with errors arising from its use and a precision error derived by
the Bland-Altman method of £20% being generally accepted [24]. These
not-insignificant precision error rates are likely to have affected the qual-
ity of the data used for validation of successive technologies. Alternative
devices with lower precision error rates (e.g., aortic flow probes) in clinical
practice are likely to provide better reference tools.

4.5 Esophageal Doppler

The esophageal Doppler monitor (EDM) is a semi- (or more minimally)
invasive device to estimate cardiac output by measuring descending
aortic blood velocity. The CardioQ EDM (Deltex Corporation, Chichester,
West Sussex, UK) is the only commercially available device of its type on
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the market. It exploits the Doppler effect—the phenomenon by which the
frequency of transmitted sound is altered as it is reflected from a moving
object (in this case, aortic red blood cells), represented by the following
equation:

V = AFc
2F,cos0

where V is velocity, AF is frequency shift, c is the speed of sound in tissue,
F, is frequency of emitted sound, cos represents cosine, and 6 is the angle
between sound and object.

The probe is positioned in the esophagus at the level of T5/6
(a distance of 35-45 cm), and the velocity of blood flow is measured in
the adjacent descending thoracic aorta using a transducer at the tip of
the probe. Cardiac output measurement is based on the measured flow
velocity of blood in the descending aorta. Cross-sectional area of the aorta
is estimated using a nomogram [25]. Flow is derived by multiplying this
area by velocity. Importantly, the accuracy of measurements is dependent
on the angle between the Doppler ultrasound beam and the direction of
blood flow in the vessel (known as 6, the angle between sound and object).
The EDM is designed to insonate at 45° with the probe shaft lying in the
esophagus and parallel to the aorta. As the angle increases, the errors in
calculating blood flow velocity due to small errors in angle of measure-
ment become unacceptably high, with the effect of underestimation of
Doppler-derived velocity. As such, the manufacturer recommends that
this angle should not exceed 60°.

The area under the systolic portion of the waveform is defined as
stroke distance (SD). The SV is calculated from the measured SD and a
calibration constant derived from the nomogram (Figure 4.1 shows the
typical waveform seen using the esophageal Doppler). CO is then calcu-
lated by multiplying the SV by the heart rate. Hypovolemia is reflected
in a reduction in the corrected flow time, abbreviated to FTc (duration
of systolic flow divided by the square root of the cardiac cycle time), an
increase in stroke volume variation (SVV), and providing useful visual,
audible, and quantitative information to the user, prompting assessment
of fluid responsiveness. Changes in FIc have been shown to be a more
reliable surrogate for preload than other indices, including CVP, left
ventricular end-diastolic area index, and the pulmonary artery catheter,
using pulmonary capillary wedge pressures in both surgical and criti-
cally ill surgical patients [26,27].

Manufacturers and proponents of this technology recommend
using an algorithm to guide fluid management with the EDM. Typically,
fluid boluses of 200 mL are delivered, and change in SV assessed. If
SV increases by 10% or more, a further fluid challenge is indicated to
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Figure 4.1 Waveform displaying stroke distance, peak velocity, mean accelera-
tion, and flow time measurements, allowing assessment of preload, contractility,
and afterload.

optimize left ventricular end-diastolic volume (see Figure 4.2). When SV
does not increase above this threshold or if the FIc has normalized (sug-
gesting normovolemia), further boluses are withheld. In turn, when SV
falls by more than 10%, a fluid challenge is repeated and assessment of
responsiveness made in the same way.

Using the esophageal Doppler both intraoperatively and in the post-
operative critical care setting has been shown to improve outcomes,
reduce complications, and shorten postoperative length of stay. More
than seven randomized controlled trials have specifically looked at
the role of esophageal Doppler for fluid optimization [28-34]. Mean
weighted average of these trials (comprising a total group number of
694 subjects) shows a reduction of 3.7 days in hospital length of stay [35].
Additionally, a study matching patients who did and did not receive
GDFT with EDM for major surgery conducted by the United Kingdom’s
National Health Service Technology Adoption Centre demonstrated a
similar reduction in length of stay of 3.6 days [36]. This evidence led to
the National Health Service and National Institute for Health and Care
Excellence issuing guidance recommending the use of EDM for major
surgery in the United Kingdom [37].

Its limitations in the perioperative setting for the surgical patient are
that it is principally confined to the operating theatre and the mechani-
cally ventilated patient, though its use may be continued into the post-
operative period for patients requiring prolonged mechanical ventilation
following surgery. Its use is described in the awake patient [38]. In prac-
tice, however, this is poorly tolerated in the absence of sedation and may
pose risks of trauma in the coagulopathic patient. Its continuous read-
ings are subject to interference from electrocautery, and the probe may
require intermittent repositioning to ensure a high quality signal, though
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Stroke volume or stroke
distance optimisation

Monitor SV/SD

200 mL fluid challenge
over 5 min

[ )

SV/SD Yes No SV/SD

decrease
>10%

increase

>10%

No
k__> Monitor SV/SD

Figure 4.2 Example of a treatment algorithm using the esophageal Doppler
monitor. (Suggested by Professor Mervyn Singer, University College London.)

it would appear the learning curve towards competent use is achieved
with relative ease [39].

In spite of its limitations, the evidence for GDFT with EDM is com-
pelling. Undoubtedly, the EDM provides a useful tool for trend (if not
truly continuous) analysis of cardiac output and fluid responsiveness in
the surgical patient [40].

4.6 Arterial pressure pulse contour analysis

Pulse contour analysis relies upon recording the arterial pressure wave-
form using a catheter placed in a peripheral artery and evaluating an
estimate of SV. It is based on the relationship between the area under
the arterial waveform, SV, and arterial compliance, as described by the
German physiologist Frank in the nineteenth century [41]. Stroke volume
may be continuously estimated by analyzing the arterial pressure wave-
form obtained from an arterial line when the arterial compliance and
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systemic vascular resistance are known. These devices operate using the
following equation to appreciate SV.

SV=kxP((1+As/Ap)

where SV is stroke volume, k is a constant, P is an estimate of pressure,
Ag is the area under the systolic portion of the arterial waveform, and
Ap is the area under the diastolic portion of the arterial waveform.

Broadly, these technologies can be divided into two groups: those
that need calibration and those that do not (see Table 4.2). Calibrated
devices integrate two separate means of measuring cardiac output,
using transpulmonary dilution and arterial pressure waveform analysis.
Transpulmonary thermodilution techniques require both a central venous
catheter and a thermistor-tipped arterial catheter. External calibration
with transpulmonary thermodilution is recommended for the EV1000
Volume View (Edwards Lifesciences, Irvine, CA) and PiCCO (Pulsion
Medical Systems, Munich, Germany) systems and lithium dilution for the
LiDCOplus (LiDCO, London, UK). The Doppler Cardio-Q plus integrates
an arterial waveform slaved from the high-end monitor into the Doppler
platform and can be calibrated using the Doppler derived cardiac output.
The purpose of calibration is to correct for the estimate of k for changes
in afterload, and data suggests (though not universally) this improves the
accuracy of measurements [42-45].

Simultaneous transpulmonary thermodilution measurement provides
a calibration factor, k, against which pulse contour analysis—derived cardiac
output is measured. In this way, beat-to-beat measurement of cardiac output
is possible and is specifically advantageous in the setting of assessment of
responsiveness to fluid challenges in the surgical patient. Their reliability is

Table 4.2 Pulse pressure contour analysis devices

Calibrated devices (calibrated by
transpulmonary thermo- or lithium

dilution) Uncalibrated devices

PiCCO (Pulsion Medical Systems, FloTrac Vigileo (Edwards Lifesciences,
Munich, Germany) Irvine, CA)

LiDCOplus (LiDCO, London, UK) Pro-AQT (Pulsion Medical Systems,

Munich, Germany)

EV1000 Volume View (Edwards MostCare (Vytech, Vygon, Italy)
Lifesciences, Irvine, CA)

Doppler Cardio-Q plus (Deltex, LiDCO Rapid (LiDCO, London, UK)
Chichester, UK)

Pulsioflex (Pulsion Medical Systems,
Munich, Germany)
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reduced in episodes of hemodynamic instability [44,46,47]. As such, uncali-
brated devices based on assumptions of arterial compliance should be more
correctly termed “trending” monitors and their limitations appreciated with
sudden changes in loading conditions.

Uncalibrated devices rely on the presence of an arterial catheter alone.
Their simplicity of use provides practical advantage over the calibrated
devices, in addition to their ability to track changes in cardiac output
induced by volume expansion. The FloTrac Vigileo (Edwards Lifesciences)
uses an electromechanic transducer, PulsioFlex (Pulsion Medical Systems)
a transducer system, and the LiDCO Rapid (LiDCO) requires chip cards
to unlock the monitor. The FloTrac Vigileo differs from other devices in
its estimation of SV using a proprietary empirically derived algorithm to
estimate SV [48].

Dynamic changes in SVV and pulse pressure variation (PPV) pro-
vided by these devices in patients undergoing mechanical ventilation
have emerged as useful techniques to assess volume responsiveness in
mechanically ventilated patients [49-52].

By measuring the area under the curve (or SV) with each heartbeat
and evaluating change in values over one respiratory cycle, arterial wave-
form analyzers are able to measure SVV, an indication of the patient’s
fluid responsiveness. Importantly, whilst the reliability of some pulse
contour analysis devices to measure cardiac output is negatively affected
by sudden changes in hemodynamic status, their ability to measure PPV
in response to positive pressure ventilation is not compromised in this
way. As such, fluid responsiveness may be dynamically assessed in the
mechanically ventilated patient.

Advantageous to their design is the ability to use these devices in the
awake, unsedated patient. The continuous readings provided by arterial
waveform analysis devices make them a favorable choice in the OR. The
body of evidence supporting their use perioperatively is not as large as
that for EDM and is in part due to their more recent arrival, a decade later
to the marketplace. There are, however, a number of studies that have
demonstrated improved clinical outcomes and reductions in length of
stay for surgical patients [53—-57]. The mean weighted average of reduction
in length of stay calculated by Thiele et al. in eight intraoperative fluid
optimization trials (encompassing 546 patients) was 2.2 days, compared
to 3.7 days for EDM [35]. The numbers are too small to draw meaningful
inference from these differences, and more trials are needed to demon-
strate the benefit (or lack) of one technology over another.

Limitations include their poor reliability in patients with irregu-
lar cardiac rhythm and aortic insufficiency. In addition, it is worth not-
ing that much of the data to support the ability of SVV to predict fluid
responsiveness (with changes in intrathoracic pressure) is based on large
tidal volumes (8-10 mL/kg). Given the trend towards improved outcomes
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associated with protective ventilation strategies, further validity stud-
ies are needed with lower tidal volumes and in spontaneously breathing
patients [58]. However, stroke volume estimates are not affected by such
changes in intrathoracic pressure and volume.

4.7 Transesophageal echocardiography

TEE is a semi-invasive technique that allows a real-time evaluation of
cardiac anatomy, regional and global cardiac function. Its safety profile,
less invasive than the PAC, makes it a very attractive device for dynamic
assessment of cardiac function. Documented morbidity of 0.2% and 0%
mortality has been reported in a large case series of 7,200 patients evaluat-
ing the safety of intraoperative TEE [59].

Its role in noncardiac surgery is less well explored, although as TEE
skills increasingly become a recognized skill set common to anesthetists,
it seems likely that the spread of this modality will continue in critical
care and perioperative noncardiac surgery settings. Benefits have been
shown to include prompt recognition of ischemia and hemodynamic
changes and “rescue” management for determining a cause for periop-
erative hemodynamic instability [60,61].

Dynamic indices derived using TEE such as vena caval diameters
during positive pressure ventilation have shown to be effective for evalu-
ating fluid responsiveness [62]. However, the static parameters that TEE
offers are not useful in predicting volume responsiveness [49].

Guidelines have been developed to support clinicians in the periop-
erative use of TEE, its use endorsed when the nature of the planned sur-
gery or the patient’s underlying cardiovascular pathology might result
in severe hemodynamic, pulmonary, or neurologic compromise [63].
These guidelines and those produced by the American College of
Cardiology/American Heart Association suggest the use of periopera-
tive TEE is reasonable in noncardiac surgery patients with unexplained
persistent hypotension, poorly responsive to treatment [64]. Its use is
not recommended for routine noncardiac surgery in low-risk surgical
groups.

4.8 Practical considerations relating to the use of
semi-invasive and invasive devices in GDFT

Not all cardiac output monitors are created equally, and central to
choice of device must be its purpose and patient-specific informa-
tion. As such, no single device provides the “best fit” for every even-
tuality. Bridging the use of a device into the perioperative period (if
needed) is advantageous and avoids disposables costs. Avoidance of
invasive devices with morbidity associations should also be a priority,
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specifically in postanesthetic care areas, where nursing ratios and close
surveillance of patients may not be as rigorous as in an intensive care
unit. As enhanced recovery surgical pathways continue to take traction
throughout the world, with focus on minimally invasive surgical tech-
niques, invasive devices will become more redundant, in favor of more
minimally invasive approaches that facilitate early mobilization (see
Table 4.3 for advantages and limitations of invasive and semi-invasive
devices used for GDFT).

A robust understanding of the principles of GDFT and concurrent
use of an appropriate algorithm alongside a chosen technology is impera-
tive for good perioperative fluid management. Importantly, hemody-
namic monitoring devices will not affect patient outcomes unless they are
accompanied and trigger the appropriate clinical response. In high-risk
complex surgical patients, the evidence base appears most compelling.
As such, it makes sense to extend the use of fluid management technolo-
gies beyond the confines of the operating theatre, into the perioperative
period. Not unusually, the beneficial effects of good fluid management
can be undone by less mindful attention to fluid administration postop-
eratively. In high-dependency care settings, where these technologies can
continue to be used beyond the OR, this would seem a sensible continuum
of care. Technologies that can evaluate fluid responsiveness in the spon-
taneously breathing patient are much needed and are missing from the
armamentarium of currently available devices. With growing emphasis
on enhanced recovery, minimally invasive surgery, and regional anesthe-
sia, this limits clinicians from extending the benefits of GDFT into the
perioperative space.

The esophageal Doppler had the strongest evidence base of all tech-
nologies currently available, and its minimally invasive profile made it a
highly desirable choice. However, in recent years there has been a shift
towards arterial waveform analysis, as it is easier to use and thus may
have greater clinical utility despite concerns regarding accuracy when
uncalibrated. The choice of device used will be influenced by personal
preference, cost, and threshold for “invasiveness” that a clinician feels are
justified in a given situation.

Ultimately, institutional “buy-in” and acceptance of practice with
fluid management technologies will be the greatest challenge to success-
ful implementation of a perioperative strategy with GDFT at its center.

4.9 Adoption of perioperative GDFT

Use of intraoperative fluid management technologies remains patchy
and widespread adoption still elusive. This in part may be explained by a
“dilutional effect” of the body of evidence, given that GDFT has greatest
benefits for high-risk surgical patients, who may not have the physiological
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reserves to reverse oxygen debt. The difference seen between intervention
and control groups in lower-risk groups is less pronounced, with similar
expected outcome metrics anticipated, given the exceptionally low mor-
bidity and mortality that modern-day routine intermediate and low-risk
surgery offers. As such these devices are best reserved for the high-risk
patient, where the benefits are best felt and the margin for error with fluid
management is smaller.

In tandem with GDFT and the use of an algorithm should be a routine
approach to stratifying risk on surgical patients. The use of predictive risk
tools for guiding management in the perioperative period are highly rec-
ommended by a number of organizations and bodies, who recommend a
preoperative estimate of mortality and classify the “high-risk” population
as those with a predicted mortality >5% [65,66]. The highest risk groups
have been shown to benefit most from a GDFT approach, and institutions
should develop systematic pathways to routinely screen for and identify
these patients, allocating resources appropriately [67].
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Key point:
This chapter reviews the possibilities for monitoring the microcircula-
tion. Techniques and parameters are described. Microcirculatory mon-
itoring can be used in the perioperative setting to assess goal-directed
fluid therapy. The chapter ends with a case report.

5.1 Introduction

Microcirculation is the main site of oxygen delivery to tissue cells and
is essential for the maintenance of cellular life and function. Its function
relies on the complex interaction of its component cellular systems includ-
ing red and white blood cells, endothelial cells, and parenchymal cells.
The function of the organs is directly dependent on the function of their
respective microcirculation [1].

The aim of resuscitation using fluid therapy is ultimately to promote
tissue perfusion to deliver oxygen to sustain the cellular respiration and
viability needed to support organ function [2]. This tissue oxygenation can
be physiologically divided into three acts. The first act is carried out by
the systematic circulation, with the main characters being cardiac output,
blood pressure, and oxygen-carrying hemoglobin. The second act is found
at locoregional sites and is performed by the microcirculation, with the
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main task being to distribute flow to each organ. The last act is set at the
cellular level, where the mitochondria utilize the oxygen. In other words,
there are two main factors that determine oxygen transport to tissue: the
convective transport of oxygen by red blood cells and the passive diffusion
of oxygen from the red blood cells to the mitochondria to initiate a chain
reaction to generate Adenosine Triphosphate (ATP) (Figure 5.1) [3]. The
current parameters for fluid management are maintaining cardiac output,
blood pressure, and urine excretion [4]. This indicates that almost all fluid
therapies are based on the concept that oxygenation is promoted by flow,
which is, physiologically speaking, the convective factor for oxygenation.
However, an equal contribution, as stated above, comes from the passive
diffusion of oxygen to cells. One can imagine that despite optimal flow in
the capillaries, the farther away a target cell is from oxygenated red blood
cells or the lower the oxygen solubility of the tissue cells is, the more dif-
ficult oxygenation of the target cell becomes. This diffusive capacity of the
microcirculation is quantified by the capillary density filled with flowing,
oxygenated red blood cells. Currently, an optimum perioperative fluid
management has not been found [5,6]. However, recent studies have shown
that the measurement of microcirculation is considered to be an impor-
tant adjunct measurement to conventional hemodynamic monitoring [3].
Pranskunas et al. illustrated this in a prospective observational study

Convection = (RBC/sec)*(Hbsat)*K

——

NN

Tissue cell

PO, (mit)

‘

RBC
~_

Diffusion = [D*A*(pO,(cap)-pO, (mit))]/1

Figure 5.1 The convective and diffusive determinants of oxygen transport from
the microcirculation to a tissue cell. Convective flow is defined as the product of
the oxygen carrying saturation of the red blood cells, the rate at which red blood
cells enter the capillary, and the oxygen-carrying capacity of a red blood cell at
100% saturation (0.0362 pl O,/red blood cell). The diffusive movement of oxygen
from the red blood cells to the mitochondria is defined by Fick’s law of diffusion,
where the flux of oxygen shown above is the product of the oxygen gradient from
red blood cell (RBC) to mitochondria and the diffusion distance times the exchange
surface divided by the diffusion distance from the RBC to the mitochondria. (From
Ince, C., Curr. Opin. Crit. Care., 20, 301-308, 2014. With permission.)
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that examined patients with clinical signs of impaired organ perfusion
and their microcirculation. Patients with abnormal microcirculation
responded to fluid challenge by an improvement of their microcirculation
and more importantly by a reduction of the number of clinical signs of
impaired organ perfusion. By contrast, in patients with signs of impaired
organ perfusion that had otherwise normal microcirculation, fluid chal-
lenge did not improve their microcirculation or their number of signs of
impaired organ perfusion. These findings were found to be independent
from stroke volume responsiveness after fluid challenge [7].

In this chapter we will review the possibilities for monitoring micro-
circulation. The known techniques and the current parameters used
for microcirculation will be discussed. Furthermore, trials that have
examined microcirculatory guided perioperative fluid therapy will be
reviewed accompanied by a case report to illustrate the use of micro-
circulation monitoring. Finally, a recommendation for the periopera-
tive monitoring of microcirculation will be addressed in view of future
(randomized) trials.

5.2 Techniques and parameters

There are two ways to examine microcirculation: directly by measuring
microcirculatory perfusion or indirectly by measuring tissue oxygenation.
Videomicroscopy and laser Doppler are the two techniques for directly
visualizing microcirculation. Videomicroscopy at bedside started with
nailfold microvideoscopy [8]. The junction between cuticle and nail is
investigated by using an ordinary microscope that can be connected to
a video recording system, where microvascular blood flow and capillary
density can be examined [9]. This has some limitations for clinical use at
bedside as the nailfold area is very sensitive to temperature changes [10].
Videomicroscopy was revived, with an increase in use observed at the
end of the last century due to the development of orthogonal polarization
spectral (OPS) imaging, which allows a clinician to evaluate microcircula-
tion live at bedside and to quantify microcirculation retrospectively [11].
A second generation handheld videomicroscope was introduced using
sidestream dark-field (SDF) imaging as the successor of OPS imaging
and, more recently, CytoCam incident dark-field (CytoCam-IDF) imaging
as the successor of SDF imaging [12,13]. All of these techniques are based
on the concept of emitting stroboscopic green light with a wavelength
(530 nm) within the absorption spectrum of hemoglobin. These tech-
niques can only be applied to organ surfaces due to the optical penetration
depth of around 500 um. CytoCam-IDF has some technical improvements
over its predecessors such as digital signal, lower weight, and higher opti-
cal resolution. This optical superiority was recently described in a study
that showed that IDF imaging detects more vessels (about 30%) to SDF
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imaging [14]. Software-assisted analysis is needed to quantify microcircu-
lation. This microcirculation quantification consists of the microvascular
flow index (MFI), total vessel density (TVD), and proportion of perfused
vessels (PPV) [15]. MFI gives you an idea of the convective transport of oxy-
gen transport in microcirculation as it describes the microcirculatory flow.
TVD is a parameter that describes the diffusive factor because it gives you
the density of microcirculation and inversely the distance between oxy-
genated red blood cells and targeted cells. PPV describes the proportion of
vessels that have oxygenated red blood cells, thus providing more accurate
quantification of the diffusive capacity of microcirculation.

Laser Doppler techniques can also be used for the measurement of
microcirculatory blood flow expressed in relative units. This means that
this technique can only provide relative changes from baseline. It also
measures a surface of 0.5-1 mm? without identifying individual vessels.
The technique visualizes the tissue of interest, allowing semiquantitative
evaluation of the microcirculation.

For indirect evaluation of the microcirculation there are various
methods. Clinical evaluation of skin color or temperature such as acro-
cyanosis or capillary refill time can give an indication of abnormal micro-
circulation [16]. Unfortunately, these tests are not very sensitive or specific
in terms of the functional microcirculatory state [16]. Biological markers
can also be used to indirectly assess microcirculation. Blood lactate level
is one example that can be useful for this purpose, as it is inversely related
to microcirculatory perfusion; however, this test is not that sensitive or
specific [17]. Another indirect method for microcirculatory evaluation is
tissue oxygenation measurement. These are all based on the concept of
measuring tissue oxygen transport and oxygen consumption in that same
tissue. Reflectance spectroscopy measures hemoglobin oxygen satura-
tion (SO,) of tissue using illumination via an optical fiber with different
wavelengths sensitive to different parts of the absorption spectrum for
hemoglobin. This gives the SO, value by measuring the oxy- and deoxy-
hemoglobin in a certain tissue. The probe used for this technique is very
small, which allows a precise measurement of surface tissue but is limited
due to a high depth penetration [18]. Near-infrared spectroscopy (NIRS) is
another indirect technique that uses near-infrared light to measure differ-
ent proteins in tissues so that tissue oxygen saturation (5tO,), total tissue
hemoglobin, and absolute tissue hemoglobin index can be calculated. In
combination with a vascular occlusion test (VOT), where the StO, can be
measured after a brief period of tissue ischemia, NIRS can give informa-
tion about microcirculatory reactivity function [19]. As NIRS only mea-
sures the difference between oxygen delivery and oxygen consumption,
VOT combined with NIRS evaluates the microcirculatory reserve more
than the actual perfusion [10]. From CO, measurement in tissue, one can
obtain the balance between CO, production and flow to tissue. This CO,
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Table 5.1 Direct and indirect techniques for monitoring microcirculation

Technique Parameter Main limitations

Direct monitoring of microcirculation

Nailfold Microcirculatory Restricted to finger
videomicroscopy flow and density ~ Sensitive for temperature and
vasoconstriction

OPS, SDEF, and IDF Microcirculatory Mostly restricted to retrospective
flow and density semiquantitative analysis
Sensitive for movement and
pressure artifacts
Limited sites to examine
Laser Doppler Microcirculatory Semiquantitative relative analysis
flow High sampling volume

Indirect monitoring of microcirculation

Clinical evaluation Skin color/ Lacks sensitivity and specificity
temperature
Blood lactate levels
Reflectance O, saturation High sampling volume
spectroscopy
NIRS StO, of tissue High sampling volume
HbT
THI
Electrodes/probes or  PCO, gapof tissue  Interference
tonometry Difficult interpretation of

microcirculatory function

Note: OPS, orthogonal polarization spectral; SDF, sidestream dark-field; IDF incident
dark-field; HbT, total tissue hemoglobin; THI, tissue hemoglobin index; StO,, tissue
oxygen saturation.

in tissue is accumulated by arterial CO, as well, so usually one uses the
arterial gradient that is calculated (PCO, gap). This gap usually provides
more information about the adequacy of flow than the presence of tissue
hypoxia. Tissue PCO, can be measured by electrodes inserted in tissues
or probes in contact with the tissue or by means of tonometry [10]. These
direct and indirect techniques for monitoring microcirculation and its
parameters are summarized in Table 5.1.

5.3  Perioperative microcirculatory monitoring

Microcirculatory monitoring can be used in the perioperative setting to
assess goal-directed fluid therapy. Many studies have been conducted to
evaluate methods of monitoring the microcirculation, especially in cardiac
and abdominal surgery [20]. Hoefeijzers et al. published a review on the
debate about the use of pulsatile perfusion (PP) during cardiopulmonary
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bypass [21]. The debate over the use of PP versus nonpulsatile perfu-
sion (NP) is still not settled, and this review evaluated whether micro-
circulatory monitoring could provide information about the importance
of PP. They included five human studies that assessed microcirculation
during and after cardiopulmonary bypass. The first study looked with the
OPS device at sublingual microcirculation in randomized patients with
PP versus NP during cardiopulmonary bypass surgery [22]. This article
defined the PPV in the sublingual microcirculation as the primary out-
come for the comparison of perfusion. The study showed that PP was sig-
nificantly better than NP for preserving microcirculation based on PPV.
Two other included articles used SDF imaging to monitor the sublingual
microcirculation [23,24]. One study was a randomized controlled trial
(RCT) for PP versus. NP where sublingual microcirculation assessment
was performed measuring the perfused vessel density (PVD) and MFI of
small vessels. Both the PVD and the MFI were significantly in favor of PP.
The other study investigated PP and NP in a crossover design where sub-
lingual microcirculatory PVD was investigated, and there was no differ-
ence between the two perfusion techniques. The fourth article included in
the review used NIRS on the forehead in a crossover design between PP
and NP to examine cerebral microcirculatory oxygenation, and it did not
show a difference between perfusion techniques in this study design [24].
The final study included was an RCT that used laser Doppler flow and
tonometry on the gastric wall to monitor microcirculation during NP
and PP [25]. The laser Doppler showed a significant reduction of blood
flow in the NP arm compared to baseline flow. Tonometry did not show
significant differences between the groups. There are three other stud-
ies that assessed microcirculation during perioperative cardiac surgery.
Two studies used OPS imaging device for this microcirculatory assess-
ment and one study used the SDF imaging. One of the OPS studies looked
at changes of microcirculatory PVD during cardiopulmonary bypass in
cardiac surgery. This study did not show any significant differences [26].
The other OPS study had a mixed patient group with respect to receiv-
ing or not receiving cardiopulmonary bypass during cardiac surgery and
compared it to patients who underwent a thyroidectomy, as these patients
received the same anesthetics [27]. This study examined TVD and PPV in
these three patient groups. In the cardiopulmonary bypass cardiac sur-
gery group and the thyroidectomy group, the PPV of the small vessels
significantly decreased, whereas the off-pump cardiac surgery patients
did not show a significant alteration in microcirculation. In the SDF study,
patients who underwent cardiac surgery with cardiopulmonary bypass
were assessed for the MFI of their sublingual microcirculation [28]. The
MFI of medium blood vessels significantly decreased after starting the
cardiopulmonary bypass. Interestingly, this study showed that decreases
in microcirculatory flow occurred irrespective of changes in systematic
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blood pressure. This last result was reiterated in another observational
study where patients who received medication for high blood pressure
after undergoing cardiac surgery with cardiopulmonary bypass were
assessed for micro- and macrocirculatory parameters [29]. This study
used the SDF device to assess sublingual MFI and PVD. As the systolic
arterial blood pressure decreased significantly, the mean MFI for small
and large vessels did not change. Furthermore, there was a significant
increase in mean PVD for large vessels but not for small vessels.
Assessing microcirculation directly and indirectly has been investi-
gated in abdominal surgery as well. One study used serum lactate lev-
els to prevent postoperative complications after major elective surgery
for gastrointestinal malignancy [30]. This study randomized between
restricted perioperative fluid therapy based on lactate levels versus “nor-
mal” restricted fluid therapy. In the restricted perioperative fluid therapy
based on lactate levels, serum lactate was routinely monitored, and in
the presence of hyperlactatemia an additional fluid bolus was given. This
lactate-guided fluid therapy resulted in a significant decrease in systemic
complications. Furthermore, the restricted fluid group without routine
serum lactate monitoring received significantly more fluids than the
serum lactate monitoring group. Moreover, the patients who received
supplementary fluids had significantly more complications in the
restricted regimen lacking serum lactate monitoring. Another study used
NIRS in combination with VOT to assess the microcirculatory response
during fluid challenge in patients undergoing abdominal surgery [31].
Fluid challenge was given to patients with evidence of hypovolemia, and
they were assessed for fluid responsiveness during surgery. Before and
after the fluid challenge, StO, values were obtained using NIRS in com-
bination with VOT. There was no significant difference observed in StO,
between positive and negative fluid challenge. However, hypovolemia
was associated with a significant reduction in StO, recovery slope, with a
significant difference between positive and negative fluid challenge. An
RCT was conducted to compare fluid therapy guided by central venous
pressure versus stroke volume with and without dopexamine in patients
after major gastrointestinal surgery [32]. Sublingual microcirculation
was assessed using the SDF device and cutaneous microcirculation was
assessed by laser Doppler flow and Clark electrode for PtO,. The fluid
therapy guided by stroke volume with dopexamine showed an improved
sublingual and cutaneous microcirculatory flow. Sublingual microcircu-
lation flow remained constant in the stroke volume group but deterio-
rated in the central venous pressure group. Laser Doppler flow showed
a hyperemic response in the stroke volume with dopexamine, whereas
this variable remained unchanged in the stroke volume group without
dopexamine and deteriorated in the central venous pressure group.
Cutaneous PtO, initially increased in all three groups after surgery,
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and this was sustained in the stroke volume combined with dopexamine
group but decreased in the other two groups. Another study examined
perioperative microcirculatory changes in patients undergoing abdomi-
nal surgery [33]. Using the SDF imaging, they assessed PVD and MFL
This study showed that MFI increased in the timeframe from pre- to
intra-operative measurement and decreased postoperatively, whereas
PVD remained unchanged. Neither the MFI nor PVD was associated
with postoperative complications. By contrast, another study evaluated
microcirculatory flow and tissue oxygenation after abdominal surgery
and found a relation with postoperative complications [34]. In this study,
sublingual microcirculation was assessed using the SDF imaging, and
cutaneous microcirculation was assessed by laser Doppler flow and
Clark electrode for PtO,. Cutaneous microcirculation assessment did not
show a relation with postoperative complications. However, sublingual
microcirculation did show a relation with postoperative complications,
with the MFI and PVD of the small vessels being significantly lower in
the patients who had postoperative complications.

5.4 Case report

A 19-year-old woman was diagnosed with a solid pseudopapillary
tumor in the pancreatic tail. She was scheduled to undergo a distal
pancreatectomy with splenectomy. To assess her microcirculation, we
measured her sublingual microcirculation using a CytoCam-IDF device.
The measurement was performed on three different occasions: 1 day
before surgery (T0), in the first 24 hours after surgery (T1), and on the
fourth day after surgery (T2). At each time point, microcirculation was
filmed in three different locations on the sublingual mucosa for a mini-
mum of 10 seconds per sequence. Great care was taken to clear saliva
before image acquisition. Film sequences were repeatedly taken until
three sequences of good quality were obtained. Flow parameters were
analyzed using MFI and TVD and were analyzed offline using a soft-
ware package associated with the CytoCam-IDF device [35]. Fluid bal-
ance was monitored starting from the beginning of the procedure for
the first 48 hours as part of the local hospital’s protocol. During the sur-
gery, the patient lost 1,230 mL of blood and had 200 mL urine output,
while the patient received 2,766 mL of 1V fluids. In the first 24 hours
after surgery the patient received a total of 984 mL of intravenous fluids
and 150 mL of oral intake, while the output consisted of 750 mL of urine
output and 70 mL of drain production. Thus, in the first 24 hours the
fluid balance, including surgery, was a total of 3,900 mL of fluids in and
2,250 mL out, which gives a positive fluid balance of 1,650 mL. Between
the second and third days the fluid balance was positive by 885 mL, and
on the third day there was a negative fluid balance of 1,330 mL. On the
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fourth and fifth days the patient did not receive any fluid therapy as
the oral intake was sufficient. On the first and second days the patient
had hypotensive blood pressure with a normal heart rate, which can be
explained by the epidural analgesia placed during surgery for postoper-
ative pain relief [36]. The preoperative hemoglobin level was 4.8 mmol/L
(7.73 g/dL) and decreased to 4.4 mmol/L (7.09 g/dL) on the first postop-
erative day, and no blood transfusion was given. The patient also had
nausea, which quickly resolved after stopping the epidural analgesia,
and no serious complaints after surgery. The subsequent postoperative
course was uncomplicated, and the patient was discharged after 9 days.
The sublingual microcirculation over the three time points is shown
in Figure 5.2. Although the MFI was 3.0 at all three time points, the
TVD showed a difference over the three time points. At TO the TVD
was 15.20 mm/mm?, at T1 the TVD was 12.30 mm/mm?, and at T2 the
TVD was 1799 mm/mm? (Table 5.2). This indicated that the flow over
the three time points was good. However, the TVD, as indicated earlier,
is one of the measures that considers how the diffusive determinant of
oxygenation varies over the three time points. At baseline, the TVD was
15.20 mm/mm?, which is within the normal hydration situation. After
the patient had a very high positive fluid balance of 1,650 mL, the TVD
went down to 12.30 mm/mm?. Finally, at T2 the patient had a TVD of
1799 mm/mm?, which indicates that the patient was still having a nega-
tive balance as it was at Day 3 after surgery, by providing information
about the filling status at the level of the microcirculation. This case
report indicates therefore that microcirculatory assessment may help
goal-directed fluid therapy. As the patient was hypotensive, the fluid
balance was positive with normal microcirculatory flow. Nevertheless,
the diffusive determinant of oxygenation was decreased. To opti-
mize the fluid therapy, one could have been more restrictive with the
resuscitation therapy, assuring that the microcirculatory flow was kept
normal, with the TVD close to the baseline measurement [3].

TO T1

Figure 5.2 The sublingual microcirculation of a patient 1 day before (T0), 1 day
after (T1), and 4 days after (T2) undergoing distal pancreatectomy with splenec-
tomy. Images were obtained using the incident dark-field device.
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Table 5.2 Sublingual microcirculation of a case report

Time point TO T1 T2
Days from -1 +1 +4
surgery
Fluid balance Normal +1,650 mL Negative or normal
MFI 3.0 3.0 3.0
TVD 15.20 mm/mm? 12.30 mm/mm? 17.99 mm/mm?

Note: MFI, microvascular flow index; TVD, total vessel density.

5.5 Conclusion

Fluid therapies are used to promote tissue perfusion to deliver oxygen
for sustaining cellular respiration and ultimately promote organ function.
This is based on macro- and microcirculatory hemodynamics, which can
be divided into convective and diffusive determinants. Blood pressure,
cardiac output, and urine output can give an indication of the convec-
tive status of the circulation, while microcirculation monitoring can give
an indication of the convective and diffusive status. There are different
ways to monitor microcirculation in the perioperative setting, and they
can be divided into direct and indirect monitoring. Direct monitoring
can be performed by videomicroscopy and laser Doppler flow. Indirect
monitoring can be performed by clinical evaluation, techniques measur-
ing tissue oxygenation, NIRS, tonometry, and reflectance spectroscopy.
As discussed in this chapter, the diffusive determinant for oxygenation
is equally as important as the convective determinant. Therefore, we rec-
ommend the use of videomicroscopy to monitor microcirculation, as it is
the only available technique that gives information concerning the dif-
fusive capacity of microcirculation. However, there are some limitations
to this technique that should be addressed first before it impacts clini-
cal decision-making. First, an automated analysis of the microcirculation
should be conducted immediately after obtaining the sequence to enhance
the decision-making on whether fluid therapy is needed. Furthermore,
there is a need for more studies that show the relation between sublingual
microcirculation and organ dysfunction. Finally, more (randomized) tri-
als should be conducted that use videomicroscopy for microcirculatory
goal-directed fluid therapy.
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5.7  Summary

Fluid therapies are used to promote tissue perfusion to deliver oxygen
for sustaining cellular respiration and ultimately promote organ function.

This is based on macro- and microcirculatory hemodynamics.

Blood pressure, cardiac output, and urine output can give an indi-
cation of the convective status of the circulation, while microcirculation
monitoring can give an indication of the convective and diffusive status.

There are different ways to monitor microcirculation in the periopera-
tive setting, and they can be divided into direct and indirect monitoring,.

Direct monitoring can be performed by videomicroscopy and laser
Doppler flow.

Indirect monitoring can be performed by clinical evaluation, tech-
niques measuring tissue oxygenation, NIRS, tonometry, and reflectance
spectroscopy.

Therefore, we recommend the use of videomicroscopy to monitor
microcirculation as it is the only available technique that gives informa-
tion concerning the diffusive capacity of microcirculation.
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Key points:
This chapter basically deals with noninvasive devices for the monitor-
ing of fluid therapy.

Arterial blood pressure monitoring physiology is covered.
Several noninvasive cardiac output monitors are described:

e Esophageal Doppler (see also Chapter 4)
e USCOM
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Nexfin

Bioimpedance and bioreactance monitoring devices
Continuous noninvasive arterial pressure monitor
Noninvasive near-infrared spectroscopy (see also Chapter 5)
Pleth variability index

A goal-directed therapy protocol is described and the chapter ends
with an illustrative case report.

6.1 Introduction

The application of goal-directed therapy (GDT) protocols using nonin-
vasive hemodynamic monitoring systems has significantly increased
during recent years in the perioperative setting. The availability of
noninvasive devices has made it easier to implement GDT protocols,
as more and more clinicians are becoming familiarized with the tech-
nology. However, confusion still exists about what device to use and
whether a noninvasive monitoring system is the right choice. Part of
the confusion lies with the misconception that many clinicians believe
that the natural progression is to have noninvasive monitors replace
more invasive monitoring systems. Each monitor, regardless of level
of invasiveness, has value and utility in various patient populations
and in different settings. The selection of the monitor should depend
on the intended patient population, the clinical setting with available
devices, and the ability of the clinician to use and interpret the device
(Figure 6.1) [1].

In this chapter, we will outline and discuss potential uses for vari-
ous noninvasive monitoring systems as they may be useful in applying
GDT protocols. This, however, does not mean that we advocate for the
use of noninvasive monitors only. Instead, we are providing an outline
so that clinicians and health care institutions alike can make informed
and appropriate choices regarding acquisition of devices, limitations
of each device, and interpretation of the dynamic predictors of fluid
responsiveness they employ.

6.2 Device overview

Every patient in the perioperative setting receives hemodynamic
monitoring. Whether it is standard monitoring or invasive advanced
monitoring, the goal of hemodynamic monitoring is to ensure patients
are adequately perfused. Electrocardiogram (ECG), noninvasive blood
pressure (NIBP), and pulse oximetry are standard patient monitors in
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Figure 6.1 Integrative hemodynamic monitoring approach as described by
Alhashemi et al. (Reproduced from Alhashemi, J.A,, et al., Crit. Care, 15, 214, 2011.)

the perioperative area. As needed, because of the level of risk of the
surgery, patient comorbidities, or underlying disease processes, more
advanced or invasive monitoring such as arterial blood pressure, central
venous pressure (CVP), or cardiac output (CO) monitoring is employed.
These expanded monitors can be used to detect hemodynamic insta-
bility and are used to guide treatment. Until recently, these expanded
monitors were reserved for high-risk patients because of the level of
invasiveness and risks associated with their use. However, miniature
and noninvasive devices that can be used on moderate and low-risk
patients also provide dynamic parameters that have been shown to be
effective at predicting hemodynamic status and helping guide clinical
decisions for GDT.

6.3 Standard monitoring

* ECG is used to monitor the heart rate and rhythm. It is used to iden-
tify arrhythmias or myocardial ischemia, which can result in hypo-
perfusion and indicate the need for clinical intervention.

* NIBP is typically measured intermittently, on an automated basis.
The mean arterial pressure (MAP) is routinely used as an indicator
of perfusion pressure. Additionally, it is important to note that blood
pressure (BP) does not equal blood flow and that these variables are
only loosely related. Specifically, because of increased sympathetic
tone, or increased systemic vascular resistance, and the dynamic
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nature of blood flow and circulation, blood can be shunted, lead-
ing to a maintenance of MAP in a normal range, despite low CO
and poor perfusion. In fact, studies showed that in patients where
hypovolemia was induced by withdrawing 20% of estimated blood
volume, the MAP did not change [2].

® Pulse oximetry is used to measure oxygen saturation level (SpO,).
Although the oximeter is used to recognize hypoxemia, the sigmoi-
dal nature of the oxygen desaturation curve, SpO, levels can remain
relatively high for a period, followed by a rapid descent.

6.4 Advanced hemodynamic monitoring

* Arterial blood pressure (ABP) is an invasive blood pressure measure-
ment, obtained by inserting an arterial line, most often in the radial
or femoral artery. It is typically reserved for moderate- to high-risk
patients because of the risks associated with vessel cannulation. ABP
gives beat-to-beat information on blood pressure, and because of its
continuous nature it detects changes in MAP quicker than with NIBP.
ABP can be used to measure pulse pressure variation (PPV), which,
as we will describe in detail, is a dynamic index of fluid responsive-
ness that can also be used to apply GDT protocol. Like with NIBP
monitoring, MAP may stay high because of shunting, meaning that it
may not be an accurate indicator of low CO and low perfusion.

CVP is widely considered to be a poor predictor of fluid status and perfu-
sion. However, it is still widely used in moderate- to high-risk patients, as
central lines are routinely placed in this setting primarily for administer-
ing drugs, rapid administration of fluid, and as a component of several
clinical protocols. However, monitoring CVP has limited value in guiding
fluid therapy.

6.5 CO monitors

CO presents the clinician with the opportunity to monitor and opti-
mize the patient’s stroke volume and therefore optimize tissue oxygen
delivery [3], which is the aim of GDT. Invasive, minimally invasive, and
noninvasive monitors exist that either directly or through surrogates
monitor CO, providing real-time measurements of the patient’s CO status.
This is important because hemodynamic optimization, or GDT, has been
suggested to improve patient outcomes [4-6], and even short periods of
hypoperfusion can affect microcirculation and result in inadequate oxy-
gen delivery to tissues, leading to minor and more severe complications.
Table 6.1 summarizes the different CO monitoring systems available.
Although the absolute value of CO provides little information about the
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patient’s hemodynamic status, changes in CO can be used to guide resus-
citation. Likewise, dynamic hemodynamic indices such as stroke volume
variation (SVV), PPV, and the pleth variability index (PVI), exploit the
Frank-Starling relationship in mechanically ventilated patients, to give
us a predictable representation of whether an individual patient would
be a responder or nonresponder to fluid expansion to maximize CO. We
will focus on noninvasive monitors that can be used together with GDT
protocols.

6.6 Esophageal Doppler

The esophageal Doppler (ED) uses a flexible ultrasound probe that can
measure blood flow velocity and assess changes in blood flow from the
descending aorta, allowing for CO to be calculated from the velocity time
integral of the Doppler signal and the aortic cross section area. Cardio™
(Deltex Medical Ltd, Sussex, UK) uses nomograms to estimate the diam-
eter of the descending aorta and calculate CO. There are several studies
using the ED that confirm that it can rapidly detect changes in CO and
improve patient outcomes [6-9]. However, there are limitations in the
use of this device, as the Doppler probe needs constant repositioning to
obtain a good signal, which means that the measurements are operator
dependent [10].

6.7 USCOM

USCOM™ (USCOM, Sydney, Australia) is a suprasternal, transthoracic
Doppler that calculates CO from aortic or pulmonary arterial flow mea-
surements. The accuracy and precision of USCOM has been verified,
when compared to bolus thermodiluation [11,12], but its intermittent
nature and significant training or high level of experience are required to
obtain accurate measurements. To date, this device has not been used for
GDT studies in the operating room.

6.8 Nexfin

The Nexfin®, or as it is now called, the ClearSight® (Edwards Lifesciences,
Irvine, CA), monitor uses a finger cuff to continuously monitor NIBP and
uses the arterial pressure curve and pulse wave analyses to compute CO
and dynamic variables such as PPV and SVV. In a recent study, Nexfin
was used with GDT protocol to discriminate between fluid responders
and nonresponders [13]. However, there are limitations on the use of the
device, as an accurate determinant of CO and blood pressure such as
vasoconstriction and low peripheral perfusion [14].
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6.9 Impedance/bioreactance

Bioimpedance (BioZ™, CardioDynamics, San Diego, CA) provides nonin-
vasive CO monitoring by applying a high frequency, low-alternating elec-
trical current across the thorax via skin electrodes.

NICOM™ (Cheetah Medical, Portland, OR), a bioreactance device,
measures changes in the frequency of the electrical currents traversing
the chest. Although both bioimpedance and bioreactance show promise
in healthy volunteers, studies in patients show low precision and agree-
ment, making them unsuitable for clinical practice [15,16].

6.10 Continuous noninvasive arterial pressure

The CNAP 500 (continuous noninvasive arterial pressure; CNSystems,
Graz, Austria) system measures continuous pressure, which is obtained
by a double finger cuff. The monitor computes CO and PPV, which has
been shown to be highly predictive of fluid responsiveness [17,18].

6.11  Other noninvasive hemodynamic
monitoring systems

6.11.1 Near-infrared spectroscopy

Near-infrared spectroscopy (NIRS) (see also Chapter 5) uses near-infrared
light to measure hemoglobin content in tissues. Since most of the blood
in tissues is venous, NIRS can be used to detect decreases in blood flow
or in oxygenation. Occlusion tests can be done to detect microvascular
changes. Vascular occlusion tests at the forearm use NIRS to measure the
tissue oxygenation (5tO,) value at the thenar eminence, which has been
purported as a functional evaluation of the microcirculation [19-21]. In a
healthy individual as indicated in Figure 6.2a, the vascular occlusion test
would induce transient ischemia, with quick recovery indicating intact
microcirculation and therefore good perfusion. Patients that have under-
lying pathology affecting their microcirculation and perfusion pressures
are not able to recover as quickly, as shown in Figure 6.2b.

6.11.2  Pleth variability index

The PVI (Masimo Corp, Irvine, CA) is an automated and continuous cal-
culation of respiratory variations in the perfusion index that relies on
light absorption through the finger, ear, or forehead. PVI can be used to
predict fluid responsiveness in mechanically ventilated patients and has
been used in a limited series of GDT studies [22,23]. However, there are
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Figure 6.2 Near-infrared spectroscopy recordings at the thenar eminence in (a) a
normal volunteer and (b) a pathologic patient with hypoperfusion.
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limitations in that vasopressors and vasoconstrictors may interfere with
the index [17].

6.11.3 GDT protocol

As we have all learned from basic physiology, the goal of circulation is to
provide oxygen and nutrients to tissues and organs. To accomplish this,
we need adequate perfusion pressure to force blood to the microvessels of
organs and adequate CO to deliver oxygen and substrates, while removing
carbon dioxide and other metabolic waste. Monitoring CO and dynamic
parameters that focus on the cardiopulmonary interactions, such as PPV,
SVV, and PVI, can be used to predict patient preload responsiveness.
Specifically, when looking at the Frank-Starling relationship, if a patient
is on the steep portion of the curve, large changes in preload (by giving a
fluid bolus, for example) will induce large increases in stroke volume (SV),
helping to maximize CO and improve perfusion; while if a patient is on
the plateau portion of the curve, volume expansions will have little to no
effect on the SV, thereby indicating that the patient is already well loaded
with fluid, and other clinical measures should be used if the patient is
experiencing hemodynamic instability. There is no confirmation, however,
that the patient has adequate microvascular perfusion. These parameters
can be quantified and applied for the use of GDT together with CO moni-
toring. Ideally, we would also need to have a perception of venous return,
which would be determined by the pressure gradient between the periph-
eral veins and the right atrium (CVP). The venous system can be divided
into two theoretical compartments, the unstressed and the stressed vol-
ume. The unstressed volume is that volume that fills the vascular sys-
tem up to a point where intravascular pressure starts to increase. Above
that, filling of the system would be denoted the stressed volume. The mean
circulatory filling pressure (MCFP) is defined as the pressure when all
veins are distended and the heart stopped (no flow). All pressures are
equalized. The MCFP is normally in the range of 8-10 mmHg and is the
major component of venous return. Organ flow would be determined by
the difference between MAP and CVP. Consequently, if we increase CVP,
microvascular perfusion will decrease.

6.12  Limitations of current devices for
measuring dynamic parameters

Major limitation of dynamic parameters for fluid responsiveness assess-
ment are that patients should fulfill the following criteria:

e Mechanical ventilation
¢ General anesthesia
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¢ Tidal volume >6 mL/kg
¢ No arrhythmia
* No right ventricular dysfunction

6.13 Conclusion

Noninvasive advanced technologies offer many options for hemody-
namic monitoring and application with GDT. There are limitations we
need consider; however, these devices may be useful in the future, apply-
ing GDT in patients with a moderate to low risk for perioperative compli-
cations and hemodynamic instability.

6.14 Clinical case

The hemodynamic performance of a 49-year-old man, referred for a right
nephrectomy under general anesthesia, is shown below. The medical his-
tory consists of a history of smoking (one pack a day for 30 years), alcohol
use, and IV drug use (now discontinued). The patient’s weight is 63 kg
and the height is 183 cm. Preoperative EKG is normal, left ventricular
ejection fraction is 45%. In addition, the preoperative echocardiography
shows mild pulmonary hypertension (systolic pulmonary artery pres-
sure is 40 mmHg) and a moderate right ventricular dysfunction (right
ventricle is slightly dilated).

The plan for anesthesia management consists of induction with IV
protocol and fentanyl and maintenance using inhaled sevoflurane and
fentanyl boluses. Vascular access consists of one peripheral IV (16G), a left
subclavian central venous catheter (double lumen) equipped with central
venous oxygen saturation (S.,O,) readings, and a left radial arterial line.
Hemodynamic monitoring relies on CVP, CO monitoring using ED, and
PPV from the arterial line tracing. The goal of the hemodynamic man-
agement was to keep PPV below 10%, S.,O, more than 70%-75%, and to
optimize CO.

Baseline crystalloids infusion is 5 mL/kg/hr.

After 1 hour of surgery, the estimated blood loss is 800 mL. The
patient’s hemodynamic variables (Figure 6.3) are heart rate (HR) 96 bpm,
ABP 85/47 (60) mmHg, CVP 13 mmHg, SpO, 100%, CO 2.9 L/min, S_,0,
53%, PPV 18%.

At this stage, it was decided to administer 500 mL of IV fluids since
PPV was high (18%) together with a low CO and a low S_,O,. At this point,
we measured hemoglobin and hematocrit.

After IV fluid administration, we observed the following data
(Figure 6.4): HR 83 bpm, MAP 94/50 (65) mmHg, CVP 15 mmHg, SpO,
100%, CO 3.5 L/min, S0, 59%, PPV 10%.
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Figure 6.4 Data observed after 500 mL of fluid.

Volume expansion thus induced an increase in CO (from 2.9 to
3.5 L/min, i.e., a 21% increase) and a decrease in PPV (from 18% to
10%). At the same time, we observed an increase in SO, and in other
hemodynamic parameters. Hemoglobin was 79 g/dL and SO, was
low. We decided to administer two units of blood (Figure 6.5). PVV was
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Figure 6.5 Data observed after two units of blood.

in the “gray zone” (10%): HR 77 bpm, MAP 98/51 (67) mmHg, CVP
17 mmHg, CO 3.7 L/min, S.,0, 66%, PPV 8%.

At this stage, hemoglobin was measured at 10.7 g/dL and PPV was 8%,
thus below the threshold for fluid administration. The only abnormally
low parameter was the SO, (66%), indicating that there was a mismatch
between oxygen consumption and oxygen delivery. Because Hb and S,0O,
were normal and because PPV suggested that the patient was now a non-
responder to volume expansion, it was decided to introduce a small dose
of dobutamine (5 pg/kg/min) (Figure 6.6). Moreover, blood administration
increased the S_, O, but had very little impact on CO (only a 5% increase).

At the end of the surgery the patient was extubated in the operating
room. Dobutamine was discontinued 1 hour after surgery. Patient spent
the night in the ICU and was transferred to the ward on Day 1. The post-
operative course was uneventful.

Fluid management during surgery has a deep impact on postopera-
tive outcome. As seen in this case, fluid management and administration
were based on a well-defined strategy aiming at optimizing CO and oxy-
gen delivery. This management allowed better and more rationale fluid
administration and helped to tailor hemodynamic optimization based on
the patient’s specific situation.

In the absence of a simple hemodynamic monitoring system, it is more
likely that fluid administration would have been different and would
have resulted in a different outcome. Moreover, once CO and PPV were
optimized, hemodynamic monitoring helped to us introduce dobutamine
to improve S_,O, (in this case Hb was already normalized).
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Figure 6.6 Data observed after introduction of dobutamine (5 ug/kg/min).

Implementing simple protocols for fluid and hemodynamic optimi-

zation is easy and can help to improve patients” outcomes. Moreover, this
helped to standardize hemodynamic management and to decrease the
interindividual variability.
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Key points:

This chapter deals with fluid therapy for

Patients with cardiac disease

Patients with respiratory disease

Patients with renal disease

Patients with neurological disease

Patients with liver disease

Case study: Perioperative fluid therapy in vascular surgery

7.1 Introduction

Perioperative risk can be considered as either procedure-specific or
patient-specific. This chapter will concentrate on the latter: patients
with preexisting comorbidities and impaired physiological reserve/
functional status.

Each surgical patient should undergo a comprehensive preoperative
assessment to identify and optimize comorbidities. The American Society
of Anesthesiologists physical status grading system can be used for risk
stratification, although it is relatively broad and inconsistent [1]. Since car-
diac complications are the commonest cause of nonsurgical perioperative
morbidity and mortality, there are a number of scoring systems specifi-
cally addressing this [2,3]. An evaluation of functional status is important
and aerobic capacity can be estimated from the medical history or directly
measured by cardiopulmonary exercise testing. Renal function should be
tested in patients with underlying chronic disease such as hypertension
and in those taking medications that predispose them to electrolyte dis-
turbance or renal impairment. One must also consider postoperative risk
stratification where appropriate, for example POSSUM [4] or APACHE [5]
scoring systems.

There is good evidence to suggest that high-risk patients may ben-
efit from manipulation of physiological parameters to improve outcome.
Apposite fluid therapy is important in this process. This chapter will
consider the target of optimal fluid therapy for each major organ system
and the implications of inappropriate or unsuitable fluid regimens for the
high-risk patient undergoing surgery.
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7.2 Patients with cardiac disease

Cardiac complications are the commonest cause of perioperative mor-
bidity and mortality [6]. Myocardial ischemia, pump failure, or both
were found to be most predictive of perioperative decompensation and
death [7]. The recent VISION (Vascular Events in Noncardiac Surgery
Patients Cohort Evaluation) study [8] found that 8% of patients over
45 years of age suffered myocardial injury after noncardiac surgery, of
which 84.2% were asymptomatic. This finding was significant because,
amongst these, 1 in 10 died within 30 days.

The main principles of fluid therapy in these patients are to reduce the
risk of precipitating myocardial ischemia or cardiac failure and to main-
tain cardiac output and oxygen delivery to the tissues.

7.2.1  Excess fluid administration

This can increase cardiac workload due to a shift to the right on the
Frank-Starling curve and, if excessive, can increase postoperative cardiac
morbidity. The Frank-Starling law of the heart (see Figure 7.1) states that
up to a certain point along a volume/pressure curve, increased preload
(left ventricular end diastolic volume) causes myocardial wall stretch,
which contributes to the contractility of the heart, thereby increasing
stroke volume and consequently cardiac output. During hypovolemia, the
patient is at the responsive end of the curve, where an increase in preload
will increase myocardial contractility. In normovolemia, they are on the
nonresponsive portion of the curve and have maximized their stretch-
related contractility. Whilst a healthy heart can tolerate a certain degree of

Poor response toa  ---f------mmmmmmmmmmmoomeeeoooooo
fluid bolus

i Once preload approaches
E the flat portion of

! frank-starling curve,

i further fluid boluses will
E not increase stroke
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Figure 7.1 The Frank-Starling law of the heart states that up to a certain point
along a volume/pressure curve, increased preload (left ventricular end diastolic
volume) causes myocardial wall stretch, which contributes to the contractility of
the heart, thereby increasing stroke volume and consequently cardiac output.
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hypervolemia, any further fluid administration will overstretch the heart,
resulting in decreased stroke volume, reduced oxygen delivery, and pos-
sible pulmonary edema, which will further compromise oxygenation.

7.2.2  Inadequate fluid administration

With hypovolemia, a decreased venous return results in decreased end
diastolic volume and stroke volume (see Chapter 4 on mean capillary
filling pressure). Younger, healthier patients can compensate for this by
increasing heart rate, but in senescent or diseased myocardium cardiac
output and oxygen delivery will fall. A decrease in myocardial perfu-
sion may further exacerbate this problem because of myocardial ischemia
and decreased contractility. Hypotension-associated tachycardia leads to
shortened diastolic time, increased myocardial workload, and decreased
myocardial blood supply. This is a “perfect storm” for myocardial isch-
emia and infarction. Kherterpal et al. found that there were increased car-
diac complications if the mean arterial pressure was less than 50 mmHg
or there was a 40% reduction from preoperative baseline. They also found
that a heart rate greater than 100 beats per minute increased the likeli-
hood of cardiac events [9].

The perfect balance can be difficult to gauge. Intravascular volume
can be estimated using clinical signs such as jugular venous pressure, skin
turgor, and urine output. Passive leg raising maneuvers increase cardiac
preload and can be used to assess fluid responsiveness. Noninvasive tech-
niques include esophageal Doppler techniques, and invasive techniques
include arterial waveform analyses and central venous and pulmonary
artery catheters. These methods are described elsewhere in this book (see
Chapters 4 and 5).

Oxygen delivery is a product of cardiac output and oxygen content,
where oxygen content is being determined by

C,0, = (1.34 x P,0,) + (Hemoglobin x oxygen saturation/100)

In addition to ensuring optimal cardiac output, care should be taken
to correct anemia and to ensure adequate ventilation; however, these areas
are beyond the scope of this chapter.

7.2.3  Modifying risk

Hypovolemia is a risk factor for tissue hypoperfusion, leading to adverse
effects ranging from delayed wound healing to organ failure [10,11]. On the
other hand, excessive fluid administration may compromise cardiac and
pulmonary function, cause tissue edema, prolong recovery of gastrointesti-
nal function, and impair tissue oxygenation [12,13] (see Figure 7.2).
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Figure 7.2 Hypovolemia is a risk factor for tissue hypoperfusion, leading to
adverse effects ranging from delayed wound healing to organ failure. Excessive
fluid administration may compromise cardiac and pulmonary function, cause
tissue edema, prolong recovery of gastrointestinal function, and impair tissue
oxygenation.

There has been ongoing debate about the optimal amount and type
of fluid to be administered [14]. Goal-directed fluid therapy (GDFT) uses
an individualized flow-related protocol, such as fluid loading and inotro-
pes, to optimize cardiac output and thus increase oxygen delivery. Some
studies have shown such strategies to reduce morbidity, mortality, and
health care resource consumption in critically ill patients [15,16]. Recently,
numerous studies of varying quality have been published investigating
the impact of GDFT on complications and length of hospital stay after
major surgery [11,17-20].

Concerns regarding cardiac complications from fluid challenges in
high-risk patients may prevent clinicians from fully embracing GDFT, but
a recent meta-analysis showed no increase in the incidence of pulmonary
edema or myocardial ischemia with GDFT, and cardiac complications
were actually decreased in high-risk patients compared to conventional
management [21].

The role of fluid maintenance rates in the context of GDFT was evalu-
ated in high-risk patients undergoing major surgery. The restrictive group
(4 mL/kg/hr) compared to the liberal group (8 mL/kg/hr) showed a sig-
nificantly reduced rate of major complications, particularly as regards
tissue healing and cardiovascular events [22].

7.2.4  Summary

In patients with cardiac comorbidity, cardiac output estimation can help
to achieve a balance between adequate volume to maintain myocardial
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perfusion and oxygen delivery and the risk of overadministration of
fluid, resulting in cardiac failure. GDFT using fluid boluses to achieve
predefined clinical parameters has been shown to improve outcome and
not increase cardiac complications. Current studies tend to favor a more
restrictive fluid regime.

7.3 Patients with respiratory disease

The inevitable and unavoidable reduction in pulmonary function post
surgery may be compounded by too much fluid as well as too little.
Therefore, it is crucial to achieve a balance. Volume overload can lead
to tissue and interstitial edema, leading to poor diffusion of gases and
metabolites, distortion of lung architecture, and obstruction of capillary
blood flow and lymphatic drainage. By contrast, insufficient intravenous
fluid administration can lead to poor lung perfusion and impaired gas
exchange, reducing global tissue oxygenation and resulting not only in
impaired lung function but impaired function of all extrapulmonary
organ systems.

7.3.1 “Liberal” perioperative fluid regimens

The adverse effects of volume overload are particularly evident in the
lungs, potentially leading to pulmonary edema, atelectasis, pneumonia,
compromised gas exchange, and ultimately respiratory failure and fail-
ure of oxygenation [12,23]. Following administration of 22 mL/kg saline
in six healthy volunteers, pulmonary blood flow was shown to increase
by 24%; however, diffusing capacity and functional residual capacity
were adversely affected, decreasing by 6% and 10%, respectively, with these
deleterious effects still present 40 minutes post-infusion [24]. Similarly,
rapid administration of 1 L of 0.9% saline in five healthy subjects was
shown to cause small decreases in static and dynamic lung volumes (total
lung capacity and forced vital capacity) and an increase in closing volume
(with measurements returning to baseline after 1 hour). In the same study,
2 L infusions caused even more marked decreases across all lung volumes
(this time with the adverse effects persisting at 1 hour post-infusion but
recovering after furosemide administration), and a decrease in static lung
compliance was also seen in all subjects during the first 10-15 minutes [25].

An accumulated positive fluid balance over the entire perioperative
period and, particularly, overzealous postoperative fluid administration
have been shown to cause serious negative respiratory sequelae. A retro-
spective analysis of 13 postoperative patients who developed fatal pulmo-
nary edema (10 healthy patients and 3 with serious medical comorbidities)
demonstrated that net fluid retention had exceeded 67 mL/kg/day in all
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of the patients [26]. Similarly, a study comparing general versus regional
anesthesia for 100 high-risk patients undergoing elective lower limb
peripheral vascular reconstructive procedures demonstrated that as many
as 10% (three epidural, seven general anesthesia) of patients that received
greater than 6 L of crystalloids in the first 24 hours postsurgery had devel-
oped respiratory failure [27]. These findings were reinforced by a recent
multicenter, prospective cohort study involving 479 patients undergoing
high-risk surgery, which found that patients with an intraoperative fluid
balance greater than 2 L had a higher rate of respiratory complications
(34.3% vs. 11.6%, P < 0.001), defined as P,0,/F,O, < 200, requiring tracheal
reintubation or difficulty withdrawing mechanical ventilation postop-
eratively [23] with no beneficial effect on extrapulmonary organ systems
resulting from the positive balance.

Conversely, there is some evidence that higher volume strategies
may be beneficial in low-risk patients undergoing minor operations.
A double-blinded study comparing intraoperative administration of
40 mL/kg vs. 15 mL/kg of Ringer’s lactate solution found improved post-
operative pulmonary function (assessed by spirometry) and exercise
capacity (submaximal treadmill test) in the liberal fluids group [28].

7.3.2  Restrictive fluid regimens

Relatively restrictive fluid regimens (usually defined as <7 mL/kg/hr) have
been adopted in thoracic surgery in order to reduce the risk of postpneumo-
nectomy pulmonary complications, in particular pulmonary edema, which
is reported to be as high as 12%-15% [29]. Although multifactorial, a correla-
tion with high volume perioperative fluid administration has been demon-
strated in several retrospective studies [30]. Intraoperative crystalloid fluid
administration in excess of 6 mL/kg/hr in 139 patients undergoing lung
resections was associated with an increased incidence of pulmonary com-
plications including need for tracheal reintubation, atelectasis, and pneu-
monia [31].

The benefit of restrictive fluid regimens on pulmonary function has
also been demonstrated in nonthoracic surgery. When compared to a
standard fluid regimen, restrictive perioperative fluid administration was
associated with significantly fewer infective complications, including a
50% reduction in pneumonia in 179 patients >65 years with gastrointes-
tinal cancer [32]. In major bowel surgery, pulmonary complications were
also shown to be higher in those that received conventional perioperative
fluid therapy (30-50 mL/kg/day of crystalloid fluids) when compared to
a restrictive protocol (less than 30 mL/kg/day of crystalloid fluids) [33].
Similarly, in a large randomized, observer-blinded, multicenter trial
of 172 patients undergoing colorectal resection, the patients allocated to



132 Fluid therapy for the surgical patient

a restrictive perioperative fluid regime (2.7 L average total fluids; no fluid
loading pre-epidural and minimal replacement of fasting deficits) had
a lower incidence of postoperative pulmonary complications compared
with the standard fluid regime (5.4 L average total fluids) [34]. It must be
noted, however, that the restrictive group received mainly colloids and
the standard group received greater than 5 L crystalloids. Nevertheless,
pulmonary benefits of a restrictive regimen (approximately 1.6 L vs. 5 L)
have also been demonstrated in patients undergoing fast-track colorectal
surgery in terms of improved postoperative lung function and decreased
hypoxemia, although they had higher levels of renin, aldosterone, and
angiotensin II [35].

Conservative fluid regimens have also been shown to be beneficial in
acute lung injury, and similar strategies can be applied to the high-risk
surgical patient. A large prospective, randomized trial involving 1,000
patients with acute lung injury compared liberal fluid administration
with conservative administration over 7 days and found that the conser-
vative group had significantly improved oxygenation indexes, better lung
injury scores, lower plateau pressures, and lower positive end-expiratory
pressures together with an increased number of ventilator-free days with-
out negatively affecting extrapulmonary organ function [36].

7.3.3  Summary

There is mounting evidence to support restrictive perioperative fluid strat-
egies in elective abdominal surgery, and this is already accepted practice
in thoracic surgery. The concomitant reduction in pulmonary complica-
tions (without detrimental effects on other organ systems) supports the
wider application of such a conservative approach to perioperative fluid
therapy in other surgical patients, especially those who are at high risk of
pulmonary complications postoperatively.

7.4 Patients with renal disease

Any patient presenting for major surgery is at risk of renal damage,
whether they have preexisting impairment or not. Potential insults
include nephrotoxic drugs, hemodynamic instability, hypovolemia, and
inflammatory response. The aim is to rectify or lessen any previous dam-
age, maintain adequate flow, diuresis, and oxygenation.

Many patients start with a preexisting fluid deficit, be it due to inad-
equate fluid resuscitation, excessive fasting, or use of bowel preparation.
It should be mentioned that routine bowel preparation has been found to
be of limited benefit in colorectal surgery and may complicate intra- and
postoperative management of fluid and electrolyte balance [37]; therefore
its use is now largely discouraged.
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74.1 Acute renal failure

In patients presenting with acute renal failure, further deterioration of
renal function should be avoided by maintaining renal perfusion, with
a mean arterial pressure >70 mmHg (>85 mmHg in hypertension) and a
urine output of at least 0.5 mL/kg/hr. It was previously thought that a lib-
eral approach to fluid therapy was optimal for renal protection. Although
dehydration is a very well-known cause of acute renal injury, overhydra-
tion might be an important predisposing factor in kidney damage. From
data extracted from the SOAP (Sepsis Occurrence in Acutely I11 Patients)
study, a multicenter, international, observational, cohort study, it was
found that in patients with acute renal failure a positive fluid balance was
associated with a worse outcome [38].

A randomized, multicenter trial comparing liberal and restrictive
fluid regimes in patients undergoing colorectal surgery that has been
mentioned previously in this chapter found that the number of patients
with postoperative complications was significantly reduced in the restric-
tive compared to the liberal group (33% vs. 51%, P = 0.02). There was no
increase in renal complications in the restrictive group [34].

74.2  End-stage renal failure

Hemodynamic instability is common in patients with end-stage renal fail-
ure, and there is a decreased ability to concentrate urine, regulate sodium,
and excrete potassium. In those who are reliant on renal replacement
therapy (RRT), current volume status and their ability to regulate their
own fluid balance needs to be ascertained. Information such as last dialy-
sis, ability to pass urine, and any daily fluid restriction should be sought.
Ideally, dialysis is best performed on the day of or the day before surgery.
Any derangement of renal function should be corrected prior to surgery.

Normovolemia is ideal to maintain renal blood flow and avoid hypo-
tension. If large fluid shifts are likely, esophageal Doppler monitoring
may be useful. In minor surgery, fluids should be limited to replacement
of urine and insensible losses.

74.3  Types of fluids
74.3.1 Hydroxyethyl starches

Hydroxyethyl starch (HES) is a nonionic starch usually derived from corn
or potato and one of the most frequently used volume expanders. HES is
a general term and can be subclassified according to an average molecular
weight, molar substitution, concentration, and C2/C6 ratio.

Retrospective studies do not offer strong scientific evidence but may
assist in designing appropriate randomized, controlled trials. Some small
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retrospective analyses suggested that critically ill patients receiving HES may
be more likely to develop acute kidney injury [39]. Two ICU publications in
2012 have fueled controversy on the safety of these solutions in certain patient
populations [40]. The Scandinavian Starch for Severe Sepsis (6S) trial [41]
reported significantly increased 90-day mortality and use of RRT in patients
with septic shock receiving HES 130/0.42 as compared with Ringer’s acetate.
Then the Crystalloid versus Hydroxyethyl Starch (CHEST) trial [42], which
was nearly nine times larger and was conducted with a different HES (HES
130/0.4), found, prima facie, a borderline increase in RRT (significant only in
unadjusted analysis) but no significant increase in mortality in mixed ICU
patients receiving HES in comparison with 0.9% saline. The exact mecha-
nism of how HES can cause renal dysfunction is not fully understood, but
it has been proposed that it may be due to resorption of the macromolecule
into the renal tubular cells, leading to osmotic nephrotic lesions or renal
plugging due to hyperviscous urine [43]. CHEST and 6S were carried out
in different patient groups, using different HES and different crystalloid
comparators, and also resulted in very divergent outcomes for HES in both
studies. CHEST demonstrated significantly less use of fluid (about 30% less)
and a significantly lower incidence of new cardiovascular failure associ-
ated with HES, and the incidence of acute renal injury was lower with HES
than with 0.9% saline (by RIFLE criteria: 54.0% vs. 57.3; relative risk [RR]
0.94; 95% confidence interval [CI] 0.90-0.98; p = 0.007) and no difference in
the primary end point of death by 90 days. After the publication of CHEST,
five meta-analyses [44—48] on the use of HES were published within about
6 months that suggested harm from HES in critically ill patients. It is well
known that high molecular weight colloids may induce hyperoncotic renal
failure in susceptible patients, yet these meta-analyses included disparate
HES with known chemically different formulae, assuming them all to be a
single chemical entity. However, notwithstanding this controversy, a con-
traindication for patients with sepsis would seem justified, pending further
research in this field. In elective surgery, the intraoperative use of 6% HES
130/04 appears to be safe.

74.3.2  Crystalloids
In animal studies it has been suggested that hyperchloremia is a critical
determinant for changes in renal blood flow, mediated by the afferent and
intrarenal arterial vessels [49]. As the chloride concentration increases,
the renal blood flow decreases. When healthy volunteers were given 0.9%
saline or a balanced electrolyte solution (Plasmalyte®), renal cortical tissue
perfusion was shown to decrease in the 0.9% saline group [50]. A retro-
spective study of patients undergoing noncardiac surgery found an asso-
ciation between serum chloride levels greater than 110 mmol/L and an
increased mortality risk and RIFLE (risk, injury, failure, loss, end stage)
criteria [51]. A meta-analysis of 21 studies involving 6,253 patients found
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that there was a significantly higher risk of acute kidney injury (RR 1.64,
95% CI 1.27-2.13, P < 0.001) when high chloride fluids were used in criti-
cally ill or surgical patients [52].

These studies suggest that a balanced electrolyte solution such as
Plasmalyte or Hartmann’s solution should be used where large volumes of
fluid are likely to be required, as in major surgery, rather than 0.9% saline
to prevent the risk of hyperchloremia and possible renal impairment.

74.4  Summary

All patients undergoing surgery are at risk of renal injury. A modestly
restrictive rather than liberal fluid regime appears to improve postsurgical
outcome without compromising renal function. Patients with end-stage
renal failure need extra attention due to their inability to regulate their
own fluid balance and electrolytes. After initial hemodynamic resuscita-
tion, HES 130/0.4 should not be used in critically ill patients, especially
those with sepsis or renal impairment. In fact, this may be the case for all
colloids. Older-generation high molecular weight colloids, including HES,
should be avoided. The continued usage of HES 130/0.4 in the periopera-
tive setting seems fully justified based on available evidence. Balanced
solutions are preferable to hyperchloremic solutions such as 0.9% saline,
as high chloride concentrations have been shown to reduce renal blood
flow, induce acidosis, and increase the risk of kidney injury.

7.5  Patients with neurological disease

Excessive fluid administration or inappropriate choice of fluids may
result in cerebral edema and poor neurological outcome. Similarly, insuf-
ficient fluid administration may cause hypovolemia and impaired cere-
bral perfusion.

In the patient with neurological pathology, restrictive fluid regi-
mens have generally been advocated historically in order to avoid exac-
erbating cerebral edema [53]. However, perioperative fluid restriction (if
implemented excessively) may result in equally harmful episodes of hypo-
tension allied with an increase in intracranial pressure, reduced cerebral
perfusion pressure, and potentially worse neurological outcome [54,55];
therefore a careful balance must be achieved.

7.5.1 Rate of fluid administration

The rate of fluid administration varies considerably during major surgery.
In six healthy adult volunteers who had very rapid administration of
Ringer’s lactate (25 mL/kg over 15 min), it was found that unpleasant
neurological symptoms such as headache and circumoral paresthesia
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were experienced, which were not observed when the same volume was
infused at a slower rate [56].

The rate of fluid administration is important when considering
sodium disorders. Whilst covered in greater detail in previous chapters,
it must be highlighted that high-risk surgical patients (including patients
with brain injury) are particularly prone to electrolyte disturbances that
may result in permanent neurological dysfunction if rapid correction with
intravenous fluids is undertaken [57].

7.5.2 Volume of fluids

Prevailing evidence appears to support avoidance of excessive or arbitrary
administration of perioperative fluids to minimize neurological dysfunc-
tion. Perioperative volume administration inevitably results in hemodi-
lution, which is typically accompanied by a compensatory increase in
cerebral blood flow (in response to the decrease in arterial oxygen con-
tent), although in patients with brain injury the normal responses to
hemodilution and hypoxia may be significantly impaired. A hematocrit
level of 30%—33% has been shown to be the optimal combination of viscos-
ity and oxygen-carrying capacity and may improve neurological outcome,
whereas excessive perioperative fluid administration and marked hemo-
dilution may worsen any neurological injury [55,58].

A large multicenter, prospective cohort study involving 479 high-risk
surgical patients demonstrated significantly higher postoperative neuro-
logical complications in patients that had an intraoperative fluid balance
greater than 2 L (46.2% vs. 13.2%, P < 0.001), with greater levels of behav-
ior change, forgetfulness, or psychomotor agitation when compared with
those with a less positive fluid balance [23].

Hypovolemia and fluid restriction have also been identified as risk
factors for delayed vasospasm (and cerebral ischemia) in patients fol-
lowing surgery for aneurysmal subarachnoid hemorrhage. Prophylactic
hypervolemic postoperative fluid regimens have been proposed as a
potential therapeutic approach to prevent and treat cerebral vasospasm in
this specific cohort of patients, although there is lack of evidence to sup-
port this type of fluid regimen at present [59,60].

7.5.3  Types of fluids

High glucose concentrations have been shown to worsen cerebral damage
associated with cardiorespiratory arrest [61]; therefore, glucose solutions
should generally be avoided in patients having surgery, particularly those
with acute stroke and in those undergoing procedures that carry a high
risk of perioperative cerebral ischemia, such as cardiopulmonary bypass
or carotid endarterectomy [62]. An animal study investigating the effects
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of rapid infusion of 0.9% saline compared with 5% dextrose following
acute head trauma demonstrated an increased mortality and worsened
neurological outcome in the 5% dextrose group [63].

Similarly, the use of albumin solutions in patients with head injury
has been shown to be potentially deleterious. While the Saline versus
Albumin Fluid Evaluation (SAFE) study found no significant difference
in outcome in 6,997 critical care patients when albumin 4% was compared
with 0.9% saline [64], subgroup analysis of 460 patients with head injury
from the same study showed a higher mortality (33% vs. 20%), particu-
larly in those with severe brain injury [65]. It must be noted, however, that
an imbalance existed in the trial comparator groups (the albumin group
contained a larger number of patients over 55 years of age) and the albu-
min preparation used in the trial was relatively hypotonic (260 mOsm/L),
potentially contributing towards intracranial hypertension. Furthermore,
albumin has previously been demonstrated to improve neurological and
functional outcomes in animal studies following ischemia and has also
shown potentially beneficial effects in patients with ischemic stroke.
Therefore, albumin may still be indicated in subarachnoid hemorrhage
or vasospasm.

Hyperosmolar crystalloid fluids (hypertonic saline, mannitol) have
several physiological and immunological effects [66]. As osmotic agents,
they draw interstitial fluid into the intravascular compartment, theoreti-
cally restoring circulating volume and tissue perfusion using a smaller
volume than would be required with traditional crystalloid fluids [62].
They have also been shown to have positive effects in modifying the
inflammatory response associated with tissue injury, including attenu-
ation of neutrophil activation, downregulation of pro-inflammatory
cytokines, enhanced production of anti-inflammatory mediators, and
enhanced T-cell function. Specifically, hypertonic fluids have been shown
to reduce cerebral edema, improve cerebral vasoregulation, reduce vaso-
spasm, reduce intracranial pressure, improve cerebral perfusion, and
reduce accumulation of neurotoxic mediators. Therefore, there is a theo-
retical benefit in resuscitating patients with hypovolemic trauma, trau-
matic brain injury, and in the attenuation of ischemia and reperfusion
injury in vascular procedures, cardiopulmonary bypass, and transplant
surgery [67,68]. Unfortunately, clinical studies have been less convincing.
A prospective, randomized clinical trial comparing hypertonic saline and
Ringer’s lactate for resuscitation of 34 patients with head injury failed to
demonstrate a significant difference in neurological outcome between the
two groups [69]. Similarly, a double-blind, randomized controlled trial of
229 patients comparing a prehospital 250 mL bolus of either hypertonic
saline or Ringer’s lactate in hypotensive patients with traumatic brain
injury found no difference in neurological outcome [70]. Nevertheless,
despite the lack of trial evidence, the use of hypertonic saline is frequently



138 Fluid therapy for the surgical patient

advocated in the management of surgical patients with refractory intra-
cranial hypertension [21], requiring the clinician to balance the theoretical
advantages against the risk of hypernatremia [71].

Iso-osmolar crystalloid solutions (with an osmolality of ~300 mOsm/L)
such as 0.9% saline are generally considered safe for administration in the
neurosurgical patient, as they do not alter plasma osmolality and therefore
do not increase brain water content. Ringer’s lactate, however, has a lower
measured osmolality (~254 mOsm/L) and may reduce plasma osmolal-
ity when administered in large volumes (greater than 3 L), resulting in
increased brain water content and an elevated intracranial pressure [72];
smaller volumes are unlikely to be detrimental.

Colloid solutions appear to confer no benefit over isotonic crystalloids
in brain injury. In a prospective animal study, colloid administration did
not increase cerebral oxygen delivery or reduce cerebral edema or intra-
cranial pressure when compared with Ringer’s lactate solution [73].

7.5.4  Summary

The importance of achieving normovolemia (whether administering crys-
talloid or colloid solutions) is now well established in neuroanesthesia and
neurocritical care, and this practice should also be applied to the surgical
patient to minimize neurological complications and optimize neurologi-
cal outcome.

7.6  Patients with liver disease

Liver cirrhosis affects all body systems and results in a reduced life expec-
tancy. Patients with end-stage liver disease are at significant risk of mor-
tality and morbidity after anesthesia and surgery [74], with liver and renal
failure, sepsis, and bleeding being common causes of poor perioperative
outcome. Liver failure can either be acute or chronic and caused by many
different pathologies; however, outcome after surgery and anesthesia are
usually dictated by severity of liver impairment rather than the cause [75].
Except for liver transplantation, it is unlikely that a patient with severe
decompensated liver disease will present for elective surgery; however,
these patients may easily present for emergency surgery. Optimization of
perioperative intravenous fluid therapy is essential in reducing the risk of
perioperative complications, as these patients have limited physiological
reserve.

7.6.1  Changes in physiology

Patients with liver disease tend to have a hyperdynamic circulation
with a high cardiac output, low systemic vascular resistance and a high
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intravascular volume [76]. Tissue perfusion can be poor due to arteriove-
nous shunting, and often the response to endogenous and exogenous cate-
cholamines is blunted. Consequently, fluid management can be extremely
challenging. Patients are also likely to have risk factors for coronary artery
disease such as cigarette smoking or hyperlipidemia, but symptoms may
be masked by the reduced left ventricular workload. Anesthesia and sur-
gery can unmask this and cardiac ischemia may become apparent.

Intraoperative hypovolemia, hypotension, and hepatorenal syndrome
are associated with immediate postoperative kidney dysfunction. Renal
failure after liver transplant results in a prolonged hospital stay and
increased acute rejection, infection, and overall mortality [77]. Hepatorenal
syndrome can develop secondary to ascites or portal hypertension due to
reduced renal blood flow, altered hemodynamic responses, or release of
hepatic toxins [78]. Maintenance of hepatic blood flow and oxygen delivery
is essential, as any relative hypoperfusion may lead to further hepatocel-
lular injury and result in decompensation. Local hepatic autoregulation is
impaired, making the cirrhotic liver less tolerant to hemodynamic changes,
especially when exposed to general anesthetics [79]. Due to depletion of
glycogen stores, one should be vigilant towards the development of hypo-
glycemia. A background infusion of 5%-10% dextrose can help to avoid
hypoglycemia and protect against inadvertent increases in plasma sodium
concentration.

7.6.2  Preoperative optimization

Electrolytes can be grossly deranged, and therefore fluid therapy must
account for this. Ascites and peripheral edema develop in response to
secondary hyperaldosteronism, which causes water retention and hypo-
natremia. The treatment of ascites includes loop diuretics, which can
cause relative hypovolemia and hypokalemia. Conversely, the aldoste-
rone antagonist spironolactone causes hyperkalemia. Prior to surgery,
electrolyte disturbance should be corrected. Note that patients with
cirrhosis may still have renal impairment with a normal blood creatinine
level [80].

7.6.3  Hepatic resection

Although ensuring adequate intravascular volume is important for
maintenance of renal perfusion, there has been much work on the rela-
tionship between central venous pressure (CVP) and its effect on blood
transfusion during liver resection. A previous strategy for reducing blood
loss was to keep the patient relatively hypovolemic, as a CVP less than
5 cmH,0O has been associated with reduced blood loss [81]. However, a
recent Cochrane review showed a low CVP had no significant benefit on
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mortality or long-term survival. With the importance of avoiding hypovo-
lemia to reduce the risk of renal impairment, a more liberal fluid approach
is reasonable.

7.6.4  Types of fluid

Albumin is often the colloid of choice in patients with liver disease. Due
to loss of hepatic synthetic function, hypoalbuminemia is often a prob-
lem. Although the SAFE study [64] showed no significant differences
in mortality, length of stay in the intensive care unit, duration of RRT,
or duration of mechanical ventilation between resuscitation with 0.9%
saline or albumin, perioperative hypoalbuminemia is associated with a
worse prognosis [74]. Previous systematic reviews have shown albumin to
be beneficial [82] and, as fluid resuscitation with albumin is well tolerated
and similar to 0.9% saline [83], patients with known hypoalbuminemia
may benefit from its administration.

As mentioned previously in this chapter in section 7.4.3.2 Crystalloids,
liberal chloride-based intravenous fluids have been shown to increase
acute kidney injury in general critically ill patients. An observational
study of 158 liver transplants showed a similar result [84], suggesting bal-
anced electrolyte solutions are also superior in this setting.

7.6.5 Summary

Patients with liver failure have a high perioperative morbidity and
mortality. Renal failure is common and is a predictor of poor outcome.
Hypovolemia and hypotension should be avoided to reduce the risk of
precipitating renal failure or hepatic hypoperfusion. Previously, main-
taining a low CVP was advised, but newer evidence has shown no sur-
vival benefit or reduction in blood loss. Often albumin is used as a colloid
due to the prevalence of hypoalbuminemia. There is some evidence that
high chloride content may increase acute kidney injury and, therefore, a
balanced solution is preferable.

7.7 Case study: Perioperative fluid
therapy in vascular surgery

A 75-year-old male with a medical history of hypertension, hyperlipid-
emia, type II diabetes, and renal impairment is scheduled for expedited
open repair of an abdominal aortic aneurysm, having presented with a
6 cm infrarenal aortic aneurysm.

Aortic aneurysm surgery is considered high risk due to the acute
hemodynamic changes that appear intraoperatively, placing massive
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physiological demands on patients, who often have limited reserve and
extensive preexisting comorbidities (heart disease, hypertension, diabe-
tes, peripheral vascular disease, cerebrovascular disease, and renal insuf-
ficiency). These factors together with advanced age (>60 years) contribute
to a high probability of severe postoperative morbidity, including myo-
cardial ischemia, cerebrovascular events, respiratory failure, renal and
hepatic failure, bleeding, and paraplegia, especially when undertaken in
the emergency setting [85].

The primary goals of fluid therapy (and anesthetic management)
in this patient is to optimize myocardial, cerebral, and renal perfusion
to reduce the associated postoperative complications. Prevailing evi-
dence appears to support a change from traditional liberal replacement
of preoperative fluid deficits, insensible losses, and the now-disproved
third-space losses to a more judicious demand-based strategy aimed at
maintaining intravascular volume and filling pressures and end organ
perfusion whilst minimizing overload in the face of extreme intraop-
erative hemodynamic variation [85]. The application and subsequent
release of the aortic cross clamp is a particular challenge. Clamp appli-
cation causes a sudden increase in cardiac afterload, left ventricular
end-diastolic wall stress, and sympathetic stimulation, resulting in a
high systemic arterial pressure proximal to the clamp. This sudden
increase in afterload can precipitate left ventricular failure in a non-
compliant ventricle and myocardial ischemia if the resultant increase in
myocardial contractility and oxygen demand is not met by a commen-
surate increase in coronary blood flow and oxygen supply. Vasodilators
and opioids should be used to attenuate this response, which can
also be minimized by employing a relatively restrictive fluid strategy
prior to cross clamp placement, thus ensuring lower pulmonary artery
pressures.

On aortic cross clamp release, there is a dramatic reduction in sys-
temic vascular resistance and arterial blood pressure resulting from the
redistribution of blood volume, release of accumulated anaerobic metabo-
lites, ischemia-reperfusion phenomena, and anoxic relaxation of smooth
muscle that causes either direct myocardial suppression or profound
vasodilatation (relative volume depletion). This hypotensive response can
be minimized by slow, partial, or intermittent release of the cross clamp
(to enable gradual correction of hemodynamic parameters). Aggressive
volume loading is not warranted, as this vasodilatation is self-limiting
and will result in hypervolemia when it wears off. Vasopressors such as
phenylephrine or metaraminol (neither of these increase heart rate, which
is important to avoid in myocardial ischemia) should be used rather than
fluid loading [86].

There also remains considerable debate surrounding the best type
of fluid for use in open surgical repair, with blood products and/or
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combinations of crystalloid solutions and colloids all being utilized.
A review of 38 randomized trials involving 1,589 patients did not dem-
onstrate significant benefit from any single type of fluid or combination
of fluid therapies across a range of outcome measures [87]. Nevertheless,
a grossly positive fluid balance during the perioperative period is likely to
contribute to the development of left ventricular failure, and with this in
mind a handful of relatively recent small studies seem to support the use of
either low-volume colloid loading or low-volume hypertonic solutions [88]
during the clamping phase. One such trial comparing crystalloid and
hyperosmotic-hyperoncotic solutions during aortic clamping demon-
strated improved hemodynamic parameters, improved oxygen delivery,
and resulted in a less positive fluid balance [89].

7.8 Conclusion

Perioperative fluid therapy is an essential part of anesthesia and peri-
operative patient care. It poses significant and unique challenges in the
high-risk surgical patient. Healthy patients are more able to tolerate inju-
dicious fluid strategies, with less consequence on organ function, but this
may still have adverse effects. Preexisting medical disease, major organ
dysfunction, and physiological insufficiency combined with biochemi-
cal, metabolic, and hemodynamic derangement necessitates particu-
larly meticulous fluid status assessment and targeted administration of
the appropriate volume and type of fluids at the right time to optimize
patients” physiological parameters, avoid deleterious sequelae, and ulti-
mately improve postoperative outcomes.

Greater knowledge of pathological disease processes and the surgical
stress response, the role of the endothelial glycocalyx in vascular perme-
ability, together with an improved understanding of fluid kinetics and
the composition of fluid compartments has enabled a paradigm shift,
from rather arbitrary uncontrolled intravenous fluid administration to
a focused, systematic, and highly monitored approach. Based upon this
targeted philosophy, this chapter has taken an organ systems approach
to fluid therapy and matched this with the most recent evidence in fluid
therapy for the patient at high risk.

Overall, there is a tentative move towards more restrictive fluid
strategies for the high-risk surgical patient. Whilst this is an impor-
tant underlying principle, recipe-based strategies often fail to account
for the variation in individual patients and their perioperative status,
and therefore one must take an individualized and dynamic approach
to perioperative fluid therapy, particularly in high-risk patients
where hemodynamic parameters and fluid responsiveness are con-
stantly changing.
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81 Casel

An 18-year-old male is transported by helicopter after sustaining a gun-
shot wound to the abdomen. He is transfused one unit of uncrossmatched
type AB liquid plasma en route for hypotension and a positive abdomi-
nal ultrasound examination. On arrival to the emergency department, he
is diaphoretic and confused. Initial vital signs are heart rate 150 breaths/
min, blood pressure 90/60 mmHg, respiratory rate 30 breaths/min, and
a Glasgow coma scale (GCS) score of 14. On examination, the patient has
a single gunshot wound to the left upper quadrant of the abdomen as
well as abdominal distension. Chest x-ray demonstrates neither pneu-
mothorax nor hemothorax. Focused assessment with sonography in
trauma (FAST) examination is positive. A massive transfusion protocol
is initiated. Arterial blood gas demonstrates pH of 717 and base deficit
of 9; initial hemoglobin is 11 g/dL. The patient is taken urgently to the
operating room. Rapid sequence intubation is performed after the patient
is prepared and draped. Upon entering the abdomen, 3 L of hemoperito-
neum are evacuated as the abdomen is packed with laparotomy sponges.
The patient is found to be hemorrhaging from a grade V splenic injury,
which is managed by splenectomy. Initial rapid thromboelastography
(rTEG) values return, demonstrating activated clotting time (ACT) 156
seconds, angle 58 degrees, maximum amplitude 55 mm, and LY-30 of 6%.
After splenectomy, bleeding has been controlled. The patient also under-
goes two small bowel resections due to multiple small bowel injuries.
After intraoperative transfusion of eight units of packed red blood cells
(PRBC), eight units of fresh frozen plasma (FFP), and six units of plate-
lets, as well as bolus and infusion of tranexamic acid (TXA), the patient’s
acidosis and base deficit are resolving. His heart rate is 90, blood pres-
sure is stable without any vasopressor requirement, and urine output is
increasing. The decision is made to proceed with definitive restoration of
normal anatomy. The patient undergoes two small bowel reanastomoses
and primary abdominal closure. He is transported to the surgical ICU.
By this time, the patient has received eight units of PRBC, nine units of
plasma, six units of platelets, and 1,500 mL of PlasmaLyte to transfuse
the blood products. Massive transfusion protocol is deactivated. Serial
laboratory studies including rTEG are continued and guide transfusion
of specific blood components. The patient is found to be stable on postop-
erative Day 1 and is extubated. He has an uncomplicated hospital course
and is discharged home on postoperative Day 5.

8.2 C(Case 2

A 40-year-old female arrives by ambulance after a high-speed head-
on motor vehicle collision. On arrival, her vital signs are heart rate
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120 breaths/min, blood pressure 108/60 mmHg, respiratory rate
20 breaths/min, and GCS 15. On examination, she has right flank ecchy-
moses and pelvic instability. Chest x-ray and FAST examination are
negative. Pelvic x-ray demonstrates an open book pelvic fracture. As
the secondary survey is performed, her blood pressure begins to fall
to less than 90 mmHg systolic. She is placed in a pelvic binder and is
transfused one unit of uncrossmatched type O- PRBC and one unit of
uncrossmatched type AB thawed plasma. After transfusion, her blood
pressure rises. She is taken to the CT scanner (with the trauma team
closely monitoring for recurrent hypotension), where she is found to
have multiple rib fractures, a Grade 2 liver injury, multiple pelvic frac-
tures, and a large pelvic hematoma with questionable active extravasa-
tion. At the same time, her admission laboratory studies demonstrate
an elevated base deficit and prolonged ACT on rTEG. She is transfused
additional units of (crossmatched) FFP and taken to interventional radi-
ology for angiography, where a bleeding vessel is embolized. On repeat
labs, her rTEG parameters have corrected, and her base deficit is resolv-
ing. She is now normotensive with no suspicion of active bleeding; there-
fore maintenance fluids with PlasmaLyte are started. She will proceed to
the operating room with orthopedics for pelvic fixation within 24 hours
of admission.

8.3 Introduction

Advances in the care of the trauma patient have historically been made
during times of armed conflict. Treatment of battlefield casualties has not
only advanced our knowledge of surgical techniques but also our under-
standing of physiology and resuscitation strategy. Important milestones
in this regard include the resuscitation efforts during World War I, wide-
spread use of dried plasma and whole blood during World War II, and the
advent of damage control resuscitation during the wars in Afghanistan
and Iraq. Advances such as these, borne out of conflict, were later imple-
mented in civilian trauma systems.

Trauma continues to be a growing problem in the United States and
worldwide. Injury is the leading cause of death in those aged 40 years
and younger, and it is the fifth leading cause of death overall in the
United States [1]. From 2000 to 2010, death rates secondary to trauma
increased while death rates secondary to heart disease and cancer actu-
ally decreased [2]. Trauma continues to be the number one cause of pro-
ductive life years lost. The economic burden of trauma not only arises
from the initial hospitalization but includes ongoing medical care well
after the initial injury as well as missed employment opportunity. With
these combined costs, the estimated economic impact of all injuries in the
United States occurring in the year 2000 alone was $406 billion [3].
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We are discovering more and more that optimal care of the trauma
patient includes not only treatment of the specific post-traumatic injuries
but also correction of the patient’s physiologic derangements that result
from the original traumatic insult. Of the trauma patients who survive to
presentation to the emergency department, the top two causes of death
are exsanguination and traumatic brain injury (TBI). The methodology of
resuscitation has obviously a significant impact on the outcomes for the
patients with the gravest injuries. However, less than optimal resuscita-
tion can have ramifications in patients with less severe injuries as well.
Prolongation of the shock state, increased organ dysfunction, and failure
of nonoperative management can all result from a suboptimal resusci-
tation strategy. Therefore, developing an optimal resuscitation strategy
with consideration to the type, timing, and volume of fluids used is of
paramount importance to any clinician involved in trauma care.

8.4 The coagulopathy of trauma

The correction of coagulopathy is one of the greatest challenges in the
care of the trauma patient, not only because of its prevalence in this
patient population but also because of the adverse outcomes associ-
ated with its persistence. One-quarter of trauma patients at a civilian
trauma center and one-third of combat casualties have been shown to be
coagulopathic on initial presentation [4-6]. In a study by May et al. [7],
81% of head-injured patients with GCS less than 7 and all head-injured
patients with GCS less than 5 were found to be coagulopathic on admis-
sion. Moreover, the degree of coagulopathy has been shown to be an
independent predictor of mortality. A study by MacLeod et al. [8] con-
cluded that an abnormal admission prothrombin time (PT) increased the
adjusted odds ratio of mortality by 35%, while an abnormal admission
partial thromboplastin time (PTT) increased the adjusted odds ratio of
mortality by 326%. Exsanguination is clearly the most dramatic result of
post-traumatic coagulopathy and has been implicated in 40% of trauma
deaths [9]. However, uncorrected coagulopathy may have many other
adverse effects, including persistent hypovolemic shock, increasing
risk of organ dysfunction [10]; persistent inflammatory state, increasing
risk of sepsis [11]; and failure of nonoperative management, leading to
increased postoperative morbidity [12].

Previous attempts to explain this problem centered on the “deadly
trauma triad” of hypothermia, acidosis, and coagulopathy, but we are
beginning to see that this is an overly simplistic model of an exceedingly
complex problem. Simmons et al. in 1969 first observed that shock corre-
lated with an acute coagulopathy in combat casualties during the Vietnam
War [13]. Recent attention has focused on the relationship between shock,
global hypoperfusion, and this so-called acute coagulopathy of trauma.
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The mechanism for this coagulopathy is closely associated with injury
severity score [4,6,14], independent of traditionally attributed factors
(such as fluid administration, hemodilution, or hypothermia) [4], and
independent of mechanism of injury [15]. A study by Brohi et al. [16]
found that elevated base deficit secondary to global hypoperfusion and
shock was associated with coagulopathy and hyperfibrinolysis in trauma
patients upon presentation to the emergency department and appears to
involve activation of protein C by thrombin—-thrombomodulin complexes.
A review by Hess et al. [17] proposed six main drivers of post-traumatic
coagulopathy: tissue trauma, shock, hemodilution, hypothermia, aci-
demia, and inflammation. As will be discussed in the next section, the
“damage control” paradigm of surgery and resuscitation has evolved to
tackle many of these factors in order to rapidly and directly address the
problem of post-traumatic coagulopathy.

8.5 Damage control
8.5.1 Surgery

Damage control is a term originating from the US Navy to describe the pro-
tocol used to save a ship that has suffered catastrophic structural dam-
age, placing a heavy emphasis on limiting flooding, isolating fires, and
thereby maintaining vessel stability [18]. Stone et al. in 1983 published
a case series of 31 trauma patients who developed major coagulopathy
during initial trauma laparotomy [19]. The first 14 patients underwent
definitive surgery with repair of all injuries and “standard” hematologic
replacement to treat the coagulopathy—only one patient in this cohort
survived. The subsequent 17 patients underwent an abbreviated lapa-
rotomy that aimed to terminate the surgery as quickly as possible once
major coagulopathy was apparent. Twelve patients survived the initial
operation and underwent delayed definitive repair, with eleven patients
in this cohort surviving. Rotondo et al. in 1993 published a retrospective
review of 46 patients who presented with penetrating abdominal injury
and hemorrhagic shock [20]. Overall, there was no difference in survival
between patients who underwent an abbreviated initial laparotomy ver-
sus initial definitive repair. However, survival was markedly improved
in the cohort who had presented with the most severe injuries (major
vascular injury and at least two visceral injuries) and underwent abbre-
viated trauma laparotomy compared to initial definitive repair (77% vs.
11% survival). Rotondo called the abbreviated initial trauma laparotomy
“damage control surgery,” which is defined by the rapid temporization
of life-threatening injuries with deferral of definitive repair until after
adequate resuscitation. Patients who benefit from this approach are
those with multiple and/or complex injuries presenting with profound
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metabolic derangement, most often from hemorrhagic shock (see Case 1).
Goals of a damage control operation include the following;:

. Rapid identification of all injuries.

. Resection or packing of solid organ injury to achieve hemostasis.

. Ligation or shunting of vascular injury.

. Control of gross gastrointestinal spillage with resection and/or
drainage, typically leaving the patient in temporary gastrointestinal
discontinuity.

5. Temporary wound closure (typically with a negative pressure vac-

uum system).

= W N =

However, it should be noted that the surgeon should proceed with
definitive repair as soon as the patient is adequately resuscitated, which
may occur in the operating room itself [21]. A typical decision tree is shown
in Figure 8.1.

8.5.2 Resuscitation

Damage control resuscitation is the resuscitation strategy that has evolved
in conjunction with damage control surgery. It is a paradigm shift away
from the old days of crystalloid or artificial colloid-based resuscitation
and instead uses a blood product-based resuscitation strategy to not
only provide hemodynamic support but also correct the patient’s coagu-
lopathy and shock state. Major principles of damage control resuscitation
include minimization of crystalloid, permissive hypotension, transfu-
sion of a balanced ratio of blood products, and goal-directed correction
of coagulopathy.

8.5.3 Minimization of crystalloid

Given the ubiquity of our most commonly used crystalloids, it is easy
to forget that normal saline and lactated Ringer’s were not designed for
the purpose of resuscitation. The exact origin of 0.9% sodium chloride,
or normal saline, is unclear. However, it is clear that normal saline is not
physiologically normal in any respect. Salt solutions were used by physi-
cians during the European cholera epidemic of the 1830s, but there is no
recorded use of any fluid resembling 0.9% sodium chloride from that era.
Hartog Jakob Hamburger, a Dutch physiologist, incorrectly concluded the
physiologic concentration of sodium chloride in blood to be 0.9% based on
red blood cell lysis studies in the 1880s, but it is unclear if he intended for
his findings to be the basis for an intravenous salt solution [22].

The origin of lactated Ringer’s is better documented. Sydney Ringer
was a British physiologist who created a series of electrolyte solutions
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Trauma laparotomy

No
Damage control surgery
Yes
A

Temporize injuries
- pack/resect solid organ injuries
- ligate/shunt vascular injuries
- resect bowel injuries
Patient resuscitated?
- hemorrhage controlled? Definitive repair
- base deficit improving? Yes | - anastomose bowel or mature stoma
- coagulopathy improving? ”| - repair or bypass vascular injuries
- urine output increasing? - primary abdominal closure

- pressor requirement deceasing?

No

Abbreviated laparotomy

- leave in GI discontinuity

- leave packs as appropriate

- temporary abdominal closure

Figure 8.1 A decision tree for the patient requiring a trauma laparotomy. The
surgeon should proceed with definitive repair if adequate resuscitation can
be achieved in the operating room. Otherwise, the patient’s injuries are tempo-
rized, and resuscitation is continued in the ICU.

during his studies of explanted frog hearts in the 1880s. He found that
the hearts had the strongest ventricular contractions when submerged in
a sodium chloride solution that also contained trace bicarbonate, calcium,
and potassium [23]. This solution was modified by Alexis Hartmann in
1932, who replaced the bicarbonate with lactate, hence lactated Ringer’s or
Hartmann’s solution.

PlasmalLyte is a relatively new crystalloid solution that gained FDA
approval in 1979 for intravenous use in the United States. Unlike nor-
mal saline and lactated Ringer’s, Plasmalyte was designed as a physi-
ologic fluid. There are multiple formulations sold to different markets;
most formulations contain sodium, potassium, chloride, and magne-
sium but not calcium. PlasmaLyte has an osmolarity of approximately



156 Fluid therapy for the surgical patient

294 mOsmol/L and can be safely used in conjunction with blood
products [24]. Observational data suggest that the use of a balanced crys-
talloid like PlasmaLlyte may decrease mortality secondary to sepsis and
decrease incidence of postoperative complications when compared to
normal saline [25,26]. For these reasons, we use PlasmaLyte as the crys-
talloid of choice at our institution.

Much of our understanding regarding the use of crystalloids in the
surgical patient is derived from research performed in the 1950s and
1960s. A study by Shires et al. in 1961 noted a reduction of renal sodium
excretion due to a reduction of intravascular volume in patients undergo-
ing major surgery [27]. This fluid was not lost externally and was redis-
tributed into what would later be called the “third space.” Observational
data from the 1970s and 1980s demonstrated that supranormal values
for cardiac index, oxygen demand, and oxygen delivery were associ-
ated with increased survival in critically ill surgical patients [28-30]. In
1988, a prospective, randomized trial comparing “supranormalization” of
hemodynamic parameters to standard of care in critically ill postopera-
tive patients performed by Shoemaker et al. demonstrated a significantly
decreased risk of mortality in the supranormalization arm [31]. Their
resuscitation protocol delivered rapid crystalloid boluses to boost cardiac
output to supranormal levels and increase oxygen delivery. Fluid and sub-
sequently inotropes continued to be delivered as long as oxygen demand
was observed to be increasing. The premise was to repay the oxygen debt
that had resulted from the patient’s surgery and subsequent critical ill-
ness. An increase in oxygen consumption with increased oxygen deliv-
ery was seen as evidence that the oxygen debt was not yet adequately
repaid. This strategy required monitoring of cardiac index, pulmonary
artery wedge pressure, and mixed venous oxygen saturation by pulmo-
nary artery catheterization.

Later studies, however, failed to replicate Shoemaker’s earlier suc-
cess [32]. One criticism of supranormalization was that the increased
oxygen consumption seen with continued fluid administration was
solely due to increased myocardial oxygen demand from the increased
cardiac workload itself. At the same time, investigators began to note
increased harm and complications in patients who underwent high-
volume resuscitation with crystalloid [33]. A randomized trial in 2003
comparing restricted intravenous versus “standard” fluid resuscita-
tion in patients after elective colorectal surgery found a significantly
decreased time of return of gastrointestinal function (4 vs. 6.5 days) [34],
as well as a significantly decreased rate of cardiopulmonary (7% vs.
24%) and wound healing (16% vs. 31%) complications [35], in patients
who underwent restricted versus standard fluid resuscitation. On a
microscopic level, aggressive hydration causes intracellular swelling
secondary to osmotic shifts, leading to alterations in multiple cellular
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biochemical processes, including impaired insulin synthesis and secre-
tion in pancreatic beta islet cells [36], altered glucose metabolism in
hepatocytes [37], and altered cardiac myocyte excitability [38].

One of the most dreaded complications of acute volume overload
in the trauma patient is perhaps abdominal compartment syndrome,
which carries a greater than 50% risk of mortality despite timely diag-
nosis and decompressive laparotomy [39-41]. A study by Balogh et al.
in 2003 demonstrated that the supranormalization resuscitation strat-
egy was associated with increased crystalloid utilization, incidence
of abdominal compartment syndrome, and ultimately mortality [42].
A related problem is that of the persistently open abdomen. Failure to
achieve fascial closure after damage control laparotomy may be second-
ary to intestinal and/or retroperitoneal edema, recurrent abdominal
compartment syndrome, or persistence of the shock state [43,44]. Hatch
et al. [45] demonstrated increasing incidence of multiple complications
including intra-abdominal abscess, ventilator-associated pneumonia,
and sepsis with delay in fascial closure. Animal studies performed at
our institution have shown that hypertonic saline (HTS) reduces bowel
edema after fluid resuscitation [46—48], while also reducing bowel reper-
fusion injury by modulating the inflammatory cascade [49-51]. A retro-
spective analysis of our experience with the open abdomen after damage
control laparotomy found increased rates of early primary fascial closure
(100% vs. 76%) in patients who were treated with HTS versus isotonic
crystalloid [52]. Our protocol is to start 30 mL/hr of 3% sodium chlo-
ride in surgical ICU patients with an open abdomen after hemostasis
is obtained. HTS replaces the maintenance fluid for the patient (which
would typically be 100-125 mL/hr of isotonic crystalloid), is not titrated,
and is continued for 72 hours or until fascial closure, whichever comes
first. The use of HTS in this patient population is safe and does not
appear to lead to increased renal dysfunction or need for dialysis.

8.5.4 Permissive hypotension

The goal of permissive hypotension is to achieve the minimum blood
pressure necessary to maintain perfusion with the assumption that an
unnecessarily elevated blood pressure will compromise a clot and exac-
erbate hemorrhage before surgical hemostasis has been achieved, which
was first suggested by Cannon [53] during World War I and later by
Beecher [54] during World War II. Subsequently, much of this practice is
based on animal studies, a meta-analysis of which demonstrated a pooled
mortality risk ratio of 0.37 for the animals that underwent hypotensive
versus standard fluid resuscitation [55]. Randomized human data in
this area is more limited. The most well-known study was performed by
Bickell et al. [56] in the 1990s, which compared immediate versus delayed
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fluid resuscitation for nearly 600 patients who presented with penetrating
truncal injuries and hemorrhagic shock. Patients were randomized in the
prehospital period to the standard resuscitation arm, where fluids were
begun prior to arrival to the emergency department, or to the delayed
resuscitation arm, where fluids were not started until the patient was
in the operating room. The investigators found a statistically significant
relative risk reduction of 11% favoring the delayed resuscitation group.
However, subsequent subgroup analysis demonstrated that only patients
with penetrating cardiac injuries benefited and that there was no differ-
ence in noncardiac injury patients [57]. A subsequent randomized study
investigating permissive hypotension versus standard resuscitation did
not demonstrate any difference in mortality [58]. Currently, none of the
leading trauma organizations offer any specific blood pressure goals or
any hard recommendations pertaining to hypotensive resuscitation. The
latest edition of the Advanced Trauma Life Support Student Course Manual
states that the goal of initial resuscitation is “the balance of organ perfu-
sion and hypotension, and not the hypotension itself” [59].

More recently, a pilot study by the Resuscitation Outcomes Consortium
(ROC) randomized about 200 hypotensive trauma patients to a standard
resuscitation arm (systolic blood pressure [SBP] goal 2110 mmHg) or a
controlled resuscitation arm (SBP goal >70). The study found no differ-
ence in overall 24-hour mortality but decreased 24-hour mortality in blunt
trauma patients who underwent controlled resuscitation [60]. Although
further research is warranted, hypotensive resuscitation appears safe
and, given what we know about the danger of excess crystalloid in this
patient population, likely beneficial in the initial stages of trauma care.
However, the clinical picture becomes more complex when the patient has
TBI where an increased mean arterial pressure (MAP) may be needed to
maintain cerebral perfusion. At our institution, we typically resuscitate to
a mean arterial blood pressure goal of 60 mmHg in the absence of central
nervous system injury. Additional considerations in the resuscitation of
the TBI patient will be discussed later.

8.5.5 Utilization of blood products

The first recorded successful blood transfusion was performed by
Richard Lower in England in 1665 when he kept a dog alive by transfus-
ing blood from other dogs. James Blundell performed the first success-
ful blood transfusion in a human subject in 1818 when he successfully
treated a patient with postpartum hemorrhage. However, a lack of under-
standing of blood types continued to make transfusions prohibitively
dangerous. It was not until the turn of the twentieth century when human
blood groups were discovered that blood transfusions could become
routine [61]. Transfusion of whole blood was the norm for the next 80 years.
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However, component therapy replaced whole blood therapy by the late
1970s, due to the increasing prevalence of chemotherapy as well as the
desire to increase efficiency of resource utilization and decrease transmis-
sion of blood-borne pathogens.

Up to 5% of trauma patients at a major trauma center will require a
substantial amount of blood products following injury, typically referred
to as massive transfusion [62,63]. Massive transfusion has historically been
defined as transfusion of 10 or more units of red blood cells in the first
24 hours. However, this definition has been challenged because it is prone
to survivor bias and does not reflect the critical illness of the hemorrhag-
ing patient in the acute setting [64,65], and there is now general acceptance
of defining massive transfusion within a shorter time window, such as 2-6
hours [66]. Most trauma centers have developed standing massive transfu-
sion protocols (MTP): delivery of predefined ratios of blood products upon
activation, which continue until hemostasis is achieved. Early activation of
a predetermined MTP has been shown to decrease blood product waste [67]
as well as reduce incidence of organ failure and other complications [68].
However, selection of patients requiring massive transfusion remains dif-
ficult [69]. Multiple scoring systems have been developed to predict the
likelihood that a trauma patient will require massive transfusion, but early
scoring systems including the Trauma-Associated Severe Hemorrhage
score and the McLaughlin score relied on laboratory values that may not
be available at the time of exsanguinating hemorrhage [70-72], limiting
practical implementation. Cotton et al. [73] developed the Assessment of
Blood Consumption (ABC) score, which gives one point for each of the fol-
lowing: penetrating mechanism, systolic blood pressure <90 mmHg, heart
rate >120 beats per min, and positive FAST exam. A score of 2 or greater
predicted need for massive transfusion with 85% accuracy. At our institu-
tion, we activate MTP for any trauma patient presenting with shock, hypo-
tension, an ABC score of at least 2, or if an attending physician calls for
uncrossmatched blood products from the emergency department refriger-
ator. Massive transfusion protocol is continued until bleeding is observed
to have slowed, which typically occurs after control of “surgical” bleeding
in the operating room or interventional radiology suite (see Case 1 above).

The composition of massive transfusion protocol has changed sub-
stantially in the last two decades. A typical protocol in the early 2000s con-
sisted of stepwise resuscitation with crystalloid, colloid, and PRBC in the
preliminary phase followed by FFP and platelets after 1-2 blood volumes
had already been transfused [66]. By the early 2000s, anecdotal reports of
increased survival with an increased ratio of FFP to PRBC were surfacing.
This culminated in thelandmark study by Borgman etal. in 2007, which was
a single-center retrospective review of 246 trauma patients who required
massive transfusion protocol treated at a US army hospital in Iraq [74].
The patients were split into three cohorts: a low FFP to PRBC ratio (1:8),
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a medium ratio group (1:2.5), and a high ratio group (1:1.4). Overall mor-
tality was 65%, 34%, and 19% for the low, medium, and high groups,
respectively, while mortality secondary to hemorrhage was 92%, 78%, and
37%, respectively. At the same time, Johansson et al. [75] demonstrated
that early administration of FFP and platelets in patients with a ruptured
abdominal aortic aneurysm reduced postoperative hemorrhage and mor-
tality. The first prospective observational study, PROMMTT, investigated
the optimal ratio of blood product components during massive transfu-
sion of trauma patients and demonstrated that early utilization of higher
ratios of plasma and platelets to red blood cells was associated with sig-
nificantly increased survival within the first 6 hours [76]. A subsequent
prospective randomized study, PROPPR, demonstrated no difference
in 24 hour or 30 day mortality in patients randomized to a 1:1:1 versus
1:1:2 ratio of platelets to FFP to PRBC, although the 1:1:1 group did experi-
ence earlier achievement of hemostasis and fewer exsanguination deaths
within 24 hours [77]. Our group also recently reviewed the relationship
between damage control resuscitation and organ-specific survival, dem-
onstrating increased survival and successful nonoperative management
of high-grade blunt liver injury after damage control resuscitation was
instituted at our institution in 2008 [12].

Although multiple studies to date have demonstrated improved sur-
vival with the use of plasma during trauma resuscitation, very little is
known regarding the underlying mechanism. Given that there are tens of
thousands of unique proteins in human plasma [78], it is unlikely that the
resuscitative effect is due solely to repletion of coagulation factors. Our
group has demonstrated in vitro [79,80] and in a mouse model of hemor-
rhagic shock [81,82] that FFP reduces vascular endothelial permeability,
which appears to be mediated by restoration of the endothelial glycoca-
lyx. Indeed, recent observational data in trauma patients at our institu-
tion demonstrate a relationship between low plasma oncotic pressure,
increased shedding of glycocalyx components, and impaired thrombin
generation [83]. Thus, the resuscitative effect of plasma appears to be at
least threefold: repletion of volume, repletion of clotting factors, and sys-
temic repair of damaged endothelium [84].

Unfortunately, logistical hurdles must be overcome before imple-
menting plasma-based resuscitation. FFP is frozen within hours of dona-
tion and stored at -18°C, preventing protein degradation and maintaining
maximal clotting factor activity at the time of transfusion. However,
FFP takes 20-30 minutes to thaw before it is ready for use, limiting its
immediate availability, and can only be stored in a bedside cooler for
6 hours. Alternatives to FFP include thawed plasma and liquid plasma.
The most labile clotting factors, factors V and VIII, maintain 65% of their
activity 5 days after thawing, giving thawed plasma a shelf life of 5 days
when stored at 1°-6°C [85]. The liquid (never frozen) plasma used at our
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institution has a shelf life of 26 days. Toward the end of this period, we
have found that most clotting factors (aside from factors V and VIII)
maintain at least 88% of their activity and that liquid plasma has a better
coagulation profile than thawed plasma [86]. At our institution, type AB
(universal donor) thawed plasma is readily available in the emergency
department, while our LifeFlight helicopters carry type AB liquid plasma.

8.5.6  Whole blood

There has recently been increased interest in resurrecting the practice of
transfusing whole blood. Military experience with whole blood transfu-
sion in the traumatized patient is extensive, going back to at least World
War I, and includes experience in modern conflicts such as the Battle of
Mogadishu [87], as well as the first Gulf War and the Kosovo conflict [88].
Thousands of fresh whole blood (FWB) units have been utilized to treat
combat casualties in Afghanistan and Iraq, where FWB was used in 13%
of all transfused patients in Operation Iragi Freedom [88].

Due to a dilutional effect when separating whole blood into compo-
nents, one unit of whole blood has twice the viable platelets, twice the
hematocrit, and 50% more clotting factor activity when compared to a
1:1:1 ratio of component therapy (see Table 8.1) [14,87]. Therefore, advan-
tages to FWB include a necessarily balanced ratio of components as well
as increased activity of each individual component. Our group recently
performed a pilot study demonstrating the feasibility of transfusion
of modified whole blood in the trauma setting [89]. The optimal use of
blood products, including the potential role of whole blood in the civilian
trauma setting, continues to be an exciting area of active research.

8.5.7 Goal-directed resuscitation

Previously, transfusion of platelets and plasma in the trauma patient
was predicated on conventional tests such as platelet count, PT, inter-
national normalized ratio, and PTT [66]. However, platelet count is not
equivalent to platelet function, while the conventional coagulation tests
are run in vitro on platelet-poor plasma, interrogating only a limited por-
tion of the patient’s coagulation profile. The length of time required to

Table 8.1 Whole blood versus 1:1:1 component therapy

Fresh whole blood Component therapy

Hematocrit 38%-50% 29%
Platelet count 150-400 K/puL 88 K/uL
Clotting factor activity 100% 65%

Source: Data from Cotton, B.A., et al., Ann. Surg., 258, 530, 2013.
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run these tests also makes them suboptimal in managing post-traumatic
coagulopathy [90].

To overcome these limitations, multiple devices have been developed
that provide a coagulation profile of a whole blood sample. The thrombo-
elastography (TEG) device was developed in 1946 and is utilized at our
institution to guide goal-directed resuscitation and correction of coagu-
lopathy when empiric massive transfusion therapy is not indicated. The
device consists of a cup containing a whole blood sample and a detector
connected to a torsion wire inserted into the blood sample. Tissue fac-
tor is added to the blood sample to rapidly initiate the coagulation cas-
cade, which distinguishes a rapid TEG from a standard TEG. The tension
transduced by the wire, which increases as the clot forms and decreases
as lysis overtakes clot formation, is translated into a real-time tracing.
Parameters derived from the tracing include the R-value, ACT, coagula-
tion time (K), maximum amplitude (mA), angle (o), and percent lysis at
30 minutes (LY-30). The ACT is typically available within 5 minutes of
running the sample, with most of the other parameters available a few
minutes after that. The rTEG software is integrated into our institution’s
computer network, so tracings are available in real time in our emergency
department and in our operating rooms.

An example of an fTEG tracing is provided in Figure 8.2. Interpretation
of the rTEG tracing is as follows [91]. The R-value and ACT are a measure

20 mm Max amplitude LY-30

aangle
30 minutes

Amplitude (mm)

ACT |K
orR

Time (minutes)

Figure 8.2 Thromboelastography (TEG) provides a coagulation profile of a whole
blood sample. The different parameters derived from the TEG tracing are influ-
enced by different components of the coagulation cascade, enabling targeted cor-
rection of abnormal TEG parameters.
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of the amount of time needed to initiate clot formation, which is depen-
dent on the enzymatic activity of clotting factors. K represents the amount
of time needed to form a “preliminary” clot of predefined strength
(amplitude of 20 mm) after clot formation has begun, while oo measures
the rate of initial clot formation. Both K and . are reflective of the cleav-
age of fibrinogen into fibrin by activated thrombin and the cross-linking
of fibrin monomers. Maximum amplitude (mA) reflects the end result
of clot formation when maximal binding occurs between platelets and
fibrin via glycoprotein IIb/Illa interactions. After the clot reaches maxi-
mal strength, fibrinolysis overtakes coagulation, resulting in decreasing
clot strength. The ratio of clot strength lost after 30 minutes compared to
the maximum amplitude is the LY-30. Understanding the significance of
the fTTEG parameters allows targeted therapy to correct abnormal values
(see Tables 8.2 and 8.3).

A study by Holcomb et al. investigated the use of rTEG in 1,974 con-
secutive trauma patients and found that abnormalities in rTEG param-
eters more reliably predicted fibrinolysis as well as the need for blood
products compared to PT and PTT [90]. At our institution, a rapid TEG is
sent to the laboratory along with other blood work upon minutes of ED

Table 8.2 Normal rapid thromboelastography values and interpretations

1TEG value (normal

range) Definition Interpretation
Activated clotting time Time from start of assay =~ Prolonged with factor
(86-118 seconds) to initiation of clot deficiency or severe
hemodilution

Time between

R value (0.0-1.0 minutes)

K time (1.0-2.0 minutes)

Alpha angle (66°-82°)

Maximum amplitude

(54-72 mm)

LY-30 (0%~7.5%)

beginning of assay and
initial clot formation

Time needed to reach
20 mm clot strength

Rate or acceleration of
clot formation

Contribution of platelet
function and platelet-
fibrin interactions

Amplitude reduction
30 minutes after
achieving mA (degree
of fibrinolysis)

Prolonged with factor
deficiency or severe
hemodilution

Increased with
hypofibrinogenemia
or platelet dysfunction

Decreased with
hypofibrinogenemia
or platelet dysfunction

Decreased with
hypofibrinogenemia
or platelet dysfunction

Increased with
accelerated fibrinolysis

Source: Data from Cotton, B.A., et al., J. Trauma, 256, 477, 2012.
Note: rTEG, rapid thromboelastography.
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Table 8.3 Goal-directed resuscitation strategy currently used at our institution

TEG value Resuscitation strategy
ACT >128 seconds Transfuse plasma and RBC.
R-value >1.1 minutes Transfuse plasma and RBC.
K-time >2.5 minutes Transfuse plasma.
Add cryoprecipitate or fibrinogen if angle also
abnormal.
Alpha angle <56° Transfuse cryoprecipitate (or fibrinogen).

Add platelets if mA also abnormal.
Max amplitude <55 mm  Transfuse platelets.
Add cryoprecipitate or fibrinogen if angle also
abnormal.
LY-30 >3% Administer tranexamic acid if within 3 hours of
injury.

Note: ACT, activated clotting time; LY-30, percent lysis at 30 minutes; RBC, red blood cells.

arrival for all highest-level trauma patients. In the absence of an indica-
tion for massive transfusion protocol, we will use component blood prod-
uct therapy to correct abnormal rTEG parameters if ongoing bleeding is
known or strongly suspected. We will continue maintenance fluid with
crystalloid (typically PlasmaLyte) in the stable patient with no evidence of
active bleeding (see Case 2). Resuscitation with crystalloid in the bleeding
trauma patient is to be avoided.

Fibrinolysis appears to be an important driver of acute post-traumatic
coagulopathy [92], but concrete guidelines on the use of antifibrinolytics
in this patient population are lacking. The Clinical Randomisation of an
Antifibrinolytic in Significant Haemorrhage (CRASH-2) trial is the larg-
est study to date investigating this topic, enrolling over 20,000 patients in
274 hospitals across 40 countries [93]. Patients were randomized to receive
a 1 g bolus followed by a 1 g infusion of TXA over 8 hours or placebo.
The study found a small but statistically significant reduction in all-cause
mortality and mortality secondary to hemorrhage in the TXA group when
the medication was given within 3 hours of injury. Otherwise, mortality
increased in the intervention arm after the 3 hour window [94]. One of the
criticisms of the study is that TXA was given to all comers without any
point of care testing to identify which patients had abnormal fibrinolysis
and stood to benefit from this intervention.

At our institution, TXA is given as a 1 g bolus followed by a1 g
infusion over 8 hours if the patient presents within 3 hours of injury
with an LY-30 of at least 3% on the admission rTEG. We recently per-
formed a retrospective study in trauma patients with accelerated fibri-
nolysis (LY-30 23%) and found no difference in mortality in patients who
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received TXA and those who did not. A retrospective study from the
Miami group recently examined their use of TXA. Patients presenting
to the ED in hemorrhagic shock who received TXA were compared to
matched controls who did not receive the drug. No point-of-care test-
ing was performed to identify accelerated hyperfibrinolysis. The group
found that the patients who received TXA had overall increased mortal-
ity. However, patients who did not require an operation for hemorrhage
control and patients who received fewer than eight units of PRBC tended
to have improved outcomes with TXA, but this did not reach statistical
significance [95]. The use of TXA in trauma is still highly controversial,
and further studies need to be performed to identify those who stand to
benefit from this intervention.

8.5.8 Resuscitation of the patient with TBI

TBl is responsible for about 40% of trauma deaths and is a significant cause
of morbidity and disability [9] There is currently no practical treatment for
primary central nervous system injury except for prevention. Therefore,
the goal of the trauma clinician is to prevent secondary cerebral injury,
namely from hypoperfusion and hypoxia. It is well known that cerebral
perfusion pressure (CPP) is the difference of the MAP and the intracranial
pressure (ICP), or CPP = MAP - ICP. Adequate cerebral perfusion is there-
fore accomplished by maintaining MAP while minimizing ICP.

Due to the limited space of the cranial vault, any cerebral edema will
quickly lead to increases in ICP and potential cerebral hypoperfusion. For
this reason, hypo-osmolar fluids are avoided in this patient population.
The Saline versus Albumin Fluid Evaluation (SAFE) study was a random-
ized control trial comparing normal saline versus 4% albumin in nearly
7,000 heterogeneous critically ill patients [96]. A post hoc analysis of 492
TBI patients was performed, which demonstrated increased mortality in
severely brain injured patients (GCS < 8) in the albumin arm (41.8% vs.
22.2% mortality) [97]. Until further evidence is gathered regarding its use
in TBI patients, we tend to avoid using albumin or artificial colloid in this
patient population at our institution.

An attractive option for the management of TBI patients is HTS.
Delivered as a continuous infusion of 3% sodium chloride, HTS should
provide both fluid resuscitation and mitigation of cerebral edema. A much
more concentrated form (23.4% sodium chloride) can also be delivered
as a bolus to increase serum osmolarity as a treatment for intracranial
hypertension. Animal data and multiple small human studies suggest
that HTS is likely effective in lowering ICP [98-100]. However, a recent
study by Bulger et al. from the ROC investigated the prehospital use of
HTS in over 2,000 TBI patients not in hemorrhagic shock and found no
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difference in 6 month neurologic outcome [101]. The role of HTS in this
patient population continues to be controversial, and there are no for-
mal recommendations regarding its use from the major trauma and neu-
rotrauma organizations [102].

One of the most difficult treatment conundrums is the polytrauma
patient suffering from both hemorrhagic shock and TBI. Use of crystalloid
has been shown to exacerbate coagulopathy in the setting of hemorrhagic
shock, but use of artificial colloid or albumin in the presence of TBI is
controversial because of the previously mentioned post hoc analysis from
the SAFE trial. HTS should be used cautiously as well, given recent data
that prehospital use of HTS actually worsens coagulopathy and hyperfi-
brinolysis in patients with hemorrhagic shock [103].

Recently, Jin et al. [104] have developed a pig model of TBI, in which
a computer-controlled pneumatic device creates reproducible traumatic
brain lesions. Using this model, his group compared saline versus artifi-
cial colloid versus FFP resuscitation in animals with concurrent TBI and
hemorrhagic shock. They found that animals that had been resuscitated
with FFP had less cerebral swelling and smaller lesion sizes than ani-
mals that had been resuscitated with saline or colloid. Given the afore-
mentioned data demonstrating the ability of plasma-based resuscitation
to mitigate endothelial permeability in the setting of shock [81,82], it is
plausible that FFP reduced secondary cerebral injury by its actions on
the cerebral vasculature that constitute the blood—-brain barrier. A recent
retrospective study of patients with isolated TBI at our institution dem-
onstrated on subgroup analysis that age and coagulopathy were asso-
ciated with progression of neurological injury on subsequent head CT
for all subtypes of TBI and that intraparenchymal contusion was the
subtype most likely to progress [105]. At our institution, we will aggres-
sively correct abnormal TEG parameters with FFP and platelets as well
as perform serial rTEG measurements in any patient with intracranial
injury on head CT.

8.6 Conclusion

Although our understanding of trauma resuscitation has increased mark-
edly in the last 20 years, many questions remain. However, it is clear that
an optimal resuscitation strategy with correct utilization of crystalloid,
blood products, and other adjuncts is just as important as surgical treat-
ment of the specific traumatic injuries. Although progress in the treatment
of trauma has historically been made during periods of armed conflict,
large scale initiatives such as CRASH-2, PROMMTT, PROPPR, and the
ROC trials have allowed a new generation of physician-scientists to gain
insight and gather evidence at unprecedented speed and scale outside
of the theater of war. With a trend toward increasing collaboration and
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cooperation across multiple specialties and centers in large consortiums,
we will continue to push the boundary of human understanding in this
challenging, but exciting, area of medicine.
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Key points:

1. Ambulatory Surgery:

¢ Liberal fluid administration is associated with decreased post-
operative nausea/vomiting.

 Liberal fluid therapy is associated with decreased thirst, dizziness
and drowsiness.

* Patients should be encouraged to drink clear fluids up to 2 hours
before surgery.

2. Gynecology:

¢ Liberal fluid administration for ambulatory gynecological proce-
dures is associated with decreased postoperative nausea/vomit-
ing and thirst.

* Goal directed and restrictive fluid therapy may improve outcomes
after major gynecological surgery.

* Enhanced recovery programs have improved patients outcomes
following major gynecological surgery.

3. Obstetrics:

e For labor epidural placement, there is limited benefit for fluid
preloading when using lower concentrations of local anesthetic.

* Hypotension after spinal anesthesia is less with the use of a fluid
co-load versus preload, and less with the use of colloid versus
crystalloid.

* Severe postpartum hemorrhage should be managed with a goal
of replacing whole blood, with a 1:1:1 ratio of packed red blood
cells, fresh frozen plasma, and platelets.

9.1 Fluid therapy and ambulatory surgery
9.1.1 Introduction

Ambulatory surgery has markedly increased over the past few decades.
In 2006, the Centers for Disease Control estimated that there were
34.7 million ambulatory surgery visits in the United States. Of those vis-
its, 19.9 million occurred in hospitals and 14.9 million occurred in free-
standing ambulatory surgery centers. The rates of visits to a freestanding
ambulatory surgery center increased about 300% from 1996 to 2006 [1].
Advances in surgical and anesthetic techniques have allowed for older
and sicker patients to undergo more complex surgeries in the ambulatory
setting. Laparoscopic cholecystectomies, shoulder rotator cuff repairs, and
tonsillectomies are just some examples of surgeries that are now being
performed in ambulatory surgery patients. A recent report in 2013 found
that one- or two-level anterior cervical discectomies and fusions could
be performed safely in an ambulatory setting with decreasing hospital
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length of stay and hospital costs [2]. Objectives for safe discharge from
ambulatory surgery include rapid recovery focusing on short-acting anes-
thetics, avoidance of postoperative nausea and vomiting (PONV), and
adequate pain control [3]. The question we aim to address is what impact
fluid management has on ambulatory surgery.

9.1.2  Fluid management and PONV

Intravenous fluid management appears to have an impact on the incidence
of PONV. Gut hypoperfusion has been suggested as a contributing mech-
anism to developing PONV. Overnight fasting and surgical fluid losses
with inadequate fluid replacement can result in decreased blood flow to
the gastrointestinal mucosa. Gut ischemia has been associated with the
release of serotonin, a potent trigger of nausea and vomiting. Gut muco-
sal perfusion was improved in cardiac patients who received boluses of
hydroxyethyl starch (HES) with an esophageal Doppler system to opti-
mize stroke volume [4]. A gastric tonometer was used to provide nonin-
vasive assessment of gastric mucosal perfusion by calculation of gastric
intramucosal pH.

Intravenous fluid administration has been shown to influence PONV
in ambulatory patients. Magner et al. randomized 141 patients undergoing
elective day-case gynecological laparoscopy to either receive 10 mL/kg or
30 mL/kg of compound sodium lactate [5]. General endotracheal anesthe-
sia with sevoflurane and nitrous oxide was standardized for both groups
and prophylactic antiemetics were not administered at any time. In the first
48 hours after anesthesia, the incidence of vomiting was lower (8.6% vs.
25.7%, P = 0.01) and the use of antiemetics was lower (2.9% vs. 15.7%,
P = 0.02) in the group who had received the larger intravenous crystal-
loid infusion. Maharaj and colleagues randomized 80 patients at high risk
for PONV who were undergoing ambulatory gynecologic laparoscopy to
receive either a large (2 mL/kg per hour fasting) or small (3 mL/kg) vol-
ume infusion of compound sodium lactate solution over 20 minutes preop-
eratively [6]. The mean amounts for preoperative fluid bolus were 212.5 mL
in the control group and 1,799 mL in the large volume group. The incidence
(control 87% vs. large volume 59%, P < 0.05) and severity of PONV were sig-
nificantly reduced in the large volume group. Additionally, the group who
had received a large volume fluid bolus reported decreased pain scores
and required less supplemental analgesia. The reduced opiate require-
ments did not account for the decrease in PONV. The mechanism of this
analgesic effect of intravenous fluids bolus remains to be determined.

Apfel et al. performed a quantitative review evaluating the role of
supplemental intravenous crystalloids for the preventions of PONV [7].
Fifteen studies with a total of 1,575 patients were included in their
analysis that compared randomized groups to receive supplemental
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crystalloid versus restricted fluid therapy and the effect on PONV. Several
of these studies did not show significance in improving PONV with fluid
hydration. However, when the studies were grouped together in a meta-
analysis, intravenous crystalloids significantly reduced several PONV
outcomes. Supplemental IV crystalloid reduced the need for rescue treat-
ment as effectively as many prophylactic antiemetic drugs.

The use of colloids instead of crystalloid for a preoperative fluid bolus
did not alter the incidence of PONV. Haenjens et al. performed a prospec-
tive randomized double-blind study on 115 women undergoing gyneco-
logical or breast surgery [8]. Women were randomized to either receive
a 500 mL bolus of HES (Voluven®) or normal saline to compare the inci-
dence of PONV. There was no difference between the groups in terms of
nausea, vomiting, or need for antiemetics.

In summary, supplemental intravenous hydration is an effective
strategy for reducing baseline risk for PONV. Several studies have dem-
onstrated this effect in the ambulatory surgery setting associated with
minimal fluid shifts. However, there was no difference in the efficacy of
fluid hydration between crystalloid and colloids in similar volumes [9].

9.1.3  Fluid management and adverse outcomes

Preoperative fluid bolus has been shown to reduce thirst, drowsiness, and
dizziness in the ambulatory surgery patient. Suntheralinham et al. ran-
domized 200 patients, mostly female undergoing dilation and curettage,
to either a high infusion or low infusion group [10]. The high infusion
group received a 20 mL/kg bolus of PlasmaLyte isotonic solution, and the
low infusion group received a 2 mL/kg bolus of PlasmaLlyte 30 minutes
preoperatively. The average total fluid was 1,215 mL for the high infusion
group and 164 mL for the low infusion group. The patients who received
the higher fluid bolus were found to have a significantly lower incidence
of thirst and drowsiness, at 30 and 60 minutes postoperatively and at dis-
charge. Dizziness was found to be significantly less at 30 and 60 minutes
postoperatively but was comparable by the time of discharge.

9.1.4 NPO guidelines—Impact on ambulatory patients

For decades, patients have been ordered or instructed to be “NPO after
midnight” (NPO, nil per os) before surgery. These orders were intended to
minimize the risk of pulmonary aspiration in patients who are to undergo
general or regional anesthesia. These fasting guidelines have become more
liberal over recent years. The Practice Guidelines for Preoperative Fasting
published by the American Society of Anesthesiologists recommends a
minimum fasting period of 2 hours for clear liquids, 4 hours for breast milk,
and 6 hours for a light meal [11]. Examples of clear liquids include water,
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fruit juices without pulp, carbonated beverages, clear tea, and black coffee.
These recommendations were based on meta-analysis of randomized con-
trolled trials that show smaller gastric volumes and increased gastric pH in
patients who are given clear fluids 2-4 hours preoperatively versus fluids
greater than 4 hours preoperatively. Two questions arise in clinical practice
related to our NPO orders and preoperative fasting guidelines. What are
the physiological implications of preoperative fasting from midnight? What
is the clinical impact of allowing patients to drink clear fluids up to 2 hours
preoperatively?

A study by Jacobs on 53 patients undergoing major gynecological
surgery found that blood volume was normal after preoperative over-
night fasting [12]. After induction of anesthesia, plasma volume was
determined by diluting indocyanine green. Red blood cell volume was
determined using sodium fluorescein-labeled autologous red cells and
using flow cytometry to determine the dilution. The measured blood
volume was compared to the calculated expected blood volume for each
individual based on her body surface area. A normal blood volume after
an overnight fast contradicts the assumption that fasted patients arrive
dehydrated and are consequently hypovolemic in the operating room.
Thus, these authors question the benefit of preoperative volume loading
in patients who are euvolemic.

Preoperative oral intake has been evaluated as a potential mechanism
to improve surgical outcomes. A key concept in the enhanced recovery
after surgery (ERAS) concept is maintaining homeostasis and reducing
the stress response to surgery. Surgery has been associated with insulin
resistance secondary to the catabolic state induced by surgical stress [13].
This is potentially made worse in the fasted patient, who is already in
a catabolic state. The administration of a carbohydrate-rich drink preop-
eratively has been associated with decreased rate of insulin resistance
postoperatively. This potentially may improve bowel function postop-
eratively and decrease hospital length of stay [13]. Lidder and colleagues
found that colorectal patients who had received a preoperative and post-
operative carbohydrate drink demonstrated greater hand strength, pul-
monary function as measured by forced expiratory flow rate, and less
insulin resistance [14]. Additionally, a carbohydrate-rich drink compared
to placebo (flavored water) taken preoperatively relieved thirst, hunger,
and anxiety to a greater degree [15]. In the ambulatory surgery setting,
in patients undergoing ophthalmological procedures, a carbohydrate load
preoperatively was associated with decreased hunger and thirst after sur-
gery, resulting in increased postoperative satisfaction [16]. ERAS will be
further covered in Chapter 10.

Oral intake of clear fluids up to 2 hours preoperatively is associated
with smaller gastric volumes and higher gastric pH and is not associ-
ated with increased incidence of pulmonary aspiration. Allowing intake
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of clear fluids 2 hours preoperatively increases patient satisfaction and
decreases thirst. An oral carbohydrate load preoperatively, which has
been shown to improve postoperative bowel function and hospital length
of stay, may not be as applicable in the ambulatory setting.

9.1.5  Summary areas for future study/research

The number and complexity of ambulatory surgery cases has steadily
increased over the past few decades. Intravenous fluid boluses have been
associated with decreased postoperative nausea, vomiting, thirst, hunger,
drowsiness, and dizziness. NPO guidelines have become more liberal,
and patients should be encouraged to drink clear fluids up to 2 hours
preoperatively. Carbohydrate-rich drink preoperatively is associated with
decreased insulin resistance and may be associated with improved surgi-
cal outcomes. There are no studies that determine the relationship of fluid
management to other outcomes measures of ambulatory surgery, such as
major complications or readmission rates. Future steps are to define the
key aspects of anesthesia and surgical care in the ambulatory setting that
could impact patient outcome.

9.2 Fluid therapy and the gynecological
surgery patient

Gynecological surgery can be divided into minor procedures (dilation
and curettage, operative laparoscopy) and major procedures (hysterec-
tomy, pelvic floor reconstruction). Fluid management strategies have not
been well studied in laparoscopic gynecological surgery. Laparoscopic
cholecystectomies are a similar intermediate-level surgery. Similar to
ambulatory surgery, higher fluid volumes in laparoscopic cholecystecto-
mies have been associated with decreased PONY, thirst, dizziness, and
fatigue. Additionally, larger versus smaller intraoperative volume admin-
istration (40 mL/kg vs. 15 mL/kg, 997 mL vs. 2,928 mL) was shown to be
associated with significant improvement in pulmonary function, exercise
capacity, and reduced stress response [17]. Fluid administration in minor
and intermediate level surgery appears to improve patient outcome and
enhance recovery.

The same may not be true of major gynecological surgery. The exten-
sive tissue trauma related to major abdominal surgery likely creates phys-
iological changes that are very different from minor ambulatory surgery.
An extensive amount of research has focused on fluid management and
postoperative outcomes in major abdominal surgery [18]. A majority of
this research has focused on colorectal surgery. Increasing evidence has
suggested that excessive volume replacement can be associated with
negative outcomes. Problems that can arise with excessive volume in the



Chapter nine:  Fluid management for ambulatory surgery and Ob/Gyn 181

perioperative period include pulmonary edema, cardiac dysfunction,
renal dysfunction, postoperative ileus, and bowel anastomosis break-
down [19]. There are two major strategies employed to optimize fluid
management in major abdominal surgery: goal-directed fluid therapy
and restricted fluid therapy [20].

Goal-directed fluid therapy employs the use of a cardiac output moni-
tor to optimize volume status in the perioperative period. The general
principal behind this strategy is to move the patients to the top, flat por-
tion of the Frank-Starling curve for maximization of stroke volume. The
best-studied modality is the esophageal Doppler in colorectal surgery.
Patients are given fluid blouses until an increase in cardiac output is no
longer demonstrated, and the patients are presumably on the flat por-
tion of the Frank-Starling curve. Goal-directed fluid therapy has mostly
utilized colloid for fluid loading. Studies in colorectal surgery using the
esophageal Doppler in this manner have shown improvements in patient
outcomes: decreased hospital length of stay and earlier return of bowel
function [21,22].

Restricted fluid therapy has also been proposed as a strategy to reduce
postoperative complications related to fluid excess. Restricted fluid ther-
apy is accepted as best clinical practice for lung surgery. Avoiding fluid
excess minimizes fluid overload and pulmonary edema, which can exac-
erbate postoperative pulmonary complications. Studies have compared a
restricted versus liberal fluid therapy in the operating room. Nisanevich
et al. prospectively evaluated 152 patients undergoing elective intraab-
dominal surgery [23]. Patients were randomly assigned to receive either
liberal (10 mL/kg followed by 12 mL/kg/hr) or restrictive (4 mL/kg/hr)
amounts of lactated Ringer’s solution. The number of patients with com-
plications was significantly lower in the restricted protocol group. Patients
in the liberal protocol group had significantly longer times to pass flatus
and feces and significantly longer hospital stay.

Application of these fluid protocols has been limited in major gyne-
cological surgery. There are few studies that compared a liberal versus
restricted fluid protocol in major gynecologic surgery. McKenny ran-
domized 102 patients undergoing major open gynecological surgery to
either a control group or an esophageal Doppler monitor group [24]. In the
Doppler group, patients received a 3 mL/kg intravenous bolus of Voluven
(6% 130/0.4 HES in 0.9% NaCl). Five minutes later stroke volume was
remeasured and if the difference from the previous measurement was
<10% a further 3 mL/kg of Voluven was given. This was repeated until
there were no further increases in stroke volume. Total volume of intra-
operative fluid administered to the Doppler group and control group was
2,020 and 2,881 mL, respectively (P = 0.22). The Doppler group received
more colloid and less crystalloid than the control group. There was no
difference in the length of postoperative stay between the two groups.



182 Fluid therapy for the surgical patient

The postoperative morbidity survey scores were similar between the two
groups. The return of gastrointestinal function postoperatively was also
similar. These authors question the assumption that goal-directed fluid
therapy is equally beneficial to all patient groups.

ERAS protocols combine multimodal evidence-based interventions
aimed at shorter stay and optimizing perioperative care. The principles
behind ERAS are covered in detail in the subsequent chapter (Chapter 10),
but the key concepts to ERAS are preoperative patient education, reduction
of preoperative fasting, omission of bowel preparation, perioperative nor-
movolemia, limited used of nasogastric tubes and drains, early removal
of urinary catheters, aggressive multimodal analgesia to minimize opiate
consumption, early postoperative mobilization, prokinetics to enhance
gastrointestinal motility, and early enteral nutrition [25].

Wijk et al. reported that a structured ERAS protocol reduced hos-
pital length of stay after abdominal hysterectomy. Significantly more
patients (73% vs. 56%, P = 0.012) in the ERAS group (1 = 85) compared to
the pre-ERAS group (n = 120) were discharged within 2 days of surgery
and length of stay was significantly reduced (2.35 vs. 2.60 days, P = 0.011).
There were no significant differences in the rate of complications, reop-
erations, or readmissions. Better compliance with the ERAS protocol was
associated with higher percentage of patients meeting the target length
of stay. The fluid management portion of the ERAS used by Wijk and col-
leagues included the following. Patients were allowed to drink clear fluids
until 2 hours before surgery and then received 400 mL of a clear carbohy-
drate drink containing 200 kcal (Nutricia preOp®). The goal for intrave-
nous fluid during the operation was set to 2-4 mL/kg/hr of crystalloids,
and when necessary 500-1,000 mL HES 130/0.4 (Voluven) was given.
Postoperative oral fluid intake was encouraged immediately to minimize
postoperative fluids to 500-1,000 mL on the day of surgery. Intravenous
fluids were to be removed as soon as the patient was able to eat and drink,
and on the morning after surgery at the latest. The total intravenous fluid
on the day of surgery for the pre-ERAS and ERAS groups was 3,000 mL
and 2,000 mL, respectively (P < 0.001).

Kalogera et al. reported a similar retrospective study for women
undergoing cytoreduction, surgical staging, or pelvic organ prolapse
surgery [25]. A total of 241 women managed with an enhanced recovery
protocol were compared with consecutive history controls. In the cyto-
reductive group, patient-controlled analgesia use decreased from 98.7%
to 33.3%, and overall opioid use decreased by 80% in the first 48 hours
with no change in pain scores. Also in the cytoreduction group, enhanced
recovery resulted in a 4-day reduction in hospital stay with stable read-
mission rates. No difference was seen in complication rate. Similar
improvements were noted in the surgical staging and pelvic organ pro-
lapse surgery cohort but to a lesser degree. Yoong et al. reported the
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effects of an enhanced recovery pathway on outcomes in vaginal hyster-
ectomies [26]. After ERAS implementation, the median length of stay was
reduced by 51% (22.0 vs. 45.5 hr, P < 0.01) and the percentage of patients
discharged within 24 hours was increased by fivefold (87% vs. 15.6%,
P < 0.05). These three studies each report significant decreases in length
of stay after implementation of an ERAS protocol. This data was collected
retrospectively, and more randomized controlled trials are needed to fur-
ther validate the benefit of an ERAS protocol.

9.3  Fluid therapy and the obstetric patient

Hypotension is a common complication associated with neuraxial anes-
thesia. Much effort has been made in preventing hypotension related to
either epidural or spinal anesthesia in the obstetric patient. Uteroplacental
blood flow and fetal well-being are dependent on maternal cardiac out-
put and blood pressure. Hypotension associated with neuraxial anesthe-
sia is aggravated in the parturient at term due to the compression of the
inferior vena cava by the gravid uterus, decreasing venous return and
cardiac preload.

9.3.1 Labor analgesia

Early studies had suggested that a preload of crystalloid prior to epi-
dural placement minimized maternal hypotension. In a trial reported by
Collins et al., 49 women received a 1 L preload with Hartmann’s solution
and 53 women received no preload [27]. Epidural analgesia was initiated
with a bolus of 10 mL of 0.375% bupivacaine. This infusion significantly
reduced the incidence of abnormalities of fetal heart rate from 34% to 12%
and of maternal hypotension from 28% to 2%. On the basis of this and
similar studies, it was standard practice to preload pregnant women with
crystalloid prior to placement of a labor epidural. Subsequently, obstet-
ric anesthesia practice has evolved and lower doses of bupivacaine were
found to provide equally effective analgesia with decreased side effects
(less hypotension and motor block).

Further studies using lower concentrations of epidural local anes-
thesia did not find a benefit with fluid preloading. Cheek et al. random-
ized women to receive no fluid load, a 500 mL normal saline preload, or a
1,000 mL normal saline preload prior to epidural analgesia with 12 mL of
0.25% bupivacaine [28]. There was no difference in the incidence of sever-
ity of hypotension between these three groups. Another group reported
similar results with 95 women randomized to either receive 1 L of crystal-
loid preload or no preload [29]. There were no differences in hypotension
after labor analgesia was initiated with 15 mL or 0.1% or 0.2% bupivacaine
with fentanyl 50 pg. Additionally, there was no statistically significant
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difference between the two groups in fetal heart tracing deterioration.
Kubli et al. also found a similar result with women randomized to either
receive no preload (n = 85) or a 7 mL/kg IV crystalloid solution (1 = 83)
before epidural placement. There was no difference in the mean decrease
of mean arterial pressure and there were no differences in fetal heart rate
abnormalities [30].

There also was no difference in the incidence of hypotension in a
small study comparing a no-hydration group (1 = 8) with a prehydration
group (n = 12) in patients receiving a combined spinal epidural (CSE) for
labor analgesia [31]. Analgesia was initiated with intrathecal doses of
bupivacaine 2.5 mg and sufentanil 1.2 pg. A meta-analysis by Hofmeyr
et al. concluded that preloading may have some beneficial fetal and
maternal effects prior to high-dose local anesthetic blocks. However,
low-dose epidural and CSE analgesia techniques may reduce the need
for preloading [32].

9.3.2  Spinal anesthesia for cesarean delivery

9.3.2.1 Physiology of spinal anesthesia
Spinal anesthesia is traditionally used for cesarean delivery. Spinal
anesthesia causes a sympathetic blockade, which results in hypoten-
sion from arterial vasodilation and venodilation and decreased preload.
Hypotension following spinal anesthesia has also been associated with
decreased cardiac output.

9.3.2.2  Crystalloid preload

Multiple fluid administration strategies have been employed to minimize
hypotension associated with spinal anesthesia in the parturient. Preload
with crystalloid was found to have limited success in decreasing hypoten-
sion after spinal anesthesia. A study by Jackson et al. compared a crystal-
loid preload of 1 L versus 200 mL and found no difference in the incidence
and severity of hypotension between the two groups [33]. The limited suc-
cess of a crystalloid preload is likely due to the fact that only 28% of crys-
talloid was measured to be intravascular after 30 minutes [34]. Prevention
of hypotension appears to be correlated with a fluid regimen’s ability to
increase cardiac output and increase blood volume.

9.3.2.3 Crystalloid co-load
Better success in minimizing hypotension was found when crystalloid
was rapidly infused after the initiation of spinal anesthesia (co-load) [34].
Dyer et al. randomized 50 women to receive 20 mL/kg of crystal-
loid solution during 20 minutes prior to induction of spinal anesthesia
(preload) or an equivalent volume by rapid infusion immediately after
induction (co-load). Clinical outcomes were better in the co-load group.
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Fewer patients required vasopressor therapy, and the number of ephed-
rine doses for the treatment of maternal hypotension was lower in the
co-load group. The co-load was administered over a significantly shorter
period of time (20 vs. 9.8 min, P = 0.01). Another study also reported
decreased hypotension with a crystalloid co-load versus preload [35].
Despite the improvement in maternal hypotension with crystalloid
co-load, the incidence of hypotension was high in both groups (co-load
53% vs. preload 83%, P = 0.026).

9.3.2.4 Colloids

Multiple studies have also evaluated the use of colloids in decreasing
spinal hypotension. Colloids given as a preload were found to decrease
the incidence of hypotension when compared with a crystalloid preload.
Colloids were found to have remained 100% intravascular 30 minutes
after administration with associated increase in blood volume and cardiac
output [34]. This increase in cardiac output associated with colloid preload
was found to eliminate hypotension associated with spinal anesthesia [36].
Co-loading with colloid had a similar efficacy to co-loading with crystal-
loid in preventing maternal hypotension. The use of vasopressors was
similar between the two groups, as were neonatal outcomes [37].

There are several concerns regarding colloids that have limited their
use and acceptance in clinical practice. Colloids are more expensive than
crystalloid infusions, and especially albumin, as opposed to HES solu-
tions. With colloids, there is an increased risk of allergic reaction compared
to crystalloid; however, the risk appears to be less with HES solutions
compared with dextrans or gelatins [38]. Additionally, studies have shown
effects on the coagulation system with HES solutions. Butwick et al. found
that patients prior to a cesarean delivery who had received a preload of
6% HES had longer reaction times and clotting times compared to base-
line [39]. These mild coagulation effects were not seen in patients who had
received lactated Ringer’s preload. Since HES recently has been attributed
to cause renal problems in critically ill patients, several medical agencies
around the world have put restrictions on the use of HES. Although the
evidence for other patient groups is weak, the use of HES has declined.

9.3.2.5 Colloid preload versus crystalloid co-load
A recent study by Tawfik et al. compared colloid preloading with crys-
talloid preloading in cesarean section under spinal anesthesia [40]. The
authors randomized 210 patients to either 500 mL of 6% HES 130/0.4
before spinal injection (colloid preload), or 1,000 mL of Ringer’s ace-
tate solution administered rapidly with intrathecal injection (crystal-
loid co-load). There was no significant difference in the incidence of
hypotension (52.4% vs. 42.2%; P = 0.18) or severe hypotension (15.5%
vs. 9.8%; P = 0.31) between colloid preload and crystalloid co-load
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groups, respectively. These authors concluded that these treatment
modalities were equivalent but required the co-administration of vaso-
pressors to minimize maternal hypotension.

9.3.2.6  Vasopressor therapy for spinal hypotension

Vasopressor therapy is a key component to minimizing hypotension
secondary to spinal hypotension. Traditionally, ephedrine had been
the vasopressor for spinal hypotension due to animal studies in sheep
ewes that reported decrease uterine artery blood flow with phenyleph-
rine. More recent studies in humans have disputed these findings and
there were no differences in neonatal Apgar scores when phenylephrine
or ephedrine was used as a vasopressor. Ephedrine was associated was
increased incidence of fetal acidosis when compared with phenylephrine.
Therefore, phenylephrine has been increasingly gaining use in the obstet-
ric unit. Ngan Kee et al. reported a marked reduction in hypotension with
a phenylephrine infusion with similar umbilical cord gas pH values and
neonatal Apgar scores. However, approximately 24% of patients still have
spinal hypotension despite a high phenylephrine infusion (100 pg/mL).
No crystalloid hydration was given to the patients in this study due to
the ineffectiveness of crystalloid preload [41]. A subsequent study by the
same group reported a near elimination of maternal hypotension after
spinal anesthesia when a high-dose phenylephrine (100 pg/mL) infusion
was used in combination with crystalloid co-loading [42]. At the start
of intrathecal medication injection, the crystalloid infusion was rapidly
administered and the patients received a total of 2 L of lactated Ringer’s.

9.3.2.7  Summary

In summary, crystalloid preloading has been found to be ineffective.
Administration of crystalloid fluid at the time of spinal anesthetic
placement, crystalloid co-loading, reduces the incidence of maternal hypo-
tension. Preloading with colloid solution also reduces maternal hypoten-
sion after spinal anesthesia; however, colloid co-loading was not any more
effective than colloid preloading. Crystalloid co-loading was found to be
as effective as colloid preloading; however, neither could eliminate spinal
hypotension. Vasopressor therapy is essential in the management of spi-
nal hypotension. In combination with high-dose phenylephrine infusion
(100 pg/min), crystalloid co-loading could essentially eliminate spinal
hypotension. Crystalloid co-loading or colloid preloading in combination
with vasopressor therapy are likely the most effective regimens to mini-
mize spinal hypotension for cesarean delivery (Table 9.1).

9.3.3  Postpartum hemorrhage

Obstetric hemorrhage is the leading cause of maternal mortality worldwide.
A report in 2006 by the World Health Organization stated that hemorrhage
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Table 9.1 A comparison of fluid strategies for the management of

spinal hypotension

Fluid
modality Reference Study design Conclusions
Crystalloid Jackson [33] 1L versus 200 mL of No difference in the
preload crystalloid preload severity of hypotension
between the two groups
Crystalloid Dywer [34] 1520 mL/kg Co-load group: Decreased
co-load Oh [35] crystalloid bolus maternal hypotension
received either prior and decreased used of
(preload) or after ephedrine
(co-load) spinal
anesthesia
Colloid Tawfik [40]  Colloid preload No significant difference
preload (hydroxyethyl in hypotension or severe
starch) before spinal hypotension
versus 1,000 mL of
crystalloid co-load
during spinal
placement
Colloid Teoh [37] Colloid (hydroxyethyl = No significant difference
co-load starch) preload in incidence of
versus co-load hypotension, absolute
(15 mL/kg) blood pressure values,
phenylephrine
requirements, or neonatal
outcomes
Notes:  Crystalloid preload has been found to be ineffective in preventing spinal hypoten-

sion. Crystalloid co-load, colloid preload, and colloid co-load have been found to be
better fluid strategies, with similar outcomes; however, all three still require vaso-
pressor support to eliminate spinal hypotension.

was the leading cause of death in Africa (33%) and Asia (20%). By compari-
son, hemorrhage only accounted for 13% of maternal deaths in developed
countries. In the United States, a report by the Centers for Disease Control
and Prevention reported that hemorrhage was the fifth leading causing
of maternal mortality between 2006 and 2010. However, Callaghan et al.
reported that from 1994 to 2006 there was an increase in the rate of post-
partum hemorrhage in the United States, primarily due to an increase in
uterine atony [43]. There are several physiological changes (increased red
blood cell mass, increased plasma volume, and hypercoagulability) that pre-
pare a mother for the expected blood loss associated with pregnancy [44].
On average, the estimated blood loss associated with a vaginal delivery is
500 mL and the estimated blood loss associated with a cesarean delivery
is 1,000 mL. Postpartum hemorrhage in the obstetric patient is usually due
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to uterine atony or retained products of conception [45]. Mothers can lose
a significant volume of blood rapidly because uterine blood flow can be
700 mL/min to 900 mL/min at term [46].

What is the optimal management for the parturient with severe
obstetric hemorrhage? Recent studies that have reviewed data from mili-
tary trauma in Iraq and Afghanistan have found a correlation between
survival and an increased ratio of fresh frozen plasma and platelets in
soldiers who received massive transfusions [47]. Hypothermia, coagu-
lopathy, and acidosis are known to be predictive of mortality in adult
trauma victims. Damage control resuscitation is a concept that aims to
rapidly reverse this “lethal triad” in order to improve outcomes in the
trauma patient [48]. Replacement of blood loss with whole blood or
blood equivalents has increasing evidence of improving mortality in the
trauma patient. The concepts of fluid management in the trauma patient
are discussed in more detail in a previous chapter of this book [49] (see
Chapter 8). Should this literature from the military and trauma literature
guide our clinical practice with obstetric patients who have massive hem-
orrhage? Pasquier et al. conducted a retrospective review of 12,226 deliver-
ies in a Paris hospital [50]. Of these deliveries, 142 (1.1%) were complicated
by severe postpartum hemorrhage. They divided the patients into two
groups: hemorrhage that was controlled with medical management with
oxytocin and prostaglandin 2E (sulprostone) alone or hemorrhage that
required advanced interventional procedures (such as uterine artery liga-
tion, B-lynch suture, arterial angiographic embolization, or hysterectomy).
Patients who received a higher ratio of Fresh Frozen Plasma (FFP): Packed
Red Blood Cells (PRBC) (1:1.2 vs. 1:1.6) were associated with decreased
odds for requiring advanced interventional procedures. Labor and deliv-
ery units have adopted transfusion practices with higher ratios of FFP
and platelets in massive obstetric hemorrhage [51]. Further studies are
required to define which patients will benefit most from these practices.

9.4 Preeclampsia

Preeclampsia is one of the leading causes of maternal mortality and mor-
bidity. Preeclampsia is characterized by maternal hypertension, edema,
and proteinuria. In severe forms, preeclampsia can involve multiple organ
systems with seizures (eclampsia), renal insufficiency, hepatic dysfunc-
tion, and pulmonary edema [52]. These women have decreased oncotic
pressures due to low serum albumin levels. This low oncotic pressure can
result in peripheral edema, although they may be intravascularly volume
depleted because of the hypoalbuminemia. The mechanism of how pre-
eclampsia occurs is not fully understood. Leading theories propose that
preeclampsia develops as an immune reaction of the mother to the foreign
fetus. Early effects of preeclampsia involve poor placental implantation
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into the uterus. This can result in intrauterine growth restriction and
a fetus that may be less tolerant of labor. Later effects of preeclampsia
are suggested to arise from maternal systemic inflammatory response.
Preeclampsia is also characterized by increased capillary permeability,
which may cause organ system dysfunction [52].

There is significant debate in the literature regarding fluid manage-
ment in these patients. Due to increased vascular permeability and low
oncotic pressure, there is a concern that the preeclampsia patient has intra-
vascular volume depletion [53,54]. This is despite significant peripheral
edema, and these patients may in fact be total body volume overloaded.
Fluid expansion has been advocated previously to improve the preeclamp-
tic patient’s volume status. This improved volume status was proposed to
improve uteroplacental blood flow and decrease the risk of renal failure.
However, studies that have looked at fluid expansion in the preeclamp-
tic patient have found little improvement in either maternal or fetal out-
comes [55]. Other authors advocate fluid loading in these patients during
specific interventions—such as initiation of neuraxial anesthesia, adminis-
tration of antihypertensive medications, or maternal oliguria [53]. Specifically
looking at neuraxial anesthesia, fluid loading has been recommended to
decrease the incidence of maternal hypotension. However, studies com-
paring preeclamptic to non-preeclamptic patients have found decreased
incidence of hypotension in general in the preeclamptic patients [56].
Specifically, in this study, all patients were given 1,500-2,000 mL of fluid at
the time that their spinal anesthetics were administered.

On the other hand, patients with preeclampsia are at risk of developing
pulmonary edema. There are multiple factors that contribute to this risk:
low oncotic pressure, increased vascular permeability and magnesium
administration. Excessive fluid administration can increase the risk of
developing pulmonary edema. Currently, there are no specific guidelines
from the American College of Obstetrics and Gynecology regarding fluid
management in the preeclamptic patient [57]. Avoidance of excessive fluid
administration seems reasonable; however, tight fluid restriction seems
unnecessary. The exception to this would be patients who have developed
pulmonary edema, where fluid administration should be limited.
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Key points:
This chapter deals with

Fluid therapy in enhanced recovery after surgery programs (ERP)
Preoperative considerations and management of blood transfusion
Perioperative blood management

Intraoperative fluid therapy during abdominal surgery with ERP
Goal-directed fluid therapy

Postoperative fluid therapy

Management in the surgical unit

10.1 Introduction

Enhanced recovery programs (ERP) are multidisciplinary care path-
ways that include standardized perioperative evidence-based inter-
ventions aiming at attenuating organ dysfunction induced by surgical
stress, reducing morbidity, and supporting rapid functional recovery
(Table 10.1) [1-4]. Evidence-based guidelines for best practices in peri-
operative care are available for different types of abdominal proce-
dures, including colon surgery, rectal and pelvic surgery, gastrectomy,
radical cystectomy and pancreaticoduodenectomy [5-9]. In all of these
guidelines, perioperative fluid management is considered a key part of
ERPs [10], as fluid administration in absence of hypovolemia has been
extensively shown to delay the recovery of bowel function, increase
overall morbidity, and prolong hospital stay [11-13]. Fluid excess also
affects tissue perfusion by increasing intra-abdominal pressure [14],
directly reduces absorption of nutrients, and prolongs postoperative
ileus [15,16]. On the other hand, hypoperfusion secondary to hypovo-
lemia also increases postoperative complications, especially in patients
undergoing gastrointestinal surgery [17-19]. Intravenous fluids should
be considered and used as any other medications, administered when
indicated, at a predetermined infusion rate, and acknowledging side
effects that can negatively affect surgical recovery [10,20].

Perioperative fluid management in patients undergoing abdominal
surgery is still controversial. However, over the years the amount of fluids
that are commonly infused has been significantly reduced, as common
principles supporting the need of infusing large volume of fluids to main-
tain normovolemia during abdominal surgery have been challenged.
In fact, emerging evidence, from clinical and experimental studies, has
shown that the volume of fluid needed to maintain adequate organ per-
fusion is significantly lower than what it is commonly administered.
However, large variability in crystalloid administration still exists within
and between caregivers [21]. The aim of this chapter is to discuss peri-
operative fluid management in patients undergoing abdominal surgery,
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Table 10.1 Elements included in enhanced recovery programs for

abdominal surgery

Intervention

Preoperative
period

Intraoperative
period

Postoperative
period

Information, education, and counseling

Preoperative optimization (smoking and alcohol cessation,
preoperative nutrition, anemia, physical conditioning)

Minimization of preoperative fasting

Carbohydrate loading

Anesthetic agents allowing rapid emergence from
anesthesia

Open surgery

Thoracic epidural blockade

Laparoscopic surgery

Spinal analgesia morphine

Intravenous lidocaine

Abdominal trunk blocks

Postoperative nausea and vomiting prophylaxis
Minimally invasive surgery

Maintenance of normothermia

Glycemic control

Fluid balance

Avoidance or early removal of tubes and drains

Early removal of urinary catheter
Early oral feeding

Implementation of anti-ileus strategies
Glycemic control

Multimodal analgesia

Early mobilization

Criteria-based discharge

specifically in the context of an ERP. Fluid management will be influenced
by several individual elements of ERPs that differ from traditional care,
and these will be discussed to provide an integrated multidisciplinary

approach.

10.2  Preoperative considerations and
management of blood transfusion

In the preoperative phase, ERPs include interventions that will signifi-
cantly reduce the intravascular deficit compared to traditional care and
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therefore will affect the amount of intravenous fluids needed to achieve
normovolemia before surgery [22,23]. These include selective use of
mechanical bowel preparation (MBP), minimization of preoperative fast-
ing, and use of preoperative carbohydrate drinks.

MBP produces physiological changes that significantly dehydrate
patients. Patients receiving MBP lose about 1.2 kg of their weight and
experience an increase in their plasma osmolality. Similarly, the plas-
matic concentration of urea and phosphate is augmented while the
concentration of potassium and calcium decreases [24]. It has been
demonstrated that after MBP 1.5-2 L of intravenous fluids are neces-
sary to replace intravascular volume and prevent orthostatic intoler-
ance [25,26]. These physiologic changes are more pronounced in elderly
patients [27], and up to 2-3 L of supplemental crystalloids are neces-
sary to maintain them hydrated and normovolemic [22]. While routine
MBP prior to gynecologic or urologic surgery should be omitted, its role
in bowel surgery, particularly left-sided and rectal resection, remains
controversial as emerging evidence suggests that the addition of oral
antibiotics may decrease surgical site infections after bowel surgery.

Prolonged preoperative fasting is an unnatural way to prepare for
surgery as it induces short-term catabolic changes, magnified by surgical
stress, and dehydrates patients. Even though international preoperative
fasting guidelines allow clear fluids up to 2 hr before induction of anes-
thesia and solid food up to 6 hr, it is still common practice to keep patients
fasting after midnight the day before an operation [28]. Adherence to
international preoperative fasting guidelines improves patients” well-
being and reduces insulin resistance [29]. Despite early evidence sug-
gesting that preoperative fasting can cause hypovolemia [30], recent
studies have shown that even prolonged preoperative fasting (>8 hr) in
patients not receiving MBP minimally reduces intravascular volume [31].
Moreover, preoperative intravascular volume in patients following pre-
operative fasting guidelines and not receiving MBP is on average 200 mL
(median 200 mL, interquartile range (IQR) 0-600 mL); and 30% of the
patients undergoing surgery under these circumstances are normovole-
mic before surgery [32]. This implies that replacing intravascular deficit
with fixed volumes (e.g., the 4/2/1 rule), instead of individualizing fluid
therapy by measuring fluid responsiveness, can significantly increase
the risk of fluid overloading.

Preoperative carbohydrate (CHO) drinks are given in attempt to
attenuate insulin resistance induced by surgical stress. Although it seems
intuitive that administering preoperative CHO drinks 2 hr before induc-
tion of anesthesia might also reduce the preoperative intravascular deficit,
these benefits have never been proven [33]. Similarly, evidence support-
ing the use of CHO to improve patients’ well-being, reduce postoperative
nausea and vomiting, accelerate the recovery of gastrointestinal function,
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and shorten the length of hospital stay is inconclusive and supported by
low-quality trials [33].

Clear preoperative educational material, including institutional pre-
operative fasting policy and use of CHO drinks, is an essential element
of an ERP. Well-designed materials at the appropriate health literacy level
that engage patients in their own perioperative care will help patients
arrive in a catabolic state to surgery. In addition, they provide information
to help reduce the risk of errors in following the guidelines and subse-
quent cancellation of surgery in case patients do not stop food or fluids at
the correct time.

10.3  Perioperative blood management

The goal of administering intravenous fluids is to ensure optimal oxy-
gen delivery by maintaining preload [34]. Oxygen delivery depends on
several factors such as cardiac output and arterial oxygen content (deter-
mined by hemoglobin levels, oxygen saturation, and less importantly
partial arterial oxygen pressure) [35]. As hemoglobin concentration is
one of the most important determinants of arterial oxygen content, in
patients with adequate perioperative hemoglobin levels, oxygen deliv-
ery will mainly depend on preload and myocardial contractility. In
patients with chronic anemia, physiological compensatory mechanisms
such as increased cardiac output, selective organ vasodilation (brain
and heart), and increased oxygen extraction guarantee adequate oxygen
delivery [36]. However, this physiological compensation can be inad-
equate during acute intraoperative anemia secondary to blood losses
and hemodilution due to intraoperative fluid administration, resulting
in tissue hypoxia [36].

Preoperative anemia is a very common condition, being present in
about 75% of the patients undergoing elective surgery and accounting
for 90% of postoperative anemia [36]. In colorectal surgical patients, the
prevalence of anemia ranges from 22% to 76% depending on the type
of diagnosis and on the stage of colorectal cancer [37]. Regardless of its
severity (mild, moderate, or severe), preoperative anemia increases the
likelihood of adverse clinical outcomes [38,39], and it is associated with
increased 30-day mortality and prolonged hospital stays [40]. Similarly,
data from large retrospective databases has shown that allogeneic blood
transfusions are also associated with increased morbidity, mortality, and
increased hospital costs [41,42], suggesting that correcting perioperative
anemia by simply transfusing patients does not improve postoperative
outcomes. This is also confirmed by studies demonstrating that blood
transfusions do not improve survival in nonbleeding patients, likely
because of the presence of upregulating prothrombotic mechanisms,
damaged red blood cells, and disturbance of the nitric oxide physiology,
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which may be responsible for some of the perioperative complications
related to this intervention [43].

The concept of perioperative blood management (PBM) was recently
introduced, with the purpose of implementing perioperative multidisci-
plinary evidence-based interventions aiming at maintaining periopera-
tive hemoglobin levels within normal values, maintaining homeostasis,
and minimizing blood loss [41,44]. Even though inadequate PBM can
negatively impact postoperative outcomes [41,44] and significantly
affect perioperative fluid management [44,45], it has never been inte-
grated in ERPs.

Perioperative PBM strategies aim at [36,44]

¢ Optimizing preoperative red cell volume

¢ Minimizing intraoperative blood loss

¢ Increasing anemia tolerance and utilizing patient specific hemoglo-
bin thresholds triggering transfusion

Optimizing preoperative red cell volume by prompt detection,
evaluation, and correction of preoperative anemia is extremely
important [46]. In colorectal patients scheduled for surgery a preop-
erative hemoglobin level less than 13 g/dL for both genders should
require further investigation [47]. Depending on patient’s diagnosis
and comorbidities, preoperative blood tests such as reticulocyte count,
iron levels, folic acid, and when necessary inflammatory markers such
as C-reactive protein, depending on the patient context, can provide
further useful information to identify the etiology of anemia [47].
Iron replacement therapy to correct iron deficiency anemia has been
shown to be effective. Intravenous iron 2-4 weeks before surgery is
safe and it has been shown to increase hemoglobin levels. Oral iron
replacement is an alternative, but it seems not to be as effective and
tolerable as intravenous replacement [48]. Folate and vitamin B12 sup-
plements are useful to correct macrocytic anemia. If anemia is associ-
ated to chronic diseases, the concomitant use of intravenous iron and
erythropoiesis stimulating agents (ESAs) could also be considered [49].
However, the role of ESAs in correcting perioperative anemia is still
debatable and the use of ESAs might increase the risk of thrombotic
events [50]. Optimization of preoperative anemia might not be always
feasible, as it takes time (up to several weeks). Correction of preop-
erative hemoglobin levels with red blood cell transfusions and bone
marrow stimulating agents might not be sufficient to improve postop-
erative outcomes [36,41,43].

Several strategies can be used to minimize blood loss during sur-
gery. Promoting preoperative alcohol abstinence in alcohol abusers
might also reduce the risk of perioperative bleeding and allogeneic
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blood transfusions [51,52]. The results of an observational study per-
formed in chronic alcoholics with more than 10 years of daily alco-
hol consumption (mean daily ethanol consumption 354 + 97 grams)
showed an improvement of plasmatic levels of coagulation factors
within 1 week of alcohol abstinence [53]. Although it is a reasonable
hypothesis that alcohol abstinence could decrease perioperative hem-
orrhagic events, since coagulation factors are synthesized in the liver
and alcoholic liver disease also causes thrombocytopenia [54], stron-
ger evidence is warranted [55]. Minimally invasive surgery (such as
laparoscopy, robotic surgery, or modification of surgical access) [56]
and prevention of intraoperative hypothermia [57] are well-established
ERP elements that decrease intraoperative blood loss. Prophylactic use
of antifibrinolytic agents has also shown to minimize blood loss and
allogeneic blood transfusion [58,59]. Specifically, tranexamic acid has
proven to reduce the risk of transfusions in hepatic (risk ratio [RR] =
0.52, 95% confidence interval [CI] = 0.39-0.68), urological (RR = 0.66, 95%
CI = 0.48-0.91), vascular (RR = 0.58, 95% CI = 0.34-0.99), and gyneco-
logical (RR = 0.86, 95% CI = 0.48-1.54) surgery [59]. Acute normovolemic
hemodilution (ANH) has also been proposed as a strategy to minimize
the risk of allogeneic blood transfusions, minimizing the risk of infec-
tions and transfusion reactions, mainly in patients undergoing major
urological surgery [60,61]. However, meta-analyses (including 42 and 24
randomized controlled trials [RCTs], respectively) did not confirm these
benefits and the safety of ANH was challenged [62,63], mainly concern-
ing the risk of hypoxic kidney injury [64]. Preoperative autologous
blood donation might constitute a reasonable option in the absence of
preoperative anemia, in patients at high risk (10%-50%) of allogeneic
blood transfusion, with uncommon blood types, or refusing alloge-
neic transfusions [65]. However, it was demonstrated to be expensive,
time-consuming, and to waste blood products if autologous blood is
not transfused [60]. If indicated, preoperative autologous blood transfu-
sions should be supplemented with iron or erythropoietin to prevent
patients arriving anemic to surgery [65].

Appropriate fluid administration techniques are essential to ensure
adequate oxygen delivery, including prompt use of vasopressor in vaso-
dilated normovolemic patients [66,67]. Based on this principle, oxygen
delivery can be ameliorated even in the presence of reduced levels
of hemoglobin, which might be the case in oncologic patients with
reduced physiological reserve, through the optimization of cardiac out-
put with vasopressors [35,68,69]. If hemoglobin levels cannot be cor-
rected before surgery, judicious use of vasopressors and inotropes can
maintain adequate oxygen delivery to ensure optimal tissue perfusion
and oxygenation [70]. Experimental studies have demonstrated that
norepinephrine increases anemia tolerance by maintaining myocardial
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perfusion, and it could represent a short-term therapeutic interven-
tion to bridge acute anemia [35,70,71]. The consensus statement from
the Enhanced Recovery Partnership suggests targeting hemoglobin
concentration >7 g/dL at the end of the surgery [10]. Even though allo-
geneic blood transfusions increase the risk of perioperative morbidity,
mortality, and potentially the risk of cancer recurrence [72,73], it must
be acknowledged that hemoglobin transfusion thresholds might be
higher for certain patient populations, particularly patients with coro-
nary artery disease and elderly patients [74,75]. Hemoglobin transfu-
sion threshold should be individualized, taking into account patient
comorbidities, markers of tissue hypoxia, surgical risk, and the clinical
setting [76,77].

In summary, PBM includes multidisciplinary and multimodal
individualized perioperative strategies that aim at attenuating the
negative impact of anemia on postoperative outcomes and decrease the
perioperative need of allogeneic blood transfusions and its associated
risks [47,78].

10.4 Intraoperative fluid therapy during
abdominal surgery within an ERP

The main objectives of fluid therapy during abdominal surgery are to:

1. Cover and maintain the needs derived from salt-water homeostasis
2. Maintain normovolemia

10.4.1 Covering and maintaining the needs derived
from salt—water homeostasis

Adequate intraoperative fluid management is essential to ensure opti-
mal organ perfusion. This should be achieved by avoiding fluid overload
or excessive fluid restriction, which can both significantly impair organ
function [10,79]. This is particularly important for patients undergoing
abdominal surgery, in whom surgical trauma leads to impairment of
gastrointestinal motility, which can be aggravated both by hypovolemia
and excessive fluid administration [22]. The former causes splanchnic
hypoperfusion [80,81], with perfusion of the bowels a critical determi-
nant of bowel motility [82], while the latter causes edema of the bowel
wall and surrounding structures, impairing oxygenation, and affecting
bowel peristalsis [18,83]. Furthermore, excessive fluid administration or
splanchnic ischemia secondary to hypovolemia can both significantly
impair intestinal anastomotic healing and increase the risk of anasto-
motic dehiscence [84].
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Recognizing that the optimal intraoperative fluid regimen in the
context of ERP is still a subject of debate [5], the following considerations
should be considered when infusing intravenous fluids:

® Replacement of insensible blood loss: Traditionally, intravenous fluids
up to 7-8 mL/kg/hr have been infused to replace intravascular defi-
cit caused by insensible losses, which include evaporation of fluids
caused by surgical wound exposure, respiration, and transpiration.
However, insensible blood losses have been measured, and even
when the bowel is fully exteriorized from the abdominal cavity
insensible blood losses do not exceed 1 mL/kg/hr [85-87]. Moreover,
it should be also considered that with the introduction of minimally
invasive techniques such as laparoscopic surgery, insensible losses
are further reduced [85,87,88].

® Replacement of third-space losses: Replacement of third-space losses is
a concept described more than 50 years ago [89]. Results from early
studies using outdated tracer-dilution techniques showed that surgi-
cal trauma induces a reduction of the extracellular volume that was
not fully accounted for from external losses (blood, urine, gastroin-
testinal fluids). To explain this deficit, it was hypothesized that fluids
internally redistributed or were sequestrated into another compart-
ment, known as the “third space.” This space was hypothesized to be
adjacent to the surgical wound, in the splanchnic bed, or in the intra-
cellular compartment, but further research failed to anatomically
localize or physiologically characterize this compartment [90-92].
It should be kept in mind that several perioperative factors such as
hypotension, fluid overload, and different tracer equilibrium times
can affect radiotracer distribution kinetics and might have partially
explained these initial results [88,93,94]. In contrast, more recent evi-
dence using advanced tracer-dilution techniques has consistently
shown that after surgery extracellular volume is expanded and not
decreased [95].

* Surgical trauma disrupts the endothelial glycocalyx, altering the func-
tion of the vascular barrier: The endothelial glycocalyx is the main
determinant of the endothelial permeability. It is a fine layer of
proteoglycans and glycoproteins covering the endothelium (see
Chapter 1) that maintains the intravascular oncotic pressure by
keeping plasma proteins in the intravascular space [96]. There
are multiple perioperative factors that disrupt the integrity
of the glycocalyx such as inflammation secondary to surgical
insult, ischemia/reperfusion, and releasing of atrial natriuretic
peptide (ANP) [97-99]. Infusing a large volume of intravenous
fluids or rapidly infusing intravenous fluids in normovolemic
patients increases intravascular hydrostatic pressure, triggering
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the release of ANP, which sheds the endothelial glycocalyx. As a
result, intravenous fluids shift into the interstitial space and tis-
sue edema occurs. Excessive perioperative fluid administration,
aiming to replace third spaces losses into a compartment that has
never been identified, further damages the endothelial glycocalyx
and augments the amount of intravenous fluids that accumulate
in the interstitial space [88,100].

Based on these considerations, an intravenous infusion of 3 + 2 mL/kg/hr
of balanced crystalloid solutions is sufficient to cover the needs derived
from salt-water homeostasis during major abdominal surgery, avoiding
substantial postoperative weight gain (>2.5 kg per day), which is associated
with increased morbidity [11] and mortality [101].

10.4.2  Maintaining normovolemia

Intraoperative blood loss and shift of intravascular fluids into the intersti-
tial space due to an increased endovascular permeability leads to a reduc-
tion of intravascular volume. Maintaining normovolemia is challenging
since common clinical measures of hypovolemia such as heart rate, blood
pressure, urine output, central venous pressure, and pulmonary wedge
pressure are inaccurate in measuring preload [102,103] and predicting
fluid responsiveness [20]. During laparoscopic abdominal surgery, it is
even more complicated, as pneumoperitoneum and frequent changes in
position can significantly affect hemodynamic variables, independently
from the volume status. These considerations are extremely important in
patients undergoing gastrointestinal surgery. Indeed, the gastrointestinal
tract is very sensitive to tissue hypoperfusion as it is early affected by
reductions of just 10%-15% of the circulating volume, before any clini-
cal sign of hypovolemia is manifested [104,105]. It has been found that
gastric perfusion, measured by tonometry, is reduced in healthy subjects
exposed to an acute reduction of 25%-30% of their circulating volume
without manifesting any change in heart rate or blood pressure [105].
This indicates that the usual variables to guide fluid administration
during surgery such as heart rate, blood pressure, urinary output, and
central venous pressure are not accurate to early detect splanchnic hypo-
perfusion [106,107].

10.5 Goal directed fluid therapy

Goal-directed fluid therapy (GDFT) (see also Chapters 3, 4, and 9) aims
to optimize intravascular volume based on more objective measures of
hypovolemia to ensure optimal cardiac output and organ perfusion. Based
on the Frank-Starling curve, the only reason to administer intravenous
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fluids is to increase preload to the extent that a significant increase in
cardiac output (210%-15%) is produced. This requires cardiac output
measurements before and after volume expansion and, when indicated,
the use of inotrope agents to increase myocardial contractility in patients
with poor ventricular systolic function. Dynamic indices of preload such
as pulse pressure variation, stroke volume variation, and systolic pressure
variation are useful hemodynamic indices that can highly predict fluid
responsiveness before intravenous fluids are administered. However, it
must be acknowledged that the accuracy of these indices to predict fluid
responsiveness has been validated in paralyzed, mechanically ventilated
patients with a tidal volume of >8 mL/kg, in sinus rhythm and without
an open thorax or increased abdominal pressure. These conditions are
only present in slightly more than 50% of the patients undergoing gen-
eral anesthesia for abdominal surgery [108] and probably even less during
laparoscopic surgery, limiting the clinical applicability of these indices
[109-112]. In these settings a fluid challenge may be a more valuable alter-
native to predict fluid responsiveness [20,96]. Several GDFT algorithms
have been used. However, they can be divided in two categories: GDFT
algorithms aiming at preemptively maximizing stroke volume, and GDFT
algorithms aiming to optimize stroke volume only when clinically indi-
cated (Figure 10.1).

The beneficial impact of GDFT on postoperative outcomes remains
controversial, especially within the context of an ERP [97]. A recent meta-
analysis [98], including 31 RCTs of patients undergoing major surgery
mainly without an ERAS program, found that GDFT, with or without
inotropes, reduced the number of patients with complications, specifi-
cally, renal impairment (RR = 0.71, 95% CI = 0.57-0.90), wound infec-
tion (RR = 0.65, 95% CI = 0.50-0.84), respiratory failure (RR = 0.51, 95%
CI =0.28-0.93), and shortened the length of hospital stay by approximately
1 day (weighted mean difference = -1.16, 95% CI = -1.89 to —1.43). Table 10.2
summarizes studies assessing the impact of GDFT on postoperative out-
comes after abdominal surgery.

However, four consecutive RCTs [99,113-115], mainly conducted
in the context of an ERP, and including two large multicenter RCTs
(OPTIMISE) [113,114], did not confirm these findings. It might be possible
that the benefits observed in patients treated with GDFT and reported
in the early studies might be offset by the advancement of perioperative
care and more judicious use of intravenous fluids, as represented by the
ERP approach. Nevertheless, GDFT might still be beneficial in patients
undergoing high-risk surgery (associated with large fluid shifts and
with extensive blood loss, >7 mL/kg) or in high-risk patients [5-9,23,116]
(Table 10.3; see also Chapter 8). Auditing institutional data (e.g., blood
loss, duration of surgery, amount of intraoperative fluid administered,
length of hospital stay, morbidity, and mortality) is also important to
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Attach noninvasive
cardiac output device

Clinical examination and
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+
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Figure 10.1 Goal-directed fluid therapy: examples of (a) preemptive stroke
volume (SV) optimization and (b) SV optimization when clinically indicated.

high lactic acid
y
500 mL
SV inc > 10% crystalloid
500 mL Colloid
SV inc <10%
MAP <65 mmHg »| Nore pinephine 0.01 ug/
kg/min and titrate
4
CI<2.5,SVI<35o0r 5| Dobutamine @ 2.5 ug/kg/
Poor LV function* min and titrate to CI

(I, cardiac index; SVI, stroke volume index; LV, left ventricular.
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Table 10.3 Common clinical and surgical features used in characterizing
high-risk patients and surgery

Surgical risk factors

Major surgery with a 30-day mortality rate >1%.

Major surgery with an anticipated blood loss >500 milliliters (>7 milliliters
kilogram).

Major intra-abdominal surgery: any laparotomy, bowel resection, gastric
resection, and cholecystectomy with choledochotomy. Complex major also
includes any aortic procedure, abdominoperineal resection,
duodenopancreatectomy, pancreatic or liver resection, and
esophagogastrectomy [94,100].

Intermediate surgery (30-day mortality >0.5%) in high-risk patients: older than
80 years, history of left ventricular failure, myocardial infarction,
cerebrovascular accident, or peripheral arterial disease [65].

Unexpected blood loss and/or fluid loss requiring >2 liters of fluid replacement.

Patient risk factors

Anaerobic threshold <11 milliliters O, kilogram= minute™! [85,101].

Patients with ongoing evidence of hypovolemia and/or tissue hypoperfusion,
e.g., persistent lactic acidosis.

Source: Vassallo, R., et al., Transfus. Med. Rev., 29(4), 268-275, 2015.

Note: Goal-directed fluid therapy is commonly recommended for use in this population
of patients undergoing major abdominal surgery.

establish if implementing GDFT as a standard of care in patients under-
going major abdominal surgery might add further advantages.

Studies extending intraoperative GDFT to the early postoperative period
(624 hr after surgery) have shown a beneficial impact on the recovery of the
bowel function [117-119]. Reduced length of hospital stay and decreased ICU
admissions were also reported [117]. Continuing GDFT in the early post-
operative period does not reduce the incidence of postoperative orthostatic
intolerance or hypotension [120]. Several noninvasive cardiac output moni-
tors have been used to guide GDFT [121], but most of the evidence avail-
able is based on the use of the esophageal Doppler and on the analysis of
the arterial pressure waveform [98,122]. It has been shown that in high-risk
patients the benefit of GDFT is independent on the type of hemodynamic
monitor used [116].

Colloids have been mainly used to optimize intravascular volume dur-
ing GDFT. Despite experimental studies showing that colloids are superior
to crystalloids in improving macro- and microcirculatory splanchnic perfu-
sion [123], clinical studies comparing GDFT with colloid versus GDFT with
crystalloid have failed to reproduce these findings [124]. Patients treated
with GDFT with crystalloids receive more vasopressors [125] and intra-
venous fluids resulting in a greater postoperative weight gain [124-126].
Nevertheless, large volumes of colloids (2,605 + 612 mL) can impair coagula-
tion and increase blood loss [126].
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10.6  Zero weight balance

Zero weight balance fluid regimens aim at minimizing weight gain (or
loss) after surgery by avoiding hypervolemia and organ hypoperfusion
and protecting the vascular barrier to prevent fluid shifting into the
intestinal space [99]. In part this goal is achieved by avoiding replac-
ing the third space and insensible losses with unnecessary intravenous
fluids [90] and limiting the amount of intravenous fluids to replace only
intravascular losses due to blood loss and interstitial accumulation, the
latter caused by a deteriorated endothelial barrier. It must be acknowl-
edged that while blood loss can be estimated during surgery, intravas-
cular losses due to interstitial accumulation are not easy to quantify
without objective measures of hypovolemia.

Colloid 1:1 (and blood transfusions when indicated) are commonly
infused to replace blood loss. Although data from ICUs have shown that
colloid use can increase mortality and risk of acute kidney injury [127,128],
colloids appears to be safe in surgical patients [129]. However, the restric-
tions put on starch-based solutions for critically ill patients have caused
the use of colloids even in the surgical settings to decline. Alternatively,
crystalloids can be used 1:2 to replace blood loss when colloids are contra-
indicated, considering that the intravascular effect of crystalloids is pro-
longed during general anesthesia [130,131].

Vasopressors should be used to treat hypotension induced by gen-
eral and neuroaxial anesthesia, after ensuring that the patients are nor-
movolemic [99,132], as intravascular volume is not reduced by anesthetic
agents [67]. The use of low-dose vasopressors has not shown to nega-
tively affect mesenteric perfusion, microcirculatory flow, and oxygen-
ation of the small bowel or colon [133,134]. On the contrary, vasopressors
are more efficient than intravenous fluids to improve splanchnic circula-
tion [134].

The results of two RCTs aiming at maintaining postoperative weight
gain <2.5 kg indicated that zero weight balance regimens, in comparison
with GDFT, provide adequate organ perfusion in low-risk patients treated
with an ERP [99,132]. It was also found that patients in the zero weight bal-
ance group received less intravenous fluids and colloids than patients in
the GDFT group [99,132].

10.7  Postoperative fluid therapy
10.7.1  Postoperative anesthesia care unit

Oral fluid intake should be restarted as soon as the patient is fully
awake and without postoperative nausea and vomiting. With this goal,
prevention of postoperative nausea and vomiting is essential to tolerate
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early feeding [135]. In the meantime, administration of 1.5 mL/kg/hr of
crystalloids is appropriate to keep patients well hydrated. Additional
crystalloids are used to replace (1:1) gastrointestinal losses. Hypotension
induced by epidural analgesia should be treated with vasopressors
after ensuring the patient is normovolemic [67]. Perioperative low
urine output should be expected as a physiologic response to surgi-
cal stress [22,136]. This includes the release of vasopressin, the activa-
tion of the axis renin—angiotensin aldosterone, and liberation of other
antidiuretic hormones such as cortisol and norepinephrine that over-
all lead to retain salt and water and reduce urine output [136-138]. In
this context, attempts to replace urine output by administering intra-
venous fluids in the absence of any other signs of hypovolemia can
further damage the endothelial glycocalyx, facilitating fluid shifting
into the interstitial space, and increase the risk of complications with-
out improving renal function [23,101]. Based on the recent Risk, Injury,
Failure, and End-stage kidney disease (RIFLE) criteria a urine output of
<0.5 mL/kg/hr for less than 6 hr should not even be considered a risk
factor for the development of acute kidney injury [139].

10.7.2  Surgical unit

Avoidance of nasogastric tubes, early resumption of oral intake soon after
surgery, and subsequent early discontinuation of intravenous fluids are
important ERP interventions [5-9,140-142]. Patients should be encouraged
to drink at least 1.5 L (25-35 mL/kg) of water per day to cover the physi-
ologic needs derived from water and salt hemostasis [143]. If oral intake is
tolerated, intravenous fluids can be discontinued right after the surgery
and restarted only if clinically indicated [5] (Table 10.4). Oral nutritional

Table 10.4 Most common indications for restarting intravenous fluids
in the postoperative period

Intolerance of oral intake

Parenteral nutrition

Anastomotic dehiscence

Postoperative ileus

High stoma output

High output by fistulas or drains

Sepsis

Postoperative bleeding

Hypotension secondary to hypovolemia not corrected with oral intake
(e.g., diarrhea or vomiting)

Patients with nasogastric tube

Electrolyte imbalances not susceptible to oral correction

Medical complications requiring intravenous fluids (e.g., diabetes
decompensation and pulmonary emboli)
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Table 10.5 Perioperative fluid management in two patients undergoing
colorectal surgery with an ERP

Case1 Case 2
Patient 68-year-old male. 76-year-old female.
presentation ~ ASA2. ASA 3.
Weight: 75 kg. Weight: 60 kg.
Comorbidities: anemia, Comorbidities: hypertension,
arterial hypertension on coronary artery disease, diabetes
ACE inhibitors. mellitus type 2 on insulin.
Diagnosis: colon cancer. Diagnosis: Rectal cancer.
Scheduled surgery: right Scheduled surgery: open rectal
laparoscopic anterior resection. The surgery
hemicolectomy. The is planned for 7:30 a.m.
surgery is planned for Anesthesia and analgesia: general
10:30 a.m. anesthesia plus TEA (T9-T10).
Anesthesia and analgesia: Duration of surgery: 3 h.
general anesthesia. A EBL: 500 ml.
bilateral TAP block plus ~ Uncomplicated surgery,
PCA morphine is discharged on postoperative
provided to control Day 3.
postoperative pain.
Duration of surgery: 2 h.
EBL: 200 ml.
Uncomplicated surgery,
discharged on
postoperative Day 2.
Preoperative Last solid meal: 9 h before Last solid meal: 35 h before surgery.
surgery. Clear fluids: 2 h before surgery.
Clear fluids: 2 h before MBP plus fluid diet the day before
surgery. surgery.
No MBP. Carbohydrate drink (400 ml) at
Carbohydrate drink 5:30 a.m.
(400 ml) at 8:30 a.m. 1.5 L of balanced crystalloid
solution to replace.
Intraoperative  Standard hemodynamic Standard hemodynamic

monitoring.?
Hypotension following
induction of anesthesia is
restored using
ephedrine.
Balanced crystalloid
solution: 2 mI* kg h-1.
Colloid: 200 ml.
No blood transfusion.

monitoring?® + SV optimization
(GDFT).

Hypotension following induction
of anesthesia and following
epidural boluses is restored
using ephedrine.

Balanced crystalloid solution:
3ml'kg'h.

Colloid: 600 ml.

No blood transfusion.

(Continued)
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Table 10.5 (Continued) Perioperative fluid management in two patients
undergoing colorectal surgery with an ERAS program

Case 1 Case 2
Postoperative  Infusion rate of 1.5 ml~! Infusion rate of 1.5 ml! kg h!
PACU kg h! for the duration for the duration of stay (1.5 h).
Unit of stay (1.5 h). Clear fluids are allowed.

Clear fluids are allowed. Hypotension following induction
Intravenous fluids kvo of epidural boluses is restored
(15 ml* h). using ephedrine.
Full fluid diet the day of IV-lock.
surgery and full diet the  Full fluid diet the day of surgery

morning after.
Water oral intake:
~1.5L-'day .

Daily weight balance.
Additional IV crystalloids

to replace GI loss
(e.g., vomiting).
Total IV fluids ~1,000 ml

and full diet the morning after.
Water oral intake: ~1.5 L-'day.
Daily weight balance.
Adjust epidural infusion rate in
case of hypotension.
Additional IV crystalloids to
replace Gl loss (e.g., vomiting).
~2,800 ml

(ml)®

Notes:  ERAS, enhanced recovery after surgery; ACE, angiotensin-converting enzyme; kvo,
keep vein open; SV, stroke volume; TEA, thoracic epidural analgesia; TAP block,
transversus abdominis plane; PCA, patient-controlled analgesia; MBP, mechanical
bowel preparation; ml, milliliter; L, liters; kg, kilogram; h, hour; IV, intravenous;
EBL, estimated blood loss; ASA, American Society of Anesthesia physical status
classification system; GI, gastrointestinal; PACU, postoperative anesthesia care unit.

2 Standard hemodynamic monitoring includes heart rate, invasive blood pressure, and
pulse oximetry.
b First 24 h.

supplements for the first 4 postoperative days can be added to ensure
adequate caloric intake [144]. Decisions to administer intravenous fluids
should also take into consideration postoperative weight gain, since exces-
sive postoperative fluid administration resulting in postoperative weight
gain >2.5 kg increases overall morbidity [11] and prolongs the recovery of
bowel function [18]. Diuretics can be useful to eliminate fluid excess [86].

10.8  Summary

Inadequate perioperative fluid management increases morbidity and
delays immediate surgical recovery. Even though perioperative fluid man-
agement for patients undergoing abdominal surgery remains controver-
sial, principles supporting the infusion of large amounts of intravenous
fluids to maintain that patients are euvolemic and well hydrated during
abdominal surgery have been challenged over the years. Moreover, ERPs
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include multiple interventions, such as minimization of preoperative fast-
ing, selective use of MBP, and early recovery of oral intake, that further
minimize the amount of intravenous fluids needed. The adjunct of GDFT
algorithms to optimize cardiac output with the aim of ensuring optimal
tissue perfusion and avoiding fluid overloading could be considered in
high-risk patients or in patients undergoing major surgery associated
with extensive blood loss and large fluid shifts. However, the beneficial
impact of GDFT on postoperative outcomes still remains to be proven,
especially in the context of an ERP. Table 10.5 summarizes perioperative
fluid management in two patients undergoing colorectal surgery with an
ERAS program.
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11.1  Body water distribution and blood volume

In adults, 60% of body weight is water. Two-thirds of total body water (TBW)
is intracellular fluid, and the remaining one-third is extracellular fluid. In
neonates, TBW is considerably higher than in adults, representing 75%-80%
of body weight. In the first years of life, the distribution of body fluid under-
goes significant changes (Figure 11.1). The weight loss seen in the first week
of life is due to a rapid decrease in TBW, and after approximately 12 months
TBW has decreased to 60% of body weight, thereby reaching adult levels.
The initial decrease in TBW is mainly due to a decrease in extracellular
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Figure 11.1 Changes in the amount and distribution of total body water
according to age. (Reprinted from Friis-Hansen, B., Pediatrics, 28, 169-181, 1961.
With permission.)
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fluid volume (ECV). In the full-term newborn, ECV represents 45% of body
weight and intracellular fluid volume (ICV) 30% of body weight. During
the first year ECV decreases to 25% of body weight and reaches adult levels
of 20% at 5-6 years of age. ICV increases slightly and reaches adults levels,
40% of body weight, after 12 months [1].

The blood volume in children also constitutes a greater proportion
of body weight compared to adults. In premature infants blood volume
is approximately 100 mL/kg, in the full-term neonate 80-90 mL/kg, in
infants 80 mL/kg, and in older children 70-80 mL/kg [2]. Body habitus
also influences blood volume, and obese children will have a relatively
lower blood volume.

Hemoglobin levels are high at birth, usually 140-200 g/L in the full-
term neonate. After the neonatal period, infants develop a physiological
anemia reaching a nadir in hemoglobin level of 90-130 g/L at 2-3 months of
age. This is due to decreased erythropoietin levels and a shorter red blood
cell half-life. At birth, 70% of the full-term neonate’s hemoglobin is fetal
hemoglobin (HbF), resulting in a leftward displacement of the oxygen—
hemoglobin dissociation curve and decreased oxygen delivery to tissues.
Opver the first 6 months HbF is gradually replaced by adult hemoglobin.

11.2 Renal maturation

In the newborn, urine output is low during the first 24-48 h due to high
levels of antidiuretic hormone (ADH), but in the first few days after birth
the level of atrial natriuretic peptide increases, resulting in a brisk diure-
sis. This postnatal diuresis results in isotonic fluid losses from the ECV
and an initial weight loss of 5%-10% of body weight in the first week.

In the neonate, both glomerular and tubular function are immature.
By 35-36 weeks of gestation, the number of nephrons has reached adult
levels; after this glomeruli and nephrons continue to grow and mature
in function.

At birth, glomerular filtration rate (GFR) is low, reaching approxi-
mately 20% of adult levels. After birth, renal vascular resistance decreases,
leading to an increase in renal blood flow and GFR. After 2 weeks GFR
has doubled, and adults levels are reached at approximately 18 months of
age [3]. The rapid postnatal increase in GRF means that the infant’s capa-
bility to excrete a water load develops early in life.

The immature tubular function of neonates makes sodium reabsorp-
tion and excretion less effective. Urine concentrating ability at birth is only
about half that of adults (600-800 mmol/L vs. 1,200-1,400 mmol/L) while
adult levels are reached at 1-2 years of age. The inability to concentrate
urine increases the risk of dehydration in conditions of water depletion
such as diarrhea. Tubular immaturity also lowers the renal threshold for
glucose, making infants prone to glucosuria.
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The immature glomerular and tubular function makes the neonate
and small infant vulnerable to fluctuations in water and solute loads.
Consequently, careful control of fluid management and sodium balance
is important in the perioperative setting.

11.3  Energy expenditure and maintenance fluids

The basal energy requirements are considerably larger in a neonate than
in an adult. This is partly because children need more energy to maintain
body homeostasis and partly because energy is needed for growth.

Under normal conditions, the metabolism of 1 kcal requires 1 mL of
water, including water lost as insensible loss and urine. This means that
maintenance fluid requirements are closely correlated to the child’s meta-
bolic rate. Holliday and Segar measured the metabolic needs of children
at rest and used these data to produce a widely used formula for estimat-
ing the required daily maintenance fluid [4]:

¢ For infants with body weight <10 kg: daily fluid requirements are
estimated to 100 mL/kg.

¢ For children with body weight 1020 kg: 1,000 mL + 50 mL/kg for
every kg body weight above 10 kg.

¢ For children with body weight above 20 kg: 1,500 mL + 20 mL/kg for
every kg bodyweight above 20 kg.

The corresponding rule for hourly fluid requirements is the 4-2-1 rule
(Table 11.1).

One must keep in mind that this formula provides a rough estimate
of the maintenance fluid required and that individual factors can have
significant impact on fluid requirements. Energy expenditure and fluid
requirements increase in situations such as surgery, sepsis, and sweating.
Fever will increase water requirements by 12% per degree Celsius above
37°C, and hypothermia will decrease fluid needs correspondingly.

Holliday and Segar also determined electrolyte requirements in
healthy children. A child normally needs 2-3 mmol/kg/day of sodium

Table 11.1 Maintenance fluid requirements in children

Daily fluid Hourly fluid
Weight requirements requirements
First 10 kg 100 ml/kg/d 4ml/kg/h
10-20 kg 50 ml/kg/d 2ml/kg/h
every kg >20 kg 20 ml/kg/d 1ml/kg/h

Source: Holliday, M.A. and Segar, W.E., Pediatrics, 19(5), 823-32, 1957.
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and 1-2 mmol/kg/day of potassium to replace urinary electrolyte losses
and to provide electrolytes needed for growth. However, in acutely ill chil-
dren the need for electrolyte substitution can differ substantially, making
monitoring of sodium and potassium levels essential. This is especially
true for children at risk of increased secretion of ADH.

11.4  Dehydration and hypovolemia

It is not uncommon for the child admitted to acute surgery to be dehy-
drated to some degree. Before the start of surgery, the degree of dehy-
dration needs to be assessed, and adequate intravascular volume status
needs to be restored. The acute weight loss of the child can be used to
estimate the severity of dehydration, if a recent and reliable pre-illness
body weight is available. If this is not the case, clinical signs can give
an estimate of the degree of dehydration. Based on clinical signs, dehy-
dration is normally divided into three categories expressed in percent of
body weight (Table 11.2).

* <5% (<50 mL/kg) is considered mild dehydration.
* 5%-10% (50-100 mL/kg) is considered moderate dehydration.
* >10% (>100 mL/kg) is considered severe dehydration.

Normal values for vital signs are presented in Table 11.3.

The estimated degree of dehydration based on clinical signs should
be considered an initial approximation, and it is important to monitor the
clinical response to the prescribed fluid therapy. Besides replacing the

Table 11.2 Clinical signs of dehydration in children

Mild Moderate Severe
Clinical sign dehydration dehydration dehydration
Weight loss (% of 3-5 5-10 >10
body weight)

Appearance Normal Irritable Lethargic

Blood pressure Normal Normal to low Low

Pulse rate Normal Increased Tachycardia,
weak pulse

Respiration Normal Tachypnea Tachypnea, deep
breathing

Mucous membranes Normal/dry Dry Very dry

Capillary refill time <2 sec 2-4 sec >4 sec

Urine output Decreased Oliguria Oliguria/anuria

Anterior fontanelle Normal Sunken Sunken
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Table 11.3 Normal vital signs for age

Systolic blood
Heart rate pressure Respiratory  Diuresis
Age (bpm) (mmHg) rate (mL/kg/hr)
Term 100-160 60-90 30-60 1-2
newborn

<1 year 90-140 70-100 25-40 1-2
1-3 years 80-130 80-110 20-35 0.5-1
3-5 years 80-120 80-110 20-30 0.5-1
6-12 years 70-110 80-120 20-30 0.5-1
>12 years 60-90 90-120 15-20 0.5-1

fluid deficit, fluid must also be prescribed for normal maintenance needs
and ongoing losses.

11.5 Fasting guidelines

Preoperative fasting is routine in elective surgery to minimize the risk
of regurgitation of gastric contents and subsequent pulmonary aspira-
tion. However, although measures to prevent aspiration are of great
importance, there are also potential adverse effects of prolonged fasting,
and children should not be fasted longer than recommended in current
guidelines [5,6] (Table 11.4).

Although a recent paper by Schmidt and colleagues indicates that a
1-hour fast is sufficient after drinking clear fluids [7], current guidelines
recommends that clear fluids (water, pulp-free juice, carbonated bever-
ages, tea or coffee without milk) can be given up to 2 hours before sur-
gery without affecting gastric pH or volume at induction of anesthesia.
Children should be encouraged to drink up to this time point, since this
will reduce dehydration, hypoglycemia, and thirst and increase the com-
fort and cooperability of the child.

Human breast milk can be safely ingested up to 4 hours before sur-
gery. Concerning infant formula, fasting time is somewhat more contro-
versial. ASA guidelines recommend a 6-hour fasting interval for infant
formula [5], whilst European guidelines recommends stopping infant for-
mula 4-6 hours prior to anesthesia, depending on the age of the child and
local considerations [6]. For solid food and cow’s milk, a 6-hour fasting
interval is recommended.

If current guidelines are followed and the child can drink clear flu-
ids until 2 hours before surgery, fluid status can be expected to be nor-
mal. However, often children are fasted for longer periods than clinically
motivated [8]. If the child still is fasted for a prolonged time, IV fluid sub-
stitution corresponding to maintenance needs must be prescribed.
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Table 11.4 Preoperative fasting guidelines for children

Ingested substance Fasting time
Clear fluids 2h
Breast feeds 4h
Infant formula 4-6h
Solids 6h

Source: Anesthesiology, 114(3), 495-511, 2011; and Smith, L,
et al., Eur. ]. Anaesthesiol., 28(8), 556-569, 2011.

It should be kept in mind that these guidelines apply to healthy chil-
dren having planned, elective surgery. Several factors can reduce gastric
emptying, including diabetes mellitus, obesity, trauma, pain, and acute
abdominal conditions, and individual risk factors must be taken into con-
sideration when deciding whether a child can be regarded as adequately
fasted or not.

11.6  Important considerations in the
choice of perioperative 1V fluid

11.6.1 Hyponatremia

Based on the daily requirements of fluid and electrolytes published by
Holliday and Segar, traditionally hypotonic maintenance fluids with low
sodium levels (0.18%-0.45%) and 5%-10% glucose have been used [9].
However, in recent years it has become evident that this strategy in many
cases leads to hyponatremia and hyperglycemia, with potentially severe
consequences.

11.6.2  Pediatric fluid therapy and hyponatremia

When prescribing IV fluids for children, the risk of iatrogenic hyponatre-
mia must be considered. Hyponatremia will result in free water passing
into brain cells, with resultant cerebral edema. Children have a relatively
larger brain compared to intracranial volume, and this makes them
more vulnerable to hyponatremia. Over 50% of children will show signs
of hyponatremic encephalopathy when plasma sodium levels fall below
125 mmol/L [10]. Hyponatremia in children is a severe complication and
can result in encephalopathy, seizures, permanent neurologic damage,
and even death [11].

The two main factors contributing to the development of hypona-
tremia in sick children in general, and surgical children in particular, is
ADH secretion and the administration of hypotonic fluids [12].
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11.6.3 Antidiuretic hormone

ADH is a posterior pituitary gland hormone, and it has an important role
inregulating renal water excretion. Normally, ADH is secreted in response
to increasing plasma osmolality. However, ADH secretion also increases
in response to several non-osmotic stimuli, such as hypovolemia, stress,
pain, nausea, and vomiting. Many of these factors are common in the peri-
operative period and contribute to increased levels of ADH in children
undergoing surgery [13]. The increase in ADH levels leads to retention of
free water in the body and subsequently to decreased sodium levels.

11.6.4 Hypotonic or isotonic fluids in the perioperative setting?

In situations with increased levels of ADH, the impaired ability to
excrete the free water content of hypotonic solutions will increase the
risk of perioperative hyponatremia. Several studies and meta-analyses
have shown that the risk for hyponatremia in hospitalized children is
significantly lower when using isotonic solutions compared to hypo-
tonic solutions [14-17]. In the surgical setting, Choong and colleagues
randomized 258 children to postoperative fluid therapy with isotonic
saline or 0.45% saline [18]. In this study, hypotonic saline increased the
risk of hyponatremia, whilst isotonic saline did not increase the risk of
hypernatremia. Similar results have been found in other studies includ-
ing pediatric surgical patients.

Modern recommendations encourage the use of isotonic solutions in
the perioperative setting. A European consensus document from 2011 rec-
ommended the use of isotonic solutions in children intra-operatively [19],
and the 2007 guidelines from the Association of Paediatric Anaesthetists
of Great Britain and Ireland recommended against the use of hypotonic
solutions as maintenance fluid in postoperative children [20].

With the risks of hyponatremia in mind, fluids used in pre-, peri-,
and postoperative care should preferentially have a sodium concentration
near the physiological range. In the postoperative period, fluids should be
given at a lower rate than normal maintenance fluid, since the postopera-
tive increase in ADH will diminish free water excretion. Also, it is impor-
tant to bear in mind that the use of isotonic fluids will decrease but not
abolish the risk of hyponatremia in the perioperative period.

Concerns have been raised about the development of hypernatre-
mia with the use of isotonic solutions. However, in a recent study McNab
and colleagues randomized 690 children to either isotonic (sodium
140 mmol/L) or hypotonic (sodium 77 mmol/mL) solution as maintenance
fluid and found that patients receiving the isotonic solution were less likely
to develop hyponatremia, without any increased risk of hypernatremia or
any other adverse event [17].
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The use of large volumes of 0.9% saline carries the risk of concomi-
tant hyperchloremic acidosis [21]. Hyperchloremia can be avoided by
instead using balanced solutions with an electrolyte composition more
similar to extracellular fluid, such as acetated or lactated Ringer’s.

Regardless of which type of fluid is chosen, fluid therapy needs to
be monitored regularly to ensure the adequacy of therapy. Fluid input/
output should be carefully monitored. A baseline weight should be
obtained before the start of therapy and followed daily if possible. Many
authors recommend following serum electrolytes daily in all children
receiving IV fluids.

11.6.5 Pediatric fluid therapy and glucose

Previous concerns about intraoperative hypoglycemia has been balanced
by a growing awareness of the potentially negative effects of hypergly-
cemia. Many pediatric anesthetists have changed their practice, moving
away from the use of solutions containing 5%-10% glucose to instead pre-
scribing solutions containing 1%-2.5% glucose.

11.6.6  Hypoglycemia

With its potential for causing irreversible damage to the central ner-
vous system [22], unrecognized hypoglycemia is a feared complication
of anesthesia. The described incidence of hypoglycemia at induction
of anesthesia varies depending on the fasting time applied and the
definition used. However, when using modern fasting guidelines that
avoid prolonged fasting periods and allow children to drink clear flu-
ids until 2 hours before surgery, hypoglycemia is very rare [23]. During
surgery, the release of cortisol and epinephrine in response to the sur-
gical trauma will normally increase the intraoperative blood glucose
level. Even small infants are capable of coping with this stress response,
and most pediatric patients will not be at risk of hypoglycemia even
if glucose-free solutions are administered during surgery. Although
most patients will not need glucose-containing solutions during sur-
gery, some patients will still be at risk of hypoglycemia. Risk factors
for intraoperative hypoglycemia include premature babies (and neo-
nates <48 hours of age), children receiving total parental nutrition or
already on IV glucose solutions, beta-blocker therapy, prolonged sur-
gery, liver disease, metabolic disease, and the use of combined regional
and general anesthesia (thereby reducing the surgical stress response).
These groups of patients should be given solutions containing at least
2.5% glucose perioperatively, and blood glucose should be monitored
during surgery.
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11.6.7 Hyperglycemia

The use of intravenous solutions containing 5%-10% glucose in the peri-
operative period has repeatedly been shown to induce hyperglycemia in
pediatric patients [24].

Although a causal relationship between hyperglycemia and adverse
outcome has not yet been proven, hyperglycemia has several potentially
negative effects in both adults and children. An important concern is the
potential for hyperglycemia to worsen cerebral cell damage and enhance
structural alterations after brain ischemia/hypoxia. This is supposedly
due to anaerobic metabolism of glucose, leading to an accumulation of
lactate and intracellular acidosis, subsequently compromising cellu-
lar function and increasing cell death. In children with traumatic brain
injury, hyperglycemia has been shown to be an independent risk factor
for poor outcome [25].

Furthermore, hyperglycemia negatively affects fluid balance
through glucosuria and osmotic diuresis, possibly resulting in dehydra-
tion and hypovolemia. Infants have a lower renal threshold for glucose,
making them especially vulnerable in this respect. Moreover, hyper-
glycemia is associated with an increased rate of postoperative wound
infections.

11.6.8 Which type of fluid should be used
in the perioperative setting?

In the perioperative period, an intravenous solution that minimizes the
above described risks of deranged sodium and glucose homeostasis
should be used. The fluid should have a sodium level close to the physi-
ological range to avoid perioperative hyponatremia, the most common
complication of perioperative fluid therapy. The glucose content should
be 1%-2.5%, thereby avoiding hypoglycemia as well as hyperglycemia.
The small amount of glucose in the solution will also prevent lipolysis
and the release of ketone bodies and free fatty acids [26]. Moreover, the
solution should preferably have a balanced pH to avoid the hyperchlore-
mic acidosis seen when larger amounts of saline are given.

In recent years, several studies have confirmed the safety of using
IV solutions with physiological sodium levels and 1% glucose as the pre-
ferred perioperative fluid [17,18,27,28], and a European consensus state-
ment from 2011 recommended the intraoperative use of balanced IV fluids
with sodium concentrations close to the physiological range and glucose
content of 1%—-2.5% [19]. Such a solution was recently registered in Sweden
for pediatric use (Benelyte®, newborn up to 14 years of age, treatment of
isotonic dehydration, contains glucose 10 mg/mL, balanced and isotonic).
Although fluids of this type will be adequate for most pediatric patients,
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individual patient characteristics must, as always, be considered when
choosing what type of fluid to use.

11.7  Intraoperative fluid therapy

Intraoperative fluid therapy can be divided into three different parts:

1. Substitution of existing fluid deficit
2. Maintenance fluid requirements
3. Replacement of ongoing losses

11.8  Substitution of existing fluid deficit

Preoperative fluid deficit can be related to prolonged fasting or the under-
lying surgical condition.

In elective surgery where modern fasting guidelines are applied, the
fluid deficit will be minimal and does not need to be replaced. However,
if the child has been fasted for a prolonged period without receiving IV
fluids, a significant fluid deficit can develop. Multiplying the hourly main-
tenance fluid requirement by the number of hours the child has been
fasted can, in combination with clinical signs of dehydration, give an esti-
mate of the size of the deficit. A 10-20 mL/kg bolus of Ringer’s acetate or
lactate before induction of anesthesia is often sufficient, and the remain-
ing fluid deficit can be replaced over the first 2-3 hours of surgery.

Preoperative dehydration is common in many conditions requiring
acute surgery. This can be due to fever, vomiting, diarrhea, ileus, or reduced
oral intake. Children presenting with acute abdominal conditions can be
assumed to have at least a mild degree of dehydration. For the patient
presenting for emergency surgery with mild to moderate dehydration,
rehydration can be achieved by administering 50 mL/kg over 4 hr, and for
patients with moderate to severe dehydration 100 mL/kg can be given over
4-8 hr. However, if the need for surgery is imminent, fluid resuscitation
may have to be administered in a considerably shorter time. When fluid
losses are mainly due to vomiting, normal saline should be used to avoid
the development of hypochloremic, hypokalemic alkalosis.

In moderate and severe cases of dehydration, intravascular vol-
ume will be reduced and the child will also be hypovolemic, in severe
cases even in shock. In the case of hypovolemia, fluid boluses should
be used to restore intravascular volume and organ perfusion. This is
usually achieved with 10-20 mL/kg boluses of isotonic crystalloids;
the amount and speed of fluid administered should be guided by the
degree of hypovolemia and the clinical response to therapy. A child with
severe dehydration and shock may need 60-80 mL/kg of IV fluid during
the first hour.
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11.9  Maintenance fluid requirements

Crystalloid solutions with sodium 130-140 mmol/L and 1% glucose are
preferred as maintenance fluids perioperatively. However, these solutions
are not yet readily available in many countries. Balanced crystalloids, such
as acetated or lactated Ringer’s, can be used as an alternative. However, if
the patient is at risk of hypoglycemia, solutions containing 2.5% glucose
should be used, and extra sodium added to achieve sodium levels of
130-140 mmol/L.

During surgery, extracellular fluid losses generally rise, leading
to an increase in maintenance fluid requirements. The surgical wound
will increase intraoperative evaporative losses, and the surgical trauma
will induce local and systemic inflammation, which results in fluid
extravasation and edema.

The required rate of intraoperative maintenance fluid will depend
on the size of the surgical trauma. In children, data are lacking
regarding the optimal strategy for perioperative fluid therapy, but the
following guidelines have traditionally been used for intraoperative
maintenance fluid:

¢ For minor surgery, 3-5 mL/kg/hr
¢ For moderate surgical trauma, 7-8 mL/kg/hr
* For major surgical trauma, 10 mL/kg/hr

However, in adults a more restrictive approach to the need for main-
tenance fluid has been adopted in recent years. Also, recent pediatric
studies have shown the deleterious effects of fluid overload [29,30]. More
data is needed on the effects of restrictive perioperative fluid therapy
in children, but unnecessary fluid administration should be avoided.
Ideally, fluid administration should be individualized and not only
prescribed according to predetermined standards. At least for chil-
dren >1 year, traditionally used rates of maintenance fluids can likely
be reduced, given that the patient is closely monitored and clear hemo-
dynamic goals are used to determine the need for additional fluid.
The history of the patient as well as the type of surgery also need to be
considered. For instance, up to 50 mL/kg/hr may be needed for necro-
tizing enterocolitis surgery in premature infants [31]. On the other hand,
children with bronchopulmonary dysplasia are very vulnerable to fluid
overload, and maintenance fluid may have to be kept to a minimum [32].
For children over 12 years of age, adult rates of fluid replacement can be
used during surgery.

Substantial amounts of fluids can be administered as carrier solutions
for drugs or saline flush injections, and when calculating the need for
maintenance fluid all sources of IV fluid should be considered.
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11.10  Crystalloids and colloids

During surgery, additional fluid administration may be necessary to com-
pensate for hypovolemia and/or blood loss. The question of whether to
use crystalloids or colloids for this purpose remains a subject of debate,
as does the choice of colloid [33]. Currently, evidence regarding the choice
of colloid is weak.

The natural colloid albumin has been used extensively in pediatric
patients to increase colloid osmotic pressure and minimize edema forma-
tion, the main drawback being the relatively high cost. Data from pre-
mature infants indicate that a 4.5% albumin solution is more effective as
volume replacement than 20% albumin [34].

Synthetic colloids are less expensive, and third-generation hydroxy-
ethyl starch (HES) products have been used as an alternative plasma
expander in children. However, recent randomized controlled trials in
critically ill adult patients have shown an increased mortality and inci-
dence of renal failure in patients given HES as fluid resuscitation [35,36],
and this has dramatically decreased the use of HES. Data from the pediat-
ric population is more limited, but a recent meta-analysis of available data
concluded that HES significantly decreased platelet count and increased
the length of ICU stay in pediatric patients [37]. A trend towards adverse
effects on renal function was also found in the HES group. Given the poten-
tial side effects (increased bleeding, renal failure, pruritus) and the lack of
proof regarding clinically relevant positive effects of HES compared to
alternative fluids, the use of HES in children cannot be recommended.
There are also safety concerns regarding the use of gelatin solutions [38],
and until robust safety data exist the use of gelatins in children is best
avoided. Considering the safety concerns with synthetic colloids, albumin
remains the colloid of choice in pediatric patients.

Plasma has previously been used in children for volume expan-
sion, but this practice cannot be recommended. The main indications for
plasma transfusion are to compensate for blood loss and/or correct coagu-
lation abnormalities [39].

11.11 Replacement of ongoing losses

The relative plasma volume expanding effect of colloids is better than that
of crystalloids, but probably less than previously believed. This can in part
be explained by newer theories on capillary fluid exchange, described as
the revised Starling theory or the glycocalyx model [40].

If intraoperative signs of hypovolemia arise, a 10-20 mL/kg bolus
dose of isotonic crystalloid is often used as initial volume replacement.
This bolus could be given over 10-60 minutes depending on the urgency
of the situation but should not be given faster than motivated by the
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clinical picture, since capillary extravasation is likely to increase with
increasing speed of delivery. Colloids, preferably albumin, are usually
added after 40-60 mL/kg of isotonic crystalloids have been given.

For substitution of blood loss, initial replacement with two to three
times the volume in isotonic crystalloids is still common practice. Another
option is replacement by albumin 5% with a volume equal to the esti-
mated blood loss. Normally blood loss up to 20%-30% of blood volume
can be replaced using this strategy. When transfusing red blood cells in
stable patients, 10 mL/kg are often given over 4 hours, which will increase
hemoglobin (Hb) level by approximately 25 g/L. In 2007, the Transfusion
Requirements in Pediatric Intensive Care Units trial [41] found that in sta-
ble, critically ill children a restrictive transfusion strategy aiming at level of
70 g/L Hb was safe compared to a more liberal strategy targeting 95 g/L.
These results are in line with studies in the adult population [42,43]. In com-
bination with data indicating a higher rate of transfusion-related adverse
events in children [44], this has resulted in recommendations favoring a
transfusion trigger of 70 g/L in stable children [45,46]. However, for certain
groups higher transfusion triggers may be necessary, for instance children
<3 months and children with cyanotic heart failure, congestive heart fail-
ure, or in need of mechanical ventilation. Anemia increases the risk of post-
operative apnea in premature children before 60 weeks of postconceptual
age. However, whether preoperative transfusion reduces the risk of postop-
erative apnea or not is still unclear [47].

In the child with an ongoing bleeding, transfusion triggers need to
be higher, and a target of 90 g/L is often used. There is little evidence to
guide the use of blood products during major hemorrhage in infants and
children. A transfusion protocol where blood, plasma, and platelets are
administered in the ratio 20:20:10 mL/kg can be used in pediatric massive
bleeding [48]. In patients with body weight >50 kg, adult massive bleeding
protocols should be used, administering blood, plasma, and platelets in a
4:4:1 ratio.

Infants and children are sensitive to hypothermia, and blood products
need to be administered through a blood warming system. Transfusion-
related hypocalcemia is commonly encountered in children, and the
administration of IV bolus doses of 10% calcium gluconate 0.5 mL/kg
should be considered early in the course when transfusing larger amounts
of blood products. Indications for platelet transfusion in children do not
significantly differ from adults. Often 10 mL/kg is given, which can be
expected to raise platelet count by approximately 50,000/uL.

11.12  Postoperative fluid therapy

Children are often allowed and able to tolerate oral intake shortly after
surgery, and IV fluid therapy can then be discontinued. In more complex
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cases that need prolonged fluid substitution, careful planning of postop-
erative fluid therapy is essential.

As previously discussed, children are at risk of postoperative hypona-
tremia due to ADH secretion and diminished free water excretion. Besides
the perioperative stress response, pain, postoperative nausea and vomit-
ing, drugs, and anxiety contribute to the release of ADH. Postoperative
fluids should preferably be isotonic and given at a lower rate than normal
maintenance fluid. Several authors recommend using 50%-70% of a nor-
mal maintenance volume postoperatively. Obviously, postoperative fluid
restriction should only be applied if the child is considered normovolemic.

11.13 Monitoring fluid status in
the pediatric patient

The adequacy of fluid therapy in pediatric patients is usually estimated
from clinical signs. However, individual clinical signs can be inaccurate,
and it is important to consider the entire clinical situation before deciding
upon a strategy. For instance, tachycardia can imply hypovolemia but may
also be the result of untreated pain or anxiety.

Heart rate, blood pressure, capillary refill time, and core—peripheral
temperature difference are often used as markers of fluid status in the
child. Monitoring urine output is of great help, but it should be kept in
mind that excessive ADH release can cause oliguria even in a well-hydrated
child. A perioperative fluid balance recording fluid input and loss should
be calculated, and, if available, the pre- and postoperative difference in
patient body weight can give a god estimate of changes in volume status.
Laboratory measurements of Hb, hematocrit, base excess, and lactate are
useful and can often be obtained from a blood gas (arterial, venous, or cap-
illary) analysis. If a central venous catheter is in place, measuring central
venous oxygen saturation can be of help. Central venous pressure (CVP)
has been shown to be a poor predictor of fluid responsiveness in both
children [49] and adults [50], and the use of CVP in this context cannot be
recommended.

In adult practice, noninvasive cardiac output monitoring, such as
pulse-contour analysis and esophageal Doppler, is often used to assess
fluid responsiveness in goal-directed therapy protocols for high-risk
surgery [51]. Noninvasive cardiac output monitoring devices can also be
used to assess fluid responsiveness in pediatric anesthesia. Esophageal
Doppler analysis has been found to be useful in predicting volume
responsiveness in anesthetized infants and neonates [52]. However, there
are relevant cardiopulmonary differences between adults and children,
and there is a need for further validation of methods and protocols in
small children and infants undergoing surgery [49,53].
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Near-infrared spectroscopy (NIRS) is a noninvasive technique that
monitors regional tissue oxygenation in cerebral or splanchnic tissue [54].
NIRS has gained increasing popularity as a monitor of cerebral perfu-
sion and as a substitute for cardiac output monitoring in neonates and
small infants during and after cardiac surgery. The drawbacks of NIRS
include the lack of defined normal values and that NIRS values differ
significantly both interindividually and between devices from different
manufacturers [55,56]. If NIRS has a role in predicting volume respon-
siveness in children, it remains to be shown.

11.14 Conclusion

The management of perioperative fluid therapy in infants and children
requires an understanding of pediatric physiology and knowledge of
reference values for age-related physiologic parameters. ADH secretion is
oftenincreased in pediatric surgical patients, leading to retention of free water
and risk for symptomatic hyponatremia. Current guidelines for pediatric
fluid therapy support the use of isotonic solutions in the perioperative period
to avoid hyponatremia. Further, postoperative maintenance fluid should be
reduced to 50%—70% of normal maintenance fluid. For most patients, it is
not necessary to add glucose to the intraoperative fluid. Although adequate
guidelines for maintenance fluid and intraoperative replacement fluid exist,
fluid therapy needs to be adapted to the individual patient, and the clinical
response to the prescribed therapy needs to be monitored.

11.15 Pediatric fluid case

A 3-year-old boy weighing 15 kg is scheduled for surgery due to acute
appendicitis. His past medical record is unremarkable. He has had bowel
pain and loss of appetite for 2 days, with minimal oral intake. During the
last 24 hours he has had a temperature of 39 degrees centigrade, and over
the last 12 hours he has had only minimal urine output.

When admitted he is found to be tired but responds adequately to
verbal and tactile stimulation. Unfortunately, no recent preadmission
weight is known. The boy is thirsty, with dry oral mucous membranes.
His heart rate is 135 beats/min, blood pressure is 90/65, and capillary refill
time is 3 seconds. A blood gas is taken in the emergency department; the
hemoglobin value is 145 g/L, base excess —4 mEq/L, lactate 1.8, serum
sodium is 138, and serum potassium 3.8.

Based on clinical and laboratory findings the boy is estimated to be
dehydrated to a moderate (5%-10% of bodyweight) degree. Initial fluid
resuscitation is started with a 10 mL/kg bolus of Ringer’s acetate given
over 20 minutes. Capillary refill time is now 2 seconds, and heart rate has
decreased to 115 beats/min.
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The child is further rehydrated with Ringer’s acetate 50 mL/kg given
over 4 hr. After rehydration he is taken to the operating theatre for sur-
gery. He now has a heart rate of 100 beats/min, while blood pressure and
capillary refill time are unchanged, and he has produced some urine in
the ward.

During surgery a balanced isotonic crystalloid containing sodium
140 mmol/L and 1% glucose at a rate of 5 mL/kg/hris used as maintenance
fluid. After induction of anesthesia, the boy’s blood pressure drops signifi-
cantly and heart rate again increases to 130 beats/min. Hypovolemia is
suspected, and a fluid bolus of 10 mL/kg of albumin 5% is administered,
with prompt effect on blood pressure and heart rate. The surgical proce-
dure is uneventful and the boy is hemodynamically stable throughout
the operation.

For postoperative fluid therapy, a balanced isotonic crystalloid solu-
tion with 5% glucose is used. Normal hourly maintenance fluid need
is estimated at 50 mL/hr according to the Holliday and Segar method
(@ mL/kg/hr for the first 10 kg + 2 mL/kg/hr per kg >10 kg = 50 mL/hr).
To avoid water retention and hyponatremia due to ADH secretion, postop-
erative fluid therapy is prescribed at a rate of 2/3 of normal maintenance
needs, corresponding to 33.5 mL/hr for the first postoperative 24 hr.
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12.1 Clinical scenario 1: A resuscitation
without significant complications

A previously healthy 52-year-old male patient sustained a burn injury to
his face, anterior torso, bilateral upper extremities/hands, bilateral thighs,
and penis. The patient was starting an outdoor fire with a gasoline accel-
erant and suffered a 36% total body surface area (TBSA) burn. He arrived
at the burn unit approximately 2 hours post-injury and underwent resus-
citation with a computerized decision support system (CDSS). Figure 12.1a
shows the total volume of lactated Ringer’s (LR) infused over time and for
comparison, volumes calculated from the Parkland and modified Brooke
formulae through 23 hours post-burn when the patient went to surgery.
During the first 23 hours of resuscitation, the patient received a total vol-
ume of 10.7 L (LR) or 3.1 mL/kg/% TBSA burned.

Hourly inputs and outputs are shown in Figure 12.1b. After the first
8 hours post-burn, infused volumes and rates were virtually identical
to the Parkland rate, with urinary output (UOP) improving to slightly
above target levels. At Hour 11, the LR infusion rates were rapidly
reduced per CDSS recommendations to maintenance levels; after this
time, the patient continued to receive LR infusion at maintenance lev-
els in addition to the volume from intravenous drugs and oral intake.
Lactate had returned to a normal concentration of 1.4 mEq/L at Hour 26,
down from 3.0 mEq/L at admission. At post-burn Hour 18, albumin and
Lasix were co-administered to accelerate removal of sequestered fluid.
Subsequent hospital course was uneventful; the patient did not develop
organ failure, sepsis, acute lung injury, or acute respiratory distress
syndrome. Patient had a length of stay of 23 days and had a follow-up
period of 18 months.

12.2  Clinical scenario 2: A resuscitation of an
older patient with multiple comorbidities

An 8l-year-old male patient sustained a 55% TBSA burn caused by an
outdoor fire. The patient had several preexisting conditions including
coronary artery disease with multiple stent placements, diabetes mellitus,
endovascular repair of an abdominal aortic aneurysm, obesity, and hyper-
tension. Upon arrival at 2 hours post-burn, the patient was pulseless but
had successful return of rhythm and blood pressure with epinephrine.

The patient was placed on a ventilator to secure airway and main-
tain Peripheral capillary oxygen saturation (SpO,) > 90. Fluid resuscitation
was started using the CDSS. During the first 24 hours of resuscitation, the
patient received a total volume of 27.5 L or 3.9 mL/kg/% TBSA burned.
Figure 12.2a shows a comparison of the actual volume to the volumes esti-
mated using the Parkland or modified Brooke formulae.
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Figure 12.1 Initial fluid resuscitation of the 52-year-old-patient using a computer-
ized decision support system (CDSS). (a) Total volume of lactated Ringer’s infused
over time and compared to volumes calculated from the Parkland and modified
Brooke formulae through 23 hours post-burn when the patient went to surgery.
(b) Hourly inputs and outputs during the first 24 hours post-injury. HPB, hours

post-burn;

IV ABX, intravenous antibiotics.
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Figure 12.2 Initial fluid resuscitation the 8l-year-old-patient using a CDSS.
(@) Comparison of the actual volume to the volumes estimated using the Parkland
or modified Brooke formulae. (b) Hourly inputs and outputs. HPB, hours post-burn;
Epi, epinephrine; IV ABX, intravenous antibiotics.



Chapter twelve: ~Burn resuscitation 261

Hourly inputs and outputs are shown in Figure 12.2b. With this
resuscitation strategy, the patient achieved the target hourly UOP only
28% of the time. The patient continued to decline and required high lev-
els of vasoactive agents to maintain blood pressure. After consultation
with the family, supportive measures were discontinued, and patient
status was changed to DNR with comfort measures. The patient expired
on hospital Day 2.

12.3 Introduction

The severely burned patient presents in a state of cardiogenic, hypovole-
mic, and distributive shock [1,2]. The hypovolemia is largely due to loss of
fluid and plasma protein extravasation from the burn wounds and other
soft tissues of the body. There is a direct increase in microvascular perme-
ability in the burn wound [3,4]. In addition, circulating mediators in other
soft tissues, particularly the skin, intestines, and muscle, also contribute
to microvascular permeability at these sites. Fluid resuscitation is the
treatment for these profound states, but fluid resuscitation often cannot
adequately treat burn shock and poor hemodynamics.

The goal of fluid resuscitation, which should be instituted promptly,
is to ameliorate and ideally to prevent the development of burn shock at
the lowest physiologic cost and volume administered [5,6]. If burn shock
develops, the patient’s body undergoes a massive adaption in which all
components and regulators of fluid balance are altered. This results in
volume depletion, cardiac depression, decreased pulmonary artery occlu-
sion pressures, elevated systemic and pulmonary vascular resistance,
and activation of catecholamine and cytokine cascades [6,7]. Therefore,
timely and effective fluid resuscitation must be universal. If fluid therapy
is delayed by more than 2 hours after injury, complications and mortality
are increased [2,8]. On the other hand, care must be taken to not over-
resuscitate patients, which can result in as severe morbidity and mortal-
ity as under-resuscitation. Over-resuscitation appears to occur more often
than under-resuscitation.

12.4 Burn resuscitation—uwhere it started

One of the earliest accounts of fluid therapy for burns was in the 1700s by
Herman Boerhaave and his apprentice Gerard van Swieten, who wrote,
“there is but one remedy that can be used universally recommended
in all the species of burns, namely, the use of a thin anti-phlogistic or
‘cooling drink”” [8]. He further describes Boerhaave’s self-treatment
following a scald burn, stating, “by the use of a thin diet, and plenti-
ful drinking of cool liquors at the same time” he appeared in public in
8 days [8].
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In 1831, the second cholera pandemic swept across Europe from India
and reached North America, leaving tens of thousands dead [9]. Cholera
causes massive hypovolemic shock characterized by decreased circulat-
ing blood volume, metabolic acidosis, decreased cardiac output (CO), and
tachycardia [10]. W. B. O’Shaughnessy, an Irish physician, analyzed the
blood of cholera patients in 1831 and found electrolyte depletion, acido-
sis, and nitrogen retention. He stated that there was “universal stagna-
tion of the venous system and rapid cessation of the arterialization of
the blood” [11]. Following these findings, O’Shaughnessy carried out a
series of animal experiments and proposed that treatment must be based
on intravenous replacement of the salt and water [11]. Thomas Latta, a
physician not given acclaim for his work at the time, took the theory of
O’Shaughnessy and put it into practice. He initially attempted rectal
rehydration with mixed results, but in a paper presented in The Lancet,
he reported successful fluid replacement via the basilic vein [11]. Further
studies on cholera continued to provide insight into fluid replacement for
burn injuries. In 1854, Ludwig von Buhl reported that hemoconcentration
occurred in both burn victims and victims of cholera, and he suggested
that all patients receive fluid replacement [12].

In 1905, the American surgeon Haldor Sneve published research on
skin grafting and burn treatment in a large series of patients, and he rec-
ommended fluid replacement with a saline solution either via hypoder-
moclysis or intravenous routes [13]. Unfortunately, his recommendations
and work on goal-focused resuscitation were overlooked and not built
upon for many years [12].

Mass casualty events and war have been one of the largest contribu-
tors to advancements of burn care. On November 27, 1921, the Rialto
Theatre in New Haven, Connecticut, caught fire, killing 6 and injuring
80 [14]. During this time, Dr. Frank Underhill laid the foundation for
the management of fluid and electrolytes [15,16]. Underhill examined
21 patients who were admitted following the theatre fire. He reported
that the more severe the burn, the more severe the hemoconcentration
and that fluid replacement must be rapid and is of paramount importance
in survival [15,16]. Additionally, he reported that blister fluid was similar
in composition to plasma and that the fluid lost could be replaced with a
salt solution [16]. On November 28, 1942, the Cocoanut Grove nightclub
caught fire, killing 492 people and injuring hundreds more, making it the
deadliest nightclub fire in US history. The patients were sent to Boston
City Hospital and Massachusetts General Hospital (MGH). Dr. Charles
Lund led the team at Boston City Hospital, while Dr. Oliver Cope led
the team at MGH. Both institutions began resuscitation with IV fluid
containing equal parts saline and plasma [12]. Cope used a resuscitation
formula that provided 500 mL plasma plus 500 mL saline for every 10%
TBSA burned in the first 24 hours, followed by adjustments based on
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hemoconcentration [17]. Dr. Lund did not use a formula to guide resus-
citation, but he did use clinical parameters such as heart rate, blood
pressure, and hematocrit [18]. Later, Cope and Francis Moore reported
the first burn formula based on burn surface area for fluid therapy, rec-
ommending that 75 mL plasma and 75 mL noncolloid isotonic fluid be
administered for every 1% TBSA burned in the first 24 hours, with one-
half being given in the first 8 hours and the remainder being given in the
next 16 hours. This practice of providing half of the fluid needs within
the first 8 hours remains a feature of nearly all modern burn resuscita-
tion formulae. Additionally, 2,000 mL fluid was to be given on each day
for insensible losses [19]. These formulae were based on a “normal” sized
adult and could be unfavorable for some patient cohorts. Thus, more
accurate formulae based on weight and TBSA burned were needed.

12.5 Burn resuscitation formulae

Following the contributions of Cope and Moore, Dr. Everett Evans devel-
oped a formula based on TBSA burned and weight. This formula sets
infusion at 1 mL/kg/% TBSA burned of normal saline and an equal part
colloid plus 2,000 mL D5W in the first 24 hours, followed by 0.5 mL/kg/%
TBSA burned of saline and an equal part colloid plus an equal amount
of D5W in the second 24 hours [20,21]. In 1968, Baxter and Shires, using
an animal model, described the ongoing fluid shifts into the interstitial
space and cellular space following thermal injury and showed that most
of the edema fluid in burn wounds is isotonic [22]. In studies performed
on dogs and primates, they found that, in burn-injured and unresusci-
tated animals, the greatest volume loss occurred throughout the extra-
cellular fluid compartment due to cellular edema. Further, the decreased
vascular volume reduced CO by 25% within 4 hours post-burn. In clinical
trials, mortality rates were comparable, whether sodium fluids or colloid-
containing resuscitation formulae were used for resuscitation, and both
led to the same plasma volume at 24 hours post-burn, although more crys-
talloid was used than albumin. They suggested not using colloid until
after the first 24 hours post-burn because of transient capillary leak. These
findings were the basis for the Baxter or Parkland formulae, 4 mL/kg/%
TBSA burned of crystalloid (most often LR) [23]. This remains the most
commonly used formula today.

Soon after Baxter’s work, Pruitt and colleagues reviewed burn resus-
citation records at the Brooke Army Medical Center and reported that the
average amount of fluid collectively received in their patients approximated
half the needs of the Parkland formula [24]. They also concluded that col-
loids given within the first 24 hours do not affect protein plasma content,
prompting them to propose infusion of 2 mL/kg/% TBSA burned of crys-
talloids during the first 24 hours (i.e, Pruitt-modified Brooke formula).
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Table 12.1 Common burn resuscitation formulae
Formula First 24 hours post-burn Next 24 hours post-burn

Evans Formula

Brooke Formula

Modified Brooke
Formula

Parkland Formula

Modified Parkland
Formula

Shriner’s Cincinnati
(For Children)

Galveston Formula
(For Children)

NS: 1 mL/kg/% TBSA burn

Colloid: 1 mL/kg/% TBSA
burn

D5W: 2,000 mL

LR: 1.5 mL/kg/% TBSA
burn

Colloid: 0.5 mL/kg/%
TBSA burn

D5W: 2,000 mL

LR: 2 mL/kg/% TBSA burn

Colloid: None

LR: 4 mL/kg/% TBSA burn
Colloid: None

LR: 4 mL/kg/% TBSA burn
Colloid: None

LR: 4 mL/kg/% TBSA burn +
1,500 mL/m?, % given over

1st 8 h and the remaining
over the next 16 h (older
children)

LR: 4 mL/kg/% TBSA burn +

1,500 mL/m? + 50 mEq
sodium bicarbonate for the
1st 8 h, followed by LR
alone in 2nd 8 h, followed

by 5% albumin in LR in 3rd

8 h (younger children)
LR: 5,000 mL/m?2burn +
2,000 mL/m? total. ¥

volume in 1st 8 h, followed

by restin16h

NS: 0.5 mL/kg/% TBSA
burn

Colloid: 0.5 mL/kg/%
TBSA burn

D5W: 2,000mL

LR: 0.5 mL/kg/% TBSA
burn

Colloid: 0.25 mL/kg/%
TBSA burn

D5W: 2,000 mL

LR: None

Colloid: 0.3-0.5 mL/kg/%
TBSA burn

D5W: Volume needed to
maintain UOP

LR: None

Colloid: given as 20-60%
of calculated plasma
volume

D5W: Volume needed to
maintain UOP

LR: None

Colloid: 5% albumin given
at 0.3-1 mL/kg/% TBSA
burn/16 per hour

Source: Adapted from Hansen, S.L., Wounds, 20(7), 206-213, 2008.

Note: NS, normal saline; D5W, 5% dextrose in water; TBSA, total body surface area;
LR, lactated Ringer’s solution; UOP, urinary output; h, hours.
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Pruitt, as Baxter before him, emphasized that formulae were to be used as
an estimated guide and the actual amount given needs to be based on clini-
cal response.

Both the Parkland and Brooke formulae use crystalloids for the first
24 hours, with the first calculated half being given within the first 8 hours
and the next half within the following 16 hours; administration of colloids
should be considered after the first 24 hours [25]. Two additional formulae,
the Shriner’s Cincinnati and Galveston formulae, have been developed
specifically for children. Both account for the larger body surface area-to-
weight ratio and provide for relatively greater insensible losses per body
weight [1,26]. These burn resuscitation formulae are provided in Table 12.1.

12.6 Transition from colloid to
crystalloid and back

Despite the earlier findings and strong positions that both Baxter and
Pruitt took against early colloid use, stating that “colloids are expensive
salt water” [27], the debate concerning if, when, and how much colloid is
needed is ongoing. Prior to the 1960s, burn resuscitation formulae relied
on the use of colloid, mainly in the form of plasma, early in the resuscita-
tion phase.

Resuscitation with colloids, almost always albumin, is attractive to
burn physicians because of its potential advantage over crystalloids in
more efficiently replenishing the intravascular volume with less volume
infused and reduced tissue edema. The argument against early colloid
is the increased macromolecular capillary permeability that allows more
protein to leak into tissue spaces, which may actually hold water in the
interstitial spaces of the burn wound and soft tissues. The infused col-
loidal macromolecules increase colloid osmotic or “oncotic” pressure
and typically are predominately distributed in the vascular compart-
ment, with sustained expansion, which can reduce the formation of tis-
sue edema. Goodwin et al. undertook a randomized trial comparing the
effects of colloid and crystalloid on lung water and hemodynamics in
thermally injured patients. The colloid group received 2.5% albumin in
LR from the start of resuscitation, while the crystalloid group received
LR alone. In both groups, the rate of infusion was titrated to achieve a
UOP of 30 to 50 mL/hr. The colloid group received a significantly smaller
total volume than the crystalloid group. However, the albumin group did
develop significantly more lung water [28]. In a more recent prospective
randomized trial, O'Mara and colleagues compared fresh frozen plasma
(FFP) resuscitation and crystalloid resuscitation [29]. In this trial, the FFP
group received a mixture of 75 mL/kg FFP (titrated to maintain a UOP of
0.5 to 1.0 mL/kg/hr) plus 2,000 mL LR (83 mL/hr), while the crystalloid
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group received LR according to the Parkland formula (titrated to main-
tain a UOP of 0.5 to 1.0 mL/kg/hr). The crystalloid group required sig-
nificantly more fluid volume than the FFP group (0.26 vs. 0.14 L/kg).
Additionally, FFP resuscitation was associated with a significantly lower
peak intra-abdominal pressure (16 vs. 32 mmHg). Further, the crystalloid
group developed significantly elevated creatinine, blood urea nitrogen,
and peak airway pressure from the time of admission to peak values,
while the FFP group developed only significantly elevated peak airway
pressure.

There are several systematic approaches to colloid use: (1) use colloids
during all hours of burn resuscitation, (2) use of colloids starting around
12 hours post-injury, and (3) no use of colloids for resuscitation during
the first 24 hours [30]. A specific approach taken at the University of Utah
burn center involves use of “albumin rescue” when the fluid infused-to-
UOP ratio increases above expected levels [31,32].

Crystalloid resuscitation solution, mainly in the form of LR solution,
is predominately used in the United States, with most burn centers using
some colloid per physician discretion [30]. The Parkland and modified
Brooke formulae are the two most commonly used formulae to start fluid
infusion rates, but it cannot be emphasized enough to adjust infusion
rates to a target UOP, usually 0.5 to 1.0 mL/kg/hr, sometimes approxi-
mated as 30-50 mL/hr. Recent updates to these formulae dictate the use
of LR du ing the first 24 hours and minimal use of colloids during this
time frame [33]. As mentioned above, the reliance on crystalloid alone for
resuscitation is associated with significantly greater volume infused, and
the possible complications from this are discussed below. Selecting the
optimal fluid to use and time to institute it is not a simple matter. The
American Burn Association committee on fluid therapy concluded that
evidence is lacking to standardize any single protocol [33]. Optimizing
fluid therapy always depends upon many factors such as percent TBSA
burned, depth of injury, and age; however, two challenging factors are sig-
nificant comorbidities (e.g., heart failure, obesity, and renal dysfunction)
and presence of inhalation injury (discussed below) [34].

12.7  Route of administration

A survey of burn specialists performed by Greenhalgh revealed that
the peripheral intravenous route (70%) is preferred for burn shock fluid
resuscitation. However, central venous access is often established and
used (48%) [35]. In cases of severe injury with widespread deep burns and
edema, use of peripheral veins is sometimes impossible. As a temporary
option, intraosseous access can be obtained, but flow rates are limited due
to hydraulic resistance of the bone marrow. Later, central venous access
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can be established in the intensive care setting and provides the best
means for the administration of large amount of fluids.

Early fluid resuscitation (within the first hours of burn trauma)
is essential for the prevention of organ failure but often cannot be per-
formed due to delayed access to care providers [36,37]. This is particularly
true in austere environments, combat casualty care, and mass casualties
where patients outnumber caregivers. One approach may be the reintro-
duction of an enteral or oral route of burn shock resuscitation, which evi-
dence suggests is effective for burns between 10% and 40% TBSA [21,38].
Clinical use of enteral resuscitation of burns was first described by Fox in
1944 [39]. However, its use might be limited by paralytic ileus and reduced
gastric function. The effectiveness and safety of enteral resuscitation in
prehospital settings and in early burn resuscitation certainly merit fur-
ther investigation.

12.8 Lung injury necessitates more fluid

In 1981, Baxter and Shires showed that patients with inhalation injuries and
large burns have the greatest fluid requirements in the burn population;
however, they did not describe how much additional fluid is needed [40].
Most studies have reported increased fluid requirements of 20%—-30% when
compared to equal size burns without inhalation injury [41,42].

12.9  Monitoring resuscitation

Optimizing resuscitation—i.e., ensuring administration of sufficient
volume to obtain organ and tissue perfusion at the lowest physiologic
cost—requires hourly monitoring (UOP, hemodynamics, and clinical
signs of adequate perfusion) and titration of fluid based on these end
points. Several factors can influence monitoring, including time from
burn to admission, extent and mechanism of injury, concurrent injuries
(e.g., blast, electrical, polytrauma), preexisting diseases, age, sex, and
inhalation injury. The most commonly used assessments rely on vital
signs, laboratory-based parameters, and UOP. The primary endpoint is
often UOP, with the rationale that it is a surrogate metric for glomerular
filtration rate, renal blood flow, end organ perfusion, and CO. However,
UOP is only one metric for adequate perfusion and requires careful
attention. Heart rate, blood pressure, and electrocardiography can
serve as indices of cardiovascular status. These can be obtained non-
invasively or invasively, depending upon the clinical detail needed for
assessment. Large burns with complex comorbidities can benefit from
monitoring of CO, central venous pressure, and lung water. Beyond UOP,
mean arterial pressure (MAP) is considered one of the most reliable
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indicators of resuscitation [43]. MAP should be maintained at greater
than 60 mmHg to safeguard against cerebral perfusion. Recommended
UOP is 0.5-1.0 mL/kg/hr in adults and 1.0-2.0 mL/kg/hr in children,
although recent trends have many burn caregivers targeting the lower
values of these ranges. UOP is usually monitored and recorded hourly;
however, studies verifying this frequency are lacking.

Laboratory values are an important assessment tool. Complete blood
count, electrolytes, glucose, albumin, and acid-base status should be
monitored frequently, although evidence regarding the optimal frequency
of analysis is lacking. Large volumes of fluid can cause large changes in
these parameters. Therefore, they should be monitored and abnormali-
ties corrected. Lactate and base deficit (BD) are often used as indices of
adequacy of global perfusion and an end point for increased fluids and
other supportive therapy (e.g., transfusion and vasoactive drugs). Elevated
BD and serum lactate correlate with larger burn size, inhalation injury,
greater fluid requirements, and mortality [3744]. In a prospective study of
BD and outcomes in burn patients, Cartotto et al. reported that patients
with severe BD had greater fluid requirements as well as higher rates of
sepsis, acute respiratory distress syndrome, and multiple organ dysfunc-
tion syndrome [45]. Kamolz et al. showed that lactate levels and the rate of
lactate clearance are useful markers of shock and resuscitation status [46].
Additionally, they demonstrated that if the lactate levels were normalized
within 24 hours the survival rate was 68%, compared to 32% if lactate nor-
malization did not occur within 24 hours.

Invasive cardiac monitoring provides a means of directly assessing
patients” physiologic status [1]. Using these invasive techniques, one can
determine central venous pressure, pulmonary capillary wedge pressure,
systemic and pulmonary vascular resistances, CO, and oxygen consump-
tion. The pulmonary artery catheter (PAC) has been used for decades to
assess these parameters. Literature describing the routine and effective
use of PAC in burns is lacking, and there are no clear indications for PAC
use in burn patients [43].

In addition to standard vital signs and hourly UOP monitoring,
transpulmonary thermodilution (TPTD) guided fluid resuscitation is a
minimally invasive option for hemodynamic observation in patients with
severe burns. In comparison to PAC, TPTD requires one access point via
a central venous line as well as one access point via a peripheral artery
(femoral artery or brachial artery) to allow beta-to-beat measurements of
MAP, CO, and cardiac index. In addition, one can measure global end-
diastolic volume, a marker for cardiac preload as well as extravascular
lung water, a marker for pulmonary edema. Sanchez et al. showed that
TPTD accurately detected hypovolemia during acute resuscitation (within
24 hours of burn), while hypovolemia was not reflected by MAP or hourly
UQP [47]. A recent study in burned children by Kraft et al. confirmed
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these findings [48]. Thus, TPTD is an additional tool for monitoring ongo-
ing hemodynamic changes during acute burn fluid resuscitation. End
points and target values must be adjusted precisely to provide reliable
hemodynamic measurements [47-49].

Medical imaging, including transesophageal echocardiography (TEE)
and transthoracic echocardiography (TTE), has evolved to be one of the
most common procedures for cardiac evaluation of burn patients [50].
TTE provides real-time assessment of volume status and cardiac func-
tion, allowing for critical decision support for fluid and vasoactive drug
management. In contrast to the more invasive TEE, TTE can be performed
easily without the need for pre-assessment sedation. Nevertheless, TTE
needs to be performed by well-trained and certified clinicians to mini-
mize and prevent user-dependent errors [51]. A further advantage of
echocardiography, in comparison to PAC and TPTD, is that it can help
physicians by diagnosing cardiac failure caused by the hyperdynamic
response to burns. In a recent systematic review, Maybauer et al. showed
that TEE is beneficial for a better understanding of the actual fluid status
of burn patients; however, further prospective randomized controlled tri-
als comparing different echocardiography techniques are warranted [50].

12.10  Fluid creep

In the acute phase of burns, the need to maintain adequate blood per-
fusion in internal organs during ongoing intercompartmental fluid
shifts (arising from increased vascular permeability) and the failure
to titrate fluid needs appropriately can lead to over-resuscitation of the
burn patient [32]. Fluid creep was first described by Pruitt as the trend
toward infusing greater volumes of fluid than those calculated using
burn formulas and increased reports of fluid overload and associ-
ated organ dysfunction during the acute phase of hospitalization [52].
Delivery of fluid volumes in excess of needs causes life-threatening
consequences. Over-resuscitation may lead to an abdominal compart-
ment syndrome [53], pulmonary edema [54], and vast general edema on
uninjured extremities [55]. In addition, there is greater morbidity and
mortality due to additional fasciotomies in uninjured extremities and
tracheostomies to save the upper airways [53-55]. Fluid creep also pro-
longs hospital stays and increases the care needed.

We performed a meta-analysis of studies comparing actual 24-hour
volume requirements and found large volumes of fluid continue to be
administered, with most studies showing that infused volumes exceed
Parkland estimations (Figure 12.3). While the data suggest a trend towards
increased fluid volumes, more striking are the wide variations reported
for mean values and the large standard deviations reported for most indi-
vidual studies. These data stand in sharp contrast to Baxter’s original
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Meta-analysis of fluid resuscitation
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Figure 12.3 Meta-analysis of published studies showing actual fluid infused
over 24 hours compared to fluid requirements estimated using the Parkland and
Brooke formulae. Studies of computerized decision support have revealed that
total fluid infused is less than Parkland volumes. On the other hand, studies have
shown that, from 1980 to 2014, the mean fluid infused was 5.3 + 1.2 (SD) mL/kg
per % total body surface area burned.

publications, which suggested that most patients can be resuscitated with
4 mL/kg/% TBSA burned.

The ultimate goal during burn shock is to resuscitate the patient
adequately and to titrate the fluid according to individual patient needs.
In a recent study, Faraklas et al. suggested that clinicians could be lax
in hourly adjustments of infusion rates, especially in decreasing them.
Further, they concluded from their retrospective analysis that seriously
injured patients, pediatric patients, and patients with the combination of
burns and inhalation injuries are more prone to fluid creep [56]. Greater
fluid volumes were associated with significantly more escharotomies and
complications as well as longer hospital stays. Reasons for the increased
fluid needs might be that the amount of fluid received before admission
was unknown and/or that clinicians overly responded to inadequate
hourly UOP with greater infusion rates [56].

In 2004, Sullivan et al. suggested that fluid creep might be associated
with an increased administration of opioids during burn shock resuscita-
tion [57]. They compared fluid requirements in a cohort of burn patients
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who received low doses of opioids (treated in 1975) to those in a group of
patients (treated in 2000) that received four times higher doses of opioids.
A significant correlation was noted between opioid dose and fluid require-
ments within the first 24 hours of acute hospitalization. Nevertheless,
opioids remain a crucial part of pain management in severely burned
patients and parts of care protocols [58]. The cardiovascular effects of opi-
oids and benzodiazepines need to be considered, and the amount given
must be strictly monitored. As of yet, no other studies in the burn popula-
tion have confirmed these findings, but trials are warranted to clarify the
interaction between the amount of opioids and fluids given during burn
shock resuscitation.

In 2010, Lawrence et al. described a “colloid rescue” in which they
included 5% human albumin in resuscitation fluid for patients who
required excess amounts of fluids; this approach reduced the subsequent
infusion rates during resuscitation [31]. In a study performed by Chung
et al. during Operation Iraqi Freedom, fluid creep was prevented by
incorporating large-molecular-weight colloids (i.e., hydroxyethyl starch)
instead of crystalloids into their resuscitation protocol [59]. It should be
pointed out that the safety of starch-based colloids has been recently chal-
lenged and should not be used during burn resuscitation in the absence of
new data supporting specific benefits over albumin [60].

In summary, fluid creep can be reduced by close monitoring of
UOP (0.5 mL/kg/hr in adults and 1.0 mL/kg/hr in children) and subtle
adjustments to patients’ individual fluid requirements based on CO and
peripheral perfusion. The use of colloids should be considered in patients
heading towards fluid needs in excess of Parkland volume estimates.

12.11 Emerging new approaches

Burn surgeons and critical care teams continue to pursue promising new
approaches to burn care. Advances such as the use of vitamin C (ascor-
bic acid), nurse-driven protocols, decision support systems, and closed-
loop computerized resuscitation are making great inroads into the care
of patients. In a prospective randomized controlled trial, Tanaka and
colleagues showed that high-dose vitamin C significantly reduced 24-hr
fluid requirements (from 5.5 to 3.0 mL/kg), weight gain, and edema.
Additionally, vitamin C-receiving patients had fewer mechanical ventila-
tion days, less lung water, and lower rates of acute lung injury [61]. The
vitamin C group, although given significantly less fluid than the control
group, had comparable hemodynamics and hourly UOP. The authors
proposed that vitamin C achieves these beneficial effects owing to the
fact that it is a free radical scavenger capable of reducing post-burn lipid
peroxidation, microvascular leakage, and wound edema [61]. Dubick and
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coworkers reported that, in an ovine model of burns, high-dose isotonic
vitamin C reduced total volume infused over the 48-hour study. Further,
the vitamin C group had markedly elevated plasma antioxidant potential
and reduced lipid peroxidation [62]. A small retrospective review of high-
dose vitamin C yielded similar findings [63]. Specifically, vitamin C-treated
patients had significantly lower resuscitation volumes and reduced vaso-
pressor use. These above studies suggest that high-dose vitamin C holds
promise in resuscitation; however, the optimal dose, potential side effects,
and mechanism of action all require further investigation.

Nurse-driven burn resuscitation using hourly flow charts is another
approach to providing greater diligence and tighter control of fluid
therapy. Nurse-implemented protocols allow nurses to make timely
and effective changes to the resuscitation rates without having to wait
for physicians’ orders, which can delay needed adjustments in therapy.
Additionally, these protocols diminish the effects that experience and/
or comfort level have on titration (a new nurse or intern may be reluc-
tant to make significant changes). Faraklas and colleagues instituted
a nurse-driven resuscitation protocol (Figure 12.4) as a quality control
project and showed excellent protocol adherence. However, fluid creep
remained in patients with the largest burns or inhalation injury [56]. An
additional study from another group with a different nurse-driven pro-
tocol revealed that total volume infused was reduced at 24 and 48 hours.
Although underpowered, this study also showed that patients treated
according to the protocol had a lower incidence of abdominal compart-
ment syndrome [64]. Nurse-driven protocols offer a standardized proto-
col that may provide a better solution to burn resuscitation than current
means of team communication. More importantly, it ameliorates fluid
creep and reduces morbidity.

A logical next step to paper decision trees (nurse-driven protocols)
is a CDSS. CDSS is an open-loop system that provides recommendations
to the clinical care team using UOP data obtained from the patient [65].
Salinas et al. developed an algorithm for hourly infused volumes most
likely to return UOP of burn patients to a target range. The algorithm
was implemented in CDSS software and was shown to decrease total
volume delivered, while increasing UOP rates in the target range. Data
also showed a shortening of ventilator time and length of ICU stay [65].
However, the study was small and awaits validation in large trials.

Adjusting fluid therapy each hour is an arbitrary time interval, and
the kidneys respond to increased fluids by increasing urine production
in real time. Thus, there may be value in developing a closed-loop sys-
tem that automatically measures UOP in real time and automatically
makes corrections to the infusion rate in a timely manner. Closed-loop
fluid resuscitation systems have been evaluated and shown to be effec-
tive (maintaining resuscitation targets) and efficient (reducing volume
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Protocol for fluid resuscitation of adult bum patient:
Begin LR using burn center fluid resuscitation calculations
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v

Switch IV fluid to plain LR and
repeat STEP ONE

olguria or hemodynamic
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PHYSICIAN. Restart patient
on LR at current rate and
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Figure 12.4 Fluid resuscitation protocol for adults. The pediatric protocol dif-
fers from the adult protocol in that urine output is targeted to 1.0-1.9 mL/kg/hr
and patients younger than 2 years receive 25 mL/hr of 5% dextrose in lactated
Ringer’s (LR) throughout resuscitation. (Reprinted from Faraklas, I, et al., . Burn.
Care Res., 33(1), 74-83, 2012. With permission.)
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requirements) in models of burn injury and hemorrhage [66,67]. Further,
closed-loop systems could reduce much of the bedside caregiver’s time
and effort in measuring and transcribing UOP and making manual
adjustments in infusion rates, allowing them more time for other needed
tasks. However, a closed-loop system should not replace careful patient
monitoring, and such systems must allow the immediate caregiver to
override the automation and regain manual control. A closed-loop sys-
tem may be particularly valuable in non-burn center settings or mass
casualty scenarios where burn expertise is lacking or diluted. Closed-
loop systems are a promising avenue for the care of injured patients,
although further research is needed to develop and validate these
systems.

12.12  Summary

Burn injury is one of the most severe and prolonged forms of trauma with
optimal care requiring a specialized clinical team. Fluid resuscitation is
the important first step in the critical care of burn patients. Despite the
many years that these injuries have been treated, there is still great con-
troversy surrounding optimal resuscitation of patients. Indeed, there are
a multitude of strategies designed to improve resuscitation, with no single
approach having universal acceptance. More important than any formula
or technology is a diligent burn team of physicians and nurses assessing
the overall adequacy of hemodynamics, end organ perfusion, and oxygen
delivery and making adjustments as needed.
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Key points:

This chapter deals with fluid therapy in the ICU with particular focus
on septic patients.

¢ SOSD mnemonic
* Optimization of fluids
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¢ Echocardiography

¢ Central venous pressure

¢ Dynamic signs of fluid responsiveness, fluid challenge, and pas-
sive leg raising test

¢ Blood lactate and S_,O,

¢ Colloids and crystalloids

13.1 Introduction: Optimal fluid balance

Many critically ill patients have some degree of hypovolemia, whether
absolute, due to external (bleeding, sweating, vomiting, diarrhea) or inter-
nal (edema formation, intraperitoneal reaction) losses; relative due to vaso-
dilation; or, frequently, a mixture of both. Hypovolemia is associated with
reduced tissue perfusion, potentially leading to reduced tissue oxygen-
ation with organ dysfunction and failure. Adequate fluid administration
is therefore a key concern in the management of these patients. However,
hypervolemia can be associated with edema formation, especially in
the presence of altered capillary permeability due to an inflammatory
response, such as sepsis. There is then a direct relationship between the
increase in intravascular pressure and the degree of edema. Edema for-
mation is important because edema can have multiple deleterious effects
on organ function. Lung edema is often a primary concern, but this is in
part because it is easily recognized relatively early in its development:
lung infiltrates are rapidly visible on the chest x-ray and the consequences
are immediately apparent in terms of altered gas exchange (hypoxemia).
However, edema in other parts of the body, although often less apparent,
can also be harmful. For example, edema in the brain may contribute to
the development of delirium; edema in the heart may contribute to the
development of systolic and diastolic dysfunction; edema in the abdomi-
nal wall can contribute to abdominal compartment syndrome; edema in
the gut may limit tolerance to feeding; edema in the kidneys is likely to
contribute to altered renal function; edema in the muscle may contribute
to general weakness and can impair mobilization; edema in the subcuta-
neous tissues can impair wound healing.

In the Sepsis Occurrence in Acutely Ill Patients study, one of the most
important independent prognostic factors for mortality in patients with
acute renal failure (assessed by multivariable analysis considering sev-
eral other variables) was a positive fluid balance [1]. In patients admitted
to the intensive care unit (ICU) after major surgery, Silva et al. [2] reported
that fluid balance was an independent risk factor for death (odds ratio per
100 mL 1.024, 95% confidence interval [CI] 1.007-1.041, P = 0.006). More
recently, Acheampong and Vincent showed that a positive fluid balance
in patients with septic shock was independently associated with worse
outcomes (adjusted hazard ratio for mortality 1.014, 95% CI 1.007-1.022,
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Figure 13.1 The U-shaped curve of fluid balance. Hypovolemia and hypervolemia
are both associated with worse outcomes.

per mL/kg increase, P < 0.001) [3]. In an analysis of more than 1,800
patients with sepsis, a higher cumulative fluid balance at Day 3 follow-
ing ICU admission was independently associated with an increase in
the hazard of death [4]. Other studies in various groups of critically ill
patients have similarly reported worse outcomes in patients with positive
fluid balances [5-7].

The relationship between volume status and complications can
therefore be considered as a U-shaped curve with both ends of inad-
equate volume status—hyper- and hypovolemia—being associated
with worse outcomes (see Figure 13.1). Fluid therapy must therefore be
considered carefully in all critically ill patients, to ensure the balance
is optimal.

13.2  Fluid management

Fluid administration in the hemodynamically unstable patient must take
the time factor into account as suggested by the SOSD mnemonic [89]:

¢ Sstands for salvage: In this initial phase, there is no time for monitor-
ing and the patient should receive fluid boluses until proper moni-
toring can be placed.

¢ O stands for optimization: During this phase the need for fluid should
be guided primarily by repeated fluid challenges (see section 13.2.1).

* S stands for stabilization: Here the patient is stable and fluids are
administered just for maintenance.

¢ D stands for de-escalation: In this stage, the aim is to remove excess fluid.
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13.2.1 Optimization of fluids

All too often, fluid is given to oliguric patients without sufficient monitor-
ing or without careful attention to whether the patient is a fluid responder.
Concerns about excess fluid administration, as mentioned earlier, may
encourage the use of diuretics, but this may not be a good idea if the
patient’s hemodynamic status is not stable. The major risk with using
diuretics is that the patient will be forced into a hypovolemic state unless
they are hypervolemic, and it is difficult to judge how much diuretic to
give and when to stop. In the oliguric patient, diuretics often increase
urine output regardless of the volume status and may therefore aggravate
the volume deficit. Indeed, sometimes too much attention is placed on
urine output. For example, imagine a patient with oliguria who is given
1L of crystalloid fluid, which has a small effect on urine output, for exam-
ple, 15 mL in 1 hr. This encouraging effect prompts the administration of
another liter of fluid and the urine output again seems to increase some-
what, from 15 to 25 mL/hr. This fluid administration could, therefore, be
considered a success. However, the patient has now received 2 L of fluid
and eliminated only 40 mL in the urine! It is unlikely that all the remain-
ing fluid will stay in the circulation, and the patient will almost certainly
develop edema.

Assessing the fluid status of a patient is thus of paramount impor-
tance, but it can be difficult, particularly in the critically ill patient with
sepsis or other inflammatory conditions associated with capillary leak,
because large fluid shifts can occur into the interstitial space, resulting in
edema, despite ongoing intravascular hypovolemia. Static indices of fluid
status are not very helpful: signs such as tachycardia or hypotension are
not specific for hypovolemia, and measurements of cardiac filling pres-
sures are relatively easy to obtain but have considerable restrictions, for
example, low cardiac filling pressures do not necessarily mean the patient
will respond to fluid administration and high filling pressures do not nec-
essarily mean that the fluid status has been optimized. Measurements of
ventricular end-diastolic or intrathoracic volumes reflect fluid status no
better than do filling pressures.

13.2.1.1 Echocardiography

In the presence of any uncertainty regarding fluid status, one of the first
hemodynamic tools should be echocardiography. It is not necessary to be
a specialist in this area to conduct and interpret echocardiographic imag-
ing for this purpose. All intensivists should now be able to perform basic
echocardiography, not for complicated diagnoses, but to be able to evalu-
ate the size of the ventricles (and the presence of pericardial fluid, which
is common in septic shock).
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13.2.1.2  Central venous pressutre

Measurement of the central venous pressure (CVP) can be useful to
assess fluid status. Although single values correlate poorly with blood
volume [10], changes in CVP over time can still provide some guid-
ance to ongoing fluid requirements. An increase in CVP can result in a
decrease in venous return (which is determined by the pressure gradi-
ent between the peripheral veins and the right atrium and, at the same
time, the degree of stretch of the right atrium). Thus, an increase in CVP
can increase cardiac output by the Frank-Starling mechanism but could
potentially decrease cardiac output by reducing venous return. This phe-
nomenon is seldom, if ever, predominant because the Frank-Starling rela-
tionship typically shows a horizontal part (i.e,, a stable cardiac output)
at high degrees of filling. Nevertheless, organ blood flow is determined
by the difference between mean arterial pressure (MAP) and CVP, and
this gradient should be monitored, as recommended in the most recent
pediatric guidelines [11]. An increase in CVP greater than the increase in
MAP (i.e., a reduced MAP-CVP gradient) suggests that too much fluid has
been given.

A central venous catheter also enables fluid administration of high
osmolality and is preferred over peripheral catheters for concomitant
vasopressor infusion. Although the evidence is weak, it is noteworthy that
norepinephrine may safely be given through a well-functioning periph-
eral venous catheter, precluding the need for immediate central venous
catheterization in ICU patients [12]. A central line also allows measure-
ment of the central venous oxygen saturation (S.0,), which provides
some indication of the balance between oxygen consumption (VO,) and
oxygen delivery (DO,). Hypovolemia is associated with a low cardiac
output and thus oxygen delivery (DO,) and this is therefore associated
with a low S_,O,. Septic patients usually have a normal or increased S, O,.
A routine strategy aimed at achieving an S,,0, > 70% in all patients with
septic shock has not been associated with lower mortality rates in large
randomized controlled studies [13], but measurements of S_,O, are still of
value in complex cases [14].

13.2.1.3 Dynamic signs of fluid responsiveness
Studies in heterogeneous groups of critically ill and injured patients and
those undergoing surgery have shown that only about 50% of hemody-
namically unstable patients are fluid responders [15]. In the mechanically
ventilated, profoundly sedated patient, dynamic signs of fluid responsive-
ness can be determined, including observation of pulse pressure variation
from arterial pressure tracings (if the patient has an arterial catheter) or
stroke volume variation (if the patient has a cardiac output monitor allow-
ing stroke volume calculations from a beat-by-beat analysis of the arterial
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pressure tracing). A stroke volume variation of at least 10%-13% strongly
suggests fluid responsiveness [16]. However, these measures are only reli-
able in patients who are receiving mechanical ventilation with relatively
high tidal volumes and without any spontaneous respiratory effort, which
generally requires heavy sedation, and we are increasingly avoiding use
of sedation in critically ill patients.

An alternative technique that can be used in all critically ill patients,
even when not receiving mechanical ventilation, is passive leg raising
(PLR; see Figure 13.2), which effectively is an “internal fluid challenge”
and thus makes physiological sense. However, PLR is not as easy to
perform as it may seem at first glance [17] and requires a cardiac output
monitor that can measure stroke volume beat by beat, because the changes
in stoke volume are very short lived.

13.2.1.4  Fluid challenge

Given the limitations and difficulties assessing fluid status in critically ill
patients, in most patients fluids are primarily guided by repeated fluid
challenges [18] in a “trial and error” approach. However, the fluid chal-
lenge must be done correctly and carefully. An amount of fluid, typi-
cally 100200 mL, is given as a bolus over a relatively short time while
the response, generally in terms of change in cardiac output or stroke
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volume, is assessed. If the patient responds and a predefined safety limit,
for example, a CVP value, is not reached, further fluids can be given until
there is no further increase in the target variable. The idea is that in the
presence of hypovolemia there will be a greater increase in cardiac output
and a limited minimal increase in CVP. In contrast, if well-filled, there
will be no increase in cardiac output, but filling pressures will increase
sharply. Hence, patients must be closely monitored during administration
of the fluid and no other interventions performed during the fluid chal-
lenge (not even touching the patient!). And fluid administration must be
interrupted immediately if there is no benefit. This is what the Surviving
Sepsis Campaign (SSC) guidelines currently recommend. Also, the most
recent pediatric guidelines state that the observation of little change in
the CVP in response to a fluid bolus suggests that the venous capacitance
system is not overfilled and that more fluid is indicated [11].

13.2.1.5 Blood lactate levels

We do not yet have reliable methods of directly monitoring tissue per-
fusion and we must rely on surrogates, such as S0, and blood lactate
levels. Single blood lactate levels are less useful than changes over time.
However, changes in blood lactate levels (the balance between lactate
elimination and production) occur relatively slowly, so they cannot
be used alone to guide therapy; rather changes in levels over time, per-
haps every hour, can provide an indication that the patient is (or is not)
responding to treatment. One study reported that targeting treatment
of ICU patients with hyperlactatemia to reduce blood lactate levels by
at least 20% over 2 hours was associated with improved organ function,
reduced need for mechanical ventilation and vasopressors, and improved
survival [19]. Nevertheless, the changes in lactate concentrations are too
slow to be the only guide to resuscitation, and measurement every hour
during resuscitation is usually sufficient. This topic has been reviewed
recently elsewhere [20].

13.2.2  Types of intravenous fluid

Each fluid type has its own advantages and disadvantages, and optimal
fluid choices are important to maximize the chances of survival and
limiting organ dysfunction. The type of fluid to use is still a major topic
of discussion and debate, although reference to physiology can provide
answers to many of the remaining questions. Clearly, colloid solutions,
with their larger molecules that escape less into the interstitium, can
result in less edema formation. In a systematic study of 48 studies com-
paring (any) crystalloid with (any) colloid (usually combined with crystal-
loids) in acutely ill patients, we recently showed that greater crystalloid
than colloid fluid volumes are required to meet the same targets, with an
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estimated ratio of 1.5 (1.36-1.65) [21]. If maintenance of blood volume is of
paramount importance, colloids may be beneficial; however, excessive use
of colloids may result in hyperoncocity, which may induce renal failure.
Hence, colloid solutions are never administered alone. Indeed, discussing
the use of colloids versus crystalloids is a misnomer, as in practice the
comparison is colloids and crystalloids versus crystalloids alone.

13.2.2.1 Colloids

In recent years, several large studies have been conducted comparing dif-
ferent colloid solutions, making these choices somewhat clearer than in
the past. Dextrans are now rarely used because they may induce allergic
reactions, alter hemostasis, and complicate blood type and crossmatch.
Gelatin solutions are generally considered to be fairly safe (although this
has never been well studied). They can induce anaphylactic reactions that
are usually transient and of limited severity. Moreover, with their relatively
small molecular weight, gelatin solutions have a limited effect on volume
expansion and relatively short (2-3 hr) intravascular persistence, making
them less effective colloids than the available alternatives. In addition, gel-
atin solutions are not available in all countries. Hydroxyethyl starch (HES)
solutions were first used in humans in the 1960s and by 2007 had become
the most widely used colloid solution in critically ill adults [22]. However,
HES may persist in the organism for long periods of time after infusion,
and concerns about harmful renal effects in critically ill patients [23,24]
and increased mortality rates in one study [25] led to the recommendation
from the US Food and Drug Administration that they should not be used
in critically ill patients, including those with sepsis [26]. The European
Medicines Agency has ruled that HES-containing products should be
contraindicated in patients with sepsis, in the critically ill, and in burn
patients [27].

Albumin solution, the only natural colloid, has often been consid-
ered as a more expensive option, but the costs are not so high in rela-
tive terms today, and artificial colloids are used less, making albumin
a more interesting alternative. In addition to its effects on regulation
of colloid osmotic pressure, albumin has multiple other physiological
activities, including transportation of various substances (e.g., drugs,
hormones) within the blood, antioxidant effects, and positive effects
on vascular barrier integrity and function [28]. Albumin administra-
tion may be of interest in specific groups of patients, notably those with
septic shock and hypoalbuminemia [29-31]. As long as hyperoncocity
is avoided, albumin may offer renal protective effects in critically ill
patients [32]. Use of albumin compared to no albumin is also associated
with reduced renal failure and improved survival in patients with cir-
rhosis and spontaneous bacterial peritonitis [33].
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13.2.2.2  Crystalloids

Although there has been a focus in the literature on differences between
colloid solutions, there are also important differences among the avail-
able crystalloid solutions. So-called normal (0.9%) saline solution is
not the “physiological serum” it was termed in the past. Indeed, with
154 mEq/L of sodium ion and 154 mEq/L of chloride ion, excessive saline
administration can result in hyperchloremic acidosis [34]. This can alter
intrarenal hemodynamics and thereby contribute to the development of
renal failure [35]. So-called balanced solutions, which have been devel-
oped to more closely resemble the composition of plasma, may therefore
be preferable. Since Ringer’s lactate (RL) has an osmolarity of less than
280 mOsm/L, it is slightly hypotonic and should be avoided in hypotonic
states or in cases of cerebral edema (including brain trauma). The hyper-
lactatemia that may result with administration of large amounts of RL
does not seem to be harmful, and lactate may even serve as a cellular
nutrient. Nevertheless, a massive lactate load in the presence of liver dys-
function may complicate the interpretation of serial blood lactate levels.
In other balanced solutions, the lactate is replaced by gluconate and ace-
tate, but the fate of gluconate is not very well defined and acetate can have
vasodilating and myocardial depressant effects [36].

13.2.3  Personalized fluid prescription

Instead of continuing to conduct studies that compare one type of
fluid to another [37], it is better to individualize fluid choices to the
type of patient, the electrolyte concentration, and the type of fluid that
the patient has recently received, remembering that any fluid in exces-
sive amount can have adverse effects. Intravenous fluids should in fact
be treated in a similar manner to other drugs and prescribed for indi-
vidual patients rather than using a protocolized, standard, “one size fits
all” approach.

13.3  Blood transfusions

When to give blood transfusions in critically ill patients has been hotly
debated since the early study by Hebert et al. [38] that suggested that a
restrictive approach (transfusing at a lower hemoglobin threshold) may
be as good as, or better than in certain patients, the more widely used lib-
eral approach. A more recent study also suggested similar outcomes with
restrictive (transfuse when hemoglobin decreases to less than 7 g/dL)
and liberal (transfuse when hemoglobin decreases to less than 9 g/dL)
approaches in septic patients [39], but perhaps the main message of this
study was that patients should not be overtransfused, as 64% of patients
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in the restrictive group and 99% of patients in the liberal group received a
blood transfusion. Although a transfusion threshold of 7 g/dL can be rec-
ommended for septic patients in general, somewhat higher thresholds are
reasonable in patients with cardiovascular disease [40]. As with fluids in
general, blood transfusions should be administered according to individ-
ual patient characteristics, taking into account age, comorbid conditions,
and disease severity [41].

13.4 Combination with vasoactive agents

Although fluid administration is widely used as the first-line treatment to
restore a minimal tissue perfusion pressure in critically ill patients with
shock, this should be individualized. Hence, norepinephrine, considered
as the first vasopressor of choice to restore tissue perfusion pressure, can
be added even before full fluid resuscitation is obtained. Recent data have
indicated that any period of hypotension should be prevented and that
early norepinephrine administration is associated with better outcomes
than when it is delayed [42,43]. Vasopressors should be stopped if the
response to fluids is still positive. If fluid administration is poorly toler-
ated primarily based on an excessive increase in cardiac filling pressure
without an increase in cardiac output, the inotrope, dobutamine, can be
added; small doses of 5 mcg/kg/min are usually sufficient.

The addition of vasopressin or its selective Vla receptor, selepressin,
may decrease the degree of capillary leak in patients with sepsis [44], but
there are still too few clinical data for this approach to be recommended
and we must await the results of ongoing clinical studies (ClinicalTrials.
gov identifier: NCT02508649).

13.5 Conclusion

Fluid therapy in the ICU patient must be individualized and adjusted to
the patient’s condition. The amount of saline solution should be restricted
and replaced by balanced crystalloid solutions in case of hyperchloremia.
Albumin may be added if large fluid volumes are expected to be neces-
sary. Fluids should be given according to the SOSD mnemonic, with an
initial bolus followed by careful fluid administration guided by repeated
fluid challenges and hemodynamic monitoring, and finally excess fluid
removed to avoid a harmful positive fluid balance.
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14.1 Introduction

Cardiothoracic surgery is an evolving field with multiple recent inno-
vations. Although fluid management in cardiothoracic surgery shares
many concepts with fluid management in other settings, there are unique
aspects of cardiothoracic surgery that affect both the choice of fluid and
the volume of fluid administration. The majority of cardiac surgery pro-
cedures involve cardiopulmonary bypass (CPB), either to allow surgery
inside the heart or to provide the surgeon with an optimal operating envi-
ronment. Fluid management in cardiac surgery cases using CPB requires
understanding the physiologic effects of CPB and the options for priming
the CPB circuit. The first section of this chapter will therefore focus on
fluid issues specific to CPB, the second section on fluid therapy for dif-
ferent cardiac surgery procedures (both those using CPB and off-pump
procedures), and the third section on fluid issues for thoracic surgery.

293



294 Fluid therapy for the surgical patient

As general comments, all fluids can produce complications, especially
when used in excess amounts in cardiothoracic surgery. Crystalloids are
the most widely used fluids but are associated with pulmonary and car-
diac edema due to the larger volumes needed to attain adequate intravas-
cular volume for tissue perfusion [1]. Saline may produce a non-anion gap
hyperchloremic metabolic acidosis, which can depress cardiac function
in the intraoperative and postoperative period [1,2]. Albumin increases
colloid oncotic pressure (COP) and can increase the risk of acute kidney
injury (AKI) and the need for renal replacement therapy in both cardiac
and thoracic surgery [2,3]. Hydroxyethyl starches and gelatin can affect
coagulation and impair clot strength after cardiac surgery [4]. Dextran
negatively affects coagulation and increases bleeding risk in cardiac sur-
gery patients [5]. Fluid increases the risk of specific complications and
must be used judiciously.

Although studies are conflicting, many recommend albumin for car-
diac surgery and crystalloid for thoracic surgery [5,6]. In cardiac surgery,
albumin causes the least increase in interstitial fluid and decreases pul-
monary and myocardial edema [1]. In thoracic surgery, crystalloid used as
part of a defined protocol decreases postoperative pulmonary edema [7].
Colloids such as hydroxyethyl starch, gelatin, and dextran may produce
less edema than crystalloids but are associated with significant complica-
tions [4,5]. Hypertonic saline increases the cardiac index and decreases
pulmonary edema in cardiac surgery patients, but improved outcomes
have not yet been demonstrated [8§].

Patients undergoing cardiac or thoracic surgery require careful titra-
tion of fluid administration to optimize systemic hemodynamics and
avoid pulmonary edema. As discussed in this chapter and elsewhere in
this book, the trend for monitoring is away from static measurements
such as central venous pressure (CVP) for fluid administration and
towards continuous and less invasive monitoring devices. Noninvasive
monitors such as the PiCCO and FloTrac, described elsewhere in this
book, can provide real-time hemodynamic and cardiac parameters to
guide fluid management in cardiothoracic surgery. Esophageal Doppler
is a minimally invasive device that measures stroke volume variation
(SVV), which correlates with whether a patient will respond to fluid
administration. These and similar devices can be used in goal-directed
therapy (GDT), which has been demonstrated to improve outcomes
across a spectrum of surgical procedures [9]. In cardiac surgery, pulmo-
nary artery catheters are frequently used to guide fluid therapy [10] but
have not been demonstrated to improve outcome [11]. However, trans-
esophageal echocardiography is frequently used to assess both filling
volumes and ventricular function and therefore is a valuable tool for
guiding fluid therapy [12].
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14.2  Fluid management related to CPB

CPB produces hemodilution, tissue edema, and increased extravascular
lung water [13]. The CPB circuit constitutes a new external vascular com-
partment, and its size depends on the perfusionist, the fluid used to prime
the circuit, and how blood is processed [2]. CPB may decrease effective
intravascular volume due to vasodilation as well as extravascular leakage
from damage to the endothelial glycocalyx [6]. Shaw and Raghunathan
describe two phases of CPB (ebb and flow) with different physiologic
effects [2]. During the ebb phase, CPB produces a stress or shock-like
response, which includes peripheral vasoconstriction and centralization
of blood. In the subsequent flow phase, increased catecholamines result in
increased cardiac output, capillary permeability, temperature, and vaso-
dilation with peripheral accumulation of fluid [2,14]. The volume of fluid
that accumulates in the extravascular space will depend on the type and
amount of fluid used during CPB priming and surgery.

Prior to initiation of CPB, the bypass circuit (tubing, oxygenator, and
reservoir) must be primed with fluid. The optimal fluid for priming and
the associated costs and impact on patient outcomes remain a topic of
research and debate, with strong preferences among individual insti-
tutions. The three main approaches are the use of balanced crystalloid
solutions, the use of albumin or other colloids, and retrograde autolo-
gous priming (RAP) using the patient’s intravascular blood volume. Each
approach affects COP, platelet function, net fluid balance, probability of
blood transfusion, inflammatory response, and postoperative pulmonary,
cardiac, peripheral, and organ edema [15-18]. For adults, traditional prim-
ing volumes are 1.5-2.5 L, but newer circuits can be primed with volumes
as low as 450 mL [19]. The larger priming volumes produce significant
hemodilution and physiologic derangements, so the concentration and
composition of the fluid used have important clinical implications.

Crystalloid solutions are inexpensive and have been the main prim-
ing fluid since the development of CPB. However, crystalloid solutions
cause hemodilution, platelet aggregation in the CPB circuit, and increased
risk of bleeding in the immediate postoperative period. Furthermore,
crystalloid solutions increase fluid shifts into the interstitial space by dis-
rupting the endothelial glycocalyx (thereby increasing capillary perme-
ability) and decreasing COP. Thus, when compared to albumin at volumes
required for hemodynamic stability and adequate organ perfusion, crys-
talloid solutions result in a higher net-positive fluid balance. Yeoman et al.
reported that crystalloid priming causes a 45% decrease in COP within
5 minutes of priming.

Crystalloid priming increases pulmonary and cardiac edema,
resulting in decreased ventricular compliance, contractility, and cardiac
output [13]. In a randomized clinical trial, Rex et al. [20] demonstrated
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that crystalloids resulted in a decreased stroke volume index (SVI) and
an increase in CVDP, indicating decreased myocardial compliance consis-
tent with cardiac edema. The adverse effects of crystalloids may result in
delayed postoperative extubation and increased ICU and hospital length
of stay.

Albumin priming has been studied extensively. Albumin priming
results in less hemodilution compared to crystalloid priming [15-17].
Albumin, a normal blood protein, may result in better preservation
of the vascular barrier due to less disruption of the glycocalyx [17].
Isotonic albumin maintains normal COP, which, in combination with
the preserved vascular permeability, may decrease fluid shifts into the
interstitial space. Albumin (compared to crystalloid) may produce less
pulmonary and cardiac edema, with better preservation of cardiac out-
put and function [13,18]. Albumin priming may improve hemodynamic
stability and decrease vasopressor requirements. In addition, periop-
erative blood transfusion and albumin use may decrease [16]. Multiple
studies suggest that albumin priming results in a lower net-positive fluid
balance. Albumin coats the CPB circuit and prevents fibrinogen from
binding, thereby preventing platelet aggregation, activation, adhesion,
and platelet consumption [16,20]. Albumin priming may also decrease
oxygenator thrombosis. Preservation of fluid balance and normal coag-
ulation and decreased inflammation may decrease perioperative blood
loss. Some studies suggest that albumin priming can decrease hospital
morbidity and ICU and hospital length of stay. However, albumin prim-
ing is expensive and does not decrease mortality, so its use remains con-
troversial. Synthetic colloids such as hydroxyethyl starches and dextrans
have also been studied, but concerns about increased coagulation abnor-
malities, anaphylactic reactions, and adverse effects on renal function
have limited their use [21].

RAP initially primes the CPB circuit with crystalloid but then uses the
patient’s blood to remove most of the crystalloid from the circuit. The pro-
cess takes 5-8 minutes and uses approximately 1 L of autologous blood.
After cannulation, a 1-L transfer bag is connected to the circuit’s venous
line. Using a gravity or vacuum assisted pressure gradient, blood flows
retrograde from the arterial cannula into the circuit and displaces the
crystalloid from the arterial line and filter into the transfer bag. Next, the
crystalloid in the venous reservoir and oxygenator is displaced. Lastly,
the rest of the crystalloid in the venous line is displaced into the transfer
bag with autologous blood. This entire process may cause hemodynamic
instability, requiring use of vasopressor or even termination of the pro-
cedure. In addition, air embolism can occur if vacuum assisted venous
drainage is used. Because RAP primes the circuit with the patient’s blood,
it maintains COP and normal capillary permeability, thereby decreasing
vascular leakage. RAP decreases overall fluid administration and blood
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transfusion in the majority of studies, but studies have not yet demon-
strated improvement in patient outcome [22].

In summary, despite multiple studies that suggest potential physi-
ological benefits, there is no consensus regarding the optimal approach to
priming the CPB circuit other than the use of circuits that require smaller
priming volumes. Adequately sized randomized controlled trials to deter-
mine the risks and benefits of different approaches are needed. In infants
and neonates, the priming volume represents a larger proportion of blood
volume than in adults, so that many institutions use albumin, allogeneic
blood, and blood products such as fresh frozen plasma for priming [23].

During CPB, hyperkalemia frequently occurs as a result of the high
concentration of potassium used in cardioplegia solution combined with
hemolysis, tissue damage, blood transfusion, acidosis, and renal insuffi-
ciency [24]. In addition to the usual treatment options such as insulin-
glucose, bicarbonate, and beta agonist administration to shift potassium
intracellularly, adding hemodialysis or ultrafiltration to the CPB circuit
can effectively remove potassium and treat hyperkalemia [25].

14.3  Fluid therapy for cardiac surgery

Fluid management in cardiac surgery involves decisions regarding the
choice of fluid and the amount of fluid to administer. Although the goal
of fluid management is to prevent both hypovolemia (which results in
tissue hypoperfusion) and hypervolemia (which results in tissue edema
and heart failure), the optimal approach to determining fluid adminis-
tration remains a topic of research and debate. Cardiac surgery patients
may respond differently to fluid administration at different times in their
hospital course [2]. In a randomized controlled trial of patients undergo-
ing coronary artery bypass graft (CABG) or valve surgery, Kalus et al. [26]
found that patients with a higher net fluid balance (1,032 vs. 400 mL) had
a higher risk of atrial fibrillation in the postoperative period. Pradeep
et al. [27] reported increased 90-day mortality when patients received
more than 3.5 L of intraoperative fluid, and ICU and hospital length of
stay and rates of hospital readmission also increased. However, the same
study also demonstrated that intraoperative hypotension was an indepen-
dent predictor of death, emphasizing the need to administer enough fluid
to maintain normovolemia and adequate tissue perfusion.

There are marked differences among institutions in the use of a lib-
eral versus restrictive fluid management strategy, reflecting the lack of
any definitive national or international standards [1]. Several small ran-
domized controlled trials have suggested that a restrictive fluid strategy
can paradoxically result in increased ventricular filling (preload), as well
as increased contractility and cardiac index [28,29]. The likely explana-
tion is that restrictive fluid administration may decrease myocardial
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edema, thereby preventing an increase in left ventricular stiffness (i.e, a
decrease in ventricular compliance) and a decrease in contractility [27].
Fluid-restricted patients have higher global end-diastolic volume index
(GEDVI) and lower intrathoracic blood volume index. In contrast, liberal
fluid approaches often produce hypervolemia instead of normovolemia,
which may overdistend the ventricle and markedly impair ventricular
function. In addition, liberal fluid approaches can increase the risks for
blood transfusion and postoperative hypoxemia [27,29].

Multiple studies have demonstrated that traditional parameters of
assessing volume status such as blood pressure, heart rate (HR), CVP,
and pulmonary arterial occlusion pressure are unreliable estimates for
predicting whether patients will improve with additional volume admin-
istration [30]. These variables also correlate poorly with other measure-
ments of preload, left ventricular function, and oxygen delivery [31,32]. In
addition to intravascular volume, factors such as cardiac function, airway
pressure, intra-abdominal pressure, and pulmonary vascular resistance
alter these traditional parameters [33].

Fluid management in both cardiac and noncardiac surgery has
increasingly focused on the concept of GDT, which attempts to opti-
mize fluid administration and cardiac function to achieve adequate tis-
sue perfusion while avoiding excessive fluid administration. GDT may
use nontraditional parameters such as pulse pressure variation (PPV)
with respiration, aortic velocity flow patterns measured with esophageal
Doppler, or derived indices from transesophageal echocardiography. In
some studies, GDT to guide both fluid management and inotropic support
decreased ICU and hospital length of stay and improved overall outcomes
in cardiac surgery [1,2,33,34]. When used early in the perioperative period,
GDT increased colloid administration but decreased vasopressor sup-
port, duration of mechanical ventilation, and hospital length of stay [2,32].
A meta-analysis by Aya et al. [33] of five cardiac studies reported that
GDT decreased the odds ratio for postoperative complications to 0.33.

Although GDT has been effective in some cardiac surgery stud-
ies, there are disagreements regarding which hemodynamic parameters
should be used to correlate with volume status and tissue perfusion. CO,
mixed venous oxygen saturation (5,0,), SVV, PPV, SVI, systemic vascu-
lar resistance index (SVRI), GEDVI, and intrathoracic volume index have
been used for GDT with similar results [31-33,35]. The goal of fluid ther-
apy in cardiac surgery is to achieve adequate tissue oxygen delivery index
(DO,]), which is cardiac index (CI) times arterial oxygen content. Kapoor
et al. [34] showed that titration of CI, SV, SVRI, S,0,, and SVV to keep DO,I
between 450 and 600 mL/min/m? improved oxygen delivery and outcome.
In addition, increased central venous oxygen saturation decreased length
of stay (LOS) and mortality. Decreased DO,I is an independent predictor
of altered preload, afterload, contractility, and prolonged ICU stay after
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cardiac surgery [34]. Some studies have also shown correlations between
GEDVI, SVV, and PPV with cardiac index [1,32]. In general, the most reliable
parameters for GDT appear to be SVV, PPV, and GEDVI in cardiac surgery
patients. However, not all studies have agreed upon a specific parameter or
set of parameters to guide GDT. Figure 14.1 is a proposal for an approach
for GDT based on five studies of GDT in cardiac surgery [34,36-39].
However, GDT based on dynamic variables such as SVV, PPV, and SVImay
have decreased applicability in cardiac surgery since it is not reliable with
low tidal volume ventilation, in the absence of sinus rhythm, in patients
with right heart failure, or when the chest is open.

Fluid therapy in cardiac surgery may depend upon the specific car-
diac disease and the surgical procedure. In patients undergoing CABG
surgery, a GDT approach to avoid hyper- and hypovolemia while main-
taining adequate tissue perfusion is appropriate. Patients undergoing
off-pump CABG do not experience hemodilution or the coagulopathies
associated with CPB, but capillary permeability may still be increased
due to surgical stress. Early implementation of GDT using S,0,, CL, and
DO,I as goals decreased hospital LOS and ICU stay and improved out-
comes [39]. Other studies have shown that GDT results in increased use of
colloid and inotropic support and improves outcomes [4,31,33].

GDT in cardiac surgery may need to be modified if patients have left
ventricular dysfunction, right ventricular dysfunction, or valvular disease.
In the setting of pulmonary hypertension and right ventricular hyper-
trophy (RVH), excess fluid administration can produce right ventricular
(RV) distention, RV failure, decreased hypotension, and RV ischemia due
to decreased RV coronary perfusion [40]. Crystalloid is often avoided, as
it increases CVP but decreases SVI, and the need for four times as much
total fluid can depress cardiac function [20,41]. A GDT approach can be
used to guide fluid therapy in these patients.

Fluid management in patients with valvular disease should be based
upon the specific pathophysiology in terms of the effects of the valvu-
lar disease on preload, afterload, contractility, and right heart function.
Patients with mitral valve disease, particularly mitral stenosis, commonly

Parameters Intervention Goals

ITVI: 850-1,000 mL/m?
MAP: 60-100 mmHg

SVI >35 mL/m? Crystalloid or Colloid bolus DO,I = 1.34 x Hgb x SaO, x CI
Lactate: <2 mmol/L Vasopressors = 450-600 mL O,/min x m*
Cl: 2.5-4.2 L/min/m* PRBC to maintain Hgb > 7 S..0,=>70%
SVRI: 1500-2,500 dynes/s/ Inotropic supports $,0,=>70%

cm®/m?
SVV: 40%

Figure 14.1 One approach to the use of goal-directed therapy for the cardiac
surgery patient.
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have pulmonary hypertension and RVH. These patients may require
increased fluid administration to achieve adequate left ventricular filling
across the stenotic mitral valve. However, they are also sensitive to fluid
overload, which can lead to myocardia edema, cardiac dysfunction and
worsened outcome [20].

Aortic stenosis is the most common valvular disorder worldwide and
is associated with left ventricular hypertrophy (LVH) and diastolic dys-
function. These patients require increased preload (especially when mea-
sured by pulmonary artery pressures rather than by ventricular filling) to
achieve adequate cardiac output. A GDT approach based on SVV and PPV
has been effective in patients with aortic stenosis [42]. Patients with aortic
regurgitation may require increased preload to achieve adequate forward
flow [43]. Similar to mitral disease, fluid overload can lead to myocardial
edema, which worsens diastolic dysfunction.

Heart failure patients are often maintained on diuretics and may
present on the day of surgery with hypovolemia, resulting in increased
afterload to maintain blood pressure and coronary perfusion [44].
However, the combination of hypovolemia and increased systemic
vascular resistance (SVR) will further depress cardiac output. Many
anesthesiologists are concerned that fluid administration to patients with
chronic heart failure will result in decompensated heart failure and pul-
monary edema. However, Stone and colleagues found that fluid loading
prior to CPB resulted in decreased HR and SVR, increased CI and SV, and
a smoother transition to CPB compared to patients without fluid load-
ing. In patients with severe heart failure, such as those undergoing heart
transplantation, GDT may help in determining the best balance between
hypovolemia with organ hypoperfusion and fluid overload with pulmo-
nary and cardiac edema.

Aortic dissection continues to result in high morbidity and mortality [45].
The 30-day mortality is around 10%-35% for patients with ascending aortic
dissection requiring emergent surgical intervention. Blood pressure should
be maintained as low as possible, consistent with adequate tissue perfusion,
and impulse control should prevent rapid rises in aortic pressure during left
ventricular ejection [44,46,47]. Although patients with aortic dissection may
be hypovolemic from bleeding or vasodilation, the rate of fluid administra-
tion should be titrated to avoid rapid increases in blood pressure as hypovo-
lemia is corrected.

14.4  Fluid therapy for thoracic surgery

Currently, the trend in thoracic surgery is towards less invasive proce-
dures, with wedge resection or lobectomy with video-assisted thoraco-
scopic surgery rather than open thoracotomy [7]. Although postoperative
pulmonary complications are highest with pneumonectomy, other thoracic
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surgeries have similar complications. Pulmonary complications after tho-
racic surgery remain the main cause of mortality, and the acute respira-
tory distress syndrome (ARDS) is associated with mortality as high as
40% [48]. Excessive intravenous fluid has been associated with increased
pulmonary complications and ARDS, but fluid restriction has been linked
to postoperative AKI [748].

Thoracic surgery produces surgical stress, inflammatory reaction,
alterations to the endothelial glycocalyx, increased capillary permeabil-
ity, and hormonal responses similar to cardiac surgery [48-51]. Since
both hypovolemia and hypervolemia increase morbidity, finding the
optimal fluid management strategy is challenging. Inappropriate fluid
management can result in major complications, particularly in patients
who receive one-lung ventilation (OLV), since adaptive mechanisms can
be overwhelmed [7]. OLV alters both endothelial and alveolar epithelial
permeability and decreases fluid clearance, thereby increasing the risk
of pulmonary edema [49]. Therefore, careful titration of fluid during tho-
racic surgery is critical to prevent postoperative complications.

Fluid therapy in thoracic surgery requires understanding the risks
and benefits of both restrictive and liberal fluid strategies. A restric-
tive strategy decreases postoperative systemic and pulmonary edema
but is associated with an AKI rate of 59%, which decreases long-term
survival [752]. A liberal strategy may also increase AKI and is associated
with increased pulmonary complications [50]. A liberal fluid approach has
an odds ratio of 291 for ARDS after lung resection [50]. An increased net
fluid balance increases extravascular lung water and worsens outcome [48].
Cardiac complications are increased in thoracic surgery patients who receive
more than 2 L of fluid [53]. Overall, studies suggest that the optimum fluid
approach in thoracic surgery is a compromise between restrictive and lib-
eral strategies, with normovolemia being maintained with intraoperative
fluid administration between 1 and 2 mL/kg/hr [48-50].

Three main fluid types have been studied in thoracic surgery: crystal-
loids, albumin, and hydroxyethyl starch. In general, crystalloid admin-
istration is safe, although a larger amount of fluid is required to achieve
and maintain the same intravascular volume expansion as with colloid,
so crystalloids may produce more tissue and pulmonary edema [748].
Albumin produces intravascular volume expansion with lower admin-
istration volumes, but in patients undergoing lung resection albumin is
associated with kidney dysfunction and does not improve survival [7].
Hydroxyethyl starch solutions can increase the incidence of AKI and
the need for renal replacement therapy [7,54,55]. Overall, a reasonable
approach is to use limited volumes of crystalloid solutions with GDT to
maintain tissue perfusion and avoid pulmonary edema.

Although the potential benefits of a GDT approach to fluid adminis-
tration in thoracic surgery are straightforward, many of the parameters
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(such as PPV and SVV) used in GDT may be misleading due to OLV, an
open thoracic cavity, or overall pulmonary dysfunction and right heart
dysfunction. PPV may be more reliable than SVV during OLV with tidal
volumes less than 6 mL/kg [7].

Pneumonectomy patients have a 10.5% incidence of lung injury
and an even higher risk of postoperative pulmonary edema secondary
to increased capillary permeability [56-58]. Patients with postoperative
pulmonary edema had a mortality as high as 100% in one retrospec-
tive analysis. Waller and colleagues demonstrated increased pulmonary
capillary permeability after pneumonectomy versus lobectomy using a
radioactive tracer. Therefore, meticulous fluid management is critical in
these patients. The increased risk of postoperative pulmonary edema in
patients undergoing pneumonectomy may be due to the fact that after
pneumonectomy the full cardiac output flows through only half the
vascular bed. This results in increased pulmonary artery pressure and
increased shear stress, which further increases capillary permeability and
edema formation. Therefore, it is critical to use the least amount of fluid
compatible with adequate tissue perfusion. Colloid administration does
not appear to decrease edema formation after thoracic surgery, and stud-
ies demonstrate increased colloid leak after pneumonectomy. However,
liberal crystalloid administration increases the risk of postoperative pul-
monary edema [59]. Suehiro and colleagues observed that higher fluid
balance, higher urine output, increased blood loss, blood transfusion,
and vasopressor therapy were significant risk factors for development
of acute right heart failure. Parquin concluded that intraoperative fluid
administration greater than 2 L is associated with pulmonary edema.
Overall, a GDT approach using limited amounts of crystalloid to ensure
adequate tissue perfusion appears to be effective in prevention of postop-
erative pulmonary edema.

Wedge resection and lobectomy cause less hemodynamic derange-
ment than pneumonectomy and are associated with a mortality risk of
1%-7%, a major complication rate of 7.9%, an ARDS rate of 2%-5%, and
a postoperative pulmonary edema rate of 4%. Again, the goal of fluid
therapy in lung resection is to avoid both hypervolemia and hypovole-
mia. In addition to the usual pulmonary complications (ARDS, reintuba-
tion, pneumonia, and air leak), patients with higher intraoperative and
postoperative fluid balances are at higher risk for AKI. Increased intra-
operative fluid administration causes lung injury and decreases lung
function in patients undergoing lung resection [49,60]. Arslantas and
colleagues concluded that intraoperative fluid administration of greater
than 6 mL/kg/hr is a risk factor for pulmonary complications, which
increase mortality and LOS. Similar to pneumonectomy, GDT with an
intraoperative fluid rate between 1 and 2 mL/kg/hr seems to provide
the best outcome.
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Although data are limited on optimal fluid management during
lung transplantation, the goal remains to provide these patients with
adequate organ perfusion while avoiding postoperative morbidity. Since
the transplanted lung does not have normal lymphatic drainage and is at
risk of ischemia—reperfusion injury, many centers limit fluid administra-
tion and use low doses of vasopressors to maintain blood pressure. GDT
monitoring, possibly with tools such as the PiCCO, FloTrac, or esophageal
Doppler, may be beneficial [48].

Thoracic surgery involving the esophagus or gastroesophageal junc-
tion has a high complication rate with morbidity of 38%-50% and mortal-
ity of 7%-10% [51]. Patients with higher intraoperative and postoperative
fluid balance have a higher rate of pulmonary complications [51,61]. Wei
and colleagues reported higher rates of cardiac and pulmonary complica-
tions in patients with a net fluid balance of 598 mL compared to those with
anet fluid balance of 208 mL. Patients undergoing esophageal surgery fre-
quently are malnourished and have low serum albumin levels, increasing
edema formation. Therefore, these patients may benefit from an albumin-
based fluid administration approach.

14.5 Conclusion and recommendations

Cardiothoracic surgery procedures have high morbidity and mortal-
ity, often related to hypovolemia, which produces tissue hypoperfusion
and organ dysfunction, and hypervolemia, which produces pulmonary
and systemic edema and corresponding organ dysfunction. Despite an
extensive number of studies, there remains a lack of consensus on the
choice of fluid and the rate and volume for administration. In addition,
the choice and volume of fluid may depend upon the specific cardiotho-
racic procedure. However, new approaches to monitoring fluid adminis-
tration and outcome studies with different fluids have resulted in some
overall themes. In contrast to other surgical and medical patients, albu-
min appears to be beneficial in most cardiac surgery patients and in
some selected thoracic surgery patients. Standard static parameters such
as CVP are not useful in determining fluid administration, especially
in cardiothoracic surgery patients. Increased fluid administration is fre-
quently associated with worse patient outcome, suggesting a restrictive
fluid approach when organ perfusion and cardiac function are acceptable.
GDT is a valuable approach to fluid administration in cardiac and thoracic
surgery, especially in the context of cardiac dysfunction and altered sys-
temic vascular tone. However, many of the parameters used in GDT often
are not valid in cardiothoracic surgery patients, who may have abnormal
cardiac rhythms, right ventricular dysfunction, and open chests. In the
future, advances in GDT and in additional monitors of tissue perfusion
will allow further improvements in patient outcome.
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Key points:

¢ Influence of fluid composition and volume on intracranial volume

¢ Influence of composition and volume on outcome in traumatic brain
injury

¢ Influence of fluid composition and volume in specific neurological
situations

15.1 Introduction

As a therapeutic goal, keeping neurosurgical patients “dry” is a ven-
erable concept. For many years, dating to the often-cited publication
by Shenkin [1], dry has meant strict restriction of intravenous fluids.
Shenkin [2] studied 10 perioperative neurosurgical patients with then-
current techniques for measuring body weight, electrolytes, total body
water, extracellular water, and plasma volume. The patients had received
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5% dextrose in water (D5W) intraoperatively plus replacement of blood
loss; postoperatively they received D5W until they tolerated oral liquids.
For the first several days, patients tended to lose weight, lose both total
body water and extracellular water, excrete low urinary volumes and min-
imal urinary sodium, and to maintain sodium and potassium concentra-
tions (Na* and K*) within normal ranges, although Na* decreased slightly.
These data were interpreted as consistent with postoperative sodium and
water retention, in response to which fluid restriction, especially sodium
restriction, was considered reasonable. Subsequently, Shenkin [1] pub-
lished clinical data suggesting that fluid restriction to ~1,000 mL per day
was associated with stable Na*, slightly increased blood urea nitrogen
(BUN) (although still within the normal range) and greater weight loss.
This approach, literally keeping patients dry, influenced perioperative
neurosurgical fluid management for at least the ensuing quarter century.

However, in the context of neurosurgical fluid management, the
meaning of dry has changed. Current management is based on the concept
that dry means avoidance of unnecessary administration of free water but
does not imply hypovolemia. Relative fluid restriction has been associated
with worse outcomes in head-injured patients. Clifton [3] analyzed data
on patients entered prospectively into the National Acute Brain Injury
Study: Hypothermia and reported that net fluid balance in the lowest
quartile (more negative than 594 mL) was associated with a greater pro-
portion of poor outcomes and, along with admission Glasgow Coma Scale
score, age, mean arterial pressure (MAP) <70 mmHg, intracranial pres-
sure (ICP) >25 mmHg, and cerebral perfusion pressure (CPP) <60 mmHg,
independently predicted poor outcome.

The concept that hypovolemia may worsen outcome requires attention
to the composition of administered fluids. Fluids that lead to reductions
in serum osmolality may increase cerebral edema, so iso-osmolar (nor-
monatremic) normovolemia represents an appropriate goal, perhaps occa-
sionally replaced by hypernatremic normovolemia. Changing concepts
regarding appropriate fluid management of neurosurgical patients have
developed in parallel with rapidly changing concepts regarding appro-
priate fluid management of non-neurosurgical patients. Unfortunately,
to date, prospective, randomized controlled trials of perioperative fluid
therapy have been conducted in non-neurosurgical patients.

This review will focus on three key topics:

1. The influence of fluid composition and volume on intracranial volume

2. The influence of fluid composition and volume on outcome in trau-
matic brain injury (TBI)

3. The influence of fluid composition and volume in specific neurosur-
gical situations
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15.2  Influence of fluid composition
and volume on ICP

Management of intracranial volume is important in any patient who is at
risk for intracranial hypertension and, in patients undergoing craniotomy,
in achieving adequate brain relaxation. Intracranial volume is a function
of brain tissue volume, cerebrospinal fluid volume, and cerebral blood
volume, which is the sum of intracranial arterial and venous blood vol-
ume. Perioperative fluid management potentially can increase or decrease
brain tissue volume and intracranial venous blood volume.

Compensatory mechanisms can adjust for substantial increases in
intracranial volume, particularly if increases occur slowly; however, larger
or more rapid increases will result in increased ICP. Preservation of CPP
(CPP = MAP - ICP) necessitates maintenance of normovolemia without
adversely influencing ICP. Several physiologic principles underlie the rela-
tionship between fluid management, volume status, and ICP.

First, cerebral venous volume is a function of cerebral venous capaci-
tance and cerebral venous pressure. Cerebral venous pressure is equal
to central venous pressure in the supine position but is reduced as the
head is elevated above the chest. Although it is reasonable to assume that
hypervolemia could increase central venous pressure and consequently
increase cerebral venous pressure and intracranial volume, few clinical
data support that assumption. It is likely that the magnitude of differ-
ences in central venous pressure that are associated with moderate differ-
ences in fluid administration are too small to significantly influence ICP.
In comparison, considerable clinical evidence demonstrates that changes
of head elevation (Trendelenburg and reverse Trendelenburg positions)
alter ICP, dural tension, and CPP (Table 15.1) [4-6].

However, overly exuberant fluid administration in neurosurgical
patients may exert adverse effects on organ systems other than the brain.

Table 15.1 Pressures during craniotomy in supine and 5°, 10°, and 15° reverse
Trendelenburg positions

Variable 0° fTP 5° rTp 10° rTp 15° rIp
ICP 76+51 51+53 3251 1.8+5.0
MABP 829 +15.8 799 £15.6 76.9 £15.2 73.6+154
CPP 753 +£15.5 74.7 £15.3 73.7 £14.8 71.8 £15.2
JVBP 25+3.1 0.6+28 -13+2.7 —29+27

Source: From Tankisi, A., et al., |. Neurosurg., 106, 239, 2007. With permission.

Note: In 53 patients undergoing craniotomy for supratentorial tumors, ICP, intracranial
pressure; MABP, mean arterial blood pressure; CPP, cerebral perfusion pressure; and
JVBP, jugular venous bulb pressure were measured in the supine and 5°, 10°, and
15° reverse Trendelenburg positions (rTP).
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In patients with severe TBI, greater net cumulative fluid balance was asso-
ciated with greater severity of pulmonary infiltrates, although not with a
higher incidence of refractory intracranial hypertension (Figure 15.1) [7].

Second, brain tissue volume is a function of the integrity of the blood-
brain barrier (BBB), which describes the characteristics of the capillaries
that separate blood from surrounding tissue. In nonbrain tissues, the
distribution of fluid between plasma volume and extracellular volume is
determined by capillary membrane permeability, transcapillary hydro-
static pressure gradients, transcapillary colloid osmotic (oncotic) pressure
gradients, and the status of the glycocalyx. Systemic capillary membranes
are highly permeable to water, ions, and other low molecular weight (MW)
compounds but limit the movement of high MW substances, including
albumin. Oncotic pressure is generated by solutes larger than approxi-
mately 30,000 MW (albumin has an average MW of 69,000).

In contrast to systemic capillary membranes, the cerebral capillary
membranes that constitute the BBB are impermeable to most hydrophobic
solutes, including sodium. Osmotic pressure = osmolality x 19.3 mmHg/
mOsm/kg. A gradient of 1 mEq/L of Na* across the intact BBB gener-
ates an osmolality difference of 2.0 mOsm/kg because each sodium ion is
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Figure 15.1 In a retrospective cohort study of 41 patients with severe traumatic
brain injury (TBI), there was no association between cumulative net fluid bal-
ance and refractory intracranial hypertension. However, cumulative fluid balance
was significantly greater in patients who developed pulmonary edema. (From
Fletcher, ]J., et al., Neurocrit Care, 13, 47, 2010. With permission.)
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accompanied by an anion. Therefore, a gradient of 1 mEq/L of Na* across
the intact BBB generates an osmotic pressure difference of 38.6 mmHg,
much higher than total colloid osmotic pressure (~24 mmHg). A rapid
increase in plasma osmotic pressure will tend to pull water from the
brain; in contrast, a rapid decrease in plasma osmotic pressure will tend
to result in movement of water into the brain. In patients with disruption
of the BBB, regionally or globally, all solutes may pass more freely, mak-
ing prediction of responses difficult. In addition, patients with apparently
similar clinical presentations after apparently similar injuries may have
markedly different intracranial pathology, presumably associated with
substantial variability in responses to changes in solute gradients across
the BBB (Figure 15.2) [8].

Third, the terms hypotonic, isotonic, and hypertonic refer to intrave-
nous fluids in which the total osmolality is, respectively, less than,
roughly equal to, or greater than serum osmolality. The sodium con-
centration (Na*) in intravenous fluids is the most important compo-
nent of osmolality and must be considered in relation to plasma Na*
and osmolality. Normal plasma osmolality averages 290 mOsm/kg, of
which 280 mOsm/kg is attributable to sodium and its associated anions.

SAH/IVH Diffuse swelling

Figure 15.2 Patients with similar clinical presentations, including Glasgow Coma
Scale scores, may have markedly different intracranial pathologies and consequently
markedly different amounts of brain in which the blood-brain barrier is compromised.
(From Marshall, L.E, et al., J. Neurotrauma., 9(Suppl 1), 5287, 1992. With permission.)
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The calculated osmolalities of lactated Ringer’s solution and 0.9% NaCl
are 270 mOsm/kg and 308 mOsm/kg, respectively. However, the mea-
sured osmolalities are considerably lower (Table 15.2) [9].

As an example of changes in Na* produced by rapid fluid infusion,
in gynecological patients receiving rapid infusions (60 mL/kg over 2 hr)
of lactated Ringer’s solution (Na* 130 mEq/L), plasma Na* decreased
approximately 2.0 mEq/L, while in patients receiving 0.9% saline (Na*
154 mEq/L), plasma Na* increased nearly 2.0 mEq/L (Figure 15.3) [10].
These changes are equivalent to decreases and increases in osmolality
of ~4.0 mOsm/kg and in plasma osmotic pressure of ~75 mmHg, with a
total difference in osmolality and osmotic pressure between the two acute
infusions of ~8.0 mOsm/kg and 150 mmHg, respectively.

Although not conducted in neurosurgical patients, the study by
Sheingraber et al. [10] suggests that rapid administration of lactated
Ringer’s solution to patients at risk for intracranial hypertension (e.g.,
hypotensive patients with TBI) could substantially increase brain water
and worsen ICP; conversely, rapid administration of 0.9% saline could
exert opposite effects. However, there are few clinical data to support that
contention, and considerable clinical data address adverse effects, includ-
ing mortality, of hyperchloremia and metabolic acidosis associated with
rapid administration of 0.9% saline [11]. In practice, the choice between
lactated Ringer’s solution and 0.9% saline could be avoided by choosing
a commercially available balanced salt solution that is not hyponatremic.

However, therapeutic induction of hyperosmolality is routine prac-
tice in neurosurgery. Acute induction of hyperosmolality to reduce brain
water and ICP is routinely accomplished with mannitol, but hypertonic
saline solutions are preferred by some clinicians [12,13]. Hypertonic
saline solutions and mannitol solutions of similar osmolality have similar
effects on brain water and ICP. However, infusion of hypertonic saline,

Table 15.2 Calculated osmolarity and measured osmolality of fluid preparations

Theoretical vs. measured in vitro osmolality of
common colloid and crystalloid solutions

Albumex 4% (human

Product albumin 4%) 0.9% saline LRS
Theoretical osmolality 2744 308 276
(mOsm/kg H,O)
Measured osmolality 266 [266-267] 285 [282-286] 257 [257-258]
(mOsm/kg H,0O)
Source: Modified from Van Aken, HK,, et al., Curr. Opin. Anaesthesiol., 25, 563, 2012. With
permission.

Note: The measured osmolality of intravenous fluid solutions are lower than the theoretical
(calculated) osmolalities. LRS, lactated Ringer’s solution.
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Figure 15.3 Acute changes in serum Na* produced by infusion of 60 mL/kg of
0.9% saline or lactated Ringer’s solution over 120 minutes in patients undergo-
ing gynecologic surgery. (Modified from Scheingraber, S., et al., Anesthesiology, 90,
1265, 1999. With permission.)

unlike mannitol, increases intravascular volume [14]. While few compli-
cations relate specifically to osmotic therapy, acute severe hyperosmolal-
ity could theoretically precipitate BBB opening. Clinical use of hypertonic
saline is associated, as is 0.9% saline, with hyperchloremic acidosis, which
usually requires no treatment but must be differentiated from other
causes of metabolic acidosis.

In contrast to sodium ions, colloids contribute minimally to osmolal-
ity and osmotic pressure and therefore to gradients for water movement
across the intact BBB. While some clinicians infer that increasing colloid
osmotic pressure will decrease cerebral edema in neurosurgical patients,
most experimental evidence suggests that, if the BBB is intact, the small
portion of total osmotic pressure contributed by colloid exerts little effect.

15.3  Influence of fluid composition and
volume on outcome in TBI

Hypotension in TBI patients should prompt the suspicion of hemorrhagic
hypovolemia due to associated injuries or other treatable causes (e.g., ten-
sion pneumothorax, tamponade, myocardial contusion). Post-TBI hypo-
tension is strongly associated with worse outcome [15]. Although few
data specifically address the influence of intraoperative hypotension on
long-term outcome after TBI, the frequency of intraoperative hypotension
is high in both adults [16] and children [17]. Physicians caring for these
patients should target adequate volume resuscitation while avoiding
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increases in ICP. Isotonic crystalloid solutions (excluding conventional,
slightly hypotonic, lactated Ringer’s solution) are often the first solutions to
be infused in hypotensive trauma patients because they are readily avail-
able and inexpensive. As an initial resuscitation fluid, 0.9% saline is accept-
able, perhaps even defensible based on slight hyperosmolality, but more
prolonged use will inevitably produce hyperchloremia and metabolic aci-
dosis and potentially worsen outcome. In septic patients, increasing serum
CI- over the first 3 days of hospitalization was associated with statistically
worse hospital mortality, although the association was stronger in patients
who were hypernatremic on admission (Table 15.3) [11]. In TBI patients, if
the initial clinical evaluation suggests intracranial hypertension, empirical
mannitol (0.5 g/kg) may also be appropriate, although the ensuing osmotic
diuresis may aggravate existing volume deficits. Infusion of packed red
blood cells suspended in 0.9% saline or thawed fresh frozen plasma is a
suitable alternative if severe dilutional anemia is present or suspected.

The role of colloids in management of TBI patients continues to be
debated. In anesthetized rats subjected to fluid-percussion TBI followed by
hemorrhage of 20 mL/kg, resuscitation with 90 mL/kg of isotonic lactated
Ringer’s solution was associated with equivalent blood volume expansion
to 20 mL/kg of 5% albumin, but at the expense of higher brain water.
Resuscitation with only 50 mL/kg of isotonic lactated Ringer’s solution
did not increase brain water but also failed to restore blood volume [18].
In contrast, a randomized trial that compared 4% albumin to 0.9% saline
for fluid management of critically ill patients after admission to inten-
sive care units, suggested that the subset of trauma patients with TBI had
substantially worse long-term outcomes in the albumin group [19]. One
possible explanation for the superiority of albumin in experimental TBI
may be disruption of the BBB by fluid-percussion TBI, perhaps causing
the cerebral capillary bed to function more like systemic capillary beds.
In contrast, the adverse influence on clinical outcome is potentially attrib-
utable to suspension of 4% albumin in a hypotonic solution [9]. Although
changes in Na* were not reported, a reduction in Na* could potentially
explain the greater frequency of refractory intracranial hypertension seen
in the first week after TBI in those patients receiving 4% albumin 20].

Hypertonic saline solutions, which tend to reduce ICP and increase
blood volume, are used by some clinicians for rapid volume resuscita-
tion of hypovolemic trauma victims with TBI and intracranial hyper-
tension. However, Cooper et al. [21] found no differences in mortality or
neurologic outcome when they randomized 219 patients with TBI to pre-
hospital resuscitation beginning with 250 mL of either 7.5% saline or lac-
tated Ringer’s solution. Subsequently, Bulger et al. [22] randomized 1,331
patients with severe TBI but without shock to initial infusion of 250 mL of
0.9% saline, 7.5% saline, or 7.5% saline containing 6% dextran and found
no difference in outcome.
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15.4  The influence of fluid composition and
volume in specific neurosurgical situations

15.4.1 Craniotomy

Generally, isotonic crystalloid solutions should be used to replace preex-
isting deficits and blood loss. Because of the potential for aggravation of
ischemic or TBI, solutions containing dextrose are best avoided unless
there is a specific indication for use (e.g., hypoglycemia). Transfusion may
be indicated at a hemoglobin concentration (Hgb) of 8 g/dL, with a higher
threshold being appropriate if there is evidence of tissue hypoxia or
ongoing uncontrolled hemorrhage. Fresh frozen plasma may be infused
if there is persistent hemorrhage despite adequate surgical hemosta-
sis. There are few clear indications for the administration of albumin;
increasing colloid osmotic pressure does not prevent the formation of
brain edema. To reduce brain volume and improve operating condi-
tions, hypertonic mannitol is frequently given, with hypertonic saline
representing an alternative. In 238 neurosurgical patients randomized to
receive either 160 mL of 3% saline or 150 mL of 20% mannitol to induce
brain relaxation during neurosurgery, brain relaxation was superior in
the group receiving 3% saline, although there were no differences in
major outcomes (Table 15.4) [23].

Table 15.4 Randomized trial of hypertonic saline or hypertonic mannitol for
brain relaxation during surgery

HTS Group (n =122) M Group (n = 116) P

Brain condition 58/43/21 39/42/35 0.02
(soft/adequate/
tight)

Operation time 268 (150-656) 257 (149-520) 0.29
(min)

Total urinary output 596 (350-980) 150 (150-300) <0.0001
(mL)

Number of patients 21 35 0.02
requiring
additional doses

Number of patients 8 15 0.13
requiring
additional
hyperventilation

Source: Wu, C., et al., Anesth. Analg., 110, 903, 2010. With permission.

Notes: Patients undergoing supratentorial brain tumor surgery (1 = 238) were randomized to
receive either 3% saline or 20% mannitol for brain relaxation. Surgical conditions were
statistically significantly better in those receiving 3% saline, although major outcomes
were not different; HTS, hypertonic saline; M, hypertonic mannitol.
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Are there implications for perioperative neurosurgical fluid man-
agement in the multiple clinical trials of liberal versus restrictive
fluid therapy that have been conducted in other patient populations?
The concepts restrictive and liberal have been debated per se since it
is obvious that restrictive therapy in one study can mean more lib-
eral in another. However, restrictive means more judicious and less.
Restrictive fluid therapy appears to most strongly improve clinically
important outcomes, such as cardiopulmonary complications and tis-
sue healing, in patients undergoing intra-abdominal surgery, especially
colectomy [24]. However, after less complication-prone procedures, such
as laparoscopic cholecystectomy and arthroscopic surgery, more liberal
fluid administration has been associated with fewer, less severe compli-
cations, such as nausea and vomiting [25,26].

15.4.2  Disorders of antidiuretic hormone

After TBI, a surprisingly high proportion of patients develop pituitary dys-
function. Acutely, after TBI approximately 30% of patients have anterior
pituitary dysfunction, an incidence that gradually declines to around 20%;
approximately 5% of patients have posterior pituitary dysfunction [27].
In a subset of neurosurgical patients, a relative excess of antidiuretic
hormone (ADH) is associated with hyponatremia [28], although the syn-
drome of inappropriate antidiuretic hormone must be distinguished from
other, more common causes of mild hyponatremia [29]. Recent publica-
tions have demonstrated that conivaptan is useful in hyponatremic neu-
rosurgical patients in which fluid restriction is not sufficient to resolve
hyponatremia [30].

Less commonly, neurogenic diabetes insipidus (DI), characterized by
the production of large volumes of dilute urine in the face of a normal or
elevated plasma osmolality, may occur in association with hypothalamic
lesions or after pituitary surgery or TBL After TBI or pituitary surgery,
polyuria may be present for only a few days within the first week, may be
permanent, or may demonstrate a triphasic sequence: early DI, return of
urinary concentrating ability, then recurrent DL In severe cases, urinary
output can exceed 1 L/hr. The diagnosis of DI requires a high index of sus-
picion when dealing with patients at risk. Confirmatory evidence consists
of low urinary osmolality despite hyperosmolality and hypernatremia.

Left untreated or unrecognized in patients who cannot ingest suf-
ficient water to balance urinary output, DI can quickly result in severe
hypernatremia, hypovolemia, and hypotension. Hypernatremia may
produce secondary neurologic symptoms, including stupor, coma, and
seizures. The clinical consequences of hypernatremia are most serious at
the extremes of age and when hypernatremia develops abruptly. Brain
shrinkage may damage delicate cerebral vessels, leading to subdural
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hematoma, subcortical parenchymal hemorrhage, subarachnoid hemor-
rhage (SAH), and venous thrombosis. Polyuria may cause bladder disten-
tion, hydronephrosis, and permanent renal damage.

Although after transphenoidal pituitary surgery patients may drink
sufficient fluids to prevent dehydration, treatment will often require volume
expansion in hypovolemic patients and replacement of endogenous ADH.
In hypovolemia, secondary to DI, hypernatremia will virtually always
accompany volume deficits. Hypovolemia should be corrected promptly
with 0.9% saline, after which the TBW deficit can be replaced. The TBW
deficit can be estimated from the plasma Na* using the following equation:

TBW deficit = 0.6 [(weight in kg) (actual Na* — 140)/140]

Hypernatremia must be corrected slowly because of the risk of neu-
rologic sequelae such as seizures or cerebral edema [31]. The water defi-
cit should be replaced over 24-48 hr, and the plasma Na* should not be
reduced by more than 1-2 mEqeL-1¢hr-1. Once hypovolemia has been cor-
rected, water can be replaced orally (if the patient can drink fluids), enter-
ally, or with intravenous hypotonic fluids.

Replacement of exogenous ADH can be accomplished with either
aqueous vasopressin (5-10 units intravenously or intramuscularly) or
desmopressin (DDAVP), 1-4 mcg subcutaneously or 5-20 mcg intrana-
sally every 12-24 hr. Incomplete ADH deficits (partial DI) may respond
to agents such as chlorpropamide and clofibrate, or a thiazide diuretic, to
stimulate ADH release or enhance the renal response to ADH.

15.5 Cerebral aneurysms and vasospasm

Patients who present for surgery after rupture of a cerebral aneurysm
require careful consideration of fluid management. Cerebral vasospasm
is a leading cause of morbidity in these patients, producing death or
severe disability in approximately 14% of patients who survive rupture of
their aneurysm; angiographic evidence of vasospasm occurs in approxi-
mately 50% of patients after SAH; symptomatic vasospasm occurs in
approximately half as many, with some variability based on aneurysm
location [32]. Arteriography in patients who have vasospasm demon-
strates luminal irregularities in large conducting vessels, although these
are not the major site of precapillary resistance. CBF is not reduced until
the angiographic diameter of the cerebral arteries is decreased by 50%
or more compared to normal. The intraparenchymal cerebral resistance
vessels tend to dilate after the onset of spasm of the larger vessels, thus
partially compensating for increased upstream resistance.

The incidence of vasospasm peaks between the fourth and tenth days
after SAH. Symptomatic vasospasm is often heralded by disorientation
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and drowsiness, developing over a period of hours. Focal deficits may fol-
low. Vasospasm is presumed to be the cause if recurrent hemorrhage, mass
lesions, intracranial hypertension, meningitis, or metabolic encephalopa-
thy can be excluded. The diagnosis may be confirmed by angiography or
documentation of high-velocity flow patterns by Doppler examination of
the cerebral vessels.

Two currently accepted therapeutic interventions—calcium entry
blockers and hypervolemic-hyperdynamic therapy—address the inci-
dence or severity of vasospasm. In patients suffering from neurologic
impairment secondary to vasospasm, volume loading in conjunction
with inotropic support and vasopressors can reverse or reduce neuro-
logic morbidity [33]. Pressor-induced hypertension, which can only be
used after a ruptured aneurysm is clipped or coiled, improved cerebral
blood flow and brain tissue oxygenation more effectively than volume
loading [34]. Normovolemic hypertension may well be the most appropri-
ate goal for patients with vasospasm after definitive therapy for a rup-
tured intracranial aneurysm [35]. Therapeutic expansion of blood volume
or elevation of systemic blood pressure may also provide diagnostic infor-
mation; of 95 patients with symptomatic vasospasm in whom symptoms
improved in response to volume expansion or pressure elevation, death
and disability were much less likely (Table 15.5) [36]. A well-designed
clinical trial is necessary to distinguish between the influence of hyper-
volemia and increased arterial blood pressure on outcome after SAH [37].

Table 15.5 Hypertensive hypervolemic therapy and outcome after

SAH/vasospasm
Clinical response to intravenous pressors
Number (%) Number (%) aOR
Outcome responders nonresponders (95% ClI) P-value
mRs 6 4(21) 14 (74) 0.1 (0.01-0.3) 0.001
mRs 4-6 10 (37) 15 (56) 0.2 (0.1-0.8) 0.016
Lawton IADL 33 (69) 14 (29) 1.5 (0.4-5.0) 0.546
Scale >8
TICS < 30 16 (65) 8 (35) 0.5 (0.1-4.6) 0.556

Source: Frontera, ]J.A., et al., Neurosurgery, 66, 35, 2010. With permission.

Notes: Patients with symptomatic vasospasm (N = 95) after subarachnoid hemorrhage
received volume expansion followed by intravenous pressors to increase systolic
blood pressure to 180-220 mmHg. More patients responded to pressors than to
volume expansion. Of those who responded to pressors, a significantly lower
percentage had low mRs (modified Rankin scale; 0 = full recovery, 6 = death),
high Lawton IADL scale scores (Instrumental Activities of Daily Living scale; 8 =
fully independent, 30 = completely dependent, dichotomized to 8 vs. >8) and
low TICS (Telephone Interview of Cognitive Status; 51 = best, 0 = worst); SAH,
subarachnoid hemorrhage; aOR, adjusted odds ratio.
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15.6  Summary

Appropriate fluid therapy for patients with neurologic disorders requires
an understanding of the basic physical principles that govern the distribu-
tion of water between the intracellular, interstitial, and plasma compart-
ments. In the intact CNS, unlike peripheral tissues, osmolar gradients are
major determinants of the movement of water. In addition to management
of intravascular volume, fluid therapy often must be modified to account
for disturbances of Na*, which are common in patients with neurologic
disease. Because of the limited amount of data to guide perioperative fluid
therapy, current management is often empirical and based on inferences
from basic research or clinical trials in related populations.
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Blood vessels, fluid exchange across, 10-13
adhesion lines, 10
cellular edema, 10
edema, 10
glycocalyx, 10, 11-13
tight junctions, 10

Brain natriuretic peptide (BNP), 25

BUN, see Blood urea nitrogen

Burn resuscitation, 257-278
clinical scenarios, 258-261
computerized decision support

system, 258
emerging new approaches, 271-274
fluid creep, 269-271
formulae, 263-265
history, 261-263
lung injury, 267
mass casualty events, 262
monitoring, 267-269
route of administration, 266-267
total body surface area burn, 258
transesophageal echocardiography, 269
transition from colloid to crystalloid
and back, 265-266

transpulmonary thermodilution, 268
transthoracic echocardiography, 269

Index

C

CABG, see Coronary artery bypass graft
Carbohydrate (CHO) drinks
(preoperative), 198
Cardiac disease, patients with, 127-130
excess fluid administration, 127-128
Frank-Starling law of the heart, 127
goal-directed fluid therapy, 129
inadequate fluid administration, 128
modifying risk, 128-129
Cardiac index (CI), 298
Cardiac output (CO)
decreased, 262
measures of, 78-80
monitoring, 111
Cardiopulmonary bypass (CPB), 293
Cardiothoracic patient, fluid therapy for,
293-307
acute kidney injury, 294
acute respiratory distress syndrome, 301
cardiac surgery, fluid therapy for, 297-300
cardiopulmonary bypass, fluid
management related to, 295297
colloid oncotic pressure, 294
coronary artery bypass graft, 297
left ventricular hypertrophy, 300
one-lung ventilation, 301
recommendations, 303
right ventricular hypertrophy, 299
thoracic surgery, fluid therapy for,
300-303
CDSS, see Computerized decision
support system
Cellular edema, 10
Central venous pressure (CVP), 78, 139,
251, 294
Cerebral perfusion pressure (CPP), 165, 310
Cesarean delivery, spinal anesthesia
for, 184-186
colloid preload versus crystalloid
co-load, 185-186
crystalloid co-load, 184-185
crystalloid preload, 184
physiology of spinal anesthesia, 184
vasopressor therapy for spinal
hypotension, 186
CHEF, see Congestive heart failure
ClI, see Cardiac index
CNAP, see Continuous noninvasive
arterial pressure
CO, see Cardiac output
Colloid oncotic pressure (COP), 52, 294
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Colloids, 37-42
albumin, 38
artificial, 39, 56, 154, 286
burn resuscitation and, 265-266
dextran, 39—-41
GDFT and, 222
gelatin, 41
natural, 38, 249, 286
pediatric fluid therapy and, 249
plasma, 38, 57
spinal anesthesia for cesarean delivery, 185
starch, 41-42
Computerized decision support system
(CDSS), 258
Congestive heart failure (CHF), 26
Continuous noninvasive arterial pressure
(CNAD), 115
COP, see Colloid oncotic pressure
Coronary artery bypass graft (CABG), 297
CPB, see Cardiopulmonary bypass
CPP, see Cerebral perfusion pressure
Cranial DI, 20
Crystalloids, 32-37
balanced solutions, 33-35
co-load, 184-185
hypertonic saline with or without
colloid, 36-37
isotonic sodium chloride, 33
mannitol, 36
Plasma-Lyte, 35-36
pure buffer solutions, 36
solutions providing basic fluid
requirements/rehydration, 32-33
Crystalloid versus Hydroxyethyl Starch
(CHEST) trial, 134
CVP, see Central venous pressure
CytoCam incident dark-field
(CytoCam-IDF) imaging, 97

D

Dextran, 39-41
Diabetes insipidus (DI), 20, 319
Disturbances and compensatory
mechanisms (fluid balance), 13-17
absolute dehydration, 15
hypernatremia, 15
hyponatremia, 15, 16
hypovolemia, 15
Nat deficit, 15-16
Na* excess, 16-17
water deficit, 15
water surplus, 15
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E

ECF, see Extracellular fluid
ECYV, see Extracellular fluid volume
ED, see Esophageal Doppler
Edema, 10
EDM, see Esophageal Doppler monitor
Electrolytes, 5; see also Fluid balance,
regulatory mechanisms, and
electrolytes
Endothelial glycocalyx (EG), 11
Enhanced recovery after surgery (ERAS)
concept, 179, 182
Enhanced Recovery Partnership, 202
Enhanced recovery programs (ERP),
intraoperative fluid therapy
during abdominal surgery
within, 202-204
atrial natriuretic peptide, 203
covering and maintaining needs
derived from salt-water
homeostasis, 202-204
disruption of endothelial
glycocalyx, 203
maintaining normovolemia, 204
replacement of insensible blood
loss, 203
replacement of third-space losses, 203
ERAS concept, see Enhanced recovery after
surgery concept
Erythropoiesis stimulating agents
(ESAs), 200
Esophageal Doppler (ED), 80-83, 114
Esophageal Doppler monitor (EDM), 66, 80
Extracellular fluid (ECF), 33, 48
space, 2,3
volume (ECV), 238-239

F

FAST examination, see Focused assessment
with sonography in trauma
examination

Fetal hemoglobin (HbF), 239

FFD, see Fresh frozen plasma

Fluid balance, regulatory mechanisms, and
electrolytes, 1-29

absolute dehydration, 15

Addison’s disease, 25

adhesion lines, 10

aldosterone, 23-25

angiotensin I converting enzyme, 21
atrial natriuretic peptide, 25
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blood vessels, fluid exchange
across, 10-13
brain natriuretic peptide, 25
cell membrane, fluid exchange
across, 8-10
cellular edema, 10
diabetes insipidus, 20
disturbances and compensatory
mechanisms, 13-17
edema, 10
electrolytes, 5
extracellular fluid space, 2, 3
glycocalyx, 10, 11-13
hormonal compensatory mechanisms,
2,17-26
hypernatremia, 15
hyponatremia, 15, 16
hypovolemia, 15
interstitial fluid space, 2
intracellular fluid space, 2, 3
intravascular fluid, 2
mineralocorticoid, 23
Na* deficit, 15-16
Na* excess, 16-17
natriuretic peptides, 25-26
nonhormonal compensatory
mechanisms, 27-28
osmoreceptors, 18
potassium (K*), 7-8
pressure natriuresis, 22
primary hyperaldosteronism, 24
renin-angiotensin system, 21-23
secondary hyperaldosteronism, 24
sodium (Na*), 6-7
syndrome of inappropriate antidiuretic
hormone secretion, 20
tight junctions, 10
total body water, 2, 3
transcellular fluid, 4
vasopressin, 17-21
water, 2-5
water deficit, 15
water surplus, 15
zona glomerulosa, 23
Fluid creep, 269-271
Fluid Expansion as Supportive Therapy
(FEAST) study, 57
Focused assessment with sonography in
trauma (FAST) examination, 150
Frank-Starling law of the heart, 127
Frank-Starling mechanism, 283
Fresh frozen plasma (FFP), 150, 188, 265, 318

Index

G

GDFT, see Goal-directed fluid therapy
GDT, see Goal-directed therapy
Gelatin, 41
Glasgow Coma Scale (GCS) score, 150, 310
Global end-diastolic volume index
(GEDVI), 298
Glomerular filtration rate (GFR), 239
Glycocalyx, 10, 11-13, 249
Goal-directed fluid therapy (GDFT), 75-94,
129, 204
abdominal surgery and, 204222
arterial pressure pulse contour
analysis, 83-86
cardiac output, measures of, 78-80
colloids and, 222
devices used in, 77
dynamic indices, 77
esophageal Doppler, 80-83
EV1000, 84
index of hypovolemia, 78
LiDCO, 84
patients with cardiac disease, 129
perioperative GDFT, adoption of, 87-90
PiCCO, 84
Pulmonary Artery catheter and
thermodilution, 78-79
pulse pressure variation, 85
semi-invasive and invasive devices,
practical considerations relating
to use of, 86-87
simple hemodynamic responses, 77-78
stroke distance, 81
stroke volume variation, 81
transesophageal echocardiography, 86
Goal-directed therapy (GDT), 65, 110,
117,294
Gynecological surgery patient, fluid
therapy and, 180-183

H

HDbF, see Fetal hemoglobin
Heart rate (HR), 298
Hemodynamic monitoring, see
Noninvasive hemodynamic
monitoring
HES, see Hydroxyethyl starch
High-risk patient, 125-148
cardiac disease, patients with, 127-130
case study, 140-142
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liver disease, patients with, 138-140
neurological disease, patients with,
135-138
renal disease, patients with, 132-135
respiratory disease, patients with,
130-132
Hydroxyethyl starch (HES), 37, 57, 133, 249
Hyperaldosteronism, 24
Hypernatremia, 15
Hyponatremia, 15, 16
Hypovolemia, 15, 81

/

ICF, see Intracellular fluid
ICP, see Intracranial pressure
ICU, see Intensive care unit, fluid
therapy in (with special focus
on sepsis)
ICV, see Intracellular fluid volume
Infusion fluids, 31-45
artificial colloids, 39-42
colloids, 37-42
crystalloids, 32-37
dextran, 39-41
gelatin, 41
hypertonic saline with or without
colloid, 36-37
isotonic sodium chloride, 33
mannitol, 36
natural colloids, 38
Plasma-Lyte, 35-36
starch, 41-42
volume kinetics, 42-44
Intensive care unit (ICU), fluid therapy in
(with special focus on sepsis),
279-291
blood lactate levels, 285
blood transfusions, 287-288
central venous pressure, 283
colloids, 286
combination with vasoactive agents, 288
crystalloids, 287
dynamic signs of fluid responsiveness,
283-284
echocardiography, 282
fluid challenge, 284-285
fluid management, 281-287
optimal fluid balance, 280-281
optimization of fluids, 282
passive leg raising, 284
personalized fluid prescription, 287
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SOSD mnemonic, 281
Surviving Sepsis Campaign
guidelines, 285

types of intravenous fluid, 285-287
Interquartile range (IQR), 198
Interstitial fluid (ISF), 2, 10, 51
Intracellular fluid (ICF), 51

space, 2, 3

volume (ICV), 239
Intracranial pressure (ICP), 165, 310
Intravascular fluid (IVS), 2
ISF, see Interstitial fluid

L

Labor analgesia, 183-184

Lactated Ringer’s (LR), 258

Laser Doppler, 97, 98

Left ventricular hypertrophy (LVH), 300
Liver disease, patients with, 138-140
Lung injury, 132, 267, 302

M

Mannitol, 36
Mass casualty events, 262
Mean arterial pressure (MAP), 111, 267,
283, 310
Mean circulatory filling pressure (MCFP), 117
Mechanical bowel preparation (MBP), 198
MF], see Microvascular flow index
Microcirculatory monitoring, 95-107
biological markers, 98
case report, 102-103
conflicts of interest, 104-105
laser Doppler, 97, 98
microvascular flow index, 98
near-infrared spectroscopy, 98
nonpulsatile perfusion, 100
OPS imaging, 97, 100
orthogonal polarization spectral
imaging, 97
perfused vessel density, 100
perioperative microcirculatory
monitoring, 99-102
proportion of perfused vessels, 98
reflectance spectroscopy, 98
sidestream dark-field imaging, 97
techniques and parameters, 97-99
total vessel density, 98
vascular occlusion test, 98, 101
videomicroscopy, 97
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Microvascular flow index (MFI), 98
Mineralocorticoid, 23

N

National Acute Brain Injury Study, 310
Natriuretic peptides, 25-26
Natural colloids, 38, 249, 286
Near-infrared spectroscopy (NIRS),
98, 115, 252
Neurological disease, patients with, 135-138
colloid solutions, 138
hyperosmolar crystalloid fluids, 137
hypertonic fluids, 137
iso-osmolar crystalloid solutions, 138
rate of fluid administration, 135-136
types of fluids, 136-138
volume of fluids, 136
Neurosurgical patients, fluid management
in, 309-324
antidiuretic hormone, disorders of,
319-320
cerebral aneurysms and vasospasm,
320-321
craniotomy, 318-319
intracranial pressure, 311-315
National Acute Brain Injury Study, 310
traumatic brain injury, 315-317
Nexfin, 114
NIRS, see Near-infrared spectroscopy
Nitric oxide (NO), 23
Nonhormonal compensatory
mechanisms, 27-28
Noninvasive hemodynamic
monitoring, 109-123
advanced hemodynamic monitoring, 112
clinical case, 118-121
CO monitors, 112-114
continuous noninvasive arterial
pressure, 115
device overview, 110-111
esophageal Doppler (ED), 114
GDT protocol, 110, 117
impedance/bioreactance, 115
limitations of current devices
for measuring dynamic
parameters, 117-118
near-infrared spectroscopy, 115
Nexfin, 114
pleth variability index, 114, 115-117
standard monitoring, 111-112
stressed volume, 117
USCOM, 114

Index

Nonpulsatile perfusion (NP), 100
NPO guidelines, 178-180

O

Obstetric patient, fluid therapy and,
183-188
labor analgesia, 183-184
postpartum hemorrhage, 186-188
spinal anesthesia for cesarean delivery,
184-186
One-lung ventilation (OLV), 301
Optimisation of Cardiovascular
Management to Improve Surgical
Outcome (OPTIMISE) trial, 77
Orthogonal polarization spectral (OPS)
imaging, 97, 100
Osmoreceptors, 18

P

PAC, see Pulmonary artery catheter
Packed red blood cells (PRBC), 150, 188
Passive leg raising (PLR), 284
PBM, see Perioperative blood management
Pediatric fluid therapy, 237-256
antidiuretic hormone, 239, 244
body water distribution and blood
volume, 238-239
case study, 252-253
choice of perioperative IV fluid, 243-247
crystalloids and colloids, 249
dehydration and hypovolemia, 241-242
energy expenditure and maintenance
fluids, 240-241
fasting guidelines, 242-243
fluid type to be used in perioperative
setting, 246247
glycocalyx model, 249
hyperglycemia, 246
hypoglycemia, 245
hyponatremia, 243
hypotonic vs. isotonic fluids in
perioperative setting, 244-245
intraoperative fluid therapy, 247
maintenance fluid requirements, 248
monitoring fluid status in pediatric
patient, 251-252
pediatric fluid therapy and glucose, 245
pediatric fluid therapy and
hyponatremia, 243
postoperative fluid therapy, 250251
renal maturation, 239-240
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replacement of ongoing losses, 249-250
revised Starling theory, 249
substitution of existing fluid deficit, 247
Perfused vessel density (PVD), 100
Perioperative blood management (PBM),
199-202
Perioperative fluid therapy, 47-73
artificial colloids, 56
colloid osmotic pressure gradients, 52
crystalloid and colloid fluids, 54-60
goal of, 49
goal-directed therapy, 65
historical considerations, 48—51
microcirculatory physiology, 51-54
perioperative fluid management, 60-67
suggestions, 67
PlasmalLyte, 35, 150
Plasma volume (PV), 48
Pleth variability index (PVI), 114, 115-117
PLR, see Passive leg raising
Postoperative nausea and vomiting
(PONV), 64
ambulatory surgery and, 177-178
gynecological surgery patient and, 180
Postpartum hemorrhage, 186-188
Potassium (K*), 7-8
PP, see Pulsatile perfusion
PRBC, see Packed red blood cells
Preeclampsia, 188-189
Pressure natriuresis, 22
Primary hyperaldosteronism, 24
Proportion of perfused vessels (PPV), 98
Protocolized Care for Early Septic Shock
(ProCESS) study, 66
Pulmonary artery catheter (PAC), 78-79, 268
Pulsatile perfusion (PP), 99
Pulse pressure variation (PPV), 65, 85,
112,298
PV, see Plasma volume
PVD, see Perfused vessel density
PV, see Pleth variability index

R

Randomized controlled trials (RCTs), 100, 201
RAP, see Retrograde autologous priming
RAS, see Renin—angiotensin system
Reflectance spectroscopy, 98
Renal disease, patients with, 132-135

acute renal failure, 133

crystalloids, 134-135

end-stage renal failure, 133

hydroxyethyl starches, 133-134
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renal replacement therapy, 133
RIFLE criteria, 134
types of fluids, 133-135
Renal replacement therapy (RRT), 133
Renin-angiotensin system (RAS), 21-23
angiotensin I converting enzyme, 21
effects, 22
pathophysiology, 23
pressure natriuresis, 22
regulation, 22-23
Respiratory disease, patients with, 130-132
Resuscitation Outcomes Consortium
(ROC), 158
Retrograde autologous priming (RAP), 295
Revised Starling theory, 249
Right ventricular hypertrophy (RVH), 299
Ringer’s lactate (RL), 287
Risk, Injury, Failure, and End-stage kidney
disease (RIFLE) criteria, 134, 224
ROC, see Resuscitation Outcomes
Consortium
RRT, see Renal replacement therapy
RVH, see Right ventricular hypertrophy

S

SAH, see Subarachnoid hemorrhage

Saline versus Albumin Fluid Evaluation
(SAFE) study, 57, 137, 140, 165

SD, see Stroke distance

Secondary hyperaldosteronism, 24

Sepsis, see Intensive care unit, fluid therapy
in (with special focus on sepsis)

SIADH, see Syndrome of inappropriate
antidiuretic hormone secretion

SID, see Strong ion difference

Sidestream dark-field (SDF) imaging, 97

SOAP (Sepsis Occurrence in Acutely I11
Patients) study, 133

Sodium (Na*), 6-7

SOSD mnemonic, 281

Spinal anesthesia, see Cesarean delivery,
spinal anesthesia for

Starch, 41-42

Stressed volume, 117

Stroke distance (SD), 81

Stroke volume (SV), 117

index (SVI), 296
variation (SVV), 81, 114, 294

Strong ion difference (SID), 33

Subarachnoid hemorrhage (SAH), 320

Surviving Sepsis Campaign (SSC)
guidelines, 285



332

Syndrome of inappropriate antidiuretic
hormone secretion (STADH), 20

Systemic vascular resistance (SVR), 300

Systemic vascular resistance index
(SVRI), 298

T

TBI, see Traumatic brain injury
TEE, see Transesophageal
echocardiography
Tight junctions, 10
Total body surface area (TBSA) burn, 258
Total body water (TBW), 2, 3, 238
Total vessel density (TVD), 98
Tranexamic acid (TXA), 150
Transcellular fluid, 4
Transesophageal echocardiography (TEE),
80, 86, 269
Transpulmonary thermodilution (TPTD), 268
Transthoracic echocardiography (TTE), 269
Trauma patient, fluid therapy for, 149-174
blood products, utilization of, 158-161
cases, 150-151
coagulopathy of trauma, 152-153
damage control resuscitation, 154
damage control surgery, 153-154
goal-directed resuscitation, 161-165
minimization of crystalloid, 154-157
permissive hypotension, 157-158
TBI, resuscitation of the patient
with, 165-166
whole blood, 161
Traumatic brain injury (TBI), 152, 310, 315-317
TTE, see Transthoracic echocardiography
TVD, see Total vessel density
TXA, see Tranexamic acid

Index

U

Urinary output (UOP), 258, 267
USCOM, 114

%

Vascular occlusion test (VOT), 98, 101
Vasopressin (AVP), 17-21
diabetes insipidus, 20
effects, 17-18
osmoreceptors, 18
pathophysiology, 20-21
regulation, 18-21
syndrome of inappropriate antidiuretic
hormone secretion, 20
Videomicroscopy, 97
VISION (Vascular Events in Noncardiac
Surgery Patients Cohort
Evaluation) study, 127
Vitamin C, 271
Volume kinetics (VK), 42-44
VOT, see Vascular occlusion test

w

Water, 2-5
deficit, 15
distribution, 3—-4
surplus, 15
total body, 2, 3, 238
turnover, 4-5

Z

Zero weight balance fluid regimens, 223
Zona glomerulosa, 23
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