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The modern specialist in the treatment of surgical disease must be an expert
in more than the traditional skills of cutting and sewing. Our patients are
highly complex biochemical systems, with many active metabolic pathways,
each with diverse requirements and varied methods of support. In preparing
this work, we stepped back from an approach based on explicit diseases or
anatomical approaches, and considered the metabolic needs of the patient as
primary. We hope to have achieved our goal of creating a textbook that sup-
plements the more traditional approaches and provides the basis in metabo-
lism for an access to surgical knowledge and education.

We must acknowledge the classic text, with a title similar to ours by
Dr. Francis Moore, now long out of print. Though we had no direct publish-
ing connection to Dr. Moore’s work, it was the inspiration for this book, as
well as, of course, the inspiration for much of the modern thinking on the
many metabolic aspects of surgical disease. Since that era, surgical science
has advanced tremendously, as clinicians have learned about nutrition, then
specific metabolic pathways, and mostly recently genetics-based science.

There have been many great contributors to our subject in the two genera-
tions since Dr. Moore’s era. We would not attempt to be complete in our
recognition of all the masters who have made important advances. But we
would like to mention our former colleagues and mentors, Dr. Stanley
Dudrick and Dr. John Kinney, who both advanced the field and had many
intellectual progeny who also contributed.

This volume could not have been produced without the extensive efforts
by our many contributors. We would also like to thank our academic chairs at
Yale University School of Medicine, Dr. Robert Udelsman of the Department
of Surgery and Dr. Roberta Hines of the Department of Anesthesiology. This
work could not have been done without the fine efforts of Ms. Elise Paxson
from the Springer publishing team.

New Haven, CT, USA Kimberly A. Davis
Stanley H. Rosenbaum
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Christy M. Lawson, Chandler A. Long,
Reagan Bollig, and Brian J. Daley

Fasting is a great remedie of fever.

John Withals in “A shorte dictionarie most profit-
able for yong beginners the second tyme cor-
rected, and augmented, with diuerse phrasys, and
other thinges necessarie therevnto added: by
Lewys Euans.”

Published 1574 by [In Paules churchyarde, at
the signe of the Lucreece, by Thomas Purfoote] in
Imprinted at London. Ref: www.openlibrary.org

Introduction

Metabolism is defined as “1. The chemical pro-
cesses occurring within a living cell or organism
that are necessary for the maintenance of life. 2.
The processing of a specific substance within the
living body” [1]. This definition simplifies a
process that occurs at the cellular level in every
living being and is the driving process of our
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existence. The consumption of energy is the basis
of life; an innate and evolutionarily honed drive
to maintain homeostasis and fulfill the needs for
energy and cellular function.

Derangements in metabolism are present with
every disease process and may even be the cause.
The quest to understand the exchange of energy
at the cellular level and to develop novel tech-
niques to manipulate, restore, or control this
exchange is as old as medicine itself. The goal of
this chapter is to review the history of our under-
standing of metabolic processes, to discuss nor-
mal cellular metabolism in a healthy subject, and
to identify ways in which metabolism is altered
in injury and illness.

History of Metabolism

For centuries, man has struggled to understand
the basis of life, often coming up with partially
correct or wildly fanciful ways to explain the
disease in front of them. Many of the basic expla-
nations the ancients propagated about this
concept of metabolism and disease came down to
foods that cure or harm. Even today, our fascina-
tion with food as a way to manipulate the basis
processes of life continues—a simple internet
search produces countless reports of foods curing
disease, reducing impotence, adding muscle, or
losing weight. Yet, to end this never-ending
search for the “magic” food source or the foun-
tain of youth, the precisely orchestrated chemical
and genetically determined metabolic processes

K.A. Davis and S.H. Rosenbaum (eds.), Surgical Metabolism: The Metabolic Care of the Surgical Patient, 1
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at the cellular level must be fully elucidated.
Only then can we find specific nutrients or foods
that could “cure.”

The historical foundation of surgical metabo-
lism over the centuries has constructed our current
understanding. Dating back to the beginning of
the Common Era, both the Ayurvedic and Greek
“Aristotelian” philosophy of health and disease was
based on the states of earth, water, fire and air or
some combination of such, and was intimately tied
to emotions/senses. This so-called humor physi-
ology was pervasive for millenia [2]. Extensive
catalogues of medicinal herbs and behaviors were
employed to alter the balance between these humors
to promote health and abate disease. Avicenna, a
Persian philosopher and physician, applied the
concept of humors across the spectrum of health
and disease, treating excesses of one humor with
removal or reduction of its counterpart. Galen is
credited with the letting of blood to release the
humors, a practice that lasted through the eigh-
teenth century. In 1628, a new philosophy arose.
William Harvey published Exercitatio Anatomica
de Motu Cordis et Sanguinis in Animalibus (An
Anatomical Study of the Motion of the Heart and
of the Blood in Animals), where he first described
the cardiovascular system as a unit with the heart
at the center pumping blood to the remainder of
the body. This significant break with the long
held practice of humoralism championed by the
likes of Hippocrates and Galen was coupled with
Harvey’s discovery of circulation and Santorio
Sanctorius framework of metabolic balance.
Sanctorius’ meticulous experiments over years
illustrate the difference in weight of ones’ total
intake compared to the reduced weight of what
one excreted. This dissipation of quantity and
mass he attributed to a theory called “insensible
perspiration” [3]. These concepts were key in
creating the understanding of physiologic con-
servation of energy and the body’s transforma-
tion of nutrients to functional energy through the
bloodstream.

Crucial to the understanding of basic metab-
olism is the concept of oxygen consumption
and cellular respiration. Joseph Priestly is cred-
ited with the discovery of oxygen gas. In his
paper “Observations on Respiration and the
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Use of the Blood,” Priestley was the first to
suggest a relationship between blood and air.
Lavoisier, widely regarded as the “father of mod-
ern chemistry,” extrapolated on these findings of
combustion and respiration in experiments done
in collaboration with Pierre-Simon Laplace [4].
The pair not only devised an ice calorimeter
to measure the amount of heat created during
combustion or respiration, but calculated the
carbon dioxide produced by the guinea pig and
compared it to the generative process to create
carbon dioxide. This characterized respiration
as combustion, and this concept was later pub-
lished in “On Heat.” The process of deranged
metabolism in response to disease was also a
concept that was delineated slowly over time.
Louis Pasteur and Fredrich Henle first espoused
the germ theory and Lister followed through
on the notion of infectious organisms leading
to suppuration and sepsis. This basic under-
standing of the pathogenesis of disease would
later become crucial to the understanding of
the metabolic response to illness. It would not
be until the early twentieth century, however,
before metabolism was brought first to the cel-
lular level.

In the twentieth century, the concepts of
metabolism and energy exchange in response to
stress states were introduced. Sir David
Cuthbertson published notable work on the meta-
bolic and nutritional demands of critically ill
patients, which still serves as the foundation for
current nutritional therapy for the burn, septic,
and other critically ill/injured patients [5]. Based
on the findings of Lavoisier, indirect calorimetry
is a commonly utilized method to estimate energy
metabolism through respiratory gas exchange
measurements. The carbon dioxide and nitrogen
waste from individual’s consumption of oxygen
is correlated back to the heat energy generation [6].
This technique is noninvasive, and can be applied
to investigate numerous aspects of nutrition, ther-
mogenesis, exercise, and the pathogenesis of
metabolic diseases.

James Harris and Francis Benedict published
A Biometric Study of Basal Metabolism in Man in
1919, which provided a method to estimate an
individual’s basal metabolic rate and daily caloric



1 Introduction to Metabolism

requirements without quantitative calorimetric
measurements. A regression equation was labori-
ously constructed. Even today, the Harris-
Benedict equation allows healthcare professionals
to better estimate and provide the metabolic
needs of a patient in a practical and cost effective
manner.

Though a significant tragedy, the 1942
Coconut Grove night club fire in Boston germi-
nated a host of medical advances in the treatment
of post-burn resuscitation, but more importantly
illuminated the connection between fluid resusci-
tation and metabolic demands. The contributions
of this body of literature have helped to recog-
nize the stress response to injury, the importance
of restoring hemodynamic stability to cellular
metabolism, and began illustrating some of the
sequela of resuscitation [7].

In the 1960s, Stanley Dudrick and Douglas
Wilmore began investigations on the metabolic
effects of intravenous nutrition supplementation
and its effects on cellular metabolism, developing
what they termed total parental nutrition (TPN).
Initially, parenteral nutrition (PN) was designed
to provide 100 % of an individual’s daily caloric
needs, and was designed for those who suffered
from short bowel syndrome [8]. The utilization
of PN has expanded far past the treatment of
short bowel syndrome, and it now has specific
indications in any individual unable to tolerate
enteral feeds. However, over time it was found
that the metabolic derangements found particu-
larly in the liver and gut were often detrimental to
the patient, and the indications of PN usage have
been narrowed appropriately. There were two
major seminal papers in the early 1990s regard-
ing PN. Kudsk’s work investigated the impor-
tance of the route of nutrition and its relationship
with septic complications after trauma. His work
demonstrated a lower incidence of septic morbid-
ity in patients fed enterally as compared to with
PN, with most of the significant complications
occurring in the more severely injured patients
[9]. The VA cooperative trial looked at the use of
perioperative PN and its relationship with serious
complications after major abdominal or thoracic
surgical procedures in malnourished patients.
That trial concluded that preoperative PN should

be limited to only patients that are severely
malnourished unless there are other specific indi-
cations for its’ need [10].

Since the 1970s, significant progress has been
made toward the understanding of caloric deficit
and protein malnutrition. Malnutrition and meta-
bolic derangements from inadequate caloric pro-
vision were identified as common problems
within hospitalized patients. The emphasis on
caloric deficit gave way to an emphasis on pro-
tein energy malnutrition. In 1974, Bistrian and
Blackburn published their groundbreaking work
entitled Skeletons in the Closet. They identified a
50 % incidence of protein energy malnutrition in
a modern Boston hospital. From that point for-
ward, we began to better understand malnutrition
as a reflection of metabolic derangements associ-
ated with stress [11]. Pierre Singer published a
body of literature throughout the 1990s and early
2000s on protein catabolism and the turnover of
lean body mass in stressed states and the impact
this has on wound healing, infection rates, and
mortality. Influencing metabolism by provision
of goal directed nutritional therapy became the
emphasis of many institutional protocols through-
out the world.

Throughout the past decade, great strides have
been made in the understanding of critical illness
and the contributions that adequate, early, and
goal directed nutrition can make toward the
reduction of morbidity and mortality. In addition
to adequate caloric provision, much was pub-
lished on early goal directed therapy aimed to
rapidly resuscitate patients with injury and illness
in order to prevent and attenuate metabolic
derangements. In 2001, the landmark paper from
Rivers et al. entitled Early Goal Directed
Therapy in the Treatment of Severe Sepsis and
Septic Shock was published in the New England
Journal of Medicine. Emphasis was placed on
adequate fluid resuscitation, vasopressor sup-
port, maintenance of central venous pressure,
and provision of stress dosed steroids in an
attempt to support end organ perfusion and mini-
mize the metabolic impact of critical illness [12].
In addition, recognition of the deleterious effects
of stress induced hyperglycemia also was height-
ened. Through work such as Van den Berghe’s



Intensive Insulin Therapy in Critically Il
Fatients, published in the New England Journal
in 2001, it was demonstrated that elevation of
serum blood glucose levels, as well as profound
hypoglycemia, were independent predictors of
mortality and infectious complications [13]. The
maintenance of serum glucose homeostasis helps
to prevent this, demonstrating the importance of
attenuating the metabolic response to stress.

The basic understanding of cellular metabo-
lism and its effects on the patient is constantly
evolving over time. It has far reaching clinical
implications for the practitioner; the understand-
ing of the stress response, of nutritional support,
of the resuscitation of illness and injury and the
manipulation of the gastrointestinal tract to
improve disease outcomes all have their basis in
cellular metabolism. As our understanding of the
complex mechanisms behind these processes has
broadened, we have bettered our ability to care
for our patients.

Cellular Metabolism
Mitochondrial Metabolism

In order to maintain functional homeostasis in
the body as a whole, metabolism must be reg-
ulated at the cellular level. Mitochondria are
the main source of energy for eukaryotic cells.
They divide by fission, which supports the the-
ory that they originated as symbiotic bacteria.
They are rod-shaped organelles approximately
0.2-0.5 pm in diameter, with an outer and inner
membrane, each with unique characteristics.
The outer membrane contains protein channels,
or porins, which allow passage of molecules up
to 10 kilodaltons (kDa). The inner membrane is
composed almost entirely of proteins. Oxidative
phosphorylation takes place here, which gener-
ates the electrochemical gradient necessary for
proton transport and synthesis of adenosine tri-
phosphate (ATP).

Critical metabolic pathways take place in the
mitochondria. Oxidative phosphorylation, which
generates the electrochemical gradient necessary
for proton transport and synthesis of ATP, occurs
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within the mitochondrial membrane. This pro-
cess is the culmination of the tricarboxylic acid
cycle. This is a highly regulated process with
numerous components, and it has been found that
mitochondrial dysfunction plays a role as an
early cellular event in critical illness. Targeted
therapies during these times of metabolic stress
have demonstrated improvement in mitochondrial
function with regards to the electron transport
system, oxidative phosphorylation, ATP produc-
tion, and reduction of oxidative stress [14].
The clinical impact of these findings is only at
the point of basic investigation.

Enzyme Function

Enzymes are the workhorse of metabolic
pathways. They are necessary to catalyze the
innumerable biochemical processes that are vital
for the living cell and organism as a whole. Their
proper function is dependent on multiple ele-
ments including temperature, pH, availability of
substrates, and presence of cofactors. The physi-
ologically stressed patient has derangements in
virtually all of these variables that can lead to
enzyme dysfunction, such as fever, acidosis or
severe malnutrition. Additionally, malabsorp-
tion secondary to gastrointestinal (GI) tract dys-
function or disease states amplifies the issue for
already nutritionally deficient individual by fur-
ther decreasing substrates and cofactor availabil-
ity. Further considerations must be made for the
patient with enzyme deficiencies, such as those
who are lactose intolerant. This can lead to added
substrate and cofactor perturbations as well as
enzyme dysfunction.

Metabolism of the Body as a Whole

In the stressed state, the body undergoes various
physiologic and metabolic changes. A hypermet-
abolic state ensues after a stress response, such as
surgery, trauma, or sepsis, which leads to insulin
resistance and hyperglycemia. There is increased
oxidative stress at the cellular level and systemic
activation of various inflammatory processes that
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lead to complex immunologic changes. There is a
poor adaptation to starvation, and accelerated
turnover of energy stores [15].

Basics of Whole Body Metabolism

The building blocks of the human body are car-
bohydrates, proteins and fats. These components
are used in various ways and with various levels
of efficiency by all aerobic cells. Glucose, the
preferred fuel of cellular metabolism, is utilized
in the well-fed state. Fat is stored for later oxida-
tion when readily available stores of glucose are
depleted. Protein, viewed largely structural in
nature rather than used for energy purposes, is
used as an endogenous energy source during
stressed states and periods of altered metabolism.
Glucose is the driving force behind energy pro-
duction, and maintenance of a readily available
source of glucose is of primary importance.
Glycogen, the immediately available storage
form of glucose, is found primarily in the liver
and is available for approximately 12-24 h of
fasting. After these stores are depleted, the body
will then turn to protein and fat stores to produce
glucose through gluconeogenesis. If starvation
persists, other metabolic changes occur to pro-
vide alternate fuels to sustain cellular metabo-
lism. In the stressed state, energy generation is
deranged even further, in conjunction with
greatly increased metabolic demand.

Energy Expenditure

Total energy expenditure (TEE) is divided into
three components in healthy subjects: resting
energy expenditure or metabolic rate (REE),
energy required for digestion, and energy expen-
diture associated with activity. Various other
things contribute to TEE, including the ambient
temperature, vasoconstriction, shivering or
stressed states [16]. To measure energy expen-
diture, one must have a basic knowledge of
what each of these three components contribute
to the total.

REE, or the basic metabolic rate in the fasting
state at rest, represents anywhere from 60 % to
75 % of TEE. REE can be measured using vari-
ous methods. In general, this measurement is
determined by body size and body composition.
Gender, age, and race also affect the basal meta-
bolic rate to varying degrees [17].

Digestion is a thermogenic process that con-
tributes around 5 % to 10 % of the TEE. The
magnitude of this contribution is determined by a
number of factors, including the size of the meal,
the components of the meal, the time of day it is
eaten, age, and the amount of caffeine or spice
within the meal [18].

Physical activity is the most variable compo-
nent of TEE and is therefore the most difficult to
predict. In hospitalized patients, it is generally
considered to compose around 5 % to 10 % of
TEE. However, this is incredibly variable and can
be affected by the activity of the patient, shivering,
“thrashing” behavior, or fever [19].

There are various ways to measure energy
expenditure. Because the components of TEE are
so variable and unpredictable, predicting this
reliably and for an extended period of time
remains rather difficult in actuality. There are
over 200 predictive equations to estimate energy
expenditure, and they are often inaccurate or
incomplete, resulting in over or underestimation
of energy expenditure, especially in stressed
states. Measuring energy expenditure frequently
is simply not practical or possible.

Estimating Energy Expenditure

Direct Calorimetry

Direct calorimetry measures the exchange and
release of heat from a patient. Heat is the basic
byproduct of energy metabolism, and is therefore
considered a direct measurement of energy
expenditure. Direct calorimeters are complicated
and sophisticated machines that measure the
change in temperature of air or water that is cir-
culated through the walls of a chamber housing
the patient. Although most accurate, this tech-
nique is not practical in a clinical setting.



Indirect Calorimetry

Indirect calorimetry (IC) is considered by many
to be the clinical “gold standard” of the measure-
ment of energy expenditure. IC is certainly the
most accurate for determining resting energy
expenditure in the critically ill patient. “Metabolic
carts” are available in most institutions, and today
are often a component of modern computer
driven ventilators. IC is most useful in specific
disease states in which predictive equations are
demonstrated to be unreliable or inaccurate, such
as chronic respiratory distress syndrome, acute
respiratory distress syndrome, or obesity. IC is
also useful to help understand why patients are
failing nutritional therapy when fed by standard
predictive equations, as in the case of poor wound
healing or delayed ventilator weaning, as it pro-
vides directed information on whether appropri-
ate energy is being provided. IC is an effective
tool in evaluating whether a patient is being over
or underfed by measuring respiratory quotients.

Indirect calorimetry calculates REE and the
respiratory quotient (RQ) by measuring whole
body oxygen and carbon dioxide gas exchange.
The accuracy of IC is dependent on many vari-
ables, and these must be manipulated to achieve a
steady state (see Table 1.1) [20]. Once obtained,
the REE gives a good approximation of the
patients energy needs at that time.

The RQ helps direct the amount of energy
provided, as well as the component composition
of carbohydrate, protein, and lipid that is being
provided. An RQ of less than 0.82 implies lipid
catabolism, usually from underfeeding, and an
increase in caloric delivery is warranted. A RQ
of greater than 1 indicates pure carbohydrate
oxidation and the potential for lipogenesis, usu-
ally from overfeeding. This increases the respi-
ratory demand, and the total caloric and
carbohydrate delivery should be reduced. A RQ
of 0.85 indicates appropriately mixed substrate
delivery, which is a sign of appropriate caloric
and component provision. Although useful in
clinical settings, care must be exercised when
interpreting the RQ, as conditions such as diabetes,
ketoacidosis, or hypermetabolism from inflam-
matory states can alter the value significantly
[21, 22].
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Table 1.1 Factors
calorimetry

decreasing accuracy of indirect

¢ Mechanical ventilation changes during the testing
session

¢ FiO2 of >60
* Positive end expiratory pressure of >12 cm H20
¢ Leaks in the sampling system

¢ General anesthesia administered within 6-8 h of the
study

¢ Shivering, thrashing, or excessive skeletal muscle
contractions

e Acute pain

¢ Routine health care activities or nursing care given
during testing

* Initiation or slowing of administered enteral nutrition
during testing

e Acute changes of ventilatory patterns
» Inability to collect all of expiratory flow

¢ Supplemental oxygen administered to spontaneously
breathing patients

e Hemodialysis, peritoneal dialysis, or continuous renal
replacement therapy

¢ Errors in calibration

* Inadequate length of time for study to be
implemented

Adapted from [20]

Predictive Equations
There are many other ways to measure or estimate
resting energy expenditure. Body composition
measurements can help to estimate this value via
water displacement and whole body air displace-
ment plethysmography (ADP) in commercially
available machines. These methods are reserved
and utilized for outpatient, healthy individuals
wishing to gain a better understanding of their
metabolic footprint, and has extremely limited
usefulness in the inpatient clinical setting.
Numerous equations exist to estimate energy
expenditure, and understanding the data needed
and the reliability of each formula is important to
calculating a sound therapeutic goal. The reverse
Fick equation estimates oxygen consumption from
the content of oxygen within arterial and mixed
venous blood multiplied by cardiac output mea-
surements. However, this requires the placement
of a pulmonary artery catheter to obtain data
points, and is biased toward underestimation, both
contributing to its limited usefulness in the clinical
setting [23]. The Harris-Benedict equation predicts
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the basal metabolic rate, factoring in variables
such as sex and age. This equation is used very
commonly; however is limited because it does not
take into consideration factors such as body mass
index or age and racial diversity of current patient
populations. The formulas are as follows [24]:

Men Energy expenditure=66+13.75 (wt in kg)
+ 5 (ht in cm)—6.8 (age)

Women Energy expenditure=655+9.6 (wt in
kg) + 1.8 (ht in cm)—4.7 (age)

It is common practice to use “adjusted body
weight” parameters within the Harris-Benedict
equation:

(actual body weight — ideal body weight )
x0.25 + (ideal body Weight)

This practice will underestimate energy
expenditure in most obese patients.

To combat this underestimation of the Harris-
Benedict equation in the obese, as well as to take
into consideration the changes in metabolism that
occur in critical illness, many other equations have
been put forth. The most commonly used of these
are the Penn State and the Ireton—Jones equations.
These equations use modifiers for illness severity,
inflammatory states, respiratory demands, body
weight and height, and include fluid factors like
body temperature and minute ventilation. This
improves reliability in critical ill patients.

Ireton Jones for spontaneously breathing
patients [25]
Energy expenditure=629-11 (age)+25 (actual
body weight)—609 (BMI>27 1 =present, 0=absent)

Ireton Jones for ventilated patients
Energy expenditure=1784—11 (age)+5 (actual
body weight) + 244 (sex, male =1, female =0)+239
(Diagnosis of trauma 1=present, 0=absent)+ 804
(BMI >27 1= present, 0=absent)

Penn State [26]
REE (kcal/day)=Harris-Benedict equation (0.85) +
minute ventilation (33)+Maximum body tempera-
ture in 24 h (175)—-6433

To make estimation of energy needs less
cumbersome for the bedside practitioner, the

American Society of Parenteral and Enteral
Nutrition have devised a simple calculation using
kcal/kg based on the findings of the various esti-
mation methods. Generally, arange of 20-35 kcal/
kg/day is recommended for adults [27]. These
requirements can be under or overestimated in
patients who are severely critically ill, obese, or
failing to respond to energy provided, but are
quick and easy to use at the bedside.

Provision of Energy Requirements

Once an accurate estimation of the total energy
requirements a patient needs, the next step is to
determine what components to provide. A healthy
subject generally meets their REE with a carbo-
hydrate: lipid: protein ratio of approximately
50 %: 30 %: 20 %. This ratio changes based on
the stress the individual is under and what ill-
nesses or comorbidities they are experiencing
[28]. There is also a robust philosophy that pro-
tein calories are included in meeting TEE and the
limitations on provision of lipids is held at 30 %
of TEE and carbohydrates to less than 400 g/day.

Carbohydrates

Carbohydrates are generally the most efficient and
readily available form of glucose. The minimal
requirement for carbohydrate intake is deter-
mined by the brain’s need for glucose. A mini-
mum of 50 g of carbohydrates/day is necessary to
avoid ketogenesis. The liver produces approxi-
mately 50 % of serum glucose via glycogenolysis
and 50 % of serum glucose from gluconeogenesis
[29, 30]. The main function of glycogenolysis and
gluconeogenesis is to maintain plasma glucose
homeostasis, usually in the range of 80-120 mg/
dL. This level is necessary to supply a constant
state of substrate provision to the tissues and
organs. The liver plays an integral role in the
maintenance of glucose homeostasis during fast-
ing and fed states via production of lipoproteins
and glycogen for storage, as well as the break-
down of these storage products to release glucose.
Normal blood glucose levels are hormonally regu-
lated through the interplay of cortisol, insulin, and
various catecholamines. In illness or injury,
peripheral glucose oxidation is slowed. This, cou-
pled with increased circulating levels of stress hor-



mones, causes a stress induced hyperglycemia,
contributing to increased protein breakdown from
muscles and blunting immune responses [31, 32].

Carbohydrate provision should usually make
up no more than 50 % of caloric provision in
patients, though this percentage should be altered
in specific disease states. Dextrose is the most
common carbohydrate form provided in enteral
nutrition therapy.

Proteins

While all macronutrients are affected by the met-
abolic changes associated with the hypermetabolic
state, protein catabolism is disproportionately
increased [33].

A negative energy balance in critical illness
correlates to morbidity [34] and most acutely
with loss of lean body mass [33]. Heightened
rates of protein catabolism in the stressed state
lead to loss of lean body mass. Increased turn-
over of protein remains unabated after a stress
response despite nutritional support that would
be considered adequate for a non-stressed indi-
vidual [33].

There are many factors leading to this
increased loss of protein, including mobilization
of peripheral stores for gluconeogenesis, produc-
tion of acute phase reactants, promotion of
wound healing via production of cells like fibro-
blasts, and restoration of acid base balance in the
kidney [33]. Support of the immune system via
maintenance of gut mucosal integrity is another
important source of protein turnover and utiliza-
tion [35]. Protein turnover is also increased by
states such as starvation and prolonged immobi-
lization, both of which are common during criti-
cal illness. This heightened and exaggerated
catabolism of protein is disproportionate to the
overall increase in metabolism as well; we know
that provision of nonprotein calories in amounts
sufficient to meet energy demands does little to
preserve lean body mass and improve nitrogen
sparing. In fact, protein requirements can
increase to 15-20 % of total calories during
times of physiologic stress [36].

Another concept to consider when thinking about
protein requirements is the idea of “conditionally
essential” amino acids, as mentioned earlier. Certain
amino acids which are not considered essential in the
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non-stressed state become essential during critical ill-
ness because of increased requirements for that par-
ticular amino acid. For example, high amounts of
tryptophan, phenylalanine, and tyrosine are seen in
acute phase proteins, and the increased synthesis of
these proteins requires proportionately higher need for
these amino acids [37]. Similarly, glutamine, which is
normally 50 % of the body’s intracellular free amino
acid pool, serves as fuel for rapidly dividing cells and
as a nitrogen shuttle between visceral organs and mus-
cle tissue, rapidly decreases in concentration in certain
states and exceeds the body’s ability to synthesize it
[38, 39]. This alteration in substrate utilization can
lead to breakdown of muscle tissue in order to supply
these “conditionally essential” amino acids, further
enhancing the loss of lean body mass.

Loss of lean body mass and negative nitrogen bal-
ance is seen most dramatically in the first 9—12 days
following an insult, but even continues to exceed the
loss that would be expected based on the increase in
resting energy expenditure through the first 21 days
[40]. In fact, 16 % of total body protein is lost in that
first 21-day period, 67 % of which comes from mus-
cle stores [40]. Loss of lean body mass in critical ill-
ness is linked to increased rates of pneumonia,
impaired wound healing and prolonged rehabilita-
tion, pressure ulcers, and even mortality [41].

Minimizing the loss of lean body mass and pres-
ervation of a positive nitrogen balance is obviously
important to reduce the negative impacts of stress
catabolism. The question that remains is how do we
best achieve this goal? Every patient is different,
and different conditions affect this catabolic state
differently. For example, minor trauma or surgery
has less of an effect on protein turnover than severe
sepsis or burns. There are many calculations and
methods to assess protein metabolism and nitrogen
balance, including assessing nitrogen balance, mea-
suring amino acids directly by sampling directly
across tissue beds, measurement of tracers to assess
protein degradation, and turnover of individual
components, such as urea.

Of these methods, nitrogen balance is the most
widely used [33].

Nitrogen balance is best assessed through the
quantification of urine urea nitrogen.

Nitrogen balance =Nitrogen intake—Nitrogen
output
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Nitrogen output (g/day)=urinary urea nitro-
gen (mg/100 mL) x urinary volume (L/day)/
100+20% of urinary urea losses+2 g [42]

Calculating this equation requires a 24-h urine
collection. In addition, this equation must be
adjusted to account for losses from renal dys-
function, stool, ostomy, and fistula losses [15].
These losses, plus incomplete urine collections
can make this equation somewhat erratic and
cumbersome to use at the bedside. However, in
general it is a reliable tool to assess the adequacy
of protein delivery.

But, there is a paucity of data to suggest there are
clinical benefits related to reduction of net N losses
through the provision of protein-rich diets.
Additionally, since there is some data implying
high amounts of protein may in fact be harmful,
there is a significant amount of uncertainly about
the optimum amount of protein to provide. Current
guidelines from the American Society for Parenteral
and Enteral Nutrition (ASPEN), the European
Society for Parental and Enteral Nutrition (ESPEN),
and the Society of Critical Care Medicine (SCCM)
recommend 1.5-2.0 g protein/kg/day to patients
with moderate to severe stress as a result of trauma,
sepsis, or surgery [43—45]. Patients with severe sep-
sis or burns may require up to 2.5-3 g protein/kg/
day [46]. Ongoing assessments of adequate protein
delivery, such as urine urea nitrogen and documen-
tation of wound healing, should be performed.

While there is much discussion about the poten-
tial benefits of protein provision in the stressed
state, there is also the question of whether or not
protein intake should be limited in certain disease
states. There is concern about of the amount of pro-
tein to provide patients with chronic liver disease.
The concern for hepatic encephalopathy in this
patient subset prompts many to restrict dietary pro-
tein. This practice can worsen protein calorie mal-
nutrition that is already present in many of these
patients and, in turn, worsen outcomes [47]. Most
of these patients can tolerate protein without exac-
erbation of hepatic encephalopathy, and while telo-
logically sensible, branched chain amino acid diets
have not significantly impacted management [47].

Protein provision in renal failure is misunder-
stood. The restriction of protein in these patients

has been the topic of debate for many years. The
results of clinical trials are varied, some claiming
benefit and others claiming none. The most recent
data seems to suggest that a protein-restricted
diet could delay the need for hemodialysis and
has no harmful effects on nutritional status [48].
Once hemodialysis is started, there is no role for
protein restriction.

Fats
Lipids are essential molecules that serve impor-
tant functions throughout the human body, and are
a major form of caloric support, comprising
15-30 % of recommended total energy intake.
Depending on the chemical configuration, lipids
provide a dense form of calories, at 8.3 kcal/g for
medium chain and 9 kcal/g for long chain fatty
acids. Similarly, the chemical composition of fatty
acids has different effects on inflammation and
immune response [49-55]. During times of criti-
cal illness or stress, provision of certain formulas
can curb the immune response, lower infection,
and improve aspects of patient outcomes [56].
Long chain fatty acids (LCFA) are typically
composed of 14 or more carbon atoms and are
described as saturated or unsaturated based on
the degree of hydrogenation and double bonding
of the carbon molecules in the chain.
Monounsaturated fats have one double bond,
where polyunsaturated fatty acids (PUFA) have
more than one. As the number of double bonds
increase and the number of carbon molecules
decrease, the more liquid the fat is at room
temperature. Thus, animal fats, which are longer,
and tend to be less saturated, are solids at room
temperature (i.e., lard) [57]. Location of the
double bonds also has a major role in the meta-
bolic end-products putative effects.

Trace Elements/Minerals

Most commercially available formulas provide
Daily Recommended Intake (DRI) for vitamins
and trace elements (see Table 1.2). Patients with
severe malnutrition, high losses as with enteric
fistulae, bypass procedures, and/or malabsorp-
tion may require additional supplementation.
Many vitamins act as cofactors for various met-
abolic processes, including a vital role in the



10

C.M. Lawson et al.

Table 1.2 Recommended daily allowance of vitamins and trace minerals

Fat-soluble vitamins M/F Males
A (mcg) 900
D (mcg) 15-20

E (mg) 15

K (mcg) 120
Water-soluble vitamins

B, (mg) 1.2
B, (mg) 1.3
Bs (mg) 5

B (mg) 1.3-1.7
B, (mcg) 2.4

C (mg) 90
Folate (mcg) 400

Biotin (mcg) 30

Other nutrients

Choline (mg) 550
Trace elements

Copper (mcg) 900

Chromium (mcg) 30-35
Fluoride (mg) 4
Todine (mcg) 150

Iron (mcg) 8
Manganese (mg) 2.3
Molybdenum (mcg) 45

Selenium (mcg) 55

Zinc (mg) 11

Adapted from [58]

production of ATP. Deficiencies lead to detri-
mental physiologic conditions.

Vitamin B6 deficiency is associated with hyper-
homocysteinemia and hyperglycemic states in sur-
gical intensive care unit patients [59, 60]. High
dose supplementation increased immune response
of critically ill patients [61]. While signs and
symptoms are nonspecific, vitamin B1 (thiamine)
deficiency can go unrecognized in the intensive
care unit. Early and appropriate supplementation
can prevent negative consequences [62]. Vitamin
B2 (riboflavin) is a key factor for flavin adenine
dinucleotide (FAD) and flavin mononucleotide
(FMN). A large proportion of critically ill individ-
uals have suboptimal vitamin B2 status, which can
be significantly improved with supplementation.
However, this improvement is transient, and dete-
riorates with discontinuation of the intake [63, 64].

Females
Typical Pregnant Lactating
700 770 1,300
19
90
1.1 1.4 1.4
1.1 14 1.6
6 7
1.5 1.9 2
2.6 2.8
75 85 120
600 500
35
425 450 550
1,000 1,300
20-25 30 45
3
220 290
18 27 9
1.8 2 2.6
50 50
60 70
8 11 12

Outcome specific data is lacking in regard to
certain vitamin deficiencies, however it should be
the goal of the physician to provide adequate
substrate and cofactors necessary to support the
metabolic demands of the stressed patient.

Specific Nutrients and Their
Effects on Metabolism

Omega 3 Oils

Omega 3 oils are long chain n-3 PUFA most com-
monly found in fish and canola oils. They are con-
sidered essential fatty acids, as humans cannot
synthesize de novo. Two biologically active exam-
ples include eicosapentaenoic acid (EPA) (Fig. 1.1),
a 20-carbon fatty acid, and docosahexaenoic acid
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(DHA) (Fig. 1.2), a 22-carbon molecule. Although
found in much smaller amounts, docosapentaenoic
acid (DPA) (Fig. 1.3), a 22-carbon fatty acid, also
has metabolic importance. These fatty acids (FA)
are absorbed from the gastrointestinal tract, trans-
ported to the liver, and released into the circulation
in lipoproteins and plasma phospholipids. They
are incorporated into cell membranes throughout
the body. Following initial ingestion of fish oils,
there is a nonlinear increase in the concentration of
EPA and DHA in membranes within days, and
with continued consumption, greatest inclusion
around 2 weeks. Upon removal from the diet,
elimination from plasma lipids occurs over a few
days, while cellular membrane concentrations can
remain elevated for up to 2 months [49].

When incorporated into cellular membranes,
n-3 PUFAs will increase in proportion to n-6 FAs
(such as arachidonic acid). This has clinical impor-
tance during stress as metabolism of n-6 FAs
leads to proinflammatory and pro-thrombotic
eicosanoid derivatives which impair T-cell
function, cytokine secretion, leukocyte migration,
and reticuloendothelial system function [50].
Conversely, n-3 phospholipid metabolism leads to
less active and even anti-inflammatory molecules
[51]. Omega-6 fatty acids are predominantly
immune-suppressing by means of their products
of metabolism, namely through the elongation to
arachidonic acid. In large doses, they tend to
inhibit the response of the reticuloendothelial

system. They alter the function of neutrophils and
macrophages [65]. They also affect signal trans-
duction and immune mediation. The entities
responsible for these actions are prostaglandins,
leukotrienes, and thromboxanes—all eicosanoid
mediators of inflammation that are derived from
arachidonic acid metabolism [56]. High intake of
omega-6 fatty acids has been associated with a
prothrombotic and proaggregatory state that can
be manifested as increased blood viscosity,
decreased bleeding time, vasospasm, and vasocon-
striction [66, 67].

Patients both at risk for and those with the
diagnosis of acute lung injury are found to have
decreased concentrations of n-3 PUFAs of 25 %
and as low as 6 % of normal, respectively [51].
While some studies have found a beneficial effect
of supplementation with n-3 enriched formulas
[52-54], others have failed to show any benefit
even with twice day supplementation [55].

In contrast to other omega-6 fatty acids,
gamma-linolenic acid acts favorably on the
immune system by modifying the cellular lipid
composition and altering eicosanoid biosynthe-
sis. The end products of its metabolism are
anti-inflammatory and can affect the breakdown
of arachidonic acid into its proinflammatory
constituents [68, 69]. It has been added to enteral
formulas for decades and is found naturally in
borage oil [56].

The use of omega-3 fatty acids in inflamma-
tory states has been supported in multiple pro-
spective, randomized studies [68]. Found in oils
such as flaxseed, safflower, canola as well as in
fatty, cold-water fish (salmon, swordfish),
omega-3 fats have been studied for decades
secondary to their beneficial effects in critical
illness. They have anti-inflammatory and neuro-
protective properties from stimulating resolvins,
protectins and maresins (lipid mediators), doco-
satrienes, and neuroprotectins, which are potent
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effectors of the resolution of inflammation [56].
Resolvins function by regulating polymorphonu-
clear neutrophil transmigration. Neuroprotectin
decreases neutrophil infiltration, proinflamma-
tory gene signaling, and nuclear factor-kB bind-
ing. Furthermore, EPA and DHA alter cellular
level metabolism and response by changing cell
membrane phospholipid ratio, affecting gene
expression and endothelial expression of inter-
cellular adhesion molecule-1 (ICAM-1),
E-selectin and other endothelial receptors that
regulate vascular integrity [69, 70]. EPA has also
been found to help prevent the loss of diaphragm
function in sepsis [71]. It may also enhance resis-
tance to gram-negative pathogens, such as
Pseudomonas, although this has thus far only
been demonstrated in mice [72].

Beginning in 1999, the use of omega-3 fatty
acids in acute respiratory distress syndrome
(ARDS) and Acute Lung Injury (ALI) showed
good results and outcomes [73]. Using EPA,
DHA, gamma-linolenic acid (GLA), and antioxi-
dants in ARDS improved ventilation, oxygen-
ation, and intensive care unit (ICU) length of
stay. Although with some mixed results, subse-
quent studies have confirmed the trend toward the
beneficial use of these dietary lipids in ARDS
and ALI, with modest morbidity and mortality
improvement [54, 55, 74]. In many critical care
practices it is common to use anti-inflammatory
lipid formulas as pharmacologic agents to attenu-
ate inflammatory states, both in passive modula-
tion of the inflammatory response, and the active
resolution of inflammation [56].

Despite these encouraging findings, there
remain a number of points of concern regarding
the widespread use of these agents ubiquitously
in the care of the stressed individual. In the early
studies, the control formulations used were
“proinflammatory” (i.e., Pulmocare—a high fat
(n-6), low carbohydrate formula). At that time,
little was known of the proinflammatory ten-
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dency of this feeding. To date, further studies
with a more neutral fat composition have not
been added as a control to verify the results.
It can be interpreted that at least partial benefit
was seen secondary to the high omega-6 formula
used as control, rather than entirely due to the
beneficial effect of the study elements.
Additionally, the definition of ARDS and ALI
used in some studies was based on prior criteria,
rather than contemporary definitions. The benefit
seen in these studies may be called into question
secondary to selection biases.

Further questions about adding gamma-
linolenic acid in ICU setting have been raised.
While there are theoretical benefits of supple-
mental use in the ICU setting [69], isolated
benefit has only been shown in animal models
[75-77]. Added concerns revolve around the
optimal dosage and timing of supplementation,
as well as the route of administration. For example,
if parenteral nutrition is necessary, formulations
with fish oil, olive oils, medium chain triglycer-
ides, or structured lipids are not available in the
United States, where soy based preparations are
the only option [78]. Finally, many studies showing
beneficial in conjunction with omega-3 fatty
acids have also been conducted with other
favorable agents such as glutamine, arginine, or
nucleic acids. It is difficult to delineate the contri-
bution of each agent toward the improved clinical
metrics [79].

Valid concerns regarding supplementation
with omega 3 FAs also revolve around drug
interactions, the bioavailability in diabetics or
schizophrenics and fasting hyperglycemia in
diabetic patients. Despite a concern for increased
risk of bleeding, there are no randomized
controlled trials demonstrating this effect.
Additional apprehensions center around the
“fishy” aroma and the development of gas,
bloating, eructation, and diarrhea. Time released
preparations can help reduce these effects.



1 Introduction to Metabolism 13

Table 1.3 Support in the literature for the use of immune modulating agents

Author Journal Year Population N Outcome

Braga M Arch Surg 99 GI surgery 206 Decreased infection

Senkal Arch Surg 99 Surgery 154 Decreased infection

Synderman Laryng 99 Hand N Ca 134 Decreased infection

Riso Clin Nutr 00 Head and N Ca 44 Decreased infection

Tepaske R Lancet 01 Cardiac 50 Decreased infection

Gianotti L Gastro 02 GI surgery(N) 354 Decreased infection

Braga M Arch Surg 02 GI surgery(M) 196 Decreased infection

Giger Ann Surg Onc 07 GI cancer 46 Decreased infection

Helminen Scand J Surg 07 GI surgery 50 No change

Klek S Ann Surg 08 GI surgery/TPN 103 No change

Fukuda T Dis Esophagus 08 Esophageal Ca 123 Decreased infection

Ryan A Ann Surg 09 Esophageal Ca 58 No change lean BM

Okamoto WIS 09 Gastric Ca 60 Decreased SIRS, infection

@) O . ..
immune system are costly, and many practitioners
express concern that in the absence of hard data to
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Amino Acids

During times of stress, as in the perioperative
period, critical illness or following trauma, specific
amino acids and their supplementation deserve
consideration. A promising area on the horizon for
protein delivery is the idea of specific amino acid
delivery and the potential benefits of this practice.
Specific amino acids, such as glutamine and argi-
nine are becoming an ever-increasing part of so-
called immunonutrition. Immunonutrition is the
concept that specific therapeutic agents like amino
acids, antioxidants, or fish oils can have powerful
therapeutic benefits. We know that certain amino
acids exert pharmacologic activity when given
during critical illness, and that these actions can
have wide and varied clinical results.

The amino acids that are the most promising as
therapeutic targets are those that are conditionally
essential. There is an overwhelming amount of
data to support the claim that these immune
modulating formulas impact outcomes (see
Table 1.3). It is difficult, however, to know which
portion of the formula is causing the clinical
effect. Specialty formulas designed to enhance the

support their use we cannot rationalize the expense.
However, ASPEN and SCCM both recommend
the use of immune modulating formulas containing
arginine, glutamine, nucleic acids, omega-3 fatty
acids, and antioxidants are recommended for
patients undergoing major elective surgery, trauma,
burns, head and neck cancer, and critically ill
patients on mechanical ventilation. This is not a
panacea however with caution being exercised in
those with severe sepsis [45].

Glutamine

Glutamine (Fig. 1.4) is the most abundant free
amino acid in the human body, making up more
than 50 % of the intracellular free amino acid
pool. It has been studied in great detail over the
past 15 years, and its effects and uses are wide
and varied. Glutamine is an important fuel source
for rapidly dividing cells, such as fibroblasts and
reticuloendothelial cells, as well as the gut
mucosa of the small bowel [33]. In addition, it
carries two nitrogen moieties per molecule, and
serves as a shuttle for nitrogen between muscle
tissue and visceral organs [15]. Glutamine obvi-
ously plays an important role in cell homeostasis
and organ metabolism. Because of these func-
tions, glutamine stores rapidly deplete and
decreased circulating concentrations are seen in
exercise, sepsis, and trauma [80]. When the cir-
culating concentration of glutamine exceeds the
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body’s ability to synthesize de novo glutamine,
atrophy of intestinal mucosa, impairment of
immune function, and decreased protein synthe-
sis are seen [81]. Decreased levels of plasma glu-
tamine have also correlate with increased
mortality [82].

Glutamine exhibits a direct antioxidant effect
and reduces oxidative stress on cells by attenuat-
ing the iNOS pathway in sepsis. It also acts
directly on the tissue by preserving mitochon-
drial function and acting as a substrate for ATP
synthesis. In addition, it attenuates cytokine
expression [81]. But perhaps the most important
manner in which glutamine exerts its actions on
the immune system is by the upregulation of heat
shock proteins. Heat shock proteins function to
refold misfolded proteins coming off the endo-
plasmic reticulum, help eliminate irreversibly
damaged proteins by marking them for apopto-
sis, stimulate the innate immune system, and
attenuate proinflammatory cytokines [83]. Heat
shock proteins are induced by a stress response,
and this is enhanced by glutamine administra-
tion, heightening the response [84, 85]. The pro-
posed mechanism 1is attenuation of the
inflammatory response by binding and inhibiting
nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), thus limiting interleu-
kin (IL)-6 and tumor necrosis factor-a (TNF-a),
which occurs as a proinflammatory response to
injury/sepsis [86].

Glutamine supplementation in critical illness
has been shown to decrease mortality, length of
stay, and infectious morbidity. Interestingly,
there data that suggest there is no effect from
glutamine supplementation. These studies are
very heterogeneous with respect to patient popu-
lation, route of glutamine administration, and
amount of glutamine administration [86]. It
seems that high doses given via a parenteral
route demonstrate greater effect than low doses
given by the enteral route. It is recommended to
give high dose oral glutamine at levels greater
than 0.2-0.3 g/kg/day (or, roughly, 20-40 g/day).
There is more data for intravenous (IV) than oral
(PO) glutamine; however PO in high doses seems
to be efficacious [85].
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Arginine
Arginine (Fig. 1.5) is considered a nonessential
amino acid under normal physiologic conditions.
1I-Arginine is available to the host from endoge-
nous synthesis via citrulline conversion in kid-
ney, from endogenous protein breakdown, and
from dietary protein sources [87]. Arginine plays
an active role in cell growth and proliferation,
wound healing, immune function and regulation,
and waste ammonia disposal through the urea
cycle [33]. Arginine also helps regulate vascular
endothelial vasodilatation through the nitrogen
oxygen synthase (NOS) pathway and the genera-
tion of nitric oxide (NO) [88]. NO is also a potent
intracellular signaling molecule influencing vir-
tually every mammalian cell type and is involved
in the cytotoxicity of activated macrophages [87].
De novo synthesis, as well as dietary supplemen-
tation of arginine is diminished in critical illness,
making it a conditionally essential amino acid.
In critical illness, the cellular demand for argi-
nine is increased due to the up regulation of
arginase-1 in trauma and surgery [89]. In addi-
tion, plasma arginine levels diminish rapidly in
trauma, critical illness, and sepsis [90]. When
arginase pathways are upregulated, there is a
resultant decrease in substrate availability for the
opposing NOS pathway, thereby downregulating
NO synthesis [87]. This inhibition of the NOS
pathway is secondary to increased circulating
levels of asymmetric dimethylarginine (ADMA),
which may have a direct inhibitory effect on the
NOS pathway [91, 92]. ADMA is then converted
to citrulline, which is then use to synthesize
arginine [19]. The question is whether this down-
regulation of the NOS pathway and resultant
decrease in the levels of circulating NO is the
source of the vasoconstriction and end organ mal-
perfusion seen in sepsis, or if this downregulation
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is an adaptive strategy the body undergoes to
prevent hypotension after critical illness [93].

This is the source of much controversy in the
topic of arginine supplementation. Is the
increased activity of arginase-1 involved in the
increased levels of ADMA purely a mechanism
by which to increase de novo synthesis of argi-
nine in times of need? Does supplementation of
arginine fuel the NOS pathway in preference to
the arginase-1 pathway? In hemodynamically
unstable critically ill patients, there was concern
that vasodilatation related to increased nitric
oxide could worsen systemic hypotension [94].
As arginine is a common constituent of many
immune-enhancing formulas utilized in the criti-
cally ill patient, this concept led to growing con-
cern about immunonutrition use in septic patients.

Making generalized statements about amino
acid metabolism in critical care is extremely dif-
ficult because the “critically ill” population is not
a homogeneous group. Making any generalized
statements about the toxicity or benefits of any
dietary supplement, let alone an amino acid with
the metabolic complexity of arginine is not advis-
able as no study of these individual supplements
can effectively be done in a clinical setting.
Although theoretical concern is understood, both
animal and human data are available to support
arguments for and against the use of arginine [95,
96]. In light of this conflicting data, currently
ASPEN recommends against the use of arginine
containing formulas in the hemodynamically
unstable patient regardless of the nature of the
insult [45]. Further research as to the safety and
efficacy of arginine in sepsis is needed.

In hemodynamically stable patients, the opti-
mal dose of arginine to be delivered has yet to be
determined. It seems that the 15-30 g of enteral
supplemental arginine is safe and appears to meet
the needs of the patient [97]. This is the amount
that is commonly received at goal rates with
immune modulating formulas.

Amino Acids on the Horizon

There are many other promising amino acid tar-
gets that are the fuel for ongoing research.
Citrulline (Fig. 1.6) is one such amino acid.
Citrulline is utilized in the de novo synthesis of
arginine and is produced through conversion of
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ADMA, as previously discussed [92]. Studies
demonstrate that citrulline availability is closely
linked with arginine availability [95, 97]. Provision
of citrulline may provide for de novo synthesis of
arginine, thereby reducing the amounts of circulat-
ing ADMA and its deleterious effects.

Choline is another essential amino acid that is
necessary for cell membrane structure. Choline
is not a part of many parenteral nutritional for-
mulations, and patients on long-term PN have
impaired choline synthesis [33]. There is some
evidence to support that this choline deficiency
plays a role in the hepatic impairment seen in
patients on long-term PN, and enteral repletion
of choline to prevent or treat PN-induced hepatic
failure is currently under research and shows
promise [98].

States of Altered Metabolism
Metabolism in the Stressed State

One of the key ways in which metabolism
impacts the surgical patient is catabolism. Surgical
stress, trauma, burn injury, and critical illness all
impact basic cellular metabolism, essentially cre-
ating a metabolic pathway leading to energy
consumption and tissue breakdown. The inflam-
matory response is propagated by the release of
inflammatory mediators, such as the numerous
interleukins and tumor necrosis factor alpha [99].
The metabolic response to stress may be further
altered by the presence of bacterial products, such
as endotoxin. Even pain and anxiety can indirectly
trigger a catabolic response through activation of
the neuroendocrine system [100]. This catabolic
response is directly proportional to the degree of
stress that the host experiences, and can persist
for weeks to months following the injury or
illness [101].



The so-called “ebb phase” of the metabolic
response to injury occurs immediately following
the insult and lasts for several hours after the
injury. It is characterized by elevated blood
glucose levels with normal glucose production,
elevated free fatty acid levels, low insulin levels,
high levels of circulating catecholamines and
glucagon, elevated serum lactate level, decreased
oxygen consumption, and increased cardiac
output [102]. The “flow phase” of metabolic
response occurs next and can last weeks following
injury, and is characterized by glucose intoler-
ance, inflammation, and muscle wasting [102].

One of the most objective ways to measure the
degree of response to stress in the host is to
measure the alterations in resting energy expen-
diture (REE), via indirect calorimetry [103]. In
minor trauma, such as long bone fracture, REE
can increase from 10 % to 30 % over baseline. In
sepsis, REE increases from 20 % to 25 % over
baseline, while in severely stressed states, such as
burn injury, REE can increase from 40 % to
100 % [104]. This increased need for substrates
is due to the need for wound healing, synthesis of
cellular and humoral immune components and
acute phase reactants [33]. Amino acids are the
major substrate for cellular metabolism during
periods of catabolic stress, and lean body mass
turnover is rapidly accelerated [33]. The body
turns over muscle mass to provide alanine and
glutamine as substrates to meet the increased
energy needs [35, 36]. If exhausted or not appro-
priately supplemented, failure of gluconeogenesis
in the liver, severe hypoglycemia, and amino acid
deficiencies will result and, if left uncontrolled
long enough, will lead to death.

The hypermetabolic state of the stressed host
is attenuated by providing energy substrates.
After an insult however, a compensatory anti-
inflammatory response syndrome (CARS) has
been described following periods of metabolic
stress [105]. If CARS persists following injury or
illness, the patient is metabolically deranged,
immunocompromised, and susceptible to infec-
tious complications. This is a major contributor
to late deaths after trauma and injury and puts
patients who have survived the acute illness at
high risk for other or repeated infections.

C.M. Lawson et al.

Metabolic Response in Obesity

There are divergent outcomes about the effects of
obesity in critical illness and injury. There are a
number of studies that suggest that obesity confers
a survival advantage to patients, or at minimum
has no increased risk of mortality. However, there
is also a growing body of literature demonstrating
obesity is an independent predictor of mortality and
significantly increases the risk of morbidity in this
patient population. Studies that demonstrate obesity
does not increase morbidity or mortality surmise
the higher levels of anti-inflammatory adipokines
such as IL-10 and leptin positively modulate
surgical stress [106]. These studies have demon-
strated that there is a decreased incidence of ARDS
in the severely obese, a trend toward reduced length
of stay, and despite a higher incidence of organ fail-
ure, no difference in mortality [107-110].

These results must be considered with the
knowledge that extremely obese patients have a
higher number of comorbid conditions, and that
those conditions contribute to ICU-related mor-
tality and morbidity [111, 112]. Studies dealing
directly with the severely obese or those with
centripetal obesity (the so-called “metabolic
syndrome”), demonstrate increased risk of
mortality, pneumonia, organ failure, and other
complications [113-116]. These studies argue
that the circulating levels of adipokines that are
anti-inflammatory, such as IL-10, are actually
decreased in the morbidly obese patient com-
pared to their lean counterparts. In addition,
circulating levels of proinflammatory adipokines,
such as resistin and visfatin, are significantly
increased in obesity, contributing to increased
complications and death [117]. As the number of
patients with obesity continues to grow world-
wide, the mechanisms behind these findings are
increasingly important to understand.

Metabolism in Malnutrition/
Starvation

Starvation has a linear and temporally progres-
sive negative impact on the patient. In early star-
vation, blood glucose concentrations decrease
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and serum insulin levels decrease in response to
this change. Glycogen stores within the liver are
depleted within 12-24 h. Soon after glycogen
stores are depleted, the body induces a catabolic
response, turning over protein stores for gluco-
neogenesis by the liver. Lipolysis increases as
well, providing substrate for hepatic ketogenesis
that peaks after 2-3 days of starvation [118].

After the early starvation phase peaks and
wanes, the body enters an adapted starvation
response. This host metabolism is designed to
minimize protein breakdown by reducing energy
expenditure. Keto-acids become the primary
metabolic fuel for the brain and erythrocytes,
replacing glucose. Ever decreasing circulating
insulin levels allow for increased lipolysis. After
all lipid stores are depleted, protein is the only
source available for cellular metabolism. While
the relationship of decay is linear and the resul-
tant complications pattern or weakness, bedrid-
den, skin breakdown, pneumonia follows, most
deaths ensue from cardiac arrhythmias or arrest
due to electrolyte abnormalities [119].

Areas of Future Research
Genomic Considerations

After injury or illness ensues, the inflammatory
response is regulated by a release of cytokines,
often termed a “cytokine storm.” These cytokines
and the subsequent inflammatory cascade are
implicated in the pathophysiology of organ fail-
ure after injury or illness [120]. Completely oblit-
erating this inflammatory cascade has detrimental
effects, often contributing to significant morbid-
ity and early mortality. Conversely, a brisk and
pronounced inflammatory response early after an
insult has also been demonstrated to be disadvan-
tageous [121].

It follows from the patient unique cytokine
response to injury and illness that varies in time
from insult and in degree to type of insult, that
genetic encoding is responsible for the meta-
bolic response to stress. The systemic inflam-
matory response syndrome (SIRS) is associated
with activation of innate immunity. With severe
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SIRS, increased levels of TNF-a and toll-like
receptor 4 (TLR4) circulate, and decreased
circulating levels of IL-10 and transforming
growth factor B1 (TGFf1) are present [122—124].
A balance between pro and anti-inflammatory
cytokines is crucial to prevention of SIRS-
related complications and survival [125]. To
date we have not been able to achieve this likely
because the triggers for synthesis is unique to
the DNA. Altered responses to stress such as
trauma survival and ARDS frequency seem to
be sex linked.

As we further elucidate the role of genetic
encoding and its role in the development of the
metabolic response to stress, potential targets for
inflammatory modulation could be identified. If
these targets could be manipulated early enough
in the stress response and cytokine storm cas-
cade, perhaps survival rates could be impacted
dramatically.
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Introduction

Fluid and electrolyte physiology is central to
the clinical management of surgical patients.
The composition and regulation of body fluids
has been studied for centuries, and the concept
of intravenous infusion of fluids was estab-
lished over a century ago [1]. David Sabiston,
one of the premier surgeons of the twentieth
century, reviewed Alfred Blalock’s landmark
work on the pathogenesis of shock, which dem-
onstrated that fluid losses related to injury could
be treated with intravascular volume repletion.
This work provided the foundation for intrave-
nous therapy in the management of hypovolemia
[2]. Subsequently, the body of knowledge encom-
passing the complex interactions between body
fluid compartments and the relationship to
electrolyte physiology has increased significantly.
This chapter reviews the physiologic principles
underpinning fluid therapy, as well as the appli-
cation of these principles to clinical fluid
management. The relationship between disorders
of water balance and sodium metabolism is
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delineated, as are the physiology and management
of disorders of sodium, potassium, calcium,
magnesium, and phosphorus metabolism.

Total Body Water and the Fluid
Compartments

Total body water (TBW) is defined as the total
volume of water within the body. TBW is a per-
centage of body weight and is dependent on both
the fat content and the chronological age of the
individual. TBW as a percentage of body weight
decreases with increasing body fat and with
increasing age [3]. As a general rule, TBW is
60 % of body weight in men and 50 % of body
weight in women [4].

TBW is comprised of the intracellular and the
extracellular compartments. Intracellular fluid
(ICF) makes up two thirds of TBW, and extracel-
lular fluid (ECF) accounts for the remaining one
third. ECF is subdivided into the intravascular
and interstitial spaces. The intravascular space
accounts for 25 % of the ECF and 8 % of the
TBW; this space contains the plasma volume.
The interstitial space comprises the remaining
75 % of the ECF and 25 % of the TBW; this
space contains a free phase of fully exchangeable
water and a bound phase of minimally exchange-
able water. The transcellular compartment is an
additional ECF designation; this compartment
contains cerebrospinal fluid, synovial fluid, the
water in cartilage and bone, eye fluids and lubri-
cants of the serous membranes. This type of fluid
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is poorly exchangeable and comprises approxi-
mately 4 % of the TBW. The exchangeable com-
ponents of the compartments comprising TBW
are in dynamic equilibrium [5].

Effective circulating volume is the portion of
the ECF that perfuses the organs. Under normal
physiologic conditions, this corresponds to the
intravascular volume. This relationship is altered
in some disease states. For example, in conges-
tive heart failure and in patients who have arte-
riovenous fistulae, the intravascular volume as
well as total body salt and water are high, but
effective circulating volume is low. A different
type of alteration of the physiologic state occurs
in bowel obstruction, pancreatitis, and the sepsis
syndrome. Under these circumstances, the total
ECF remains constant or increases initially, but
intravascular volume is significantly decreased
due to external losses or vasodysregulation.
These conditions result in “third-space loss.”
This concept was initially recognized over 50
years ago, when experimental models of early
hemorrhagic shock and elective operative tissue
trauma were used to investigate changes in the
body fluid compartments [6]. It was observed
that ECF decreased more than the measured loss
of plasma volume in these experiments. Shock
and operative trauma were hypothesized to cause
extracellular fluid to be sequestered in an “unex-
changeable” compartment as a result of capillary
leak [6, 7]. This heretofore undefined ECF com-
partment became known as the “loss to the third
space,” “deficit in functional extracellular vol-
ume,” or the “nonanatomic third-space loss” [6,
8, 9]. In the ensuing decades, this concept was
accepted as convention, some would argue
resulting in unnecessarily aggressive resuscita-
tion and perioperative fluid management strate-
gies in an effort to compensate for fluid lost to
the third space. The existing “third space” litera-
ture was reviewed by Brandstrup and colleagues
during the past decade. They determined that the
evidence in the early literature supporting the
concept of the third space was based on flawed
methodology [10, 11]. However, it is clear that
disease processes such as bowel obstruction,
pancreatitis, severe sepsis, and septic shock war-
rant aggressive fluid management strategies
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because the intravascular volume is markedly
diminished in these clinical scenarios. Hypo-
perfusion is the end result in these cases and
is best managed with restoration of circulating
volume and treatment of vasodysregulation with
vasoactive pressor agents.

Even though the intravascular volume is only
a small percentage of the TBW, significant
decreases in intravascular volume are poorly
tolerated when decreased mean arterial pressure
occurs. This is illustrated in the clinical conse-
quences of the classes of hemorrhagic shock:
class I (loss of <15 % blood volume), class II
(loss of 15-30 % blood volume), class III (loss
of 30-40 % blood volume), and class IV (loss of
>40 % blood volume). Hypotension occurs in
class III shock and is a relatively late manifesta-
tion of acute blood loss. Cardiac arrest ensues
when >50 % of total blood volume is lost. On
the other hand, the interstitial space is extremely
compliant and buffers loss or excess of the intra-
vascular space. Therefore, the volume of the
interstitial space is highly variable. This rela-
tionship between the intravascular space and the
interstitial space is possible because of the
membranes that separate the body fluid com-
partments [12].

The ionic composition of the ECF and the ICF
is highly defended in the normal physiologic state.
The predominant cation in the ECF is sodium.
Therefore, the ECF contains most of the sodium
content of the body (60 mEq/kg). The ECF also
contains small quantities of other cations, including
potassium, calcium, and magnesium. The cations
are electrochemically balanced principally by
chloride and lactate anions. Bicarbonate, phos-
phate, sulfate, albumin, and other extracellular
proteins also provide negative charge in the
ECF. The predominant cation in the ICF is
potassium. The ICF contains most of the potas-
sium content of the body (42 mEq/kg). The ICF
also contains smaller quantities of other cations,
including magnesium and sodium. Phosphates
and intracellular proteins are the primary anions
of the ICF, and chloride and bicarbonate are
present in lower concentrations [5].

The principles of osmosis dictate the movement
of water between fluid compartments. Osmotic
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equilibrium occurs when two solutions separated
by a semipermeable membrane equalize the con -
centration of osmotically active particles on either
side of that membrane as water moves along a
concentration gradient. Osmolarity is measured in
milliosmoles per liter, mOsm/L. Osmolality is
measured in milliosmoles per kilogram H,O,
mOsm/kg H,O. Both define the osmotic activity of
particles in solution and are considered equivalent
if the concentration of solutes is very low [5].
Plasma osmolality (Posm) indicates total body
osmolality. Sodium [Na*] is the predominant
extracellular cation, and glucose and blood urea
nitrogen (BUN) concentrations are significant in
certain disease states. Therefore, the following
formula is used for determination of Posm:

Posm(mOsm/kgH,0)
=2xserum [Na+ J + glucose / 18+ BUN /2.8

The principles of osmosis as they relate to
hypothetical semipermeable membranes are gen-
eralizations. The physiologic membranes that
separate the body fluid compartments are much
more complex. The capillary endothelium serves
as the membrane that separates the intravascular
and interstitial compartments. The endothelium
exhibits different characteristics in different
organs and is more permeable in the lung and
liver than in the periphery [13]. The capillary
endothelium is very permeable, allowing for
rapid equilibration between the intravascular and
interstitial spaces. Therefore, the interstitial space
can serve as a buffer for the more highly defended
intravascular space. Of particular clinical signifi-
cance, leakage of albumin depends on the endo-
thelial characteristics of tissue. Albumin leakage
is high in lung and liver [14] and low in the
peripheral tissues [15]. The cell surface mem-
brane is impermeable to protein, but permeable
to water, bicarbonate, and chloride. The sodium—
potassium pump (Na*, K*-ATPase) actively
transports sodium out of cells and potassium into
cells, an energy-dependent process. This enzyme-
dependent cell membrane integrity is disrupted in
severe shock states as a result of impaired oxygen
delivery and utilization. Passive sodium entry
then leads to intracellular water migration, cellu-
lar swelling, and ultimately cell death [12].
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Volume Control Mechanisms

Under normal physiologic circumstances, plasma
osmolality is tightly controlled, averaging
289 mOsm/kg H,O. Thirst and antidiuretic hor-
mone (ADH) are the two primary regulators of
water balance. Osmoreceptor cells in the para-
ventricular and supraoptic nuclei of the hypothal-
amus detect small changes in cell volume and
activate the neuronal centers that control thirst
and ADH secretion. Therefore, osmoreceptors
control the fine-tuning of volume relationships
[16]. Stimulants of ADH secretion include nico-
tine, ether, morphine, barbiturates, and tissue
injury (including operative tissue dissection and
manipulation). Ethanol inhibits ADH secretion
and its water resorption activity in the renal col-
lecting ducts.

The relationship of aquaporins to ADH
physiology has been the subject of significant
investigation over the course of the past two
decades. Peter Agre, MD, an American medical
doctor and molecular biologist, won the 2003
Nobel Prize in Chemistry for the discovery of
aquaporins [17, 18]. Aquaporins are integral
membrane pore proteins that regulate the flow of
water. These water channels are ubiquitous in
nature, including in the human body. Aquaporin
proteins are comprised of six transmembrane
alpha-helices arranged in a right-handed bundle,
with the amino and the carboxyl termini located
on the cytoplasmic surface of the membrane. The
specific types of aquaporins differ in their peptide
sequences [19, 20].

The principal cells lining the renal collecting
ducts control the fine-tuning of body water
homeostasis by regulating water resorption
through aquaporin-2 (AQP,) aquaporin-3 (AQP3)
and aquaporin-4 (AQP,). AQP; and AQP, are
embedded in the basolateral plasma membrane.
ADH binds to the vasopressin-2 (V,) receptor on
the basal membrane of the renal collecting duct.
This triggers redistribution of AQP, from intra-
cellular vesicles into the apical plasma membrane.
Water enters into the cells via AQP, and exits
through AQP; and AQP, [21].

The mechanism of action of ADH with respect
to the water permeability of the renal collecting
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duct has therapeutic implications. A number of
nonpeptide V, antagonists (vaptans) are in devel-
opment. The mixed V,/V,, antagonist conivaptan
has been approved by the US Food and Drug
Administration (FDA) for intravenous use in the
treatment of euvolemic and hypervolemic hypo-
natremia. Conivaptan produces aquaresis (solute-
free water excretion), resulting in increased
serum sodium levels, free water clearance, urine
flow, and plasma osmolality [22, 23].

Baroreceptors control volume via sympathetic
and parasympathetic connections in a less precise
manner than do osmoreceptors. Stretch receptors
detect changes in pressure and changes in volume
that are manifested by changes in pressure.
Volume receptors are located in the intra-thoracic
capacitance vessels (vena cava) and the atria.
Depending on volume status, these receptors
either increase or decrease sympathetic tone to
the kidney, which affects renal blood flow and
tubular sodium resorption. Pressure receptors of
the aortic arch and carotid arteries are important
in extreme changes in arterial pressure (such as
occurs with hemorrhage). Intra-renal barorecep-
tors of the afferent arteriole cause variability in
release of renin depending on pressure. Hepatic
volume receptors and cerebrospinal volume
receptors have also been characterized [5].

Endocrine and hormonal factors also play a
role in volume control mechanisms. The renin—
angiotensin—aldosterone system is the primary
hormonal mediator of volume control. The natri-
uretic peptide system is an endocrine mecha-
nism that regulates blood volume and electrolyte
balance. There are three members of the mam-
malian natriuretic peptide family: atrial natri-
uretic peptide (ANP), brain or B-type natriuretic
peptide (BNP), and C-type natriuretic peptide
(CNP) [24, 25].

Renal prostaglandins (PGE, and PGI,) may
play a role in volume control, especially in condi-
tions such as sepsis and jaundice. Normally, inhi-
bition of prostaglandin production has little effect
on renal function. However, nonsteroidal anti-
inflammatory agents (inhibitors of cyclooxygen-
ase) can precipitate renal failure in patients with
renal dysfunction due to loss of the protective
effects of renal prostaglandins [26].
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Endothelins are peptide vasoconstrictors
involved in volume and pressure regulation [27].
Nitric oxide (NO) is a free radical produced by
nitric oxide synthases and is involved in many
biologic functions, including volume and pres-
sure regulation [28]. There is interaction between
the endothelin and NO systems. In general, NO
and endothelin actions oppose one another.

Baseline Water and Electrolyte
Requirements

Sensible water losses can be measured and
include urine (800-1,500 mL/24 h), stool
(0250 mL/24 h) and sweat (minimal). Sweat is
a hypotonic mixture of electrolytes and water
and does not contribute significantly to daily
water loss except in very arid and hot climates.
Insensible water losses are unmeasurable and
include loss from the skin and lungs. This accounts
for 600-900 mL/24 h(8-12 mL/kg/day).
Insensible water loss increases 10 % for each
degree of body temperature >37.2 °C. Therefore,
fever is a significant contributor to insensible
water loss. The normal daily sodium require-
ment is 1-2 mEq/kg/24 h; the potassium
requirement is 0.25-0.50 mEq/kg/24 h [5].

Parenteral Solutions

Intravenous fluids are used for maintenance and
resuscitation of surgical patients. The two broad
categories of parenteral solutions are crystalloids
and colloids. The appropriate choice of crystal-
loid or colloid solution depends on maintenance
fluid requirements, fluid deficits, and ongoing
fluid losses.

Lactated Ringer’s (LR) solution is a commer -
cially available crystalloid and has a composition
similar to plasma. It is usually utilized as a resus-
citative fluid to replace loss of fluid with a similar
composition to plasma and is ideal when the
patient’s serum electrolyte concentrations are
normal. LR has a relatively low sodium content
(130 mEq/L), which makes this solution slightly
hypotonic. Hyponatremia may result with exces-
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sive or prolonged use or in patients who have
impaired renal function and diminished ability to
excrete free water. This may become problematic
in patients who have traumatic brain injuries and
other conditions that mandate a higher Posm. The
lactate in LR occurs as sodium-lactate, which
dissociates at physiologic pH. The lactate anions
are metabolized to bicarbonate and, therefore, do
not contribute to acidosis under normal condi-
tions [29].

Normal saline solution (NSS) is another
resuscitative crystalloid fluid and contains
154 mEq of both sodium and chloride. NSS is
useful for treatment of hyponatremic hypochlo-
remic metabolic alkalosis. However, the exces-
sive and equal quantities of sodium and chloride
can lead to significant electrolyte and acid—base
disturbances, such as hyperchloremic metabolic
acidosis (HCMA), which can aggravate any pre-
existing acidosis.

If a true isotonic fluid is required, but clinical
circumstances mandate limitation of chloride, half-
NSS (1/2 NSS) mixed with 75 mEq NaHCO,/L
can be utilized (1/2NSS +75 mEq NaHCO3). The
sodium content is essentially equivalent to NSS,
but the chloride load is halved.

Hypertonic saline (HTS) solutions are utilized
to replace sodium deficits in symptomatic hypo-
natremia. Most commonly used are 3 % NaCl
and 1.5 % NaCl. The former should be adminis-
tered via central venous access; the latter may be
administered via peripheral veins. HTS has also
been suggested for early resuscitation of hypovo-
lemia in trauma and burn patients. Intravascular
volume is increased more quickly and the total
resuscitation volume may be decreased com-
pared to standard crystalloid resuscitation.
However, caution should be used because of the
potential for induction of significant acid-base
and electrolyte abnormalities [30].

Naturally occurring plasma volume expanders
include albumin preparations (4, 5, 20, and 25 %)
and fresh frozen plasma. Only 5 and 25 % albu-
min are available in the United States. Albumin
preparations are usually prepared in NSS; there-
fore, large volume administration can result in
HCMA. Additionally, the albumin molecule is of
such a molecular weight that it readily passes
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through capillary pores that open in conditions
that create a capillary leak [14, 15]. The SAFE
trial demonstrated that albumin administration is
as “safe as saline” and that hypoalbuminemia is
associated with not only decreased colloid
oncotic pressure but also perturbed pharmaco-
logic agent carriage, detoxification, and immune
responsivity [31].

Synthetic colloids may be utilized as resusci-
tative fluids, especially in surgical patients.
Hydroxyethyl starch (HES) preparations are the
most common. They are categorized by their
average molecular weight, degree of substitution
(DS) (molar substitution: # hydroxyethyl groups
per 100 glucose groups) and concentration.
Starches include hetastarch (DS=0.7), pen-
tastarch (DS=0.5), and tetrastarch (DS=0.4).
Six percent solutions are the most commonly
used in the United States. The vehicles for the
starches differ. Hespan is a 6 % solution of het-
astarch in a NSS vehicle, while Hextend is the
identical starch in a solution with a composition
similar to LR. Some interventional trials have
noted an association with acute kidney injury or
acute renal failure with the use of starch prepa-
rations [32]. Resuscitation with starch solutions
alone provides little to no free water. Therefore,
starch administration must occur in conjunction
with maintenance fluid administration to miti-
gate against hyperoncotic renal injury [33].

Maintenance Fluid Therapy

Maintenance fluid therapy replaces fluids nor-
mally lost during the course of a day. Conversely,
resuscitative fluid therapy replaces preexisting
deficits or additional ongoing losses. Maintenance
and resuscitative fluid therapy may occur simul-
taneously, but two different solutions are used to
achieve differing goals.

Weight-based formulas are used to calculate
maintenance water requirements, accounting for
both sensible and insensible losses. One of the
most commonly used is the “4-2—1 Rule”:

First 10 kg body weight: 4 cc/kg/h
Second 10 kg body weight: 2 cc/kg/h
Each additional 10 kg body weight: 1 cc/kg/h
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Using this formula, the hourly volume require-
ment for a 70 kg patient is 110 cc/h.

In patients who have clinically severe obesity,
adjusted body weight (ABW) should be used
when calculating a maintenance fluid rate:

ABW = ideal body weight (IBW)
+1/ 3(actua1 - IBW)

Maintenance fluid is hypotonic and contains
5 % dextrose as an aid in gluconeogenesis. The
prototypical fluid is Ds1/2NSS +20 mEq KCI/L
in the adult. This provides the appropriate quan-
tity of sodium and potassium based on the daily
requirements outlined earlier. However, patients
with renal impairment or anuria should not have
potassium included in their maintenance fluid.

Resuscitative Fluid Therapy

The goal of resuscitative fluid therapy is to
replace preexisting deficits and ongoing fluid
losses. Crystalloid is the most common broad cat-
egory of resuscitative fluid. An isotonic (or nearly
isotonic) salt solution without added dextrose is
utilized. LR is the most common resuscitative
fluid used in surgical patients [34, 35].

The capillary endothelium is permeable to the
components of an isotonic salt solution.
Therefore, crystalloid distributes between the
intravascular and interstitial spaces in proportion
to the starting volumes of these spaces. Since the
intravascular space comprises 25 % of the ECF
and the interstitial space comprises 75 % of the
ECEF, the resultant ratio is 1:3. For each liter of
crystalloid infused intravenously, 250 cc remains
in the intravascular space and 750 cc diffuses into
the interstitial space [12]. Additionally, crystalloid
has pro-inflammatory effects [36, 37]. Strategies to
limit these inflammatory effects have been investi-
gated [38]. Limited intravascular volume expan -
sion and the pro-inflammatory effects of crystalloid
are the cornerstone of the crystalloid versus colloid
debate from a historical perspective.

Leakage of albumin into the interstitial space
is proportional to the net leakage of albumin in
the body. This is variable, averaging a 25-35 %
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leakage rate under normal physiologic conditions
[15]. This would be true of other iso-oncotic
solutions as well. For each liter of 5 % albumin
infused intravenously, approximately 750 cc
remains in the intravascular space and 250 cc dif-
fuses into the interstitial space. This proportion is
opposite that of infusion of crystalloid isotonic
salt solutions. The ratio of intravascular filling
between colloid and crystalloid solutions is,
therefore, 3:1 [12]. However, this model is overly
simplified. Even under physiologic conditions,
there is a high degree of variability in the leakage
rate of albumin, depending on the unique charac-
teristics of various capillary beds. Abnormalities
in microvascular permeability are the norm in the
surgical patient, particularly in the critically ill.
Under pathologic conditions, up to half of exog-
enously administered albumin may diffuse into
the interstitial space [5].

The use of exogenously administered albumin
in critically ill patients was analyzed in a
Cochrane report published in 1998. In the three
categories of patients studied (those with hypo-
volemia, burns or hypoalbuminemia), the risk of
death in the albumin-treated groups was higher
than in the comparison groups [39, 40]. This
review was criticized for various reasons, including
the inclusion characteristics and small volume
effects limitations. Subsequently, the SAFE
(Saline versus Albumin Fluid Evaluation) trial
indicated no difference between albumin and
saline in a double-blind randomized study of
approximately 7,000 critically ill patients. These
patients did not require massive plasma volume
administration. Albumin was noted to be as safe
as saline in this population [31]. Albumin appears
safe in most groups but may not provide a survival
advantage. In patients with traumatic brain injury,
there may be a durable increased risk of death
with exogenous albumin [39, 40].

The synthetic plasma expanders are alternatives
to albumin. These include the broad category of
HES, delineated above. A paradigm shift in the
use of these solutions is again occurring. In 2012,
several papers were published comparing the use
of HES to crystalloid in subsets of the critically ill
population. Perner et al. demonstrated that
patients with severe sepsis receiving HES 130/0.42
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had an increased risk of death at day 90 and were
more likely to require renal replacement therapy,
compared to patients receiving Ringer’s acetate [41].
Myburgh et al. demonstrated that there was no
significant difference in 90-day mortality between
randomly selected critically ill patients resusci-
tated with 6 % HES (130/0.4) or saline. However,
more patients who received resuscitation with
HES were treated with renal replacement ther-
apy [42]. In patients with severe sepsis, Bayer
et al. demonstrated that shock reversal was
achieved equally fast with synthetic colloids or
crystalloids. Use of colloids resulted in only
marginally lower required volumes of resuscita-
tion fluid. In addition, they found that both low
molecular weight HES and gelatin may impair
renal function [43].

Another Cochrane review of colloids versus
crystalloids for fluid resuscitation in critically ill
patients was published in 2013. From assessment
of randomized controlled trials, the authors con -
cluded that there is no evidence to indicate that
resuscitation with colloids reduces the risk of
death, compared to resuscitation with crystal-
loids, in patients with trauma, burns, or following
surgery. The use of HES might increase mortality.
Since colloids are not associated with improved
survival and are more expensive than crystal-
loids, continued use in clinical practice may not
be justified [44]. When extrapolating these stud-
ies to clinical practice, each clinical scenario
must be considered carefully, keeping in mind
the patient populations assessed in the reviewed
literature, the specific types of fluids studied and
the limitations of the studies.

The Relationship Between
Disorders of Water Balance
and Sodium Balance

Sodium is the primary extracellular cation and
principal determinant of plasma osmolality. The
concentration of sodium and TBW shares an
inverse relationship. As TBW increases, the
serum sodium concentration decreases and vice
versa. The sodium level thereby is a marker of
TBW. Abnormal sodium concentration reflects
abnormal TBW content [45].
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Disorders of sodium levels are a common
occurrence in clinical practice. Such disturbances
are usually secondary to changes in water balance
and not sodium levels. Sodium concentration is a
reflection of body fluid tonicity and not a reflec-
tion of total body sodium content [46]. Often
clinicians misinterpret changes in sodium levels
as changes in total body sodium content. There
are scenarios in which sodium content is abnormal,
but this occurs less often than instances in which
TBW is abnormal.

Disorders of Sodium Metabolism

Sodium abnormalities are a common occurrence
in the surgical patient. Sodium abnormalities
occur due to a host of reasons, some iatrogenic
and some physiological.

Hyponatremia is defined as a sodium level of
less than 135 mEqg/L. It is the most common
electrolyte abnormality in the hospitalized patient,
occurring in as many as 20-25 % of hospitalized
patients and in 30 % of patients in the intensive
care unit (ICU). Approximately 4.4 % of surgical
ward patients develop the abnormality within one
week of surgery [47]. Hyponatremia is a risk fac-
tor for mortality, with 10-15 % mortality in
chronic hyponatremia and 50 % in acute circum-
stances. Hyponatremia has been demonstrated to
be a predictor of inpatient mortality in several
patient populations [48—50]. Mortality likely rep-
resents the severity of the underlying disease and
not accrual mortality from the electrolyte abnor-
mality itself [51]. Hyponatremia in critically ill
patients is more likely secondary to elevated
secretion of ADH without an osmotic stimulus
[52-54]. Critically ill patients are also more likely
to have multi-organ failure that is associated with
impaired water handling [55]. The inflammatory
cascade via interleukin-6 may also play a role in
ADH secretion and hyponatremia [56].

Hyponatremia is usually asymptomatic. In
severe cases, cerebral edema may occur as fluid
tonicity falls, thereby causing inflow of water
into cells. Severe hyponatremia may present
clinically as nausea, vomiting, lethargy, confu-
sion, seizures, cerebral herniation, coma, and
death [57].
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Table 2.1 Causes of hyponatremia

— Hypovolemic hyponatremia
Gastrointestinal losses
Cerebral salt wasting
Diuretics
Third space loss
Gastrointestinal losses

— Euvolemic hyponatremia
SIADH
Malignancy related
Psychiatric polydipsia
Glucocorticoid deficiency
Hypothyroidism

— Hypervolemic hyponatremia
Congestive heart failure
Liver failure
Nephrotic syndrome
Renal failure

Hyponatremia can be classified according to
volume status as hypovolemic hyponatremia,
euvolemic hyponatremia, and hypervolemic
hyponatremia (Table 2.1). Treatment strategies
should be guided based upon etiology of the
hyponatremia and volume status [46].

Hypovolemic hyponatremia results from a
deficit of total body sodium and water with the
sodium deficit greater than the water deficit. The
decrease in ECF increases ADH secretion to help
preserve ECF volume. In hypervolemic hypona-
tremia, there is an excess of total body sodium
and water, though the water gain is greater than
the sodium gain. The hyponatremia is a result of
the volume overload. It is possible for total body
sodium stores to be depleted, resulting in hypo-
natremia. In such circumstances, the sodium and
chloride levels are both low.

The decision to treat depends on the presence
or absence of symptoms and the rapidity of onset
of the hyponatremia. Acute hyponatremia devel-
ops within a 48-h time frame, whereas chronic
hyponatremia develops over greater than 48 h.
Symptomatic hyponatremia should be treated.
The sodium deficit can be calculated by the
following formula:

Sodium deficit = 0.5 x lean body weight
x (120 —measured [Na+ ])
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Hyponatremia corrected at too rapid a rate
may result in osmotic pontine demyelination
(also known as central pontine demyelination or
central demyelination syndrome). The develop-
ment of this syndrome is a risk when there are
sudden changes in concentration (12-15 mEq/L
per 24h) or a rapid rate of change (>1-&Eq/L/h).
Clinically, the syndrome presents as generalized
encephalopathy followed by behavioral changes,
cranial nerve palsies, and quadriplegia 2-3 days
after the sodium level is corrected. High risk
patient populations include those with chronic
hyponatremia that is rapidly corrected, such as
alcoholics, the malnourished, geriatric patients,
and those with thermal injury [57-67].

Sodium can be administered as 3 % NaCl. The
hyponatremia should be corrected at a rate similar
to the rate of developing the imbalance. Acute
hyponatremia should be corrected more quickly
than chronic hyponatremia. Dilutional hyponatre-
mia is more common than total body sodium
deficit. Therefore, administration of 3 % NaCl can
be combined with forced diuresis and volume
restriction to remove the excess water load.
Recently, vasopressin receptor antagonists (vaptans)
have been developed in the treatment of hypervol-
emic and euvolemic hyponatremia. Vaptans are
not approved for the treatment of hypovolemic
hyponatremia [68].

Most hyponatremic patients are not symptomatic
and do not require treatment with hypertonic saline.
Most hyponatremic patients are euvolemic, and the
most common diagnosis is syndrome of inappro-
priate antidiuretic hormone (SIADH). SIADH is
a diagnosis of exclusion with specific criteria,
including a plasma osmolality <270 mOsm/kg H,O;
urine osmolality >100 mOsm/kg H,O; euvolemia;
elevated urine sodium concentration; absence of
adrenal, thyroid, pituitary or renal insufficiency
and absence of diuretic use [46].

Hypernatremia is a state of serum sodium
greater than 145 mEq/L. It occurs in approxi -
mately 2 % of hospitalized patients and 15 % of
patients in the intensive care unit. Mortality rates
approach 70 % [51]. Hypernatremia results from
either free water deficit or excess total body
sodium and can occur in the setting of hypovole-
mia, euvolemia, or hypervolemia. Therapy can
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be correctly guided by assessing volume status
and urine sodium to determine the etiology of
hypernatremia.

Hypernatremia increases extracellular tonicity
and thereby results in cellular dehydration.
Symptoms are referable to the central nervous
system and include confusion, weakness and
lethargy progressing to seizures, coma and death.
Hypernatremia must be corrected carefully to
avoid cerebral edema. In general, just as is the
case with hyponatremia, hypernatremia should
be corrected as quickly as the onset. The main-
stay treatment for hypernatremia is the replace-
ment of the free water deficit. The deficit is
calculated as follows:

Free water deficit
= [0.6 x total body Weight] X [(measured [Na+ ]/1 40) - 1]

Half the calculated deficit should be replaced
in the first 12-24 h so as not to correct at a rate
faster than 2 mEq/L/h. The remaining deficit
should be replaced over the next 48 h.

Disorders of Potassium Metabolism

The normal extracellular concentration of potas-
sium range is 3.5-5.0 mEq/L. It is the principal
cation in the intracellular fluid, ranging from 140
to 160 mEq/L. This difference in concentration is
essential in providing a transmembrane potential
required to maintain the excitability of nerve and
muscle tissues. Potassium deficiency in dietary
intake has been implicated in the development of
hypertension, cardiovascular disease, and glucose
intolerance [69].

Hypokalemia refers to a serum potassium
level of less than 3.6mEq/L. Causes of hypokale-
mia include losses through the gastrointestinal
(G tract via diarrhea, vomiting or high nasogas-
tric tube (NGT) output through intentional
decompression. Hypokalemia may result from
intracellular shifting of potassium in a variety of
conditions (Table 2.2). Pseudohypokalemia may
occur in specimens collected from leukemia
patients with profound leukocytosis. Under these
circumstances, white blood cells absorb potassium
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Table 2.2 Causes of hypokalemia

— Insufficient intake
— Increased losses
GI losses
Diarrhea
Vomiting
NGT decompression
Ileostomy
Laxatives
Renal losses
— Drug induced losses
Mannitol
Diuretics
Aminoglycosides
Amphotericin
— Hyperaldosteronism
— Skin losses
Sweat
Burns
— Transcellular shifts
Overfeeding syndrome
Drug induced
Insulin administration
Beta adrenergic agonists
— Miscellaneous
Hypomagnesemia
Mountain sickness

in vitro [70]. Common iatrogenic etiologies
include losses via renal excretion caused by
potassium wasting diuretic use.

Mild hypokalemia is usually asymptomatic.
In severe cases, it may present as muscle cramps
and weakness and in extreme cases progresses to
muscle breakdown and necrosis. An ascending
muscle paralysis may result in respiratory failure
and arrest [71]. Cardiac signs include EKG
changes appearing as ST depression, flattened
T waves, U waves and QT interval prolongation
and ventricular arrhythmias [72]. Disturbances in
cardiac conduction resulting in death can be seen
in patients with underlying cardiac disease and
digitalis use [73].

Severe hypokalemia should be repleted
intravenously or orally depending on the clinical
scenario. In cases of hypokalemia due to trans-
cellular shifts, treating the underlying condition
is necessary, versus replacement in the case of
true depletion. Sustained hypokalemia results
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from true depletion compared to transient
hypokalemia from transcellular shifts. Serum
potassium falls approximately 0.3 mEq/L for
every 100 mEqg/L decrease in total body potassium
[74]. A serum potassium level below 3.0 mEq/L
should be corrected using intravenous replace-
ment in a monitored setting due to the risk of
arrhythmias. If hypomagnesemia is present, it
should be corrected first, as such a state pro-
motes excretion of potassium. Hypokalemia
accompanies hypomagnesemia about 60 % of
the time due to reduced Na*, K-ATPase activity,
in which magnesium acts as a dependent enzyme
[75, 76]. When serum potassium is below
3.0 mEqg/L, an additional 8-10 g of magnesium
may also be required. Once the serum potassium
level falls below 3.0  mEq/L, the amount of
replacement required increases in a nonlinear
fashion, and a minimum of 100 mEq is required
to restore normal levels.

Hyperkalemia refers to a serum potassium
level greater than 5.G0nEq/L. Pseudohyperkalemia
results from marked leukocytosis, thrombocytosis
or hemolysis of collected specimens, resulting in
release of intracellular potassium. Pseudohy-
perkalemia can also be seen in blood samples of
patients who have hereditary spherocytosis and
hereditary stomatocytosis. A temperature depen-
dent breakdown and leakage of potassium from
these abnormal cells occurs. There are many pos-
sible causes of true hyperkalemia (Table 2.3).

Mild hyperkalemia is usually asymptomatic,
but predominantly affects the muscular and car-
diac systems. Muscular symptoms include para-
sthesias, extremity weakness, and flaccidity.
Ascending muscle weakness may involve the
trunk and respiratory muscles. Hyperkalemia
can lead to cardiac conduction abnormalities.
EKG findings include peaked T waves, widen-
ing of the QRS complex, AV conduction abnor-
malities, ventricular fibrillation, and eventual
asystole [72].

Hyperkalemia results from: (1) an inability to
secrete potassium due to renal dysfunction, (2) a
shift of potassium out of cells, and (3) excessive
administration of potassium. Renal failure is the
most common cause of inability to excrete potas-
sium. Traditional teaching has held that there is
an inverse relationship between serum potassium
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Table 2.3 Causes of hyperkalemia

— Excessive intake (rare with normal renal function)
— Pseudohyperkalemia
Hemolysis
Leukocytosis
Thrombocytosis
— Impaired excretion
Renal failure
— Outward shift of potassium from cells
Cell destruction
Tumor lysis
Intravascular hemolysis
Tissue destruction
Rhabdomyolysis
Burns
— Drugs
Succinylcholine
Digoxin

levels and pH [77]. However, this has been dis-

proven, and the relationship is complex and not

completely understood.

Symptomatic hyperkalemia as demonstrated
by EKG changes or asymptomatic patients
with a serum potassium level greater than
6.5 mEq/L should be treated emergently.
Strategies include [71]:

1. Cardiac stabilization with calcium chloride.

2. Shifting potassium intracellularly with admin-
istration of insulin.

3. Increasing potassium excretion by volume
expansion followed by the administration of
potassium wasting diuretics.

4. Increasing excretion through the GI tract with
sodium polystyrene sulfonate.

5. Extra-corpeal removal via dialysis.

In most cases, dialysis is reserved for patients
who have renal failure. In rare circumstances,
patients with healthy kidneys will have their
excretory capacity overwhelmed and require
temporary emergent dialysis as a life-saving
intervention.

Disorders of Calcium Metabolism

Calcium is a divalent cation that plays an impor-
tant role in several biological processes.
Extracellularly, it is the main substrate for the
skeletal system and is bound to phosphate as
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hydroxyapatite. The average adult has 1-2 kg of
total body calcium localized in bone as hydroxy-
apatite. In its intracellular form, calcium plays an
important role as a signaling molecule for several
pathways, including cardiac, skeletal and smooth
muscle contraction, and neurotransmitter release.
The concentration of extracellular and intracel-
lular calcium is tightly regulated. The extracellu-
lar concentration of calcium is 10,000 times
greater than intracellular concentrations. Release
of calcium from its vast stores in the skeletal sys-
tem is regulated by parathyroid hormone (PTH).

Serum calcium levels normally range from 9.4
to 10 mg/dL. The incidence of hypocalcemia
ranges from 70 to 90 % when total serum calcium
is measured versus 15-50 % when ionized cal -
cium is measured [78]. This is due to the high
incidence of hypoalbuminemia in critically ill
and postoperative patients. Calcium is bound to
albumin in serum, though the ionized form is the
biologically active form.

Hypocalcemia refers to a serum calcium level
of less than 8.5 mg/dL or an ionized level of less
than 1.0 mmol/L. There are many reasons for
hypocalcemia in the postoperative and critically
ill patient population. The etiology is usually
multifactorial. Ionized hypocalcemia is common
in patients with sepsis, pancreatitis, severe trauma
or postoperatively after plasma volume expan-
sion with hypocalcemic solutions and is associ-
ated with increased mortality [78, 79]. Cytokine
levels in critically ill patients, especially tumor
necrosis factor, interleukin-6 and prolactin, serve
as a measure of systemic inflammation and cor-
relate with the degree of hypocalcemia [80, 81].

Mild hypocalcemia is usually asymptomatic.
However, severe derangements result in signifi-
cant physiological consequences. Diminished
cardiac contractility can result in refractory hypo-
tension. Arrhythmias include ventricular tachy-
cardia. Prolonged QT interval and marked QRS
and ST segment changes may mimic acute myo-
cardial infarction and heart block. Calcium plays
an important role in the coagulation process,
including the conversion of fibrin to fibrinogen
and enhancement of other coagulation factors.
Maintaining an ionized calcium level above
0.9 mmol/L has a beneficial cardiovascular and
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coagulation effect in the resuscitation of patients
in massive hemorrhage [82]. Citrate components
present in blood products may also exacerbate
the hypocalcemia by precipitation. Therefore,
calcium levels should be monitored during
massive transfusion.

Neurologically, hypocalcemia may present as
parasthesias and seizures. Neuromuscular symp -
toms include spasms and tetany. An acute decline
in the serum calcium level can result in laryngo-
spasm and death. Chronic hypocalcemia may
present with less pronounced symptoms that
include neuromuscular irritability. At the bedside,
hypocalcemia can be detected by testing for
Chvostek’s sign or Trousseau’s sign. Chvostek’s
sign is facial nerve irritability that is elicited by
gently tapping the facial nerve. Chvostek’s sign is
present in approximately 10-25 % of normal adults
and may be absent in chronic hypocalcemia.
Trousseau’s sign is carpopedal spasm that is elic-
ited by decreasing blood flow to the hand with a
blood pressure cuff inflated to 20 mm Hg for 3 min.
It is absent in one third of hypocalcemic patients.
Psychiatric symptoms of hypocalcemia include
dementia, psychosis, and depression [83, 84].

Symptomatic hypocalcemia and severe
hypocalcemia (0.8 mmol/L) should be treated
with intravenous calcium administration [85-87].
Intravenous calcium can be administered as cal-
cium gluconate or calcium chloride. Calcium
chloride has the advantage of being immedi-
ately available in equal amounts of calcium and
chloride. Calcium gluconate must undergo
hepatic degluconation to be available in the ion-
ized form. Calcium chloride contains more
calcium in terms of milliequivalents than cal-
cium gluconate. Calcium infusions can also be
used in the therapy of cardiac drug toxicity
involving beta blockers and calcium channel
blockers [86, 87].

Hypercalcemia is rare in the ICU setting and
occurs in less than 15 % of hospitalized patients
[78]. Hypercalcemia refers to a serum calcium
level greater than 10.4 mg/dL. In the critically ill
patient, increased bone reabsorption resulting from
paraneoplastic syndromes and prolonged immo-
bilization are common etiologies. Hyperparathy-
roidism and malignancy causing excessive PTHrP
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are the most common causes of hypercalcemia in
hospitalized patients, occurring in more than

50 % of cases [88]. Conversely, among outpatients
referred to endocrinologists for hypercalcemia,
more than 90 % are found to have primary hyper-
parathyroidism [89]. Other causes include renal
failure, thyrotoxicosis, adrenal insufficiency, and
drugs. In particular, thiazides may increase proximal
tubule reabsorption of calcium [83, 84, 88].

Calcium levels greater than 12 mg/dL result in
symptoms that particularly impact the neurologic
and digestive systems and include fatigue, lethargy,
confusion, coma, anorexia, abdominal pain, and
constipation. Cardiac arrhythmias may also
occur, including bradyarrhythmias or heart block.
ST segment elevation responsive to treatment of
the hypercalcemia may also occur.

Calcium levels greater than 14 mg/dL and
symptomatic patients should be treated. Hyper-
calcemia can be treated by volume expansion with
fluids followed by diuresis. In cases of excessive
calcium reabsorption from bone due to underlying
malignancy, a bisphosphonate or plicamycin may
be used to suppress calcium reabsorption.
Treatment of the underlying cause is necessary.
Rarely in the acute care setting is dialysis with a
low or zero calcium dialysate or parathyroidec -
tomy necessary for the treatment of hypercalce-
mia refractory to medical management.

Disorders of Magnesium
Metabolism

Magnesium is a divalent cation that plays an
important role in the metabolism of other cations
including sodium, potassium, and calcium.
Magnesium is also an important cofactor in ATP
energy metabolism. It is the second most common
intracellular cation and fourth most common extra-
cellular cation [89]. Normal serum concentration
ranges from 1.5t0 2.3 mg/dL. The body stores

magnesium mainly in the bones, muscles, and soft
tissues. Total body magnesium can be low in low
albumin states without affecting ionized magnesium
levels. Sixty seven percent of serum magne-
sium is in the ionized form. Ionized magnesium is
the biologically active form that can be measured
using ion selective electrodes, but this technique
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has limitations with respect to accuracy [90, 91].
There are no known hormonal pathways in the
regulation of magnesium. Magnesium homeostasis
is achieved through absorption via the kidneys,
digestive tract, and bone mobilization. Disorders
of magnesium metabolism are seen in 15-60 % of
patients in the critical care setting [92].

A serum magnesium level less than 1.5mg/dL
defines hypomagnesemia. There are several
etiologies of hypomagnesemia (Table 2.4). In
surgical and critically ill patients, common causes
are plasma volume expansion, diuretic use, and
severe sepsis. Other etiologies are excess GI
losses from diarrhea, laxative use, and enteric
decompression. It is often seen in association
with hypocalcemia, hypokalemia, and hypophos-
phatemia. Hypokalemia and hypocalcemia are
refractory to correction unless magnesium is
replaced first [93, 94].

Hypomagnesemia is usually asymptomatic.
When symptoms do occur, they are often similar
to those associated with hypocalcemia, hypokalemia,

Table 2.4 Causes of hypomagnesemia

— Inadequate intake
— Gl losses
Diarrhea
Vomiting
Fistula loss
Nasogastric decompression
Bowel preparation
— Renal losses
Genetic magnesium wasting syndromes
ATN
Ethanol
Drug induced
Digoxin
Diuretics (loop, thiazide, osmotic)
Cis-platinum
Cyclosporine
Tacrolimus
Cetuximab
— Intracellular shift of magnesium
Refeeding syndrome
Catecholamines
Correction of respiratory acidosis
Correction of diabetic ketoacidosis
— Blood transfusions
— Extensive burns
— Excessive sweating
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and hypophosphatemia due to the close metabolic
relationship of the cations. Symptoms include
muscle weakness, cramps, seizures and arrhyth-
mias, namely torsades de pointes. The treatment
for torsades de pointes and symptomatic hypo-
magnesemia is intravenous replacement of mag-
nesium, 1-2 g over 5 min.

Magnesium also has therapeutic properties in
certain clinical scenarios. Magnesium competi-
tively binds to N-methyl-p-aspartate receptors to
depress the seizure threshold and is therefore
used in the treatment of preeclampsia and
eclampsia [93-96]. Magnesium also has smooth
muscle relaxant properties that make it useful for
treating bronchospasm in asthmatics [95, 96].

Hypermagnesemia is usually seen in the setting
of renal failure, because normal kidneys can
excrete large quantities of magnesium, up to
500 mEq/day [89]. Other etiologies are extensive
soft tissue ischemia or necrosis in patients with
trauma, sepsis, cardiopulmonary arrest, burns, or
shock. Symptoms of hypermagnesemia occur at
levels above 4 mg/dL and involve the muscular,
neurologic, and cardiac systems. Muscular symp-
toms range from depressed deep tendon reflexes to
muscle paralysis, including respiratory depression
at levels above 8—10mg/dL. Neurologic symptoms
include somnolence and lethargy. Cardiovascular
symptoms include bradycardia and hypotension
unresponsive to volume expansion and vasopres-
sors. Complete heart block resulting in cardiac
arrest is seen at levels approaching 20 mg/dL
[89, 97]. Hypermagnesemia related hypotension
can be treated with administration of calcium.
Excess levels can be removed with hydration and
forced diuresis with furosemide. Extreme cases of
magnesium toxicity may require dialysis.
Hypermagnesemia is a rare phenomenon in the
ICU setting, excluding patients undergoing tocoly-
sis with large doses of magnesium.

Disorders of Phosphorous
Metabolism

The majority of the body’s total reserve of phos-
phorous is stored in the bones as hydroxyapatite
along with calcium [89]. The metabolic pathways
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of the two ions are closely intertwined. Phosphate
plays an important role as a constituent of nucleic
acids, phospholipids, complex carbohydrates,
glycolytic intermediates, enzymatic phosphopro-
teins, and nucleotide cofactors for enzymes.
Phosphate is also important for energy metabolism
as a constituent of ATP. Phosphate levels are reg-
ulated by PTH, mainly via three routes: (1) bone
reserves, (2) intestine, and (3) kidneys.

A serum phosphate level less than 3.0 mg/dL
defines hypophosphatemia, which is classified
according to degree of deficiency. Mild hypo-
phosphatemia ranges 2.5-3.0 mg/dL, moderate
1.0-2.5 mg/dL, and severe less than 1 mg/
dL. Phosphate depletion refers to low stores of
total body phosphate. There are numerous causes
of phosphate depletion (Table 2.5). Among hos-
pitalized patients, the overall prevalence of severe

Table 2.5 Causes of hypophosphatemia

— Shifts of extracellular phosphate into cells or bone
Insulin administration

Refeeding syndrome (initiation of carbohydrate
causes an insulin spike, which increases cellular
phosphate uptake)

Respiratory alkalosis
Catecholamines (epinephrine, albuterol, dopamine)
Net bone formation
Post-parathyroidectomy
Osteoblastic metastases

— Impaired intestinal phosphate absorption
Malnutrition
Aluminum containing antacids
Chronic diarrhea
NGT suction
Malabsorption

— Extreme catabolic states
Burns
Trauma
Sepsis

— Renal losses
Excess PTH or PTHrP
Diuretics
Intrinsic renal disease

Fanconi Syndrome

— Hyperthermia/rewarming
Heavy metal poisoning
Amyloidosis
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hypophosphatemia is less than 1 %, whereas mild
or moderate hypophosphatemia occurs in 2-5 %
of these patients [98].

Hypophosphatemia results in several clinical
manifestations. Neuromuscular symptoms vary
depending on the degree of phosphate depletion,
ranging from progressive lethargy, muscle weak-
ness and paresthesias to paralysis, coma, and
death. Confusion, profound weakness, paralysis,
seizures, and other major sequelae are usually lim
ited to those patients who have serum phosphate
concentrations lower than 0.8-1.0 mg/dL [ 99].
Rhabdomyolysis is observed within 2 days in
more than one third of patients whose serum phos-
phate concentrations fall to less than 2 mg/dL
[100]. Respiratory muscle weakness may prevent
successful weaning from mechanical ventilation
[101, 102]. Cardiac symptoms resulting from
profound hypophosphatemia include left ventricu-
lar dysfunction, heart failure, and ventricular
arrhythmias but may not be significant if the serum
phosphate concentration is greater than 1.5mg/dL
[103]. Hematologic derangements include acute
hemolytic anemia and leukocyte dysfunction.
Depletion requires electrolyte replacements via
enteric or intravenous routes. Severe depletion
warrants intravenous replacement. Replacements
should be carried out with caution in patients with
renal failure and hypercalcemia due to the risk of
metastatic calcifications.

Hyperphosphatemia refers to a serum phosphate
level greater than 4.5  mg/dL. Elevated phos-
phate levels result most often from acute or
chronic renal dysfunction in which the renal
tubules are unable to clear the daily phosphate
load despite maximal inhibition of phosphate
reabsorption in the remaining functional nephrons.
Cellular damage from rhabdomyolysis, tumor
lysis syndrome, hemolysis, and thyrotoxicosis
may also result in increased phosphate levels [104].
Iatrogenic causes include excess electrolyte cor-
rection, laxative use, and bisphosphonate therapy.

Hyperphosphatemia results in hypocalcemia
through three mechanisms: (1) precipitation of
calcium, (2) interfering with PTH levels, and (3)
decreasing vitamin D levels [105]. Hyperpho-
sphatemia, therefore, clinically presents as
hypocalcemia. Tetany, muscle cramps, paresthesias,
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and seizures may occur. Calcium phosphate
precipitation into soft tissues may cause organ
dysfunction, particularly renal failure.

Excess phosphate may be removed by increasing
urinary excretion with hydration and diuresis, acet-
azolamide being the most effective [ 106]. Dialysis
may be necessary in acute cases. Patients with
chronic renal failure may require oral phosphate
binders to prevent hyperphosphatemia. Enteral
nutrition should also be modified to decrease the
phosphate load when feasible. In the acute care
setting, increased dietary protein requirements may
prevent phosphate load reduction.
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General Principles

Physiologic Basis for Acid—Base
Disorders and Their Compensation

Normal blood pH is maintained in a very narrow
range, between 7.37 and 7.43. Changes seen in
pH are a reflection of an inverse change in hydro-
gen ion (H*) concentration. By formula, pH is a
negative logarithm of H*:

pH =-log,, [H*J

As such, at a blood pH of 7.40, there are
40 nEq/L of H*. Factors that increase H* concen-
tration, and reduce pH, or decrease H* concentra-
tion, and increase pH, are called acidosis and
alkalosis respectively. An increase in H* and
decrease in pH is called acidemia whereas a
decrease in H* and increase in pH is called
alkalemia.
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Calculation of pH is performed by using the
Henderson—Hasselbach Formula, which uses
measurable quantities of CO, and HCO;:
pH=pK,+log (base/acid) or pH=pK,+log
[HCO;7]/[H,CO,]. As H,CO, is not measured, the
proportionality constant between P, and
[H,CO,], 0.03, is utilized to give us:

pH = pK, +log[ HCO, ™ |/[0.03xP, ]|

pK., the value describing the ratio of concen-
trations between buffer acids and buffer bases,
for the HCO,/CO, buffer system is 6.1. As this is
the most important buffering system in the human
body, it is the one that is characteristically used.

Nonlogarithmically, this can be expressed as
the formula: [H+]=24x P, /[HCO;57].

Chemical Buffering Systems

The body is able to maintain an arterial pH in a
very narrow range due to intracellular and extra-
cellular mechanisms that are able to correct for
large physiologic perturbations (Fig. 3.1). The
most common mechanisms for compensation of
pH abnormalities is through the respiratory and
renal systems which alter carbon dioxide (CO,)
and bicarbonate (HCO;") resorption and excretion.
Carbon dioxide, a volatile acid, is a byproduct of
cellular aerobic respiration that combines with
water to form carbonic acid (H,CO;) which can
be catalyzed by carbonic anhydrase to produce
protons (H*) and bicarbonate (HCO3").
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Fig. 3.1 The relation between the plasma hydrogen ion
concentration ([H*]) and the pH of the blood (pH=-
log,o[H']) (Modified from [136])

CO, +H,0 <> H,CO, <> H" +HCO,"

Nonvolatile acids can be produced from pro-
tein catabolism as seen with sulfuric acid
(H,SO,), phospholipid breakdown as seen with
phosphoric acid (H;PO,), as a byproduct of
anaerobic respiration as is the case with lactic
acid, or as a result of a disease process such as
that seen with ketoacid production in patients
with diabetes.

Buffering solutions, weak acids or bases and
their conjugate bases and acids, respectively, are
the first line of defense against significant changes
in the pH. These can be found, both in extracel-
lular fluid, or within cells themselves. Most com-
mon extracellular buffers include the bicarbonate
and carbon dioxide system described above.
Other buffering systems, such as Phosphates,
Intracellular Proteins, and Hemoglobin, also
exist but have a less profound impact upon the
maintenance of pH.

Physiologic Determinants
of Acid-Base Maintenance

Both the respiratory and renal systems control
the concentrations of bicarbonate and carbon

S. Agarwal and A.E. Liepert

dioxide in the body to maintain a stable pH; the
lungs acting largely acutely and the kidneys in a
more chronic manner (Fig. 3.2).

Renal System

Plasma flows to the kidneys at a rate of approxi-
mately 600 mL/min. The glomeruli filter the
plasma, producing filtrate at a rate of 120 mL/min.
The filtrate, in turn, is processed by reabsorption
and secretion mechanisms in the tubular cells
along which it passes on its way to the ureters.
Normally, more than 99 % of the filtrate is reab-
sorbed and returned to the plasma. Thus, the kid-
ney can excrete only a very small amount of
strong ions into the urine each minute, which
means that several minutes to hours are required
to make a significant impact on the total body
acid—base status.

The handling of strong ions by the kidney is
extremely important because every chloride ion
that is filtered but not reabsorbed increases the
plasma strong ion difference (SID). The human
diet typically contains similar ratios of strong
cations to strong anions. The body’s multiple
buffering systems act to preserve overall acid—
base neutrality due to the effects of diet.
Ultimately the primary regulating mechanism is
chloride exchange via the renal system to eliminate
any excess ingested non-metabolizable acid.
However, the contribution of acid or alkali that
the diet provides is a mere fraction of the overall
acid—base capacity processed each day in the
human body. Given that renal Na* and K*
handling is influenced by other priorities (e.g.,
intravascular volume and plasma K* homeosta-
sis), it is logical that the kidney regulates excess
acid through management of C1~ balance.

Renal Reabsorption of Bicarbonate

and Excretion of Acid

The kidneys play a large role in the chronic main-
tenance of blood pH through the regulation of
bicarbonate concentration and acid removal.
Maintenance of a bicarbonate level of 25 mEq/L
requires reabsorption of the majority of the fil-
tered bicarbonate, most of which occurs in the
proximal tubule through active and passive
mechanisms (Fig. 3.3).
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Fig.3.2 Systematic contributions to acid—base balance (Modified from [136])

Acid excretion from the kidneys occurs in the
proximal and distal collecting tubules through an
active mechanism. This process may be inhibited
by urine pH of less than 4.5, but this mechanism
may be voided by the presence of urinary buffers
(Figs. 3.4 and 3.5). Ammonia is the most preva-
lent of these buffers. In conditions such as renal
insufficiency where ammonia is deficient, meta-
bolic acidosis may result. Ammonia production,
which occurs in the proximal tubule and collect-
ing tubule, is stimulated by acidemia and hypo-
kalemia and inhibited by alkalemia and
hyperkalemia (Fig. 3.6). Traditional approaches
to the question of renal acid handling have
focused on H* excretion, emphasizing the impor-
tance of ammonia (NH;) and its add-on cation,
ammonium (NH,*). However, H* excretion actu-
ally is irrelevant as water provides an essentially
infinite source of free H*. Indeed, the kidney does
not excrete H* to any greater degree in the form

of NH," than in the form of H,O. The purpose of
renal ammoniagenesis is to allow the excretion of
CI~ without Na* or K. This purpose is achieved
by supplying a weak cation (NH4*) that is
excreted along with CI™. The mechanisms of RTA
are currently being reinterpreted by some authors
in the light of a growing body of evidence show-
ing that abnormal chloride conductance, rather
than H* or HCO;™ handling, is responsible for
these disorders [1].

Kidney-Liver Interaction

The importance of NH," to systemic acid—base
balance, rests not on its carriage of H* or its direct
action in the plasma (normal plasma NH," con-
centration<0.01 mEqg/L) but on its excretion
with CI~. Of course, production of NH,* is not
restricted to the kidney. Hepatic ammoniagenesis
(as well as glutaminogenesis) is also important
for systemic acid—base balance and is also tightly
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Fig. 3.3 Proximal tubular bicarbonate reabsorption is
activated by the Na+, K*-ATPase pump in the peritubular
cell membrane. Exchanging peritubular K* for intracellu-
lar Na* keeps the intracellular [Na*] low, allowing Na* to
move down its concentration gradient from the tubular
lumen through the Na*—H* antiporter to the cell interior.
HCOs™ filtered across the glomerular capillaries combines
with secreted H* to form H,CO;. Rapid dissociation of
H,CO; to CO, and H,O in the presence of luminal car-
bonic anhydrase permits movement into the cell, where
redissociation occurs. Ultimately, the reabsorbed H* is
resecreted in exchange for Na*, and HCO;™ moves down
an electrical gradient from the cell interior to the peritubu-
lar space, where it is reabsorbed into the systemic circula-
tion (Modified from [136])

controlled by mechanisms sensitive to plasma pH
[2]. This reinterpretation of the role of NH,* in
acid—base balance is supported by the evidence
that hepatic glutaminogenesis is stimulated by
acidosis [3]. Metabolism of nitrogen by the liver
can yield urea, glutamine, or NH,*. Normally, the
liver releases only a very small amount of NH,*,
incorporating most of its nitrogen into either urea
or glutamine. Hepatocytes have enzymes to
enable them to produce either of these end prod-
ucts, and both allow regulation of plasma NH,* at
suitably low levels. At the level of the kidneys,
however, the production of urea or glutamine has
significantly different effects in that the kidneys
use glutamine to generate NH,* and facilitate the
excretion of CI~. Thus, production of glutamine
by the liver can be seen as having an alkalinizing

Fig. 3.4 All of the ammonia used to buffer urinary H* in
the collecting tubule is synthesized in the proximal convo-
luted tubule, and glutamine is assumed to be the main
source of this ammonia. As glutamine is metabolized,
a-ketoglutarate (a-KG) is formed, which ultimately
breaks down to bicarbonate, which is then secreted into
the peritubular fluid by an NA*~HCO, cotransporter
(Modified from [136])

effect on plasma pH because the kidneys use this
substance to excrete Cl™.

Further support for this scenario comes from
the discovery that hepatocytes are anatomically
organized according to their enzymatic content [4].
Hepatocytes with a propensity to produce urea are
positioned closer to the portal venule; those with a
propensity to produce glutamine are positioned
farther downstream. The upstream (urea-produc-
ing) hepatocytes have the first chance at the NH,*
delivered. However, acidosis inhibits ureagenesis,
thereby leaving more NH,* available for the down-
stream (glutamine-producing) hepatocytes. The
leftover NH,* is thus, in a sense, packaged as glu-
tamine for export to the kidney, where it is used to
facilitate Cl- excretion.

Gastrointestinal Tract

The GI tract is often not given the attention it
deserves as a component of acid-base balance. It
does however handle strong ions very differently
along its length. In the stomach, CI~ is pumped out
of the plasma and into the lumen, thereby reducing
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Fig.3.5 Secretion of H* from the cortical collecting tubule
is indirectly linked to Na* reabsorption. Intracellular potas-
sium is exchanged for sodium in the principal cells, whereas
H* is actively transported by an adenosine triphosphate
(ATPase) pump from the a-intercalated cells. Aldosterone
stimulates H* secretion by entering the principal cell, where
it opens NA* channels in the luminal membrane and
increases NA*, K*-ATPase activity. The movement of cat-
ionic Na* into the principal cells then creates a negative
charge within the tubular lumen. K* moves from the princi-
pal cells and H* from the a-intercalated cells down this
electrochemical gradient and into the lumen. (When K* is
depleted, principal cell K* secretion is reduced, and K*
reabsorption via an ATPase pump in the a-intercalated cell
is stimulated.) Aldosterone apparently also stimulates the
H*-ATPase directly in the intercalated cell, further enhanc-
ing H* secretion. HCO; is returned to the blood across the
peritubular membrane in exchange for CI~, thus maintain-
ing electroneutrality (Modified from [136])

the SID and the pH. Simultaneously, as the CI~ ion
is pumped into the lumen, HCO;™ is pumped in
the opposite direction into the plasma via an
exchanger. The SID is increased by the loss of CI~
and the pH rises, producing the so-called alkaline
tide that occurs at the beginning of a meal, when
gastric acid secretion is maximal [5].

In the duodenum, CI- is reabsorbed and the
plasma pH is restored. Normally, only slight
changes in plasma pH are evident because Cl is
returned to the circulation almost as soon as it is
removed. If, however, gastric secretions are
removed from the patient, whether by catheter
suctioning or vomiting, C1~ will be progressively
lost and the SID will steadily increase and acido-
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sis ensues. It is important to remember that it is
the loss of CI-, not of H*, that determines the
plasma pH. Although H* is lost as HCI, it is also
lost with every molecule of water removed from
the body. When CI-, a strong anion, is lost with-
out the corresponding loss of a strong cation, the
SID is increased, and, therefore, the plasma H*
concentration is decreased. When H* is lost as
water rather than as HCI, the SID does not
change; thus, the plasma H* concentration does
not change either.

The pancreas secretes fluid into the small
intestine that possesses an SID much higher than
the plasma SID and is very low in CI". Thus, the
plasma perfusing the pancreas has its SID
decreased, a phenomenon that peaks about 1 h
after a meal and helps counteract the alkaline
tide. If large amounts of pancreatic fluid are lost
(e.g., as a consequence of surgical drainage), the
resulting decrease in the plasma SID will lead to
acidosis.

In the large intestine, the intraluminal fluid
also has a high SID because most of the CI~ was
removed in the small intestine and the remaining
electrolytes consist mostly of Na* and K*.
Normally, the body reabsorbs much of the water
and electrolytes from this fluid, but when severe
diarrhea occurs, large amounts of cations may be
lost. If this cation loss persists, the plasma SID
will decrease and acidosis will result.

In addition to the acid-base effects of abnor-
mal loss of strong ions from the GI lumen, the
small intestine, may contribute strong ions to
the plasma. This contribution is most apparent
when mesenteric blood flow is compromised
and lactate is produced, sometimes in large
quantities. Although global hypoperfusion may
compromise the mesentery, the intestine does
not appear to be a source of lactic acid in patients
resuscitated from a septic state [6]. Moreover,
whether the GI tract is capable of regulating
strong ion uptake in a compensatory fashion has
not been well studied. There is some evidence
that the gut may modulate systemic acidosis in
experimental endotoxemia by removing anions
from the plasma [7]; however, the full capacity
of the gut to affect acid—base balance remains to
be determined.
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Fig. 3.6 The ammonia used to buffer urinary hydrogen
ions is synthesized in the proximal convoluted tubule. It
then diffuses into the proximal tubular lumen or can
become acidified within the cell, forming ammonium,
which can enter the tubular lumen by substituting for
hydrogen ions on the Na*—H* antiporter. Ammonium
flows through the thick ascending limb of the loop of
Henle, where it is transported from the tubule into the
medullary interstitium by replacing potassium on an

Respiratory Regulation of Carbon

Dioxide

Alveolar ventilation changes due to subtle
changes in pH through signals from respiratory
chemoreceptors in the midbrain. For example,

Na*—K*-2Cl transporter. In the interstitium, ammonium
dissociates to ammonia, which diffuses down its concen-
tration gradient into the lumen of the collecting tubule.
Here ammonia combines with secreted H* to form
ammonium; NH,* is then excreted as NH,Cl to maintain
electroneutrality. A bicarbonate molecule is regenerated
for each H* eliminated in the urine. ATPase Adenine tri-
phosphatase (Modified from [136])

when arterial pH decreases (acidemia), the acute
response is to increase alveolar ventilation (min-
ute ventilation is a product of respiratory rate and
tidal volume) to return the pH towards its set-
point (Fig. 3.7).
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Fig.3.7 Oxygen and carbon dioxide exchange between respiratory and circulatory systems. ATPase Adenine triphos-
phate (Modified from [136])
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Description and Classification
of Acid-Base Disorders

There are three widely accepted methods of
describing and classifying acid—base abnormal-
ities. Essentially, they differ from one another
only with the assessment of the metabolic com-
ponent of the abnormality. All three treat Py,
as an independent variable. The first method
quantifies the metabolic component by using
the bicarbonate ion (HCO;~) concentration (in
the context of P, ); the second, by using the
standard base excess (SBE); and the third, by
using the strong ion difference (SID). In prac-
tice, these three methods yield virtually identi-
cal results when used to quantify the acid—base
status of a given blood sample [1, 7-12]. Thus,
the only significant distinctions between the
methods are conceptual; related to how each
one approaches the understanding of the mech-
anism of the disorder [11-15]. In this chapter,
we emphasize the physicochemical determi-
nants of pH in the blood and the tissues utiliz-
ing the approach of the SID; however, it is a
simple matter to convert from one approach to
the other if desired [10]. Traditional techniques
of assessing acid-base status, relied largely in
the difference in anion gap. This usually results
in a similar assessment of acid-base derange-
ment, but may place an overemphasis on the
anion gap as they do not consider non-
bicarbonate buffers. This can lead to error in
clinical practice as the other components, such
as weak anion and cation, derangements may
be missed.

There are three mathematically independent
determinants of blood pH: (1) the SID, defined
as the difference in concentration between
strong cations (e.g., sodium [Na*] and potas-
sium [K*]) and strong anions (e.g., chloride
[CI] and lactate); (2) the (Atot), defined as the
total concentration of weak acids mainly con-
sisting of albumin and phosphate; and (3) P, .
These three variables, and only these three, can
independently affect plasma pH. The H* and
HCOs™ concentrations are dependent variables
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whose values in plasma are determined by the
SID, Atot, and Pco; Changes in the plasma H*
concentration occur as a result of changes in the
dissociation of water and Atot, brought about by
the electrochemical forces generated by changes
in the SID and P, . The SBE is mathematically
equivalent to the difference between the current
SID and the SID required restoring the pH to
7.4, given a P, of 40 mm Hg and the prevail-
ing Atot. Thus, an SBE of —10 mEqg/L means
that the SID is 10 mEq less than the value
required to achieve a pH of 7.4.

The essential element of this physicochemi-
cal approach is the emphasis on independent
and dependent variables. Only changes in the
independent variables can bring about changes
in the dependent variables. That is, movement
of H* or HCO;™ cannot affect plasma H* or
HCO;™ concentrations unless changes in the
SID, Atot, or PCOZ also occur. Several reviews
of this approach are available in the literature
[1, 9-20]. In what follows, we discuss the clin-
ical application of this approach to the diagno-
sis and treatment of individual acid-base
disorders.

Assessment of Acid-Base Balance

Acid-base homeostasis is defined by the plasma
pH and by the conditions of the acid—base pairs
that determine it. Normally, arterial plasma pH is
maintained between 7.35 and 7.45. Because
blood plasma is an aqueous solution containing
volatile acids (e.g., CO,) and fixed acids, its pH
is determined by the net effects of all these com-
ponents on the dissociation of water. The deter-
minants of blood pH can be grouped into two
broad categories, respiratory and metabolic.
Respiratory acid—base disorders are disorders of
P, ; metabolic acid—base disorders comprise all
other conditions affecting pH, including disor-
ders of both weak acids and strong acids (organic
and inorganic) and bases. Any of the following
indicators serves to identify an acid-base
disorder:
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Table 3.1 Acid-base disorder subtypes
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Physicochemical parameter

Disorder HCOs™ concentration (mEq/L) Pco2 (mm Hg) SBE (mEq/L)
Metabolic acidosis <22 =(1.5xHCO;)+8 <=5
=40+SBE
Metabolic alkalosis >26 =(0.7xHCO;)+21 >+5
=40+(0.6xSBE)
Acute respiratory acidosis _ [(P 40 )/10} 24 >45 =0
co,
Chronic respiratory acidosis _ |:(Pc0 _40 )] /3424 >45 —04x (Pco _ 40)
Acute respiratory alkalosis — 24— [( 40—P ) / 5] <35 =0
= co,
Chronic respiratory alkalosis —o4 [<40 P )/2} <35 -0 4><(P _40 )
=0T ~Yco, - co,
1. An abnormal arterial blood pH (pH<7.35 ongoing cellular metabolism. Accordingly,

signifies  acidemia;
alkalemia)

2. An arterial carbon dioxide tension (P, ) that
is outside the normal range (35-45 mm Hg)

3. A plasma HCO;™ concentration that is outside
the normal range (22-26 mEq/L).

4. An arterial SBE that is either abnormally high
(g3 mEq/L) or abnormally low (f-3 mEq/L)
Once identified, an acid—base disorder can

be classified according to a simple set of rules
(Table 3.1). A disorder that does not fit well
into the broad categories established by these
rules can be considered a mixed (or complex)
disorder. Some of the basic categories can be
further divided into various subcategories (see
below), but before the issue of classification is
addressed in detail, three general caveats must
be considered.

First, interpretation of arterial blood gas val-
ues and blood chemistries depends on the reli-
ability of the data. Advances in clinical chemistry
have improved the sensitivity of instruments used
to measure electrolyte concentrations (e.g., ion-
specific electrodes) and have greatly enhanced
the speed and ease of analysis. Inevitably, however,
prolonged exposure to the atmosphere results in a
lowering of the P, , and over time, there may be

pH>7.45 signifies

0,

prompt measurement is always advisable. Even
with prompt measurement, laboratory errors may
occur, and information may be incorrectly
reported. Samples drawn from indwelling lines
may be diluted by fluid or drug infusions
(a notorious source of error). When the situation
is confusing, it is usually best to repeat the
measurement.

Second, interpretation of arterial blood gas
values may be problematic in patients with severe
hypothermia (e.g., trauma patients undergoing
damage-control interventions, who often are
severely hypothermic and sometimes experience
severe acidosis), in that the findings may not
reflect the actual blood gas values present.
Because blood samples are “normalized” to a
temperature of 37 °C before undergoing analysis,
the results obtained in samples from a patient
whose body temperature is significantly lower
than 37 °C (98.6 °F) may not be sufficiently
accurate. To obviate this potential problem, the
results may have to be adjusted to take the
patient’s actual temperature into account. At
present, however, such temperature correction is
not routinely done, and there has been some con-
troversy regarding whether it has real clinical
value [21, 22].
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Third, whereas the aforementioned four indi-
cators are useful for identifying an acid—base dis-
order, the absence of all four does not exclude a
mixed acid-base disorder (i.e., alkalosis plus aci-
dosis) in which the two components are com-
pletely matched. This, however, is rare. Apart
from distinguishing a respiratory acid-base dis-
order from a metabolic acid—base disorder, the
four indicators and the rules previously men-
tioned (Table 3.1) provide no information on the
mechanism of an acid-base disorder.

Metabolic Acid-Base Disorders

Metabolic acid-base derangements are produced
by a significantly greater number of underlying
disorders than respiratory disorders and are almost
always more difficult to treat. Traditionally, meta-
bolic acidoses and alkaloses are categorized
according to the ions that are responsible (e.g., lac-
tic acidosis and chloride-responsive alkalosis).

It is important to recognize that metabolic aci-
dosis is caused by a decrease in the SID, which
produces an electrochemical force that acts to
increase the free H* concentration. A decrease in
the SID may be brought about by the generation of
organic anions (e.g., lactate and ketones), by the
loss of cations (as with diarrhea), by the mishan-
dling of ions (as with renal tubular acidosis [RTA]),
or by the addition of exogenous anions (as with
iatrogenic acidosis or poisoning). In contrast, met-
abolic alkalosis is caused by an inappropriately
large SID (although it may be possible for the SID
to be inappropriately large without exceeding the
normal range of 4042 mEq/L). An increase in the
SID may be brought about by the loss of more
strong anions than strong cations (as with vomit-
ing or diuretic therapy) or, in rare instances, by the
administration of more strong cations than strong
anions (as with transfusion of large volumes of
banked blood containing sodium citrate).

Because metabolic acid-base disorders are
caused by changes in the SID, their treatment
necessarily involves normalization of the
SID. Metabolic acidoses is corrected by increas-
ing the plasma Na* concentration more than the
plasma CI- concentration (e.g., by administering
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NaHCOs), and metabolic alkaloses are corrected
by replacing lost Cl- (e.g., by giving sodium
chloride [NaCl], potassium chloride [KCI], or
even hydrochloric acid [HCI]). So-called
chloride-resistant metabolic alkalosis (see sec-
tions ‘“Metabolic Alkalosis” and “Chloride-
Resistant Alkalosis”) are resistant to chloride
administration only because of ongoing renal CI~
loss that increases in response to increased CI~
replacement (as with hyperaldosteronism).

Metabolic Acidoses
Pathophysiology

Disorders of metabolic acid—base balance occur
in one of three ways: (1) of a dysfunction of the
primary regulating organs, (2) exogenous admin-
istration of drugs or fluids or (3) abnormal metab-
olism that overwhelms the normal defense
mechanisms. As mentioned before, the organ
systems responsible for regulating the SID in
both health and disease are the renal system and,
to a lesser extent, the GI tract.

Effect of Acidosis

Anion Gap Acidoses

Determination of Anion Gap

The AG has been used by clinicians for more
than 30 years and has evolved into a major tool
for evaluating acid-base disorders [23]. It is
calculated—or, rather, estimated—from the dif-
ference between the routinely measured concen-
trations of serum cations (Na* and K*) and the
routinely measured concentrations of anions
(Cl~ and HCO;"). Normally, albumin accounts for
the bulk of this difference, with phosphate playing
a lesser role. Sulfate and lactate also contribute
a small amount to the gap (normally, <2 mEq/L);
however, there are also unmeasured cations (e.g.,
Ca?* and Mg?), which tend to offset the effects of
sulfate and lactate except when the concentration
of either one is abnormally increased. Plasma
proteins other than albumin can be either posi-
tively or negatively charged, but in the aggregate,
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they tend to be electrically neutral [24], except in
rare cases of abnormal paraproteins (as in multi-
ple myeloma). In practice, the AG is calculated as
follows:

AG =(Na" +K")~(Cl" +HCO;")

Because of its low extracellular concentration,
K* is often omitted from the calculation. In most
laboratories, normal values fall into the range of
12P4 mEqg/L (if K* is considered) or 8P4 mEq/L
(if K* is not considered). In the past few years,
the introduction of more accurate methods of
measuring C1~ concentration has led to a general
lowering of the normal AG range [25, 26].
Because of the various measurement techniques
employed at various institutions, however, each
institution is expected to report its own normal
AG values.

Clinical Utility of Anion Gap
The primary value of the AG is that it quickly and
easily limits the differential diagnosis in a patient
with metabolic acidosis. When the AG is
increased, the explanation is almost invariably
one of the following five disorders: ketosis, lactic
acidosis, poisoning, renal failure, and sepsis [27].
In addition to these disorders, however, there
are several conditions that can alter the accuracy
of AG estimation and are particularly frequent in
critical illness [28, 29]. Dehydration increases
the concentrations of all of the ions. Severe hypo-
albuminemia lowers the AG, with each 1 g/dL
decline in the serum albumin reducing the appar-
ent AG by 2.5-3 mEq/L; accordingly, some rec-
ommend adjusting the AG for the prevailing
albumin concentration [30]. Alkalosis (respira-
tory or metabolic) is associated with an increase
of as much as 3—10 mEq/L in the apparent AG as
a consequence of enhanced lactate production
(from stimulated phosphofructokinase enzymatic
activity), reduction in the concentration of ion-
ized weak acids (A") (as opposed to Atot, the
total concentration of weak acids), and, possibly,
the additional effect of dehydration (which, as
noted, has its own impact on AG calculation). A
low Mg?* concentration with associated low K*
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and Ca?*" concentrations is a known cause of an
increased AG, as is the administration of sodium
salts of poorly reabsorbable anions (e.g., f-lactam
antibiotics) [31]. Certain parenteral nutrition for-
mulations (e.g., those containing acetate) may
increase the AG. In rare cases, citrate may have
the same effect in the setting of multiple blood
transfusions, particularly if massive doses of
banked blood are used (as during liver transplan-
tation) [32]. None of these rare causes, however,
will increase the AG significantly [33], and they
usually are easily identified.

In the past few years, some additional causes
of an increased AG have been reported. The non-
ketotic hyperosmolar state of diabetes has been
associated with an increased AG that remains
unexplained [34]. Unmeasured anions have been
reported in the blood of patients with sepsis [35, 36],
patients with liver disease [37, 38], and experi-
mental animals that received endotoxin [39].
These anions may be the source of much of the
unexplained acidosis seen in patients with critical
illness [40].

The accepted clinical utility of the AG not-
withstanding, doubt has been cast on its diagnos-
tic value in certain situations [28, 36]. Some
investigators have found routine reliance on the
AG to be “fraught with numerous pitfalls” [28].
The primary problem with the AG is its reliance
on the use of a supposedly normal range pro-
duced by albumin and, to a lesser extent, phos-
phate. Concentrations of albumin and phosphate
may be grossly abnormal in patients with critical
illness, and these abnormalities may change the
normal AG range in this setting. Moreover,
because these anions are not strong anions, their
charge is altered by changes in pH. These con-
cerns have led some authors to advocate adjust-
ing the normal AG range on the basis of the
patient’s albumin [30] or even phosphate [11]
concentration. Each 1 g/dL of albumin carries a
charge of 2.8 mEq/L at a pH of 7.4 (2.3 mEq/L,
pH=7.0; 3.0 mEq/L, pH=7.6), and each 1 mg/dL
of phosphate carries a charge of 0.59 mEq/L at a
pH of 7.4 (0.55 mEq/L, pH=7.0; 0.61 mEq/L,
pH=7.6). Thus, the normal AG for a given patient
can be conveniently estimated as follows [14]:
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Normal AG =2 (albumin|g/dL])
+0.5 (phosphate [mg / dL])

or, in international units,

Normal AG = 0.2 (albumin[g/L])
+1.5 (phosphate [mmol / L])

In one study, when this formula for calculat-
ing a patient-specific normal AG range was used
to determine the presence of unmeasured anions
in the blood of critically ill patients, its accuracy
was 96 %, compared with an accuracy of 33 %
with the routine AG (normal range=12 mEq/L)
[14]. This technique should be employed only
when the pH is less than 7.35; even in this situa-
tion, it is accurate only within 5 mEq/L. When
more accuracy is needed, a slightly more compli-
cated method of estimating unmeasured anions is
required [37, 41].

Strong lon Gap

An alternative to relying on the traditional AG is
to use a parameter derived from the SID. By defi-
nition, the SID must be equal and opposite to the
sum of the negative charges contributed by A~
and total CO,. This latter value (A~+total CO,)
has been termed the effective strong ion differ-
ence (SIDe) [34]. The apparent strong ion
difference (SIDa) is obtained by measuring con-
centrations of each individual ion. The SIDa and
the SIDe should both equal the true SID. If the
SIDa differs from the SIDe, unmeasured ions
must be present. If the SIDa is greater than the
SIDe, these unmeasured ions are anions; if the SIDa
is less than the SIDe, they are cations. The differ-
ence between the SIDa and the SIDe has been
termed the strong ion gap (SIG) to distinguish it
from the AG [37]. Unlike the AG, the SIG is nor-
mally O and is not affected by changes in the pH
or the albumin concentration. SIG has been
shown to have prognostic value in the setting of
trauma-related shock. In a study performed in 78
trauma patients, SIG measured early in the course
of shock predicted mortality better than any other
parameter, including AG, anion gap corrected
(AGc), SBE, pH, and lactate with an area under
the curve (AUC) of 0.96 [42].
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Lactic Acidosis

In many forms of critical illness, lactate is the
most important cause of metabolic acidosis [43].
Lactate concentrations have been shown to cor-
relate with outcomes in patients with hemor-
rhagic [44] and septic shock [45]. Traditionally,
lactic acid has been viewed as the predominant
source of the metabolic acidosis that occurs in
sepsis [46]. In this view, lactic acid is released
primarily from the musculature and the gut as a
consequence of tissue hypoxia, and the amount
of lactate produced is believed to correlate with
the total oxygen debt, the magnitude of hypo-
perfusion, and the severity of shock [43]. This
view has been challenged by the observation
that during sepsis, even in profound shock, rest-
ing muscle does not produce lactate. Indeed,
various studies have shown that the musculature
may actually consume lactate during endotox-
emia [6, 47, 48].

The data on lactate release by the gut are less
clear. There is little question that the gut can release
lactate if it is underperfused. It appears, however,
that if the gut is adequately perfused, it does not
release lactate during sepsis. Under such conditions,
the mesentery either is neutral with respect to lac-
tate release or takes up lactate [6, 47]. Perfusion is
likely to be a major determinant of mesenteric lac-
tate metabolism. In a canine model of sepsis induced
by infusion of endotoxin, production of lactate by
the gut could not be demonstrated when flow was
maintained with dopexamine [48].

Both animal studies and human studies have
shown that the lung may be a prominent source of
lactate in the setting of acute lung injury [6, 49-52].
These studies do not address the underlying
pathophysiologic mechanisms of hyperlactatemia
in sepsis, but they do suggest that the conventional
wisdom regarding lactate as evidence of tissue
dysoxia is, at best, an oversimplification [53].
Indeed, many investigators have begun to offer
alternative explanations for the development of
hyperlactatemia in this setting [50, 53-57]. One
proposed mechanism is metabolic dysfunction
from mitochondrial enzymatic derangements,
which can and do lead to lactic acidosis. In par-
ticular, pyruvate dehydrogenase (PDH), the
enzyme responsible for moving pyruvate into the
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Krebs cycle, is inhibited by endotoxin [58].
Current data, however, suggest that increased aer-
obic metabolism may be more important than
metabolic defects or anaerobic metabolism. In a
1996 study, production of glucose and pyruvate
and oxidation were increased in patients with sep-
sis [59]. Furthermore, when PDH was stimulated
by dichloroacetate, there was an additional
increase in oxygen consumption but a decrease in
glucose and pyruvate production. These results
suggest that hyperlactatemia in sepsis occurs as a
consequence of increased aerobic metabolism
rather than of tissue hypoxia or PDH inhibition.

Such findings are consistent with the known
metabolic effects of lactate production on cellular
bioenergetics [51]. Lactate production alters
cytosolic, and hence mitochondrial, redox states,
so that the increased ratio of reduced nicotin-
amide adenine dinucleotide to nicotinamide ade-
nine dinucleotide (NADH/NAD) supports
oxidative phosphorylation as the dominant source
of ATP production. Finally, the use of catechol-
amines, especially epinephrine, also results in
lactic acidosis, presumably by stimulating cellu-
lar metabolism (e.g., increasing hepatic glycoly-
sis), and may be a common source of lactic
acidosis in the ICU [52, 60]. It is noteworthy that
this phenomenon does not appear to occur with
either dobutamine or norepinephrine [61] and
does not appear to be related to decreased tissue
perfusion.

Although the source and interpretation of lac-
tic acidosis in critically ill patients remain contro-
versial, there is no question about the ability of
lactate accumulation to produce acidemia.
Lactate is a strong ion because at a pH within the
physiologic range, it is almost completely disso-
ciated. (The pK of lactate is 3.9; at a pH of 7.4,
3,162 ions are dissociated for every one ion that
is not.) Because lactate is rapidly produced and
disposed of by the body, it functions as one of the
most dynamic components of the SID. Therefore,
a rise in the concentration of lactic acid can pro-
duce significant acidemia. Just as often, however,
critically ill patients have a degree of hyperlacta-
temia that far exceeds the degree of acidosis
observed. In fact, hyperlactatemia may exist
without any metabolic acidosis at all. This is not
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because acid generation is separate from lactate
production (e.g., through “unreversed ATP
hydrolysis”), as some have suggested [61].
Phosphate is a weak acid and does not contribute
substantially to metabolic acidosis, even under
extreme circumstances. Furthermore, the H* con-
centration is determined not by how much H* is
produced or removed from the plasma but by
changes in the dissociation of water and weak
acids. Virtually anywhere in the body, the pH is
higher than 6.0, and lactate behaves as a strong
ion. Generation of lactate reduces the SID and
results in an increased H* concentration; how-
ever, the plasma lactate concentration may also
be increased without an accompanying increase
in the H* concentration.

There are two possible explanations for these
observations. First, if lactate is added to the
plasma, not as lactic acid but rather as the salt of
a strong acid (e.g., sodium lactate), the SID will
not change significantly, because a strong cation
(Na*) is being added along with a strong anion.
Indeed, as lactate is metabolized and removed,
the remaining Na* will increase the SID, result-
ing in metabolic alkalosis. Hence, it would be
possible to give enough lactate to increase the
plasma lactate concentration without increasing
the H* concentration. However, given that normal
metabolism results in the turnover of approxi-
mately 1,500—4,500 mmol of lactic acid each
day, rapid infusion of a very large amount of lac-
tate would be required to bring about an appre-
ciableincrease in the plasma lactate concentration.
For example, the use of lactate-based hemofiltra-
tion fluid may result in hyperlactatemia with an
increased plasma HCO;~ concentration and an
elevated pH.

A more important mechanism whereby hyper-
lactatemia can exist without acidemia (or with
less acidemia than expected) involves correction
of the SID by the elimination of another strong
anion from the plasma. In a study of sustained
lactic acidosis induced by lactic acid infusion,
CI~ was found to move out of the plasma space,
thereby normalizing the pH [62]. Under these
conditions, hyperlactatemia may persist, but
compensatory mechanisms may normalize the
base excess and thus restore the SID.



54

Traditionally, lactic acidosis has been subdi-
vided into type A, in which the mechanism is tis-
sue hypoxia, and type B, in which there is no
hypoxia [63]. This distinction may, however, be an
artificial one. Disorders such as sepsis may be
associated with lactic acidosis through a variety of
mechanisms some conventionally labeled type A
and others type B. A potentially useful method of
distinguishing between anaerobically produced
lactate and lactate from other sources is to measure
the serum pyruvate concentration. The normal
lactate-to-pyruvate ratio is 10:1 [64], with ratios
greater than 25:1 considered to be evidence of
anaerobic metabolism [57]. This approach makes
biochemical sense because pyruvate is shunted
into lactate during anaerobic metabolism, dramati-
cally increasing the lactate-to-pyruvate ratio.
However, the precise test characteristics, including
normal ranges and sensitivity and specificity data,
have not yet been defined for patients. Accordingly,
this method remains investigational.

Treatment of lactic acidosis continues to be a
subject to debate. At present, the only noncontro-
versial approach is to treat the underlying cause;
however, this approach assumes that the underly-
ing cause can be identified with a significant
degree of certainty, which is not always the case.
The assumption that hypoperfusion is always the
most likely cause has been seriously challenged,
especially in well-resuscitated patients (see
above). Thus, therapy aimed at increasing oxygen
delivery may not be effective. Indeed, if epineph-
rine is used, lactic acidosis may worsen.

The vast majority of acidosis due to lactate are
caused by the L-isomer. The p-isomer of lactate
may also cause an acidosis, but this is not detected
by normal lactate analysis and must be requested
as a separate test. This is typically only seen in
patients with abnormal bowel anatomy which
allows for bacterial overgrowth [65].

Sodium Bicarbonate

Administration of NaHCO; to treat lactic acido-
sis remains unproven [66]. In perhaps the most
widely quoted study on this topic, hypoxic lactic
acidosis was induced in anesthetized dogs by
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ventilating them with gas containing very little
oxygen [67]. These animals were then assigned
to treatment with NaHCO; or placebo, and, sur-
prisingly, the group receiving NaHCO; actually
had higher plasma concentrations of both lactate
and H* than the control group did. Furthermore,
the NaHCO;-treated animals exhibited decreases
in cardiac output and blood pressure that were
not seen in the control group. One possible expla-
nation for these findings is that the HCO;~ was
converted to CO,, and this conversion raised the
Pe,, not only in the blood but also inside the
cells of these animals with a fixed minute ventila-
tion; the resulting intracellular acidosis might
have been detrimental to myocardial function.
This hypothesis has not, however, been supported
by subsequent experimental studies, which have
not documented paradoxical intracellular acido-
sis or even detrimental hemodynamic effects
after NaHCO; treatment of hypoxic lactic acido-
sis [68]. Furthermore, it is not clear how this type
of hypoxic lactic acidosis, induced in well-
perfused animals, relates to the clinical condi-
tions in which lactic acidosis occurs. The results
of clinical studies have been mixed, but, overall,
they do not support the use of NaHCO; therapy
for lactic acidosis [66].

Ketoacidosis

Another common cause of a metabolic acidosis
with a positive AG is excessive production of
ketone bodies, including acetone, acetoacetate,
and P-hydroxybutyrate. Both acetoacetate and
B-hydroxybutyrate are strong anions (pK 3.8 and
4.8, respectively) [69]. Their presence, like the
presence of lactate, decreases the SID and
increases the H* concentration.

Ketones are formed through beta oxidation of
fatty acids, a process that is inhibited by insulin.
In insulin-deficient states (e.g., diabetes), ketone
formation may quickly get out of control. The
reason is that severely elevated blood glucose
concentrations produce an osmotic diuresis that
may lead to volume contraction. This state is
associated with elevated cortisol and catechol-
amine secretion, which further stimulates free
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fatty acid production [70]. In addition, an
increased glucagon level relative to the insulin
level leads to a decreased malonyl coenzyme A
level and an increased carnitine palmityl acyl
transferase level—a combination that increases
ketogenesis.

Ketoacidosis may be classified as either dia-
betic ketoacidosis (DKA) or alcoholic ketoacido-
sis (AKA). The diagnosis is established by
measuring serum ketone levels. It must be kept in
mind, however, that the nitroprusside reaction
measures only acetone and acetoacetate, not
B-hydroxybutyrate. Thus, the measured ketosis is
dependent on the ratio of acetoacetate to
B-hydroxybutyrate. This ratio is low when lactic
acidosis coexists with ketoacidosis because the
reduced redox state characteristic of lactic acido-
sis favors production of B-hydroxybutyrate [71].
In such circumstances, therefore, the apparent
degree of ketosis is small relative to the degree of
acidosis and the elevation of the AG. There is
also a risk of confusion during treatment of keto-
acidosis in that ketone levels, as measured by the
nitroprusside reaction, sometimes rise even
though the acidosis is resolving. This occurs
because the nitroprusside reaction does not detect
B-hydroxybutyrate, and as p-hydroxybutyrate is
cleared, ketosis persists despite improvement in
acid-base balance. Furthermore, conversion of
B-hydroxybutyrate to acetoacetate may cause an
apparent increase in ketone levels—again,
because the nitroprusside reaction detects the ris-
ing levels of acetoacetate but misses the falling
levels of p-hydroxybutyrate. Hence, it is better to
monitor the success of therapy by measuring the
pH and the AG than by assaying serum ketones.

Treatment of DKA includes administration of
insulin and large amounts of fluid (0.9 % saline is
usually recommended); potassium replacement
is often required as well. Fluid resuscitation
reverses the hormonal stimuli for ketone body
formation, and insulin allows the metabolism of
ketones and glucose. Administration of NaHCO;
may produce a more rapid rise in the pH by
increasing the SID, but there is little evidence
that this result is desirable. Furthermore, to the
extent that the SID is increased by increasing the
plasma Na* concentration, the SID will be too
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high once the ketosis is cleared, thus resulting in
a so-called overshoot alkalosis. In any case, such
measures are rarely necessary and should proba-
bly be avoided except in extreme cases [72].

A more common problem in the treatment of
DKA is the persistence of acidemia after the
ketosis has resolved. This hyperchloremic meta-
bolic acidosis occurs as Cl~ replaces ketoacids,
thus maintaining a decreased SID and pH. There
appear to be two reasons for this phenomenon.
First, exogenous CI is often provided in the form
of 0.9 % saline, which, if given in large enough
quantities, will result in a so-called dilutional aci-
dosis (see below). Second, some degree of
increased Cl- reabsorption apparently occurs as
ketones are excreted in the urine. It has also been
suggested that the increased tubular Na* load pro-
duces electrical-chemical forces that favor CI
reabsorption [73].

AKA is usually less severe than DKA. It typi-
cally is the result of patients, who suffer from
chronic alcoholism, discontinuing solid food
while continuing to consume alcohol. This syn-
drome occurs when the alcohol consumption is
acutely discontinued. These patients typically
present with a history of vomiting and acute
abdominal pain which has forced them to stop
drinking. Treatment consists of administration of
fluids and (in contrast to treatment of DKA) glu-
cose rather than insulin [74]. Insulin is contrain-
dicated in AKA patients because it may cause
precipitous hypoglycemia [75]. Thiamine must
also be given to keep from precipitating Wernicke
encephalopathy.

Acidosis Secondary to Toxin Ingestion
Metabolic acidosis with an increased AG is a
major feature of various types of intoxication
(Table 3.2). Generally, it is more important to
recognize these conditions and provide specific
therapy for them than it is to treat the acid—base
imbalances that they produce.

Salicylates

Toxic ingestion of salicylates in adults typically
presents with respiratory alkalosis, mixed meta-
bolic acidosis-respiratory alkalosis, or a pure
metabolic acidosis. Often, the anion gap that is
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Table 3.2 Anion gap acidosis causes

Methanol

Uremia

Diabetic ketoacidosis
Paraldehydes

Isoniazid (or Idiopathic)
Lactic acidosis
Ethylene glycol
Salicylates

seen in these patients is due to lactic acid rather
than from the salicylates directly. Treatment is
focused initially upon removing the offending
agent by performing gastric lavage with normal
saline and subsequently attempting to deactivate
the salicylate with charcoal. Refractory acidosis
and toxicity is treated with aggressive hydration
and subsequent alkalinization of the urine with
NaHCO;. Hemodialysis may be necessary for
severe poisoning [76].

Alcohols

When serum osmolality as measured by P,=
2xNa*+Glucose/18 + BUN/2.8 is elevated, the
cause is usually a decreased serum sodium as
seen with hyperlipidemia or hyperproteinemia,
or additional osmolytes in the blood, such as
mannitol, contrast, or an alcohol, are causing
the osmolar gap. Along with clinical presenta-
tion and history, this simple test can help to con-
firm alcohol toxicity as the cause of metabolic
acidosis [77].

Ethylene Glycol

Antifreeze ingestion may present as a patient
who appears intoxicated but with an atypical
sweet oral odor. Over time, these patients may
progress to having severe neurological impair-
ments, including seizures or coma. Treatment
should not be delayed for laboratory confirma-
tion and includes: aggressive volume resuscita-
tion, ethanol ingestion, thiamine and pyridoxine
supplementation, oral or intravenous ethanol,
and, if necessary, hemodialysis. Fomepizole, an
alcohol dehydrogenase inhibitor, may be a better
choice than ethanol as it is dialyzable, titratable
and has a predictable rate of elimination [78].
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Methanol

The acidemia caused by methanol may be related
to the production of lactate as well as from the
intoxicant itself. Without rapid treatment, similar
as that for ethylene glycol, CNS toxicity and
optic nerve damage, specifically, may occur.

Isopropyl Alcohol

Intoxication with isopropyl alcohol may be the
result of ingestion or excessive absorption
through the skin. Although it and its metabolite,
acetone, may cause an osmolar gap; they do not
typically cause a metabolic acidosis. Treatment
is centered around symptomatic control; how-
ever, if lactic acidosis or cardiovascular collapse
ensue, hemodialysis may be necessary in severe
cases [77].

Renal Failure

Renal failure may produce a hyperchloremic meta-
bolic acidosis, especially when it is chronic, the
buildup of sulfates and other acids frequently
increases the AG; however, the increase usually is
not large [79]. Uncomplicated renal failure rarely
produces severe acidosis, except when it is accom-
panied by high rates of acid generation (e.g., from
hypermetabolism) [80]. In all cases, the SID is
decreased and will remain unchanged until therapy
is provided. An observational study on 64 mainte-
nance hemodialysis patients and 14 control subjects
showed that acidosis was secondary to three causes:
hyperphosphatemia, hyperchloremia, and increased
unmeasured anions [81]. Hyperchloremia and the
accumulation of unmeasured anions accounted for
similar acidifying effects and for almost 90 % of
the acidosis in this type of patient. Hemodialysis
permits the removal of sulfate and other ions and
allows the restoration of normal Na* and CI~ bal-
ance, thus returning the SID to a normal (or near-
normal) value. However, those patients who do not
yet require dialysis and those who are between
treatments often require some other therapy aimed
at increasing the SID. NaHCO; may be used for
this purpose, provided that the plasma Na* concen-
tration is not already elevated.
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Acidosis Secondary to Rhabdomyolysis

The extensive muscle tissue breakdown associated
with myonecrosis may also be a source of positive-
AG metabolic acidosis. The acidosis results from
accumulation of organic acids, but the myoglobin-
uria associated with the disorder may also induce
renal failure. In most cases, the diagnosis is a clini-
cal one and can be facilitated by measuring creati-
nine kinase or aldolase levels. Early identification
and aggressive resuscitation may prevent the onset
of renal failure and improve the prognosis [82].

Acidosis of Unknown Origin

Several causes of an increased AG have been
reported that have yet to be elucidated. An unex-
plained AG in the nonketotic hyperosmolar state
of diabetes has been reported [34]. In addition,
even when very careful measurement techniques
have been employed, unmeasured anions have
been reported in the blood of patients with sepsis
[35, 36, 83], patients with liver disease [37], and
animals to which endotoxin had been adminis-
tered [38]. Furthermore, unknown cations also
appear in the blood of some critically ill patients
[17, 36, 84, 85]. The significance of these find-
ings remains to be determined.

Prognostic Significance of Positive-AG
Metabolic Acidosis

Several studies have examined whether the pres-
ence of unmeasured anions in the blood is associ-
ated with particular outcomes in critically ill
patients. Two such studies focused on trauma
patients. In one, the investigators examined 2,152
sets of laboratory data from 427 trauma patients
and found that the SIG altered the acid—base
disorder diagnosis in 28 % of the datasets [86].
Simultaneous measurements of blood gas, serum
electrolyte, albumin, and lactate values were used
to calculate the base deficit, the AG, and the
SIG. Unmeasured anions (defined by the pres-
ence of an elevated SIG) were present in 92 % of
patients (mean SIG 5.9P3.3); hyperlactatemia
and hyperchloremia occurred in only 18 % and
21 % of patients, respectively. The arterial SBE at
ICU admission was poorly predictive of hospital
survival, and its predictive ability was only
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slightly improved by controlling for unmeasured
ions. In this dataset, survivors could not be dif-
ferentiated from nonsurvivors in the group as a
whole on the basis of the SIG. However, in the
subgroup of patients whose lactate level was
normal at admission, there was a significant dif-
ference in the SIG between survivors and nonsur-
vivors, although no such differences were noted
in the conventional measures (i.e., SBE and AG).

The poor predictive ability of the SBE, the
AG, and even the SIG has been confirmed by
studies of general ICU patients. In one study,
analysis of data from 300 adult ICU patients
demonstrated statistically significant but weak
correlations between these measures and hospital
mortality [87]. In another study, however, pre-
treatment SIG was found to be a very strong
predictor of outcome in 282 patients who had
sustained major vascular injury [88]. All but one
of the nonsurvivors had an initial emergency
department (ED) pH of 7.26 or lower, an SBE of
—7.3 mEq/L or lower, a lactate concentration of
5 mmol/L or higher, and an SIG of 5 mEq/L or
higher. All of the acid-base descriptors were
strongly associated with outcome, but the SIG
was the one that discriminated most strongly. The
investigators concluded that initial ED acid—base
variables, especially SIG, could distinguish sur-
vivors of major vascular injury from nonsurvi-
vors. A subsequent prospective study in 78
trauma patients by the same group showed again
the high predictive ability of SIG with an AUC of
0.96 (95 % CI 0.89-0.99) when predicting mor-
tality, which was superior to SBE (0.63), lactate
(0.60), AG (0.8), AGc (0.86), and pH (0.50) [42].

Even though the uncorrected AG and the SBE
correlate poorly with the arterial lactate concen-
tration in trauma patients [89], several investiga-
tors have proposed that these parameters be used
as surrogate measures of the severity of shock or
lack of resuscitation. Various studies have shown
that the SBE is a poor predictor of lactic acidosis
and mortality in both medical patients and surgi-
cal or trauma patients and that it cannot be substi-
tuted for direct measurement of the serum lactate
concentration [28, 90, 91]. Some investigators,
however, have found that the SBE can be used as
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a marker of injury severity and mortality and as a
predictor of transfusion requirements [92-94].
Unfortunately, the SBE can determine only the
degree of acid—base derangement, never the
cause. In many critically injured patients, abnor-
malities in body water content, electrolyte levels,
and albumin concentration limit any potential
correlation between SBE and lactate concentra-
tion, even when other sources of acid are absent.

Several reports in the trauma literature have
focused on the prognostic value of persistently
elevated lactic acid levels during the first 24-48 h
after injury. In one study, involving 76 patients
with multiple injuries who were admitted directly
to the ICU from the operating room or the ED,
serum lactate levels and oxygen transport were
measured at ICU admission and at 8, 16, 24, 36,
and 48 h [95]. In those patients whose lactate lev-
els returned to normal within 24 h, the survival
rate was 100 %, and in those whose lactate levels
returned to normal between 24 and 48 h, the sur-
vival rate was 75 %. However, in those whose
lactate levels did not return to normal by 48 h, the
survival rate was only 14 %. Thus, the rate of nor-
malization of the serum lactate level is an impor-
tant prognostic factor for survival in a severely
injured patient.

It is important, however, to understand that
metabolic acidosis can no longer be considered
as a generic term when trying to assess outcome
early in the course of disease, given that the type
of metabolic acidosis (i.e., lactic, hyperchlore-
mic, SIG) influences outcome as pointed out by
Gunnerson and colleagues [96, 97].

Non-Anion Gap Acidosis
(Hyperchloremic)

Hyperchloremic metabolic acidosis occurs as a
result of either an increase in the level of CI~ rela-
tive to the levels of strong cations (especially
Na*) or a loss of cations with retention of CI-.
The various causes of such an acidosis (Tables 3.3
and 3.4) can be distinguished on the basis of the
history and the measured CI~ concentration in
the urine [98]. When acidosis occurs, the kidney
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Table 3.3 Non-anion gap metabolic acidosis

Renal tubular acidosis
Types I, 1 & IV
Diarrhea
High output enterocutaneous fistula
Pancreatic fistula
latrogenesis
Parenteral nutrition

Table 3.4 Causes of elevated lactate

Tissue hypoxia

Uncompensated shock
Hypermetabolism

Increased aerobic glycolysis
Increased protein catabolism
Hematologic malignancies
Decreased lactate clearance

Hepatic failure

Inhibition of pyruvate dehydrogenase
Thiamine deficiency

normally responds by increasing CI- excretion;
the absence of this response identifies the kidney
as the source of the problem. Extrarenal hyper-
chloremic acidoses occurs because of exogenous
CI- loads (iatrogenic acidosis) or because of loss
of cations from the lower GI tract without pro-
portional loss of Cl~ (gastrointestinal acidosis).

Gastrointestinal Tract Loss

Fluid secreted into the gut lumen contains more
Na* than CI~; the proportions are similar to those
seen in plasma. Massive loss of this fluid, particu-
larly if lost volume is replaced with fluid contain-
ing equal amounts of Na* and CI-, will result in a
decreased plasma Na* concentration relative to
the C1~ concentration and a reduced SID. Such a
scenario can be prevented by using solutions
such as lactated Ringer solution (LRS) instead of
water or saline. LRS has a more physiologic SID
than water or saline and therefore does not
produce acidosis except in rare circumstances
(see sections “Positive—Anion Gap Acidosis”and
“Lactic Acidosis”).
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Renal Tubular Acidosis

Most cases of RTA can be correctly diagnosed by
determining urine and plasma electrolyte levels
and pH and calculating the SIDa in the urine
(Table 3.3) [99]. However, caution must be exer-
cised when the plasma pH is greater than 7.35
because urine Cl~ excretion may be turned off.
In such circumstances, it may be necessary
to infuse sodium sulfate or furosemide. These
agents stimulate excretion of CI~ and K* and may
be used to unmask the defect and to probe K*
secretory capacity.

Establishing the mechanisms of RTA has
proved difficult. It is likely that much of the dif-
ficulty results from the attempt to understand the
physiology from the perspective of regulation of
H* and HCO;™ concentrations. As noted, however
(see above), this approach is simply inconsistent
with the principles of physical chemistry. The
kidney does not excrete H* to any greater extent
as NH,* than it does as H,O. The purpose of renal
ammoniagenesis is to allow the excretion of CI-,
which balances the charge of NH,*. In all types of
RTA, the defect is the inability to excrete CI” in
proportion to excretion of Na*, although the pre-
cise reasons for this inability vary by RTA type.
Treatment is largely dependent on whether the
kidney will respond to mineralocorticoid replace-
ment or whether there is Na* loss that can be
counteracted by administering NaHCO;.

Classic distal (type I) RTA responds to
NaHCO; replacement; generally, the required
dosage is in the range of 50-100 mEg/day. K*
defects are also common in this type of RTA;
thus, K* replacement is also required. A variant
of the classic distal RTA is a hyperkalemic form,
which is actually more common than the classic
type. The central defect in this variant form
appears to be impaired Na* transport in the corti-
cal collecting duct. Patients with this condition
also respond to NaHCO; replacement.

Proximal (type II) RTA is characterized by
defects in the reabsorption of both Na* and K*.
It is an uncommon disorder and usually occurs
as part of Fanconi syndrome, in which reabsorp-
tion of glucose, phosphate, urate, and amino
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acids is also impaired. Treatment of type II RTA
with NaHCO; is ineffective; increased ion deliv-
ery merely results in increased excretion.
Thiazide diuretics have been used to treat this
disorder, with varying degrees of success.

Type IV RTA is caused by aldosterone defi-
ciency or resistance. It is diagnosed on the basis
of the high serum K* and the low urine pH
(<5.5). The most effective treatment usually
involves removal of the cause (most commonly a
drug, such as a nonsteroidal anti-inflammatory
agent, heparin, or a potassium-sparing diuretic).
Occasionally, mineralocorticoid replacement is
required.

latrogenic Acidosis

Two of the most common causes of a hyperchlo-
remic metabolic acidosis are iatrogenic, and both
involve administration of CI~. One of these poten-
tial causes is parenteral nutrition. Modern paren-
teral nutrition formulas contain weak anions
(e.g., acetate) in addition to Cl-, and the propor-
tions of these anions can be adjusted according to
the acid-base status of the patient. If sufficient
amounts of weak anions are not provided, the
plasma CI~ concentration will increase, reducing
the SID and causing acidosis.

The other potential cause is fluid resuscitation
with saline, which can give rise to a so-called dilu-
tional acidosis (a problem first described more
than 40 years ago) [100, 101]. Some authors have
argued that dilutional acidosis is, at most, a minor
issue [102]. This argument is based on studies
showing that in healthy animals, large doses of
NaCl produce only a minor hyperchloremic acido-
sis [103]. These studies have been interpreted as
indicating that dilutional acidosis occurs only in
extreme cases and even then is mild. However, this
line of reasoning cannot be applied to critically ill
patients, for two reasons. First, it is common for
patients with sepsis or trauma to require large-
volume resuscitation; sometimes, such patients
receive crystalloid infusions equivalent to 5-10
times their plasma volumes in a single day.
Second, critically ill patients frequently are not in
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a state of normal acid-base balance to begin with.
Often they have lactic acidosis or renal insuffi-
ciency. Furthermore, critically ill patients may not
be able to compensate for acid—base imbalance
normally (e.g., by increasing ventilation), and they
may have abnormal buffer capacity as a result of
hypoalbuminemia. In ICU and surgical patients
[104-106], as well as in animals with experimen-
tally induced sepsis [107], saline-induced acidosis
does occur and can produce significant acidemia.

The reason why administration of saline causes
acidosis is that solutions containing equal amounts
of Na* and CI affect plasma concentrations of
Na* and CI- differently [108]. Although some
authors continue to argue that a simple “dilu-
tional” effect of fluids on the amount of base
(HCO;) is sufficient to explain the phenomenon
[109], this concept has been discredited [110].
The normal Na* concentration is 35-45 mEq/L
higher than the normal CI- concentration. Thus,
adding (for example) 154 mEq/L of each ion in
0.9 % saline will result in a greater relative
increase in the CI~ concentration than in the Na*
concentration. This does not explain, however,
why critically ill patients are more susceptible to
this disorder than healthy persons are.

It appears that many critically ill patients have
a significantly lower SID than healthy persons
do, even when these patients have no evidence of
a metabolic acid—base derangement [111]. The
positive charge of the SID is balanced by the neg-
ative charges of A~ and total CO,, but many
critically ill patients are hypoalbuminemic, and
A~ tends to be reduced. Because the body main-
tains P., for other reasons, a reduction in A~
leads to a reduction in SID so that a normal pH
can be maintained. Thus, a typical ICU patient
may have an SID of 30 mEq/L rather than
40-42 mEq/L. If a metabolic acidosis (e.g., lactic
acidosis) then develops in this patient, the SID
will decrease further. If this patient is subse-
quently resuscitated with large volumes of 0.9 %
saline, a significant metabolic acidosis will result.

The clinical implication for management of
ICU patients is that if large volumes of fluid
are to be given for resuscitation, fluids that are
more physiologic than saline should be used. One
alternative is LRS, which has a more physiologic
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ratio of Na* content to Cl~ content and thus has an
SID that is closer to normal (roughly 28 mEq/L,
compared with an SID of 0 mEq/L for saline).
Of course, the assumption here is that the lactate
in LRS is metabolized, which, as noted (see
above), is almost always the case. Volume resus-
citation also reduces the weak acid concentration,
thereby moderating the acidosis. One ex vivo
study concluded that administration of a solution
with an SID of approximately 24 mEq/L will
have a neutral effect on the pH as blood is pro-
gressively diluted [112].

Unexplained Hyperchloremic
Acidosis

Critically ill patients sometimes manifest hyper-
chloremic metabolic acidosis for reasons that
cannot be determined. Often other coexisting
types of metabolic acidosis are present, making
the precise diagnosis difficult. For example,
some patients with lactic acidosis have a greater
degree of acidosis than can be explained by the
increase in the lactate concentration [35], and
some patients with sepsis and acidosis have nor-
mal lactate levels [113]. In many instances, the
presence of unexplained anions may be the cause
[35-37]. However, anions such as amino acids,
uric acid, and organic acids were shown to
contribute to SIG only in 7.9 % in critically ill
patients with metabolic acidosis [114], whereas
in other cases, there is a hyperchloremic acidosis
[83]. Saline resuscitation may be responsible for
much of this acidosis (see above), but experimen-
tal evidence from endotoxemic animals suggests
that as much as a third of the acidosis cannot be
explained in terms of current knowledge [107].
One potential explanation for unexplained
hyperchloremic acidosis is partial loss of the
Donnan equilibrium between plasma and intersti-
tial fluid. The severe capillary leakage that
accompanies this loss of equilibrium results in
loss of albumin from the vascular space, which
means that another ion must move into this space
to maintain the charge balance between the two
compartments. If ClI~ moves into the plasma
space to restore the charge balance, a strong anion
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is replacing a weak anion, and a hyperchloremic
metabolic acidosis results. This hypothesis appears
reasonable but, at present, remains unproven.

Metabolic Alkaloses

Pathogenesis and Differential
Diagnosis

Metabolic alkalosis occurs as a result of an
increased SID or a decreased Atot, secondary
either to loss of anions (e.g., Cl” from the stom-
ach and albumin from the plasma) or increases in
cations (rare). Metabolic alkaloses can be divided
into those in which CI- losses are temporary and
can be effectively replaced (chloride-responsive
alkaloses) and those in which hormonal mecha-
nisms produce ongoing losses that, at best, can
be only temporarily offset by Cl~ administration
(chloride-resistant alkaloses) (see Table 3.5).
Like hyperchloremic acidosis, metabolic alkalo-
sis can be confirmed by measuring the urine
CI- concentration.

Chloride Sensitive Metabolic
Alkaloses

Chloride-responsive metabolic alkalosis usually
occurs as a result of loss of Cl~ from the stomach
(e.g., through vomiting or gastric drainage).
Treatment consists of replacing the lost Cl-,
either slowly (with NaCl) or relatively rapidly
(with KCl or even HCI). Because chloride-
responsive alkalosis is usually accompanied
by volume depletion, the most common thera-
peutic choice is to give saline along with KCI.
Dehydration stimulates aldosterone secretion,
which results in reabsorption of Na* and loss of
K*. Saline is effective even though it contains Na*
because the administration of equal amounts of
Na* and CI yields a larger relative increase in the
CI~ concentration than in the Na* concentration
(see above). In rare circumstances, when neither
K* loss nor volume depletion is a problem, it may
be desirable to replace Cl~ by giving HCIL.
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Table 3.5 Metabolic alkalemia causes

Chloride loss (CI"<Na*)

Chloride-responsive alkalosis (urine Cl~ concentration
<10 mmol/L)

Vomiting
Gastric drainage
Chloride-wasting diarrhea (villous adenoma)
Diuretic use
Hypercapnia
Chloride-resistant alkalosis (urine CI- concentration
>20 mmol/L)
Mineralocorticoid excess
Primary hyperaldosteronism (Conn syndrome)
Secondary hyperaldosteronism
Cushing syndrome
Liddle syndrome
Bartter syndrome
Exogenous corticoids
Excessive licorice intake
Ongoing diuretic use
Exogenous sodium load (Na*> CI")
Sodium salt administration (acetate, citrate)
Massive blood transfusions
Parenteral nutrition
Plasma volume expanders
Sodium lactate (lactated Ringer solution)
Other
Severe deficiency of intracellular cations (Mg, K*)

Diuresis and other forms of volume contraction
cause metabolic alkalosis mainly by stimulating
aldosterone secretion; however, diuretics also
directly stimulate excretion of K* and CI-, further
complicating the problem and inducing meta-
bolic alkalosis more rapidly.

Chloride-Resistant Metabolic
Alkaloses

Chloride-resistant alkalosis (Table 3.5) is char-
acterized by an increased urine CI- concentra-
tion (>20 mmol/L) and ongoing CI~ loss that
cannot be abolished by Cl- replacement. Most
commonly, the proximate cause is increased
mineralocorticoid activity. Treatment involves
identification and correction of the underlying
disorder.
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Other Causes of Metabolic Alkalosis

In rare situations, an increased SID—and there-
fore metabolic alkalosis—occurs secondary to
cation administration rather than to anion deple-
tion. Examples include milk—alkali syndrome
and intravenous administration of strong cations
without strong anions. The latter occurs with
massive blood transfusion because Na* is given
with citrate (a weak anion) rather than with CI-.
Similar results ensue when parenteral nutrition
formulations contain too much acetate and not
enough Cl~ to balance the Na* load.

Diagnostic Evaluation
and Management

Metabolic Acidosis

Traditionally, metabolic acidoses is categorized
according to the presence or absence of unmea-
sured anions. These unmeasured anions are
routinely detected by examining the plasma
electrolytes and calculating the anion gap (AG)
(see below). The differential diagnosis for a
positive-AG acidosis includes various common
and rare causes (Table 3.2). Generally speaking,
non-AG acidoses can be divided into three types:
renal, GI, and iatrogenic (see Table 3.3). In the
intensive care unit (ICU), the most common
types of metabolic acidosis are lactic acidosis,
ketoacidosis, iatrogenic acidosis, and acidosis
secondary to toxins.

Even extreme acidosis appears to be well tol-
erated by healthy persons, particularly when the
duration of the acidosis is short. For example,
healthy individuals may achieve an arterial pH
lower than 7.15 and a lactate concentration higher
than 20 mEq/L during maximal exercise, with no
lasting effects [115]. Over the long term, how-
ever, even mild acidemia (pH <7.35) may lead to
metabolic bone disease and protein catabolism.
Furthermore, critically ill patients may not be
able to tolerate even brief episodes of acidemia
[116]. There do appear to be significant differ-
ences between respiratory and metabolic acidosis
(and even between different types of metabolic
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acidosis) with respect to patient outcome, and
these differences suggest that the underlying dis-
order may be more important than the absolute
degree of acidemia [96, 97, 117].

If prudence dictates that symptomatic therapy
is to be provided, the likely duration of the dis-
order should be taken into account. When the
disorder is expected to be a short-lived one (e.g.,
diabetic ketoacidosis), maximizing respiratory
compensation is usually the safest approach.
Once the disorder resolves, ventilation can be
quickly reduced to normal levels, and there will
be no lingering effects from therapy. If the SID is
increased (e.g., by administering NaHCOQO;), there
is a risk of alkalosis when the underlying disorder
resolves. When the disorder is likely to be a more
chronic one (e.g., renal failure), therapy aimed at
restoring the SID to normal is indicated. In all
cases, the therapeutic target can be accurately
determined from the SBE. As noted (see above),
the SBE corresponds to the amount by which the
current SID differs from the SID necessary to
restore the pH to 7.4, given a P, of 40 mm Hg
[17]. Thus, if the SID is 30 mEq/L and the SBE
is =10 mEq/L, the target SID is 40 mEq/L.
Accordingly, the plasma Na* concentration
would have to increase by 10 mEq/L for NaHCO;
administration to correct the acidosis completely.

It should be noted that the target SID is the
SID at the equilibrium point between the SID,
P, , and Atot and that it may not be equal to
40 mEgq/L, as in the example given. By conven-
tion, PCOZ is set at 40 mm Hg, but the SBE is not
corrected for abnormalities in Atot. In many
hypoalbuminemic patients, Atot is lower than
normal; thus, the SID at the equilibrium point
will be less than 40 mEq/L [118]. Also, it is rare
that the choice would be made to correct the
acid-base abnormality completely. Therefore,
the target SID should be used as a reference
value, but in most cases, partial correction is all
that is required.

If increasing the plasma Na* concentration is
inadvisable for other reasons (e.g., hypernatremia),
NaHCO; administration is inadvisable. It is note-
worthy that NaHCO; administration has not been
shown to improve outcome in patients with lactic
acidosis [66]. In addition, NaHCO; administration
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is associated with certain disadvantages [119].
Large (hypertonic) doses, if given rapidly, may
actually reduce blood pressure [120] and may
cause sudden, severe increases in Pa., [121].
Accordingly, it is important to assess the patient’s
ventilatory status before NaHCO; is administered,
particularly if the patient is not on a ventilator.
NaHCO; infusion also affects serum K* and Ca?*
concentrations, which must be monitored closely.

To avoid some of the disadvantages of NaHCO;
therapy, alternative therapies for metabolic acido-
sis have been developed. Carbicarb is an equimo-
lar mixture of sodium carbonate (Na,CO;) and
NaHCO; [119, 122]. Like NaHCO;, carbicarb
works by increasing the plasma Na* concentra-
tion, except that it does not raise the P, . Results
with carbicarb in animal studies have been mixed
[123], and experience in humans is extremely
limited.

Dicholoroacetate has also been utilized for
treatment of metabolic acidosis due to its ability
to stimulate pyruvate dehydrogenase, which
results in a decrease in the production of lactate.
However; due to the observation of toxicity,
including limb paralysis and other neuropathies, it
is no longer recommended for use in the treatment
of lactic acidosis [124, 125].

THAM (tris-hydroxymethyl aminomethane)
is a synthetic buffer that consumes CO, and read-
ily penetrates cells [119, 126]. It is a weak base
(pK=7.9) and, as such, is unlike other plasma
constituents. The major advantage of THAM is
that it does not alter the SID, which means that
there is no need to be concerned about having to
increase the plasma Na* concentration to achieve
a therapeutic effect. Accordingly, THAM is often
used in situations where NaHCO; cannot be used
because of hypernatremia. Although THAM
has been available since the 1960s, there is sur-
prisingly little information available regarding its
efficacy in humans with acid-base disorders. In
small uncontrolled studies, THAM appears to be
capable of reversing metabolic acidosis second-
ary to ketoacidosis or renal failure without caus-
ing obvious toxicity [127]; however, adverse
reactions have been reported, including hypogly-
cemia, respiratory depression, and even fatal
hepatic necrosis, when concentrations exceeding
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0.3 mol/L are used. In Europe, a mixture of
THAM, acetate, NaHCO;, and disodium phos-
phate is available. This mixture, known as tri-
bonate (Tribonat, Pharmacia and Upjohn, Solna,
Sweden), seems to have fewer side effects than
THAM alone does, but as with THAM, experi-
ence with its use in humans is still quite limited.

Respiratory Acid-Base Disorders

Respiratory disorders are far easier to diagnose
and treat than metabolic disorders, because the
mechanism is always the same, even though the
underlying disease process may vary. CO, is pro-
duced by cellular metabolism or by the titration
of HCOs™ by metabolic acids. Normally, alveolar
ventilation is adjusted to maintain the Pag,
between 35 and 45 mm Hg. When alveolar venti-
lation is increased or decreased out of proportion
to the Pag, , a respiratory acid-base disorder
exists. )

Pathophysiology

CO, is produced by the body at a rate of 220 mL/
min, which equates to production of 15 mol/L of
carbonic acid each day [128]. By way of com-
parison, total daily production of all the nonrespi-
ratory acids managed by the kidney and the gut
amounts to less than 500 mmol/L. Pulmonary
ventilation is adjusted by the respiratory center
in response to PaCOZ, pH, and Po,, as well as
in response to exercise, anxiety, wakefulness,
and other signals. Normal Pa., (40 mm Hg) is
attained by precisely matching alveolar ventila-
tion to metabolic CO, production. Pa., changes
in predictable ways as a compensatory ventila-
tory response to the altered arterial pH produced
by metabolic acidosis or alkalosis (see Table 3.1).

Respiratory Acidosis

Mechanism

When the rate of CO, elimination is inade-
quate relative to the rate of tissue CO, produc-
tion, the Pa., rises to a new steady state,
determined by the new relation between alveolar
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ventilation and CO, production. In the short term,
this rise in the Pag, increases the concentra-
tions of both H* and HCOs;~ according to the
carbonic acid equilibrium equation. Thus, the
change in the HCO;~ concentration is mediated
not by any systemic adaptation but by chemical
equilibrium. The higher HCO;~ concentration
does not buffer the H* concentration. The SID
does not change, nor does the SBE. Tissue acido-
sis always occurs in respiratory acidosis because
CO, inevitably builds up in the tissue.

If the Pa., remains elevated, a compensa-
tory response will occur, and the SID will
increase to return the H* concentration to the
normal range. The increase in the SID is accom-
plished primarily by removing Cl- from the
plasma space. If CI- moves into tissues or red
blood cells, it will result in intracellular acidosis
(complicated by the elevated tissue PCOZ ); thus,
to exert a lasting effect on the SID, Cl~ must be
removed from the body. The kidney is designed
to do this, whereas the GI tract is not (although
the adaptive capacity of the GI tract as a route of
Cl~ elimination has not been fully explored).
Accordingly, patients with renal disease have a
very difficult time adapting to chronic respira-
tory acidosis.

Patients whose renal function is intact can
eliminate Cl- in the urine; after a few days, the
SID rises to the level required to restore the pH to
a value of 7.35. It is unclear whether this amount
of time is necessary because of the physiologic
constraints of the system or because the body
benefits from not being overly sensitive to
transient changes in alveolar ventilation. In any
case, this response yields an increased pH for
any degree of hypercapnia. According to the
Henderson—Hasselbalch equation, the increased
pH results in an increased HCO;~ concentration
for a given Peo,. Thus, the “adaptive” increase
in the HCO;~ concentration is actually the con-
sequence, not the cause, of the increased pH.
Although the HCO;™ concentration is a convenient
and reliable marker of metabolic compensation,
it is not the mechanism of the compensatory
response. This point is not merely a semantic
one: as noted (see above), only changes in the
independent variables of acid-base balance
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(Pco , Atot, and SID) can affect the plasma H*
concentration, and HCO;™ concentration is not an
independent variable.

Management

Treatment of Underlying Ventilatory Impairment

As with virtually all acid-base disorders, treat-
ment begins by addressing the underlying disor-
der. Acute respiratory acidosis may be caused by
central nervous system (CNS) suppression; neu-
romuscular diseases or conditions that impair
neuromuscular functions (e.g., myasthenia gra-
vis, hypophosphatemia, and hypokalemia); or
diseases affecting the airway or the lung paren-
chyma (e.g., asthma and acute respiratory
dysfunction syndrome [ARDS]). The last cate-
gory of conditions produces not only alveolar
hypoventilation but also primary hypoxia. The two
can be distinguished by means of the alveolar
gas equation:

P,0, =P0, -Pa,, /R

where R is the respiratory exchange coefficient
(generally taken to be 0.8) and P,O, is the inspired
oxygen tension (approximately 150 mm Hg in
room air). Thus, as the Pa., increases, the P,O,
should also decrease in a predictable fashion. If
the P,O, falls by more than the predicted amount,
there is a defect in gas exchange.

In most cases, chronic respiratory acidosis
is caused by either chronic lung disease (e.g.,
chronic obstructive pulmonary disease [COPD])
or chest wall disease (e.g., kyphoscoliosis). In
rare cases, it is caused by central hypoventilation
or chronic neuromuscular disease.

Control of Hypoxemia The alveolar gas equation
also illustrates that the primary threat to life with
respiratory acidosis does not come from the
acidosis but from hypoxemia. In patients breathing
room air, the Pa., cannot exceed 80 mm Hg
before life-threatening hypoxemia  results.
Accordingly, supplemental oxygen is required in
the treatment of these patients. Unfortunately,
oxygen administration is almost never sufficient
treatment by itself, and it generally proves
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necessary to address the ventilatory defect. When
the underlying cause can be addressed quickly (as
when the effects of narcotics are reversed with
naloxone), endotracheal intubation may be
avoidable. In the majority of patients, however, this
is not the case, and mechanical ventilation must be
initiated. Mechanical support is indicated for
patients who are unstable or at risk for instability
and patients whose CNS function is deteriorating.
In patients who exhibit signs of respiratory muscle
fatigue, mechanical ventilation should be instituted
before respiratory failure occurs. Therefore, it is
not the absolute PaCoz value that is the most
important consideration in this situation but, rather,
the clinical condition of the patient.

Chronic hypercapnia must be treated if the
patient’s clinical condition is deteriorating
acutely. In this setting, it is important not to try to
restore the Pa., to the normal range of
35-45 mm Hg. Instead, the patient’s baseline
Pa., , if known, should be the therapeutic tar-
get; if the baseline PaCOZ is not known, a target
Pa., of 60 mm Hg is perhaps a reasonable
choice. Overventilation can have two undesirable
consequences. First, if the Pa., is rapidly nor-
malized in a patient with chronic respiratory
acidosis and an appropriately large SID, life-
threatening alkalemia may ensue. Second, even if
the Pa., is corrected slowly, the plasma SID
may decrease over time, making it impossible to
wean the patient from mechanical ventilation.

One option for treatment of hypercapnia is
noninvasive ventilation with a bi-level positive
airway pressure (BiPAP) system. This tech-
nique may be useful in the management of some
patients, particularly those whose sensorium is
not impaired [129]. Rapid infusion of NaHCO;
in patients with respiratory acidosis may induce
acute respiratory failure if alveolar ventilation
is not increased to account for the increased
CO,. Thus, if NaHCO; is to be given, it must be
administered slowly, with alveolar ventilation
adjusted appropriately. Furthermore, it must be
remembered that NaHCO; works by increasing
the plasma Na* concentration; if this effect is
not possible or not desirable, NaHCO; should
not be given.
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Occasionally, it is useful to reduce CO,
production. This can be accomplished by reduc-
ing the amount of carbohydrates supplied in
feedings (in patients requiring nutritional sup-
port), controlling body temperature (in febrile
patients), or providing sedation (in anxious or
combative patients). In addition, treatment of
shivering in the postoperative period can reduce
CO, production. Rarely, however, can hypercap-
nia be controlled with these CO,-reducing tech-
niques alone.

Permissive Hypercapnia

In the recent past, there has been considerable
interest in ventilator-associated lung injury.
Overdistention of alveoli can result in tissue
injury and microvascular permeability, which
lead to interstitial and alveolar edema. In animal
studies, prolonged use of elevated airway pres-
sures and increased lung volumes resulted in
increased pathologic pulmonary changes and
decreased survival when compared with ventila-
tory strategies employing lower pressures and
volumes [130, 131]. In a large multicenter clini-
cal trial, simply lowering the tidal volume on the
ventilator from 12 mL/kg to 6 mL/kg in patients
with acute lung injury resulted in a 9 % absolute
reduction in mortality risk [132]. Although the
protocol followed in this trial did not advocate a
reduced minute ventilation and hence an elevated
Pa., , this approach, often referred to as permis-
sive hypercapnia or controlled hypoventilation, has
been increasingly used clinically. Uncontrolled
studies suggest that permissive hypercapnia may
reduce mortality in patients with severe ARDS
[117]. This strategy is not, however, without
risks. Sedation is mandatory, and neuromuscular
blocking agents are frequently required. Intracranial
pressure rises, as does transpulmonary pressure;
consequently, this technique is unusable in patients
with brain injury or right ventricular dysfunction.
There is controversy regarding how low the pH can
be allowed to fall. Some authors have reported
good results with pH values of 7.0 or even lower
[4], but most have advocated more modest pH
reductions (i.e., g7.25).
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Respiratory Alkalosis

Respiratory alkalosis may be the most frequently
encountered acid—base disorder. It occurs in resi-
dents of high-altitude locales and in persons with
any of a wide range of pathologic conditions, the
most important of which are salicylate intoxica-
tion, early sepsis, hepatic failure, and hypoxic
respiratory disorders. Respiratory alkalosis also
occurs in association with pregnancy and with
pain or anxiety. Hypocapnia appears to be a par-
ticularly strong negative prognostic indicator in
patients with critical illness [133]. Like acute
respiratory acidosis, acute respiratory alkalosis
results in a small change in the HCO;™ concentra-
tion, as dictated by the Henderson—Hasselbalch
equation. If hypocapnia persists, the SID begins
to decrease as a consequence of renal CI reab-
sorption. After 2-3 days, the SID assumes a new
and lower steady state [134].

Severe alkalemia is unusual in respiratory alka-
losis. Management therefore is typically directed
toward the underlying cause [135]. In general,
these mild acid—base changes are clinically impor-
tant more for what they can alert the clinician to, in
terms of underlying disease, than for any direct
threat they pose to the patient. In rare cases, respi-
ratory depression with narcotics is necessary.

Pseudorespiratory Alkalosis

The presence of arterial hypocapnia in patients
experiencing profound circulatory shock has
been termed pseudorespiratory alkalosis [101].
This condition occurs when alveolar ventilation
is supported, but the circulation is grossly inade-
quate. In such circumstances, the mixed venous
Peo, 1s significantly elevated, but the Pa., is
normal or even decreased as a consequence of
reduced CO, delivery to the lung and increased
pulmonary transit time. Overall CO, clearance is
therefore markedly decreased, and profound tis-
sue acidosis—usually both metabolic and respi-
ratory—ensues. The metabolic component of the
acidosis comes from tissue hypoperfusion and
hyperlactatemia. Arterial oxygen saturation may
also appear adequate despite tissue hypoxemia.
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Pseudorespiratory alkalemia is rapidly fatal unless
the patient’s systemic hemodynamic status can be
normalized.
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Starvation is a multifaceted condition commonly
encountered by surgeons (Table 4.1). The inabil-
ity to ingest sufficient calories and/or an appro-
priate mixture of nutrients results in changes in
the underlying metabolic milieu that can affect
the outcome of both illnesses and their treat-
ments. Therefore, surgeons and other clinicians
must be cognizant of the consequences of these
changes and take measures to reverse these detri-
mental effects.

Starvation and Surgery

Surgical patients have reduced caloric intake at
various times during their illness, ranging from
preoperative overnight fasts to prolonged peri-
ods of decreased caloric and energy intake. With
surgical scheduling being imprecise, patients
can be fasted for as long as 12-15 h prior to
undergoing surgery. This leads patients to begin
surgery in a fasting state. Both preoperatively
and postoperatively diminished caloric and/or
nutrient intake can be due to loss of appetite;
inability to eat; holding nutritional intake prior
to diagnostic procedures; and gastrointestinal
tract dysfunction such as obstruction, ilieus,
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maldigestion, and malabsorption. Furthermore,
the prevailing tradition of not permitting patient
to eat for the few days after abdominal surgery—
“to let the bowel rest” results in prolonged star-
vation or semistarvation. Insufficient caloric and
nutrient intake can delay wound healing; weaken
the immune system leading to vulnerability to
infection; cause muscle weakness secondary
to proteolysis; and weight loss due to lipolysis.

Short-Term Starvation: Metabolic
Consequences

The lack or severe reduction in nutrient intake
results in a continuum of metabolic changes
aimed at providing sufficient energy substrate to
preserve vital bodily functions. Organisms slowly
adapt their metabolic functions by gradually
reducing energy output, producing endogenous
substrates, and attempting to preserve muscle
mass at the expense of adipose tissue.

Carbohydrate Metabolism

The postabsorptive state (Table 4.1), seen
mainly during the late morning, late afternoon,
and overnight, is characterized by metabolic
changes that aim to preserve the body’s
blood glucose concentration within a range of
90-100 mg/dL. Maintaining blood glucose
concentrations is particularly critical for brain
and red blood cells which exclusively use
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Table 4.1 Definitions

Starvation—The most extreme form of malnutrition,
which involves severe deficiency in caloric energy,
nutrient, and vitamin intake

Fasting—The act of refraining from food, drink or both,
for a finite time period

Postabsorptive State—After the complete absorption of a
meal (3-5 h after a meal), the metabolism changes to that
of a fasting state

Cachexia—loss of weight, muscle atrophy, fatigue,
weakness, and significant loss of appetite in someone
who is not actively trying to lose weight

Sarcopenia—degenerative loss of skeletal muscle mass

Marasmus—chronic undernourishment caused by a diet
deficient in energy intake in all its forms, including
protein

Kwashiorkor—a condition where there is a dietary
protein deficiency but an adequate energy intake

Wasting—Unintentional loss of weight, due to decreases
in both fat and fat-free compartments. Surgical patients
who suffer from decreased caloric and nutrient intake are
described as patients who “should not, would not and/or
could not eat”

glucose as their energy source. The postabsorptive
state is triggered by falling blood glucose con-
centrations which result in declining insulin
concentrations. As the glucose and insulin con-
centrations decrease, glucagon is secreted by
pancreatic a-cells likely in response to intrinsic
(within the a-cell itself) and paracrine (medi-
ated by factors released by pancreatic - and/or
o-cells) stimulation [1]. Among the latter is a
reduction in intra-islet insulin-mediated sup-
pression of glucagon secretion. Mitochondrial
uncoupling protein-2 (UCP2) likely plays a
role in a-cell glucose sensing [2]. Glucagon is
synthesized as a 160 amino acid prohormone
(proglucagon) from a gene on chromosome 2.
Proglucagon undergoes cleavage by prohor-
mone convertase 2 into four peptides including
29-amino acid glucagon. Much of the secreted
glucagon is then transported to the liver where
the high glucagon:insulin ratio triggers glycoge-
nolysis and gluconeogenesis while inhibiting
glycolysis and glycogenesis. Activation of the
B-adrenergic system and increased cortisol fur-
ther promotes this metabolic activity [3]. After
48-h of fasting, insulin concentrations are
reduced by about 80 % resulting in decreased
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insulin receptor activation which in turn leads
to reduced protein kinase B/AKT activity
(i.e., decreased AKT phosphorylation [4]). The
reduced plasma insulin concentrations decrease
tissue glucose uptake, increase protein catabo-
lism and increase lipolysis. Interestingly, after
48 h of fasting there was no change in skeletal
muscle AKT or insulin receptor substrates 1 and
2 compared to prefasting levels reflecting other
functional alterations in metabolism. However
there was reduced AKT phosphorylation after
62-h of starvation [5, 6]. The contribution of the
adrenergic system is variable. However, after a
72-h fast in normal subjects, 24-h urinary nor-
epinephrine and dopamine concentrations and
heart rate were increased, while cardiac vagal
modulation decreased [7].

During the initial few hours of fasting, blood
glucose concentration is maintained by hepatic
glycogenolysis—the conversion of glycogen
stored in the liver to glucose (Fig. 4.1). As these
hepatic stores become depleted, glycogenolysis
can also occur within skeletal muscles (Fig. 4.1).
However, muscle lacks glucose-6-phospatase so
that intramuscular gluconeogenesis cannot occur,
instead the glycogen is converted to lactate
which is then transported to the liver and kidney
to undergo gluconeogenesis. Gluconeogenesis
occurs in parallel with the hepatic glycogenoly-
sis, even when liver glycogen stores are still max-
imal. At this stage gluconeogenesis contributes
approximately 50 % of the endogenous glucose
production. [8]. After 24 h of no caloric or nutri-
ent intake blood glucose concentrations decrease
to the low “normal” ranges. Concomitantly, plasma
concentrations of free fatty acids and ketones
increase, which differentiate the postabsorptive
from the fasting state [9]. During starvation liver
glycogen stores remain very low while those in
skeletal muscle remain unchanged or even slightly
increased.

The secreted glucagon binds to G-protein
coupled glucagon receptors located on hepato-
cytes and other cells activating adenylate
cyclase and inhibiting cyclic AMP (cAMP)
phosphodiesterase thus causing a rise in intra-
cellular cAMP [10]. p-adrenergic stimulation
also enhances cAMP formation. The increased
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Fig.4.1 Glycogenolysis is the initial source of glucose in
the postabsorptive state and early starvation. However, the
supply of hepatic and muscle glycogen is limited, lasting
only a few hours. Muscle lacks glucose-6-phosphatase
so that it cannot produce glucose directly but produces
lactate which is transported to the liver where it undergoes
gluconeogenesis. Note /—Glucagon increases cAMP via
its own G-protein coupled receptors i.e., a mechanism not

cAMP activates protein kinase A leading to
greater glycogen phosphorylation causing gly-
cogenolysis. In addition there is upregulation of
gluconeogenic enzymes leading to increased
glucose production. Protein kinase A enters the
nucleus to phosphorylate cAMP-responsive ele-
ment binding protein (CREB). Phosphorylated
CREB is transcriptionally active and binds to

!
citric acid cycle

requiring f-adrenergic receptors. Glucagon receptors
are found mainly in the liver and kidney and less in adi-
pose tissue. Note 2—Active protein kinase A catalyzes
the transformation of inactive dephospho-phosphorylase
kinase to active phospho-phosphorylase. Phospho-
phosphorylase kinase then activates glycogen phosphory-
lase. Pi inorganic phosphate

cAMP-responsive element (CRE) located in the
promotor region of the target genes. CREB
binds to its coactivator to form CREB-regulated
transcription coactivator 2 (CRTC2; also known
as TORC2). This complex is a major regulator
of gluconeogenesis promoting the synthesis of
major enzymes such a glucose-6-phosphatase.
Parallel decreases in insulin signaling augment
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this gluconeogenic gene expression through
the dephosphorylation and nuclear shuttling of
forkhead box protein 1 (FOXOI1—transcription
factors involved in regulating gene expression)
in concert with the TORC2 [11, 12] FOXO1 and
the peroxisome proliferator-activated receptor-y,
synergistically increase transcription of gluco-
neogenic genes [13]. The role of peroxisome
proliferator-activated receptor-y in human glu-
coneogenesis is still unclear. Glucocorticoids
also stimulate gluconeogenesis by increasing
the transcription of the glucose-6-phosphatase
and phosphoenolpyruvate carboxylkinase genes.
Glucocorticoids bind to glucocorticoid recep-
tors and the resulting complex translocates to
the nucleus where it binds to glucocorticoid
responsive elements located on genes associated
with gluconeogenesis.

Gluconeogenesis is the key process for main-
taining the body’s glucose supply becoming the
main mechanism for glucose production once
glycogen stores have been depleted. After 42 h
of fasting by healthy subjects it provides practi-
cally all (93 %) of the glucose production [14].
Gluconeogenesis takes place in the liver and kid-
ney using the breakdown products of adipose and
muscle tissues that supply glycerol and amino
acids, respectively, as substrates for glucose pro-
duction [15]. After 60 h of starvation, glycerol
accounts for about 15 % of glucose production.
This proportion increases as starvation continues
and proteolysis diminishes [16]. In addition, lac-
tate from red blood cells, muscle activity, and
renal medulla is used as a substrate [3]. The
amino acid gluconeogenic substrate is mainly
alanine in the liver and mainly glutamine in the
kidney [17]. The liver produces about 60 % of the
glucose with the remainder produced by the kid-
neys [18]. As fasting progresses, the total hepatic
glucose production decreases largely because of
reduced glycogenolysis, with little change in glu-
coneogenesis [19]. As the period of starvation
continues the rate of gluconeogenesis begins to
fall as the body tries to preserve muscle mass.
Compared to overnight fast, endogenous glucose
production falls by about 12 % after 38 h of star-
vation and by 30 % after 62 h [16]. The reduction
in hepatic glucose production after 64 h of fasting
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was greater in females than in males [20]. In its
stead, both fat oxidation and ketone body forma-
tion increase [16]. This is reflected in a reduction
of about 40 % in insulin-mediated glucose uptake
with an increase in non-insulin-mediated nonoxi-
dative disposal [16]. After 40—48 h of starvation,
the increase in muscle and liver concentration
of acetyl-CoA activates pyruvate dehydrogenase
kinase isozyme 4 (PDK4), a mitochondrial enzyme
that phosphorylates thus inhibiting the pyruvate
dehydrogenase complex. This inhibition reduces
the conversion of pyruvate to acetyl-coenzyme A
(CoA), resulting in decreased glucose oxidation
[16]. In liver and kidney pyruvate dehydrogenase
kinase isozyme 2 (PDK2) activity is also increased
[21]. The mechanism of PDK2 and PDK4 activa-
tion include reduced insulin signaling attributed
to reduced insulin concentrations and/or insulin
resistance. The reduction in insulin stimulation
leads to activation of FOXOl and FOXO3.
Simultaneously, FOXO proteins are involved in
the transcription of gluconeogenic genes respon-
sible for glucose-6-phosphatase and phospho-
enolpyruvate carboxylkinase activities [21]. The
latter enzyme, along with fructose-1,6-diphos-
phatase, regulate gluconeogenesis.

Lipid Metabolism

Humans have limited stores of carbohydrates and
protein, so it is the fat stores that possess the sur-
plus calories that maintain body functions during
fasting and starvation. Stored triglycerides are
excellent sources of energy providing 9 kcal/g as
opposed to 4 kcal/g for protein and carbohydrate.
The dominant fuels for energy production during
fasting are thus free fatty acids and ketones
derived from stored triglycerides. Lipolysis, the
breakdown of stored triglycerides to free fatty
acids and glycerol, occurs in response to increased
epinephrine, growth hormone and glucagon stim-
ulation plus decreased insulin stimulation [4, 22].
Not only is there a decrease in the serum insulin
concentration but also reduced end-organ sensi-
tivity [23]. The stimulation of P2-adrenergic
receptors causes cAMP concentrations to rise
thereby increasing the cAMP-dependent protein
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Fig. 4.2 Lipolysis—the breakdown of stored triglycer-
ides into glycerol and fatty acids—is a key pathway in
the adaptive response to starvation. During starvation it is
triggered by P-adrenergic stimulation and possibly also
growth hormone, glucagon, and cortisol. Perilipin (also
called lipid droplet-associated protein) coats lipid drop-
lets located in adipocytes and forms a protective coating

kinase A phosphorylation of the various lipolytic
enzymes, especially hormone-sensitive lipase
(Fig. 4.2). The rate of lipolysis, measured by
palmitate turnover, doubles from postabsorptive
levels after 84 h of fasting, releasing glycerol and
free fatty acids [17]. The former is converted to glu-
cose via gluconeogenesis and the latter undergoes
p-oxidation and ketone body formation. This shift
to lipid oxidation and ketogenesis is reflected by
the decrease in respiratory quotient from 0.85 prior
to fasting to 0.70 after 4 days of starvation [24].
The rate of free fatty acid appearance after
87 h of starvation is double that required to pro-
vide substrate for energy production. Many of the
remaining free fatty acids are reesterified to tri-
glycerides in adipose tissue and skeletal muscle
and to a much lower extent in the liver.
Teleologically, the reesterification cycles permit

to protect the stored lipid from lipases. During lipolysis
perilipin is phosphorylated by cAMP-dependent pyruvate
kinase A and undergoes a change in conformation expos-
ing the stored lipids to hormone-sensitive lipase.
Although, cAMP-dependent pyruvate kinase A also acti-
vates hormone-sensitive lipase, phosphorylated perilipin
is more potent an activator

rapid increases and decreases in the metabolism
of lipolytic substrates. Some of the free fatty
acids are converted to bioactive intermediates,
e.g., ceramide and acylcarnitines [16].

Lipolysis occurs differentially among the body’s
fat stores. In the postabsorptive state, 80-90 % of
the lipolysis in lean subjects occurs within the
upper body nonsplanchnic (subcutaneous) fat. In
individuals with larger visceral fat stores, a greater
portion of the lipolysis occurs within the visceral
adipose tissue. This situation is accentuated in
women compared to men [25]. After 72 h of fast-
ing, lipolysis occurs predominantly in skeletal
muscle; upper body subcutaneous fat and abdomi-
nal adipose tissue, while sparing peripheral adipose
tissue [26]. In addition, 15-20 % of glycerol turn-
over is attributable to intravascular hydrolysis of
very low-density lipoprotein triglycerides [27].
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Fig. 4.3 Hepatocyte fatty acid p-oxidation and keto-
genesis—fatty acids released by lipolysis undergo
B-oxidation and ketogenesis within hepatocytes. The
acetyl-CoA produced either enters the citric acid cycle
(tricarboxylic acid cycle or the Krebs cycle) where the

Within 24 h of the onset of fasting, blood
concentrations of glycerol and free fatty acids
begin to increase. Average plasma free fatty acid
concentrations were higher in women than men
during 4-24 h of fasting, a difference not seen
during 24-48 h of fasting due to the increases
in free fatty acid concentrations being fourfold
greater in males [9]. Free fatty acids, released
into blood plasma where they bind to albumin,
are taken up by the liver, skeletal muscle, heart,
and kidney where they undergo f-oxidation in
the mitochondria to acetyl-CoA (Fig. 4.2). The
elevated fatty acid concentrations in hepatocytes
(and monocytes) activate nuclear receptor per-
oxisome proliferator-activated receptor alpha
(PPAR-alpha), a transcription factor [28]. PPAR-
alpha activation, along with the transcription
factors FOXA?2 and Spl (Specificity Protein 1)
promotes uptake, utilization, and metabolism of

NADH generated enters the oxidative phosphorylation
pathway to produce ATP or it is converted to ketone bod-
ies (P-hydroxybutyrate and acetoacetate). The ketone
bodies are transported to other organs to be used as
energy substrate

the fatty acids by upregulation of genes involved
in fatty acid transport, mitochondrial fatty acid
B-oxidation, and ketogenesis. These genes code
for enzymes such as pyruvate dehydrogenase,
and carnitine/acylcarnitine carrier. -oxidation of
fatty acids coupled with oxidative phosphoryla-
tion is the key pathway for producing energy dur-
ing fasting. Fatty acid acyl groups are transported
from the cytosol into the mitochondrial matrix by
means of the carnitine shuttle system (Fig. 4.3).
In the cytosol, fatty acid units are transferred
from acyl-CoAs to carnitine by the action of
carnitine-palmitoyl-transferase-1 located on the
external surface of the outer mitochondrial
membrane. Metabolomic studies demonstrate an
increase in cytosolic carnitine [29]. The acylcar-
nitines are translocated through the inner mito-
chondrial membrane by the carnitine/acylcarnitine
carrier in exchange for intramitochondrial free
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carnitine. Within the mitochondrial matrix, fatty
acid acyl units are transferred from carnitine to
matrix CoA by carnitine-palmitoyl-transferase 2
(CPT2) and these mitochondrial acyl-CoAs are
oxidized by the p-oxidation enzymes. The acetyl-
CoA produced from the fatty acids enters either
the Krebs cycle or is used to form ketone bodies
[30]. As starvation persists, acetyl-CoA accumu-
lates within the hepatic mitochondria leading to the
increased formation of the three ketone molecules:
acetone, acetoacetate, and [-hydroxybutyrate
(Fig. 4.2). The latter two are synthesized from ace-
tyl-CoA, in the mitochondria of liver cells and can
be used as a source of energy by the heart and
brain. Acetone, formed by spontaneous decarbox-
ylation of acetoacetate, is a waste product excreted
in urine or breath.

As starvation persists, tissues begin to use
ketones as energy sources and by weeks 5 and 6
of starvation become the main energy substrate
[31]. The brain, which under most circumstances
is dependent on glucose for energy, adapts to
the use of ketones as its major energy source. In
the brain, acetoacetate and B-hydroxybutyrate are
reconverted to acetyl-CoA and enter the citric
acid cycle to produce energy. f-hydroxybutyrate
is a good source of energy providing 4.7 kcal/g
[18]. During starvation the brain can use ketones
for up to 70 % of its energy needs. The concen-
trations of P-hydroxybutyrate observed during
starvation are usually 1-2 mM/L during the ini-
tial period of fasting, reaching levels of 4—7 mM/L
after 2 weeks of starvation. This is much below
the concentrations of 15-25 mM/L seen in keto-
acidosis [9, 18]. Breakdown of ketone bodies in
peripheral tissues increases acetyl-CoA bringing
about reduce insulin signaling thus reducing cel-
lular glucose uptake. Although, neuronal glucose
uptake and oxidation during starvation is reduced,
its influx (transport) through the blood-brain bar-
rier is not reduced [31]. Furthermore, the increase
in the amount of ketone bodies transported across
the blood—brain barrier appears to be passive
and depended on the greatly increased arterial
concentrations appearing during starvation. The
increased capacity of the blood-brain barrier
monocarboxylic carrier contributes only a small
fraction of the transported ketones [31].
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The hyperketonemia is accompanied by
hyperketonuria caused by a lack of reabsorption
of a significant proportion of acetoacetate
(AcAc") and B-hydroxybutyrate (3-OHB") by the
renal tubule. To prevent systemic acidosis, near
urinary electroneutrality is maintained by obli-
gate isomolar excretion of cations, mainly NH,".
The NH,* is obtained largely from renal dea-
mination and deamidation of glutamine [9].
Persistent ketonuria, thus, results in the loss of
valuable fuels derived from fat and also depletes
protein stores to provide NH * [32]. Suppression
of glucagon secretion by free fatty acids and
ketone bodies may be part of a negative feedback
system regulating ketogenesis.

After 7 days of fasting normal weight volun-
teers had increased serum concentrations of total
cholesterol, low-density lipoprotein (LDL) cho-
lesterol, and apolipoprotein B, while triglyceride
and high-density lipoprotein (HDL) cholesterol
concentrations were unchanged. The latter were
found to be decreased after 6 days of fasting, while
triglyceride concentrations were increased [33].
The increasing LDL levels were associated with
decreasing serum insulin grown factor-1 (IGF-1)
concentrations which is in keeping with the inverse
correlation between the two [34]. In another study
of normal weight individuals, 3 days of fasting
resulted in increases in plasma triglyceride, as
well as very low-density lipoprotein cholesterol
and apolipoprotein B concentrations [35].

Insulin Resistance

In addition to the low concentrations of insulin
during fasting and starvation, there is end-organ
insulin resistance that some have called “diabetes
of starvation.” The teleological explanation for
this resistance insures minimal insulin effects
thus assuring that gluconeogenesis and lipolysis
are not inhibited by insulin. The insulin resis-
tance also reduces peripheral glucose utilization
thus decreasing the need for greater proteolysis
to supply gluconeogenic substrate while also
assuring an adequate glucose supply for the brain
and erythrocytes. Within 2-3 days of starvation,
pronounced insulin resistance develops, possibly



78

mediated by increased lipid load [19]. Lean
subjects subjected to 6-days of fasting developed
insulin intolerance [36]. Compared to lean sub-
jects, obese subjects had less of a decrease in
insulin action after a 48-h fast. The greater reduc-
tion in insulin action after 48 h of fasting in lean
subjects was ascribed to greater increases in FFA
and P-hydroxybutyrate concentrations [19]. The
reduced whole body insulin sensitivity manifests
as reduced insulin-stimulated glucose disposal
caused by decreased insulin stimulation of
glucose oxidation and reduced nonoxidative
glucose disposal [37]. However, insulin-induced
suppression of endogenous glucose production,
reflecting hepatic insulin sensitivity, was only
marginally affected by 60 h of fasting [37].
Furthermore, one exercise session increased
mitochondrial fatty acid oxidation and reverses
starvation-induced insulin resistance [38]. How-
ever, other investigators observed that after a
3-day fast, intramyocellular lipid content was
increased over prefasting levels in subjects who
did not exercise, but did not accumulate in those
who did moderate-intensity exercise. However,
exercise did not change the concentration of free
fatty acid or insulin sensitivity [39].

Protein Metabolism

The postabsorptive and initial fasting periods are
characterized by the release into the blood stream
of amino acids derived from the breakdown of
muscle tissue. These amino acids are used for
protein synthesis or endogenous glucose produc-
tion. About 1.75 g of muscle protein must be bro-
ken down to produce 1 g of glucose [40—43]. The
carbon skeletons of the amino acids are substrates
for gluconeogenesis and/or enter the citric acid
cycle. The greater amount of nitrogenous waste,
urea, uric acid (urate), creatinine, ammonium
(NH,*) manifests as increased urinary nitrogen
excretion. With the enhanced proteolysis, plasma
concentrations of branched-chain amino acids
(leucine, isoleucine, valine) are increased.
However, as the fasting continues past its initial
few days, nitrogen excretion decreases as the
body begins to utilize stored fat to produce energy.
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Some have ascribed this decreased nitrogen
excretion to also being due to the total body reduc-
tion in metabolic rate [41]. This protein sparing
phenomenon can continue for much time, during
which adipose tissue becomes the main source of
energy substrate. The greater the adipose tissue
stores the longer the time that the organism can
survive. The etiology for this decreased proteoly-
sis is unclear and has been ascribed to the reduced
T3 concentrations and increased growth hormone
concentrations which stimulate lipolysis [42].

Nitrogen balance is always negative during
starvation due to the lack of protein and amino
acid intake. During the initial 1-3 weeks of star-
vation there is significant excretion of nitrogen
occasioned by accelerated proteolysis of skeletal
muscle (myofibrillar protein). This accelerated
protein catabolism subsides thereafter, as evi-
denced by the pattern of 3-methylhistidine (an
index of myofibrillar proteolysis) excretion. The
excretion of 3-methylhistidine increases after
2-3 days of starvation and decreases substan-
tially by the third week. The amino acids released
by proteolysis are utilized as gluconeogenic
substrates by the liver (alanine) and kidney (glu-
tamine). The decline in proteolysis is accompa-
nied by an increase in lipid oxidation, enhanced
ketone production, increased use of glycerol as a
gluconeogenic substrate and the reduced demand
for glucose by various tissues such as the brain.
The rate of protein catabolism remains low until
the supply of lipid substrates is exhausted at
which point protein catabolism again increases.
This resumption of high levels of proteolysis is
associated with impending death.

The triggers for proteolysis are unclear but
might include decreased insulin levels along with
increased cortisol and glucagon concentrations,
but not growth hormone [4]. Furthermore, the
mechanisms of proteolysis in myocytes are
thought to be a combination of autophagic
(Iysosomal) and ubiquitin-proteasomic protein
breakdown, although their relative contributions
are still unclear [4]. However, in many other
tissues (except, the brain), lysosomal proteolysis
pathways are stimulated during fasting [43].
It appears that short-term starvation activates mac-
roautophagy, a nonselective mechanism, while as
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starvation progresses there is a switch to
chaperone-mediated autophagy, which is more
selective in identifying cellular components for
degradation.

Macroautophagy involves the formation of
vesicles called autophagosomes that incorporate
many types of cytoplasmic materials. These auto-
phagosomes then fuse with lysosomes where the
material is degraded. The trigger for autophagy is
the dissociation of the ULK1 (Unc-51-like
kinase-1; an autophagy related [atg] gene)—
mTORC1 (mammalian target of rapamycin
complex-1) complex which is promoted by ade-
nosine monophosphate-activated protein kinase
(AMPK) [44]. The latter in turn is activated by
increased cytosolic AMP (a sign of energy deple-
tion) or amino acid depletion. ULK1 then phos-
phorylates Beclin 1 complex (Beclin-1 bound to
class III phosphoinositide 3-kinase (PI3K;Vps34))
giving rise to autophagosome membranes that
engulf proteins, organelles, and other cytosolic
material (lipids, nucleosides) to form vesicles
that fuse with lysosomes (called autolysosomes).
Lysosomal enzymes then metabolize this material
which is subsequently released into the cytosol as
amino acids, fatty acids, and ribose-phosphate.
The latter can be converted to glucose via the
nonoxidative pentose phosphate pathway.

Chaperone-mediated autophagy increases the
selectivity of the autophagy-lysosomal pathway
since proteins with the exposed peptide sequence
KFERQ (sequences biochemically related to
Lys—Phe-Glu—Arg—Gln) are selectively broken
down. This sequence targets cytosolic proteins,
such as ribonuclease A, for lysosomal degradation.
The targeted protein is initially recognized by heat
shock cognate 70 kDa (hsc70). Multiple co-chap-
erones (e.g., heat shock protein-90) interact with
the protein—chaperone complex which attaches to
its receptor, lysosome-associated membrane pro-
tein 2 (LAMP2), on the lysosomal membrane. The
substrate proteins then translocate across the
lysosomal membrane of lysosomes containing hsc-
70. During starvation the number of hsc-70 rich
lysosomes may double, facilitating chaperone-
mediated autophagy. Among the proteins degraded
are those involved with glycolysis; an enzyme path-
way not particularly active during starvation [45].
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The ubiquitin-proteasome system is another
proteolytic mechanism active during starvation.
Proteins are tagged for degradation with a 76 amino
acid protein called ubiquitin. This reaction is cata-
lyzed by a group of enzymes: ubiquitin-activating
enzymes, ubiquitin-conjugating enzymes, and
ubiquitin ligases. A protein tagged with an ubiqui-
tin molecule is a target for other ligases to attach
additional ubiquitin molecules. The resulting
polyubiquitin chain is bound by a cytosolic 26S
proteasome which then cleaves the chain via a
threonine-dependent nucleophilic attack to very
short peptide fragments. These fragments are then
further cleaved to individual amino acids.

Hepatic protein synthesis is also affected by
starvation. After a 3-day fast the albumin con-
centration significantly increased, while the
concentration of retinal binding protein fell by
16 %, unrelated to changes in hydration state
[46]. During short-term (3 days) fasting the
overall protein synthetic rate decreases as much
as 13 %, although overall protein turnover is
increased [4, 47]. However, with a 5 % weight
loss after 6 days of starvation in lean individuals,
whole body protein oxidation increased while
the fractional synthetic rates of specific hepatic
export proteins increased (high-density lipopro-
tein apolipoprotein Al, retinol binding protein,
al-antitrypsin). However, the plasma concentra-
tions of binding proteins, such as retinol, retinol
binding protein, and transthyretin were decreased
[48]. Four days of starvation produced marked
reductions (approximately 30 %) in the circulat-
ing concentrations of retinol binding protein and
prealbumin, but did not significantly affect the
plasma concentration of immunoglobulins (Igs)
G, A, M or other proteins (orosomucoid, hapto-
globin, alpha(l) antitrypsin), albumin, and total
protein [49]. In ten healthy volunteers starved
for 4.5 days, daily measurements showed a rapid
reduction in plasma fibronectin, no alteration in
either C3 or plasma transferrin and, at the end of
the starvation period, an elevated serum albumin
[50]. Proteomic analysis of murine small intes-
tines revealed that during the first 12 h of starva-
tion there was a decline in proteins associated
with energy production and glycolysis, while
after 24 h substances related to protein synthesis
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and amino acids were decreased. Additionally,
after 24 h extracellular enzymes that reduce
oxidative stress were increased [51].

Starvation also affects bone formation with
increased urinary calcium and phosphorous
excretion, increased serum calcium concentra-
tions and decreased concentrations of serum
osteocalcin and procollagen carboxyl-terminal
propeptide. The former indicate enhanced bone
resorption while the latter two substances are
markers of bone formation. Fasting-induced met-
abolic acidosis appears to play an important role
in bone resorption [52].

Energy Expenditure

Among the adaptive responses to starvation
(Fig. 4.4) is a decrease in total body energy expen-
diture, attributed to reduced basal energy
expenditure and decreased physical activity. How-
ever, at the onset of fasting resting energy

glucose

free fatty acids

protein synthesis

ADIPOCYTES
Lipolysis

proteins

expenditure increased significantly from day 1 to
day 3 associated with more than a doubling of
norepinephrine concentrations from day 1 to day 4
[53]. Epinephrine concentrations did not increase
concomitantly, leading to the conclusion that the
increased norepinephrine was due to sympathetic
nervous system stimulation. As the dearth of caloric
and nutrient intake continues, the resting energy
expenditure has been reported by most, but not all,
investigators to decrease [54]. This decreased
energy expenditure is accompanied by diminished
catecholamine and thyroid hormone stimulation
[55]. The decrease in basal energy expenditure is
greater than can be accounted for by changes
in body weight or composition. This reduction in
basal energy expenditure increases metabolic effi-
ciency thus reducing the rate of tissue depletion
[56]. In addition, total daily energy expenditure is
also decreased because of reduced activity and exer-
cise on the part of the weakened starving individual.
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Furthermore, starvation can effect thermoregulation
as demonstrated by a reduced thermoregulatory
response to a cooling stimulus in normal weight
young females after 48 h of starvation [57].

As starvation progresses there is continuous
loss of lean body mass, along with decreases in
both basal energy expenditure and protein oxi-
dation. Lean subjects, who have less lean body
mass than obese subjects, maintain higher daily
nitrogen excretion in absolute terms, in relation
to weight loss and in relation to energy expendi-
ture. Moreover, in lean subjects the contribution
of protein oxidation to basal energy expenditure
does not decrease as starvation progresses
(up to 45 weeks) while in obese individuals it
decreases reaching values more than twofold
lower than observed in lean subjects [58].
Therefore, pre-starvation conditions play an
important role in the energy expenditure
response to starvation.

Hydration

Starvation due to the lack of ingestion of nutri-
ents should be differentiated from dehydration,
the lack of water ingestion. Death from the lack
of any food or water intake occurs with a week to
ten days depending on the rate of external water
loss, e.g., sweating, and the body’s intrinsic water
supply. The continuum of dehydration is charac-
terized by headaches, orthostatic hypotension,
decreased resting blood pressure, reduced or
no urine output, delirium, unconsciousness and,
eventually, death. In studies of starvation, sub-
jects are routinely provided with oral or
intravenous solutions containing water and elec-
trolytes to prevent dehydration and electrolyte
disturbances. Hunger strikers are generally pro-
vided with such solutions and in prolonged
starvation also with vitamins to prevent vitamin
deficiencies.

Weight Loss

Total cessation of nutrient intake results in sub-
stantial weight loss. Early in fasting weight loss
is rapid, averaging 0.9 kg/day during the first
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week due to negative water and sodium balance.
The losses slow to about 0.3 kg/day by the third
week [59]. During a 10-day fast a 54-year-old
male lost 0.25 kg/day [60], while hunger strikers
had lost 18 % of their pre-fast body weight by
days 28-35 [61]. Some of the weight loss during
the initial period of fasting is due to loss of water
in association with glycogenolysis [16]. With a
5 % weight loss secondary to starvation the
fraction of fat-free mass to total weight loss was
46 % indicating much loss of muscle tissue.
In obese individuals subject to total starvation,
weight loss was biphasic, with more rapid losses
observed during the first 14 days followed by
slower more linear losses from day 15 to days 30.
Over the first 14 days males lost significantly
more weight (8 %) than females (7 %) [62].

Hormonal Changes

Starvation is accompanied by substantial changes
in the hormonal milieu that helps the organism to
adapt its metabolism to reduced nutrient intake.
Plasma concentrations of thyroid hormones are
decreased; glucagon, catecholamine, and growth
hormone concentrations increase [63]. There are
increases in serum cortisol and urinary free corti-
sol concentrations, but without changes in adre-
nocorticotropic hormone (ACTH) levels. There
are substantial reductions in serum testosterone
concentrations as the result of alternations in
the pulsatility of luteinizing hormone (LH) secre-
tion likely mediated by reduced hypothalamic
GnRH pulses. This situation appears related to
the decrease in leptin concentrations [64]. Among
premenopausal women amenorrhea occurs while
fertility is reduced in males.

Short-term fasting results in a drop in thyroid-
stimulating hormone (TSH) pulse amplitude, a
decrease in serum T3 levels with an increase in
rT3, a reduced TSH response to thyrotropin-
releasing hormone (TRH) and little change in
thyroid-binding globulin (TBG). T4 concentra-
tions are unchanged due to its longer half-life.
It has been proposed that the decreased T3 and
thyroid receptor protein concentrations are
involved in the reduced energy expenditure
during fasting. As starvation continues, TBG
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concentrations begin to decrease so that after
a 10-day fast free-T4 levels were still normal
[60, 64].

Adipose tissue is an endocrine organ that
secrets cytokines and unique substances dubbed
adipocytokines or adipokines which have both
metabolic and immunological effects. After 72 h
of fasting, leptin (a satiety factor that regulates
body weight by appetite suppression and stimula-
tion of energy expenditure) decreased by 21 % of
baseline values [65-69]. Alternately, the concen-
tration of adiponectin (enhances insulin sensitiv-
ity, reduces energy expenditure and negatively
regulates hematopoiesis) is increased. It has been
hypothesized that adiponectin (“the starvation
gene”) evolved to help organisms survive malnu-
trition [70]. The serum concentrations of the adi-
pokines vaspin (an endogenous insulin sensitizer)
and visfatin (which has insulin-mimetic effects)
were unchanged after 72 h of fasting [68].

Growth hormone is secreted by the somato-
tropic cells of the anterior pituitary gland and
its secretion is enhanced by hypothalamic
growth hormone releasing hormone (GHRH) and
stomach-derived ghrelin. Secretion is reduced by
somatostatin and circulating concentrations of
IGF-1. Growth hormone secretion is increased
after 24-h of fasting, with both free and total
growth hormone concentrations increasing since
there is little change in growth hormone binding
protein [66]. There is some tissue level resistance
to growth hormone’s effects associated with
reduced IGF-1 concentrations. The reduced
IGF-1 effects are due to both reduced IGF-1 pro-
duction and increased IGF-specific binding
protein concentrations thus reducing the amount
of circulating IGF-1 [42]. This situation appears
to reduce the anabolic effects of IGF-1, while
permitting the lipolytic effects of growth hor-
mone. By stimulating lipolysis growth hormone
preserves muscle tissue by reducing the need for
proteolysis to supply gluconeogenic substrate.
During fasting, circulating ghrelin has been
reported to be increased by some, but not all,
investigators [42]. Ghrelin secretion is likely
increased due to the increased adrenergic stimu-
lation [67].

The central control of energy balance involves
the complex interaction of a variety of substances
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and neuronal centers including alpha melanocyte-
stimulating hormone («-MSH—an anorexigenic
substance) and its antagonism at the melanocortin-
4 receptor by agouti related protein (AgRP—an
orexigenic, or appetite stimulating substance that
increases food intake and decreases energy
expenditure in times of negative energy balance).
During a 6-day fast in lean subjects, coincident
with a decrease in plasma leptin concentrations,
there was increased AgRP, but no change in
o-MSH. This increase in AgRP, along with
increased neuropeptide-Y (another orexigenic
substance), appears to inhibit the thyroid axis at
the level of the pituitary gland [71].

Another substance active during starvation is
FGF21 (fibroblast growth factor 21), whose
plasma concentrations are increased after a 7-day
fast [72]. It is secreted by the liver, pancreas, and
white adipose tissue [73]. In the liver, FGF21
stimulates metabolic changes characteristic of
fasting including gluconeogenesis, fatty acid
oxidation, and ketogenesis, but does not stimu-
late glycogenolysis [73].

Prolonged Starvation: Metabolic
Consequences

Starvation for over 30 days is considered long-
term starvation, with serious complications and
death occurring from the 40th day. Although,
such prolonged starvation is a rare event, hunger
strikes have provided information on the meta-
bolic and other effects of such extended food
deprivation. Among Northern Ireland hunger
strikers death occurred between days 57-73 and
after the loss of 40-50 % of body weight [74].
A male subject who had fasted for 44 days was
found to have lost 25 % of his weight, 24 % of his
fat-free body mass (20 % of total body protein)
and 33 % of his fat mass [75, 76]. To survive for
over a month requires the oral ingestion and/or
intravenous infusion of water, electrolytes, and
vitamins. The most common cause of death in
these extreme cases of starvation is myocardial
infarction, pneumonia, or organ failure. It occurs
almost inevitably when the body mass index
reaches about 12.5 kg/m?. Obese individuals can
survive longer than the 60-70 day survival times
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seen in lean individuals. Survivals of 200-300
days have been seen in obese individuals ascribed
to their greater fat stores and thus lower need to
derive energy from protein [77, 78].

Protein Metabolism

During prolonged fasting, hormonal and meta-
bolic changes reduce protein and muscle break-
down so that protein catabolism produces only
about 10 % of total energy. Muscle and other
tissues use ketone bodies and fatty acids as their
main energy source. Therefore, the human brain
derives energy from fat stores, permitting survival
in starving normal weight persons for up to 2 to
2.5 months. After 44 days of starvation, a 30-year-
old subject had normal plasma glucose, choles-
terol, and triacyl-glycerol, but substantially
elevated free fatty acid and 3-hydroxybutyrate
concentrations [75]. Only 13-17 % of total energy
expenditure was from protein oxidation [76]. Once
fat stores are depleted, catastrophic protein catabo-
lism of all organs, including the heart, develops
leading to death [78].

Medical problems that develop during long-
term starvation include dehydration leading to
shock, renal failure and stroke; hypoglycemia;
metabolic disturbances causing arrhythmias; vita-
min deficiencies resulting in Wernicke-Korsakoff
syndrome, confusion; dizziness; peptic ulcers
and nephrolithiasis. Myocardial dysfunction can
occur due to significant changes in myocardial
muscle structure as well as function, leading to
pulmonary edema formation. Close medical
monitoring is recommended after a 10 % weight
loss in lean healthy individuals. Serious medical
problems begin at a loss of approximately
18-20 % from initial body weight.

Vitamin Deficiencies

Neurological problems are encountered and they
are often secondary to vitamin deficiencies. For
example, thiamine (vitamin B,) deficiency (beri-
beri—distal motor and sensory neuropathy plus
heart failure) occurs when fasting is accompanied
by the exclusive intake of sugar and liquids [79].
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Of 25 hunger strikers admitted to hospital after
more than 153 days of fasting, one third had oph-
thalmoparesis (paresis of the lateral rectus
muscle), about half had some form of paresis,
and a quarter had truncal ataxia. At discharge,
16 % had persistent ophthalmoparesis and 36 %
had nystagmus. Only four patients (16 %) could
walk independently [80]. In half the patients nys-
tagmus and ataxia had not resolved after 1 year.

Semistarvation

Most surgical patients are not in a state of total
starvation, but in a semistarved state attributed to
very low caloric intake, intermittent intake or
both. The classical intravenous fluid containing
5 % dextrose (3.4 kcal/g) infused at rates of
1-3 L/day (50-150 g/day) has mild protein spar-
ing effects as evidenced by lower nitrogen excre-
tion. The provision of at least 100 g/day of
glucose also prevents the appearance of ketones.
Furthermore, many patients eat only intermit-
tently or inadequately so that they are in a per-
petual semistarved state.

Metabolic and Hormonal Changes

Many of the metabolic and hormonal changes
observed during total starvation are also seen dur-
ing semistarvation. However, the magnitude of
these changes is smaller and depends on the
caloric intake and its composition. Studies per-
formed with very low caloric intakes (450 kcal/
day for 16 weeks) in obese patients showed that in
adipocytes there was decreased expression of
genes encoding leptin, adiponectin, de novo lipo-
genesis and rate-limiting enzymes for fatty acid
p-oxidation and carnitine palmitoyltransferase
1B. This pattern reflects increased adipocyte fatty
acid oxidation [81]. Furthermore, genes associated
with protein synthesis were downregulated [81].
The 1950 Minnesota semistarvation study of Keys
and colleagues [82] demonstrated that normal lean
subjects who had lost 25 % of their body weight
over 24 weeks and had little measureable fat
remaining (i.e., <5 % of body weight) were catab-
olizing substantial amounts of their lean mass.
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Other studies which examined serum concentrations
of proteins, fatty acids, hematologic parameters,
liver function tests, electrolytes, and vitamins
showed little or no change from pre-semistarvation
levels [82]. However, despite these normal results,
T3 declined significantly while the changes in T4
and T4/TBG were smaller but demonstrated sta-
tistically significant declines that paralleled the
changes in T3. TSH was elevated over baseline
through most of the course. Cortisol concentra-
tions increased significantly and testosterone
declined to levels well below the normal range for
men. A large rise in sex hormone binding globulin
(SHBG) to outside of the normal male range paral-
leled similar changes in TBG. This increase in
SHBG further reduced bioavailable testosterone
to 10 % of pre-semistarvation levels. LH also
decreased significantly. Similarly, among female
victims of famine, menstrual irregularities were
observed secondary to impaired gonadotropin
secretion [83].

Substrate Metabolism

A computational model used a simulated semis-
tarvation diet averaging 1,100 kcal/day of carbo-
hydrates, 290 kcal/day of fat, and 195 kcal/day
of protein for 24 weeks. After the first week of
this diet, the simulated carbohydrate oxidation
dropped by 35 % and accounted for ~42 % of the
total energy expenditure [84]. The simulated pro-
tein oxidation decreased by 12 % after the first
week of semistarvation and remained suppressed,
while the simulated fat oxidation increased by
12 % during the initial days of semistarvation due
to enhanced lipolysis associated with the reduced
carbohydrate intake. After a week of semistarva-
tion, fat oxidation was 46 % of the total energy
expenditure. This led to a negative fat balance of
more than 1,000 kcal/day that slowly became less
negative as the semistarvation progressed and
body fat was catabolized. At the end of the semi-
starvation period, all three macronutrient oxida-
tion rates were roughly equal to their respective
dietary intakes [84].

Both the total caloric intake and composition
of the semistarvation diet are important in
determining the composition of tissue loss. After
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a5 % weight loss, the fraction of fat-free mass to
total weight loss was 30 % and 18 % for a very
low calorie diet (600 kcal/day) and low calorie
diet (1,200 kcal/day), respectively, indicating that
slower weight loss with a higher caloric intake
results in greater loss of fat than muscle [74].
Meta-regression analysis of patients on weight
loss diets showed that higher protein intakes
(>1.05 g/kg) reduce the loss of lean body mass
[85]. This conclusion was confirmed on subse-
quent studies, which also showed higher concen-
trations of the anabolic substance IGF-1 with
higher protein intakes [86, 87].

The reduction in the basal metabolic rate
during semistarvation is highly associated with
the loss of body fat [56].

Long-Term Consequences
of Semistarvation

Semistarvation can have especially detrimental
long-term effects. Early gestation appeared to be
the most vulnerable period. People who were
conceived during famine were at increased risk
of schizophrenia and depression, they had a more
atherogenic plasma lipid profile, were more res-
ponsive to stress and had double the rate of coro-
nary heart disease. They also performed worse on
cognitive tasks which may be a sign of acceler-
ated aging. People exposed during any period of
semistarvation during gestation had more type 2
diabetes [88].

Marasmus

Chronic malnutrition caused by deficient and
insufficient dietary intakes result in major changes
in body composition and homeostasis. Any form of
illness in such patients is frequently life threaten-
ing because of altered metabolism, lack of glyco-
gen and adipose tissue reserves and immune
deficiency. Marasmus is derived from the Greek
marasmos, which means withering or wasting.
Marasmus is one of the three forms of serious
chronic protein-energy malnutrition (PEM). The
other two forms are kwashiorkor and marasmic-
kwashiorkor. Marasmus involves insufficient intake
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of both protein and calories and is characterized by
emaciation whereas kwashiorkor is due to protein
deficiency, resulting in an edematous appearance
[2]. Marasmic-kwashiorkor indicates the often
encountered difficulty in separating these entities
and indicates that features of both marasmus and
kwashiorkor are present. These forms of serious
PEM represent a group of pathologic conditions
that occur mainly in young children from develop-
ing countries. They are classically observed around
time of weaning from their mother’s milk. The
reasons why a nutritional deficit progresses to
marasmus rather than kwashiorkor are unclear and
cannot be solely explained by the composition
of the deficient diet (i.e., a diet deficient in energy
for marasmus and a diet deficient in protein for
kwashiorkor). The study of these entities is consid-
erably limited by the lack of appropriate animal
models.

Body Composition in Marasmus

Marasmus results from negative energy balance
secondary to a decreased energy intake, loss
of ingested calories (via. emesis and diarrhea),
increased energy expenditure (due to. infections
burns), or combinations of these factors. Mara-
smatic individuals display adaptive energy con-
serving behavior by reducing physical activity
and growth. The basal energy metabolism is
associated with lethargy which also conserves
energy. In patients with marasmus, body mass is
significantly reduced and fat stores can decline
to as low as 5 % of total body weight [89]. The
proportion of total body water content increases
as the magnitude of the protein-energy malnutri-
tion (marasmus or kwashiorkor) increases and is
associated with loss of fat mass, which is poor in
water. Protein mass can decrease as much as
30 % in the most serious forms of marasmus.
Marasmus malnutrition does not substantially
change concentrations of albumin but levels of
transport proteins with very short half-lives,
such as prealbumin, transferrin, or transcortin,
are reduced. Muscle fibers are thin and lose their
striations. Muscle cells are atrophic and muscle
tissue is infiltrated with fat and fibrous tissue.
The brain, skeleton, and kidney are preserved,
whereas the liver, heart, pancreas, and digestive
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tract are the first to be affected. The loss of fat
and muscle mass can be evaluated by measur-
ing arm circumference and triceps skinfold
thickness.

Minerals and Vitamins

Potassium deficits can reach 15 mEq/kg and can
contribute to hypotonia, apathy, and impaired
cardiac function. Plasma sodium concentrations
are generally within the normal range, but they
can also be reduced. Deficits in calcium, phos-
phorus, and magnesium stores are also observed.
Iron deficiency anemia is usually seen in maras-
mus. Zinc, selenium, and magnesium are more
often deficient in kwashiorkor but can also be
deficient in marasmus.

Kwashiorkor

Kwashiorkor occurs when there is insufficient
dietary protein. It generally occurs in very poor
countries often during droughts, other natural
disasters, or political unrest. The symptoms of
kwashiorkor include edema, changes in skin
pigmentation, protuberant abdomen, dermatitis,
decreased muscle mass and texture, vulnerability
to infections due to dysfunctional immunity,
lethargy and irritability. Hepatomegaly may be
present.

Carbohydrate Metabolism

Blood glucose concentrations are regulated by the
fine balance between gluconeogenesis and glu-
cose clearance. In kwashiorkor, an inability to
maintain sufficient gluconeogenic glucose pro-
duction can result in hypoglycemia. Glucose
clearance rates correlated with plasma albumin
concentrations in both marasmus and kwashior-
kor. The reduced glucose clearance in both condi-
tions appears related to impaired insulin availability
as demonstrated by impaired insulin responses to
a glucose load. Among the potential mechanisms
of disturbed insulin secretion in these two condi-
tions is pancreatic dysfunction [90, 91]. Pancreatic
atrophy and fibrosis, as well as fatty infiltration
have been consistent autopsy features in kwashi-
orkor [92, 93]. Pancreatic f3-cells are vulnerable to
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oxidative stress which is increased in kwashiorkor)
and might explain the pancreatic changes [94-97].
However, there was no indication of peripheral or
hepatic insulin resistance. Another cause of the
hypoglycemia in kwashiorkor is impaired glucose
absorption possibly related to intestinal villous
atrophy [98, 99]. Lower disaccharidase activity
was found in kwashiorkor compared with maras-
mus [100-102]. Another possible factor contribut-
ing to impaired glucose absorption could be
decreased expression of the sodium-dependent
hexose transporter or the glucose transporter 2,
which transports glucose across the luminal
membranes. A third cause of reduced glucose
absorption could be a decreased gut motility and
consumption of carbohydrates by small bowel
bacterial overgrowth [103].

Lipid Metabolism

Lipolysis is elevated in kwashiorkor more than in
marasmus while both lipolysis and fatty acid oxi-
dation are less efficient in kwashiorkor [104].
The latter was demonstrated by slower palmitate
oxidation. Additionally, there is reduced concen-
tration of plasma carnitine in kwashiorkor which
might be part of the reason there is slower fatty
acid oxidation.

Protein Metabolism

Unlike marasmus, kwashiorkor is characterized
by low serum albumin concentrations and slow
protein breakdown and turnover. For example
there is slower methionine production in kwashi-
orkor than marasmus because of a slower rate of
release from protein breakdown [105, 106]. This
slower protein breakdown in kwashiorkor might
be among the reason for poorer survival in these
patients [105, 106].

Anorexia Nervosa

Anorexia nervosa is an eating disorder where
people lose more weight than is healthy for their
age and height. It is far more common in females
than males. Those suffering from this disorder
may greatly fear weight gain, even when under-
weight. They may diet excessively, taking in only
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a few hundred calories a day or just water
(Restricting Type), or eat and then purge, either by
vomiting or taking laxatives (Binge/Purging Type).
This chapter will focus on the restricting type.

Hormonal Responses

The hormonal responses observed with anorexia
nervosa are similar to those seen in starved and
semistarved individuals. However, in anorexia
these responses may continue for years at varying
intensities resulting in major changes in body
composition and homeostasis even during peri-
ods of reasonable caloric and nutrient intake.
Surgeons may encounter patients during these
various phases. Anorectics suffer from bone loss
and thus are particularly vulnerable to fractures.
Low bone density is a consequence of hormonal
alterations including hypoestrogenism, hypolep-
tinemia, hypercortisolism, and decreased IGF-1
levels [107].

Anorexia nervosa is characterized by hypo-
thalamic—pituitary—adrenal axis hyperactivity as
evidenced by increased corticotrophin releasing
hormone secretion [108]. This leads to increased
free plasma, salivary, urinary cortisol concentra-
tions, and 24-h mean plasma concentrations.
Circadian rhythms are normal although nocturnal
spikes can occur [109]. The elevated cortisol levels
are ascribed to prolonged cortisol half-life along
with decreased metabolic clearance while cortisol
production was normal. Studies of untreated
anorexia nervosa patients showed reduced cortisol
suppression after dexamethasone suppression test.
Underweight anorexics showed low CSF ACTH
levels but plasma ACTH levels were normal.
Anorexia nervosa is characterized by adrenal
sympathetic overactivity and neural sympathetic
underactivity as demonstrated by a predominance
of circulating epinephrine over norepinephrine
levels [110]. Markedly increased subcutaneous
abdominal adipose tissue norepinephrine concen-
trations in anorectics compared to control subjects,
reflect increased sympathetic nervous system
activity [111, 112]. However, not all studies have
reached similar conclusions, with some actually
reporting reduced sympathetic activity. Growth
hormone concentrations are increased but due
to relative hepatic resistance insulin-like growth
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factor-1 levels are reduced. Thyroid-function
studies show a “sick-euthyroid” pattern with nor-
mal TSH, low to normal total and free T4 and low
T3. There is increased conversion of T4 to reverse
T3. Additionally there is hypogonadotropic hypo-
gonadism. LH, FSH and estradiol concentrations
are significantly lower in anorexia nervosa than in
controls, while SHBG concentrations are increased
[113, 114]. This constellation leads to amenorrhea
in female anorectics [115].

Adipokines are also affected by anorexia ner-
vosa with circulating adiponectin levels inversely
related to body mass index (BMI) [116]. When
adiponectin isoforms were examined there were
decreases in the percentage of high molecular
weight and increases in the percentage of
low molecular weight isoforms that correlated
with BMI [116]. Serum leptin concentrations are
severely decreased while serum soluble leptin
receptor levels were increased [116]. This recep-
tor increase might be a protective mechanism
that decreases free leptin bioavailability thus
facilitating energy conservation [116]. Mean
serum resistin concentrations were significantly
lower in anorexics as compared to controls, in
some but not all studies. Furthermore, serum
visfatin concentrations, a peptide regulating
adipocyte differentiation, were decreased in
anorectics [113].

Some evidence points to anorexia patients
being in a state of inflammation. In one study of
anorectic patients there was increased TNF-a and
IL-6 mRNA expression while another study
found plasma TNF-« to be significantly higher in
patients than controls [117, 118]. Both TNF-R55
and TNF-R75 (receptors) were higher in those
suffering with anorexia for longer than a year as
compared to controls and patients with shorter
disease duration [117]. However, increased TNF
and IL-1 activity was not seen in all studies [119].
Concentrations of IL-1p, s-TNF-a-R-I & -II and
sIL-1B-RA in plasma did not differ significantly
in patients with anorexia nervosa compared with
control subjects [120]. Serum IL-6 was higher in
anorexic women in comparison with a control
group. Serum sIL-6R (soluble IL-6 receptor)
was lower and serum sgpl30 (an inhibitor of
the IL-6 trans-signaling pathway) was higher
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anorexics in comparison with controls [121].
This constellation appears directed at inhibiting
IL-6 action [121].

Carbohydrate Metabolism

In chronic anorectic starvation regulation of
substrates depends mainly on decreased serum
insulin concentrations and increased growth hor-
mone secretion [122]. These low plasma insulin
levels are the result of greater insulin clearance
rather than depressed insulin secretion [123].
Following an overnight fast, anorexics main-
tained normal fasting plasma glucose concentra-
tions which were not related to body weight or
BMI thus demonstrating that endogenous glu-
cose production remains a priority providing
glucose to the central nervous system [124].
Since anorectics consume some carbohydrates
they do not generally develop ketosis. The role of
glucagon seems to be of minor importance in this
situation. Impaired recovery of plasma glucose
after insulin-induced hypoglycemia in anorexia
nervosa is primarily attributable to impaired pan-
creatic glucagon (a-cell) secretory capability
[125]. Moreover, pancreatic -cell dysfunction as
evidenced by reduced insulin secretion was seen
following glucagon administration to anorectic
patients [126].

Insulin-stimulated glucose disposal is normal
in anorexia nervosa patients, a finding that con-
trasts with previously reported increases in eryth-
rocyte insulin receptors [127]. Other studies agree
with the latter one by revealing that insulin-
stimulated glucose disposal and nonoxidative glu-
cose metabolism were significantly reduced in
anorexia nervosa. Nonoxidative glucose metabo-
lism reflects skeletal muscle storage of glucose as
glycogen as evidenced by lower glycogen con-
centrations in muscles of anorectic patients.
Therefore, in anorexia nervosa the nonoxidative
pathway of glucose metabolism is resistant to the
action of insulin (i.e., insulin stimulates glucose
oxidation more than glucose storage); a situation
similar to that commonly observed during pro-
longed starvation [128]. Furthermore, insulin sen-
sitivity is not systemically increased and glucose
effectiveness is unchanged in anorectic women
when compared to normal weight controls [123].
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Lipid Metabolism
Anorexia nervosa is characterized by the marked
loss of adipose tissue. Therefore, it is not surpris-
ing that these individuals have increased lipolysis
as evidenced by an inverse linear relationship
between the rate of glycerol production and
weight after an overnight fast [124]. Interestingly,
concentrations of serum free fatty acid are either
not or only mildly elevated in anorexia nervosa
[129]. Furthermore, during exercise, but not at
rest, there was a local increase in both adipose
tissue norepinephrine and glycerol concentra-
tions in anorectic patients in comparison to
controls, indicating accelerated lipolysis [112].
Anorexia nervosa patients display a complex
membrane fatty acid profile without characte-
ristics of nutritional essential free fatty acid
deficiency, but with a deficiency in long chain
polyunsaturated fatty acids [130]. The phospho-
lipid profile showed significantly lower (n-6) and
(n-3) elongation and desaturation products with
elevated short-chain saturated, short-chain mono-
unsaturated, branched-chain and odd-chain fatty
acids. This latter pattern indicates enhanced
biosynthesis of alternative fatty acids that only
partially compensate for the loss of polyunsatu-
rated fatty acids in providing membrane “fluid-
ity” [131]. The most consistent finding in the
fatty acid pattern is decreased content of linoleic
acid and increased content of palmitoleic acid in
all lipid classes. The alteration in plasma lipids
and lipoproteins in anorexia nervosa are the result
of complex mechanisms including decreased
catabolism of triglyceride-rich lipoproteins, nor-
mal rate of cholesterol synthesis and increased
resorption of exogenous cholesterol [132]. Mean
serum levels of total cholesterol, low-density
lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol, apolipoprotein (apo)-Al,
B, C2, C3, E, and cholesterol ester transfer pro-
tein (CETP) activity were significantly higher in
anorexic compared to controls [133]. The ele-
vated cholesterol concentrations in anorexia are
generally attributed to increased LDL-cholesterol
secondary to the severe loss of body fat, changes
in thyroid hormones, increased lipolysis, and
decreased endogenous cholesterol synthesis with
resultant decrease in LDL removal. CETP activity
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increases cholesterol turnover as an adaptation to
its low intake thus maintaining elevated choles-
terol concentrations. In severe anorexia this
mechanism can fail resulting in the fall of choles-
terol concentrations [134].

Energy Expenditure

In patients with anorexia nervosa metabolic rate
slows, with resting energy expenditures decreas-
ing to as low as 50-70 % of predicted values
[135, 136]. The low resting energy expenditure
(REE) is attributed to the loss of lean body mass
and to some extent the effects of reduced thyroid
hormones and leptin. Schebendach et al. [137]
studied 21 anorexic adolescents and found that
mean measured resting energy expenditures
were 62+ 18 % of that predicted by the Harris—
Benedict equation. The authors proposed a cor-
rective formula for predicting resting energy
expenditures in anorexia nervosa for use when
indirect calorimetry is not available [137]. Marra
et al. [138] performed indirect calorimetry on
237 females with anorexia nervosa and confirmed
that both the Harris—Benedict equation and the
World Health Organization equations overesti-
mate REE in patients with anorexia nervosa. The
Schebendach correction accurately predicted
measured REE in the adolescents, but not in the
adults, in a follow-up prospective study of 50
patients with anorexia nervosa.

The Elderly: Cachexia
and Sarcopenia

Weight loss, often coinciding with frailty, is com-
monly observed in the elderly. It is frequently
preceded by sarcopenia—the involuntary loss of
skeletal muscle mass and, consequently, loss
of strength—which occurs even in “successfully”
aging adults [139]. In fact, after the age of 50
years, individuals lose muscle mass at the rate of
about 1-2 % per year; with losses of 40 % not
uncommon in octogenarians. Sarcopenia is asso-
ciated with dynapenia—the loss of muscle
strength secondary to reduced neural activation
and reduced contractility quality [140]. The cause
of sarcopenia is unknown, but might be due to a
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combination of decreased physical activity; loss
of spinal motor neurons; reduced endogenous
growth hormone; estrogen and androgen produc-
tion; insufficient protein intake; and a chronic
low-grade inflammatory response (i.e., increased
cytokines IL-1, TNF and IL-6 [141]). Sarcopenia
is aggravated by a complex interaction of several
factors among them aging, disuse, immobiliza-
tion, disease, and malnutrition. Another possible
mechanism is an insufficient synthetic response
to protein ingestion possibly due to reduced pro-
duction and/or reduced responses to the anabolic
effects of anabolic hormones such as androgens,
growth hormone (GH) and IGF-1. The concen-
trations of these anabolic hormones decrease
progressively during aging. Transcriptomic stud-
ies showed older males (63—79 years) to be less
responsive to anabolic stimuli and more respon-
sive to catabolic conditions (i.e., greater proteol-
ysis with a low protein diet) than younger males
(21-43 years) [142]. The elderly have reduced
numbers and sizes of type II muscle fibers appar-
ently due to skeletal myocyte apoptosis [143].
Type I fibers are spared. When compared to tis-
sue from young individuals the mitochondrial
respiration of muscle fibers from elderly individ-
uals was reduced 41 %. This reduction was associ-
ated with a 30 % decline in cytochrome c oxidase
activity and 50 % reductions in the levels of the
metabolic regulators, SIRT3 (silent mating-type
information regulator number 3) and PGC-1a. (per-
oxisome proliferation-activated receptor gamma
coactivator 1-o) Some, but not all, studies found
reduced ATP concentrations in aging muscle [144].
These observations suggest that aging is associated
with impaired skeletal muscle mitochondrial
function [145]. Resistance or endurance exercise
regimens may improve both muscle mass and func-
tion. Paradoxically, caloric restriction might reduce
the development of sarcopenia.

The elderly not only lose muscle mass but
many also lose weight. Age-related reduction in
energy intake is a physiologic effect of healthy
aging. However, harmful anorectic effects can
intervene—the anorexia of aging is a physiologic
decrease in food intake which gradually results in
weight loss accompanied by age-related changes
in body composition. Reduced food intake can be

89

caused by appetite loss attributed to reduced
caloric requirements or because of more rapid
and stronger satiety signals. Early satiation is
often due to a decrease in adaptive relaxation of
the stomach fundus resulting in early antral fill-
ing. Increased concentrations and effectiveness
of cholecystokinin may play a role. The central
feeding drive (opioid and the neuropeptide
Y effects) appears to decline with age. Physical
factors such as poor dentition, ill-fitting dentures,
or age-associated changes in taste and smell may
influence food choice and limit the type and
quantity of food eaten by older people [145].

The frailty syndrome is defined as unintentional
weight and muscle loss accompanied by exhaus-
tion along with declines in grip strength, gait speed,
and activity [146]. Frail individuals can rapidly
progress to a disabled state when another stressor
such as surgery or illness ensues. This situation
frequently causes a domino effect that increases
mortality [146]. The cause of frailty is thought to
be an imbalance between inflammatory and
anti-inflammatory networks, resulting in a low-
grade chronic pro-inflammatory status, dubbed,
“inflamm-aging.” This pro-inflammatory state is
linked to immunosenescence. Genotype also plays
arole, with centenarians having a high level of anti-
inflammatory cytokines together with a protective
genotype [147]. Poor nutritional status has been
implicated in the development and progression of
chronic diseases affecting the elderly. This situa-
tion, plus chronic illnesses and such problems such
as impaired muscle function, decreased bone mass,
immune dysfunction, anemia, reduced cognitive
function and poor wound healing, delayed recov-
ery from surgery and ultimately increased morbid-
ity and mortality.

The Refeeding Syndrome

Refeeding syndrome describes the biochemical
changes, clinical signs and symptoms and com-
plications that can occur secondary to feeding a
malnourished and often catabolic individual.
This syndrome can cause serious harm and even
death [148]. Initial descriptions of the syndrome
were from malnourished prisoners-of-war who
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developed cardiac and neurological symptoms
soon after they resumed eating [149, 150].
Because of the potential for significant morbidity
and mortality, healthcare professionals need to be
aware of its possible appearance and effects
among at-risk populations. The syndrome’s pre-
sentation ranges from simple nausea, vomiting,
and lethargy to respiratory insufficiency, cardiac
failure, hypotension, arrhythmias, delirium, coma,
and death. Peripheral edema and fluid overload
leading to pulmonary edema can also occur
[151]. Clinical deterioration may occur rapidly if
the cause is not established and appropriate mea-
sures not instituted.

Refeeding a starved individual rapidly decreases
gluconeogenesis and anaerobic metabolism medi-
ated by a rapid rise in serum insulin concentrations
[152, 153]. The elevated insulin stimulates the
intracellular movement of extracellular potassium,
phosphate, and magnesium. During prolonged
starvation, intracellular stores of some minerals
become severely depleted while their serum con-
centrations often remain normal. The latter is due
to the contraction of the intracellular compartment
during starvation along with reduction in the renal
excretion of sodium and water. This can potentially
lead to expansion of the extracellular compartment
resulting in the possibility for fluid overload.
Because of the depleted intracellular stores there is
a large extra-intracellular concentration gradient
resulting in a rapid decline in the extracellular con-
centrations of these ions [154, 155]. To maintain
osmotic neutrality sodium and water are retained
[156]. Reactivation of carbohydrate-dependent
metabolic pathways increases the demand for
thiamine which can become rapidly deficient if not
replaced [157, 158]. Phosphate, magnesium, potas-
sium, and thiamine deficiencies occur to varying
degrees and have different effects in different
patients [159]. Some individuals, such as chronic
alcohol abusers or those suffering from long-term
starvation are extremely vulnerable to the conse-
quences of electrolyte and vitamin deficiencies
[160-166]. Therefore it might be prudent to slowly
increasing glucose intake to allow sufficient oppor-
tunity to replace serum electrolyte deficiencies.
Furthermore, excessive fluid intake is to be
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avoided to prevent further reductions in phosphate,
magnesium and potassium concentrations and
increasing the intravascular fluid load.

Hypophosphatemia is among the markers used
to diagnose the refeeding syndrome, although
low serum phosphate is not pathognomonic [167].
A prospective study of 62 intensive care unit
patients refed after 48 h of starvation found that
21 (34 %) experienced hypophosphatemia associ-
ated with low prealbumin concentrations [151].
Low serum albumin concentration may be an
important predictor of hypophosphatemia [151].
Another study of 106 refed patients with histo-
logically confirmed cancer, noted an incidence of
hypophosphatemia of 25 % [168].

The optimum timing for correcting the bio-
chemical and fluid abnormalities during refeeding
has been the source of debate. Some investigators
advocate correcting electrolyte abnormalities
before beginning the refeeding. This approach
has been revised and recent National Institute of
Health and Clinical Excellence Guidelines in the
United Kingdom recommend that careful refeed-
ing and correction of electrolyte abnormalities
can occur simultaneously without deleterious
effects. There are no randomized trial data to sup-
port either approach.

Conclusions

Starvation is characterized by a series of adap-
tive responses aimed at preserving an organ-
ism’s body mass and ultimately its survival. This
adaptation contrasts with the obligate hypermet-
abolic, catabolic, and auto-cannibalistic state
observed during stressful situations such as
trauma, burns, sepsis, and surgery. In such situ-
ations adaptive responses such as ketone body
formation do not occur, leading to the need
for continuous high rates of gluconeogenesis
and proteolysis. Therefore, caring for and feed-
ing such patients differ from that of a starved
patient and must take into consideration the
underlying metabolic conditions that are not
able to utilize exogenous nutrients in a “normal”
fashion.



4 Starvation

References

10.

11

12.

. Gonzidlez-Vélez V, Dupont G, Gil A, Gonzilez A,

Quesada I. Model for glucagon secretion by pancre-
atic a-cells. PLoS ONE. 2012;7:€32282.

. Allister EM, Robson-Doucette CA, Prentice KIJ,

Hardy AB, Sultan S, Gaisano HY, Kong D, Gilon P,
Herrera PL, Lowell BB, Wheeler MB. UCP2 regu-
lates the glucagon response to fasting and starvation.
Diabetes. 2013;62:1623-33.

. Meyer C, Stumvoll M, Dostou J, Welle S, Haymond

M, Gerich J. Renal substrate exchange and gluco-
neogenesis in normal postabsorptive humans. Am J
Physiol Endocrinol Metab. 2002;282:E428-34.

. Sakharova AA, Horowitz JF, Surya S, Goldenberg

N, Harber MP, Symons K, Barkan A. Role of growth
hormone in regulating lipolysis, proteolysis, and
hepatic glucose production during fasting. J Clin
Endocrinol Metab. 2008;93:2755-9.

. Tsintzas K, Jewell K, Kamran M, Laithwaite D,

Boonsong T, Littlewood J, Macdonald I, Bennett
A. Differential regulation of metabolic genes in skel-
etal muscle during starvation and refeeding in
humans. J Physiol. 2006;575(1):291-303.

. Soeters MR, Sauerwein HP, Dubbelhuis PF, Groener

JE, Ackermans MT, Fliers E, Aerts JM, Serlie
MJ. Muscle adaptation to short-term fasting in
healthy lean humans. J Clin Endocrinol Metab.
2008;93:2900-3.

. Chan JL, Mietus JE, Raciti PM, Goldberger AL,

Mantzoros CS. Short-term fasting-induced auto-
nomic activation and changes in catecholamine
levels are not mediated by changes in leptin levels
in healthy humans. Clin Endocrinol (Oxf). 2007;
66:49-57.

. Petersen KF, Price T, Cline GW, Rothman DL,

Shulman GI. Contribution of net hepatic glycoge-
nolysis to glucose production during the early post-
prandial period. Am J Physiol. 1996;270(1 Pt 1):
E186-91.

. Browning JD, Baxter J, Santhosh S, Burgess SC. The

effects of short-term fasting on liver and skeletal
muscle lipid, glucose and energy metabolism in
healthy women and men. J Lipid Res. 2012;53:
577-86.

Robles-Flores M, Allende G, Pinat E, Garcia-Sainz
JA. Cross-talk between glucagon- and adenosine-
mediated signalling systems in rat hepatocytes:
effects on cyclic AMP-phosphodiesterase activity.
Biochem J. 1995;312:763-7.

. Liu Y, Dentin R, Chen D, Hedrick S, Ravnskjaer K,

Schenk S, Milne J, Meyers DJ, Cole P, Yates 3rd J,
Olefsky J, Guarente L, Montminy M. A fasting
inducible switch modulates gluconeogenesis via
activator/coactivator exchange. Nature. 2008;456:
269-723.

Dentin R, Liu Y, Koo SH, Hedrick S, Vargas T,
Heredia J, Yates 3rd J, Montminy M. Insulin

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

91

modulates gluconeogenesis by inhibition of the
coactivator TORC2. Nature. 2007;449:366-9.
Jitrapakdee S. Transcription factors and coactivators
controlling nutrient and hormonal regulation of
hepatic gluconeogenesis. Int J Biochem Cell Biol.
2012:44:33-45.

Landau BR, Wahren J, Chandramouli V, Schumann
WC, Ekberg K, Kalhan SC. Contributions of gluco-
neogenesis to glucose production in the fasted state.
J Clin Invest. 1996;98:378-85.

Marsenic O. Glucose control by the kidney: an
emerging target in diabetes. Am J Kidney Dis.
2009;53:875-83.

Soeters MR, Soeters PB, Schooneman MG, Houten
SM, Romijin JA. Adaptive reciprocity of lipid and
glucose metabolism in human short-term starvation.
Am J Physiol Endocrinol Metab. 2012;303:
E1397-407.

Stumvoll M, Meyer C, Perriello G, Kreider M, Welle
S, Gerich J. Human kidney and liver gluconeogene-
sis: evidence for organ substrate selectivity. Am J
Physiol. 1998;274:E817-26.

Cahill GF. Fuel metabolism in starvation. Annu Rev
Nutr. 2006;26:1-22.

Bergman BC, Cornier MA, Horton TJ, Bessesen
DH. Effects of fasting on insulin action and glucose
kinetics in lean and obese men and women. Am J
Physiol Endocrinol Metab. 2007;293:E1103-11.
Clore JN, Glickman PS, Helm ST, Nestler JE,
Blackard WG. Accelerated decline in hepatic
glucose production during fasting in normal
women compared with men. Metabolism. 1989;38:
1103-7.

JeongJY,Jeung NH, Park KG, Lee IK. Transcriptional
regulation of pyruvate dehydrogenase kinase.
Diabetes Metab J. 2012;36:328-35.

Young SG, Zechner R. Biochemistry and pathophys-
iology of intravascular and intracellular lipolysis.
Genes Dev. 2013;27:459-84.

Horton TJ, Hill JO. Prolonged fasting significantly
changes nutrient oxidation and glucose tolerance
after a normal mixed meal. J Appl Physiol. 2001;
90:155-63.

Elia M, Lammert O, Zed C, Neale G. Energy metab-
olism during exercise in normal subjects undergoing
total starvation. Hum Nutr Clin Nutr. 1984;38:
355-62.

Nielsen S, Guo Z, Johnson CM, Hensrud DD, Jensen
MBD. Splanchnic lipolysis in human obesity. J Clin
Invest. 2004;113:1582-8.

Gjedsted J, Gormsen LC, Nielsen S, Schmitz O,
Djuhuus CB, Keiding S, Orskov H, Tonesen E,
Moller N. Effects of a 3-day fast on regional lipid
and glucose metabolism in human skeletal muscle
and adipose tissue. Acta Physiol. 2007;191:205-16.
Jensen MD, Chandramouli V, Schumann WC,
Ekberg K, Previs SF, Gupta S, Landau BR. Sources
of blood glycerol during fasting. Am J Physiol
Endocrinol Metab. 2001;281:E998—-1004.



92

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bouwens M, Afman LA, Miiller M. Fasting induces
changes in peripheral blood mononuclear cell gene
expression profiles related to increases in fatty acid
beta-oxidation: functional role of peroxisome prolif-
erator activated receptor alpha in human peripheral
blood mononuclear cells. Am J Clin Nutr. 2007;
86:1515-23.

Krug S, Kastenmiiller G, Stiickler F, Rist MJ, Skurk
T, Sailer M, Raffler J, Romisch-Margl W, Adamski
J, Prehn C, Frank T, Engel KH, Hofmann T, Luy B,
Zimmermann R, Moritz F, Schmitt-Kopplin P,
Krumsiek J, Kremer W, Huber F, Oeh U, Theis FJ,
Szymczak W, Hauner H, Suhre K, Daniel H. The
dynamic range of the human metabolome revealed
by challenges. FASEB J. 2012;26:2607-19.

Indiveri C, lacobazzi V, Tonazzi A, Giangregorio N,
Infantino V, Convertini P, Console L, Palmieri F. The
mitochondrial carnitine/acylcarnitine carrier: func-
tion, structure and physiopathology. Mol Aspects
Med. 2011;32:223-33.

Hasselbalch SG, Knudsen GM, Jakobsen J, Hageman
LP, Holm S, Paulson OB. Blood-brain barrier per-
meability of glucose and ketone bodies during short-
term starvation in humans. Am J Physiol Endocrinol
Metab. 1995;268:E1161-6.

Owen OE, Smalley KJ, D’Alessio DA, Mozzoli
MA, Dawson EK. Protein, fat, and carbohydrate
requirements during starvation: anaplerosis and cat-
aplerosis. Am J Clin Nutr. 1998;68:12-34.

Markel A, Brook JG, Aviram M. Increased plasma
triglycerides, cholesterol and apolipoprotein E dur-
ing prolonged fasting in normal subjects. Postgrad
Med J. 1985;61:395-400.

Sdvendahl L, Underwood LE. Fasting increases
serum total cholesterol, LDL cholesterol and apoli-
poprotein B in healthy, nonobese humans. J Nutr.
1999;129:2005-8.

Fainaru M, Schafer Z. Effect of prolonged fasting
on plasma lipids, lipoproteins and apolipoprotein B
in 12 physicians participating in a hunger strike: an
observational study. Isr Med Assoc J. 2000;
2:215-9.

Goschke H. Mechanism of glucose intolerance
during fasting: differences between lean and obese
subjects. Metabolism. 1977;26:1147-53.

Hoeks J, van Herpen NA, Mensink M, Moonen-
Kornips E, van Beurden D, Hesselink MK,
Schrauwen P. Prolonged fasting identifies skeletal
muscle mitochondrial dysfunction as consequence
rather than cause of human insulin resistance.
Diabetes. 2010;59:2117-25.

Frank P, Katz A, Andersson E, Sahlin K. Acute exer-
cise reverses starvation-mediated insulin resistance
in humans. Am J Physiol Endocrinol Metab.
2013;15(304):E436-43.

Green JG, Johnson NA, Sachinwalla T, Cunningham
CW, Thompson MW, Stannard SR. Moderate-
intensity endurance exercise prevents short-term star-
vation-induced intramyocellular lipid accumulation

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

C. Weissman and R. Hashem

but not insulin resistance. Metabolism. 2011;60:
1051-7.

Awad S, Consantin-Teodosiu D, Macdonald IA,
Lobo DN. Short-term starvation and mitochondrial
dysfunction — a possible mechanism leading to
postoperative insulin resistance. Clin Nutr. 2009;
28:497-509.

Henry CJ, Rivers JP, Payne PR. Protein and energy
metabolism in starvation reconsidered. Eur J Clin
Nutr. 1988;42:543-9.

Norrelund H. The metabolic role of growth hormone
in humans with particular reference to fasting.
Growth Horm IGR Res. 2005;15:95-122.

Dice JF, Finn PFE. Proteolytic and lipolytic responses
to starvation. Nutrition. 2006;22:830-44.
Rabinowitz JD, White E. Autophagy and metabo-
lism. Science. 2010;330:1344-8.

Bejarano E, Cuervo AM. Chaperone-medicated
autophagy. Proc Am Thorac Soc. 2010;7:29-39.
Broom J, Fraser MH, McKenzie K, Miller JD, Fleck
A. The protein metabolic response to short-term
starvation in man. Clin Nutr. 1986;5:63-5.

Elia M, Stubbs RJ, Henry CJ. Differences in fat, car-
bohydrate, and protein metabolism between lean and
obese subjects undergoing total starvation. Obes
Res. 1999;7:597-604.

Afolabi PR, Jahoor F, Jackson AA, Stubbs J,
Johnstone AM, Faber P, Lobley G, Gibney E, Elia
M. The effect of total starvation and very low energy
diet in lean men on kinetics of whole body protein
and five hepatic secretory proteins. Am J Physiol
Endocrinol Metab. 2007;293:E1580-9.

Elia M, Martin S, Price C, Hallworth MJ, Neale
G. Effect of starvation and elective surgery on hand
dynamometry and circulating concentration of vari-
ous proteins. Clin Nutr. 1984;2:173-9.

Chadwick SJ, Sim AJ, Dudley HA. Changes in
plasma fibronectin during acute nutritional depriva-
tion in healthy human subjects. Br J Nutr. 1986;
55:7-12.

Cottingham K. Proteomics of starvation. J Proteome
Res. 2006;5:2075.

Grinspoon SK, Baum HBA, Kim V, Coggiins C,
Kilbansmi A. Decreased bone formation and
increased mineral dissolution during acute fasting in
young women. J Clin Endocrinol Metab. 1995;
80:3628-33.

Zauner C, Schneeweiss B, Kranz A, Madl C,
Ratheiser K, Kramer L, Roth E, Schneider B,
Lenz K. Resting energy expenditure in short-term
starvation is increased as a result of an increase in
serum norepinephrine. Am J Clin Nutr. 2000;71:
1511-5.

Leibel RL, Rosenbaum M, Hirsch JH. Changes in
energy expenditure resulting from altered body
weight. N Engl J Med. 1995;332:621-8.

Silva JE, Bianco SD. Thyroid-adrenergic interac-
tions: physiological and clinical implications.
Thyroid. 2008;18:157-65.



4 Starvation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Dulloo AG, Jacquet J. Adaptive reduction in basal
metabolic rate in response to food deprivation in
humans: a role for feedback signals from fat stores.
Am J Clin Nutr. 1998;68:599-606.

Mansell PI, Macdonald IA. Effects of underfeeding
and of starvation on thermoregulatory responses
to cooling in women. Clin Sci (Lond). 1989;77:
245-52.

Elia M. Effect of starvation and very low calorie
diets on protein-energy interrelationships in lean and
obese subjects lean and obese subjects. http:/www.
unu.edu/unupress/food2/UIDO7E/UIDO7E11.HTM
(accessed May 13, 2013).

Kerndt PR, Naughton JL, Driscoll CE, Loxterkamp
DA. Fasting: the history, pathophysiology and com-
plications. West J Med. 1982;137:379-99.

Heusser P, Wolf U, Vonwiller HM, Messerli N,
Laederach-Hofmann. Nutrition with ‘light and
water’? In strict isolation for 10 days without food -
a critical case study. Forsch Komplementmed.
2008;15:203-9.

Frommel D, Gautier M, Questiaux E, Schwarzenberg
L. Voluntary total fasting: a challenge for the medi-
cal community. Lancet. 1984;1(8392):1451-2.
Runcie J, Hilditch TE. Energy provision, tissue
utilization, and weight loss in prolonged starvation.
Br Med J. 1974;2:352-6.

Wassif WS, McLoughlin DM, Vincent RP, Conroy
S, Russell GF, Taylor NF. Steroid metabolism and
excretion in severe anorexia nervosa: effects of
refeeding. Am J Clin Nutr. 2011;93:911-7.

Chan JL, Heist K, DePaoli AM, Veldhuis JD,
Mantzoros CS. The role of falling leptin levels in the
neuroendocrine and metabolic adaptation to short-
term starvation in healthy men. J Clin Invest.
2003;111:1409-21.

Komaki G, Tamai H, Mori T, Nakagawa T, Mori
S. Changes in serum angiotensin-converting enzyme
in acutely starved non-obese patients. A possible dis-
sociation between angiotensin-converting enzyme
and the thyroid state. Acta Endocrinol (Copenh).
1988;118:45-50.

Salgin B, Marcovecchio ML, Hill N, Dunger DB,
Frystyk J. The effects of prolonged fasting on
levels of growth hormone-binding protein and free
growth hormone. Growth Horm IGR Res. 2012;22:
76-81.

Goldstein JL, Zhao T-j, Li RL. Surviving starvation:
essential role of the ghrelin-growth hormone axis.
Cold Spring Harb Symp Quant Biol. 2011;76:
121-7.

Kang ES, Magkos F, Sienkiewicz E, Mantzoros
CS. Circulating vaspin and visfatin are not affected
by acute or chronic energy deficiency or leptin
administration in humans. Eur J Endocrinol. 2011;
164:911-7.

Stofkova A. Leptin and adiponectin: from energy
and metabolic dysbalance to inflammation and auto-
immunity. Endocr Regul. 2009;43:157-68.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

93

Behre CJ. Adiponectin: saving the starved and the
overfed. Med Hypotheses. 2007;69:1290-2.
Sainsbury A, Zhang L. Role of the hypothalamus in
the neuroendocrine regulation of body weight and
composition during energy deficit. Obes Rev.
2012;13:234-57.

Galman C, Lundasen T, Kharitonenkov A, et al. The
circulating metabolic regulator FGF21 is induced by
prolonged fasting and PPARalpha. activation in man.
Cell Metab. 2008;8:169-74.

Kliewer SA, Mangelsdorf DJ. Fibroblast growth fac-
tor 21: from pharmacology to physiology. Am J Clin
Nutr. 2010;91:254S-7.

Johnstone AM. Fasting - the ultimate diet? Obes
Rev. 2007;8:211-22.

Korbonits M, Blaine D, Elia M, Powell-Tuck
J. Metabolic and hormonal changes during the refeed-
ing period of prolonged fasting. Eur J Endocrinol.
2007;157:157-66.

Jackson JM, Blaine D, Powell-Tuck J, Korbonits M,
Carey A, Elia M. Macro- and micronutrient losses
and nutritional status resulting from 44 days of total
fasting in a non-obese man. Nutrition. 2006;22:
889-97.

Elia M. Effect of starvation and very low calorie
diets on protein-energy interrelationships in lean and
obese subjects. In: Scrimshaw N, Schurch B, editors.
Protein-energy interactions. International Dietary
Energy Consultancy Group, Proceedings of an
IDECG workshop. Lausanne: Nestle Foundation;
1991. p. 249-84.

Chalela JA, Lopez JI. Medical management of
hunger strikers. Nutr Clin Pract. 2013;28:128-35.
Gétaz L, Rieder JP, Nyffenegger L, Eytan A, Gaspoz
JM, Wolff H. Hunger strike among detainees: guid-
ance for good medical practice. Swiss Med Wkly.
2012;142:w13675.

Kirbas D, Sutlas N, Kuscu DY, Karagoz N, Tecer O,
Altun U. The impact of prolonged hunger strike:
clinical and laboratory aspects of twenty-five hunger
strikers. Ideggyogy Sz. 2008;61:317-24.

Franck N, Gummesson A, Jernis M, Glad C,
Svensson PA, Guillot G, Rudemo M, Nystrom FH,
Carlsson LM, Olsson B. Identification of adipocyte
genes regulated by caloric intake. J Clin Endocrinol
Metab. 2011;96:E413-8.

Keys A, Brozek J, Henschel A, Mickelsen O, Taylor
HL. The biology of human starvation. Minneapolis,
MN: University of Minnesota Press; 1950.

Elias SG, van Noord PA, Peeters PH, den Tonkelaar
I, Kaaks R, Grobbee DE. Menstruation during and
after caloric restriction: the 1944-1945 Dutch fam-
ine. Fertil Steril. 2007;88(4 Suppl):1101-10.

Hall KD. Computational model of in vivo human
energy metabolism during semistarvation and
refeeding. Am J Physiol Endocrinol Metab. 2006;
291:E23-37.

Kreiger JW, Sitren HS, Daniels MJ, Langkemp-
Henken B. Effects of variation in protein and


http://www.unu.edu/unupress/food2/UID07E/UID07E11.HTM
http://www.unu.edu/unupress/food2/UID07E/UID07E11.HTM

94

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

carbohydrate intake on body mass and composition
during energy restriction: a meta regression. Am J
Clin Nutr. 2006;83:260-74.

. Bopp MJ, Houston DK, Lenchik L, Easter L,

Kritchevsky SB, Nicklas BJ. Lean mass loss is asso-
ciated with low protein intake during dietary-induced
weight loss in postmenopausal women. J Am Diet
Assoc. 2008;108:1216-20.

Sukumar D, Ambia-Sobhan H, Zurfluh R, Schlussel
Y, Stahl TJ, Gordon CL, Shapses SA. Areal and
volumetric bone mineral density and geometry at
two levels of protein intake during caloric restric-
tion: a randomized, controlled trial. J Bone Miner
Res. 2011;26:1339-48.

Roseboom TJ, Painter RC, van Abeeclen AF,
Veenendaal MV, de Rooij SR. Hungry in the womb:
what are the consequences? Lessons from the Dutch
famine. Maturitas. 2011;70:141-5.

Buchanan N, Moodley G, Eyberg C, Bloom SR,
Hansen JD. Hypoglycemia associated with severe
kwashiorkor. S Afr Med J. 1976;50:1442-6.

Becker DJ, Pimstone BL, Hansen JD, et al. Patterns
of insulin response to glucose in protein- calorie
malmutrition. Am J Clin Nutr. 1972;25:499-505.
Das BK, Ramesh J, Agarwal JK, et al. Blood sugar
and serum insulin response in protein-energy malnu-
trition. J Trop Pediatr. 1998;44:139—41.

Brooks SE, Golden MH. The exocrine pancreas in
kwashiorkor and marasmus. Light and electron
microscopy. West Indian Med J. 1992;41:56-60.
Campbell JA. The morbid anatomy of infantile
malnutrition in Cape Town. Arch Dis Child. 1956;
31:310-3104.

Golden MH, Ramadath D. Free radicals in patho-
genesis of kwashiorkor. Proc Nutr Soc. 1987;46:
53-68.

Manary MJ, Leeuwenburgh C, Heinecke JW.
Increased oxidative stress in kwashiorkor. J Pediatr.
2000;137:421-4.

Fechner A, Bohme C, Gromer S, et al. Antioxidant
status and nitric oxide in the malnutrition syndrome
kwashiorkor. Pediatr Res. 2001;49:237-43.

Tiedge M, Lortz S, Drinkgern J, et al. Relation
between antioxidant enzyme gene expression and
antioxidative defense status of insulin- producing
cells. Diabetes. 1997;46:1733-42.

Robert HJ, Geert TH, et al. Impaired glucose absorp-
tion in children with severe malnutrition. J Pediatr.
2011;158:282-7.

Stanfield JP, Hutt MS, Tunnicliffe R. Intestinal
biopsy in kwashiorkor. Lancet. 1965;2:519-23.
Sullivan PB, Marsh MN, Mirkian R, Hill SM, Milla
PJ, Neale G. Chronic diarrhea and malnutrition-
histology of the small intestinal lesion. J Pediatr
Gastroenterol Nutr. 1991;12:195-203.

James WP. Jejunal disaccharidase activities in chil-
dren with marasmus and kwashiorkor. Response to
treatment. Arch Dis Child. 1971;46:218-20.

James WP. Intestinal absorption in protein-calorie
malnutrition. Lancet. 1968;1:333-5.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

C. Weissman and R. Hashem

Gracey M, SuharjonoSunotoStone DE. Microbial
contamination of the gut: another feature of malnu-
trition. Am J Clin Nutr. 1973;26:1170-4.

Badaloo AV, Forrester T, Reid M, Jahorr F. Lipid
kinetic differences between children with kwashior-
kor and those with marasmus. Am J Clin Nutr.
2006;83:1283-8.

Jahoor F, Badaloo A, Reid M, Forrester T. Protein
kinetic differences between children with edematous
and nonedematous severe childhood undernutrition
in the fed and postabsorptive states. Am J Clin Nutr.
2005;82:792-800.

Jahoor F, Badaloo A, Reid M, Forrester T. Sulfur
amino acid metabolism in children with severe
childhood undernutrition: methionine kinetics. Am J
Clin Nutr. 2006;84:1400-5.

Fernandez-Soto ML, Gonzélez-Jiménez A, Chamorro-
Ferniandez M, Leyva-Martinez S. Clinical and hor-
monal variables related to bone mass loss in anorexia
nervosa patients. Vitam Horm. 2013;92:259-69.
Amitani H, Asakawa A, Ogiso K, Nakahara T,
Ushikai M, Haruta I, Koyama K, Amitani M, Cheng
KC, Inui A. The role of adiponectin multimers in
anorexia nervosa. Nutrition. 2013;29:203-6.

Boyar RM, Hellman LD, Roffwarg H, Katz J,
Zumoff B, O’Connor J, Bradlow HL, Fukushima
DK. Cortisol secretion and metabolism in anorexia
nervosa. N Engl J Med. 1977;296:190-3.

Lechin F, van der Dijs B, Pardey-Maldonado B,
Rivera JE, Baez S, Lechin ME. Anorexia nervosa
depends on adrenal sympathetic hyperactivity:
opposite neuroautonomic profile of hyperinsulinism
syndrome. Diabetes Metab Syndr Obes. 2010;3:
311-7.

Nedvidkova J, Dostdlova I, Bartdk V, Papezov H,
Pacdk K. Increased subcutaneous abdominal tissue
norepinephrine levels in patients with anorexia ner-
vosa: an in vivo microdialysis study. Physiol Res.
2004;53:409-13.

Bartak V, Vybiral S, Papezova H, Dostalova I, Pacak
K, Nedvidkova J. Basal and exercise-induced sym-
pathetic nervous activity and lipolysis in adipose tis-
sue of patients with anorexia nervosa. Eur J Clin
Invest. 2004;34:371-7.

Ziora K, Oswigcimska J, Swigtochowska E, Ziora D,
Stojewska M, Suwata A, Ostrowska Z, Gorczyca P,
Klimacka-Nawrot E, Lukas W, Bloriska-Fajfrowska
B. Assessment of serum visfatin levels in girls with
anorexia nervosa. Clin Endocrinol (Oxf). 2012;
76:514-9.

Estour B, Germain N, Diconne E, Frere D, Cottet-
Emard JM, Carrot G, Lang F, Galusca B. Hormonal
profile heterogeneity and short-term physical risk in
restrictive anorexia nervosa. J Clin Endocrinol
Metab. 2010;95:2203-10.

Tomasik PJ, Sztetko K, Starzyk J, Rogatko I, Szafran
Z. Entero-insular axis in children with anorexia ner-
vosa. Psychoneuroendocrinology. 2005;30:364-72.
Housova J, Anderlova K, Krizova J, Haluzikova D,
Kremen J, Kumstyrova T, Papezovd H, Haluzik



4 Starvation

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

M. Serum adiponectin and resistin concentrations in
patients with restrictive and binge/purge form of
anorexia nervosa and bulimia nervosa. J Clin
Endocrinol Metab. 2005;90:1366-70.

Agnello E, Malfi G, Costantino AM, Massarenti P,
Pugliese M, Fortunati N, Catalano MG, Palmo
A. Tumour necrosis factor alpha and oxidative stress
as maintaining factors in the evolution of anorexia
nervosa. Eat Weight Disord. 2012;17:e194-9.

Kahl KG, Kruse N, Rieckmann P, Schmidt MH.
Cytokine mRNA expression patterns in the disease
course of female adolescents with anorexia nervosa.
Psychoneuroendocrinology. 2004;29:13-20.
Shimizu T, Satoh Y, Kaneko N, Suzuki M, Lee T,
Tanaka K, lijima M, Yamashiro Y. Factors involved
in the regulation of plasma leptin levels in children
and adolescents with anorexia nervosa. Pediatr Int.
2005;47:154-8.

Brambilla F, Monti D, Franceschi C. Plasma con-
centrations of interleukin-1-beta, interleukin-6 and
tumor necrosis factor-alpha, and of their soluble
receptors and receptor antagonist in anorexia ner-
vosa. Psychiatry Res. 2001;103(2-3):107-14.
Karczewska-Kupczewska M, Adamska A, Nikotajuk
A, Otziomek E, Gorska M, Kowalska I, Straczkowski
M. Circulating interleukin 6 and soluble forms of its
receptors in relation to resting energy expenditure in
women with anorexia nervosa. Clin Endocrinol
(Oxf). 2013;79(6):812-6.

Blickle JF, Reville P, Stephan F, Meyer P, Demangeat
C, Sapin R. The role of insulin, glucagon and growth
hormone in the regulation of plasma glucose and
free fatty acid levels in anorexia nervosa. Horm
Metab Res. 1984;16:336—40.

Letiexhe MR, Scheen AJ, Lefebvre PJ. Plasma leptin
levels, insulin secretion, clearance and action on glu-
cose metabolism in anorexia nervosa. Eat Weight
Disord. 1997;2:79-86.

Swenne I, Gustafsson J. Endogenous glucose pro-
duction and lipolysis in anorexia nervosa—a study
using stable isotope-labelled compounds. Acta
Paediatr. 2004;93:1446-8.

Fujii S, Tamai H, Kumai M, Takaichi Y, Nakagawa
T, Aoki TT. Impaired glucagon secretion to insulin-
induced hypoglycemia in anorexia nervosa. Acta
Endocrinol (Copenh). 1989;120:610-5.

Kobayashi N, Tamai H, Takii M, Matsubayashi S,
Nakagawa T. Pancreatic B-cell functioning after
intravenous glucagon administration in anorexia ner-
vosa. Acta Psychiatr Scand. 1992;85:6-10.

Castillo M, Scheen A, Lefebvre PJ, Luyckx
AS. Insulin-stimulated glucose disposal is not
increased in anorexia nervosa. J Clin Endocrinol
Metab. 1985;60:311-4.

Pannacciulli N, Vettor R, Milan G, Granzotto M,
Catucci A, Federspil G, De Giacomo P, Giorgino R,
De Pergola GJ. Anorexia nervosa is characterized by
increased adiponectin plasma levels and reduced
nonoxidative glucose metabolism. Clin Endocrinol
Metab. 2003;88:1748-52.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

95

Ohwada R, Hotta M, Oikawa S, Takano K. Etiology
of hypercholesterolemia in patients with anorexia
nervosa. Int J Eat Disord. 2006;39:598-601.
Caspar-Bauguil S, Montastier E, Galinon F, Frisch-
Benarous D, Salvayre R, Ritz P. Anorexia nervosa
patients display a deficit in membrane long chain
poly-unsaturated fatty acids. Clin Nutr. 2012;31:
386-90.

Holman RT, Adams CE, Nelson RA, Grater SJ,
Jaskiewicz JA, Johnson SB, Erdman Jr JW. Patients
with anorexia nervosa demonstrate deficiencies of
selected essential fatty acids, compensatory changes
in nonessential fatty acids and decreased fluidity of
plasma lipids. J Nutr. 1995;125:901-7.

Zak A, Vecka M, Tvrzickd E, Hruby M, Novék F,
Papezovd H, Lubanda H, Veseld L, Stankova
B. Composition of plasma fatty acids and non-
cholesterol sterols in anorexia nervosa. Physiol Res.
2005;54:443-51.

Matzkin VB, Geissler C, Coniglio R, Selles J, Bello
M. Cholesterol concentrations in patients with
Anorexia Nervosa and in healthy controls. Int J
Psychiatr Nurs Res. 2006;11:1283-93.

Rigaud D, Tallonneau I, Verges B. Hypercholes-
terolaemia in anorexia nervosa: frequency and changes
during refeeding. Diabetes Metab. 2009;35:57-63.
Schebendach J, Golden NH, Jacobson MS, Arden
M, Pettei M, Hardoff D, Bauman N, Reichert P,
Copperman N, Hertz S. Indirect calorimetry in the
nutritional management of eating disorders. Int J Eat
Disord. 1995;17:59-66.

Vaisman N, Rossi MF, Goldberg E, Dibden LlJ,
Wykes LJ, Pencharz PB. Energy expenditure and
body composition in patients with anorexia nervosa.
J Pediatr. 1988;113:919-24.

Schebendach JE, Golden NH, Jacobson MS, Hertz
S, Shenker IR. The metabolic responses to starvation
and refeeding in adolescents with anorexia nervosa.
Ann NY Acad Sci. 1997;817:110-9.

Marra M, Polito A, De Filippo E, Cuzzolaro M,
Ciarapica D, Contaldo F, Scalfi L. Are the general
equations to predict BMR applicable to patients with
anorexia nervosa? Eat Weight Disord. 2002;7:53-9.
Ronenn R. The pathophysiology of wasting in the
elderly. J Nutr. 1999;129:256S-9.

Clark BC, Manini TC. Functional consequences of
sarcopenia and dynapenia in the elderly. Curr Opin
Clin Nutr Metab Care. 2010;13:271-6.

Bautmans I, Van Puyvelde K, Mets T. Sarcopenia
and functional decline: pathophysiology, prevention
and therapy. Acta Clin Belg. 2009;64:303-16.
Thalacker-Mercer AE, Fleet JC, Craig BA, Campbell
WW. The skeletal muscle transcript profile reflects
accommodative responses to inadequate protein
intake in younger and older males. J Nutr Biochem.
2010;21:1076-82.

Marzetti E, Calvani R, Bernabei R, Leeuwenburgh
C. Apoptosis in skeletal myocytes: a potential target
for interventions against sarcopenia and physical
frailty - a mini-review. Gerontology. 2012;58:99-106.



96

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Nair KS. Aging muscle. Am J Clin Nutr. 2005;
81:953-63.

Joseph AM, Adhihetty PJ, Buford TW, Wohlgemuth
SE, Lees HA, Nguyen LM, Aranda JM, Sandesara
BD, Pahor M, Manini TM, Marzetti E, Leeuwenburgh
C. The impact of aging on mitochondrial function
and biogenesis pathways in skeletal muscle of sed-
entary high- and low-functioning elderly individu-
als. Aging Cell. 2012;11:801-9.

Heuberger RA. The frailty syndrome: a comprehensive
review. J Nutr Gerontol Geriatr. 2011;30: 315-68.
Candore G, Caruso C, Colonna-Romano G. Inflam-
mation, genetic background and longevity. Biogeron-
tology. 2010;11:565-73.

Crook MA, Hally V, Panteli JV. The importance of
the refeeding syndrome. Nutrition. 2001;17:632-7.
Fayeulle S, Renou F, Protais E, Hedouin V, Wartel G,
Yvin JL. Management of the hunger strike in prison.
Presse Méd. 2010;39(10):e217-22.

Hearing SD. Refeeding syndrome. BMJ. 2004; 328:
908-9.

Marik E, Bedigian MK. Refeeding hypophos-
phatemia in critically ill patients in an intensive care
unit. A prospective study. Arch Surg. 1996;131:
1043-7.

Ekberg KB, Landau R, Wajngot A, Chandramouli V,
Efendic S, Brunengraber H, Wahren J. Contributions
by kidney and liver to glucose production in the
postabsorptive state and after 60 h of fasting.
Diabetes. 1999;48:292-8.

Hill GL, Bradley JA, Bradley JA. Changes in body
weight and body protein with intravenous nutrition.
JPEN J Parenter Enteral Nutr. 1979;3:215-8.
Solomon SM, Kirby DFE. The refeeding syndrome: a
review. JPEN J Parenter Enteral Nutr. 1990;14:90-7.
Bloom WL. Inhibition of salt excretion by carbohy-
drate. Arch Int Med. 1962;109:26-32.

Reuler JB, Girard DE, Cooney TG. Current con-
cepts. Wernicke’s encephalopathy. N Engl J Med.
1985;312:1035-9.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

C. Weissman and R. Hashem

Drenick EJ, Joven CB, Swendseid ME. Occurrence
of acute Wernicke’s encephalopathy during prolonged
starvation for the treatment of obesity. N Engl J Med.
1966;274:937-9.

Cumming AD, Farquhar JR, Bouchier IAD.
Refeeding hypophosphataemia in anorexia nervosa
and alcoholism. BMJ. 1987;295:490-1.

Stanga Z, Brunner A, Leuenberger M, Grimble RF,
Shenkin A, Allison SP, Lobo DN. Nutrition in clini-
cal practice—the refeeding syndrome: illustrative
cases and guidelines for prevention and treatment.
Eur J Clin Nutr. 2008;62:687-94.

Kohn MR, Golden NH, Shenker IR. Cardiac arrest
and delirium: presentations of the refeeding syn-
drome in severely malnourished adolescents with
anorexia nervosa. J Adolesc Health. 1998;22:
239-43.

Baltasar A, Del Rio J, Escrivd C, Arlandis F,
Martinez R, Serra C. Preliminary results of the duo-
denal switch. Obes Surg. 1997;7:500—4.

Mason EE. Starvation injury after gastric reduction
for obesity. World J Surg. 1998;22:1002-7.

Rudman D, Millikan WJ, Richardson TJ, Bixler 2nd
TJ, Stackhouse J, McGarrity WC. Elemental bal-
ances during intravenous hyperalimentation of
underweight adult subjects. J Clin Invest. 1975;55:
94-104.

Walike JW. Tube feeding syndrome in head and neck
surgery. Arch Otolaryngol. 1969;89:533-6.
Holroyde CP, Myers RN, Smink RD. Metabolic
response to total parenteral nutrition in cancer
patients. Cancer Res. 1977;37:3109-14.

Meier R, Stratton RJ. Basic concepts in nutrition:
epidemiology of malnutrition. Eur J Clin Nutr
Metab. 2008;3:4.

Hise ME, Kattelmann K, Parkhurst M. Evidence-
based clinical practice: dispelling the myths. Nutr Clin
Prac. 2005;20:294-302.

Morley JE. Pathophysiology of anorexia. Clin Geriat
Med. 2002;18:661-73.



Stephanie Gordy and Rosemary A. Kozar

The Metabolic Response to Trauma

Ebb and Flow

Severe injury and illness results in a complex
cascade of metabolic responses that attempt to
restore physiologic homeostasis in the injured
organism. Sir David Cuthbertson is credited with
the original recognition of the stress response in
patients that suffered limb injuries. In 1942, he
identified that there are two temporal physiologic
categories and termed them the “ebb” and “flow”
phases. The ebb phase is initiated immediately
after the traumatic insult and persists for less than
24 h. This phase is characterized by decreased
body temperature, decreased oxygen consump-
tion (VO,), as well as decreased basal metabolic
rate and glucose tolerance [1]. The intended phys-
iologic responses are aimed at reducing posttrau-
matic energy depletion but this initial response is
short lived.
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Thereafter, the “flow” phase ensues. This phase
is characterized by a hypercatabolic condition as
evidenced by increased consumption of energy
and oxygen. This results in elevations of cardiac
output, body temperature, glucose production,
and increased total body catabolism. Furthermore,
mobilization and use of substrates such as glucose,
fatty acids, and amino acids increase [2]. This pro-
cess peaks several days after injury and may
return to baseline in a few weeks. However, if
homeostasis is not achieved, multiple organ fail-
ure develops. This is perhaps a simplified version
of the cellular sequence of events that ultimately
leads to a cascade of complex reactions, each
inciting further autocrine and paracrine reactions.

A more contemporary perspective was recently
suggested by Aller and colleagues. They proposed
three classifications of phenotypes related to
the injury response: the ischemia/reperfusion
phenotype, the leukocytic phenotype, and the
angiogenic phenotype [3]. The first phenotype
represents the nervous system-related alteration
in response to injury. Afferent nerve signals from
the site of injury result in humoral and neuronal
responses and edema. This phase regulates the
metabolic supply to cells by diffusion. The leuko-
cytic phenotype is characterized as an intermedi-
ate phase of the response to trauma. In this
phenotype, leukocytes and bacteria infiltrate
edematous, injured tissues. The anaerobic envi-
ronment results in shock and hypercatabolism and
hypermetabolism which leads to the hyperdy-
namic response including hyperthermia, increased
oxygen consumption, glycogenolysis, lipolysis,
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proteolysis, and futile substrate cycling. The third
angiogenic phenotype is the late phase and is
characterized by a return of oxidative metabolism
with resultant angiogenesis, tissue repair and
regeneration. Though, this staging system is likely
a superficial representation of these innumerable
complex biochemical interactions [4].

Catabolic Response to Trauma

Traumatic injury induces inflammatory and hor-
monal responses that change metabolic proces-
ses and alter nutrition requirements. The stress
response evolves temporally as the patient moves
through the ebb and flow phases and into the
rehabilitative period. Although initially benefi-
cial, the exaggerated and prolonged inflam-
matory, metabolic and catabolic responses
induce clinical complications, delay recovery,
and increase morbidity. Nevertheless, these are
part of a systemic reaction that encompasses a
wide range of endocrine, immunologic, and
hematologic effects. Surgery initiates changes in
metabolism that can affect virtually all organs
and tissues. The metabolic response results in
hormone-mediated mobilization of endogenous
substrates that leads to stress catabolism.
Hypercatabolism has been associated with severe
complications related to hyperglycemia, hypo-
proteinemia, and immunosuppression. Proper
metabolic support is essential to restore homeo-
stasis and ensure survival [5].

During this initial catabolic stage, metabolic
changes are best understood as redistribution of
macronutrients from labile reserves to more
active tissues for host defense, visceral protein
synthesis, and heat production. Hyperglycemia
is due to increased hepatic glucose production
and peripheral insulin resistance in skeletal
muscle. Lipid metabolism increases and results
in fatty acid recycling, hypertriglyceridemia,
increased lipolysis, and hepatic steatosis.
Skeletal and muscle catabolism results in deple-
tion of lean body mass, as glutamine becomes
the preferred energy substrate for enterocytes.
Hepatic protein synthesis shifts to production of
acute phase reactants [6].

S. Gordy and R.A. Kozar

Significant basal metabolic rate elevations
occur in patients with over 30 % or more of
total body surface area involved. Inflammatory,
hormonal, and stress signaling mechanisms
drive this hypermetabolic response including
elevations of circulating catecholamines, gluco-
corticoids, and glucagon. This subsequently
results in gluconeogenesis, glycogenolysis,
and protein catabolism. Insulin resistance and
peripheral lipolysis increase as well [6]. Patients
with major injuries that do not receive adequate
nutrition can develop cumulative caloric and
protein deficits leading to increased incidence of
infection and organ failure. Early enteral nutri-
tion is recommended as prospective randomized
controlled trials have clearly demonstrated the
positive effect of early enteral nutrition regard-
ing infection rates, duration of hospital stay, and
improved overall outcome [7].

The net effect of these pathways is the libera-
tion of peripherally stored substrates to meet the
increased energy requirements due to the stress
response. The fatty acids liberated provide an
energy source for cardiac and skeletal muscle as
well as the liver and additional tissues. The
majority of amino acids are shuttled to synthesize
acute phase proteins and act as substrates for
thermogenesis and tissue repair. Once the cellular
homeostasis is achieved, anabolism becomes
the dominant phenomenon [8]. Hypercatabolism
occurring after a burn, trauma, or septic events
culminates in acute protein malnutrition, ultimately
resulting in multiple organ failure. Nutritional
support may prevent this cascade of events from
leading to MOF and death.

Neuroendocrine Response to Trauma

Part of the initial response to injury is the stimu-
lation of the hypothalamic—pituitary—adrenal
axis. Immediately following injury, a cacophony
of afferent neural signals are sent to the hypo-
thalamus and the hypothalamus subsequently
signals the pituitary to release hormones. Stimu-
lation of the adenohypophysis results in increases
of adrenocorticotropic hormone (ACTH) and
growth hormone (GH). The ACTH released
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circulates and stimulates the adrenal glands to
release cortisol. Cortisol is a catabolic hormone
that mobilizes energy stores to prepare the body
for the “fight-or-flight” response. The normal
feedback inhibitory mechanisms fail due to stress
and an unregulated, hyper-response occurs. The
release of cortisol results in hyperglycemia by
stimulating the liver to increase gluconeogenesis.
This leads to increased blood glucose levels.
Hyperglycemia is detrimental and reduces the
rate of wound healing, increases the incidence of
infections and may contribute to sepsis, ischemia,
and death. Additionally, the rate of protein break-
down exceeds that of protein synthesis and results
in the net catabolism of muscle proteins to
provide substrates for gluconeogenesis. Moreover,
lipolysis provides further substrates for gluco-
neogenesis with the breakdown of triglycerides
into fatty acids and glycerol [6].

The release of growth hormone from the pitu-
itary results in propagation of the insulin-like
growth factors. Signaling via these effectors reg-
ulates catabolism by increasing protein synthesis,
reducing protein catabolism, and promoting
lipolysis. Similar to cortisol, GH increases blood
glucose levels by stimulating glycogenolysis.
The anti-insulin effects of GH amplify the hyper-
glycemic effects [9].

Moreover, stimulation of the neurohypophysis
results in the release of vasopressin. Its antidi-
uretic effects are due to stimulation of the aqua-
porin channels into the renal tubule. These
channels result in the reabsorption of water from
the renal tubule back in the systemic circulation
and acts to conserve hydration and blood pres-
sure in the setting of hypotension. Additionally,
pain alone can stimulate the release and effects of
vasopressin [10].

Trauma patients have an impaired capacity
to oxidize glucose, and glucose infusion is less
effective as a means of suppressing endogenous
glucose production. Moreover, trauma patients
have a high rate of consumption of host tissue
for gluconeogenesis and the capacity to directly
oxidize glucose increases. Injured patients are
heavily reliant on fat as an energy substrate with
an increased rate of fatty acid oxidation.
Additionally, there is a net protein loss. Further-

99

more, the hormonal response to trauma results
in increased plasma insulin and cortisol
levels. The metabolic and hormonal response
collectively results in trauma patients developing
hyperglycemia. Although the direct oxidation
of plasma glucose to CO, is lower in trauma
patients, Cori cycling is enhanced and the net
result is an inefficient use of carbohydrate. The
liver has a limited ability to suppress glucose
production which can result in hyperglycemia
and glycosuria. Moreover, trauma patients
are additionally relatively resistant to the action
of insulin [11]. These combined occurrences
contribute to hyperglycemia in the injured
patient.

While hyperglycemia has been associated
with poor outcomes in patients with critical ill-
ness, the ideal goal glucose level is hotly debated
in the critical care literature. Hyperglycemia
could reflect an adaptive, beneficial response to
critical illness proportionately to the severity of
illness, or alternatively, it could induce complica-
tions, as in diabetes mellitus, and therefore con-
tribute to adverse outcomes. In 2001, Van Den
Berghe et al. found that maintaining a blood
glucose level at or below 110 mg/dl reduces
mortality amount of critically ill patients in the
surgical intensive care unit [12]. Subsequent
studies revealed that this strict glucose control
was associated with episodic hypoglycemia,
which similarly negatively affected patient out-
comes [13]. The NICE-SUGAR trial found that
intensive glucose control increased mortality
among adults in the intensive care unit (ICU).
Furthermore, this study revealed that a blood glu-
cose target of 180 mg or less per deciliter resulted
in lower mortality than did a target of §1-108 mg/
dl [14]. Further randomized controlled trials to
assess the impact of preventing and/or treating
hyperglycemia as compared with tolerating
hyperglycemia in severely injured patients are
necessary.

In traumatic brain-injured patients, hypergly-
cemia is indicative of the severity of injury.
In this subset of trauma patients, the mechanism
for poor outcomes is associated with the conver-
sion to anaerobic metabolism after acute injury.
This results in a buildup of brain tissue lactic acid
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which leads to secondary brain injury. Findings
from a retrospective study by Liu-DeRyke et al.
suggested that a glucose level >160 mg/dl within
the first 24 h of admission following traumatic
brain injury is associated with poor outcomes
irrespective of severity of injury [14].

Additionally, numerous other studies have
corroborated that hyperglycemia is associated
with poor outcomes and that tighter glucose con-
trol may improve outcomes [15-19]. Prospective
trials are necessary to determine the optimal level
for glucose control in traumatic brain-injured
patients.

The Cytokine Response to Trauma

Multiple organ failure is the leading cause of
morbidity in the ICU following trauma. Injury
and stress result in a constellation of signs and
symptoms known as the systemic inflammatory
response syndrome (SIRS). The term “SIRS” was
established to differentiate sepsis from a nonin-
fectious, inflammatory cause [20]. SIRS was
defined as two or more of the following condi-
tions: temperature >38 °C or <36 °C, heart rate
greater than 90 beats/min, respiratory rate greater
than 20 breaths per minute or paCO,lesser than
32 mm Hg, or white blood cell count> 12,000
or<4,000, or>10 % bands. SIRS could represent
the symptoms from an infectious or noninfectious
source. The pattern of changes seen in plasma
proinflammatory and anti-inflammatory cytokine
concentrations is similar for sepsis and trauma.
The remarkably similar metabolic sequelae seen
in critically ill patients following the onset of
severe sepsis or major trauma may constitute a
universal response to the induction of the sys-
temic inflammatory response syndrome [21].
Multiple Organ Failure (MOF) is defined as the
presence of altered organ function in an acutely ill
patient such that homeostasis cannot be main-
tained without intervention and is the culmination
of septic shock and multiple end-organ failure.
Effectively, MOF is the end of a continuum that
ranges from SIRS to severe organ dysfunction.
The subsequent balance between the proinflam-
matory (SIRS) and anti-inflammatory response has

S. Gordy and R.A. Kozar

been referred to as the mixed antagonistic response
syndrome or MARS [22]. If the balance of these
two systems is disturbed, the inflammatory
response becomes systemic and deregulated. The
result is whole-body activation of the inflammatory
response, with resultant disruption of normal cel-
lular metabolism and microcirculatory perfusion.
Both of these responses, if unchecked, can result in
complications, the former leading to MOF and
the later secondary infections. At the site of injury,
endothelial cells and leukocytes coordinate the
local release of mediators of the inflammatory
response, including cytokines interleukins, inter-
ferons, leukotrienes, prostaglandins, nitric oxide,
reactive oxygen species, and products of the classic
inflammation pathway. It is this functional biologic
response that becomes unregulated and leads to
MOF [23, 24].

Genetic factors also play a role in determining
the severity and progression of organ failure.
Genetic variants, particularly single-nucleotide
polymorphisms (SNPs), are critical determinants
for individual differences in both inflammatory
responses as well as clinical outcomes in trauma
patients. Individuals who possess specific genetic
polymorphisms in genes controlling the synthesis
of cytokines or toll-like receptors (TLR) may be
predisposed to excessive inflammatory response
to sepsis which increases their risk for the devel-
opment of MODS. For example, toll-like receptor
9 (TLRY) signaling plays an important role in the
innate immune response. Trauma patients with
SNPs of TLR9 have been found to have a greater
responsiveness of their peripheral blood leuko-
cytes as well as a higher risk of sepsis and multiple
organ dysfunction. These functional polymor-
phisms involved in innate immunity predispose
patients to severe infections and death [25].

Moore and colleagues demonstrated that MOF
follows a bimodal distribution [26]. It may be ini-
tiated by trauma, burns, infection, or inflamma-
tion. Early MOF was defined as organ failure that
developed within 72 h of the initial diagnosis of
sepsis and late MOF as organ failure that devel-
oped after 72 h. Multiple theories exist regarding
the cause for MOF and it is likely that these
pathways overlap to cause initially organ insuf-
ficiency which, unless reverses, ultimately leads
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to failure. Although there are multiple hypotheses
to explain the cause of MOF, the cytokine
hypothesis and the gut hypothesis are most rele-
vant to trauma patients [27]. The “true” physio-
logic process is likely a combination of multiple
hypotheses.

The Cytokine Hypothesis of MOF

In the cytokine hypothesis, the immune response
to infection or inflammation results in excessive
or prolonged activation or stimulation of media-
tors. These include interactions between poly-
morphonuclear neutrophils (PMNs), endothelial
cells, and macrophages. PMN stimulation
results in “priming” of the neutrophil and can
lead to overzealous production, surface expres-
sion, and liberation of cytokines [28]. These
mediators often have an exaggerated response
and the products of these cascades exert damag-
ing local and systemic effects. Cytokines pre-
dictive of MOF in trauma patients include
inducible protein (IP)-10, macrophage inflam-
matory protein (MIP)-1B, interleukin (IL)
IL-10, IL-6, IL-1Ra, and eotaxin [29]. Several
lines of evidence support the central role of
inflammatory cells in the pathogenesis of lung
and systemic organ injury. Tumor necrosis fac-
tor (TNF) has been considered one of the most
potent proinflammatory cytokines identified in
SIRS and sepsis. Administration of TNF to
experimental animals creates the hemodynamic
and metabolic observations consistent with
SIRS. Analysis of cytokine serum biomarkers
has shown that patients with MOF show a bipha-
sic elevation of IL-6 and significantly higher
soluble TNF receptor (STNF-R) concentrations
[30]. Activation of leucocytes and their sub-
sequent inappropriate sequestration in organs
appears to additionally be one of the key events
in the development of early MOF. Once acti-
vated, leukocytes have the capacity to release
their cytotoxic factors including nitric oxide and
lysosomal granules, which aid in polymicrobial
killing. These factors can cause necrosis and
inflammation of organs, such as the lung, despite
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a lack of an infectious stimulus. Additionally,
PMN stimulation provokes endothelial and epi-
thelial injury through up-regulation of adhesion
molecules on these cells. This prompts changes
in the cell wall leading to increased permeabil-
ity and cell swelling that culminates in cellular
dysfunction.

Gut Hypothesis of MOF

The gut is considered an immunologically active
organ and a main barrier in the burden of
infection-induced systemic inflammation. Gut
barrier dysfunction can occur for a variety of
reasons including trauma, shock, infection, and
malnutrition. It is proposed that, as a result of the
loss of the gut barrier function, intestinal bacteria
and endotoxin cross the mucosal barrier and lead
to exposure of the intestinal immune cells. The
production of gut-derived toxins and inflam-
matory products reach the systemic circulation
through the intestinal lymphatics, leading to
SIRS and MOF [28]. These translocating bacteria
are phagocytosed by intestinal immune cells
and contribute to the intestinal inflammatory
response. Some of these translocating bacteria or
their toxic products are trapped in the intestinal
lymph nodes, causing inflammatory reaction.
This hypothesis is supported by the demonstra-
tion of circulating levels of endotoxin in the
peripheral blood of critically ill patients with sep-
sis and SIRS. Reports of endotoxemia in these
critically ill patients, even without clinical or
microbiologic evidence of infection with Gram-
negative organisms supports the potential role of
translocation in the production of MOF [31]. The
phenomenon of bacterial translocation however,
is not sufficient to explain the development of
MOF. The development of MOF in these high-
risk patients is likely due to intestinal dysfunction
and the resultant inflammatory cascade that
reaches the systemic circulation via the intestinal
lymphatics. The use of early enteral nutrition is
known to reduce infectious complications after
trauma and it thought to work by maintaining the
gut barrier.
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Nutrition in the Trauma Patient

Once an association between MOF and persistent
hypermetabolism was realized, it was proposed
that early administration of exogenous substrates
to meet the increased metabolic demands would
slow the development of acute protein malnutri-
tion and improve patient outcomes. In the early
1970s, total enteral nutrition (TEN) was initially
favored as it was inexpensive and readily avail-
able. However in the early 1980s, enteral nutri-
tion was delayed until the gastrointestinal tract
was clearly functioning and simultaneously, total
parenteral nutrition (TPN) became more avail-
able and became the preferred route of nutrition
administration in critically ill patients. In the late
1980s, it became clear that enterally delivered
nutrition was better utilized and did not result in
the hyperglycemia associated with TPN. Over
the 1990s more data emerged supporting the rela-
tionship between nutritional support, gut func-
tion and MOF [32]. In addition to preventing
acute protein malnutrition, TEN promotes nor-
mal gut function, and enhances systemic immune
responsiveness, thereby preventing nosocomial
infections [33]. A number of studies in the
severely injured patient have substantiated the
positive effect with regards to decreased infec-
tions, shorter hospital stays, and improved over-
all outcomes [34-36].

Estimating Nutritional Needs

The catabolic response to injury increases caloric
requirements in the trauma patient due to
increased metabolism and elevated nitrogen
losses. These needs are increased over baseline by
approximately 25 % in skeletal trauma, 50 % in
sepsis, and 75-100 % in severe burns. Estimated
needs range between 25 and 30 kcal/kg adjusted
body weight and approximately 1.5 g protein/kg.
However, predictive equations are less accurate in
determining resting energy expenditure, espe-
cially in obese patients [37]. Indirect calorimetry
remains the most accurate means for determining
caloric requirements, though specific studies in

S. Gordy and R.A. Kozar

trauma patients are lacking. Efforts should be
made to provide approximately 85 % of goal cal-
ories by the enteral route over the first week of
hospitalization.

Nutritional Assessment

Nutritional assessment in the ICU population
should begin with a thorough history and physi-
cal exam focused on identifying clinical signs of
malnutrition. A pre-injury history of recent
weight loss or poor oral intake signals the need
for early aggressive nutritional support. While
provision of enteral nutrition is the preferred
method of delivery, the overall hemodynamic sta-
tus of the patient must be taken into consider-
ation. The development of ischemic bowel is a
rare but potentially fatal complication of enteral
nutrition, occurring in <1 % of all patients [38].
Therefore intravascular volume depletion should
be reversed prior to the initiation of enteral nutri-
tion. This is especially true in patients that are
receiving vasopressors [37].

Monitoring the Response
to Nutritional Supplementation

Once nutritional support has been initiated, it is
important to perform routine monitoring to assess
the adequacy of the nutritional support that is
being delivered and make modifications when
necessary. Numerous diagnostic tests exist that
can be utilized to assess nutritional adequacy.
These include body measurement testing (weight
change, anthropometric measures), body compo-
sition testing (determination of percent body fat,
lean body mass, etc.), and laboratory testing
(urine analysis, pre-albumin, etc.). In the setting
of critical illness there can be short-term altera-
tions in patient’s fluid status, rendering the body
composition testing inaccurate. Serum proteins
are often measured to help assess for nutritional
adequacy. Pre-albumin is commonly used due to
its short half-life of 2—4 days. In the critically ill
patient, it is important to note that the serum pre-
albumin level may be increased in patients with
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renal failure or in patients receiving corticoste-
roids. On the other hand, with ongoing stress pre-
albumin may be artificially low. The body
reprioritizes hepatic protein synthesis away con-
stitutive proteins such as pre-albumin to acute-
phase reactants such as C-reactive protein (CRP).
CRP is a sensitive acute phase reactant that
increases from a normal level to 20-30 within 48
h of injury. Its elevation can be used as an indica-
tor of the severity of injury or inflammation.
When the levels begin to decline, the liver can
again begin to synthesize constitutive proteins
such as albumin, pre-albumin, and transferrin.
Therefore, the use of serum pre-albumin to assess
nutritional adequacy is of limited use until there
is resolution of the acute phase response as docu-
mented by a drop in CRP. Lastly, pre-albumin
levels may be decreased in patients with liver dis-
ease, those patients receiving hemodialysis, and
patients with severe hyperglycemia.

Potential Modulators of Metabolism
Glutamine

Glutamine is a conditionally essential nutrient in
states of serious illness or injury. It is the pre-
ferred fuel source for the enterocyte and the small
intestine is the principal site for glutamine
absorption. In addition to glutamine’s gut protec-
tive effects, glutamine is also important in nucle-
otide synthesis; itis anti-catabolic, has antioxidant
properties via metabolism to glutathione, and
may enhance immune responsiveness [39].
There have been extensive studies on the effect
of supplemental glutamine added to enteral for-
mulas or as an isolated pharmaconutrient, though
few specifically in trauma patients [40]. An
updated meta-analysis examining the results of
enteral glutamine supplementation in critically ill
patients noted a modest treatment effect but with
wide confidence intervals and the presence of het-
erogeneity across the studies [41, 42]. The largest
effect on mortality was attributable to one study
in burn patients [43], while the decrease in infec-
tious complications was attributed to the study by
Zhou et al. in burn patients and by Houdijk et al.
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in trauma patients [44, 45]. Recently, Heyland
et al. in a blinded 2 x 2 factorial trial involving 40
international ICUs, randomized 1,223 critically
ill, mechanically ventilated, adult patients with
multiorgan failure to glutamine supplementation
or no glutamine and antioxidants or no antioxi-
dants [46]. There was increased harm associated
with glutamine supplementation. The authors
attribute this to two observations. First critical ill-
ness is not necessarily associated with a low
plasma glutamine level as was believed. They
actually reported supra-normal levels of plasma
glutamine in 15 % of patients prior to any treat-
ment. Secondly, previous studies reporting bene-
ficial effects of glutamine were performed in less
ill patients. Based on these results it is recom-
mended that any patient in multiorgan failure in
the ICU should not receive glutamine. For trauma
and burn patients not in multiorgan failure, con-
sideration can be given to providing enteral gluta-
mine enterally [47].

Arginine

Arginine is a semi-essential amino acid obtained
both from dietary sources and endogenous syn-
thesis. Under nonstressed conditions, arginine
contributes to adequate wound healing, an
enhanced immune response, and stimulation of
various anabolic hormones. L-arginine is also a
unique substrate for the production of nitric oxide
(NO). Sustained production of nitric oxide is
thought to be a major contributor to the deleteri-
ous effects of post-injury inflammation and the
reason for caution when utilizing arginine in
patients with sepsis [39].

The metabolic fate of arginine is determined
by nitric oxide synthase or arginase, depending
on the immune state of the host and associated
cytokine expression. In T-helper-1 immune
states, such as sepsis, iNOS expression is prefer-
entially expressed. In trauma, a T-helper 2
immune state predominates which increases argi-
nase I expression. Ochoa et al. demonstrated that
peripheral mononuclear cells of trauma patients
have increased arginase-1 expression, corre-
sponding to increased immune cell arginase
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activity and decreased plasma arginine and citrul-
line levels [48]. Supplemental arginine may
therefore be beneficial in trauma patients by
altering metabolic pathways in immune cells that
leads to reduced nitric oxide production in the
post-injury period.

However, a recent update in criticalcarenutri-
tion.org concluded that there was a lack of a
treatment effect with respect to mortality and
infections [41], similar to those in a recent meta-
analysis of immunonutrition in ICU, trauma, and
burn patients [49]. Therefore, given the possible
harm in septic patients the use of arginine was not
recommended in critically ill patients.

Nutritional Challenges
in the Trauma Patient

There are a number of nutritional challenges
posed by the trauma patient. These can include
the institution of enteral feeds as well as the
advancement and continuation of feeds. The
institution of feeds may be delayed in patients
undergoing prolonged resuscitation or damage
control laparotomy. This is particularly true after
a bowel resection with the bowel ends left in dis-
continuity. In general, these patients should
return to the operating room in 24 h for reestab-
lishment of gastrointestinal continuity and place-
ment of a feeding tube. Feeds can then be
instituted in the immediate postoperative period.

There have now been several studies examin-
ing the potential benefits of feeding patients with
an open abdomen after a damage control laparot-
omy, though results are not consistent. Both fas-
cial closure rates and ventilator-associated
pneumonia rates have yielded conflicting results
[50-52]. A recent study by Burlew et al. examined
feeding practices in 597 patients who required an
open abdomen after trauma, the vast majority of
which were following a damage control operation
[53]. Less than half the patients received EN initi-
ated before abdominal closure, suggesting an
opportunity for improvement. When comparing
patients that received EN to those that were nil per
os (NPO), logistic regression demonstrated no
association between EN and complication rates
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but there was an association between EN and
decreased mortality. In patients without a bowel
injury, EN was associated with a higher fascial
closure rate, decreased complication rates, and
decreased mortality. EN for patients with bowel
injuries did not affect outcomes in this retrospec-
tive study however this high risk subgroup of
patients is now being studied prospectively by the
same group.

For patients with a recent bowel anastomosis,
evidence not only demonstrates safety of this
practice but potential benefit as well, though
there are no studies specific to trauma. A recent
meta-analysis performed by Osland et al.
reviewed 15 studies involving over 1,200 patients
comparing surgical outcomes following the
administration of nutrition proximal to a gastro-
intestinal anastomosis within 24 h of gastrointes-
tinal surgery [54]. There was a significant
reduction in total postoperative complications
with no negative outcome on mortality, anasto-
motic dehiscence, or return of bowel function. It
is our practice to initiate/resume enteral feeds in
the immediate postoperative period following a
gastrointestinal anastomosis.

Lastly, many trauma patients require frequent
trips to the operating room for abdominal washouts
and closure attempts, washout and debridement
of open fractures and wounds, and post-injury
complications. With few exceptions, feeding
tubes should be considered at the time of take
back in patients requiring damage control lapa-
rotomy. The use of guided placement of gastric or
small bowel feeding tubes can provide prolonged
access for even the most critically injured patient.
The traditional use of NPO after midnight [55] in
these patients poses a real risk of feeding inade-
quacy and malnutrition. Fear of aspiration or
reflux in critically injured trauma patients has
perpetuated this practice. Additionally, proce-
dures are frequently delayed or postponed, leav-
ing the patient without nutrition for extended
periods of time. There are several potential ways
to improve nutritional delivery in these patients.
First, most anesthesia policies permit the use of
enteral feeds until the time of operation if a post-
pyloric feeding tube is in place. Second, recent
data suggest that enteral feeds can similarly be
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safely administered until the time of surgery in
trauma patients receiving gastric feeds. Pousman
et al. found a trend towards improved nutrition
delivery with no increase in adverse outcomes
including aspiration [56]. Enteral feeds have also
been safely administered to burn patients during
operative procedures without a significant
increase in infective complications [57]. Even in
the noncritically injured patient, the use of sup-
plemental EN should be considered if frequent
operating room trips are anticipated.

In summary, it is appropriate to attempt to pro-
vide judicious EN in patients with recent bowel
anastomosis, open abdomens, and even through
periods of ileus [50, 52, 58, 59]. Attention to
early placement of feeding tubes and institution
of enteral nutrition should be strongly considered
in critically injured patients.

Nutritional Adequacy
in the Critically Injured Trauma
Patient

Despite the known benefits of early enteral nutri-
tion in the critically ill, evidence clearly shows
that ICU patients are significantly under fed [60].
For the trauma patient, this practice translates into
reduced muscle mass and strength, reduced func-
tion, and prolonged recovery. Heyland et al. dem-
onstrated in their large international nutrition
survey involving 167 intensive care units (ICUs)
in 2,772 mechanically ventilated patients that
patients received an average of only 1,034 kcal/
day and 47 g protein/day. Importantly, an increase
of 1,000 cal/day was associated with reduced
mortality and an increased number of ventilator-
free days [61]. The effect of increased calories and
protein was associated with lower mortality in
patients with a body mass index of <25 and sur-
prisingly >35. These findings formed the basis for
the TOP UP (A Randomized Trial of Supplemental
Parenteral Nutrition in Under and Over Weight
Critically 111 Patients) study, which is an on-going
prospective randomized study examining the use
of supplemental parenteral nutrition in critically
ill mechanically ventilated patients receiving
enteral nutrition. Trauma patients with their risk
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factors for gut dysfunction and thus underfeeding
are ideal for the study.

We recently examined feeding practices in crit-
ically injured trauma patients from an international
database involving 355 ICUs and 8,838 critically
ill adult patients mechanically ventilated within 48
h that remained in ICU for more than 72 h [62].
Patients admitted with a trauma diagnosis (10 % of
the total population) were identified and nutri-
tional practices and clinical outcomes were com-
pared between trauma and nontrauma patients.
More trauma patients received enteral feeding than
non-trauma patients. The majority of patients were
fed by the enteral route, 81 % in patients with trau-
matic injuries and 78 % in the non-trauma patients.
Trauma patients were prescribed more calories
and protein compared to non-trauma patients.
However, nutritional adequacy, calculated daily as
the percent of received/prescribed calories or pro-
tein, and was low in both trauma and non-trauma
patients. Trauma patients had a cumulative deficit
of 43.0 % in calories and 47.4 % in protein. Our
highest risk trauma patients are receiving less than
half of their estimated needs, suggesting that the
benefits of early EN are being mitigated by our
feeding practices.

The existence of malnutrition preoperatively or
the deterioration of nutrition status through the
perioperative period is a well-recognized factor
increasing postoperative complications and hospi-
tal length of stay [63]. But unlike guidelines to
optimize intraoperative conditions and reduced
complications, little attention has been paid to
standardizing nutrition management [64, 65]. In
the elective surgical patients, there is a recent new
appreciation of the role of perioperative nutrition
therapy with an emphasis away from the preven-
tion of malnutrition to attenuating oxidative stress,
reducing inflammation, and modulating the meta-
bolic response to planned surgical stress [66].
When feasible, it is recommended that malnour-
ished patients forego elective surgical procedures
and undergo a period of preoperative nutritional
repletion. Unfortunately, in trauma, we do not
have the ability to provide preoperative nutrition
or base surgical procedures on nutritional risk.
Therefore, we need to focus our attention and
efforts to optimizing postoperative nutrition.
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Critically Injured Elderly

Critically injured elderly patients and their meta-
bolic requirements represent a unique set of
problems. Malnutrition is more common among
the elderly compared to younger patients and is
associated with poor outcome. The reported inci-
dence of malnutrition in the elderly ranges from
1 to 5 % in the community setting but up to 20 %
in the hospitalized elderly [67-69]. Many elderly
are presenting malnourished at the time of injury
and are thus at higher risk than younger patients.
Additionally, the elderly have lower muscle mass
and are at risk for further loss after injury.
Maintaining muscle mass is important for sus-
taining key metabolic processes such as glucose
homeostasis and immune function. When differ-
ences between elderly and non-elderly trauma
patients were examined using our international
database [70], the elderly were found to have
similar BMIs compared to younger patients.
Interestingly, only 2 % of the elderly were under-
weight, similar to younger patients, while 54.4 %
were overweight or obese. Despite similar BMIs,
elderly trauma patients were prescribed fewer
calories and protein than younger patients. Both
groups had low nutritional adequacy.

Sarcopenia, or low muscle mass, is also asso-
ciated with worse outcomes in critically ill surgi-
cal patients [71-73]. Importantly, sarcopenia
increases with advanced age, as does the inci-
dence of postoperative complications. A recent
report by Sheetz et al. demonstrated that sarcope-
nia was associated with high payer costs and
negative margins after major surgery [74]. A
number of modalities have been used to calculate
muscle mass, including X-ray absorptiometry
(DXA), computed tomography (CT), and mag-
netic resonance imaging (MRI). Although DXA
may be ideal for whole-body composition analy-
sis, the use of CT scanning is more applicable for
the trauma patient as CT scans are frequently per-
formed at the time of injury [75, 76]. Single slice
CT images in the 3rd lumbar region can predict
whole body muscle and adipose tissue volume in
healthy [77] and disease [78] populations.

We conducted a study of severely injured
elderly patients admitted to the ICU and found at
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the time of admission, 71 % were sarcopenic
based on admission CT scans [79]. Importantly,
patients identified as sarcopenic had significantly
increased mortality and decreased ventilator-free
and ICU-free days. Interestingly, despite the fre-
quency of sarcopenia in our injured elderly popu-
lation, 7 % of the patients were underweight,
while 37 % were normal weight and 57 % were
overweight/obese by body mass index. Neither
BMI nor serum albumin on admission were pre-
dictive of survival, ventilator-free days, or ICU-
free days. This study suggests that at risk patients
may be overlooked using traditional indicators of
nutritional status such as weight and body mass
index. Muscularity therefore represents a poten-
tial new marker for risk of mortality and increased
length of stay but more importantly may allow
the early identification of patients who may ben-
efit from aggressive nutritional and rehabilitative
interventions.

Given the impact of ICU-acquired muscle
weakness on clinical outcomes, recent research
has focused on noninvasive methods to measur-
ing muscle thickness. Although CT scanning is
accurate and scans are typically available for
trauma patients, calculation of muscle mass using
CT scans is time consuming and not universally
available. Additionally, a noninvasive tool to be
able to follow critically injured and ill patients
over time in the ICU could prove valuable. The
use of ultrasound to measure the rectus femoris
muscle thickness has been proposed [80, 81]. We
recently examined the use of US in normal
healthy volunteers and found excellent intra- and
inter-reliability in the US measurements [82].
Further evaluation of this technique is required to
evaluate the validity and clinical utility in criti-
cally ill patient and such studies are underway.
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The Body’s Response to Burn Injury

Severe burn injury continues to represent a sig-
nificant public health problem worldwide. More
than one million burn injuries occur annually in
the USA. While most of these injuries are minor,
approximately 10 % of patients with burn injury
require hospital admission for treatment every
year [1]. While there has been an approximate
50 % decline in burn-related deaths and hospital
admissions over the last 20 years as a result of
prevention strategies, advances in critical care
and therapeutic strategies targeted toward resus-
citation, wound coverage, infection control, inha-
lation injury, and the hypermetabolic response to
injury, severe burns remain a devastating injury
affecting nearly every organ system and leading
to significant morbidity and mortality [1].

In burns 20 % total body surface area (TBSA)
or greater, or with additional smoke inhalation
injury or concomitant trauma, the local response
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to burn injury becomes systemic. Peripheral
vasoconstriction occurs, with shunting of circula-
tion away from the skin and viscera while a
global capillary leak occurs, permitting loss of
fluid and protein from the intravascular compart-
ment into the extravascular compartment. Global
perfusion is further impaired as cardiac output
decreases with the initial cytokine response and
associated increase in blood viscosity and
decrease in blood volume.

Major burn injury is characterized by oxida-
tive stress, a prolonged hypermetabolic, catabolic
state, and immunosuppression. The systemic
response to major burn injury is driven by a cas-
cade of cytokines, catecholamines, and cortico-
steroids that are central to the hypermetabolic
response. Serum levels of cytokines and cate-
cholamines elevate 10- to 20-fold, with associated
insulin resistance, increased gluconeogenesis,
energy consumption, lipolysis, and proteolysis
that may remain elevated for 12 months postin-
jury [2]. Resultantly, burn patients have increased
cardiac work, increased myocardial oxygen con-
sumption, tachycardia, lipolysis, liver dysfunc-
tion, severe muscle catabolism, increased protein
degradation, insulin resistance, and growth retar-
dation has been seen in children.

Thus, providing the right balance of macro-
and micronutrients, antioxidants, and energy is
essential to mitigate the hypermetabolic and
hypercatabolic state that results. Nutritional sup-
port has long been and continues to be an impor-
tant component of the management of severe
burn injury.
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Historical Perspective to Nutrition
and What Has Been Practiced

In the early 1970s, Curreri and Luterman recog-
nized that patients with major thermal injury
experience hypermetabolism, with an increased
basal metabolic rate, increased oxygen con-
sumption, negative nitrogen balance, and weight
loss; hence, they concluded that these patients
have exaggerated caloric requirements [3].
Furthermore providing inadequate caloric intake
comes at a cost with delayed wound healing,
decreased immune competence, and cellular
dysfunction.

A patient with a large burn may lose as much
as 30 g of nitrogen a day because of protein
catabolism. Not only is urinary excretion of urea
nitrogen increased, but also large amounts of
nitrogen are lost from the wound itself. Therefore,
total urea nitrogen levels do not accurately reflect
all nitrogen losses in burn patients [4]. A patient
with a small burn (<10 % TBSA) may lose nitro-
gen at a rate of 0.02 g/kg/day. A moderate burn
(11-29 % TBSA) may be associated with nitro-
gen losses equaling 0.05 g/kg/day. A large burn
(>30 % TBSA) may result in the loss of as much
as 0.12 g/kg/day, which may be equivalent to
daily losses of 190 g of protein or about 300 g of
muscle. Thus, a highly catabolic patient with a
large burn will typically require 2 g/kg/day of
protein to maintain a positive nitrogen balance.

Catabolism generally continues until wounds
have healed. However, once a patient becomes
anabolic, pre-burn muscle takes three times as
long to regain as it took to lose [5, 6]. Therefore,
a patient in whom it takes 1 month for burn
wounds and donor sites to heal may need 3 or
more months to regain pre-burn weight and mus-
cle mass. These statistics underscore the impor-
tance of accurately estimating each patient’s
caloric needs during hospitalization. Over the
years, a number of equations have been devel-
oped to estimate caloric needs (97). Probably the
most widely used formula is the Harris—Benedict
equation, which estimates basal energy expendi-
ture according to gender, age, height, and weight
(Table 6.1).

M.J. Mosier and R.L. Gamelli

Table 6.1 Equations used for estimating caloric require-
ments in burn patients

Harris—Benedict Formula

Basal energy expenditure (BEE) x activity

factor=daily caloric requirement
Men:BEE=66.5+13.8(weightinkg)+5.0(heightincm) —
6.8 (age in years)
Women: BEE=65.5+9.6 (weight in kg) + 1.8 (height
in cm)—4.7 (age in years)

For burns, the activity factor is 2 (which may

overestimate caloric needs for patients with

burns <40 % TBSA). TBSA total body surface area

Curreri Formula
25 Kcal/kg+40 Kcal/% TBSA burned=daily caloric
requirement

Who Needs Nutritional Support

The innate response to significant burn injury
increases metabolism to such a profound degree
that severely burn-injured patients would suc-
cumb to the effects of protein calorie malnutrition
without nutritional supplementation [7—11]. This
post-burn hypermetabolism is associated with
profound proteolysis resulting in lean body mass
loss and muscle wasting. Appropriate monitoring
for nutritional needs and deficiencies as well as
provision of adequate caloric intake, nitrogen,
micronutrients, and supplements is therefore crit-
ical to the success of burn care. With this in mind,
it is our common practice to place a feeding tube
and provide enteral nutrition to patients who are
unable to meet their caloric requirements on their
own. Typically, this includes intubated patients,
patients with burns >15 % TBSA, and patients
with concomitant trauma or malnutrition.

How Much to Feed and How Soon?

Burn patients rapidly accrue energy deficits and
cumulative energy deficits during the first week
following injury correlate with infectious compli-
cations and pressure sores [12—14]. Further, sub-
stantial loss of lean body mass impairs wound
healing, which is critical in burn injury [15].
International nutrition support guidelines advocate
that enteral feedings should begin early in critically
ill patients who have a functioning gastrointestinal
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tract, but there has been wide variation as to what is
considered early [16-19]. The Canadian Clinical
Practice Guidelines, the Eastern Association for the
Surgery of Trauma, and the American Burn
Association all advocate for initiation of enteral
nutrition as soon as possible or within 2448 h
[16-19]. Additionally, enteral nutrition helps main-
tain immunity associated with the gut-associated
lymphoid tissue; thus even low rates of enteral
nutrition has theoretical benefits [20].
Recognizing the growing energy deficits, loss
of lean body mass, and that delayed enteral nutri-
tion results in a high rate of gastroparesis and
ileus, it is our practice to place a nasogastric feed-
ing tube and initiate enteral nutrition as soon as
possible following admission and advancing to
goal rate as tolerated. While reviews of other cen-
ters reveal that feeding tubes are commonly placed
as late as 31 h post-admission with initiation of
enteral nutrition as late as 48 h from admission
[21], a recent review of our practice revealed that
80 % of patients with burns >20 % TBSA began
enteral nutrition within 24 h of admission, and
those fed within 24 h of admission had a shorter
ICU length of stay and reduced wound infections
[22]. This is consistent with the findings of others,
specifically that children started on enteral nutri-
tion within 48 h of admission had a shorter hospi-
talization and lower mortality rate than those with
late initiation of enteral nutrition [23], and high-
lights the importance of starting nutrition early.

Total Parenteral Nutrition Versus
Enteral Nutrition: When to Use
What and Why

As early as 1976, the benefits of enteral nutrition
over parenteral nutrition had already been identi-
fied for patients with functional gastrointestinal
systems [24]. The problems of prolonged ileus
and Curling stress ulcers in burn patients have
been largely eliminated by early feeding [25].
Multiple studies have shown that patients with
major thermal injury can receive adequate
calories within 72 h after injury [26].

In addition to the question of when to start
feeding, there is ongoing debate about where to
feed and the benefits of gastric feeding versus
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duodenal feeding. Although feeding distal to the
pylorus should pose less aspiration risk, one
study found evidence of enteral formula in pul-
monary secretions of 7 % of patients receiving
gastric feeds compared with 13 % of patients
receiving transpyloric feeding [27]. Hence, for
burn patients with high caloric needs, the benefit
of decreased aspiration with transpyloric feeds
may only be theoretical and may be offset by the
delay in feeding for confirmation of tube place-
ment, though one center has published on the
success of their nurse practitioner-driven proto-
col that has led to timely and economical place-
ment of transpyloric feeding tubes [28].

Continuation of tube feedings during surgery
in intubated patients who require multiple opera-
tions is a safe way to maximize caloric intake and
decrease wound infections. There is no need to
stop feedings for anesthesia induction and endo-
tracheal intubation in the patient with a secure
airway and communication with anesthesia pro-
viders may help facilitate perioperative feedings
[29]; however, intraoperative positioning, espe-
cially if the patient will be prone during surgery,
may necessitate stopping feedings preoperatively.
Arguing that nutrition should be provided intra-
operatively, Mayes and colleagues have pre-
sented data that support continuation of tube
feedings in critically ill burn patients undergoing
decompressive laparotomy [30].

While we much prefer enteral nutrition to par-
enteral nutrition for burn patients, there are times
when patients are unable to tolerate or meet their
needs with enteral nutrition. Encouragingly, par-
enteral nutrition has fewer complications than it
once did and a recent pediatric trial found paren-
teral nutrition to be safe and effective in pediatric
burn patients unable to achieve goal enteral nutri-
tion during times such as hemodynamic instabil-
ity or severe sepsis [31].

What Needs to Be Supplemented:
Protein, Calories, Vitamins,
and Minerals

Providing adequate amounts of carbohydrate is
important for preserving lean body mass in the
burn population as it spares protein from being
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used as an energy source [2]. However, it is
important (especially with parenteral nutrition)
not to exceed the maximum rate at which glucose
can be assimilated in the body (7 g/kg/day), pro-
viding glucose in excess of the rate at which it
can be oxidized [32]. While different composi-
tions of formulas have been provided, systematic
review has shown that providing severely burned
patients with a high-carbohydrate, high-protein,
low-fat enteral diet can lower the incidence of
catabolism and pneumonia, compared to a high-
fat, high-protein, low-carbohydrate product [33].

Perhaps this should not be surprising, as there
is a significant change in how fat is metabolized
following burn injury and providing excess
sources of fat can result in stress on the liver [2].
An increased breakdown of peripheral fat stores
immediately after injury coupled with increased
beta oxidation of fat to be used as fuel during the
hypermetabolic phase leads to a potential for large
accumulations of fat in the liver [34]. However,
providing fat as part of the enteral diet is required
to prevent essential fatty acid deficiencies, such
that a minimum of 2—4 % of total calories pro-
vided needs to be from essential fatty acid [2].

Protein losses following significant burn
injury are severe as protein stores are depleted for
energy usage and muscle tissue is broken down at
rates as high as 150-190 g/day [35]. This leads to
detrimental muscle loss, and in children, a sig-
nificant decline in growth trajectory for a year or
longer post-burn, as well as decreased immune
function and delayed wound healing [2].
Accordingly, long-established practices and stud-
ies have found that providing protein at 1.5-2.5 g/
kg/day is typically sufficient for mitigating the
hypermetabolic response in adults and 2.5-4.5 g/
kg/day is typical for children.

Specialized nutritional formulas with pur-
ported effects on metabolic rate and immunologic
status have garnered a great deal of interest as
adjuncts in the management of critically ill and
injured patients [36]. Unfortunately, much of the
information on nutritional requirements for criti-
cally ill patients was derived from an animal burn
model [37], and studies on the efficacy of special-
ized nutritional supplements in humans have gen-
erated contradictory data. As an example, a
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randomized trial of nutritional formulas that were
intended to enhance immune status and included
essential amino acids and omega-3 fatty acids
showed no clinical advantage in burn patients
[38]. However, the addition of glutamine supple-
mentation to an enteral nutrition regimen has been
shown to decrease hospital and ICU length of stay
as well as mortality in adult burn patients [39].

Other nutritional or metabolically active sup-
plements that have demonstrated promise in pro-
moting anabolism in burn patients include
insulin, recombinant human growth factor, the
anabolic steroid oxandrolone, and propranolol
[40]. Oxandrolone in particular has produced
marked improvements in weight gain, return to
function, and length of hospital stay [41]; how-
ever, its use should be cautioned in non-burn
patients as surgical patients have not shown the
same benefit [42]. Early administration of anti-
oxidant supplementation with a-tocopherol and
ascorbic acid has been shown to reduce the inci-
dence of organ failure and shorten intensive care
unit (ICU) length of stay in critically ill surgical
patients [43]. Whether this is true for burn
patients remains to be demonstrated, but the rela-
tively low cost and the low risk of complications
make this an attractive intervention for burn
patients at risk for acute respiratory distress syn-
drome (ARDS).

While providing adequate calories and protein
are the foundation of nutritional support, we
believe it is also important to provide vitamins
and minerals, also known as micronutrients.
Depressed levels of vitamin C [44], vitamin D
[45], selenium [46, 47], vitamin E [44, 48], zinc,
and copper [46, 49-52] have been reported in
burn patients and these losses occur mainly
through the skin and urine [53]. Unfortunately,
supplementation studies are scarce and have not
provided guidance for appropriate micronutrient
provision and there are no clear guidelines on
how to assess micronutrient status. Benefits to
providing micronutrients include mitigation of
the negative effects of oxidative stress, which can
contribute to the systemic inflammatory response
syndrome (SIRS), inflammation, and organ fail-
ure, as well as contribute to wound healing, tissue
repair, and immune system support.
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Support for providing micronutrients can be
found in a recent survey of 65 burn centers dem-
onstrating 100 % of participants provide a multi-
vitamin following burn injury and more than half
provide vitamin C and Zinc supplementation
[54]; as well as the recent guidelines from the
Society of Critical Care Medicine and the
American Society of Parenteral and Enteral
Nutrition published in 2009, which recom-
mended the antioxidant vitamins C and E and
trace minerals (selenium, zinc, and copper) be
provided to burn patients [55].

Modulation of the Stress Response
to Burn Injury and Metabolically
Altering Agents

Modulation of the stress response to significant
burn injury has been attempted with pharmaco-
logic and non-pharmacologic means. Non-
pharmacologic means include early excision and
grafting, thermoregulation of the environment,
and enteral nutrition. Pharmacologic interven-
tions include beta-blockade, anabolic agents,
intensive insulin therapy (IIT), and supplementa-
tion of specific individual nutrients.

Non-Pharmacologic Means (Early
Operative Intervention and
Thermoregulation of the
Environment)

Early Excision and Grafting

Surgical excision of burn wounds was not fully
appreciated until the mid-1900s. Prior to that
time, burn wounds were largely treated medi-
cally. While many different topical therapies
were applied to the burn eschar, it was left intact
over the wound surface and proteolytic enzymes
produced by migrating neutrophils and bacteria
within the contaminated eschar would cause a
natural separation of the eschar from the wound
bed. In partial thickness injuries, the burn wound
could naturally heal from epidermal appendages
by this process. With full-thickness injuries, the
separation of the burn eschar left an open wound
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covered by well-vascularized granulation tissue
that served as the first early bed for grafting.
Unfortunately, this led to a long, painful process
to achieve wound closure and hypertrophic scar-
ring and contractures were common.

While early excision and grafting had been
described and performed earlier, it was not until
the Cocoanut Grove fire in 1942 that Cope and
colleagues observed patients treated with early
excision and grafting had better outcomes [56].
Other early efforts were discouraging, but
Janzekovic’s good results rekindled enthusiasm
and as clinical experience with early excision and
grafting grew, the benefits became clear [57].
Manafo and Burke introduced and expanded
Janzekovic’s concept of tangential excision of the
burn wound to the USA and as experience grew,
the advantages of more rapid healing, decreased
blood loss, decreased hospital length of stay, and
decreased hypertrophic scarring were realized
[58-60]. Significantly, early total excision of
full-thickness burns with immediate grafting led
to a notable decrease in mortality of 24 % in 1974
to 7 % over 1979-1984 and what started as lim-
ited early excision of eschar rapidly progressed to
staged, total excision of the burn wound [61].

Since that time, there have been many succes-
sive studies which have repeatedly verified favor-
able outcomes with early excision and grafting
[62—67]. Improved understanding of the systemic
inflammatory response syndrome (SIRS) has
suggested that immediate removal of dead
and severely damaged tissue can interrupt and
attenuate SIRS and normalize immune function
[68-70].

Temperature Regulation

Because the burn patient has lost the barrier func-
tion of the skin, temperature regulation is an
important goal of successful management.
Keeping a patient warm and dry is a major goal
during resuscitation, especially during the pre-
burn center transport of patients. This includes
maintaining a warm ambient temperature. Large
evaporative losses combined with administration
of large volumes of intravenous fluids that are at
room temperature or colder may accentuate the
hypovolemia, which will complicate the patient’s
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overall course and may lead to disseminated
intravascular coagulopathy [71]. Mild hyperther-
mia may occur in the first 24 h as a result of pyro-
gen release or increased metabolic rate and may
cause tachycardia that misleadingly suggests
hypovolemia [72]. Because infection is unlikely
early on, especially within the first 72 h after
injury, elevated temperatures should be treated
with antipyrogens to control the energy expendi-
ture associated with increased catabolism [73].
About 72 h after injury, patients with thermal
injuries commonly develop a hyperdynamic
state, the systemic inflammatory response syn-
drome (SIRS), which is characterized by tachy-
cardia, hypotension, and hyperthermia; classic
signs of sepsis that in this case do not have an
infectious source.

Although patients with burns are likely to
have elevated temperatures and may even have
elevated white blood cell counts, fevers in burn
patients are not reliable indicators of infections
[74, 75]. At least one study has demonstrated that
in pediatric burn patients, physical examination
is the most reliable tool for evaluating the source
of fever [74].

Pharmacologic Means
(Beta-blockade, Oxandrolone, Insulin,
Glutamine, Erythropoietin, and Iron)

Beta-blockade

As catecholamines are the main drivers of the
hypermetabolic response to burn injury [76],
with levels increasing tenfold following injury
[76, 77], efforts to dampen this response hold a
certain attraction. As catecholamines increase
cardiac work, drive lipolysis, enhance glycoge-
nolysis, and impair glucose clearance by altering
insulin response [78], blocking the catecholamine
surge could improve multiple aspects of post-
burn hypermetabolism. Efforts to prove this
hypothesis by treating patients with propranolol
have demonstrated suppression of lipolysis,
decreased resting energy expenditure, preserva-
tion of lean body mass, and decreased hospital
length of stay [79-84].
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Propranolol significantly decreases fatty infil-
tration of the liver, inhibits the release of free
fatty acids from adipose tissue, and decreases the
rates of fatty acid oxidation and triacylglycerol
secretion while increasing the efficiency of the
liver to excrete fatty acids, thereby decreasing
hepatic steatosis [85-88]. Propranolol has also
been shown to increase lean body mass, through
decreased skeletal muscle wasting, and doses
titrated to target a 20 % heart rate reduction from
admission heart rate have been shown to increase
the efficiency of muscle protein synthesis [82].

Oxandrolone

Oxandrolone is a synthetic analog of testosterone
with minimal virilizing activity and hepatotoxic-
ity compared to testosterone [89]. In skeletal
muscle, oxandrolone binds to the androgen
receptor and migrates to the cell nucleus, stimu-
lating protein synthesis and anabolism.
Additionally, oxandrolone exerts anabolic effects
by counteracting the catabolic effects of cortisol
through competitive inhibition of glucocorticoid
receptors [90].

The hypermetabolic state following burn
injury leads to protein—calorie malnutrition, mus-
cle wasting, deconditioning, and delayed wound
healing. These complications are accompanied by
prolonged hospital length of stay, increased hos-
pital costs, and need for extensive and long-
lasting rehabilitation. Modulation of the post-burn
hypermetabolism with oxandrolone can poten-
tially improve these consequences [5, 84, 91-95].
Patients with severe burn injury treated with
oxandrolone have been found to have a shorter
hospital and ICU length of stay accounting for
severity of illness, TBSA burn, and age [96].

Oxandrolone has been given in many varied
ways to burn patients. It has been given within
the first few days of admission, a week after
admission, during burn rehabilitation following
the acute hospitalization, or for as long as a year
after injury. While each of these groups has been
evaluated, no group has been as extensively stud-
ied as that of the massively burned child.
Physiologic evaluation and long-term follow up
of children with >30 % TBSA burns treated with



6 Burns

oxandrolone for 1 year revealed that oxandrolone
substantially decreased resting energy expendi-
ture (REE) and increased insulin-like growth
factor-1 secretion during the first year after burn
injury, and when combined with exercise, consid-
erably increased lean body mass and muscle
strength [97]. When given early, within the first
week of admission, the American Burn
Association Multicenter Trials Group found that
patients treated with oxandrolone had a shorter
length of stay [94], and our work with the Glue
Grant demonstrated an improved mortality [98].
Just how oxandrolone improves outcomes such
as mortality and length of stay remains to be bet-
ter understood, but we are encouraged by results
showing an improved length of stay and lean
body mass when given a week after injury [84],
as well as during acute rehabilitation, where body
weight and lean mass lost from injury can be
restored more effectively than with nutrition
alone [41, 99]. Based on these results, it is our
practice to treat severe burns with oxandrolone
over their acute hospitalization, with initiation
following burn resuscitation.

Insulin
Both hyperglycemia and hypoglycemia are asso-
ciated with increased mortality and morbidity in
critically ill patients. While hyperglycemia has
been believed to be an adaptive stress response, it
has been associated with worse outcomes and
glucose variability has been found to be a predic-
tor of mortality following burn injury [100-102].
The association of poor glucose control with bac-
teremia, reduced graft take, and higher mortality
in pediatric burn patients has further supported
this practice [102]. Improved survival in surgical
ICU patients maintained with tight blood glucose
control of 80—110 mg/dL led to the widely prac-
ticed policy of tight glycemic control [103].
Since Van den Berghe’s landmark study in
2001 [103], there have been many randomized
controlled trials and meta-analyses that have
reported conflicting results or found that only
surgical ICU patients, and not medical ICU
patients, benefited from strict glucose control
[100, 104]. More recently, the large multicenter
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Normoglycemia in Intensive Care Evaluation and
Surviving Using Glucose Algorithm Regulation
(NICE-SUGAR) trial demonstrated that an inter-
mediate glucose target (140-180 mg/dL) was
ideal for most patients, and resulted in lower
mortality than stricter control (80-110 mg/dL)
[105]. Based on the current literature, it is our
policy to maintain blood glucose levels as close
to normal as possible, without evoking unaccept-
able glucose fluctuations, hypoglycemia, or
hypokalemia, and therefore aim for a range of
100-180 mg/dL.

Glutamine

Glutamine plays an important role in many meta-
bolic processes and has a high turnover of
approximately 1 g of glutamine per kilogram per
day [106]. As this is nearly ten times the normal
dietary intake, the body relies upon endogenous
sources. In a critically ill patient, the demand for
glutamine increases (secondary to immune sys-
tem activation and damage repair efforts), while
production is decreased (secondary to immobility
and insulin resistance), making glutamine condi-
tionally essential and leading to a functional defi-
ciency. It is not surprising therefore, that a low
plasma glutamine level has been independently
associated with worse outcomes in critical illness
[107], and some single center studies have shown
improved outcomes related to dose and duration
[108, 109]. Unfortunately, a randomized trial of
nutritional formulas that were intended to
enhance immune status and included essential
amino acids and omega-3 fatty acids showed no
clinical advantage in burn patients [38], the addi-
tion of glutamine supplementation to an enteral
nutrition regimen has been shown to decrease
hospital and ICU length of stay as well as mortal-
ity in adult burn patients.

These findings could potentially be explained
by glutamine’s role in reducing oxidative stress
through its function as a precursor to glutathione,
as well as serving as a fuel for macrophages,
fibroblasts, and lymphocytes, and aiding in pre-
venting bacterial translocation through preserva-
tion of gut integrity by serving as a source for
enterocytes [39]. Confirmatory support for the
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immune-enhancing effects of glutamine can be
found in a recent meta-analysis of four random-
ized controlled trials, involving 155 patients,
which found glutamine supplementation to be
associated with a decrease in the number of
patients with Gram-negative bacteremia as well
as hospital mortality [110].

Glutamine has many valuable functions that
may be beneficial to burn patients and studies
have reported advantages to glutamine, perhaps
explained by its trophic influence on intestinal
epithelium and on maintenance of gut integrity
[39]. Studies in adult burn patients have shown
enteral glutamine supplementation to preserve
gut integrity [111, 112] while decreasing infec-
tious complications [39, 111], mortality [39], and
length of stay [111, 112]. Unfortunately, these
studies have had small sample sizes and different
dosing methods and glutamine supplementation
has not been well studied in children, leaving
unanswered questions about the potential benefits
of glutamine supplementation. Future studies will
need to take into account the nutritional status of
patients, the degree of glutamine deficiency, and
duration of use rather than using a single standard
dose for a short duration and being surprised by a
lack of effect. Similarly, less ill patients with less
of a glutamine deficiency may not benefit from
additional supplementation.

Erythropoietin

While patients with large burns will often have a
long hospitalization, a longer period of critical
illness than many other ICU patients, and many
operative interventions that can all lead to blood
loss and anemia, there is no definitive study on
the use of erythropoietin in the burn population.
One interesting and positive study encouraging
the use of erythropoietin in the ICU was per-
formed by the EPO Critical Care Trials Group
and reported in JAMA in 2002. This prospective,
randomized, double-blind, placebo-controlled,
multicenter trial was performed over 2.5 years
and involved 1,302 mixed medical and surgical
ICU patients randomized to receive recombinant
human erythropoietin (EPO) or placebo on ICU
day 3 and then weekly for 3 doses. Interestingly,
they found patients receiving EPO to be less
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likely to undergo transfusion, experiencing a
19 % reduction in total units of red blood cells
(RBCs) transfused, reduction in RBC units trans-
fused per day alive, and increase in hemoglobin
from baseline to study end, with no difference in
mortality or adverse clinical events [113].

While we await definitive studies investigat-
ing the use of erythropoietin in burned humans, a
recent study in burned rats demonstrated preser-
vation of microcirculatory perfusion within
endangered areas in a dose-dependent manner,
leading to quicker healing with less contracture
formation, as well as an increase in hematocrit
[114]. Recognizing that there are differences
between the human and rat response to burn
injury, and that human studies are needed,
remembering that erythropoietin is not just a
renal hormone responsible for maintaining eryth-
rocytes, but also involved in the acute and sub-
acute response to tissue damage, attenuating
injury and facilitating healing and restoration of
function [115], may prove an opportunity to fur-
ther improve future burn care.

Iron

While iron is known to play a role in wound heal-
ing, iron deficiency has not been associated with
poor wound healing outcomes and iron has not
been thoroughly studied in burn patients [116].
Similar to vitamin C, iron contributes to collagen
synthesis as a cofactor for hydroxylation of pro-
line and lysine as well as plays a role in oxygen
transport to tissues [116, 117]. While iron levels
are known to decrease after burn injury, they typi-
cally increase back to normal levels without sup-
plementation [118, 119], and the combination of
necessary blood transfusions and iron supple-
mentation may lead to excessive levels.

Measuring Effectiveness
of Nutritional Support

As post-burn hypermetabolism is associated with
profound proteolysis resulting in lean body mass
loss and muscle wasting, appropriate monitoring
for nutritional needs and deficiencies as well as
provision of adequate caloric intake, nitrogen,
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micronutrients, and supplements is critical. Yet,
providing carbohydrate, protein, and fat in exces-
sive amounts can result in complications. Excess
carbohydrate can lead to fat deposition in the
liver and increased fat synthesis, as well as diffi-
culties in weaning from mechanical ventilation
secondary to elevated respiratory quotients and
increased carbon dioxide production. While
available tools for monitoring nutritional status
following a burn injury are not consistently uti-
lized among the burn community, and there is no
agreed upon standard for assessing effectiveness
of nutritional support, trending visceral protein
measurements combined with acute phase reac-
tants is a common practice in burn units.

Highlighting the lack of good evidence, two
studies including 121 burn patients suggest that
C-reactive protein and prealbumin (transferrin)
predicts morbidity and mortality [120, 121],
while two smaller studies question the reliability
of these markers [122, 123]. Further questioning
the value of this practice, another more recent
study, concluded that serum transthyretin levels
measured weekly over a hospitalization were
reflective of the severity of illness rather than
nutritional status, and lower levels correlated
with those who were more severely injured [124].

In addition to low visceral protein levels, burn
patients characteristically have hypoalbumin-
emia that persists until wounds are healed and the
rehabilitation phase of recovery has begun. In
fact, one study found patients with large burns
have serum albumin levels that average 1.7 g/dL
and never exceed 2.5 g/dL [125]. Suggesting that
low albumin levels may be similar to low preal-
bumin levels, a recent collaborative study
between centers in Spain and the USA found that
serum albumin level 3-7 days after burn injury is
reflective of the severity of injury rather than
nutritional status and was predictive of hospital
length of stay [126].

However, while the albumin level may be
reflective of the severity of illness, similar to ane-
mia, there has been question about what to do
about the often significant hypoalbuminemia.
Thus, management of hypoalbuminemia is con-
troversial, but there is general agreement that
once burn resuscitation is complete, infusion of
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exogenous albumin to serum levels above 1.5 g/
dL does not affect burn patient length of stay,
complication rate, or mortality [127, 128].

Perhaps just as important as whether or not to
trend visceral proteins is critically following dif-
ferences between what nutritional supplementa-
tion is ordered and what is received or absorbed.
Delayed initiation of enteral nutrition, slow
advancement of infusion rate, and underprescrip-
tion, as well as holding tube feeds for operations,
tests such as CT scans, mechanical problems
such as inadvertently pulled or clogged feeding
tubes, or high residuals, all contributes to a receipt
of inadequate nutrition. Correspondingly, a recent
review of enteral nutrition practices in critical
care identified that only about half of critically ill
enterally fed patients receive their energy require-
ments [129]. Thus, when patients fall behind in
what they have received for nutritional support, it
may be necessary to increase the rate of enteral
nutrition and critically assess obstacles to achiev-
ing desired support in an effort to catch up on
missing calories until the deficit is replaced. Use
of enteral feeding protocols increases the overall
percentage of goal calories provided and can
minimize some of these obstacles [55].

Special Considerations
(Children, Elderly, Morbidly Obese)

Children

Much of what is currently practiced for nutri-
tional support of the severely burned patient
comes from lessons learned from the severely
burned child. With a greater ability to survive
otherwise devastating injuries and often better
follow up over time, children have provided a
resource for long-term follow up. In addition to
the research on propranolol and oxandrolone,
which started in children, there continues to be
research on the long-term effects of what nutri-
tional support is provided during acute hospital-
ization and chronic deficiencies or effects. One
such lesson comes from a study of nearly 1,000
children with >40 % TBSA burns who were ran-
domized to either a low-fat/high-carbohydrate
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diet or a high-fat diet. While demographics and
caloric intake were similar, those fed the low-fat/
high-carbohydrate diet had shorter ICU stays, a
lower incidence of sepsis, and lived significantly
longer until death than those in the high-fat diet.
While there was no difference in overall mortal-
ity between groups, there was less hepatic steato-
sis and less kidney and spleen enlargement [130].
Thus, it is important to not only look at the caloric
needs of patients, but the composition of the
nutritional support as well.

In addition to the content of nutritional sup-
port, providing appropriate support early seems
to be a universal theme across all patient popula-
tions (adult [22], pediatric [23], and obese [133])
as well. A recent randomized, prospective pediat-
ric study demonstrated that burned children who
received enteral nutrition within 3-6 h following
the burn had a shorter hospitalization and lower
mortality than children who had enteral nutrition
initiated 48 h after burn injury [23].

Elderly

The elderly burn patient often has many comor-
bidities, including chronic organ dysfunction
such as chronic kidney disease or congestive
organ failure, as well as an already compromised
immune system and decreased basal metabolic
requirements [131]. Additionally, many elderly
patients also have socioeconomic challenges that
increase the likelihood of preexisting protein
energy malnutrition prior to their burn injury and
further compromises their health status, impedes
wound healing, and their overall recovery, with
resultant poor outcomes if not properly addressed
[131]. Similarly, the elderly are more likely to
live in a nursing home or be discharged to a nurs-
ing home following burn injury. This has another
impact on nutritional status, as a recent system-
atic review of nutritional status of residents in
nursing homes revealed a wide range of preva-
lence of low body mass index, poor appetite, mal-
nutrition, and eating disability in nursing home
residents [132]. The Society of Critical Care
Medicine (SCCM) and American Society for
Parenteral and Enteral Nutrition (A.S.P.E.N.)
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guidelines for the provision and assessment of
nutrition support therapy in the adult critically ill
patient do not specifically address the geriatric
population [55], so we believe assessments of
nutritional deficiencies and need for support
should be assessed by a nutritionist upon admis-
sion to the hospital, and with understanding of
the above obstacles to adequate nutritional status
in the elderly, it is our practice to follow adult
guidelines as described above.

Morbidly Obese

Obesity has become increasingly prevalent in the
USA and resultantly in the critical care popula-
tion as well, with recent demographic trends sug-
gesting that the prevalence of obesity will only
continue to grow. Unfortunately, little is known
about the nutritional needs of obese burn patients.
A multidisciplinary survey sent to US burn cen-
ters found that obesity was commonly defined as
a BMI>30 and the Harris—Benedict equation was
the most frequently used equation to calculate the
caloric needs of obese burn patients at 32 %,
most commonly altering the calculations by
using adjusted body weight. Hypocaloric formu-
las were not commonly used (21 %) and enteral
nutrition was initiated within 24 h in most centers
[133]. These results are consistent with our clini-
cal practice as well; however, there is likely an
opportunity for improvement as the perception is
that obese patients have a longer length of stay,
poor wound healing, poor graft take, and pro-
longed need for mechanical ventilation relative to
the non-obese population.

Recognizing there may be important differences
between the obese burn population and other
obese ICU populations, the American Society for
Parenteral and Enteral Nutrition (A.S.P.E.N.) rec-
ommends that while the basic principles of criti-
cal care nutrition apply to the obese ICU patient,
a high-protein, hypocaloric regimen should be
provided to reduce fat mass, improve insulin sen-
sitivity, and preserve lean body mass [134]. They
conclude that the ideal enteral formula should
have a low non-protein calorie to nitrogen ratio
and have a variety of pharmaconutrient agents
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added to modulate immune responses and reduce
inflammation [134].

While additional research is necessary, specifi-
cally in the obese burn population there are many
recognized obstacles to adequate nutritional sup-
port in the obese population. One such obstacle is
misperceptions about obesity. For example, while
greater fat mass in the obese patient may represent
an energy reservoir, problems with futile cycling,
insulin resistance, and poor fuel utilization may
actually predispose the patient to greater losses of
lean body mass and delays in feeding reduce the
value and impact of enteral nutrition for the criti-
cally ill obese patient [135, 136]. Additionally, the
obese patient has a greater incidence of associated
comorbidities and greater likelihood of metabolic
derangements that affect fuel utilization, such as
insulin resistance, impaired glucose tolerance,
increased fatty acid mobilization, and hyperlipid-
emia [136]. Finally, bariatric surgery may lead to
development of nutrition complications and
micronutrient deficiencies such as iron, folate,
B12, copper, thiamine, and vitamin D which
can uniquely complicate management of critical
illness [137, 138].

Conclusions

Severe burn injury continues to represent a sig-
nificant public health problem worldwide. Major
burn injury is characterized by oxidative stress, a
prolonged hypermetabolic, catabolic state, and
immunosuppression. Resultantly, burn patients
have increased cardiac work, increased myocar-
dial oxygen consumption, tachycardia, lipolysis,
liver dysfunction, severe muscle catabolism,
increased protein degradation, insulin resistance,
and growth retardation has been seen in children.
Thus, providing the right balance of macro- and
micronutrients, antioxidants, and energy is essen-
tial to mitigate the hypermetabolic and hypercata-
bolic state that results. Nutritional support has
therefore long been and continues to be an impor-
tant component of the management of severe burn
injury. Some nutritional or metabolically active
supplements have demonstrated promise in pro-
moting anabolism in burn patients, including
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insulin, the anabolic steroid oxandrolone, and
propranolol; however, ongoing and future research
is necessary to better understand modulation of
the hypermetabolic response to severe burn injury
and continue to improve burn outcomes.
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Roland N. Dickerson

The obesity epidemic in the United States is
staggering with recent data from 2009 to 2010 indi-
cating 36 % of adult men and women have a body
mass index (BMI) of >30 kg/m? [1]. Four and eight
percent of men and women in the U.S. suffer from
class III obesity (BMI>40 kg/m?), respectively
[1]. The prevalence of obesity is also increasing
worldwide [2]. It has been estimated that as much
as 25 % [2] to 31 % [3] of patients in the intensive
care unit (ICU) are obese. Despite this universal
healthcare issue, the amount of literature is very
limited regarding the best means for optimizing
nutrition therapy for hospitalized patients with obe-
sity. Despite the paucity of data, the author intends
to provide an evidence-based approach to the meta-
bolic management of these complex patients.

Impact of Obesity upon Clinical
Outcome

The diagnosis of obesity is currently based on
body mass index (BMI) and is organized into
classes of obesity (Table 7.1). However, it has
been questioned whether BMI alone is sufficient
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for assessing obesity and its associated risk in
clinical outcomes. Clinical outcomes for patients
with obesity may be influenced by the presence
of comorbid conditions including diabetes,
hyperglycemia, hypoventilation syndrome, other
associated metabolic perturbations, and any
modifications made to their clinical care because
of their obesity including nutrition therapy.
Studies regarding clinical outcomes for obese
versus nonobese patients are conflicting. Some
studies indicate patients with obesity have worse
outcomes, others show no difference, whereas
some even suggest improved outcomes. Many of
these studies have limitations and are often
fraught by retrospective study design and an
inadequate number of patients [4]. A limitation
with the large datasets is that multivariate analy-
sis has been employed to “control” for variables
such as diabetes, hyperglycemia, cardiovascular
disease, and other comorbidities associated with
obesity. By negating these factors, the data may
be biased to omit those obese patients with an
unfavorable metabolic profile [3]. For example,
in a study evaluating 1,334 trauma patients with
Class III (BMI>40 kg/m? obesity, overall
mortality was 7.8 % compared to 4.6 % for those
with less severe (Class I and II) obesity [5].
Hyperglycemia was discovered to be an indepen-
dent predictor of outcome. The investigators con-
cluded that when controlling the dataset for
hyperglycemia, there was no effect of obesity
upon survival. However, the etiology for hyper-
glycemia during critical illness is often multifac-
torial and obese patients are at higher risk for
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Table 7.1 Classification of obesity based on body mass
index (BMI) for adults

Classification BMI (kg/m?) range
Underweight <18.5

Normal weight 18.5-24.9
Overweight 25-29.9

Class I obesity 30-34.9

Class II obesity 35-39.9

Class III obesity >40

hyperglycemia due to a greater incidence of insu-
lin resistance, diabetes, and a preexisting inflam-
matory state due to obesity itself. By controlling
for the detrimental effect of hyperglycemia upon
outcome, the investigators may have negated the
impact and role of obesity upon hyperglycemia
which may have contributed to their overall
poorer outcome.

Another consideration in the evaluation of the
hospitalized patient with obesity is patient acuity.
There may be a marked difference in the level of
stress among patients. The surgical or trauma
patient is admitted to the ICU as a result of an
acute stress event, whereas the medical ICU
patient may have an exacerbation of a chronic
disease. Depending on the patient, the intensity
and life-threatening nature for their admission
and subsequent events such as multiple operative
procedures likely dictates their propensity
towards adverse clinical outcomes including
mortality, length of stay in the ICU, ventilator
days, etc. Table 7.2 depicts studies that have
examined the effect of obesity upon clinical out-
comes for those admitted to a trauma or surgical
ICU. The majority of the studies indicated greater
mortality for those with morbid obesity
(BMI>40 kg/m?) [6-10, 12], although some
studies are conflicting [5, 11]. Nasraway et al.’s
data indicated an exponential increase in ICU
mortality relative to an increase in BMI for surgi-
cal patients whose BMI was 40 kg/m? or greater
for those with an extended stay in the ICU [9].
ICU mortality increased from ~12 % to 15 % for
patients with a BMI of about 40 kg/m? to 50 %
for those with a BMI of ~60 kg/m2. Mortality
increased to over 90 % for those with a BMI
above 70 kg/m? [9]. Further study to confirm the
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potential impact of morbid obesity upon survival
is warranted.

Because of difficulty in ambulation, the obese
patient would be considered at risk for increased
morbidity such as pneumonia, venous thrombo-
embolism, and decubitus ulcer formation. The
odds ratio was twice to three times higher towards
developing these complications for trauma
patients with obesity compared to nonobese
trauma patients in one study [8]. Conversely,
studies examining outcomes of obese versus non-
obese patients admitted to the medical ICU or a
“mixed population” ICU are divergent. Some
suggest an increase in mortality [1], no difference
in mortality [13—-16], and/or a reduction in mor-
tality [17]. These divergent findings are likely
due to heterogeneity in the study populations
including the etiology for admission to the inten-
sive care unit, presence of single versus multi-
system organ failure [18], adjustment for
confounders that may be attributed to or aug-
mented by the presence of obesity [5], duration
of stay in the ICU [13], and duration of ventilator
dependency [6, 8, 14, 16]. Studies from a “mixed”
type of ICU population may also be uninterpre-
table for evaluating certain subsets (e.g., surgical
versus trauma versus medical) of patients.

Another factor, often not addressed in studies
regarding clinical outcomes for hospitalized
patients with obesity, is the presence of sarcope-
nia. Sarcopenic obesity is the presence of exces-
sive body fat and reduced lean tissue mass with
impaired physical function [19]. ICU patients
with this body composition abnormality may
have substantial influence upon clinical outcomes
and requires further study. A final consideration,
often not addressed in these large studies, is the
nutrition therapy given to the patients. Early ini-
tiation of nutrition therapy decreases infectious
morbidity for critically ill surgical and trauma
patients [20]. Provision of higher amounts of pro-
tein has been associated with improved survival
during critical illness [21, 22]. Preliminary evi-
dence indicates excessive caloric intake worsens
morbidity for critically ill obese patients [23].
Thus, early or delayed nutrition therapy, as well
as the composition and amount of nutrition ther-
apy, may have influenced clinical outcomes.
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Table 7.2 Impact of obesity upon clinical outcomes for critically ill surgical and trauma patients

Population
characteristics,

Author, year Patient care setting No. of patients Results

Hoffman, 2012 [6] Trauma ICU ISS>16 Obese patients had an increased risk for
BMI<20, n=269 hospital mortality (OR 1.6, P=0.01). Obese

BMI 20-24.9,n=2,617  patients had greater multiple organ failures
BMI 25-29.9,n=2,120 (30 % vs. 23 %; P=0.03), hospital LOS
BMI>30, n=760 (31 vs. 27 days; P=0.001), ICU LOS
(13 vs. 11 days; P=0.001); ventilator days
(8 vs. 6 days; P=0.001) than those with a
normal BMI, respectively.

Hutagalung, 2011 [7] ~ Surgical ICU BMI<18.5,n=186 Patients with Class I and II obesity had
BMI 18.5-24.9, n=2,633 lower 60 days mortality than patients with
BMI 25-29.9, n=4,093  normal BMI (HR 0.86, P=0.047).

BMI 30-39.9, n=2,066  Morbidly obese patients had greater 60 days

BMI>40,n=179 mortality than those with normal BMI
especially after neurosurgical procedures
(HR 0.3, P=0.039).

Newell, 2007 [8] Trauma ICU ISS > 16, blunt trauma Obese and morbidly obese patients were
BMI<18.5, n=61 more likely to develop ARDS (OR 1.2, 3.6;
BMI 18.5-24.9, n=554  P=0.03), acute respiratory failure
BMI 25-29.9, n=529 (OR 1.8, 2.8; P=0.001), acute renal failure
BMI 30-39.9, n=271 (OR 4.4, 13.5; P=0.01) or multisystem
BMI >40, n=93 organ failure (OR 1.4, 2.6; P=0.03),

pneumonia (OR 1.7, 2.5; P=0.001), DVT
(OR 2.2,4.1; P=0.014), or a decubitus ulcer
(OR 1.6, 2.8; P=0.001) than those with

normal BMI.
Nasraway, 2006 [9] Surgical ICU ICU Stay >4 days ICU and Hospital mortality (%) increased
BMI<18.5, n=26 from 19 % and 23 % for those with a

BMI 18.5-24.9, n=164  normal BMI to 33 % (P=0.009) and 33 %
BMI 25-29.9, n=118 (P=0.045), respectively.
BMI 30-39.9, n=74

BMI>40, n=24
Bochicchio, 2006 [10] Trauma ICU BMI<30,n=1,105 No difference in mortality between groups.
BMI>30, n=62 Obese patients had a greater hospital LOS
(25 vs. 15 days, P=0.001), ICU LOS
(19 vs. 12 days; P=0.001), and infections
(61 % vs. 34 %; P=0.001)
Ciesla, 2006 [11] Surgical ICU ISS >15; excluded No difference in mortality for obese vs.
(trauma patients) patients with isolated nonobese. Obesity was associated with

TBI and those who died  increased multiple organ failure (37 % vs.
within 48 h of admission 22 %; OR 1.8). ICU LOS and hospital

BMI<25, n=286 LOS were longer for obese patients
BMI 25-29.9, n=278 (21 vs. 16 days; P=0.001) and
BMI>30, n=152 (25 vs. 20 days, P=0.001).
Brown, 2005 [12] Trauma ICU BMI<30, n=870 Increased risk for mortality associated with
BMI>30, n=283 obesity (OR 1.6, P=0.03). More obese

patients developed multisystem organ
failure (19 % vs. 11 %, P=0.001), ARDS
(11 % vs. 6 %, P=0.002), and required
dialysis (8 % vs. 4 %, P=0.01). ICU LOS
and hospital LOS were longer for obese
patients (13 vs. 10 days, P=0.005)

and 24 vs. 19 days, P=0.01.

ARDS Acute respiratory distress syndrome, BMI Body mass index, HR Hazard ratio, /CU Intensive care unit, /SS Injury
severity score, LOS Length of stay, OR Odds ratio, TBI Traumatic brain injury
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The Obesity Paradox

Recent data have challenged the prevailing theme
that increased mortality is associated with an
increased BMI above normal but an inverse
J-shaped curve may be present when relating
BMI to survival [1, 7, 17, 24]. Malnourished
patients with a low BMI have the worst survival
rate followed by those with severe Class III obe-
sity (BMI>40). Surprisingly, overweight and
mild-to-moderate obese patients have similar or
even improved survival rates compared to those
with anormal BMI [1, 7, 17, 24]. Since these data
appear incongruent of what would be expected,
the term “obesity paradox” has been used to
describe this phenomenon.

Etiologies for this presumed paradox are not
clear. Emerging research indicates that adipose
cells may mediate a range of short-term benefi-
cial functions in response to sepsis or stress.
Adipose tissue is a functional organ capable of
altering metabolism and secreting immune-
modulating chemokines and not just a passive
depot for excess energy. Leptin, secreted from
adipose tissue, augmented the immune response
and improved bacterial clearance in animals [25].
In one study, critically ill patients who survived
from sepsis had threefold higher plasma concen-
trations of leptin compared with those who died
[26]. Lipoproteins, apoproteins, and eicosanoid-
derived resolvins and protectins have been shown
to neutralize lipopolysaccharide, stimulate clear-
ance of inflammatory debris, and exert direct
anti-inflammatory actions [27].

It has been argued that the obesity paradox is
not a real phenomenon, but rather reflective of
selection bias in study design without adequately
adjusting for confounding factors that may have
influenced clinical outcomes. It has also been
suggested that reverse causation may explain the
apparent benefits of being overweight or having
mild obesity for critically ill patients [28].
Reverse causation could potentially explain the
apparent benefits of overweight and mild-to-
moderate obesity if the nonobese group suffered
from diseases causing weight loss (to the extent
of achieving a normal or low BMI) prior to ICU
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admission [28]. One significant omission by the
studies examining the obesity paradox is lack of
consideration regarding the impact of parenteral
or enteral nutrition therapy. Based on the current
state of evidence, critically ill patients who are
malnourished (BMI<18.5 kg/m?) or have Class
IIT obesity (BMI>40 kg/m?) are at greater risk
for increased morbidity and mortality. However,
further studies assessing the impact of obesity
upon clinical outcomes for critically ill patients
are needed to conclusively determine whether the
obesity paradox is real or not.

Metabolic and Physiologic
Consequences of Obesity that
Compound Critical lliness
and Nutrition Therapy

In developing a nutritional regimen for the criti-
cally ill obese patient, it is often necessary to
modify the regimen based on obesity-associated
comorbidities (Table 7.3). The greatest concern is
to not overfeed the obese patient as complica-
tions from overfeeding extend beyond just a sim-
ple amplification in preexisting abundant caloric
reserves. The nutritional regimen may need to be
modified for hyperglycemia, hyperlipidemia,
hypercapnia, congestive heart failure, or nonalco-
holic fatty liver disease. Modification of the
nutritional regimen is often complicated since
many critically ill patients with obesity may
experience multiple concurrent comorbidities.
Patients with even mild degrees of obesity
may be insulin-resistant, but it becomes more
common in the morbidly obese patient [29].

Table 7.3 Metabolic and physiologic effects of obesity
that compound the metabolic response to critical illness
and the adverse effects of overfeeding

1. Insulin resistance and increased incidence of diabetes
mellitus
2. Increased incidence of hypertriglyceridemia

3. Hypoventilation syndrome, difficulty with ventilator
weaning

4. Decreased left ventricular contractility and ejection
fraction, fluid overload

5. Nonalcoholic fatty liver disease and steatosis
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Critically ill patients with sepsis or traumatic
injuries experience a post-receptor insulin resis-
tance with increased counter-regulatory hormone
production resulting in substantial hyperglyce-
mia [30]. Thus, when obesity, critical illness, and
nutrition therapy are compounded together,
hyperglycemia is a prevalent complication that
requires vigilant management. Given the recent
data over the past decade that trauma [31-33],
cardio-thoracic surgery [34], thermally-injured
[35], and potentially other surgical patients ben-
efit from tighter glycemic control (e.g., blood
glucose concentrations less than 140-150 mg/
dL) than that required of other populations (e.g.,
medical ICU patients) [36], glycemic control can
be challenging for the critically ill, surgical
patient with obesity. We found that our critically
ill trauma patients with obesity-related diabetes
mellitus who required a continuous intravenous
insulin infusion experienced a greater hypergly-
cemic index, greater blood glucose concentration
variability, and spent less average time in the tar-
get blood glucose concentration (e.g., 70-149
mg/dL) than nondiabetics [37].

Hyperlipidemia, particularly hypertriglyceri-
demia, is also more prevalent in patients with obe-
sity versus the nonobese. This is particularly
problematic for patients given intravenous lipid
emulsion as part of the parenteral nutrition ther-
apy or propofol (10 % lipid emulsion is used as
the drug carrier solution) as triglyceride clearance
may be impaired. Severe hypertriglyceridemia
from impaired lipid emulsion clearance may
impair immune function, reticuloendothelial sys-
tem clearance, cause hepatic fat accumulation, as
well as potentially induce acute pancreatitis. For
those with hypertriglyceridemia associated with
insulin-dependent diabetes mellitus, improve-
ment in glycemic control with insulin therapy will
often result in near normalization of serum tri-
glyceride concentration [38] allowing for the use
of intravenous lipid emulsion. For patients with
non-insulin-dependent diabetes mellitus, hyper-
triglyceridemia may not be fully corrected with
appropriate glycemic control [38] and lipid emul-
sion clearance may potentially remain impaired.

It is well established that patients with morbid
obesity have a prolonged duration of mechanical
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ventilation compared to their nonobese counter-
parts [6, 8, 12, 16]. Obesity hypoventilation syn-
drome is characterized by hypercapnic respiratory
failure and alveolar hypoventilation resulting in a
progressive requirement for a higher minute venti-
lation [39]. Aggressive nutrition therapy with
higher amounts of total calories, resulting in over-
feeding, can significantly worsen hypercapnia [40,
41]. Talpers and associates demonstrated increased
carbon dioxide production from parenteral nutri-
tion therapy when total energy intake exceeded
1.3 times the predicted energy expenditure based
on the Harris-Benedict equations [42] for
nonobese patients [40, 41]. Thus, caution regard-
ing the amount of calories given to ventilator-
dependent patients with chronic obstructive
pulmonary disease or obesity hypoventilation
syndrome is pivotal when planning their nutri-
tional regimen.

Because of extreme body mass and the
requirement for an increased circulating blood
volume, patients with morbid obesity can develop
myocardial hypertrophy and decreased compli-
ance in addition to hypertension. These cardio-
vascular alterations may eventually lead to
congestive heart failure, total body fluid overload,
higher risk for arrhythmias, and sudden death
[39]. In severe cases of obesity hypoventilation
syndrome, extreme pulmonary failure may lead
to right heart failure with pulmonary edema [39].
Provision of nutrition therapy may be problem-
atic due to their requirement for fluid restriction.

The critically ill surgical patient with morbid
obesity is also at risk for nonalcoholic fatty liver
disease (NAFLD) and hepatic steatosis. The prev-
alence of NAFLD ranges from 57 % of over-
weight subjects to 98 % of nondiabetic obese
patients [43]. About one third of patients with
obesity exhibit hepatic steatosis. Older patients
with obesity tend to be at greater risk for NFALD
likely due to their prolonged duration of hyperten-
sion, obesity, hyperlipidemia, and diabetes [43].
Overfeeding has long been established as a com-
mon complication of parenteral nutrition therapy
resulting in fatty infiltration of the liver and hepatic
steatosis. Evidence of fatty infiltration of the liver
and hepatic dysfunction has been demonstrated as
early as 10-14 days of caloric overfeeding with
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parenteral nutrition [44]. Therefore, it is essential
that the critically ill patient with obesity not be
overfed with excessive calories.

Defining Calorie and Protein
Requirements for Surgical
Patients with Obesity

Defining caloric requirements for the hospital-
ized obese surgical or trauma patient with obesity
is problematic due to the wide variability in rest-
ing energy expenditure and the lack of precision
in predicting their resting energy expenditure
[45]. Historically, many methods have attempted
to predict energy expenditure for critically ill
obese patients, but most have been found to be
unsuccessful. This inaccuracy in predicting rest-
ing energy expenditure is due to the wide vari-
ability in muscle mass among obese patients as
well as the myriad of diseases and conditions that
can variably increase or decrease energy expen-
diture. Within the past decade, better methods of
predicting resting energy expenditure for criti-
cally ill obese patients have been developed.
Frankenfield and coworkers have developed two
equations (one for older patients>60 years of
age and the other for adults<60 years of age)
which have been validated for critically ill,
ventilator-dependent obese patients (Table 7.4)
[46, 47, 50]. These equations tend to accurately
estimate resting energy expenditure (+10 %) of
critically ill, ventilator patients 70 % of the time,
but the remaining patients will be significantly
under or overestimated [47, 50]. For less sick,
nonmechanically ventilated, hospitalized
patients with obesity, some clinicians have
favored the use of the Mifflin equations to esti-
mate resting energy expenditure (Table 7.4).
Unfortunately, the Mifflin equations were devel-
oped in “unstressed, healthy obese subjects”
and its use has not been validated in the hospital-
ized, non-ventilator-dependent obese population.
Because of the high risk for overfeeding compli-
cations in hospitalized patients with obesity and
the uncertainty of accurately estimating resting
energy expenditure, we have adopted the use of a
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Table 7.4 Predictive methods for estimating resting energy
expenditure (REE) for hospitalized patients with obesity

Ventilator-dependent, critically ill patients with obesity
< 60 years of age [46, 47]:
REE (kcal/day)=(Mifflin
REE x0.96) + (T X 167) + (Ve x31)- 6212
whereas T, is maximum temperature for the day
(°C) and Ve is minute ventilation (L/min)
Ventilator-dependent, critically ill patients with
obesity > 60 years of age [48]:
REE (kcal/day)=(Mifflin
REEX0.71) + (T4 X 85) + (Ve x 64)—3085
whereas T}, is maximum temperature for the day
(°C) and Ve is minute ventilation (L/min)

Mifflin-St. Jeor Equation [49] (Mifflin REE):
Men: REE (kcal/day) = (Weightx 10) + (Height x 6.25) —
(Agex5)+5
Female: REE (kcal/day)=(Weightx 10)+ (Height x 6.25)—
(Agex5)-161
whereas weight is in kg, height is in cm, and age is in
years

hypocaloric, high-protein nutritional regimens
for these patients. To understand the rationale for
this type of therapy, it is necessary to review the
impact of calories and protein upon nitrogen
balance as well as its overall effect on changes in
body composition.

Interpreting Nitrogen Balance

Despite its limitations, the most common clinical
tool to assess adequacy of a nutritional regimen in
terms of net protein anabolism is nitrogen bal-
ance. Nitrogen balance is simply the difference
between the amount of nitrogen given to
the patient and the amount of nitrogen lost. If
more nitrogen is given to the patient than lost, the
patient is considered to be anabolic or “in positive
nitrogen balance.” If more nitrogen is lost than
given, the patient is considered to be catabolic or
“in negative nitrogen balance.” A nitrogen bal-
ance within —4 g/day to +4 g/day is usually con-
sidered as “nitrogen equilibrium.” To determine
nitrogen balance, a 24 h urine collection for urea
nitrogen excretion is conducted and protein intake
from the parenteral or enteral nutrition from that
same 24 h period is ascertained. An appropriate
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nitrogen balance (NB) equation for critically ill
surgical and trauma patients [51] is as follows:

NB (g/day)=Protein intake (g/day)/6.25—Urine
Urea Nitrogen (g/day)/0.85-2!

This NB formula is more accurate for
critically ill surgical and trauma patients than the
classic NB formula (NB=Protein intake/6.25—
Urine Urea Nitrogen—4). The “fudge factor” of
4 g assumes 2 g for non-urea nitrogen in the urine
and 2 g for estimation of stool and insensible
losses. Catabolic, critically ill patients often
experience high urinary urea nitrogen excretion
rates and the amount of urinary non-urea nitro-
gen excretion is often greater than the assumed
2 g and sometimes as much as 4-6 g/day [51]. We
found that an estimation of ~15 % of total urinary
nitrogen better predicted actual urinary non-urea
nitrogen excretion in our critically ill trauma
patients [51]. Ideally, the goal should be to
achieve positive nitrogen balance. Unfortunately,
a positive nitrogen balance may not be possible
during the acute phase post-injury or during sep-
sis as total body protein catabolism will exceed
total body protein anabolism despite the provi-
sion of parenteral or enteral nutrition [52, 53]. We
have generally accepted a nitrogen balance of
about -5 or —6 g/day or better during an aggres-
sive protein intake (e.g., within ~2 to 3 g/kg/day)
as successful in such patients until the stress
abates [54].

Given the increased risk for metabolic compli-
cations from overfeeding for obese patients, it is
necessary to be conservative with caloric intake
to avoid these complications, yet provide an
effective regimen whereby patients can achieve
net protein anabolism, provide an effective
immune response, heal wounds, and exhibit posi-
tive clinical outcomes. As a result, clinician

'"'Whereas the divisor of 6.25 assumes good quality protein
with a nitrogen content of about 16 %. The divisor of 0.85
for urine urea nitrogen indicates 15 % of total nitrogen
excretion is from non-urea nitrogen sources such as
ammonia, creatinine, and amino acids. The final 2 g is an
estimation of stool/integumentary and insensible losses
for a patient without diarrhea.
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researchers have pursued techniques to provide a
calorie-reduced, high-protein regimen in an effort
to meet these desired outcomes. To understand
the rationale for hypocaloric, high-protein regi-
mens for hospitalized and critically ill patients
with obesity, it is necessary to describe the
relationship between calories and protein and
their effect on net protein anabolism and body
composition.

Relationship Between Calories
and Protein and Its Influence
on Nitrogen Balance and Body
Composition

The relationship between calorie and protein
intake upon nitrogen balance for unstressed
nutritionally depleted patients is depicted in
Fig. 7.1 [55, 56]. At a fixed protein intake, nitro-
gen balance increases rapidly as calories are
increased until a caloric intake of about 60-70 %
of total energy expenditure is achieved. When the
caloric intake exceeds 60-70 % of energy expen-
diture, nitrogen balance continues to improve but
at a much slower rate. Points A and B in Fig. 7.1
illustrate achievement of nitrogen equilibrium at
caloric intakes less than energy expenditure when
given a greater protein intake. Point C indicates
nitrogen equilibrium with a lesser protein intake
but with a greater caloric intake than that given at
points A and B. Point D reflects nitrogen equilib-
rium with a low protein intake but with marked
overfeeding of calories. Thus, the same nitrogen
balance (slightly positive or nitrogen equilib-
rium) can be achieved by different macronutrient
prescriptions (a very low calorie/very high-
protein regimen, a low-calorie/high-protein regi-
men, a moderate protein and moderate calorie
regimen, or a low protein, very high calorie regi-
men). However, despite a similar nitrogen bal-
ance, each of these regimens will result in
different body composition changes. The low-
calorie, high-protein regimens (points A and B)
given to the unstressed protein-depleted patient
will likely result in lean body mass gain and body
fat loss, whereas the moderate calorie and protein
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Fig.7.1 Potential relationship between calorie and protein
intake on nitrogen balance [55]. The dashed lines represent
protein intakes that could achieve net protein anabolism
during hypocaloric nutrition therapy. Points A and B illus-
trate achievement of nitrogen equilibrium at caloric intakes

regimen (point C) will result in lean body and
body fat maintenance (possibly some minor gain
in both compartments). The high-calorie, low-
protein regimen (point D) will result in marked
body fat mass gain with minimal change or even
loss of lean body mass [57]. These inferred
changes in body composition are derived from
the series of studies from Hill and associates that
examined varying caloric and protein intakes
and their influence upon changes in body protein,
fat, and water compartments for surgical and gas-
troenterological patients requiring parenteral
nutrition [57-59].

However, during critical illness, the impact of
calories and protein upon nitrogen balance and
body composition is different than that previ-
ously described for the unstressed, nutritionally
depleted patient. Isotope amino acid studies indi-
cate that the marked increase in whole body
catabolism cannot be overcome by an increase in
whole body synthesis from nutrition therapy,
until the stress of trauma or sepsis begins to
resolve [52, 53]. Although total body protein con-

less than energy expenditure when given higher protein
intakes, whereas point C indicates nitrogen equilibrium
with a lesser protein intake with a greater caloric intake,
and point D reflects nitrogen equilibrium with a low pro-
tein intake but with a markedly increased caloric intake

tent declines during critical illness despite nutri-
tion therapy [60], the rate of net protein
catabolism is substantially reduced when com-
pared to when not given nutrition therapy [52,
53]. An aggressive protein intake of 2-2.5 g/kg/
day will achieve nitrogen equilibrium in only
about half of critically ill patients during the first
14 days post-admission to the trauma ICU [54].
To ascertain if increases in caloric intake will
improve nitrogen balance and decrease skeletal
muscle catabolism (urinary 3-methylhistidine
excretion) in critically ill trauma patients,
Frankenfield randomized 30 patients to receive a
total caloric intake of either 1.5, 1.2, or 0.8 times
the measured resting energy expenditure while
keeping protein intake constant at 1.7 g/kg/day
[61]. Nitrogen balance was similar among the
three groups at approximately —8 g/day. No sig-
nificant difference in urinary 3-methylhistidine
excretion (a marker of muscle proteolysis) among
the different caloric intake groups was also noted.
Increasing caloric delivery to critically ill, ther-
mally injured patients resulted in a significant
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increase in total body fat especially when caloric
intake exceeded 1.2 times the measured resting
energy expenditure [62]. Additionally, increasing
caloric intake had no significant effect on lean
body mass as it remained essentially unchanged
[62]. Taken together, these data suggest that pro-
tein has a more profound effect than calorie
intake on net protein catabolism, nitrogen bal-
ance, and loss of body protein mass during criti-
cal illness. Increases in caloric intake may be
potentially detrimental for the obese patient who
is already calorically abundant and who is sus-
ceptible to overfeeding complications.

These data serve as the premise for providing
hypocaloric, high-protein nutrition therapy for
hospitalized patients with obesity. By providing
a conservative caloric intake, complications
associated with overfeeding such as worsening
hyperglycemia, hypercapnia, and hepatic fat
accumulation would likely be reduced. A conser-
vative caloric intake may also result in increased
lipolysis and net fat oxidation with weight loss
[63] which would be a welcome secondary bene-
fit. However, in order to compensate for the con-
servative caloric intake, an increase in protein
supplementation is essential in an effort to achieve
net protein anabolism as illustrated in Fig. 7.1.

Evidence for the Efficacy of
Hypocaloric, High-Protein Nutrition
Therapy for the Hospitalized
Surgical Patient with Obesity

Prior to discussing the evidence for the use of
hypocaloric high-protein nutrition therapy, it is
essential that permissive underfeeding be differ-
entiated from hypocaloric, high-protein feeding
as the literature sometimes refers to these two ter-
minologies interchangeably or even concurrently
(e.g., permissive hypocaloric, high-protein feed-
ing). Permissive underfeeding indicates that the
patient is intentionally allowed to receive less
than what is considered “goal intake” for BOTH
calories and protein, whereas the intent of a hypo-
caloric, high-protein regimen is to provide only a
calorie deficit while ensuring adequate protein
intake. However, it is important to recognize that a
significant amount of the permissive underfeeding
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data was created in nonobese populations
whereby attention to feeding intolerance or
avoidance of overfeeding complications may not
have been well managed. The permissive under-
feeding studies were usually noninterventional or
observational in design and may not have con-
trolled for factors such as duration of feeding or
length of stay in the ICU that may have influ-
enced interpretation of their data [64—66].

An often cited permissive underfeeding study
indicated that patients who received the highest
average amount of nutrition (highest tertile) had
the worse outcomes [64]. Thoughtful interpreta-
tion of their data may lead to a different conclu-
sion. Less sick patients who were discharged from
the medical ICU in a just few days are less likely
to have received full nutrition therapy for a pro-
longed time since feedings are generally advanced
daily over 2—4 days until the goal feeding rate is
achieved. Therefore, their average caloric intake
may be considered as “low.” Conversely, sicker
patients with a prolonged ICU stay were more
likely to have received a greater average caloric
intake since the goal rate may have been provided
for a more prolonged time period. Thus, clinical
outcomes may have been more reflective of dura-
tion of ICU stay and the reasons for the patients’
prolonged stay, as opposed to the amount of nutri-
tion the patient received.

Finally, and probably most importantly, pro-
tein intake was usually inadequate for the criti-
cally ill patient [54, 67-69] in many of the
permissive underfeeding studies. The impact of
inadequate protein intake is evident from a large,
observational cohort study of international nutri-
tion practices that indicated patients with Class II
obesity (BMI 35-39.9 kg/m?) who received a
hypocaloric diet combined with a low protein
intake (average intake of 1,000 kcal/day or 9 kcal/
kg/day and 46 g of protein/day or 0.4 g/kg/day,
respectively) experienced a worsened 60 day
mortality rate [70]. In summary, we recommend
that intentional permissive underfeeding with
inadequate protein intake be avoided for the seri-
ously ill surgical or trauma patient with obesity.

Table 7.5 summarizes the current literature on
hypocaloric, high-protein nutrition therapy for
surgical and trauma patients with obesity.
The first case series documenting the use of
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Table 7.5 Summary of clinical studies with hypocaloric, high-protein therapy in hospitalized obese surgical and

trauma patients

Author, year

Dickerson,
1986 [63]

Burge, 1994
[71]

Choban, 1997
[72]

Liu, 2000 [80]

Dickerson,
2002 [23]

Choban and
Dickerson,
2005 [29]

Hamilton,
2011 [87]

Dickerson,
2013 [67]

Population characteristics

No. of patients
Surgical, PN
n=13

Surgical, PN
n=9

n=7

Surgical, SICU, PN
n=16

n=14

Surgical, PN
<60 yo, n=18
>60yo,n=12
Trauma ICU, EN
n=28

n=12

Surgical, SICU, Trauma

ICU, PN, EN
BMI 30-39.9 n=48
BMI>40n=22

Post-bariatric surgery
with fistula/anastomotic
leak, PN n=23

Trauma ICU, EN, PN
<60 yo, n=41

>60 yo, n=33

Protein intake Caloric intake Nutritional

(g/kg/day) (kcal/kg/day)
2.11BW 25 IBW

2.0 IBW 22 IBW

2.2 1BW 42 IBW

2.0 1IBW 22 IBW

2.0 1IBW 36 IBW

1.8 IBW 18 CBW

1.9 IBW 18 CBW

1.5 IBW 22 IBW

1.9 IBW 30 1IBW

Regression analysis for

determination of protein
requirements to achieve
nitrogen equilibrium

from 2 sites

1.2 CBW 14 CBW
1.9 IBW 18 IBW
2.1 IBW 21 IBW

outcome

NB: +2.4 g/day;
increased serum
albumin and TIBC

NB:
NB:

+1.3 g/day
+2.8 g/day

NB:
NB:

+4.0 g/day
+3.6 g/day

NB:
NB:

+3.4 g/day
+0.2 g/day

NB: —1.4 g/day,
improved PA

NB: 2.7 g/day,
improved PA

ICU patients:

BMI 30-39.9:

2 g/kg IBW/day
BMI>40: 2.5 g/kg
IBW/day

Non ICU patients:
BMI 30-39.9:

1.7 g/lkg IBW/day
BMI>40: 1.8 g/kg
IBW/day

7 % decrease in
BMI in 1.5 months
Increase in serum
albumin

NB: 4.9 g/day @
2.3 g/lkg IBW
NB:-3.2 g/day @
2.3 g/lkg IBW
Similar changes in
PA; higher SUN
for older patients

Clinical outcome

Healed wounds,
closed fistulae

Less insulin therapy,
no difference in
mortality

No difference in
morbidity or
mortality

Decreased ICU stay,
decreased antibiotic
days, trending
decrease in ventilator
days

21 out of 23
transitioned to EN or
oral diet; 1 lost to
follow-up

No difference in ICU
LOS, ventilator days,
hospital LOS

BMI Body mass index (kg/m?), CBW Current body weight, EN Enteral nutrition, IBW Ideal body weight, ICU Intensive
care, LOS Length of stay, n Number of patients, NB Nitrogen balance, PA Serum prealbumin concentration, PN
Parenteral nutrition, SICU Surgery intensive care unit, 7/BC Total iron binding capacity, yo Years old

hypocaloric, high-protein nutrition therapy for
mild to moderately stressed, obese surgical
patients evaluated 13 adult patients with obesity
(208 + 114 % ideal body weight) and postopera-
tive complications of sepsis with anastomotic

leaks, abscesses, fistulae, or wound dehiscence
were administered hypocaloric, high-protein par-
enteral nutrition. [63] Patients received 52 %
of measured resting energy expenditure as
nonprotein calories (or ~70 % of measured
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resting energy expenditure as total calories) and
2.1+£0.6 g/kg ideal body weight/day of protein
for 48+31 days. Positive nitrogen balance or
nitrogen equilibrium and an increased serum pro-
tein response were achieved. Fifty to sixty-eight
percent of nonprotein energy expenditure was
derived from endogenous net fat oxidation and a
2.3+2.7 kg/week average weight loss occurred.
All patients demonstrated complete healing, as
evidenced by closed fistulae, resolution of
abscess cavities, and wound closure.

This case series was followed by two prospec-
tive, randomized, controlled trials from Choban
and the Ohio State University Hospital group
comparing hypocaloric with a higher calorie par-
enteral nutrition regimen [71, 72]. In their first
study, 16 hospitalized obese (>130 % ideal body
weight) patients received hypocaloric (50 % of
measured energy expenditure as nonprotein calo-
ries or 14 total kcal/kg actual weight/day) or
eucaloric (100 % of measured energy expendi-
ture or 25 total kcal/kg actual weight/day) paren-
teral nutrition therapy [71]. Protein intake was
similar at 2.0+£0.6 g/kg ideal body weight/day
and 2.2+0.4 g/kg ideal body weight/day, respec-
tively. The length of time patients received the
study formula was limited to 2 weeks. No signifi-
cant difference in nitrogen balance was observed
between feeding groups (1.3+3.6 g/day versus
2.8+6.9 g/day). In their second study [72], calo-
rie dosing was weight-based rather than titrated
to measured resting energy expenditure. Thirty
obese (average BMI, 35 kg/m?) patients (13 of
which were ICU patients) were given either
22 kcal/kg ideal body weight/day (14 kcal/kg
actual weight/day) or 30 kcal’/kg ideal body
weight/day (23 kcal/kg actual weight/day).
Protein intake was 2.0 g/kg ideal body weight/
day for both groups. Duration of therapy was
11+3 days. Nitrogen balance was similar at
4.0+4.2 g/day vs. 3.6 +4.1 g/day for the hypoca-
loric and eucaloric groups, respectively. Patients
who received the greater caloric intake tended to
have higher serum glucose concentrations and
increased insulin requirements; however, these
differences were not statistically significant.
Length of hospital stay and mortality were not
different between groups.
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In 2002, Dickerson and colleagues retrospec-
tively examined the impact of hypocaloric vs.
eucaloric enteral feeding in critically ill trauma
patients with obesity. This study was different
from the previously published work in that
patients were enterally fed as opposed to paren-
terally fed. Additionally, all patients were criti-
cally ill, ICU patients [23]. Twenty-eight patients
(average BMI, 41 kg/m?) received hypocaloric
feeding (<25 kcal/kg ideal body weight/day) and
twelve (average BMI, 36 kg/m?) received euca-
loric feeding (25-30 kcal/kg ideal body weight/
day). Protein goals were 2 g/kg ideal body
weight/day for both groups. Mean nitrogen
balance was not different between groups
(-1.4+5.8 g/day vs. —2.7+5.9 g/day, respec-
tively). In contrast to the previous studies, a mod-
est mean negative nitrogen balance was observed
due to the hypercatabolic state of the critically ill
patients [54]. Serum prealbumin concentrations
significantly increased for both groups. Unlike
the previous studies that indicated no difference
in clinical outcomes between hypocaloric and
eucaloric feeding groups, enteral hypocaloric
feeding (with an isonitrogenous protein intake to
eucaloric feeding) was associated with improved
clinical outcomes. The hypocaloric feeding group
had a statistically significant shorter duration of
ICU stay (19+10 days vs. 29+16 days),
decreased antibiotic days (1712 days vs. 27+ 17
days), and a trending decrease in days of mechan-
ical ventilation (16+11 days vs. 24+17 days)
[23]. Since this small, retrospective study is the
only study to date to indicate improved clinical
outcomes with hypocaloric, high-protein feeding
for obese critically ill patients, confirmation of
these data by a large prospective, randomized
controlled trial is warranted.

Despite the paucity of published studies, the
use of hypocaloric, high-protein nutrition therapy
for the critically ill obese patient has been gain-
ing momentum. Expert opinions from the 2013
American Society for Parenteral and Enteral
Nutrition clinical guidelines on nutrition support
of hospitalized patients with obesity [4], 2009
American Society for Parenteral and Enteral
Nutrition and Society for Critical Care Medicine
guidelines for the provision and assessment of



138

nutrition support therapy in the adult critically ill
patient [73], and 2011 summit report on nutrition
therapy of the severely obese, critically ill patient
[74] recommend this mode of therapy for hospi-
talized patients with obesity.

Evaluation of Unique Patient
Populations and Specialized
Considerations for Hypocaloric,
High-Protein Nutrition Therapy

To ascertain if patients with severe obesity
(BMI>40 kg/m?) respond differently to nutrition
therapy than less obese patients, Choban and
Dickerson [29] combined their databases from
their previous studies examining hypocaloric high-
protein feeding [23, 71, 72]. Forty-eight patients
with Class I and II obesity were compared to 22
patients with severe Class III obesity. Regression
analysis examining the effect of protein intake
upon nitrogen demonstrated achievement of nitro-
gen equilibrium at ~1.8 g/kg ideal body weight/
day for those with Class III obesity compared to
~1.7 g/kg ideal body weight/day for those with
less severe obesity. For patients in the ICU, those
with Class III obesity required a protein intake of
~2.5 g/kg ideal body weight/day to achieve nitro-
gen equilibrium compared to ~2 g/kg ideal body
weight/day for those with Class I and II obesity.
Thus, the severity of obesity, as well as severity of
illness, may mandate different initial protein goals
when dosing protein based on ideal body weight.

Patients with Class III obesity tended to expe-
rience higher blood glucose concentrations com-
pared to those with less severe obesity despite
receiving a similar caloric intake. This phenom-
enon appeared more evident at higher caloric
intakes. These data would imply that clinicians
should have a heightened awareness towards
overfeeding complications in those with severe
obesity.

Patients with significant renal or hepatic dis-
ease may not be optimal candidates for hypocalo-
ric, high-protein nutrition therapy as they may
not be able to tolerate a large protein load due to
impending uremia or worsening of encephalopa-
thy. Our empiric approach for these populations
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is to liberalize caloric intake by providing more
calories and reduce protein intake while closely
monitoring for azotemia, uremia, or worsening
encephalopathy. The Penn State equations [46,
47, 50] (Table 7.4) are used to estimate resting
energy expenditure and a caloric intake designed
to match (or slightly less than) the predicted rest-
ing energy expenditure is empirically given.
Patients are closely monitored for evidence of
overfeeding complications such as hyperglyce-
mia and hypercapnia and the calories are
decreased (even in the face of reduced protein
intake) if necessary. For patients who are not in
the ICU, we empirically use the Mifflin-St. Jeor
equation (Table 7.4) in the same manner as the
Penn State equation to estimate resting energy
expenditure. Protein intake is adjusted based on
patient response (e.g., change in serum urea
nitrogen concentration) and the frequency and
type of dialysis (e.g., hemodialysis, continuous
renal replacement therapy) for both critically ill
and non-critically ill patients with obesity.

It has been questioned whether older or
elderly hospitalized patients with obesity should
receive hypocaloric, high-protein nutrition ther-
apy. Decreased sensitivity of muscle to anabolic
stimuli, including amino acids, occurs during
aging and has been associated with muscle mass
loss [75, 76]. As a result, older patients generally
need more protein to achieve the same nitrogen
balance as younger patients. A concern of provid-
ing high protein intakes, as required for hypoca-
loric, high-protein nutrition therapy, to older
patients is the insidious decline in renal function
that cannot be detected by serum creatinine con-
centration alone. This is because the older
patients have less muscle mass (the source of cre-
atinine appearance in the serum). Thus, a serum
creatinine concentration in the “normal range”
for an elderly person may be equivalent to a
greater serum creatinine concentration for a
young person [77]. Although the decrease in glo-
merular filtration rate that occurs with aging is
much less than necessary to elicit symptoms of
renal failure [78], concern is often expressed by
clinicians about prescribing aggressive protein
intakes to older patients due to anticipation of a
decreased renal functional reserve [79] resulting
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in an increase in serum urea nitrogen (SUN)
concentration.

To evaluate hypocaloric, high-protein nutri-
tion therapy in older vs. younger patients with
obesity, Liu retrospectively compared the ana-
bolic response to parenteral nutrition in 18
patients younger than 60 years of age to 12
patients 60 years of age or older [80]. Patients
were given 1.5-2 g/kg adjusted body weight/day
of protein and 6075 % of their estimated caloric
requirements (based on the Harris-Benedict
equations [42] using an adjusted body weight).
Despite similar protein and calorie intakes
between age groups, nitrogen balance was lower
for the older patient group (0.2+5.0 vs.
3.4+3.9 g/day, respectively) [80]. However, it is
possible that inadequate protein intake was given
to the patients as recent studies in healthy older
subjects and critically ill older patients indicated
that provision of greater amounts of protein can
overcome this “anabolic resistance” [67, 81, 82].
Dickerson and colleagues examined nitrogen bal-
ance and clinical outcomes to hypocaloric, high-
protein nutrition therapy in 33 older (>59 years
of age) vs. 41 younger (<60 years of age) criti-
cally ill trauma patients with obesity [67]. When
given an isonitrogenous regimen (2.3 g/kg ideal
body weight/day), nitrogen balance was similar
between older and younger age groups
(-3.2+5.7 g/day vs. -4.9+9.0 g/day). Clinical
outcomes of survival, duration of ICU stay, hos-
pital length of stay, and duration of mechanical
ventilation were similar between age groups.
It was concluded that older patients exhibited an
equivalent net protein response as younger
patients during hypocaloric, high-protein nutri-
tion therapy. However, older patients experienced
a greater mean serum urea nitrogen concentration
than the younger patients (30+14 mg/dL vs.
20+9 mg/dL) during hypocaloric high-protein
nutrition therapy and are at greater risk for devel-
oping azotemia. Close monitoring for worsening
azotemia when using hypocaloric, high-protein
diets in older patients with obesity is warranted.

Because hyperglycemia is so prevalent in criti-
cally ill obese patients, clinicians often opt for use
of a mixed fuel-based parenteral nutrition pre-
scription whereby lipids are partially substituted
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for carbohydrate intake. However, some patients
with obesity experience hyperlipidemia with
hypertriglyceridemia that does not improve when
the hyperglycemia is resolved. During hyperca-
loric, fat-free, continuous parenteral nutrition,
biochemical evidence for the development of
essential fatty acid deficiency occurs in 30 %,
66 %, 83 %, and 100 % of patients after 1, 2, 3,
and 4 weeks, respectively [83]. The explanation
for their results was that due to the hypercaloric
amount of dextrose calories provided to the
patients, lipolysis was suppressed which pre-
vented the availability of endogenous essential
fatty acids. During hypocaloric feeding, even
with a glucose-based parenteral nutrition solu-
tion, lipolysis would be expected to occur for
energy and also provide a source for essential
fatty acids. The respiratory quotient data from the
case series of Dickerson et al. [63] indicated that
68+19 % of nonprotein energy originated from
net fat oxidation. Since the parenteral nutrition
solutions did not contain lipid emulsion, endoge-
nous fat oxidation occurred [63]. Parnes and
coworkers examined fatty acid profiles in 15
overweight cancer patients who were hypocalori-
cally fed continuous, fat-free, parenteral nutrition
for 2-5 weeks [84]. None of the patients experi-
enced biochemical or clinical evidence for essen-
tial fatty acid deficiency. Despite these data,
availability of endogenous fat post-injury in obese
patients is not without debate [85]. Jeevanadam
and colleagues studied 7 obese patients and 10
nonobese, ventilator-dependent patients with
multiple traumatic injuries two to four days after
injury, but before the provision of nutrition ther-
apy [85]. Glycerol turnover (a marker of lipoly-
sis) and net fat oxidation (from indirect
calorimetry measurements) were reduced in the
obese group compared to the nonobese control
patients. The investigators concluded that the crit-
ically ill obese patient could not effectively use
their most abundant fat fuel sources [85]. Taking
the results of Parnes [84], Dickerson [63], and
Jeevanandam [85] studies together, these data
might imply that obese patients may exhibit a
transient impairment in fat metabolism that
occurs early after the stress event, but resolves
quickly during the patients’ hospital course.
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Metabolic Considerations Following
Bariatric Surgery

It is recognized that bariatric surgery is the only
treatment for morbid obesity that consistently
achieves and maintains substantial weight loss,
decreases obesity-related comorbidities, and
improves quality of life and survival [86]. Two
case series demonstrate the effectiveness of
hypocaloric, high-protein parenteral nutrition
therapy in achieving net protein anabolism and
weight loss while facilitating wound healing for
patients who experience postoperative surgical
complications from obesity surgery [63, 87].

The clinical impact of surgical procedures that
shorten small bowel absorptive capacity resulting
in malabsorption of both macronutrients and
micronutrients are evident [4, 88—-92]. The most
common vitamin and mineral deficiencies
include iron, folate, vitamin B12, calcium, thia-
mine, and vitamins A, D, and K. In addition to a
physical exam and patient interview for signs and
symptoms of various nutrition deficiencies, labo-
ratory evaluation is also necessary as part of the
patient’s long-term care. For patients with a
microcytic anemia, determination of serum ferri-
tin concentration is necessary for evaluation of
potential iron deficiency. Although less common,
some post-bariatric surgery patients develop
microcytic anemia as a result of copper defi-
ciency rather than iron deficiency [89]. Patients
with a macrocytic anemia should be evaluated for
folate or vitamin B12 deficiency using serum
methylmalonic acid and homocysteine concen-
trations rather than folate or vitamin B12 concen-
trations as the former are more sensitive markers
for folate or vitamin B12 depletion [93]. Although
it may take 4-5 years for depletion of vitamin
B12 stores, it is necessary that the clinician rou-
tinely evaluate the patient for vitamin B12 deple-
tion as neurologic sequelae from vitamin B12
deficiency may not necessarily be completely
reversible. Metabolic bone disease and secondary
hyperparathyroidism, attributed to calcium and
vitamin D deficiency, may also occur post-
bariatric surgery [94].
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In 2008, Aasheim recently summarized 104
reported cases of Wernicke encephalopathy from
thiamine depletion following bariatric surgery
[90]. Admissions to the hospital occurred within
6 months after surgery in 94 % of the cases.
Intravenous glucose administration without thia-
mine supplementation was a risk factor in 18 %
of the patients. Unfortunately, an incomplete
clinical recovery was observed in about half of
the patients who developed Wernicke’s encepha-
lopathy. Thiamine-depleted patients can also
develop beriberi (presenting either as a lactic aci-
dosis or congestive cardiomyopathy) which also
may not be completely reversible. Therefore,
analogous to the patient with alcoholism, it is
recommended that patients who have previously
undergone bariatric surgery who are admitted to
the hospital receive parenteral thiamine supple-
mentation prior to administration of intravenous
dextrose solutions [89].

The American Association of Clinical
Endocrinologists, The Obesity Society, and the
American Society for Metabolic and Bariatric
Surgery guidelines recommend that post-bariatric
surgery patients with compromised intestinal
absorption receive two multivitamins plus miner-
als capsules daily, calcium citrate 1,200—
1,500 mg/day, >3,000 units of vitamin D daily
(titrate to serum vitamin D concentration of
>30 ng/mL), and vitamin B12 (sufficient to main-
tain normal concentrations) [88]. Additional vita-
min A, thiamine, copper, zinc, and selenium may
be necessary for some patients. It is recom-
mended that routine vitamin and mineral labora-
tory monitoring be performed every 3—6 months
and a bone density evaluation be performed at 2
years following bariatric surgery [88].

Technical Issues of Providing
a Parenteral or Enteral Hypocaloric,
High-Protein Nutrition Regimen

There are some technical and logistic issues
with providing a hypocaloric, high-protein par-
enteral or enteral nutrition regimen. Parenteral
nutrition has the advantage over enteral nutrition
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in that each macronutrient can be independently
prescribed. The primary limitation with prescrib-
ing a hypocaloric high-protein parenteral nutri-
tion regimen relates to the initial concentrations
of macronutrient ingredients available in the
pharmacy prior to admixture into the final paren-
teral nutrition solution. A wide range of concen-
trations of dextrose, amino acids, and lipids
are commercially available. It is sometimes
necessary that the formula be compounded using
the most concentrated, commercially available,
macronutrient ingredients for those patients
with fluid volume overload: dextrose 70 % in
water, 15 % or 20 % amino acid solution, and
30 % lipid emulsion. However, due to cost
considerations, hospital formulary management,
and perception of need, not all hospital pharma-
cies have the most concentrated macronutrient
solutions.

Providing a hypocaloric, high-protein enteral
regimen is technically more difficult than when
given via parenteral nutrition. The primary limi-
tation with enteral nutrition is, unlike parenteral
nutrition solutions whereby macronutrients are
available in individual components, enteral for-
mulas are only commercially available in fixed
macronutrient concentrations (e.g., 1 kcal/mL,
62 g protein/L, etc.). As a result, use of protein
supplements, along with a reduction in enteral
formula feeding rate, may be necessary to achieve
the intended goals. It is not recommended that
protein powder be added to the enteral formula-
tion at the patient bedside as there is an increased
chance for microbial contamination and inade-
quate mixing of the powder resulting in clumping
and potential tube clogging. If this administration
technique is chosen, it is preferred that the pro-
tein powder be admixed with the feeding under
aseptic or clean conditions in the pharmacy and
blenderized to reduce clumping. Given the wide
use of ready to hang enteral products, a better
alternative would be protein boluses via the feed-
ing tube in addition to the continuous enteral
feeding. Use of liquid protein solutions, as
opposed to reconstitution of protein powder, may
be less likely to cause tube clogging when
patients are fed via a small bore feeding tube.
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Use of liquid protein solution may also reduce
nursing workload. However, we have found that
due to the viscosity of the liquid protein solution,
administration via a small bore feeding tube
requires that a 50:50 dilution with water is neces-
sary for ease in administration [95]. Since the
hypocaloric high-protein technique often requires
a low enteral formula feeding rate (because of the
calories being provided by the protein supple-
mentation), daily liquid multivitamin supplemen-
tation may also be necessary to meet the daily
Dietary Reference Intakes for vitamins. An easier
alternative to intermittent protein doses, but also
more expensive, is the use of a new commercially
available enteral product in the U.S. which is
designed to provide a hypocaloric, high-protein
regimen for obese patients. The formula contains
1 kcal/mL and 93 g protein/L. Dosing of the
enteral formula based on a goal protein intake of
about 2 g/kg ideal body weight/day will usually
result in a regimen that is also within the intended
calorie target range (e.g., 20-25 kcal/kg ideal
body weight/day). For critically ill patients with a
BMI>40 kg/m? [29], or those whose nitrogen
balance is still markedly negative despite a pro-
tein intake of ~2 g/kg ideal body weight/day, a
protein intake within 2.5-3 g/kg ideal body
weight/day may be required. Intermittent admin-
istration of protein supplements along with the
specialized bariatric formula may be required
when attempting to achieve a high-protein intake
of >2.5 g/kg ideal body weight/day while limit-
ing total caloric intake to about 25 kcal/kg ideal
body weight/day.

Metabolic Monitoring
of the Critically Ill Surgical
Patient with Obesity

Monitoring is designed to insure efficacy of
the prescribed regimen as well as prevention
of complications associated with overfeeding
or aggressive feeding [96]. In the ICU, despite
its limitations, the best marker in routine clini-
cal practice for objectively assessing the efficacy
of the nutrition regimen is nitrogen balance.



142

During the acute phase of illness post-trauma or
surgery, if nitrogen equilibrium (e.g., about —4 g/
day to +4 g/day) can be achieved, we consider the
regimen successful. If the nitrogen balance is
markedly negative at goal protein intake, we will
escalate the protein dosage. We have empirically
set our maximum protein dose at 3 g/kg ideal
body weight/day [54, 67]. If the patient is still in
substantial negative nitrogen balance near our
ceiling protein dose, we continue our current
therapy and wait for the catabolic stress to dimin-
ish. Nitrogen balance determinations are per-
formed weekly while the patient is in the ICU at
our institution. Serum prealbumin concentration
for assessing protein recovery is also monitored
weekly. However, changes in serum prealbumin
concentrations are limited in that its concentra-
tion is decreased by the presence of stress, infec-
tion, or inflammation. Resultantly, we also obtain
concurrent C-reactive protein concentrations
with weekly serum prealbumin concentrations to
serve as a point of reference towards interpreting
changes in serum prealbumin concentrations.

We do not use body weight or loss of weight
as a marker of efficacy for multiple reasons. The
difficulty of accurately determining weight in the
ICU for the critically ill, surgical, or trauma
patient with obesity often limits its interpretation.
Weight is a poor marker of nutritional status due
to fluid perturbations following resuscitation and
throughout their course of stay in the ICU. Finally,
weight loss is not necessarily a primary clinical
outcome or goal for patients receiving hypocalo-
ric, high-protein nutrition therapy while in the
ICU. Our primary intent is to avoid overfeeding
complications in this highly susceptible patient
population. Fat weight loss is considered as a
welcome secondary benefit.

Our primary short-term goals for metabolic
support of the hospitalized patient with obesity
are achievement of net protein anabolism and
avoidance of complications associated with nutri-
tional overfeeding (Table 7.6). Use of hypocalo-
ric, high-protein therapy is primarily directed at
avoiding hyperglycemia, hypercapnia, and wors-
ening of nonalcoholic fatty liver disease. The
critically ill surgical, thermally injured, and
trauma patient appears to benefit from tighter
glycemic control than that of other populations
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Table 7.6 Recommended nutrient intakes for the hospi-
talized patient with obesity

Total caloric intake® 11-14 kcal/kg actual body

weight/day or

22-25 kcal/kg ideal body

weight/day

Protein intake (ICU patients)
BMI 30-39.9 kg/m?* 2-2.5 g/kg ideal body

weight/day

>2.5 g/kg ideal body

weight/day

(maximum 3 g/kg ideal

body weight/day)

2-2.5 g/kg ideal body

weight/day

BMI >40 kg/m*

Protein intake
(non-ICU patients)

3Caloric intake should comprise at least 130-150 g/day
of glucose for obligatory glucose requirements for
unstressed patients without surgical wounds or thermal
injury; 200-250 g/day of glucose is recommended for
patients with surgical wounds or thermal injury

[31-35]; however, the impact of obesity upon
insulin sensitivity and a higher incidence of
diabetes mellitus makes glycemic control more
complex. Despite hypocaloric feeding with low
carbohydrate intakes, use of our graduated con-
tinuous intravenous regular human insulin infu-
sion algorithm or our tightened sliding scale
coverage is often warranted to maintain blood
glucose concentrations within a desirable target
range (e.g., 70-149 mg/dL while the patient is in
the ICU) [37, 97]. Arterial blood gases are closely
monitored for rises in pCO, concentrations not
attributable to other causes [41]. Daily fluid vol-
ume intake and output, along with physical
examination of the patient (with radiological evi-
dence or hemodynamic measurements when
available), are monitored for evidence of fluid
overload. The presence of nonalcoholic fatty
liver disease is often associated with increased
serum concentrations of liver function tests, par-
ticularly the aminotransferases. Because a slow
rate of weight loss may improve hepatomegaly
and decrease serum ALT concentration associ-
ated with nonalcoholic fatty liver disease [98], it
would be important to avoid overfeeding hospi-
talized obese patients. Unfortunately, it is unclear
whether routine monitoring of liver function tests
would be of any significant value as the presence
of sepsis or inflammation confounds interpreta-
tion of these tests [99].
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Older patients or those with a modestly com-
promised renal function may exhibit azotemia
during hypocaloric, high-protein therapy due to
the high protein doses required for this mode of
nutrition therapy. Patients who received hypoca-
loric, high-protein nutrition therapy and were
older than 60 years of age demonstrated a mean
serum urea nitrogen concentration of 30+ 14 mg/
dL versus 20+9 mg/dL. when compared to those
who were younger, respectively [67]. However,
four patients (13 % of the older patient popula-
tion) had a maximum serum urea nitrogen
concentration that exceeded 59 mg/dL [67].
Therefore, serial serum urea nitrogen concentra-
tions should also be closely monitored.

Conclusions

Metabolic management of the critically ill surgi-
cal patient with obesity presents with numerous
challenges. Implementation of nutrition therapy
for this population requires unique consider-
ations towards avoiding metabolic complications
of overfeeding while attempting to achieve net
protein anabolism. Implementation of hypocalo-
ric, high-protein nutrition support can sometimes
be arduous in its implementation given the
current limitations for enteral and parenteral
nutrition therapy. However, this mode of ther-
apy appears beneficial for achieving nutritional
goals and positive clinical outcomes for the
hospitalized and critically ill surgical patient
with obesity. Close monitoring and individualiza-
tion of the regimen based on clinical response
is warranted.
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The Consequences of Nutrition
in Cancer

Cancer is a major public health problem in the
United States, and worldwide. There will be an
estimated 1.66 million cases of “serious minded”
(that is, potentially life-threatening) cancer in the
United States in 2013, and approximately 580,000
people are projected to die from cancer in 2013
[1]. Cancer is a disease that also has an enormous
impact worldwide [2]. In addition to a human
toll, cancer exacts a significant toll on healthcare
expenditures. In the United States, cancer treat-
ment costs over $200 billion annually and has a
major impact on Medicare expenditures [3].
Nutrition and diet play a major role in cancer.
Dietary factors are a significant component of
the identifiable attributable risks of cancer.
Cancer-related malnutrition and cancer cachexia
are prominent elements that cause signs and
symptoms of cancer and are major contributors to
patient distress. When people refer to wasting
disease currently, they are much more likely to be
referring to cancer than to tuberculosis (“con-
sumption”) or even AIDS (acquired immunodefi-
ciency syndrome). Furthermore, malnutrition and
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weight loss often contribute to the death of cancer
patients [4—7]. More recently, the role of overnu-
trition in cancer pathogenesis and prognosis has
also been emphasized. While progress has been
made, heightened awareness and clinical research
have yet to solve these pressing problems.

The term attributable risk refers to the propor-
tion of cancers in which a factor plays an etio-
logic role. It was estimated in 1981 that 35 % of
all cancers in the United States could be pre-
vented by changes in diet [8]. This avoidable risk
estimate was subsequently updated and affirmed,
with a confidence interval of approximately
20-42 % [9]. This most recent analysis was per-
formed in 1995. In light of recent insights into the
obesity epidemic, and into the relationship
between obesity and cancer risk, an updated esti-
mate would likely be higher [10]. Especially
strong associations are observed between diet
and cancer risk for colorectal cancer, breast can-
cer, prostate cancer, pancreas cancer, endometrial
cancer, and gall bladder cancer [9]. Of additional
concern is that more patients are surviving can-
cer, and therefore may be at increased risk for the
development of a second cancer because of their
dietary behaviors and obesity. Fortunately, these
patients also represent an opportunity for health
improvement [11, 12].

Undernutrition

Malnutrition is a hallmark of cancer. An esti-
mated 40 % of cancer patients present with
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weight loss; the devastating consequences of can-
cer cachexia may be present in as many as 80 %
of those with advanced malignancies [13, 14].
The extent of weight loss at the time of diagnosis
is prognostic for survival. More than 10 % loss of
usual body weight appears to be especially prob-
lematic as is a rate of weight loss of greater that
2.75 % per month [14, 15]. Weight loss in cancer
patients can also cause symptom distress, includ-
ing fatigue, depression, and social withdrawal
[16—18]. The impact of malnutrition on operative
morbidity and mortality is well described in can-
cer patients [4]. This association was reported
more than 75 years ago and continues to be
observed [19, 20]. Despite the critical role of sur-
gery in curing cancer, there are some patients
who are not candidates for curative surgery
because of the risk of life-threatening complica-
tions that their malnutrition confers.

Quality of Life

Malnutrition is also a significant factor that
affects the quality of life (QoL) in cancer patients.
In 2012, Vashi et al. systematically reviewed the
literature on the role of nutrition status in predict-
ing QoL in cancer [21]. They identified 26 stud-
ies, with 6 investigating head and neck cancer, 8
gastrointestinal, 1 lung, 1 gynecologic, and 10
heterogeneous cancers. Of these studies, 24 con-
cluded that better nutrition status was associated
with better QoL. There was only one study that
concluded that there was no association. They
concluded that correcting malnutrition may
improve QoL in cancer patients, and this is likely
an important outcome of interest to cancer
patients, their caregivers, and families.

Overnutrition

Although cancer is often characterized as a wast-
ing disease, overnutrition (overweight, body
mass index greater than 25 kg/m? and obese,
body mass index greater than 30 kg/m?) is being
seen more frequently in cancer patients as a result
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of the rising incidence of being overweight and
obesity in the United States. In the authors’ expe-
rience, it is not uncommon to perform major gas-
trointestinal cancer operations in people who
weigh more than 125 or even 150 kg. Obesity is
associated with a higher risk of death from a vari-
ety of cancers, including cancers traditionally
associated with wasting such as liver cancer, pan-
creas cancer, gastric cancer, and esophageal can-
cer. Obesity may be an avoidable cause of more
than 15 % of cancer deaths in the United States,
particularly in women. Strong associations
between cancer death and overnutrition in women
are seen in uterine cancer, cervix cancer, and
breast cancer [22]. The pathophysiology of the
link between cancer mortality and obesity is
unclear, but there are a number of plausible
hypotheses [23]. In many animal models, severe
caloric restriction increases longevity and pre-
vents cancer. Obesity may interfere with cancer
detection, as physical exam findings may be
masked. The precision of cancer therapy, includ-
ing surgery, radiation therapy, and chemotherapy,
is compromised in obese patients, resulting in
increased treatment-associated morbidity and
decreased efficacy. Weight gain and decreased
physical activity can modulate hormonal media-
tors such as estrogens and may also affect the
cytokine milieu in ways that adversely alter host
inflammatory activation and homeostasis.

The Metabolic Milieu
in Malignancy-Cancer Cachexia

Cancer cachexia is a syndrome that is frequently
encountered in cancer patients and is associated
with a poor prognosis. Clinically, it is character-
ized by progressive weight loss from both fat and
skeletal muscle tissues, anorexia, fatigue, and
anergy. The underlying etiologies include ana-
tomic, physiologic, and metabolic derangements
that result in a state of undernutrition [24]
(Table 8.1). Cancer cachexia can be seen in the
early stages of tumor growth, but more commonly
presents in advanced stages of the disease. The
extent of undernutrition parallels the type of
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Table 8.1 Causes of cancer-associated weight loss and
cachexia

e Gastrointestinal dysfunction
— Malabsorption
— Dysmotility
— Obstruction
» Side effects of therapy
» Pain-preprandial or postprandial
* Cytokine, peptide, and hormonal changes
¢ Depression and psychosocial factors

Table 8.2 The incidence of weight loss or malnutrition
in adult cancer patients by primary tumor site

Incidence of weight
Site of primary loss or malnutrition (%)

Acute non-lymphocytic leukemia 39

Breast 36-39
Bronchial carcinoma 66
Colorectal 54-60
Diffuse lymphoma 55
Esophagus 79-100
Gastric 44-87
Head and neck (including larynx) 40-72
Lung (all types) 3661
Neuroblastoma 56
Non-Hodgkins lymphoma 31

neoplasm, with more severe malnutrition
observed with upper gastrointestinal and pancre-
atic cancers, and less severe malnutrition with
lymphomas, breast cancers, and sarcomas [14]
(Table 8.2). Multiple factors contribute to under-
nutrition and their interplay is variable among
different patients.

Energetics

One of the potential etiologies of cancer cachexia
is a change in the metabolic rate. Resting energy
expenditure (REE) has been studied extensively
in relation to cancer cachexia, but the findings of
the published literature have been inconsistent.
While many studies have reported an increase in
REE of cancer patients [25-30], other reports
have indicated that REE may be decreased or
remain unchanged [31-34]. This has led some
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investigators to postulate that the metabolic
response to cancer is highly variable and may be
dependent on the type of a malignancy and the
host response [27, 29]. It has been shown that
patients with lung cancer and gastric cancer are
usually hypermetabolic [35-37], while those with
hepatobiliary tumors are predominantly hypo-
metabolic [38]. With respect to esophageal, pan-
creatic, and colorectal neoplasms, the metabolic
rates are more evenly distributed [37]. However,
different responses of REE for patients with the
same type of cancer have also been observed [39].

Resting energy expenditure has also been pos-
tulated to be affected by the aggressiveness and
the duration of the disease. Although two recent
reports by Ravasco et al. and Cao et al. showed
that REE was significantly higher in patients with
advanced cancer [29, 30], findings from other
reports suggest that tumor stage does not play a
role in REE [32]. Moderately or poorly differen-
tiated histology, increased acute phase proteins,
and a prolonged duration of illness have all been
associated with elevated REE [27, 29-31, 33].

In order to understand these conflicting results,
a thorough understanding of factors that affect
REE is required. Age, gender, height, and weight
are major determinants of REE [31]. Women
have a propensity to become hypometabolic with
cancer. With respect to height and weight, an
elevated metabolic rate is found in taller and
heavier individuals [40]. Additionally, it is impor-
tant to note that cancer patients losing weight
tend to initially lose fat mass. Lean body mass
(LBM) or the fat-free mass (FFM) contributes
more to REE. Consequently, any calculation that
does not account for a different body composi-
tion of a weight-losing individual will yield erro-
neous data. Unfortunately, the most commonly
used formulas to predict REE, such as the Kleiber
formula and the Harris Benedict formula, do not
account for the changes in body composition that
are frequently seen in cancer patients [41, 42].
As a result, earlier studies looking at metabolism
in cancer patients did not measure FFM, and
erroneously suggested an elevated REE. Since
then, attempts have been made to adjust the for-
mulas for certain illnesses known to increase the
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metabolic rate, such as surgery, sepsis, and burns,
by adding a stress factor to the equation [43, 44].
Despite these efforts, overestimation of REE
because of a stress factor and the general nonuni-
formity of LBM have been reported, posing fur-
ther difficulties to the accuracy of metabolic rate
calculation in cancer patients [28, 33, 45].

It seems safe to conclude that there is great
variability of REE in response to cancer. It seems
that the energy requirements of cancer patients
do not follow a Gaussian distribution. Moreover,
cancer patients do not adjust food intake to
changes in metabolic rate appropriately, leading
their intake to be chronically below energy
expenditure [24]. Consequently, the assessment
of nutritional requirements is challenging and
can impair clinicians’ abilities to appropriately
replete patients nutritionally.

Intermediary Metabolism

Cellular metabolism of lipids, proteins, and car-
bohydrates is significantly altered in cancer
cachexia. Much of the weight loss associated
with cancer cachexia is a result of the depletion
of fat stores. Total body fat can be decreased by
as much as 85 % secondary to augmented lipoly-
sis by adipocytes [46]. This has been demon-
strated recently by comparing weight-losing
cancer patients with weight-stable cancer patients
and weight-losing noncancer patients [47].
Adipocytic lipolysis is more sensitive to a variety
of stimuli in weight losing as opposed to weight-
stable cancer patients, and hormone-sensitive
lipase (HSL), the rate-limiting enzyme for lipoly-
sis, is integral to the process [46]. Hormone-
sensitive lipase appears to be regulated by
lipid-mobilizing factor (LMP) [48]. Fat cell lipol-
ysis, not reduced lipogenesis, is considered the
primary mechanism of fat loss in cancer cachexia
[49]. Interestingly, glucose infusion did not sup-
press lipolysis in a study of cachectic cancer
patients, who were shown to have impaired
capacity to oxidize endogenous-free fatty acid
and infused lipid [50]. The most likely explana-
tion for this lies in the overexpression of
adipocyte-specific gene cell death-inducing DNA
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fragmentation factor a-like effector A (CIDEA).
The function of CIDEA favors the breakdown of
fatty acids to acetyl coenzyme A (CoA) over glu-
cose [51]. The alteration of lipid metabolism is
frequently accompanied by a change in the serum
lipid profile, creating a lipid profile similar to
type IV hyperlipidemia [52]. Although increased
serum levels of lipids may aid host substrate uti-
lization, tumor cells may also derive benefit from
the elevated lipid levels because of their high
requirement for polyunsaturated fatty acids [53].

The dramatic diminution of fat stores that
occurs in cancer cachexia is accompanied by a
significant depletion of skeletal muscle mass.
While the muscle protein component may be
reduced by as much as 75 %, the nonmuscle vis-
ceral protein compartment remains largely
unchanged [46]. Muscle wasting results in weak-
ness, fatigue, and respiratory complications that
are observed in weight-losing patients with
advanced cancer. Respiratory failure and pneu-
monia are responsible for the deaths of a signifi-
cant percentage of cancer patients [54]. This
severe muscle atrophy is a consequence of an
unfavorable combination of depressed protein
synthesis and increased protein degradation.
Protein catabolism occurs primarily through
increased activity of the ubiquitin-proteasome
proteolytic pathway, which is triggered by activa-
tion of the transcription factor nuclear factor-xB
(NF-xB) [55]. Proteolysis-inducing factor (PIF)
is a catabolic factor for skeletal muscle and initi-
ates a cascade of processes that lead to the activa-
tion of NF-kB [49]. Akin to the insensitivity of
lipolysis to the infusion of glucose, the increased
protein turnover observed in cancer cachexia
does not respond to administration of exogenous
nitrogen [56, 57]. The problem of muscle atrophy
is further compounded by a decrease in muscle
protein synthesis [58]. Simultaneously, protein
synthesis by the liver is preserved and may even
be elevated [59, 60].

The metabolism of carbohydrates is frequently
deranged in cancer cachexia. Much of the altera-
tion stems from the fact that most cancer cells use
glycolysis as their main source for energy gener-
ation. The Warburg effect refers to the observa-
tion that cancer cells derive most of their
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adenosine triphosphate (ATP) from the sustained
conversion of glucose into lactate, while mito-
chondrial oxidation is suppressed [61]. As the
result of tumor cells’ reliance on glycolysis, an
energy-inefficient process, gluconeogenesis is
significantly increased to provide the necessary
fuel. The Cori cycle is activated in response to the
excessive production of lactic acid [62, 63].

Increased hepatic gluconeogenesis occurs
for several reasons. First, an abundance of lactic
acid from widespread glycolysis is resynthesized
into glucose. Second, elevated concentrations of
peripherally released alanine and glycerol are
converted into glucose [64, 65]. Third, insulin
resistance is commonly encountered in patients
with cancer cachexia [66, 67]. There is evidence
to suggest that insulin resistance develops because
of decreased levels of leptin, an adipocyte-derived
hormone that plays a role in appetite regulation
[68]. The end result of these changes is that nor-
mal tissues may be energy-starved from the
increased rate of hepatic gluconeogenesis, as this
is an energy-consuming process, and this likely
has clinical significance for patients.

The metabolic changes described above that
are observed in patients with cancer cachexia
result in an overall state of “metabolic churning.”
Net rates of carbohydrate, protein, and lipid
turnover are increased without any apparent
metabolic benefit.

Cytokine Milieu

The primary driver of cancer cachexia is the
alteration in cytokine milieu observed in many
cancer patients (Table 8.3). Cytokines are poly-
peptides that provide short-range signaling
between cells in multiple physiologic processes.
Tumor necrosis factor-oo (TNF) is believed to
play a central role in the body’s response to a
variety of immunologic challenges [69]. Other
cytokines, such as interferon (INF)-y, interleukin-
1(IL-1), and interleukin-6 (IL-6), mediate vari-
ous pro-inflammatory biologic functions. Both
tumor cell production and host immune response
to tumor contribute to the generation of pro-
inflammatory cytokines [70].
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Table 8.3 Cytokine milieu and effects in cancer cachexia

Effects
Lipolysis, muscle degradation,
increased glucose turnover

Potentiates lipolysis, decreases
protein synthesis

Cytokine

TNF-a
Interferon-gamma
Interleukin-1 Induces anorexia, early satiety,
peripheral proteolysis,
potentiates release of IL-6
Interleukin-6 Severe wasting
Proteolysis-inducing
factor

Skeletal muscle degradation

Lipid-mobilizing factor  Lipolysis

In the presence of injury, infection, and inflam-
mation, TNF is important to local host defenses.
Unfortunately, its systemic effects may be
deleterious. The administration of TNF leads to
metabolic changes that are associated with
cachexia, such as lipolysis, muscle catabolism,
and increased glucose turnover and utilization
[69]. Tumor necrosis factor-a enhances lipolysis
through activation of HSL. It also decreases lipo-
genesis by inhibiting production of lipoprotein
lipase [71]. With respect to proteolysis, TNF and
other cytokines have been found to mediate the
ubiquitin-proteasome pathway and nitric oxide
synthase (NOS) expression [72]. High levels of
nitric oxide inhibit key enzymes of oxidative
phosphorylation and can impair contractile per-
formance of skeletal muscle [70].

The evidence for a central role of TNF in
induction of cachexia comes primarily from ani-
mal models. Tachyphylaxis to TNF develops rap-
idly in response to intermittent infusion and is
most likely a result of saturation of TNF recep-
tors [71]. Several investigators have proposed
that constitutive TNF production by tumor cell
lines can avoid tachyphylaxis in the majority of
subjects [73, 74]. However, there is also evidence
that repeat TNF administration over a long period
of time can still result in tolerance [75]. The end
organ effects of TNF are dependent upon the site
of production/administration. When it is pro-
duced locally in the brain, anorexia ensues, while
muscle inoculation causes chronic cachexia and
muscle atrophy [76].
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Another way to demonstrate TNF involvement
in cancer cachexia is to measure its concentration
in serum. Evidence from multiple studies con-
cerning TNF serum concentrations in cancer
cachexia is conflicted. Some authors report con-
sistently elevated levels of TNF, while others do
not [69]. These inconsistencies may relate to the
variable nature of cancer cachexia and the inac-
curate measurement of bound TNF (that may still
be active). In some situations, antibodies used to
neutralize TNF in-vivo can relieve the anorexia
and cachexia observed in cancer patients [70]. It
is important to note, however, that no single anti-
cytokine agent has been shown to reverse all of
the features of cancer-associated wasting; cancer
cachexia is attributable to alterations in the overall
host cytokine milieu involving many factors [70].

Interferon-y possesses biological activities
that overlap those of TNF. Its effects on fat and
protein metabolism are similar in that it potenti-
ates lipolysis, inhibits lipoprotein lipase, and
decreases protein synthesis [71]. Additionally,
animal models have demonstrated that implanta-
tion of tumors that produce IFN induces cancer
cachexia syndrome, but passive immunization
against it can eliminate this response [77]. As is
the case with TNF, serum levels of IFN are not
consistently elevated. Antibodies to IFN are able
to suppress some of the metabolic changes that
are found in cancer cachexia [71].

Interleukin-1 and IL-6 are the cytokines
shown to play important roles in cancer cachexia.
Interleukin-1 seems to act centrally to induce
anorexia by causing early satiety and increases
proteolysis peripherally [71, 75]. However, the
major contribution of IL-1 to the development of
cancer cachexia may reside in its ability to
enhance the production and release of IL-6 [78].
Intereukin-6 can be detected in the serum of
tumor-bearing animals, where it functions to
increase hepatic gluconeogenesis and proteolysis
[79, 80]. In animal models, IL-6 has been shown
to induce a more severe wasting than TNF [71].
Similar to TNF and IFN, animal models have
demonstrated that cachexia can be eliminated by
administration of an antibody to IL-6. A major
difference between IL-6 and TNF is that the for-
mer is readily detected in the serum of patients
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with cancer, and the extent of amplification cor-
relates with tumor burden. It is suggested that
IL-6 mediates cancer cachexia indirectly, through
different mechanisms than TNF and IL-1 [71].

In addition to cytokines, several hormones and
neuropeptides have recently been identified as
having important functions relating to cancer
cachexia. Leptin is an adipocyte-derived hor-
mone that regulates adipose tissue mass. It
reduces appetite, increases REE, and regulates
insulin levels [68]. Leptin affects appetite and
energy expenditure via hypothalamic neuropep-
tides. Specifically, a loss in body fat reduces leptin
levels, and thereby decreases REE. Conversely,
food intake resulting in a gain of body fat will
prompt an increase in REE. This process is medi-
ated by increased activity of ghrelin and neuro-
peptide Y (NPY) and decreased production of
corticotropin-releasing factor (CRF) and melano-
cortin [70]. Persistently increased levels of leptin
can lead to unfavorable metabolic alterations that
contribute to cancer cachexia [81]. Neuropeptide
Y (NPY) is an appetite stimulant and reduced
levels lead to anorexia. In cancer cachexia, NPY
receptors are resistant to it [48]. Conversely, CRF
and melanocortin are appetite suppressants. The
production of both of these is stimulated by TNF,
IL-1, and IL-6.

Serotonin is another hormone that is emerging
as a contributor to cancer cachexia due to its role
in promoting anorexia [70]. Interestingly, cispla-
tin releases serotonin from enterochromaffin
cells, which binds to serotonin receptors; this
may underlie the anorexia often associated with
cisplatin administration, as some serotonin recep-
tors regulate appetite [82, 83]. Other types of
serotonin receptors that are activated by cisplatin
decrease hypothalamic ghrelin secretion, which
may also cause anorexia [82].

As it has been mentioned before, lipolysis and
proteolysis are at the heart of the weight-losing
process in cancer patients. Proteolysis-inducing
factor (PIF) and lipid-mobilizing factor are cen-
tral to these pathways and are predominantly pro-
duced by tumor cells. Transcripts of PIF have
been isolated in breast, prostate, and colon cancer
cell lines, while it is absent in human tissue other
than brain and skin [84]. Proteolysis-inducing
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factor activates RNA-dependent protein kinase,
which leads to the activation of NF-kB. In turn,
NF-kB generates increased expression of
the ubiquitin-proteasome proteolytic pathway.
Additionally, PIF is partially responsible for a
decrease in skeletal muscle protein synthesis
[72]. Lipid-mobilizing factor is detectable in
weight-losing cancer patients, but not weight-
stable cancer patients [85]. Its role in lipolysis is
to regulate hormone-sensitive lipase.

Immune Function-Nutrient
Interactions in Cancer Patients

Certain nutrients can have profound cellular
effects. Nutrients such as glutamine, arginine,
nucleic acids, and fatty acids have the potential to
modulate immune function. This may be espe-
cially important in patients with cancer, who are
beset with metabolic disturbances and are immu-
nosuppressed. At the same time, exaggerated
inflammatory responses with elevated levels of
IL-6 have been reported in patients who received
supplemental nutrition [86]. It must be kept in
mind that clinically there are no definitive markers
of immune function and therefore it is challenging
to measure the precise mechanism by which
immune-enhancing interventions impact nutri-
tional outcomes. Thus, a close look at the various
nutrients that may impact immunity is warranted.

Glutamine is the most abundant amino acid in
plasma. It constitutes more than half of the body’s
amino acid pool [87]. It is considered to be a non-
essential amino acid, as it is synthesized in skel-
etal muscle by transamination of other amino
acids. However, catabolism-inducing states like
surgery, sepsis, and trauma can lead to a spike in
glutamine consumption, outstripping the body’s
production. For this reason, glutamine should be
viewed as a “conditionally essential” amino acid
[88]. One of glutamine’s major functions is to
shuttle nitrogen between organs. Another is to
serve as fuel for rapidly proliferating cells such
as enterocytes, colonocytes, lymphocytes, and
fibroblasts [89]. Glutamine is also central to mul-
tiple processes in intermediary metabolism.
These include the synthesis of purines and pyrim-
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idines, modification of proteins and lipids to
allow for signal transduction and secretion, and
neutralization of oxidative stress associated with
rapid metabolism and other causes [90].

It was shown as early as 1955 that tumor cells
metabolize glutamine at far higher rates than any
other amino acid [91]. More recent research has
determined that c-myc plays a key role in gluta-
mine uptake and degradation, and that glutamine
affects several signaling pathways that promote
tumor growth [90]. The reason behind its impor-
tance in tumor cell metabolism is that glutamine,
much like glucose, generates ATP and provides
intermediates for macromolecular synthesis. Not
surprisingly, the skeletal muscle of cancer patients
has been shown to be depleted of glutamine [92].
For this reason, it has been hypothesized that glu-
tamine supplementation for cancer patients may
improve immune function by resupplying this
fuel to the noncancer tissues that are starved of it.
The hypothesized glutamine enhancement of
tumor growth has not been observed [93].

There are several ways to administer gluta-
mine. Enteral administration is usually in combi-
nation with other immunonutrients and has been
demonstrated to ameliorate immunosuppressive
and inflammatory responses in surgical cancer
patients [94]. There are few data available regard-
ing single agent enteral glutamine supplementa-
tion, and there is no evident beneficial effect on
nutrition status or clinical outcomes [95].
Parenteral administration of glutamine is prob-
lematic because it is unstable in solution.
Therefore, it is generally given as a dipeptide.
Parenteral administration has been associated
with improved nitrogen balance and a shorter
postoperative hospital stay in surgical patients.
When given parenterally to bone marrow trans-
plant patients, glutamine may decrease the inci-
dence of mucositis and potentiate lymphopenia
after intensive chemotherapy or stem cell trans-
plantation [96-98]. A recent meta-analysis of
randomized-control trials in surgical patients
revealed that parenteral glutamine administered
alone reduced the rate of infectious complications
and lowered hospital length of stay, without hav-
ing any impact on mortality [87]. It appears that
the benefits of this immunonutrient to cancer
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patients are more clearly realized with parenteral
administration, while combining it with other
nutrients may offer advantages when given enter-
ally. A randomized, double-blind study combined
enteral and parenteral glutamine administration in
bone marrow transplantation patients; the short-
term effects were not significant, but there was a
suggestion of improved long-term survival [99].

Arginine is another amino acid that has been
studied for its role as an immune-enhancing
nutrient during cancer treatment. Like glutamine,
it is a nonessential amino acid that becomes con-
ditionally essential during catabolic states [100].
It functions as a substrate for protein, creatinine,
polyamine, and nitric oxide synthesis. In cancer
patients, arginine improves nitrogen balance and
boosts host immune function. This is accom-
plished by augmenting natural killer cell activity
and macrophage cytotoxicity through stimulation
of protein synthesis of the host, but not the cancer
cells [100]. This amino acid is rarely added to
parenteral nutrition. It has, however, been studied
extensively as an enteral immunonutrient, both in
combination and as a sole agent [94]. When given
alone, arginine reduced the incidence of wound
complications, hospital length of stay, and
improved both disease-free and overall survival
in head and neck cancer patients [101, 102].

Nucleic acids are another nutrient that has
been studied in cancer patients. Synthetic polyri-
bonucleotides stimulate immune function, possi-
bly via modulation of intracellular regulatory
enzymes [100]. Nucleic acids seem to modulate
both the cell-mediated and humoral immune sys-
tems through an increased production of IFN. As
sole agents, nucleotides have only been studied in
parenteral form, and the results have been contra-
dictory. In the setting of breast cancer, improved
disease-free survival was demonstrated in
patients who received nucleic acids [103].
However, the same authors found no benefit in
patients with colorectal cancer [104]. The paucity
of data on this nutrient as a solitary agent limits
conclusions about its potential benefits.

Essential polyunsaturated fatty acids (PUFAs)
are either of the omega-6 (n-6) series derived from
linoleic acid or the omega-3 (n-3) series derived
from linolenic acid. One of the main physiologic
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Table 8.4 Factors that may improve immunity

Nutrient Effects

Glutamine Synthesis of purines/pyrimidines
Modification of proteins/lipids
Neutralization of oxidative stress
Assist in generating ATP

Arginine Substrate for protein, creatinine,

polyamine, nitric oxide synthesis
Improves nitrogen balance
Modulation of intracellular
regulatory enzymes

Nucleic acids

Production of eicosanoids that
improve immune response while
attenuating inflammatory response

Omega 3 and
6 fatty acids

functions of essential fatty acids is to maintain the
structure and function of cell membranes. By vir-
tue of this involvement, PUFAs can alter the
expression of membrane-bound receptors. They
are also central to the synthesis of intermediate
compounds, such as prostaglandins, leucotrienes,
and hydroxyacids. These eicosanoids affect cellu-
lar metabolism through regulation of intracellular
calcium and modulation of inflammation and
host defenses [100]. Omega-3 PUFAs increase
the production of eicosanoids that improve
immune response, while attenuating inflammatory
response. Single agent enteral supplementation
with omega-3 PUFAs has been shown to increase
total energy expenditure and physical activity in
pancreatic cancer patients [105]. This nutrient has
been studied more extensively in combination
with arginine and nucleic acids (Table 8.4).
Enteral formulations containing combinations
of these immunonutrients (so-called immune-
enhancing formulae) have been studied in preop-
erative, perioperative, and postoperative settings.
A well-designed trial of early postoperative feed-
ing after resection of upper gastrointestinal malig-
nancy detected no benefits for an enteral formula
containing immunosupplements [106]. However,
this study did not exclude well-nourished patients,
and it makes sense that nutrition-directed inter-
ventions are less likely to benefit patients who are
not malnourished. Multiple other studies have
demonstrated improvement of intermediate end-
point immune parameters with the use of immune-
enhancing formulae [94, 107]. More clinically
relevant benefits were also observed in trials
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demonstrating a lower incidence of infections and
a shorter length of stay when immune-enhancing
formulae are used [108—110]. Several meta-anal-
yses have since shown a decreased rate of infec-
tious complications with immune-enhancing
enteral formulae, with a greater impact in surgical
as opposed to critically ill patients [111, 112].
From these data, it is clear that nutritional
supplementation with immunonutrients holds
benefit for cancer patients, with the most potent
combination being that of arginine, nucleic acids,
and omega-3 PUFAs.

Surgery in Cancer Patients

It is well established that poor nutrition status is
associated with poor postoperative outcomes in
cancer patients [4]. Although this observation
rightfully focuses attention on the use of nutrition
interventions to improve patient outcomes, it
must be noted that many of the parameters used
to define nutrition status (see below) are also
acute phase reactants and/or markers of severity
of disease. It is evident that severity of disease is
also associated with poor outcomes. Therefore,
although nutrition status is undoubtedly impor-
tant, it is not surprising that nutrition-directed
interventions are only modestly effective. The
magnitude of the contribution of nutrition-based
therapies to cancer outcomes is likely modest in
comparison to disease-directed therapies.

Nutrition-directed therapies should not be
expected to benefit well-nourished patients. In
fact, there are clear data that some nutrition-
directed therapies such as the routine use of par-
enteral nutrition in well-nourished patients are
actually harmful [113]. A prerequisite for the use
of nutritional therapy in surgery patients must
therefore be the presence of malnutrition. Based
on a validated assessment of preoperative nutri-
tion status, a practical approach can be developed
to optimize outcomes.

Traditional nutrition assessment parameters
such as serum albumin, total lymphocyte
count, skin test reactivity (as markers of immuno-
competence), anthropometric changes (triceps
skinfold test), and body composition may be
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confounded by the severity of the underlying
cancer [114]. For example, hypoalbuminemia
is associated with poor healing, sepsis, and
increased surgical mortality and morbidity [113].
However, acute phase response proteins in the
perioperative setting can confound the use of tra-
ditional nutrition indicators such as serum albu-
min and prealbumin. There is some evidence that
neither serum albumin nor weight loss alone are
specific predictors of perioperative complica-
tions; however, they may be useful in the context
of multivariable models [115].

Several nutrition assessment formulas have
been developed to predict morbidity and mortality
in surgical patients [116]. However, cancer patients
are unique in their physiology. In the past the
American Society for Parenteral and Enteral
Nutrition (A.S.PE.N) and the Academy of
Nutrition and Dietetics have issued recommenda-
tions that all cancer patients undergo nutrition
screening as critical component of their initial eval-
uation [117-119]. What is uniformly stated by
experts in the field is that no single parameter is a
definitive, encompassing factor that comprehen-
sively captures the nutritional state of a cancer
patient. That being said, the ideal screening tool for
such a task needs to offer ease of use, reliability,
validity, sens