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Preface

Intravenous fluid therapy is an essential component of perioperative management. Virtually
all surgical patients, ranging from those having brief, minimally invasive outpatient proce-
dures to those having major intracavitary surgery, receive at least preoperative and intraopera-
tive fluids; the majority of surgical inpatients receive postoperative fluids for varying intervals.
Perioperative fluid management has historically generated controversy, with little compelling
data to address the conflict between the extreme approaches of ‘‘keep them dry’’ and ‘‘aggres-
sively hydrate them.’’ The limited data until now have driven a gradual change toward more
liberal fluid administration in recent decades, but, in general, clinicians have used coarse,
empirical approaches based on weakly supported rules of thumb. Many clinicians have no
doubt concluded that their version of current practice is entirely satisfactory and perhaps
have devoted little attention to recent clinical and technological advances in perioperative
fluid management.

The scientific literature addressing perioperative fluid therapy is extensive, if somewhat
dated and poorly suited to evidence-based management. Within the past 15 years, however,
the basic and clinical science of perioperative fluid management has become a vibrant, rapidly
advancing discipline. Application of pharmacokinetic principles has clarified the responses to
fluid administration of blood volume and fluid excretion in both healthy volunteers and sur-
gical patients. Related studies in experimental animals have explored pharmacologic influ-
ences on the kinetics of fluid administration. Well-designed clinical trials have provided
important insights into the fluid requirements of patients undergoing specific types of out-
patient and inpatient surgery, suggesting that perioperative fluid therapy must be individua-
lized and specifically modified based on the type of surgery.

As the dynamic discipline of perioperative fluid management evolves in the years to
come, clinicians can anticipate both rapid growth in knowledge and the application of that
knowledge to practice. The purpose of this book is to assemble the current knowledge and
expertise of international experts on perioperative fluid management. Towards that goal, we
have divided the book into seven parts: (I) Basic Science; (II) Methods of Assessing Fluid
Balance; (III) Intravenous Fluids; (IV) Intravenous Fluid Therapy in Special Situations; (V)
Intravenous Fluid Therapy in Daily Practice; (VI) Adverse Effects of Fluids; and (VII) The
Future of Intravenous Fluid Therapy. The chapters within these sections provide a synthesis
of fundamental pharmacologic and physiologic issues and an overview of the application of
those principles across a broad spectrum of perioperative clinical challenges. We hope to
bridge the gap between conventional, crude rules of thumb and current knowledge. To some
extent, as this discipline rapidly changes, we must rely on expert opinion. However, the goal
of this book is to balance expert opinion with evidence-based recommendations—to
emphasize not only what to do but, more importantly, why to do it.

Robert G. Hahn
Donald S. Prough

Christer H. Svensen
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Part I BASIC SCIENCE

1 Measurement of Body Fluid Volumes In Vivo

Åke Norberg
Department of Anesthesiology and Intensive Care, Karolinska Institute at Karolinska University
Hospital, Huddinge, Sweden

INTRODUCTION: THE DILUTION PRINCIPLE

The simple relationship, volume ¼ mass/concentration, can be used to assess a fluid volume
by the dilution principle. A known amount of tracer is diluted and mixed well in a solvent,
and the concentration of tracer is determined from a representative sample taken from the
fluid. Endogenous compounds can be used as tracers, but the total measurement error is then
increased by the measurement error of the baseline concentration (Fig. 1).

An ideal tracer should be distributed exclusively in the volume to be measured and be
evenly distributed in that volume, and the rate of equilibration should be rapid to avoid
changes in the volume to be measured. Furthermore, the tracer should not undergo metabolism
during the time of equilibration. Not many tracers fulfill all these requirements, and adjust-
ments are often needed to correct for distribution outside the volume space being investigated
and to compensate for uneven distribution of tracer, changes of volume, or loss of tracer. The
time to complete mixing is of crucial importance. A sampling time that is too short will usually
indicate falsely high tracer concentrations, with subsequent underestimation of the body fluid
volume. If the tracer is eliminated from the fluid volume to be measured, this can be handled by
back-extrapolation of the tracer concentration to the time of administration—a procedure that
will contribute to the error of the volume estimate. A number of other tracer properties must be
considered in the choice of a tracer. These include availability, preparation, purity, sampling
procedure, technique of analysis, and cost.

ANTHROPOMETRY

Because all the body fluid volumes relate to the size of the subject, several equations have been
developed based on anthropometric data (Table 1). Total body water (TBW) can be predicted
from gender, age, weight, and height (1), or derivates of the body size, such as body surface
area or body mass index (2). Skin fold thickness and circumferences are often used to improve
estimates of body fat or fat-free mass but not for body fluid volumes. The agreement of the
anthropometric prediction of a body fluid volume and an assessment by the reference method
for an individual is often in the range of 10% (Table 1). Anthropometric equations always con-
tain errors of the reference method and are only valid for a population that is similar to the
reference population—usually healthy Caucasian volunteers. This is in contrast to the clinical
interest in body fluid volumes that increase as the subject deviates from the healthy popu-
lation. Furthermore, ethnicity has rarely been considered (2).

Extracellular water (ECW) is strongly correlated with TBW in healthy subjects (4) but no
anthropometric equations have found widespread use. Circulating blood volume (CBV) is often
related to body weight (7%). Textbooks refer to red cell volume (RCV) as 30� 5 mL/kg in men
and postmenopausal women, 25� 5 mL/kg in younger women, and plasma volume (PV) as
45� 5 mL/kg in all adult subjects. However, because of differences in fat-free mass, these
parameters can better be calculated from body surface area (Table 1) (5). A clinical scoring sys-
tem to improve assessing CBV in intensive care unit (ICU) patients has been proposed (6). No
single clinical sign presented a clinically useful predictive value, but a weighted scoring system
might be helpful.



THE SETTING OF THE OPERATING ROOM

The setting of the surgical procedure within an operating room may influence the method of
measuring a body fluid compartment. The requirement of electrical security prohibits the use
of equipment that is not designed and developed for the operating room. Surgery and anesthe-
sia may themselves inflict variations in the studied body fluid volumes by bleeding, volume
substitution with intravenous fluids, or redistribution of body fluids. Disease and fluid bal-
ance disturbances will make anthropometry or bioimpedance less accurate because these
methods are mainly founded on healthy reference subjects.

To improve patient care in the operating room, there is a need for bedside measure-
ments. Procedures should be simple, and complicated preparations of tracers must be
avoided. The time of the surgical procedure must exceed the mixing time of the tracer if
the dilution principle is to be used. Tracers should have a rapid elimination rate so as to make
repeat measurements possible. The ideal tracer should be able to be analyzed within the oper-
ating or ICU wards, preferably by already existing equipment.

Calculate:
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Body fluid
volume
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fluid
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Figure 1 Summary of the dilution principle. If an exogenous compound is used, simply delete step 1 and set baseline
level to 0.

Table 1 Anthropometric Equations for Body Fluid Volumes

Equation for females CV % Equation for males CV %

TBW (L) (1) �2.097þ 0.1069� hþ 0.2466� bw 11.2 2.447�
0.09516� aþ 0.174� hþ 0.3362� bw

9.0
TBW (L)
White subjects

(2)
�10.50� 0.01� aþ 0.20� bwþ

0.18� h
11.2 23.04 � 0.03� aþ 0.50�

bw �0.62� BMI
11.0

TBW (L)
Black subjects

(2)
�16.71 � 0.05� aþ 0.22� bwþ

0.24� h
9.1 �18.37� 0.09� aþ 0.34� bwþ

0.25� h
7.9

RCV (mL) (3) 1.06� aþ 822� BSA 9.5 1486� BSA� 825 10.7
PV (mL) (3) 1395� BSA 9.7 1578� BSA 10.3

Note: CV%, precision expressed as the coefficient of variation ¼ 100� standard deviation for a new individual from the same popu-
lation/predicted value.
Abbreviations: L, liters; h, height (cm); bw, body weight (kg); a, age (yr); BSA, body surface area (m2); BMI, body mass index (kg/m2);
RCV, red cell volume; TBW, total body water; PV, plasma volume.
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TOTAL BODY WATER

TBW is a dynamic factor that is well regulated in healthy individuals. A decrease of 15%
caused by dehydration can be life threatening. The turnover rate of TBW in a temperate
environment is about 8% per day (7), but the variation per individual can be huge. Normally,
about 2 L of water are lost per day through the urine and 800 mL through the breath, whereas
losses through sweat, feces, and transdermal evaporation are negligible in a temperate
environment (7). A host of factors influence the state of hydration, such as physical activity,
feeding state, meal composition, fluid intake, environmental temperature, and the menstrual
cycle. The subjects are assumed to be in a stable state of hydration prior to assessment of TBW.

Weighing organs and chemical analysis of whole human cadavers provide the most
accurate measure of body components. Water content could be estimated by desiccation to
constant weight. However, the availability of such data is limited to about 10 human cadavers,
mostly from severely diseased subjects (8). The applicability of these data to healthy subjects is
therefore doubtful.

Water Isotopes

The discovery of deuterium (2H) and tritium (3H) in the 1930s was soon followed by reports of
isotope dilution analysis to estimate TBW in humans (9). Dilution of water isotopes has
emerged as the gold standard for measuring TBW in humans. Three isotopes of water are
available for this purpose: 2H2O,3H2O, and H2

18O.
The validation of water-isotope dilution methods against desiccation by animal studies

has been reviewed (8). Nonaqueous hydrogen atoms in the body, which equilibrate with the
tracers, result in an overestimation of TBW. The theoretical maximal size of this hydrogen pool
has been estimated as 5.2% of TBW, based on the hydrogen content and turnover rate of dif-
ferent tissues (10). Commonly used figures for the ratios of the water spaces to TBW are 1.041
for 2H2O and 1.007 for H2

18O (11). Isotope fractionation occurs in water vapor relative to water
fluid because of different energies or kinetic properties of the water isotopes, which can lead to
errors in the ratio of 2H/1H (12). The time to complete mixing of water isotopes into the TBW
is about three hours, but can be prolonged up to six hours in patients with expanded extracel-
lular water (ECW) compartments (13).

Tritiated water,3H2O, is easy to measure by scintillation counting and was the most com-
monly used isotope for several decades. However, the radiation hazard makes it less suitable
than the other two water isotopes. Deuterium oxide, D2O or 2H2O, is a nonradioactive isotope
of water. Because of the relatively low mass-to-charge ratios, specimens cannot be analyzed
directly by mass spectrometry with any acceptable precision. The introduction of gas isotope
ratio mass spectrometry for analysis of deuterium decreased the amount of tracer needed to
acquire good precision (14), but the analysis requires expensive equipment, sample preparation,
and highly skilled operators. Fourier transform infrared spectrometry is another method of
analysis that might prove easier to use (15). Because H2

18O is considerably more expensive than
2H2O, it is mainly used for energy expenditure studies with double-labeled water.

Potential errors of the water isotope dilution method include errors in the assumptions
regarding exchangeable hydrogen, very short equilibration time, residual urine, preparation
errors, dosing errors, and error of analysis. If carefully conducted, the precision can be as high
as 1%, coefficient of variation (7,16) being among the highest of any body composition measure-
ment method. Dilution of stable water isotopes remains the gold standard for estimating TBW.
However, the extended mixing time limits the applicability of the method in the setting of the
operating room.

Alternative Tracers—Ethanol

Radiation hazards, expensive equipment and other costs, limited availability, decreased pre-
cision in repeat measurements if the dose is not increased, and lack of bedside applicability
keep the interest in alternative tracers for TBW alive. Ethanol has been proposed as a suitable
tracer of TBW because it has unlimited water solubility, and both the compound and the
method of analysis are readily available at most hospitals. Breath ethanol analysis adds to
the interest in this tracer because of the possible noninvasive sampling. One major problem
is that the rapid elimination of ethanol forces the investigator to make repeat samples and
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apply data to some appropriate pharmacokinetic model. Recently, a more thorough investi-
gation of the pharmacokinetics of intravenous ethanol showed that the ethanol volume of
distribution is significantly smaller than TBW estimated by D2O dilution (17). The precision
was comparable to that of water isotope dilution, but the bias was variable. The authors specu-
lated that the phenomenon of structured water could explain that not all of the biological
water was free to mix with ethanol. If so, this mechanism is likely to constitute a major prob-
lem with any small hydrophilic compound that is investigated as a tracer for TBW.

Bioimpedance

Bioelectrical impedance analysis (BIA) is based on the different conductive and dielectric
properties of various biological tissues when an electric current is applied. Partly because of
the extraordinary simplicity of the method, it has become a very popular study objective with
more than 10,000 publications over the last 10 years. Many of these studies were performed in
the perioperative period. In BIA, it is assumed that the body behaves as a uniform isotropic
conductor of electricity (isotropic means having like properties in all directions), and that the
body can be considered as a single cylinder. Both of these assumptions are known to be false.
Because the arm and leg are much thinner than the torso, these parts will dominate the
obtained estimate, making it impossible to quantify changes in the intraperitoneal fluid (18).

Several instruments are commercially available. By applying a single frequency between
surface electrodes at hand and foot, TBW is directly related to the specific resistivity of the
tissues and the square of the body stature, and inversely to the body impedance.

The precision of BIA is very good in repeat measurements. However, the ability to quan-
tify TBW change is limited (19). Validity of measurement in the complicated environment of
the ICU is doubtful because of stray capacitances (20), and these shortcomings might also
apply to the operating room.

BIA is most useful in population studies among healthy individuals. Although cheap
and easy to use, there are several issues that must be addressed before BIA can make its
way into the operating room. Validity must be improved in that environment. Regional
measurements might prove to be more valuable. The more sophisticated concept of bioimpe-
dance spectroscopy (BIS) is discussed in more detail in the section on the extracellular fluid.

Indirect Assessment of Total Body Water from Body Fat or Fat-Free Mass

The hydration of fat-free mass is a constant, about 0.732, over a wide range of species. There-
fore, TBW can be calculated from any assessment of the amount of body fat or fat-free mass.
The validity of this hydration constant has recently been reviewed (21), and the variability of
this figure proved to be a major source of error in such calculations in disease and in states of
fluid balance disturbances. Furthermore, many methods to estimate body fat, such as hydro
densitometry, air-displacement plethysmography, dual energy X-ray absorptiometry, measure-
ment of total body potassium, computed tomography, magnetic resonance imaging, and
in vivo neutron activation analysis lack clinical applicability in the operating room because
they require special equipment that is not available in that setting (16).

EXTRACELLULAR AND INTRACELLULAR WATER

ECW normally accounts for about 20% of the body weight or 14 L in a 70 kg standard man. The
anatomy of ECW is not as well defined as that of TBW. The two main components, plasma
water and interstitial water, separated by the capillary endothelium, are sometimes comple-
mented by connective tissue water, including water in the cartilage and bone. The major
draining system of the interstitium is the lymph flow, and when its draining capacity is over-
come, edema formation will occur. Critical illness is often associated with such an expansion of
ECW, and the degree of edema correlates with clinical outcome. Chloride, sulphate, sodium
thiosulphate, insulin, sucrose, and mannitol have all been proposed as markers of ECW. All
of these fail to meet the demands of the ideal tracer and have not been widely used. The
following discussion will focus on bromide because it is the most widely used tracer for ECW.

Intracellular water (ICW) is difficult to measure directly and is often taken as the differ-
ence between TBW and ECW—about 28 L in the standard man. Shrinkage of ICW is associated
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with critical illness and might correlate with cell dysfunction. The ratio of ECW to ICW is
about 1:2. However, if the body tissues are divided into a high-perfusion (intestines, brain,
and blood) and a low-perfusion compartment (skin, muscles, and fat), the volumes for these
compartments also form a 1:2 ratio that can lead to misinterpretation of tracer properties.

Bromide Dilution

Bromide is a small, negative ion with chemistry very similar to that of chloride, and it is there-
fore assumed that bromide is not equally distributed within its volume of distribution. The
difference in the concentration of chloride in plasma and in the interstitial fluid is called
the Gibbs–Donnan effect (22). It is caused by the combined need to balance osmolality and
charge across a membrane that is presented to a membrane-insoluble ionic material on one
side. Furthermore, intracellular penetration accounts for about 10% of the fully equilibrated
bromide dilution space. In critical illness, the bromide space appears to be further enlarged,
possibly due to increased bromide penetration into the ICW (23). Sampling at three and four
hours after oral dosing of bromide has been recommended in normal subjects, but when there
is an excess of ECW, the sampling period should be prolonged to six hours (7). However, a
recent study of bromide kinetics suggested an equilibration time of 8 to 12 hours in normal
subjects, defined as the time when the exponential distribution part of the concentration time
curve has decreased to less than 5% of its starting value (24). Bromide leaves the body mainly
through a first-order renal elimination at a slow rate dependent on water flux.

The procedure for bromide dilution is not well standardized. Either NaBr or 82Br can be
used. Several analytical methods exist, such as chromatography, fluorometry, mass spec-
trometry, and beta counting for radio bromide. Fasting is needed for good precision, and a
baseline value, if NaBr is used. An oral dose of 50 mg sodium bromide per kg of body weight
can be used. Plasma sampling after six hours appears to be appropriate in most cases. Correc-
tion for non-ECW sites of bromide distribution, the Gibbs-Donnan effect, and the water
content of plasma must all be applied.

The precision of measuring ECW depends on the bromide dose and the analytical
method used and is about half that of TBW, or about 2% (7). The precision of ICW estimates
is worse because ICW is calculated from the difference between TBW and ECW, and therefore
propagates the errors of both methods. The accuracy of ECW and ICW estimates are unknown
because no direct chemical or desiccation method exists.

Bromide is a less ideal tracer for ECW than the water isotopes used for TBW. The main
limit of the bromide dilution method in the perioperative setting is the long mixing time that is
prolonged by expansion of ECW such as occurs in edema or ascites, and the uncertainty of the
assumed relation between the total bromide space and ECW in critical illness.

Bioimpedance Spectroscopy

Bioimpedance spectroscopy (BIS) is a development of the BIA method, where the single fre-
quency is replaced by a multifrequency approach. In BIS, the electrical body model consists
of intracellular resistance serial with a cell membrane capacitance, all in parallel with extracel-
lular resistance. Then, low frequency currents will flow mainly through the ECW because of
the cell membrane capacitances, whereas at high frequencies, the current can flow freely
through all TBW because the cell membranes no longer block the current (4). By using a wide
range of frequencies, a Cole–Cole plot of resistance versus reactance is obtained, which will
take the form of a semicircle and permit the calculations of the resistances of TBW and
ECW, respectively (4). Variation in cell size, cell membrane properties, and geometrical
arrangement of cells and organs contribute to the model error. The measurement procedure
is very simple, rapid, and similar to that of BIA.

The precision of ECW by BIS is about 1.5% (4). Agreement with bromide dilution can
reach 2%, but accuracy is more difficult to establish in the absence of a reference standard
and could never exceed that of the bromide dilution method that serves as the internal stan-
dard for BIS. In summary, BIS provides estimates for both TBW and ECW and is easy to use,
commercial equipment is available, and precision is good. However, like BIA, it is founded on
erroneous assumptions and relies on a poor reference method.
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