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Preface

We are delighted to have produced the second edition of our text on surgical
metabolism. We continue with our belief, as stated in the first edition, that
specialists in the treatment of modern surgical disease must also have a strong
understanding of normal metabolism and perturbations induced by surgical
interventions.

Our approach is not to follow a traditional systems or organ-based
approach but rather to encourage our readers to think of the patients as com-
plex biochemical systems. We intend this work to provide information that
supplements the more traditional approaches and provides a detailed over-
view of the metabolic knowledge needed for surgical practice.

We recognize that the biochemical aspects of modern medicine are advanc-
ing so rapidly that it is difficult to keep up even with the best efforts. In this
book, some chapters have been updated, and several new chapters have been
added. We hope this will help our readers keep pace in this race for state-of-
the-art knowledge.

We continue to acknowledge the long-ago trailblazing work of Dr. Francis
Moore that represented the birth of the field of surgical metabolism. We also
thank our many mentors. Our deep gratitude also goes out to the many con-
tributors whose efforts made this volume possible. We also wish to thank the
support we received from our academic chairs at Yale School of Medicine,
Dr. Nita Ahuja of the Department of Surgery and Dr. Roberta Hines of the
Department of Anesthesiology. Once again, this work could not have been
produced without the fine efforts of Ms. Elise Paxson and the rest of the
Springer publishing team.

New Haven, CT, USA Kimberly A. Davis
Stanley H. Rosenbaum
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Introduction to Metabolism

C. Lindsay McKnight, Jared H. Griffard,
Sneha G. Bhat, Reagan W. Bollig,
Christy M. Lawson, Chandler A. Long,

and Brian J. Daley

Introduction

Metabolism is the combination of reactions and
processes necessary to sustain life [1]. These
reactions and processes occur within different
levels of the living organism. The production and
consumption of energy at the cellular level is the
basis of life. Maintaining equilibrium between
the production and consumption of energy is par-
amount to survival, and mismatches lead to infec-
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tion, illness, disability, organ dysfunction, and
death. Most metabolic derangements are the
result of a disease process, although some can be
inborn. Understanding metabolism at the cellular
level has helped the scientific community develop
methods of maintaining homeostasis and in turn
has provided clinicians with therapies to treat
patients with disease processes and optimize
outcomes.

History of Metabolism

The word metabolism is derived from the root
“meta” meaning “change” and “ballein” meaning
“to throw [2].” From individual metabolic reac-
tions at the cellular level to the metabolic
responses of the organism, the scientific commu-
nity has been studying metabolism for centuries.
Santorio Sanctorius is considered the “founding
father of metabolic balance studies” in the seven-
teenth century [3]. He explored insensible loss
through perspiration. He documented his weight
before and after specific activities in his book Ars
de Statica Medicina in 1614. Friedrich Wohler
published one of the first articles on metabolic
pathways, specifically the synthesis of urea in
1828. The discovery of enzymes by Eduard
Buchner in the twentieth century preceded the
rapid acceleration of biochemical discovery.
Landmark discoveries in metabolism include the
citric acid cycle, urea cycle, and glyoxylate cycle.
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The understanding of energy metabolism
started with Antoine Lavoisier. He focused on
heat exchange and developed the first direct calo-
rimeter in the nineteenth century. Subsequently
the law of conservation of energy was developed.
He discovered that he could directly measure the
energy expenditure of an organism by calculating
heat dissipation. He demonstrated that “respira-
tion is a slow form of combustion [4].” The devel-
opment of indirect calorimetry led to a more
practical method to obtain the information for
resting energy expenditure indirectly from mea-
sured oxygen consumption. Liebig, Voit, and
Max Rubner were major players in discovering
the link between oxygen consumption and
metabolism and calculating caloric value of spe-
cific energy sources [4]. Modern studies of
metabolism involve biotechnology techniques
and genomics. Chromatography, X-ray diffrac-
tion, nuclear magnetic resonance (NMR) spec-
troscopy, radioisotope labeling, electron
microscopy, and molecular dynamic simulation
are all techniques currently used to evaluate met-
abolic pathways and explore the genetic basis of
metabolic disorders.

The Hierarchy of Metabolism
The Mitochondrial Level

Mitochondria are complex double-membrane-
bound organelles that play the leading role in cel-
lular metabolism. They are the main energy
source in almost all eukaryotes. Mitochondria are
composed of five components with unique func-
tions: an outer membrane, intermembrane space,
inner membrane, cristae, and matrix space. The
outer membrane contains enzymes, which
lengthen fatty acids and participates in oxidation
and degradation. It also associates with the endo-
plasmic reticulum membrane where calcium sig-
naling facilitates the transfer of lipids. It contains
porins, which make it highly permeable to all
molecules. The intermembrane space contains a
different protein composition than cytosol. For
example, cytochrome C is in the intermembrane
space. The inner membrane has five functions:
oxidative phosphorylation, generation of adenos-

ine triphosphate (ATP), regulation of metabolite
transportation, protein import, and mitochondrial
protein modification. The inner membrane has a
high protein to phospholipid ratio, and almost all
ions and molecules require transporters to cross
over the matrix. The electron transport chain sets
up a membrane potential across the inner mem-
brane. Cristae are made of abundant inner mito-
chondrial membranes. This increases the surface
area to produce more ATP. Cells that have more
demand for ATP, i.e., muscle cells, contain a
higher ratio of inner membrane/outer membrane,
more cristae, and more mitochondria. The matrix
contains most of the protein in the mitochondria.
Enzymes, ribosomes, transfer RNA (tRNA), and
copies of the mitochondrial DNA genome are
within the matrix. Metabolic processes, such as
oxidation of pyruvate and fatty acids and citric
acid cycle, all take place in the matrix. Damage
or dysfunction of mitochondria presents as a neu-
rological or endocrine disorder [5]. Examples
include Friedrich’s ataxia, Alzheimer’s disease,
diabetes mellitus, autism, etc.

The Cellular Level

Cellular metabolism is a combination of chemi-
cal reactions that occurs to maintain life. Cellular
metabolism is divided into two types: anabolism
and catabolism. Anabolism is “building” and
catabolism is “breaking down.” The balance
between anabolism and catabolism creates
homeostasis. Depending on the needs and stress
of the body at the time, it can be in an anabolic or
catabolic state. It involves a complex sequence of
controlled biochemical reactions creating meta-
bolic pathways. One chemical is transformed into
another through the actions of an enzyme.
Enzyme regulates pathways in response to
changes in the cellular environment. The needs of
the cell dictate the flow of biochemical reactions.
Glycolysis is an example of a chemical reaction
where a substrate is converted into a product
through ten steps. In the last step of glycolysis,
phosphoenolpyruvate, the substrate, is converted
into ATP and pyruvate, the products, by an
enzyme called pyruvate kinase. The enzyme acts
by transferring a phosphate group from one sub-
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strate to another, i.e., adenosine diphosphate
(ADP). Temperature, pH, availability of sub-
strates, and cofactors modify the functionality of
an enzyme [6]. This is the mechanism behind
why patients with physiologic stress develop
metabolic derangements.

The Organ Level

Each organ has its own unique metabolic profile
[7]. In this section, the metabolic profile of each
organ is reviewed. The brain utilizes glucose as its
main energy source unless the body enters the
later stage of starvation. The brain relies on a con-
tinuous source of glucose. In the resting state, the
brain uses up to 60% of the total body glucose.
The majority of this is used to power the Na*-K*
membrane potential and synthesize neurotrans-
mitter synapses to propagate nerve impulses [7].

Very little is known about the role of the lung
in metabolism. De novo fatty acid synthesis takes
place in the lung as well as several other reactions
mainly involving lipid esterification and the syn-
thesis of phosphatidylcholine and prostaglandins.
These components of surfactant are made at the
gestational age of 24 weeks but not functional
until week 34-36 [8]. Surfactant decreases the
surface tension of the alveoli.

The liver is the main organ that provides fuel
for peripheral organs including the brain and
muscle. It is the main center for metabolism and
controls the metabolite level in the blood [7].
Sixty-seven percent of carbohydrates are
absorbed by the liver. The remaining glucose is
absorbed by other tissues. A process called gly-
cogenesis occurs. Glucose is converted into
glucose-6-phosphate by hexokinase and glucoki-
nase; then it is converted into glycogen. Glycogen
is stored in the liver for later use when blood glu-
cose levels decrease. Glycogen is broken down
into glucose through gluconeogenesis in the liver,
which then is released into the blood. If the body
enters late starvation stage, lactate and alanine
from muscle, adipose tissue, and exogenous
amino acids become the main precursors for glu-
coneogenesis [7].

Lipids are also metabolized in the liver. Most
fatty acids are absorbed by the liver. In a plentiful

state, fatty acids are esterified and secreted into
the blood in very low-density lipoprotein
(VLDL), but in times of starvation, the liver con-
verts fatty acids into ketone bodies [7].

Amino acid metabolism occurs in the liver as
well. Amino acids are the main source for protein
synthesis and anabolism. Alanine and aspartate
aminotransferases (ALT and AST) are released in
the blood stream and indicate liver damage.
Catabolism of amino acids results in nitrogen
products which are processed into urea. 20-30 g/
day of urea is secreted from the liver. This pro-
cess removes ammonia, a toxin to the central ner-
vous system. Alpha-keto acids derived from
amino acid catabolism fuel the liver [7]. The liver
also synthesizes nonessential amino acids and
most plasma proteins, including albumin and
clotting factors within the coagulation cascade.

The kidney’s purpose is to excrete metabolic
waste products, which helps maintain the osmo-
larity of blood. Most substances, especially water
and water-soluble constituents, are reabsorbed. A
lot of energy is consumed for the process of reab-
sorption. The kidneys consume 10% of the oxy-
gen used in cellular respiration. Glucose is carried
into renal cells via sodium-glucose cotransporter.
This transporter is driven by the sodium and
potassium gradient powered by Na*-K* ATPase.
The kidney is an important site for gluconeogen-
esis when the body is in a state of starvation [7].

Muscle uses glucose, fatty acids, and ketone
bodies as major fuel sources. Muscle has vast
storage of glycogen. 75% of glycogen stores are
in muscle cells. Muscle lacks glucose-6-
phosphatase just like the brain, so glycogen is
converted to G-6-P and retains the glucose for
fuel. When muscle is contracting, the rate of gly-
colysis exceeds the rate of the citric acid cycle.
The burden of metabolism is shared between
muscle and the liver through the Cori cycle.
Pyruvate is reduced to lactate, which can flow to
the liver to be converted into glucose. Alanine is
formed in muscle by the transamination of pyru-
vate. Muscle can absorb and transaminate
branched-chain amino acids but cannot form
urea. The nitrogen is released into the blood
stream as alanine, and then the liver can remove
the nitrogen and dispose it in the form of urea.
Pyruvate then is converted into glucose or fatty
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acid. Resting muscle acts completely different
and uses fatty acid as the main fuel source [7].

Metabolic States at the Organism Level
The body can exist in different states of metabo-
lism. The absorptive state is considered the “fed
state.” It represents the time when the body is
digesting and absorbing nutrients. In this state,
anabolism exceeds catabolism. Digestion auto-
matically begins with mastication. Carbohydrate
breakdown first starts in the mouth while protein
and lipid breakdown begins in the stomach.
Exogenous glucose and amino acids are trans-
ported from the intestine to the blood. Lipids are
packaged into chylomicrons and transported to
blood via the lymphatic system. The body is pre-
paring to store for leaner times.

Insulin, one of the most important hormonal
regulators of metabolism, is secreted by beta
cells of the pancreas. Glucose and the parasym-
pathetic nervous system stimulate the secretion
of insulin. Insulin initiates protein kinase path-
ways stimulating glycogen synthesis in muscle
and liver. It also suppresses gluconeogenesis in
the liver. Glycolysis in the liver is enhanced
increasing the synthesis of fatty acids. The
absorptive state promotes glucose entering mus-
cle and adipose tissue. Insulin stimulates the syn-
thesis of glycogen by muscle and the liver.
Glucose entering adipose tissue provides glyc-
erol 3-phosphate for the creation of triacylglycer-
ols. Insulin promotes the uptake of branched-chain
amino acids by muscle (BCAA). BCAA are
valine, leucine, and isoleucine. Insulin favors the
building of muscle protein and inhibits degrada-
tion of proteins. The absorptive state can take up
to 4 hours [7].

The postabsorptive state, also known as the
fasting state, occurs after nutrition has been
digested, absorbed, and stored. In the postabsorp-
tive state, the body relies on glycogen initially.
The fasting state is usually broken up into early
and late. The early fasting state is when blood
glucose levels begin to decrease. Reflexively,
insulin levels decrease, and glucagon levels
increase. Glucagon is secreted by alpha cells of
the pancreas. Glucagon is the signal for the star-
vation state. Glycogen storage is mobilized when

exogenous glucose is not present. Glucagon trig-
gers glycogen breakdown mainly in the liver.
Glycogen is rapidly mobilized. Large amounts of
glucose are released from the liver into the blood
through the hydrolysis of glucose 6-phosphate.
Secondary to demands by peripheral tissues,
blood glucose levels are maintained between 70
and 120 mg/dL.

When the body is deprived of nutrition for an
extended period, it goes into a “survival mode.”
This is known as the late fasting stage or preab-
sorptive stage. Certain organs take priority, such
as the brain. Ketones are used as the primary
energy source. Fatty acid and triglyceride stores
are used to make ketones as starvation continues.
Ultimately, during late fasting state, protein from
muscle is utilized for glucose synthesis. Low
insulin levels trigger the decline of glucose
entering muscle and adipose tissue. The overall
result from glucagon is the markedly increased
release of glucose from the liver’s glycogen
stores. The muscle and liver use fatty acids as
fuel when blood glucose is low. Euglycemia is
maintained by the mobilization of glycogen and
release of glucose by the liver, the release of
fatty acids by adipose tissue, and the shift of the
primary fuel source from glucose to fatty acids
by muscle and the liver.

When the liver’s glycogen stores become
depleted, gluconeogenesis continues, but this
only replaces the glucose that has been converted
to lactate and alanine to serve as a precursor for
gluconeogenesis. With the brain oxidizing glu-
cose into carbon dioxide and water, a source of
carbon is in demand. This source shifts to glyc-
erol from adipose tissue undergoing lipolysis and
hydrolysis of muscle protein.

The third state is refeeding. When transition-
ing from pre-absorptive (late starvation) to
absorptive state, fat is processed the same as if in
normal metabolic state. When refed, the liver
does not initially take up glucose. It is left for the
peripheral tissues. The liver remains in a gluco-
neogenic mode. Newly created glucose is used to
reform glycogen storage. As blood glucose levels
rise, the liver replaces its glycogen storage and
then processes excess glucose for fatty acid
synthesis.
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Energy Requirements

The total energy expenditure (TEE) is composed
of resting energy expenditure (REE) or basal
energy expenditure (BEE), the thermogenesis,
and the energy expenditure from activity. REE
represents the number of calories required for a
24-hour period by the body in a non-active state.
The patient’s basic metabolic rate (BMR)
accounts for 60-70% of the total energy expendi-
ture [1]. The BMR measurement is based on
body weight, size, composition, gender, age,
race, etc. Thermogenesis accounts for heat loss,
diet portion, composition, and timing of inges-
tion. This accounts for approximately 10% of
TEE [1]. Activity accounts for the remaining
energy expenditure. The energy cost of activity is
the most variable and can range anywhere
between 5% and 30% of TEE in a healthy indi-
vidual. In the critically ill patient, the energy of
activity is minimal, but multiplication factors are
included to account for physiologic stress.

Normal Energy Requirements

Normal metabolism supports all the physio-
logic processes necessary for an organism’s
survival — energy for respiration, digestion, cel-
lular repair, normal supply of building blocks,
and enzymatic synthesis. It is driven by insulin.
In general, most energy comes from carbohy-
drates, but lipids and proteins also can be con-
sumed as fuel. One also usually thinks of
building blocks as protein, but lipids and carbo-
hydrates also form integral components of
growth, repair, and respiration. To simplify, the
energy required for normal metabolism is
approximately 20-25 kcal/kg for ideal body
weight. For the individual patient, there are pre-
dictive equations with proven validity.

Abnormal Energy Requirements

In the highly metabolically stressed individual
(i.e., burns), the energy expenditure can be dou-
ble that of normal REE, driven by catechol-
amines and other acute phase hormones and
mediators. This then makes REE about
35-40 kcal in these patients. In such patients
measuring energy is best.

The Measurement of Energy
Requirements

Direct Calorimetry

Direct calorimetry measures the heat exchange
between the body and the environment. Heat is
the direct by-product of energy utilization. If
practical, direct calorimetry would be the gold
standard. A direct calorimeter is a chamber or
structure that encompasses the subject. The
chamber is closed and has a double wall sur-
rounded by ice. By monitoring the ice melting,
the amount of heat dissipation could be mea-
sured. This methodology is not practical in the
clinical environment.

Indirect Calorimetry
Because a direct calorimeter is not practical in
the clinical environment, indirect calorimetry is
considered more the “gold standard.” Indirect
calorimetry (IC) is the most accurate method of
measuring energy expenditure in the critically ill
population. The measurement of IC is performed
using a metabolic cart, which can determine a
patient’s REE. The metabolic cart measures
expired gas to determine the volume of air in the
lungs. The amounts of oxygen and carbon diox-
ide are measured (VO, and VCQO,) in 1-minute
intervals. REE and respiratory quotient (RQ) can
be indirectly determined by these measurements.
The RQ is the ratio of exhaled carbon dioxide to
the amount of consumed oxygen. The abbrevi-
ated Weir equation is used to calculate the
24-hour REE (Table 1.1). The RQ helps guide the
amount and composition of energy delivery. An
RQ <0.8 signifies lipid catabolism which may be
an indicator of underfeeding or of inappropriate
administrations of fat. Increasing caloric intake,
often with increased carbohydrates, should
improve the RQ. An RQ >1 indicates high carbon
administration from carbohydrate overfeeding.
This can affect the respiratory drive due to hyper-
carbia. Normalizing RQ and avoiding carbohy-
drate overfeeding can aid in the weaning of
ventilation [1].

IC is helpful in patients with chronic respira-
tory failure, acute respiratory distress syndrome,
and obesity because equations that calculate REE
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Table 1.1 Equations and formulas

Weir equation

REE = [3.9 (VO,) + 1.1 (VCO,)] 1.44
VO, = oxygen uptake (ml/min)
VCO, = carbon dioxide output (ml/min)

Respiratory quotient

RQ =VCO,/VO,

Harris-Benedict
equations (calories/
day)

Male: (66.5 + 13.8 x weight) + (5.0 x height) — (6.8 x age)
Female: (665.1 + 9.6 x weight) + (1.8 x height) — (4.7 x age)

WHO

r?=0.53, F=37.8, P <0.001. Men: REE (kcal/day) = 66.5 + 13.75 (weight) + 5.0
(height) — 6.76 (age) REE (kJ) = 278 + 57.5 (weight) + 7.74 (height) — 19.56 (age)

Ireton-Jones

EE = 629-11 (age) + 25 (actual body weight) — 609 (BMI >27 factor = 1)

(spontaneously

breathing)

Ireton-Jones EE = 1784-11 (age) + 5(actual body weight) + 244 (factor = 1 for males) + 239
(ventilated) (Diagnosis of trauma = 1) + 804 (BMI >27 factor = 1)

Penn State REE = Harris-Benedict equation (0.85) + minute ventilation (33) + maximum body

temperature within 24-hour period (175)-6433

are not as accurate in these patient populations.
IC can help determine whether a patient is being
over- or underfed and can also help troubleshoot
if inadequate calorie delivery is the cause of
delayed wound healing. Several factors can alter
the accuracy of indirect calorimeter results.
Ventilator settings need to remain constant dur-
ing the performance of the test, as almost any
change made during the testing session will affect
results. Fi0, >60%, positive end-expiratory pres-
sure (PEEP) >12 cm H,O, thoracostomy tube
leaks, any movement, bedside nursing care, and
changing nutrition are all examples of factors that
can alter results of the REE from indirect
calorimetry.

Equations to Calculate REE

There are approximately 200 equations published
that calculate REE [1]. Some deal with specific
disease states, ages, ethnicities, obesity, etc. One
of the most commonly used equations is the
Harris-Benedict equation. This equation was
developed in 1919 by using indirect calorimetry
to estimate REE. It accounts for age, gender,
height, and weight. The accuracy of the Harris-
Benedict equation has been validated in the
healthy, adequately nourished person to be within
+14% of REE measured by indirect calorimetry.
The Harris-Benedict equation tends to underesti-
mate REE in malnourished, critically ill patients
by approximately 22% (Table 1.1). It also under-
estimates REE in the obese population.

Other equations include the Penn State, Ireton-
Jones, World Health Organization (WHO),
Owen, Mifflin, and Liu formulas [9]. For over-
weight and obese patients, all equations underes-
timate REE by approximately 8%. Even though
all equations underestimate when compared to
IC, WHO and Harris-Benedict are the most accu-
rate [9, 10]. The Penn State and Ireton-Jones
equations tend to be the most commonly used in
surgical and critically ill patients. They contain
modifiers for severity of illness, stress states,
weight, height, temperature, and other factors
that might affect REE (Table 1.1).

Sources of Energy

Carbohydrates, proteins, and fats are the building
blocks of the body. Glucose is the preferred fuel
for metabolism. Fat is stored for times of starva-
tion, and then when blood glucose levels are
depleted, fat will be oxidized. Protein is also uti-
lized with glucose is depleted.

Carbohydrates
Glucose is the main source for energy production
and primary form of fuel for many cells. Dietary
guidelines recommend carbohydrates to make up
50-60% of daily calorie intake.

Carbohydrates are divided into three classifi-
cations: monosaccharide, oligosaccharide, and
polysaccharide. Monosaccharides cannot be
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hydrolyzed any further and are made up of
aldoses and ketoses. Aldoses, including glucose,
galactose, mannose, and ribose, contain an alde-
hydic group. Ketoses like fructose contain a
ketonic group. Oligosaccharides contain only a
few carbohydrate chains linked by a glycosidic
bond and include disaccharides and trisaccha-
rides. Polysaccharides, also called glycans, are
carbohydrates that contain ten or more mono-
saccharide chains. Polysaccharides are subclas-
sified into homopolysaccharides (made up of
identical monosaccharide chains) and hetero-
polysaccharide (made up of different monosac-
charide chains). Common homopolysaccharides
are starch, glycogen, cellulose, and dextran.
Common heteropolysaccharides are pectin and
mucopolysaccharide.

Proteins

Proteins are complex formations of amino acids.
Daily protein requirements are dependent on the
rate of protein catabolism [11]. In any hypermet-
abolic state, the rate of protein catabolism is sig-
nificantly increased [12]. Therefore, normal
protein requirements of 0.8—1 g/kg are increased
in critically ill individuals to a minimum of 1.2—
1.5 g/kg [13]. These increased protein require-
ments are in part due to the production of acute
phase reactants in the critically ill, increased
wound healing, and mobilization of peripheral
protein stores for gluconeogenesis. Starvation
and decreased mobility also increase protein
turnover [14]. This can lead to acute decrease in
lean muscle mass in the critically ill.

Certain amino acids are needed in a higher
quantity in stressed states compared to normal
conditions. For example, acute phase proteins
contain high amounts of tryptophan, tyrosine,
and phenylalanine, so in the stressed state there is
increased need for these amino acids. Increased
muscle breakdown can occur to provide these
amino acid components. Loss of lean body mass
in ICU patients is linked to increased complica-
tion rates including pneumonia, impaired wound
healing, and even increased mortality [15].

In critically ill patients, protein losses, includ-
ing those secondary to ongoing chest or abdomi-

nal drainage, severe burns or breakdown of the
skin, proteinuria, or intestinal secretions, should
be fully replaced. As stress resolves, the individ-
ual’s protein needs decrease. According to
ASPEN and ESPEN guidelines, patients with
severe trauma (ISS >18) or multiple complica-
tions with moderate trauma may require increased
protein intake with immune-enhancing diets that
include protein of 2.2-2.5 g/kg daily. There is
thought that these diets are associated with less
infections, lower incidence of multi-system organ
failure, and shorter hospital and ICU lengths of
stay. These diets should only be continued, how-
ever, for 7-10 days, and then patients can be tran-
sitioned back to more standard nutritional
repletion [13, 16]. Of note, protein requirements
may be even higher than this in patients with
burns or severe sepsis, with requirements of even
up to 2.5-3 g/kg.

The calculation of a nitrogen balance can help
determine the effectiveness of protein intake. A
negative energy balance is noted to correlate with
increased morbidity and mortality in the criti-
cally ill patient [17]. Nitrogen balance is calcu-
lated as nitrogen intake minus the output. Protein
is 16% nitrogen, so the nitrogen intake is calcu-
lated by taking daily protein intake in grams and
dividing by 6.25. The output calculating requires
a 24-hour urine measurement to obtain a urine
urea nitrogen. Urea excretion in the stool is esti-
mated as 4-6 g/d and can be added to the total. It
is therefore important to note that in states of
diarrhea, the nitrogen output calculation may be
inaccurate. Aiming for a positive nitrogen bal-
ance of 4-6 g/d is recommended [17].

Protein overfeeding has significant disadvan-
tages, including azotemia and potentially even
renal failure. Recent studies in the critically ill
population demonstrate that provision of protein
is linked to positive outcomes when compared to
provision of total energy.

Lipids

Fatty acid oxidation is a mitochondrial aerobic
process that breaks down a fatty acid into acetyl
CoA units. Acetyl CoA is a common intermedi-
ate between metabolic pathways. Fatty acids can
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be converted to ketone bodies which are used as
fuel for extrahepatic tissues. Cholesterol, steroids,
arachidonic acid, and eicosanoids are all derived
from fatty acids. Excess fatty acids are stored as
triglycerides in adipose tissue.

The maximum lipid delivery is 1-1.2 g/
kg/d. An anti-inflammatory lipid profile, which
includes omega-3, borage oil, and antioxidants,
has not improved outcomes in patients with
ARDS or sepsis. Omega-6 fatty acid increases
inflammation. Current ASPEN guidelines rec-
ommend holding soy-based parenteral fat
emulsions for the first week in critically ill
patients as these products contain high levels
of omega-6 fatty acids, known to be pro-
inflammatory. Guidelines recommend a maxi-
mum dose of 100 g/wk if there is a concern for
essential fatty acid deficiency. Alternatives to
soy-based lipid emulsions are now available in
the United States. SMOF (soybean oil,
medium-chain triglycerides, olive oil, and fish
oil) emulsion can be considered in the criti-
cally ill patient [13].

Alternate Sources of Energy

There are some new developments that suggest
lactate is used by mitochondria as a fuel source
and the “buildup” of lactate is not secondary to a
lack of oxygen but more of an issue with the
mitochondria inability to process the lactate.
New research shows the brain can switch to lac-
tate as a fuel source during higher levels of activ-
ity using the by-product of muscles as a secondary
fuel [18].

Normal Metabolic Processes

The major metabolic pathways include glycoly-
sis, gluconeogenesis, glycogen metabolism, fatty
acid metabolism, citric acid cycle, oxidative
phosphorylation, and amino acid metabolism.

Cofactors and Enzymes

Enzymes are the workhorse of metabolic path-
ways. They catalyze the innumerable biochemi-
cal processes that are vital for the living cell and

organism. Their proper function is dependent on
multiple elements including temperature, pH,
availability of substrates, and presence of cofac-
tors. The physiologically stressed patient has
derangements in virtually all these variables that
can lead to enzyme dysfunction, such as fever,
acidosis, or severe malnutrition. Additionally,
malabsorption secondary to GI tract dysfunction
or disease states amplifies the issue for already
nutritionally deficient individual by further
decreasing substrates and cofactor availability.
Provisions must be made for the patient with
enzyme deficiencies, such as those who are lac-
tose intolerant, as most western diets contain
dairy products. This can lead to added substrate
and cofactor perturbations as well as enzyme
dysfunction.

Most commercially available formulas pro-
vide daily recommended intake (DRI) for vita-
mins and trace elements (see Table 1.2) [20].
Patients with severe malnutrition, high losses as
with enteric fistulae, bypass procedures, and/or
malabsorption may require additional supple-
mentation. Many vitamins act as cofactors for
various metabolic processes, including a vital
role in the production of ATP. Deficiencies lead
to detrimental physiologic conditions.

Vitamin B6 deficiency is associated with
hyperhomocysteinemia and hyperglycemic
states in surgical intensive care unit patients [20,
21]. Supplementation increases the immune
response of critically ill patients [22]. Signs and
symptoms or vitamin Bl deficiency are non-
specific and include paresthesias, ascending
paralysis of motor neurons, memory loss, high-
output cardiac failure, edema, and lactic acido-
sis. Appropriate supplementation can prevent
negative consequences [23]. Vitamin B2 (ribo-
flavin) is a key factor for flavin adenine dinucle-
otide (FAD) and flavin mononucleotide (FMN),
two important components of oxidative reduc-
tion. A large proportion of critically ill individu-
als have suboptimal vitamin B2 status, which
can be significantly improved with supplemen-
tation. However, this improvement is transient
and deteriorates with discontinuation of the
intake [24, 25].
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Table 1.2 Recommended daily allowance of vitamins and trace minerals

M/F Males Females
Fat-soluble vitamins Typical Pregnant Lactating
A (mcg) 900 700 770 1300
D (mcg) 15-20
E (mg) 15 19
K (mcg) 120 90
Water-soluble vitamins
B, (mg) 1.2 1.1 1.4 1.4
B, (mg) 1.3 1.1 1.4 1.6
Bs (mg) 5 6 7
B4 (mg) 1.3-1.7 1.5 1.9 2
B, (mcg) 24 2.6 2.8
C (mg) 90 75 85 120
Folate (mcg) 400 600 500
Biotin (mcg) 30 35
Other nutrients
Choline (mg) 550 425 450 550
Trace elements
Copper (mcg) 900 1000 1300
Chromium (mcg) 30-35 20-25 30 45
Fluoride (mg) 4 3
Iodine (mcg) 150 220 290
Iron (mcg) 8 18 27 9
Manganese (mg) 2.3 1.8 2 2.6
Molybdenum (mcg) 45 50 50
Selenium (mcg) 55 60 70
Zinc (mg) 11 8 11 12

Adapted from Ref. [19]

Therapeutic Interventions

Outcome specific data is lacking regarding cer-
tain vitamin deficiencies in critical illness; there-
fore provision of adequate supplementation
should be the goal, to provide adequate substrate
and cofactors necessary to support the metabolic
demands of the stressed patient.

Normal Metabolism

In a homeostatic state, the human body will uti-
lize the equivalent of the kilocalories that are
consumed. The substrate that the body preferen-
tially metabolizes is glucose, which undergoes
aerobic metabolism in the mitochondria to pro-
duce ATP. Complex carbohydrates, fats, and pro-
teins can all be metabolized to provide glucose
for aerobic respiration and other substrates that

can be utilized to produce ATP necessary for cel-
lular division, growth, and maintenance of
homeostasis. When disease processes affect the
consumption of nutrients, metabolism of those
nutrients, or lead to an increased need for nutri-
ents, this alters the metabolism of the patient.
When nutritional metabolism is marginally
changed, the patient’s body will reach a new or
different steady state without loss of function,
which is defined as adaptation. One example of
this is an overall decrease in the resting energy
expenditure during early starvation to preserve
available resources for essential functions. Over
time, adaptation allows the body to continually
change its composition without a detrimental
effect to the patient’s overall health. However,
once the disturbances become more severe, then
the homeostatic capacity may be overcome. This
can lead to accommodation, which is defined as



