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Preface

Fluid management is the basis of all anesthetic managements in surgical
patients. Its importance in neuroanesthesia is possibly of more relevance
because while maintaining hydration of the patient, simultaneously we pro-
vide sufficient relaxation to the brain to facilitate surgery. Certain fluid types
such as those containing glucose are detrimental to the brain. The use of
hyperosmolar therapy is unique to the practice of neuroanesthesia. Likewise,
large fluid shifts and blood loss are often observed during neurosurgical
procedures.

It is extremely relevant to understand the physiology of blood and blood
transfusion. There remains a disagreement over the threshold values of hemo-
globin at which blood transfusion should be started. Several aspects of trans-
fusion of blood and blood products are comprehensively covered in this book.

Total parenteral nutrition is another form of fluid administration and
requires special consideration. A special section on total parenteral nutrition
highlights the important of this clinical aspect of practice of transfusion of
fluids.

A book providing detailed information on all the above fluids is topical to
present times. This book will be useful for any medical practitioner associ-
ated with neuroanesthesia and allied branches such as neurointensive care,
neurosurgery, and neurology. It will provide a quick and easy access to under-
stand basics of fluid administration and choice of the right fluid for neurosur-
gical and neurologic patients. This book will provide an insight into all
possible aspects of blood transfusion and total parenteral nutrition in neuro-
logic patients.

New Delhi, Delhi, India Hemanshu Prabhakar
New Delhi, Delhi, India Monica S. Tandon
New Delhi, Delhi, India Indu Kapoor
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Body and Brain Fluid and Volume

Kinetics

Robert G. Hahn

Abstract

The capillary and cell membranes are impor-
tant barriers to the distribution of fluid in the
body. The former separates the plasma from
the interstitial fluid, and the latter separates
the extracellular fluid (ECF) from the intracel-
lular fluid (ICF). The volumes of these body
fluid spaces are tightly controlled by nervous
and hormonal mechanisms.

Infusion fluids can be tailored to distribute
on either or both sides of these barriers. In gen-
eral, iso-oncotic fluid accumulates in the plasma
and isotonic fluid in the ECF space. For scien-
tific purposes, translocation of fluid across the
capillary and cell membranes can be estimated
by means of mass balance calculations, while
the disposition of an infusion fluid over time is
best studied with volume kinetic analysis.

The capillary walls of the brain control the
chemical environment by pumping mecha-
nisms and are not permeable for diffusion of
substances other than water (“blood-brain bar-
rier”’). However, low osmolality allows more
water to enter the brain and quickly increases
the hydration of the neurons. The sensitivity

R. G. Hahn (IX)
Anaesthesia and Intensive Care, Karolinska Institutet,
Stockholm, Sweden

Sodertilje Hospital, Sodertilje, Sweden
e-mail: rhahn@telia.com

of the brain volume to changes in serum osmo-
lality has important implications for the choice
of infusion fluid when caring for patients with
neurotrauma who are undergoing neurosur-
gery. The brain lacks lymphatic vessels, so the
filtered fluid is returned to the plasma via the
cerebrospinal fluid. The cerebral fluid pres-
sure is maintained at approximately 10 mmHg
by absorption of fluid into the cerebrospinal
fluid system. At high pressures, filtered fluid
can also pass directly into venous sinuses.

Keywords

Body water - Physiology - Crystalloid
solutions - Pharmacokinetics - Extracellular
space - Physiology - Intracellular space
Pharmacokinetics - Saline solution
Hypertonic

Barriers to Water Distribution

The human body consists of billions of cells
bathing in an aqueous solution with a salt con-
centration similar to that of prehistoric seawater.
The water volumes outside and inside the cells
are tightly controlled by a combination of semi-
permeable membranes and pumping functions.
Two main barriers regulate fluid distribution.
The first one is the capillary membrane that sepa-
rates the blood from the interstitial fluid. This

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 3
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membrane is highly permeable to water and elec-
trolytes, while larger elements, like blood cells
and plasma proteins, do not pass at all or they
pass very slowly. Elements dissolved in body
water attract water by virtue of their osmolality.
The osmotic pressure exerted by these large intra-
vascular molecules maintains the plasma volume
and is termed oncotic or colloid osmotic
pressure.

The second barrier for fluid distribution is the
cell membrane that surrounds all body cells. The
distribution of electrolytes across this membrane
determines how much water will be located on
either side. The distribution of electrolytes, in
turn, depends on active pumping mechanisms
located in the cell membrane itself.

Translocation of water across the cell mem-
brane can be achieved deliberately by the clini-
cian. Infusing sodium chloride at a concentration
higher than 0.9%, which corresponds to the nor-
mal body osmolality of 295 mosmol/kg, with-
draws water from the cells and shrinks them.
Conversely, infusing a solution with a sodium
concentration lower than 0.9% increases the vol-
ume of the cells.

Not all substances in an infusion fluid remain
outside the cells; some enter the cells sooner or
later. Therefore, the osmolality of a solution does
not always determine the distribution of fluid
across the cell membrane. Examples of penetrat-
ing substances are ethanol and amino acids.
Therefore, one often uses the fonicity to describe
the ability of an infusion fluid to redistribute
water across the cell membrane. An isofonic fluid
remains in the outside the cells only. Hence, etha-
nol and amino acids in isoosmotic solutions are
considered hypotonic.

Nevertheless, even here the nomenclature can
be misleading. One example is when fluids con-
tain glucose. A 5% glucose solution is initially
isotonic, but water slowly enters the cells any-
way, along with the uptake of glucose. The end
products of glucose metabolism are carbon diox-
ide and water, which have tonicities of zero.

The capillaries of the brain have a much lower
permeability than the remainder of the body.
Electrolytes and proteins are stopped (by the
“blood-brain barrier””), while those that finally

enter require pumping mechanisms. By contrast,
water passes freely. The brain cells are therefore
susceptible to changes in osmolality [1].
Metabolic and physical damages are other factors
that cause brain cells to swell—one of the feared
complications of neurotrauma. These concerns
are important because the brain is encased within
a bony structure (the skull) and cannot undergo
much expansion before the intracranial pressure
increases sharply.

Body Fluid Volumes and Their Control

The body fluid compartments consist of extracel-
lular fluid (ECF) and intracellular fluid (ICF),
which make up 20% and 40% of the body weight,
respectively, in an adult male. The fractions are
higher in children and lower in the elderly. The
ECF is, in turn, divided into plasma and intersti-
tial fluid, which are located on either side of the
capillary membrane (Fig. 1). The cellular compo-
nents of the blood (erythrocytes, leukocytes)
belong to the ICF space.

The body fluids circulate constantly. The
entire blood volume is pumped around the car-
diovascular system within 1 min. Plasma is fil-
tered in the capillaries and hydrates the interstitial
fluid space, where the exchange of gases and
nutrients with the cells takes place. The intersti-
tial fluid is slowly directed to lymphatic vessels
and then passes to the lymph nodes, where anti-
body reactions take place, and is then returned to
the plasma. This circuit is accelerated by the infu-
sion of crystalloid fluid.

The osmolality and the volumes of the body
fluids are maintained within narrow limits by a
multitude of hormonal and neurological mecha-
nisms. Vasopressin (AVP) is secreted in small
amounts from the neurohypophysis in response
to slight hyperosmolality and in large amounts in
response to hypotensive hemorrhage. Atrial
natriuretic peptide (ANP) and brain natriuretic
peptide (BNP) are secreted from the cardiac
atrium and ventricle, respectively, in response to
locally elevated fluid pressures. Both hormones
increase the capillary filtration of albumin, as
well as urinary excretion. The cardiac hormone
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Fig. 1 Schematic drawing of the body fluid spaces

levels may increase in response to vigorous fluid
therapy. Cortisol and aldosterone are steroid hor-
mones that are secreted in greater amounts in
response to trauma, and they increase the ECF
volume.

Nervous system activity also affects the fluid
balance. The vascular tone is governed by the
sympathetic nervous system, which maintains
the size of the “vascular costume.” Specific
receptors also have an impact on the fluid bal-
ance; for example, p;-adrenergic stimulation
(isoprenaline) retains fluid, and o;-stimulation
(phenylephrine) increases the urinary excretion,
even in the anesthetized state [2].

Water Turnover

The minimal recommended intake of water in
humans is 1.0 mL/kg/h. The limit is often set

25% higher to obtain a “safety margin” for sweat-
ing and unforeseen losses. Children have a
greater metabolic activity and therefore require
more fluid. Naturally, the fluid requirement also
increases greatly in many disease states, like burn
injuries and diarrhea. The body also creates
approximately 300 mL of water per day from its
energy metabolism. The water intake is needed to
compensate for evaporation from the skin and
lungs (insensible water losses), as well as for
maintaining a baseline urine flow that is suffi-
cient for the excretion of metabolic end products
(such as creatinine).

The need for a fluid volume is markedly
increased during anesthesia, for several reasons.
One is that anesthesia causes vasodilatation,
which increases the “unstressed” blood volume.
The plasma volume should then be expanded to
maintain adequate venous return to the heart; oth-
erwise, the hemodynamics needs to be supported
by administration of a vasoconstrictor. Moreover,
the general depression of the autonomous system
during anesthesia redirects blood flows between
vascular beds, which might induce local distur-
bances of tissue perfusion. The aim of expansion
of the plasma volume at the initiation of anesthe-
sia is combat these disturbances. Moreover,
blood loss during the surgery, and the fact that
oral fluid intake has been temporarily stopped,
also increases the need for fluid. Contrary to
common belief, the loss of water by evaporation
from surgical wounds is not particularly impres-
sive. As a rule, open abdominal surgery with
wide exposure of the intestines doubles the insen-
sible fluid losses.

Derangement of the Body Fluid
Volumes

The physiological tolerance to derangement of
the body fluid volumes varies greatly. Most deli-
cate is a loss of blood volume (hypovolemia),
which initially is compensated by an increased
stroke volume and sometimes by an accelerated
heart rate. When approximately 1 L has been lost,
the arterial pressure falls and the patient exhibits
signs of shock. This situation is directly life-
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threatening within minutes if combined with neu-
rotrauma that has raised the intracranial
pressure.

Tolerance is greater for a loss of ECF volume
(volume depletion), which occurs in diarrhea,
ileus, and diabetic ketoacidosis. Here, 3—4 L, or
even more, can be lost before shock ensues.

The tolerance for losses of ICF is poorly
known, but it is far greater than for volume deple-
tion. Dehydration of the ICF is associated with
poor intake of water in the elderly. The chief
compensation is to increase the renal water con-
servation by concentrating the urine. If the capac-
ity of the kidney is not sufficient, the plasma
osmolality increases. A value exceeding 300 mos-
mol/kg is a frequently used criterion for dehydra-
tion of the ICF space [3].

The Starling Equation

The forces involved in the distribution of fluid
across the capillary membrane are summarized
as follows in the classical Starling equation:

Fluid exchange = K, [(PC -P)-o (np -7, )J
where K; is a proportionality constant; P. and P;
are the hydrostatic fluid pressures in the capillary
and interstitium, respectively; and z, and ; are
the colloid osmotic pressures in the plasma and
interstitial fluid, respectively. The symbol c is the
reflection coefficient, which explains how easily
macromolecules pass through the capillary wall.
A reflection coefficient of 1.0 means that the
membrane is impermeable, while 0 means that
the molecule passes without any difficulty. The
value of ¢ varies greatly between vascular beds.
In a normal man, P. is 17-25 mmHg, P; is
—3 mmHg, and &, is 25 mmHg. In typical tissues,
m; amounts to only 5 mmHg.

The Starling equation summarizes our possi-
bilities for infusing fluid that translocates a vol-
ume across the capillary membrane. Infusing a
crystalloid fluid increases P, and dilutes 7, both
of which promote a distribution of volume from

the plasma to the interstitial fluid space. Infusing
a colloid with a , higher than 25 mmHg recruits
fluid from the interstitial fluid space to the
plasma. Modern microcirculatory research holds
that this type of recruitment cannot occur across
the capillary wall. However, this is an academic
issue, as recruitment does occur either by the
lymph or by transcapillary flow.

The sensitivity of the brain to changes in
serum osmolality has implications for the choice
of infusion fluid in neurotrauma and neurosur-
gery. Isotonic infusion fluids should be used
when providing volume expansion to compensate
for anesthesia and/or hemorrhage due to the sen-
sitivity of the brain to changes in osmolality.
Hypotonic infusion fluids should be avoided,
whereas hypertonic fluid has a place in the clini-
cal handling of cerebral edema.

Cerebral Circulation

The brain has a more delicate system for regulat-
ing its fluid content than is found in the rest of the
body. The “blood-brain barrier” prevents fluid
shifts from the plasma to interstitial fluid by
restricting passive diffusion of even small mole-
cules. Therefore, the capillaries of the brain are
much less “leaky” than are capillaries elsewhere.
However, changes in hydrostatic and oncotic
forces in the plasma may still, to some degree,
change the water content of the brain, as water is
freely diffusible [4].

Filtered water is circulated by means of the
cerebrospinal fluid system, as the brain lacks
lymphatic vessels. The cerebrospinal fluid vol-
ume amounts to approximately 150 mL of the
total volume of 1.7 L contained in the brain and
spinal cord. The turnover rate is approximately
500 mL per day.

Most tissues have autoregulated blood flow
governed by factors such as metabolic rate and the
availability of oxygen. Increases in the local blood
flow and hydrostatic pressure also stimulate the
glycocalyx to release nitric oxide, which causes
vasodilatation and makes room for more blood.
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The blood flow to the brain, which amounts to
15% of the cardiac output, follows these general
principles, but it is also regulated by carbon diox-
ide and pH. Increases in any of these dilate the
cerebral vessels, thereby allowing a more effi-
cient washout of metabolic end products from the
brain. This is considered important as neuronal
activity strongly depends on both the carbon
dioxide pressure and on pH.

Autoregulation protects the brain from being
affected by variations in arterial pressure and
operates in a mean arterial pressure range
between 60 and 140 mmHg. If the pressure
becomes excessive, the sympathetic nervous sys-
tem constricts the cerebral arteries to limit the
capillary filtration. The cerebral fluid pressure is
maintained at approximately 10 mmHg by
absorption of filtered fluid into the cerebrospinal
fluid that then circulates around the brain and the
spinal cord. The arachnoid villi also have a valve
function that allows direct entry of fluid into the
venous sinuses in cases where the intracranial
pressure exceeds the venous pressure.

Brain edema is most often caused by trauma
that damages the blood-brain barrier and causes
inflammatory swelling in the injured areas. The
edema compresses the blood vessels, thereby
decreasing the perfusion. Elevation of the carbon
dioxide pressure might not be sufficient to restore
the blood flow, and ischemia develops. This is a
situation where the clinician must take prompt
action to limit cell death and even to save the
brain. For this purpose, fluid therapy with hyper-

ECF - 295 + infused osmoles

tonic fluid that reduces the edema is of paramount
importance.

Head trauma that is combined with circulatory
shock from hemorrhage poses an even more
complicated problem. Here, the mean arterial
pressure (MAP) must be restored sufficiently to
allow perfusion of the brain. The cerebral perfu-
sion pressure is given by the difference between
the MAP and the intracranial pressure, which is
approximately 10 mmHg. In neurotrauma, where
the intracranial pressure is markedly elevated, the
MAP may become a crucial parameter for the
survival of the brain. High venous pressure might
also be a problem, as the filtered fluid enters the
venous system directly in cases where the intra-
cranial pressure is high. The cerebral perfusion
pressure is then determined as the difference
between the MAP and the pressure in the jugular
vein.

Fluid Translocation Across the Cell
Membrane

The brain is susceptible to changes in osmotic
pressure, which governs the fluid distribution
between the ECF and ICF.

The equation below shows the equilibrium
that always persists between the ECF and
ICF. Assuming that the ECF and ICF volumes are
20% and 40% of the body weight, respectively,
and that normal body osmolality is 295 mosmol/
kg, we obtain the following [5]:

ICF-295

ECF + fluid exchange + infused volume ~ ICF —fluid exchange

The idea behind this mass balance equa-
tion is that the amount of solutes divided by
the fluid volume must remain the same after
manipulation of any of involved factors. The
reason is that the osmolality is the same in all
body fluid compartments. The only unknown
factor in this equation is “fluid exchange,”

which can change in any direction, although
positive values denote translocation from the
ICF to the ECF.

This equation can be applied to sodium chlo-
ride and mannitol solutions. However, glucose is
not pertinent because glucose only remains tem-
porarily outside the cells.
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A single extracellular solute can also be used
for this calculation. The simplest solute to moni-
tor is plasma sodium, which is the electrolyte that
is most often manipulated by fluid therapy

intended to control the intracranial pressure. The
plasma concentrations before the intervention,
Na,, and at any time t after it has occurred, Na,,
are then connected in the following equation [6]:

Fluid exchange = ECF, + infused volume — [(NaDECFD +infusedNa)/Na, ]

If urinary excretion has occurred, the voided
volume should be subtracted from the infused
fluid volume. Similarly, the sodium ions excreted
in the urine should be subtracted from the infused
amount of sodium.

Fluid Kinetics
Tracers

The volumes of the physiological body fluids
spaces can be measured with tracers that distrib-
ute in one single physiological fluid space only.
The dilution principle is then employed to esti-
mate the size of the compartment. This principle
means that the volume of distribution of a mole-
cule is the dose divided by the plasma concentra-
tion after adequate equilibration. Examples of
tracers include radioactive albumin and indocya-
nine green for the plasma volume, iohexol and
bromide for the ECF volume, and deuterium for
the total body water.

The benefit of using a tracer is that it yields
(presumably) precise information about the size
of a body fluid space. Downsides include the
abundant potential methodological errors and

the ability to obtain (usually) only one measure-
ment. Tracer methods require a reasonable
steady state during the mixing period; therefore,
capturing the distribution phase of a crystalloid
fluid, for example, is not possible with these
methods.

Mass Balance

Several methods are available to calculate the
distribution of infused fluid between the plasma,
the interstitial fluid, and the ICF. The most widely
applied protocol is to use a set of mass balance
equations, where the blood volume at baseline
(BV,) is estimated based on anthropometric equa-
tions and the BV changes are estimated from
measurements of the blood Hb concentration at
time O and at a later time t [7].

Hbmass, = BV, Hb
BV, = Hbmass, — bled volume ((Hb, +Hb, )/2)
ABV,, =BV, -BV,

Clinical efficacy = ABV,  / Infused volume

Interstitial fluid volume = infused volume — urine — ABV,

The weaknesses of this approach are that the
BV is assumed and that the distribution of Hb
molecules must be even throughout the blood
volume. No simulation can be performed that
predicts the outcome of experiments not per-

formed. One should note that the equation reflects
the distribution of the infused fluid volume and
not of the Hb molecules. The glycocalyx volume
is included when crystalloid fluid is infused, as
the glycocalyx is hydrated as well. Whether the
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glycocalyx volume is included when colloid fluid
is studied is not known.

Volume Kinetics

A more complete approach for the description of
fluid distribution and elimination is offered by a
research method called volume kinetics, which
has similarities to pharmacokinetics [8]. The stud-
ied fluid is administered over 30 min, and the Hb
concentration and the urinary excretion are mea-
sured repeatedly over 3—4 h. A kinetic model with
(usually) two expandable compartments is fitted
to these data, thereby allowing the estimation of a
number of parameters in the kinetic model using
complex mathematics. A second step is to test for
the potential influence of various individual-spe-
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Fig. 2 Volume kinetic plots showing (a) plasma vol-
ume, (b) interstitial volume, and (c) urinary excretion,
all resulting from covariance between the mean arterial
pressure (MAP) and urinary excretion during 78 infusion

cific covariates on these parameters. These covari-
ates can be factors such as body weight, gender,
age, or arterial pressure (Fig. 2). Many studies
have demonstrated that the obtained values cor-
respond reasonably well to the known volumes of
the major physiological body fluid spaces.

Volume kinetic analysis of crystalloid fluid
shows an initial distribution over the plasma vol-
ume. Diffusion across the capillary membrane to
the interstitial fluid space occurs with a half-life
of approximately 8 min. Complete distribution is
finally achieved after 30 min (four half-lives).
Iso-oncotic colloid fluid does not have a distribu-
tion phase, and hyperoncotic solutions recruit
fluid from the interstitial fluid space and, to some
degree, from the ICF as well.

The distribution phase for crystalloids makes
short bolus infusions a risky practice in neu-
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experiments. Computer simulation of an infusion of 1 L of

Ringer’s solution over 30 min, based on kinetic data pub-

lished in Anesthesia and Analgesia 2017; 124: 1824-1833
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rotrauma patients, as the intravascular hydrostatic
pressure might suddenly become very high. By
contrast, the rate of infusion does not matter
much for colloid infusions. However, colloids
expand the plasma volume more than the crystal-
loid fluids do (iso-oncotic fluids 1:1, 20% albu-
min 2:1), and the plasma remains expanded for a
longer time.

The intravascular persistence of colloid fluid
is not greatly dependent on the arterial pressure,
but the excretion of crystalloid fluid becomes
markedly retarded by a reduction in the arterial
pressure, such as occurs during general anesthe-
sia (Fig. 2). In the intensive care setting, this slow
excretion can create a similar plasma volume
expansion for either colloid or crystalloid fluids
from 6-8 h after an infusion and onward.

Urinary Excretion

The diuretic response to infusion fluids may
affect their distribution. For example, the urinary
sodium concentration in everyday life is approxi-
mately 60 mmol/L, and a number of hours are
required for the kidneys to increase the excretion
to match the concentration of an infused isoos-
motic crystalloid fluid. Therefore, serum sodium
will remain largely unchanged, and water will be
recruited from the cells during the first 1-2 h
after initiating an infusion of Ringer’s lactate
solution, despite the fact that Ringer’s has an
osmolality of 273 mosmol/kg (plasma has
295 mosmol/kg) [6].

Another example is hypertonic (15%) manni-
tol, which is marketed as a solution devoid of elec-
trolytes. Mannitol distributes over the entire ECF
volume and recruits fluid from the cells by virtue
of its hyperosmotic nature (iso-osmotic mannitol

is 5%). The induced osmotic diuresis removes the
recruited fluid from the body. However, osmotic
diuresis brings along extracellular electrolytes and
amino acids in an uncontrolled fashion. The loss of
electrolytes makes the ECF hypo-osmotic, thereby
creating a “rebound” flow of fluid in the opposite
direction. This phenomenon would not occur if
electrolytes were added to the fluid or supple-
mented by a separate infusion.

In conclusion, the distribution of an infusion
fluid is fairly well predictable from its composi-
tion. However, modifications exist due to distri-
bution effects, arterial pressure, and kidney
function.
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Abstract

Patients scheduled for elective neurosurgical
procedures present unique considerations
regarding perioperative intravenous fluid
management in the context of multiple dis-
tinctive factors encountered in this patient
population. Commonly used indicators for
adequate volume replacement such as urine
output may be challenging to interpret due to
concurrent use of diuretics, for example,
mannitol. In this chapter, we discuss the
basics of fluid physiology and blood-brain
barrier mechanisms regulating fluid shifts.
We also discuss preoperative factors contrib-
uting to hypovolemia in neurosurgical
patients, assessment of volume status, and
considerations for volume replacement.
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Basics of Fluid Physiology

Water comprises approximately 75% of body
mass in infants and about 60% in adults. There is
constant movement of water throughout different
compartments of the body via multiple active
transport mechanisms. Broadly, the total body
water is distributed in two main compartments:
extracellular fluid and intracellular fluid. In adults,
extracellular fluid comprises approximately 20%
of total body weight and intracellular fluid com-
prises approximately 40% of total body weight.
Physiologically, water moves across (semiperme-
able) membranes following the osmotic gradient,
with water tending to move from the compartment
with lower osmolarity to the side with higher
osmolarity to equilibrate the gradient. Osmolarity
is defined as the concentration of a solution
expressed as the total number of osmotically active
solute particles per liter of fluid. Plasma osmolar-
ity is tightly regulated with normal values between
285 and 295 mOsmoles/L. The osmolarity of com-
monly administered intravenous fluids is in refer-
ence to plasma osmolarity.

Basic Physiology of the Blood-Brain
Barrier and Pericytes

The blood-brain barrier (BBB) is a partition
between the vascular compartment and the brain
interstitial fluid regulated via tight junctions and
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highly specialized endothelial cells. It mainly
functions as a dynamic barrier for metabolic
transport bidirectionally, due to its selective per-
meability. The BBB is readily permeable to gas-
eous molecules such as oxygen and carbon
dioxide, as well as water, but it is impermeable to
ions and other solutes for which active transport
is required. Lipid-soluble substances cross the
BBB through diffusion. However, larger mole-
cules such as complex proteins have a restricted
access through the BBB, mostly via complex
receptor-mediated mechanisms.

An intact BBB is essential to maintain the
delicate extracellular environment around syn-
apses, axons, and neurons. Multiple pathological
conditions can cause disruption of BBB and
increase permeability or intracellular water con-
tent, thereby leading to fluid shifts across the
membranes resulting in vasogenic or cytotoxic
cerebral edema. Some of these conditions include
but are not limited to tumors, bleeding, trauma,
vascular malformations, etc. In the setting of
these pathological conditions, progressive utili-
zation of the normal cerebral compensatory
mechanisms eventually leads to increased intra-

Fig. 1 Structural and
cellular composition of
the neurovascular unit.
(Nzou G, Seeds MC,
Wicks RT, Atala

AlJ. Fundamental
neurovascular
components for the
development of complex
and dynamic in vitro
brain equivalent models.
J Alzheimers
Neurodegenerative Dis)

Microglia

Endothelial
Cell

Astrocyte

cranial pressure with the slightest increase in
volume.

The neurovascular unit (NVU) is a complex
functional and anatomical unit composed of
endothelial cells and their BBB, forming tight
junctions; a basal lamina covered with pericytes
including astrocytes, neurons, and interneurons;
and an extracellular matrix. This unit as a whole
regulates fluid balance and overall homeostasis
of the BBB. Pericytes are vascular mural cells
present in the basement membrane of blood
microvasculature. Their processes extend along
capillaries,  precapillary  arterioles,  and
postcapillary venules. Central nervous system
pericytes are uniquely positioned in the neuro-
vascular unit between endothelial cells, astro-
cytes, and neurons. They integrate, coordinate,
and process signals from their neighboring cells
to generate diverse functional responses that are
critical for regulation of the BBB permeability
and autoregulation.

Figure 1 shows the basic composition of neu-
rovascular unit.

An important concept in the processes regulat-
ing fluid shifts in the brain is the transport mecha-
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nisms related to sodium physiology. Sodium is
one of the major electrolytes in the body. Normal
sodium levels are 135—145 mmol/L. Among other
functions, Na facilitates a normal balance of fluids
and plays an important role in nerve conduction
and muscle function. Sodium levels are tightly
controlled via receptors in the heart, blood ves-
sels, and kidneys through the secretion of natri-
uretic peptides. The sodium levels in the body
affect the blood volume and interstitial fluid. For
example, in the presence of hyponatremia (low
sodium levels), the kidneys stimulate the adrenal
glands to secrete aldosterone, which in turn, cause
the kidneys to retain sodium and excrete potas-
sium, thereby increasing blood volume.

In the presence of an intact BBB, since the
BBB is impermeable to Na, the intravenous
administration of hypertonic sodium causes a
rapid increase of plasma osmolality, thereby cre-
ating an osmotic gradient between the intracellu-
lar compartment of the CNS and the intravascular
compartment, leading to a reduction in brain vol-
ume with associated reduction of intracranial
pressure, thus favoring brain relaxation.

Perioperative Evaluation of Volume
Status

During the preoperative phase, performing an
adequate history and physical examination in an
awake, conscious, neurologically intact, and
cooperative patient should alert the anesthesiolo-
gist regarding the possibility of hypovolemia
(intravascular volume depletion) or dehydration.
The patient may complain of postural dizziness,
headache, lethargy, and feeling of thirst or hunger.
In a pediatric patient, poor weight gain and fail-
ure to meet milestones/failure to thrive can point
to a poor nutritional status, apart from obtaining
feeding history from the primary caregiver.
Basic physical examination techniques include
assessment of skin turgor, mucus membranes, etc.
Preoperative vitals may show tachycardia and/
or associated hypotension. The heart rate response
may not be completely manifest in elderly patients
due to poor beta receptor responsiveness. However,
there are multiple factors that could contribute to

preoperative tachycardia and hypotension, and the
anesthesiologist needs to be familiar with their dif-
ferential diagnosis. Some of the commonly noted
caused of tachycardia include preoperative anxiety
and pain. Importantly, use of antihypertensives or
improper selection of blood pressure cuff during
measurement may cause an inappropriately lower
blood pressure reading. Hypovolemia is typically
unmasked at induction of general anesthesia when
cardiovascular depression associated with induc-
tion medications, as well as decreased venous
return from positive pressure ventilation/PEEP,
can lead to hypotension.

During general anesthesia, surrogate identifiers
of volume status are typically used. These include
increased heart rate (HR) above baseline values
and drop in blood pressure (BP) from baseline val-
ues or below acceptable mean arterial pressure
(MAP < 55-60 mm Hg). However, as in the preop-
erative patient, there are multiple factors contribut-
ing to altered cardiovascular physiology during
general anesthesia. Besides the challenges of eval-
uating volume status based on static hemodynamic
indices of HR or mean arterial pressure (MAP),
monitoring of urine output to evaluate volume sta-
tus is also potentially problematic. Typically, a
Foley catheter is inserted to monitor urine output
intraoperatively. Oliguria, as defined as a low urine
output (<0.5 ml/kg/h), may indicate hypovolemia
with inadequate volume replacement. However,
the concurrent use of diuretics, such as mannitol
during neurosurgeries, may make the interpreta-
tion of this parameter unreliable as well.

If a central venous catheter is available, trend-
ing the central venous pressure (CVP) may be
used as a surrogate to assess volume status; how-
ever, CVP has been extensively reported to be
inaccurate to determine cardiac preload, espe-
cially if in the lower range of values, and is a poor
predictor of fluid responsiveness [1]. Dynamic
indices of cardiovascular function are known to
be better predictors of fluid responsiveness par-
ticularly during positive pressure ventilation.
Respiratory variations in the arterial pressure
waveform can be visually observed to assess
response to fluid challenges [2]; however, these
indices must be used with caution and clinically
correlated.
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Other more invasive techniques involve the
use of Pulse Contour Cardiac Output (PiCCO),
transpulmonary  thermodilution  (pulmonary
artery catheter), or transesophageal echocardiog-
raphy to visualize left ventricular volume and
size estimates. Although these techniques are
widely used in the ICU setting, they are rarely
practiced in neuroanesthesiology.

Calculating Plasma and Blood
Volume

In a normal adult, plasma volume is estimated
using the following formula: total blood
volume x (1 — hematocrit).

In renal failure patients, plasma volume is
typically calculated using Kaplan-Hakim for-
mula [3] using data derived by the hematocrit
value and the body weight. Calculated
plasma volume (cPV) = (1 — hematocrit)
x [a + (b x weight in kg)] where adjustment fac-
tors were a = 1530 in males and 864 in females,
and b = 41 in males and 47.9 in females [4]. As
evident from the formula, the plasma volume is
dependent on body weight and hematocrit/blood
volume.

Blood volume refers to the total volume circu-
lating within the arteries, capillaries, veins,
venules, and chambers of the heart at any given
point of time. The components of blood volume
include red blood cells (erythrocytes), white
blood cells (leukocytes), platelets, and plasma.

The estimated blood volume calculator (see
below) utilizes parameters such as patient age,

sex, and weight. On an average, neonates and
premature neonates have a higher blood volume
per kilogram as compared to adults.

Average blood volume = patient weight
(kg) * (average blood volume in mL/kg)

The average blood volume per demographic
(mL/kg) is listed as follows:

Adult male =75

Adult female = 65

Infants = 80

Neonates = 85

Premature neonates = 95

This calculator serves as a guide for transfu-
sion requirements and volume replacement in
different age groups.

Formerly, restrictive fluid management was
practiced for patients with cerebral tumors with
the assumption that fluid administration could
enhance cerebral edema [4]. However, it is
now recognized that hypotension due to hypo-
volemia can decrease cerebral perfusion pres-
sure and cerebral blood flow with undesirable
consequences.

Common Formulas Used
to Calculate Fluid Deficit

One of the commonly used formulas in clinical
practice is the 4-2-1 rule for intravenous fluid
replacement for fasting patients. This is espe-
cially useful in pediatric patients and avoids fluid
overload. The ideal body weight IBW) of the
patient is used for calculations.

IBW is calculated as:

Males : IBW = 50kg +2.3 kg for each inch over 5 feet

Females : IBW = 45.5kg + 2.3 kg for each inch over 5feet

4-2-1 rule

4ml/kg/h.for the first1 -10kg +

2ml/kg/h.for11-20kg+

1ml/kg/h.for >20kg
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It must be kept in mind that the 4-2-1 rule is
only a guideline for maintenance intravenous
fluid replacement during the intraoperative
period. It is typically recommended that approxi-
mately half of the fluid deficit resulting from pre-
operative fasting be administered in the first hour
of anesthesia, along with maintenance fluids.
Any additional losses in the form of bleeding or
third space losses must be assessed incrementally
and replaced accordingly.

Effects of Fluid Composition
on Intravascular Volume Status

Crystalloids have wide variability in osmolarity
and can be classified into hypotonic, isotonic,
and hypertonic in relation to plasma osmolarity,
as listed in Table 1.

The most commonly used fluids for routine
intraoperative neurosurgeries not involving major
blood loss are isotonic crystalloids. Even if
slightly hypotonic, typically, the authors recom-
mend Plasmalyte and/or Ringer’s lactate for

maintenance infusion at a rate of 2—4 mL/kg/h.
Caution must be exercised while administering
large volumes of Ringer’s lactate since it contains
approximately the equivalent of 100 mL of free
water per liter, which could potentially cause
cerebral edema and increased intracranial pres-
sure over time. While 0.9% normal saline is iso-
tonic, caution must also be exercised while
administering large volume of 0.9% normal
saline due to high chloride load, as this has been
associated with hyperchloremic metabolic acido-
sis and possible renal dysfunction [5].

Hypotonic fluids, e.g., DSW (5% dextrose in
water), must be avoided in neurosurgical patients,
since they can exacerbate cerebral edema and
lead to undesirable hyperglycemia. Free water
can easily cross blood-brain barrier.

Hypertonic crystalloids include increasing
concentrations of sodium in the solution (1.5%,
3%, and 23%). Hypertonic crystalloids can be
mixed as sodium chloride or sodium acetate.
When hyperchloremia becomes an issue, espe-
cially for longer-term infusions or if serum chlo-
ride is already elevated, sodium acetate solutions

Table 1 Composition of commonly used intravenous fluids: crystalloids

MOsm/I* | mEq/1 g/l
Intravenous fluids Na* Cl- K |Ca Mg | Lactate | Dextrose (g/1)
5% dextrose in water (D5W) 278 50
5% dextrose in 0.45% NaCl 405 77 77 50
5% dextrose in 0.9% NaCl 561 154 154 50
5% dextrose in Ringer’s solution 525 130 109 |4 |3 50
Ringer’s solution 309 147 156 |4 445
Lactated Ringer’s solution 275 130 109 |4 |3 28
5% dextrose in Lactated Ringer’s 525 130 109 |4 |3 28 50
solution
Plasmalyte® 298 140 98 |5 3
0.45% NaCl 154 77 77
0.9% NaCl 308 154 154
3.0% saline 1026 513 | 513
5.0% saline 1710 855 855
7.5% saline 2566 1283 | 1283
20% mannitol 1098

Tommasino C, Fluids and the neurosurgical patient. Anesthesiol Clin North Am 20(2): 329-46, 2002. Reproduced with

permission from Elsevier, Inc.

20Osmolarity = calculated value (osm/l = mg+molecular weight x 10 x valence)

"Acetate 27 mEq/L and gluconate 23 mEq/L
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are preferable. Assuming the BBB is intact,
hyperosmolar solutions exert their effects by
osmotically shifting water from the intracellular
and interstitial spaces toward the intravascular
space. This effect has been demonstrated in brain
tissue with normal blood-brain barrier [6].

Mannitol is being used as the mainstay of
treatment of raised intracranial pressure (ICP), to
a maximum dose of 1.2 g/kg of body weight, by
monitoring closely plasma osmolarity not to
excel 320 mOsm/L. Mannitol is an osmotic
diuretic, and it exerts its effect on lowering ICP
by reducing intracranial water content. However,
in its biphasic mechanism of action prior to its
diuretic effect, it first increases plasma volume
and decreases viscosity, via its dose-dependent
osmotic effects. This osmotic effect traps water
and solutes in the tubular fluid, thus increasing
sodium, potassium, chloride, and bicarbonate
excretion via the kidneys.

Since there is no large body cavity exposed
during craniotomies, there is typical minimal
third space losses. Likewise, in the absence of
unexpected complication, hypovolemia from
blood losses is relatively uncommon during cere-
bral surgery. When evaluating volume replace-
ment, it is also necessary to account for the
obligatory fluid volume administered in concomi-
tance with medication infusions during neurosur-
gical procedures. One common consequence of
large volume fluid infusion is a reduction in
hemoglobin/hematocrit. This hemodilution is typ-
ically accompanied by an increase in the cerebral
blood flow due to improved rheological condi-
tions including reduction in blood viscosity [7]. In
the normal brain, the increase in CBF produced
by hemodilution is an active compensatory
response to a decrease in arterial oxygen content,
and this response is essentially comparable to that
seen with hypoxia [8, 9]. In the face of brain
injury, the normal CBF responses to hypoxia and
to hemodilution are attenuated, and loss of either
response may contribute to secondary brain injury
[10]. A hematocrit level of 30-33% is considered
to yield the optimal combination of viscosity and
O, carrying capacity, and may be associated with
improved neurologic outcomes [11].

Risk Factors for Perioperative
Hypovolemia

Dehydration in surgical patients occurs from
inadequate oral intake (causes listed below)
from multiple factors. In the perioperative set-
ting, since most of the neurosurgeries are per-
formed under general anesthesia, patients
presenting for elective neurosurgeries are typi-
cally fasting (nil per oral (NPO)) overnight, for
a duration of about 10 h, per preoperative fast-
ing guidelines [12].

Adequate monitoring, repletion, and mainte-
nance of intravascular volume status is impor-
tant during the perioperative period, and fluid
management is a primary responsibility for the
anesthesiologist. Inadequate volume replace-
ment can lead to hemodynamic instability,
tachycardia, hypotension, decreased ability to
cope with surgical stress, as well as exagger-
ated response to anesthetic medications. All of
these factors can lead to inadequate cerebral
perfusion.

Causes of perioperative decrease in volume
status include the following:

Preoperative factors

1. Preoperative fasting

2. Preexisting bowel obstruction and/or mechan-
ical bowel preparation

3. Emergency surgeries with associated preex-
isting bleeding or third space volume losses

4. Nausea, vomiting, and/or associated poor oral
intake due to large brain tumors

5. Preoperative diabetes insipidus

6. Preoperative cerebral salt wasting syndrome

Intraoperative factors

1. Vasodilation associated with anesthetic
medications

2. Patientpositioning.e.g.,reverse Trendelenburg
position which decreases venous return from
lower extremities

3. Positive pressure ventilation with higher lev-
els of positive end-expiratory pressure and

Valsalva maneuvers
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4. Surgical site bleeding with
replacement

5. Special medications used during neurosurgical
procedures to improve brain compliance such as
mannitol, or other diuretics such as furosemide

6. Intraoperative diabetes insipidus in certain
pituitary surgeries or severe traumatic brain

injury

inadequate

Postoperative factors

1. Ongoing bleeding from surgical site

2. Inability to transition to oral fluids with inad-
equate intravenous replacement

3. Nausea and vomiting in the postoperative
period with inadequate replacement

4. Continued use of mannitol and/or diuretics

5. Postoperative diabetes insipidus

A combination of above factors may be
encountered by the anesthesiologist in various
settings—e.g., in the operating room, in the post-
anesthesia care unit (PACU), or in the intensive
care unit (ICU). It is important to conduct an
early and adequate assessment of volume status
and replace fluids accordingly.

Conclusion

In conclusion, there are multiple factors regulat-
ing total body water, plasma volume, and blood
volume. They exert direct and indirect effects on
cerebral homeostasis, and have influences on
intracranial pressure and volume. Patients under-
going neurosurgery have altered cerebral auto-
regulation, and have multiple perioperative
factors contributing to dehydration and/or hypo-
volemia. The practicing neuroanesthesiologist is
required to have an understanding of basics of
neurophysiology and of fluid requirement, in
order to recognize and treat fluid deficits and
shifts during the perioperative period.
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