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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

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-

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.

C. L. McKnight et al.



7

 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 (VO2 and VCO2) 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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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. FiO2 >60%, positive end-expiratory pres-
sure (PEEP)  >12  cm H2O, 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 

Table 1.1 Equations and formulas

Weir equation REE = [3.9 (VO2) + 1.1 (VCO2)] 1.44
VO2 = oxygen uptake (ml/min)
VCO2 = carbon dioxide output (ml/min)

Respiratory quotient RQ = VCO2/VO2

Harris-Benedict 
equations (calories/
day)

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

WHO r2 = 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 
(spontaneously 
breathing)

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

Ireton-Jones 
(ventilated)

EE = 1784-11 (age) + 5(actual body weight) + 244 (factor = 1 for males) + 239 
(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
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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 B1 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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 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 

Table 1.2 Recommended daily allowance of vitamins and trace minerals

Fat-soluble vitamins
M/F Males Females

Typical Pregnant Lactating
A (mcg) 900 700 770 1300
D (mcg) 15–20
E (mg) 15 19
K (mcg) 120 90
Water-soluble vitamins
B1 (mg) 1.2 1.1 1.4 1.4
B2 (mg) 1.3 1.1 1.4 1.6
B5 (mg) 5 6 7
B6 (mg) 1.3–1.7 1.5 1.9 2
B12 (mcg) 2.4 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]
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an adaptive response to a disturbance that allows 
survival but results in some degree of serious con-
sequences to health or physiologic function [26].

 Perturbations of Metabolism

 Starvation
Starvation leads to a myriad of effects that are pro-
gressive in a negatively correlative fashion based 
on the time frame of starvation. During the initial 
hours following a meal, the blood glucose levels 
drop as the cells utilize the available glucose mol-
ecules. In response to blood glucose levels drop-
ping, the β cells of the pancreas decrease their 
insulin secretion and the α cells begin to secrete 
glucagon. Glucagon acts primarily in the liver, 
activating a G-coupled receptor and stimulating 
the transcription and translation of phosphoenol-
pyruvate carboxykinase and glucose-6-phospha-
tase to stimulate gluconeogenesis, breaking down 
glycogen stores into glucose [27]. The glucose 
molecules are released by the hepatocytes into cir-
culation, which, when coupled with the activity of 
glucagon on muscle and adipose tissue to prevent 
uptake of glucose, increases the blood glucose lev-
els. Glucagon also acts peripherally to inhibit fatty 
acid synthesis through reduced production of 
pyruvate molecules and inhibiting the activity of 
acetyl CoA carboxylase [28]. It also has been 
demonstrated to increase lipolysis in white adi-
pose tissue, with an increase in ketone body pro-
duction and fatty acid oxidation with decreased 
fatty acid esterification [29, 30]. In the myocytes, 
decreased circulating insulin levels lead to 
decreased activation of glucose transporters, but 
free fatty acids are still able to cross the cell mem-
branes freely. Due to this process, these fatty acids 
are preferentially utilized by the kidneys and mus-
cles as substrates for energy, as opposed to their 
normal mechanism of using glucose.

After approximately 12–24  hours of starva-
tion, the liver’s glycogen stores are depleted. This 
leads to a switch in gluconeogenesis derived 
from protein stores, with the production of gluco-
neogenic amino acids that can be utilized by the 
cells for cellular respiration. At this point, the 
body enters a catabolic state, and lean body mass 

is utilized to continue to sustain the energy 
expenditure. The primary sites of gluconeogene-
sis are the liver and the kidneys, with this process 
starting in the kidneys within 4–6 hours after the 
last meal [31]. Concurrently, the muscles begin 
hydrolyzing their protein stores to produce gluta-
mine and alanine, which are utilized by the hepa-
tocytes for gluconeogenesis and the myocytes 
preferentially utilize leucine for oxidation and 
production of ATP, sparing other essential gluco-
neogenic substrates [31].

After 2–3  days of starvation, lipolysis 
increases to provide most of the resting energy 
expenditure. Fatty acid β-oxidation yields free 
fatty acids that result in two-carbon chain mole-
cules that can be utilized to produce pyruvate, 
which will reenter the Krebs cycle to generate 
ATP. As these free fatty acids are utilized by the 
hepatocytes, large amounts of acetoacetate and 
3-hydroxybutyrate build up. The liver releases 
these ketone bodies into the systemic circulation, 
which is utilized by the brain and heart for energy. 
Due to their structure, ketone bodies can pass 
through the blood-brain barrier, allowing them to 
be the preferential energy source for the brain as 
the starvation state continues. By 21 days of star-
vation, the brain uses almost exclusively ketone 
bodies for fuel [32].

Once the fat stores are depleted, proteins in the 
muscles are the only source remaining and these 
quickly deplete. Immunosuppression often results, 
making patients more susceptible to infections 
such as pneumonia. This further worsens the 
stressed state of the body, and the metabolic 
derangements often lead to electrolyte derange-
ments as well. Multiple organs undergo autophagy 
to provide some fuel for energy, which can lead to 
death when coupled with electrolyte abnormalities 
that precipitate cardiac arrhythmias.

 Obesity
Obesity is a widespread epidemic that increases 
the cost of healthcare. Obesity is defined by the 
WHO as a BMI ≥30, and approximately 1/3 of 
the American population fits within this category 
[33]. Due to this large subset of patients, there 
have been many studies on the effect that obesity 
has on other disease processes [34]. One of the 
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more interesting results of these studies have 
demonstrated a protective effect of obesity in 
several disease processes, namely, ARDS or 
acute lung injury (ALI) [35]. A recent meta- 
analysis of 24 studies with over 9 million sub-
jects found that obese patients were at a higher 
risk of developing ARDS or ALI, but their risk of 
morality was lower than patients who were not 
obese [34]. This effect has been coined the “obe-
sity paradox” and is thought to be due in part to 
the increased levels of adipokines, such as leptin 
and IL-10, as well as lower levels of IL-6, TNF- 
α, and MCP-1, the higher energy stores available 
for obese patients in metabolic stress [33, 36, 37].

Despite the observed effect of the “obesity 
paradox,” the comorbidities associated with obe-
sity, such as diabetes mellitus, obstructive sleep 
apnea, and hypertension, lead to an increased risk 
of morbidity in obese patients with acute disease 
that alters their metabolism [38]. This is due in 
part to the immunomodulatory changes in obese 
patients as well as the effects of their comorbidi-
ties and the neuroendocrine interactions between 
the adipose tissue, gastrointestinal tract, and neu-
rologic system.

 Metabolic Stressors
Surgical stress, trauma, burn injuries, and critical 
illnesses can result in an adaptive state where 
catabolism predominates, leading to energy con-
sumption and tissue breakdown. During these 
conditions, inflammatory responses are upregu-
lated with numerous interleukins and tumor 
necrosis factor alpha. The systemic inflammatory 
response also stimulates the release of other hor-
mones, such as cortisol and glucagon, which can 
drastically change the metabolic balance in 
patients. The degree to which the host experi-
ences the stress is directly proportional to the 
catabolic response; these effects can persist for 
weeks to months following the injury of illness.

Metabolic stressors create a stressed meta-
bolic milieu. Intially described by Cuthbertson, 
“the post-shock metabolic response to injury” 
“ebbs” and “flows [39].” The early post injury 
patient exhibits a depressed metabolic state (the 
“ebb”). This phase begins immediately after the 
inciting insult and is characterized by tissue per-

fusion. Physiologic stress leads to a catechol-
amine, cortisol, and glucagon surge, which 
results in insulin resistance and hyperglycemia 
by increasing glycogenolysis, lipolysis, and glu-
coneogenesis. The onset of the “flow” phase is 
signaled by the restoration of oxygen delivery 
and metabolic substrate. Elevated circulating cat-
echolamines lead to increased cardiac output and 
increase oxygen consumption globally in the 
body. Interleukins, such as IL-1, IL-2, and IL-6, 
increase the body temperature and cellular turn-
over of immune cells, leading to increased energy 
expenditure [40]. Lipolysis is blocked, and pro-
tein serves as an endogenous source of fuel dur-
ing a stressed metabolic state. The initially ebb 
phase starts immediately after the initial stress 
and tends to peak around 3–5 days after insult. If 
the primary threat is not removed (i.e., source 
control), then the body remains in a deleterious 
state losing protein and muscle. This is very com-
mon in the critically ill population.

The severity of the stressor can be correlated by 
examining the resting energy expenditure (REE), 
based on indirect calorimetry. Severe stressors 
such as sepsis and burns can increase the REE any-
where from 20% to 60% and 40% to 80%, respec-
tively [41, 42]. Even minor stressors, such as a 
single long bone fracture, can increase the REE 
10–30%. These catabolic drivers are exacerbated 
by the wound healing process which requires 
increased energy and increased nutrients, increas-
ing both protein catabolism and insulin resistance 
to allow cellular ATP production [43]. Part of the 
protein catabolism generates large amounts of ala-
nine and glutamine, as well as other conditionally 
essential amino acids, as substrates for the 
increased REE [44]. Cellular sensing pathways for 
amino acids are further dysregulated in stressed 
states with increased pulsatile release of growth 
hormone, leading to increased cellular signaling 
for protein catabolism to produce conditionally 
essential amino acids [45, 46].

The body reacts to the initial inflammatory 
states with a compensatory anti-inflammatory 
response syndrome (CARS), which can present its 
own problems for the surgeon(s) caring for the 
patient. During this time, IL-6 elevation persists, 
and there is a rapid expansion of myeloid-derived 
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suppressor cells (MDSCs), which secrete IL-10 
and TGF-β and continue to stimulate protein catab-
olism [47, 48]. These responses result in immuno-
suppression, lean body mass wasting, and an 
increased risk of long-term complications, such as 
chronic kidney disease [49]. As these processes 
continue over the course of weeks, they become 
part of a multifactorial syndrome of persistent 
inflammation-immunosuppression catabolism syn-
drome (PICS). These prolonged effects of metabo-
lism derangement demonstrate the necessity of 
proper nutrition during acute inflammatory states.

The primary objective is to decrease the cata-
bolic state by obtaining source control and treat-
ment of the original and subsequent stresses, such 
as secondary infections. Providing optimal nutri-
tional support with the appropriate energy sources 
is crucial. Enteral nutrition is preferred over par-
enteral, but parenteral is preferred over no nutri-
tion if approaching 5–7  days without nutrition. 
Hard indications for parenteral nutrition include 
bowel obstruction, high-output fistulas, short gut 
syndrome, and malabsorptive diseases. Providing 
nutrition too early can be harmful, so a balance 
between intestinal and splanchnic perfusion and 
timing of enteral nutrition is important.

As nutritional supplementation is begun, it is 
important to watch for refeeding syndrome, 
defined as the potentially fatal shifts in fluids and 
electrolytes that may occur in malnourished 
patients receiving artificial refeeding. The under-
lying causative factor of refeeding syndrome is the 
metabolic and hormonal changes caused by rapid 
refeeding, whether enteral or parenteral. These 
shifts result from hormonal and metabolic changes 
and may cause serious clinical complications. The 
hallmark biochemical feature of refeeding syn-
drome is hypophosphatemia. However, the syn-
drome is complex and may also feature abnormal 
sodium and fluid balance; changes in glucose, pro-
tein, and fat metabolism; thiamine deficiency; 
hypokalemia; and hypomagnesemia.

 Genomics Impacting Metabolism

There is considerable promise in genetic studies 
that identify diseases of metabolism and guide 

therapy for individual patients. Each individual 
patient can exhibit a unique response to injury or 
insult. The uniqueness of the response is con-
trolled by the individual genetic footprint [50]. 
As the scientific community grows to understand 
the genetic compositions and alterations, new 
developments can aid clinicians to improve over-
all outcomes.

 Metabolomics
Metabolomics is the systematic identification 
and quantification of metabolic products. Mass 
spectrometry, NMR spectroscopy, and genomic 
profiling are the techniques used for metabolo-
mic identification. Genomic analysis is increas-
ing in speed and accuracy improving the 
understanding of metabolites. Both mass spec-
trometry and NMR spectroscopy can measure 
large amounts of small molecules. Multiple 
associations are being investigated such as the 
relationship between intestinal microbiome and 
obesity and others.

 Inborn Errors in Metabolism
Inborn errors of metabolism are a very large 
group of rare genetic diseases that result from a 
defective enzyme causing in a block in a meta-
bolic pathway. This interruption is usually clini-
cally significance and impacts overall outcome. 
Genetic metabolic errors include urea cycle dis-
orders, organic acidemias, fatty acid oxidation 
defects, amino acidophathies, carbohydrate dis-
orders, and mitochondrial disorders. The study of 
this field is ever evolving and holds exciting pros-
pects for the future of medicine.
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Fluid and Electrolytes

Bishwajit Bhattacharya and Linda L. Maerz

 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 established 
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 demonstrated that 
fluid losses related to injury could be treated with 
intravascular volume repletion. This work pro-
vided the foundation for intravenous 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 elec-
trolyte 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 man-
agement. The relationship between disorders of 
water balance and sodium metabolism is delin-
eated, as are the physiology and management of 
disorders of sodium, potassium, calcium, magne-
sium, 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 exchangeable 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 lubricants of the serous membranes. This type 
of fluid is poorly exchangeable and comprises 
approximately 4% of the TBW. The exchangeable 
components of the compartments comprising TBW 
are in dynamic equilibrium [5].
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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 and 
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 original “third space” litera-
ture was reviewed by Brandstrup and colleagues 
in the early 2000s. They determined that the evi-
dence in the early literature supporting the con-
cept 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 
because the intravascular volume is markedly 
diminished in these clinical scenarios. 
Hypoperfusion is the end result in these cases 
and is best managed with restoration of circulat-

ing 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 
consequences 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 manifestation 
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 intravascular 
space. Therefore, the volume of the interstitial 
space is highly variable. This relationship 
between the intravascular space and the interstitial 
space is possible because of the membranes that 
separate the body fluid compartments [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 cat-
ions, including potassium, calcium, and magne-
sium. The cations are electrochemically balanced 
principally by chloride and lactate anions. 
Bicarbonate, phosphate, 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 
potassium content of the body (42 mEq/kg). The 
ICF also contains smaller quantities of other cat-
ions, including magnesium and sodium. 
Phosphates and intracellular proteins are the pri-
mary anions of the ICF, and chloride and bicar-
bonate are present in lower concentrations [5].

The principles of osmosis dictate the move-
ment of water between fluid compartments. 
Osmotic equilibrium occurs when two solutions 
separated by a semipermeable membrane 
equalize the concentration of osmotically active 
particles on either side of that membrane as water 
moves along a concentration gradient. Osmolarity 

B. Bhattacharya and L. L. Maerz



19

is measured in milliosmoles per liter, 
mOsm/L. Osmolality is measured in milliosmoles 
per kilogram H2O, mOsm/kg H2O.  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 O serum Na glucose BUN/ / / .2 2 18 2 8( ) = ´ éë ùû + ++

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 the 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].

 Volume Control Mechanisms

Under normal physiologic circumstances, plasma 
osmolality is tightly controlled, averaging 
289 mOsm/kg H2O. 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 physi-
ology has been the subject of significant investi-
gation since the latter years of the last millennium. 
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 pro-
teins that regulate the flow of water. These water 
channels are ubiquitous in nature, including in 
the human body. Aquaporin proteins are com-
prised 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 spe-
cific 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 (AQP2), aquaporin-3 
(AQP3), and aquaporin-4 (AQP4). AQP3 and 
AQP4 are embedded in the basolateral plasma 
membrane. ADH binds to the vasopressin-2 (V2) 
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receptor on the basal membrane of the renal 
collecting duct. This triggers redistribution of 
AQP2 from intracellular vesicles into the apical 
plasma membrane. Water enters into the cells via 
AQP2 and exits through AQP3 and AQP4 [21].

The mechanism of action of ADH with respect 
to the water permeability of the renal collecting 
duct has therapeutic implications. A number of 
nonpeptide V2 antagonists (vaptans) have been 
developed. The mixed V2/V1a antagonist conivap-
tan was approved by the US Food and Drug 
Administration (FDA) in 2005 for intravenous use 
in the treatment of euvolemic and hypervolemic 
hyponatremia. Conivaptan produces aquaresis 
(solute-free water excretion), resulting in increased 
serum sodium levels, free water clearance, urine 
flow, and plasma osmolality [22, 23]. Vaptans 
developed subsequently include lixivaptan, tolvap-
tan, and satavaptan. Of these, tolvaptan has been 
approved by the US FDA.  However, ongoing 
investigation is required to establish the role of 
these drugs in routine clinical practice [24].

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 intrathoracic 
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). Intrarenal baroreceptors 
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 
natriuretic peptide system is an endocrine 
mechanism that regulates blood volume and 
electrolyte balance. There are three members of 
the mammalian natriuretic peptide family: atrial 

natriuretic peptide (ANP), brain or B-type 
natriuretic peptide (BNP), and C-type natriuretic 
peptide (CNP) [25, 26].

Renal prostaglandins (PGE2 and PGI2) may 
play a role in volume control, especially in 
conditions such as sepsis and jaundice. Normally, 
inhibition of prostaglandin production has little 
effect on renal function. However, nonsteroidal 
anti-inflammatory agents (inhibitors of 
cyclooxygenase) can precipitate renal failure in 
patients with renal dysfunction due to loss of the 
protective effects of renal prostaglandins [27].

Endothelins are peptide vasoconstrictors 
involved in volume and pressure regulation [28]. 
Nitric oxide (NO) is a free radical produced by 
nitric oxide synthases and is involved in many 
biologic functions, including volume and pressure 
regulation [29]. 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 (800–1500 mL/24 h), stool (0–250 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 contribu-
tor to insensible water loss. The normal daily 
sodium requirement is 1–2 mEq/kg/24 h; the potas-
sium 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 crystal-
loids and colloids. The appropriate choice of 
crystalloid or colloid solution depends on main-
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tenance 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 resusci-
tative fluid to replace loss of fluid with a similar 
composition to plasma and is ideal when the 
patient’s serum electrolyte concentrations are nor-
mal. LR has a relatively low sodium content 
(130  mEq/L), which makes this solution slightly 
hypotonic. Hyponatremia may result with excessive 
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 condi-
tions that mandate a higher Posm. The lactate in LR 
occurs as sodium-lactate, which dissociates at phys-
iologic pH. The lactate anions are metabolized to 
bicarbonate and, therefore, do not contribute to aci-
dosis under normal conditions [30].

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 
NaHCO3/L can be utilized (1/2 NSS + 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 administered 
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 compared 
to standard crystalloid resuscitation. However, 
caution should be used because of the potential 

for induction of significant acid–base and electro-
lyte abnormalities [31].

Naturally occurring plasma volume expanders 
include albumin preparations (4, 5, 20, and 25%) 
and fresh frozen plasma. Only 5 and 25% albumin 
are available in the United States. Albumin 
preparations are usually prepared in NSS; 
therefore, large volume administration can result 
in HCMA. Additionally, the albumin molecule is 
of such a molecular weight that it readily passes 
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 pharmacologic 
agent carriage, detoxification, and immune 
responsivity [32].

Synthetic colloids have been utilized as resus-
citative fluids, especially in surgical patients. 
Hydroxyethyl starch (HES) preparations are the 
most common. They are categorized by their aver-
age molecular weight, degree of substitution (DS) 
(molar substitution: # hydroxyethyl groups per 
100 glucose groups), and concentration. Starches 
include hetastarch (DS  =  0.7), pentastarch 
(DS = 0.5), and tetrastarch (DS = 0.4). Six percent 
solutions have been the most commonly used in 
the United States. The vehicles for the starches 
differ. Hespan is a 6% solution of hetastarch 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 preparations [33]. 
Resuscitation with starch solutions alone provides 
little to no free water. Therefore, starch adminis-
tration must occur in conjunction with mainte-
nance fluid administration to mitigate against 
hyperoncotic renal injury [34].

 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 
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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

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 bodyweight IBW
actual IBW

= ( ) +
-( )1 3/

 

Maintenance fluid is hypotonic and contains 
5% dextrose as an aid in gluconeogenesis. The 
prototypical fluid is D51/2 NSS + 20 mEq KCl/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 category 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 [35, 36].

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 
ECF, 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 [37, 38]. 
Strategies to limit these inflammatory effects 
have been investigated [39]. Limited intravascular 
volume expansion 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% 
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 
diffuses 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 
characteristics 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 exogenously 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 
hypovolemia, burns, or hypoalbuminemia), the 
risk of death in the albumin-treated groups was 
higher than in the comparison groups [40, 41]. 
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 7000 critically ill patients. These 
patients did not require massive plasma volume 
administration. Albumin was noted to be as safe 
as saline in this population [32]. Albumin appears 
safe in most groups but may not provide a survival 
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advantage. In patients with traumatic brain injury, 
there may be a durable increased risk of death 
with exogenous albumin [40, 41].

The synthetic plasma expanders have histori-
cally been used as alternatives to albumin. These 
include the broad category of HES, delineated 
above. A paradigm shift in the use of these solu-
tions has occurred within the past few years. In 
2012, several papers were published comparing 
the use of HES to crystalloid in subsets of the 
critically ill population. Perner et  al. demon-
strated that patients with severe sepsis receiving 
HES 130/0.42 had an increased risk of death at 
day 90 and were more likely to require renal 
replacement therapy, compared to patients receiv-
ing Ringer’s acetate [42]. Myburgh et al. demon-
strated that there was no significant difference in 
90-day mortality between randomly selected 
critically ill patients resuscitated with 6% HES 
(130/0.4) or saline. However, more patients who 
received resuscitation with HES were treated 
with renal replacement therapy [43]. 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 vol-
umes of resuscitation fluid. In addition, they 
found that both low molecular weight HES and 
gelatin may impair renal function [44]. In 2013, a 
systematic review and meta-analysis published in 
JAMA found that in critically ill patients requir-
ing acute volume resuscitation, use of HES com-
pared with other resuscitation solutions was 
associated with a significant increased risk of 
mortality and acute kidney injury [45]. Of note, 
in 2013, the FDA and the European Medicines 
Agency (EMA) issued a warning that HES prod-
ucts should not be used in critically ill patients, 
including patients with sepsis, due to the poten-
tial for increased mortality and increased need 
for renal replacement therapy in these popula-
tions [46].

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 
concluded that there is no evidence to indicate 
that resuscitation with colloids reduces the risk of 
death, compared to resuscitation with crystalloids, 

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 crystalloids, 
continued use in clinical practice may not be 
justified [47]. When extrapolating these studies 
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.

More recently, attention has turned to a more 
nuanced approach to volume resuscitation in dif-
ferent surgical populations. For instance, the type 
of crystalloid used for resuscitation in critically ill 
patients has been revisited. A multicenter retro-
spective cohort study published in Critical Care 
Medicine in 2014 demonstrated that among criti-
cally ill patients with sepsis, resuscitation with 
balanced fluids (as opposed to normal saline) was 
associated with a lower risk of in-hospital mortal-
ity [48]. In 2018, the BICAR- ICU Study Group 
published a multicenter, open- label, randomized 
controlled phase 3 trial, which demonstrated that 
in critically ill patients with severe acidemia, 
sodium bicarbonate decreased the primary com-
posite outcome and 28-day mortality in a cohort 
of patients with acute kidney injury, where the 
primary outcome was a composite of death from 
any cause by day 28 and the presence of at least 
one organ failure at day 7 [49].

Differences in the temporal and quantitative 
approach to volume resuscitation in differing 
surgical subsets are also being addressed in the 
literature. For instance, a timely and aggressive 
initial approach to volume resuscitation in the 
hypotensive and hypovolemic septic patient may 
be warranted, analogous to the timely approach 
to administration of empiric broad-spectrum 
antibiotics in this population [50–54]. A 2018 
review takes the resuscitation of septic patients 
one step further and addresses the importance of 
de-escalation, cessation, and reversal of volume 
resuscitation, underscoring the importance of a 
systematic temporal approach [55].

On the other end of the spectrum, a more mea-
sured approach to the intraoperative resuscitation 
of elective surgical patients is generally warranted, 
as outlined in enhanced recovery after surgery 
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(ERAS) protocols [56–58]. However, optimal 
fluid management in elective patients is not 
entirely generalizable, as published by the RELIEF 
investigators, who demonstrated that among 
patients at increased risk for complications during 
major abdominal surgery, a restrictive fluid regi-
men was not associated with a higher rate of dis-
ability-free survival than a liberal fluid regimen, 
and a higher rate of acute kidney injury was noted 
in the restrictively managed patients [59].

 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 [60].

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 
reflection of total body sodium content [61]. 
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 
equal to or less than 135  mEq/L.  It is the most 
common electrolyte abnormality in the hospital-
ized 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 1 week of surgery [62]. Hyponatremia is a 
risk factor 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 [63–65]. Mortality likely rep-
resents the severity of the underlying disease and 
not accrual mortality from the electrolyte abnor-
mality itself [66]. Hyponatremia in critically ill 
patients is more likely secondary to elevated 
secretion of ADH without an osmotic stimulus 
[67–69]. Critically ill patients are also more likely 
to have multi-organ failure that is associated with 
impaired water handling [70]. The inflammatory 
cascade via interleukin-6 may also play a role in 
ADH secretion and hyponatremia [71].

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, confusion, seizures, 
cerebral herniation, coma, and death [72].

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 [61].

Hypovolemic hyponatremia results from a deficit 
of total body sodium and water with the sodium defi-
cit greater than the water deficit. The decrease in 

Table 2.1 Causes of hyponatremia

Hypovolemic hyponatremia
  Gastrointestinal losses
  Cerebral salt wasting
  Diuretics
  Third-space loss
Euvolemic hyponatremia
  SIADH
  Malignancy related
  Psychiatric polydipsia
  Glucocorticoid deficiency
  Hypothyroidism
Hypervolemic hyponatremia
  Congestive heart failure
  Liver failure
  Nephrotic syndrome
  Renal failure
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ECF increases ADH secretion to help preserve ECF 
volume. In hypervolemic hyponatremia, 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 hyponatremia. 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 fol-
lowing formula:

 
Sodiumdeficit lean bodyweight measured Na= ´ ´ - éë ùû( )+0 5 120.

Hyponatremia corrected at too rapid a rate 
may result in osmotic pontine demyelination 
(also known as central pontine demyelination 
or central demyelination syndrome). The 
development of this syndrome is a risk when 
there are sudden changes in concentration 
(more than 12–15 mEq/L per 24 h) or a rapid 
rate of change (>1–2 mEq/L/h). Clinically, the 
syndrome presents as generalized encephalop-
athy 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 hypo-
natremia that is rapidly corrected, such as alco-
holics, the malnourished, geriatric patients, 
and those with thermal injury [72–82].

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 
hyponatremia 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. Vasopressin receptor antagonists (vap-
tans) have been developed for the treatment of 
hypervolemic and euvolemic hyponatremia. 
However, their role in routine clinical practice 
remains to be determined [24].Vaptans are not 
approved for the treatment of hypovolemic 
hyponatremia [83].

Most hyponatremic patients are not symptom-
atic and do not require treatment with hypertonic 

saline. Most hyponatremic patients are euvolemic, 
and the most common diagnosis is syndrome of 
inappropriate antidiuretic hormone (SIADH). 
SIADH is a diagnosis of exclusion with specific 
criteria, including a plasma osmolality 
<270  mOsm/kg H2O; urine osmolality 
>100 mOsm/kg H2O; euvolemia; elevated urine 
sodium concentration; absence of adrenal, thy-
roid, pituitary, or renal insufficiency; and absence 
of diuretic use [61].

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 
in ICU patients with hypernatremia are greater 
than 30% [66]. Hypernatremia results from either 
free water deficit or excess total body sodium and 
can occur in the setting of hypovolemia, 
euvolemia, or hypervolemia. Therapy can be cor-
rectly 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 care-
fully to avoid cerebral edema. In general, just as 
is the case with hyponatremia, hypernatremia 
should be corrected as quickly as the onset. The 
mainstay treatment for hypernatremia is the 
replacement of the free water deficit. The deficit 
is calculated as follows:
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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 glu-
cose intolerance [84].

Hypokalemia refers to a serum potassium 
level of less than 3.5 mEq/L. Causes of hypokale-
mia include losses through the gastrointestinal 
(GI) tract via diarrhea, vomiting, or high naso-
gastric 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 potas-
sium in vitro [85]. 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 mus-
cle breakdown and necrosis. An ascending muscle 
paralysis may result in respiratory failure and arrest 
[86]. Cardiac signs include EKG changes appear-
ing as ST depression, flattened T waves, U waves 
and QT interval prolongation, and ventricular 
arrhythmias [87]. Disturbances in cardiac conduc-
tion resulting in death can be seen in patients with 
underlying cardiac disease and digitalis use [88].

Severe hypokalemia should be repleted intra-
venously or orally depending on the clinical sce-

nario. In cases of hypokalemia due to transcellular 
shifts, treating the underlying condition is neces-
sary, versus replacement in the case of true 
depletion. Sustained hypokalemia results from 
true depletion compared to transient hypokale-
mia from transcellular shifts. Serum potassium 
falls approximately 0.3  mEq/L for every 
100  mEq/L decrease in total body potassium 
[89]. 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 
[90, 91]. When serum potassium is below 

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
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3.0 mEq/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 5.0 mEq/L. Pseudohyperkalemia 
results from marked leukocytosis, thrombocyto-
sis, or hemolysis of collected specimens, result-
ing in release of intracellular potassium. 
Pseudohyperkalemia can also be seen in blood 
samples of patients who have hereditary sphero-
cytosis and hereditary stomatocytosis. A temper-
ature-dependent breakdown and leakage of 
potassium from these abnormal cells occur. There 
are many possible causes of true hyperkalemia 
(Table 2.3).

Mild hyperkalemia is usually asymptomatic 
but predominantly affects the muscular and car-
diac systems. Muscular symptoms include pares-
thesias, 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, widening of the 
QRS complex, AV conduction abnormalities, ven-
tricular fibrillation, and eventual asystole [87].

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 
potassium. Traditional teaching has held that 
there is an inverse relationship between serum 
potassium levels and pH [92]. However, this has 
been disproven, 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 
6.0  mEq/L should be treated emergently. 
Strategies include [86]:

 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. Extracorporeal 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 lifesaving 
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 
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 

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
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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 calcium is measured [93]. 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, and severe 
trauma or postoperatively after plasma volume 
expansion with hypocalcemic solutions and is 
associated with increased mortality [93, 94]. 
Cytokine levels in critically ill patients, especially 
tumor necrosis factor, interleukin-6, and 
prolactin, serve as a measure of systemic 
inflammation and correlate with the degree of 
hypocalcemia [95, 96].

Mild hypocalcemia is usually asymptomatic. 
However, severe derangements result in 
significant physiological consequences. 
Diminished cardiac contractility can result in 
refractory hypotension. Arrhythmias include 
ventricular tachycardia. Prolonged QT interval 
and marked QRS and ST segment changes may 
mimic acute myocardial 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 coagulation effect in the 
resuscitation of patients in massive hemorrhage 
[97]. 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 
paresthesias 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 pres-
ent with less pronounced symptoms that include 
neuromuscular irritability. At the bedside, hypocal-
cemia 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 a carpopedal spasm that is elicited 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 [98, 99].

Symptomatic hypocalcemia and severe hypo-
calcemia (0.8  mmol/L) should be treated with 
intravenous calcium administration [100–102]. 
Intravenous calcium can be administered as cal-
cium gluconate or calcium chloride. Calcium 
chloride has the advantage of being immediately 
available in equal amounts of calcium and chlo-
ride. Calcium gluconate must undergo hepatic 
degluconation to be available in the ionized form. 
Calcium chloride contains more calcium in terms 
of milliequivalents than calcium gluconate. 
Calcium infusions can also be used in the therapy 
of cardiac drug toxicity involving beta blockers 
and calcium channel blockers [101, 102].

Hypercalcemia is rare in the ICU setting and 
occurs in less than 15% of hospitalized patients 
[93]. 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 
immobilization are common etiologies. 
Hyperparathyroidism and malignancy causing 
excessive PTHrP are the most common causes of 
hypercalcemia in hospitalized patients, occurring 
in more than 50% of cases [103]. Conversely, 
among outpatients referred to endocrinologists 
for hypercalcemia, more than 90% are found to 
have primary hyperparathyroidism [104]. Other 
causes include renal failure, thyrotoxicosis, 
adrenal insufficiency, and drugs. In particular, 
thiazides may increase proximal tubule reabsorp-
tion of calcium [98, 99, 103].
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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. 
Hypercalcemia can be treated by volume expan-
sion with fluids followed by diuresis. In cases of 
excessive calcium reabsorption from bone due to 
underlying malignancy, a bisphosphonate or plica-
mycin may be used to suppress calcium reabsorp-
tion. 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 hypercalcemia 
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 
extracellular cation [104]. Normal serum 
concentration ranges from 1.5 to 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 magnesium is in the ionized form. Ionized 
magnesium is the biologically active form that 
can be measured using ion-selective electrodes, 
but this technique has limitations with respect to 
accuracy [105, 106]. 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 [107].

A serum magnesium level less than 1.5 mg/dL 
defines hypomagnesemia. There are several etiol-
ogies 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 hypophosphate-
mia. Hypokalemia and hypocalcemia are refrac-
tory to correction unless magnesium is replaced 
first [108, 109].

Hypomagnesemia is usually asymptomatic. 
When symptoms do occur, they are often similar 
to those associated with hypocalcemia, hypoka-
lemia, and hypophosphatemia due to the close 
metabolic relationship of the cations. Symptoms 
include muscle weakness, cramps, seizures, and 
arrhythmias, namely, torsades de pointes. The 
treatment for torsades de pointes and symptom-
atic hypomagnesemia is intravenous replacement 
of magnesium, 1–2 g over 5 min.

Table 2.4 Causes of hypomagnesemia

Inadequate intake
GI 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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Magnesium also has therapeutic properties in 
certain clinical scenarios. Magnesium competi-
tively binds to N-methyl-d-aspartate receptors to 
depress the seizure threshold and is therefore used 
in the treatment of preeclampsia and eclampsia 
[108–111]. Magnesium also has smooth muscle 
relaxant properties that make it useful for treating 
bronchospasm in asthmatics [110, 111].

Hypermagnesemia is usually seen in the set-
ting of renal failure, because normal kidneys can 
excrete large quantities of magnesium, up to 
500 mEq/day [104]. Other etiologies are exten-
sive 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 symptoms range from depressed deep 
tendon reflexes to muscle paralysis, including 
respiratory depression at levels above 8–10 mg/
dL.  Neurologic symptoms include somnolence 
and lethargy. Cardiovascular symptoms include 
bradycardia and hypotension unresponsive to 
volume expansion and vasopressors. Complete 
heart block resulting in cardiac arrest is seen at 
levels approaching 20  mg/dL [104, 112]. 
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 mag-
nesium toxicity may require dialysis. 
Hypermagnesemia is a rare phenomenon in the 
ICU setting, excluding patients undergoing tocol-
ysis 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 [104]. The metabolic path-
ways of the two ions are closely intertwined. 
Phosphate plays an important role as a constitu-
ent of nucleic acids, phospholipids, complex car-
bohydrates, glycolytic intermediates, enzymatic 
phosphoproteins, and nucleotide cofactors for 
enzymes. Phosphate is also important for energy 

metabolism as a constituent of ATP. Phosphate 
levels are regulated 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 
hypophosphatemia is less than 1%, whereas mild 
or moderate hypophosphatemia occurs in 2–5% 
of these patients [113].

Hypophosphatemia results in several clinical 
manifestations. Neuromuscular symptoms vary 
depending on the degree of phosphate depletion, 
ranging from progressive lethargy, muscle weak-

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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ness, and paresthesias to paralysis, coma, and 
death. Confusion, profound weakness, paralysis, 
seizures, and other major sequelae are usually 
limited to those patients who have serum phos-
phate concentrations lower than 0.8–1.0  mg/dL 
[114]. Rhabdomyolysis is observed within 2 days 
in more than one third of patients whose serum 
phosphate concentrations fall to less than 2 mg/dL 
[115]. Respiratory muscle weakness may prevent 
successful weaning from mechanical ventilation 
[116, 117]. Cardiac symptoms resulting from pro-
found hypophosphatemia include left ventricular 
dysfunction, heart failure, and ventricular arrhyth-
mias but may not be significant if the serum phos-
phate concentration is greater than 1.5  mg/dL 
[118]. 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 phos-
phate level greater than 4.5  mg/dL.  Elevated 
phosphate 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 neph-
rons. Cellular damage from rhabdomyolysis, 
tumor lysis syndrome, hemolysis, and thyrotoxi-
cosis may also result in increased phosphate lev-
els [119]. Iatrogenic causes include excess 
electrolyte correction, laxative use, and bisphos-
phonate therapy.

Hyperphosphatemia results in hypocalce-
mia through three mechanisms: (1) precipita-
tion of calcium, (2) interfering with PTH 
levels, and (3) decreasing vitamin D levels 
[120]. Hyperphosphatemia, therefore, clini-
cally presents as hypocalcemia. Tetany, muscle 
cramps, paresthesias, and seizures may occur. 
Calcium phosphate precipitation into soft tis-
sues may cause organ dysfunction, particularly 
renal failure.

Excess phosphate may be removed by increas-
ing urinary excretion with hydration and diuresis, 

acetazolamide being the most effective [121]. 
Dialysis may be necessary in acute cases. Patients 
with chronic renal failure may require oral phos-
phate 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 require-
ments may prevent phosphate load reduction.
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 General Principles

 Physiologic Basis for Acid–Base 
Disorders and Their Compensation

Normal arterial blood pH is maintained in a very 
narrow range, between 7.35 and 7.45. Changes 
seen in pH are a reflection of an inverse change 
in hydrogen ion (H+) concentration. By formula, 
pH is a negative logarithm of H+ concentration:

 
pH H= −  

+
log

10  

As such, at a blood pH of 7.40, there are 40 nEq/L 
of H+. Factors that increase H+ concentration, and 
reduce pH, or decrease H+ concentration, and 
increase pH, are called acidosis and alkalosis, respec-
tively. An increase in arterial blood H+ and decrease 
in pH is called acidemia, whereas a decrease in H+ 
and increase in pH is called alkalemia.

Calculation of pH in a buffer solution is per-
formed by using the Henderson–Hasselbalch 
equation. In blood, measurable quantities of CO2 

and HCO3
− are used as acid and base equiva-

lents, respectively: pH = pKa + log (base/acid) or 
pH = pKa + log [HCO3

−]/[H2CO2]. As H2CO2 is not 
measured, the proportionality constant between 
P
CO

2

 and [H2CO2], 0.03, is utilized to give us:

 
pH p HCO P
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= +   × 
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3
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pKa, the value describing the ratio of concen-
trations between buffer acids and buffer bases, 
for the HCO2

−/CO2 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.

Non-logarithmically, this can be expressed as 
the formula: [H+] = 24 ×  P

CO
2

/[HCO3
−].

 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 perturbations (Fig. 3.1). The most common 
mechanisms for compensation of pH abnormali-
ties is through the respiratory and renal systems 
which alter carbon dioxide (CO2) and bicarbon-
ate (HCO3

−) resorption and excretion. Carbon 
dioxide, a volatile acid, is a by-product of cellular 
aerobic respiration that combines with water to 
form carbonic acid (H2CO3), the dissociation of 
which can be catalyzed by carbonic anhydrase to 
produce protons (H+) and bicarbonate (HCO3

−).
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Nonvolatile acids can be produced by protein 
catabolism as seen with sulfuric acid (H2SO4), 
phospholipid breakdown as seen with phosphoric 

acid (H3PO4), as a by-product of anaerobic respi-
ration as is the case with lactate, or as a result of 
a disease process such as that seen with keto acid 
production in patients with diabetes.

Buffering solutions, weak acids or bases and 
their conjugate bases and acids, are the first 
line of defense against significant changes in 
pH. These can be found in abundance both in the 
intra- and extracellular compartments. The most 
important extracellular buffers are those in the 
bicarbonate and carbon dioxide system described 
above. Other buffering systems, such as phos-
phates, cellular proteins, and hemoglobin, also 
contribute 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 dioxide 
in the body to maintain a stable pH; the lungs 
compensate acutely and the kidneys generally 
compensate in a more chronic manner (Fig. 3.2).

Fig. 3.1 The relationship between the plasma hydrogen 
ion concentration ([H+]) and the pH of the blood (pH = −
log10[H+]). (Modified from Ref. [151])

Fig. 3.2 Systematic contributions to acid–base balance. (Modified from Ref. [151])
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 Renal System

Plasma flows to the kidneys at a rate of 
approximately 600 mL/min. The glomeruli fil-
ter 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 reabsorbed and returned to the 
plasma. Thus, the kidney can excrete only a 
very small amount of strong ions into the urine 
each minute, which means that hours or days 
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). Strong 
ions are those which dissociate completely in 
solution at a pH of interest (i.e., physiologic). 
The human diet typically contains similar ratios 
of strong cations to strong anions. The body’s 
multiple buffering systems act to preserve over-
all acid–base neutrality due to the effects of 
diet. Ultimately the primary regulating mecha-
nism is chloride exchange via the renal system 
to eliminate any excess ingested non-metabo-
lizable acid. However, the contribution of acid 
or alkali that the diet provides is a mere frac-
tion of the overall acid–base capacity processed 
each day in the human body. Given that renal 
Na+ and K+ handling is influenced by other pri-
orities (e.g., intravascular volume and plasma 
K+ homeostasis), it is logical that the kidney 
regulates excess acid through management of 
Cl− balance.

 Renal Reabsorption of Bicarbonate 
and Excretion of Acid

The kidneys play a large role in the chronic 
maintenance 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).

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 nullified by the presence of urinary buf-
fers (Figs. 3.4 and 3.5). Ammonia and phosphates 
are the most prevalent of these buffers. In condi-
tions such as renal insufficiency where ammo-
nia is deficient, metabolic acidosis may result. 
Ammonia production, which occurs in the proxi-
mal tubule and collecting tubule, is stimulated by 
acidemia and hypokalemia and inhibited by alka-
lemia and hyperkalemia (Fig.  3.6). Traditional 
approaches to the question of renal acid handling 
have focused on H+ excretion, emphasizing the 
importance of ammonia (NH3) and its related 

Fig. 3.3 Proximal tubular bicarbonate reabsorption is 
activated by the Na+ and K+-ATPase pump in the 
peritubular cell membrane. Exchanging peritubular K+ 
for intracellular 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. HCO3– filtered across the glomerular 
capillaries combines with secreted H+ to form H2CO3. 
Rapid dissociation of H2CO3 to CO2 and H2O in the 
presence of luminal carbonic anhydrase permits movement 
into the cell, where redissociation occurs. Ultimately, the 
reabsorbed H+ is resecreted in exchange for Na+, and 
HCO3– moves down an electrical gradient from the cell 
interior to the peritubular space, where it is reabsorbed 
into the systemic circulation. (Modified from Ref. [151])
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cation, ammonium (NH4
+). However, H+ excre-

tion actually 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 NH4

+ than in the form of H2O. The 
purpose of renal ammoniagenesis is to allow the 
excretion of Cl− without Na+ or K+. This purpose 
is achieved by supplying a weak cation (NH4

+) 
that is excreted along with Cl−. The mechanisms 
of RTA are currently being reinterpreted by some 
authors in the light of a growing body of evidence 
showing that abnormal chloride conductance, 
rather than H+ or HCO3

− handling, is responsible 
for these disorders [1].

 Kidney–Liver Interaction

The importance of NH4
+ to systemic acid–base 

balance rests not on its carriage of H+ or its direct 
action on the plasma pH (normal plasma NH4

+ 
concentration <0.01 mEq/L) but on its excretion 

with Cl−. Production of NH4
+ is not restricted 

to the kidney. Hepatic ammoniagenesis (as well 
as glutaminogenesis) is also important for sys-
temic acid–base balance and is also tightly con-
trolled by mechanisms sensitive to plasma pH 
[2]. This reinterpretation of the role of NH4

+ 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 NH4

+. Normally, the 
liver releases only a very small amount of NH4

+, 
incorporating most of its nitrogen into either urea 
or glutamine. Hepatocytes enzymes facilitate 

Fig. 3.5 Secretion of H+ from the cortical collecting 
tubule is indirectly linked to Na+ reabsorption. 
Intracellular potassium is exchanged for sodium in the 
principal cells, whereas H+ is actively transported by an 
adenosine triphosphate (ATPase) pump from the 
α-intercalated cells. Aldosterone stimulates H+ secretion 
by entering the principal cell, where it opens Na+ channels 
in the luminal membrane and increases NA+ and 
K+-ATPase activity. The movement of cationic Na+ into 
the principal cells then creates a negative charge within 
the tubular lumen. K+ moves from the principal cells and 
H+ from the α-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 α-intercalated cell is stimulated. 
Aldosterone apparently also stimulates the H+-ATPase 
directly in the intercalated cell, further enhancing H+ 
secretion. HCO3 is returned to the blood across the 
peritubular membrane in exchange for Cl–, thus 
maintaining electroneutrality. (Modified from Ref. [151])

Fig. 3.4 All of the ammonia used to buffer urinary H+ in 
the collecting tubule is synthesized in the proximal 
convoluted tubule, and glutamine is assumed to be the 
main source of this ammonia. As glutamine is metabolized, 
α-ketoglutarate (α-KG) is formed, which ultimately 
breaks down to bicarbonate, which is then secreted into 
the peritubular fluid by an NA+–HCO2– cotransporter. 
(Modified from Ref. [151])

C. R. Reed et al.



41

production of these end products, which allow 
regulation of plasma NH4

+ at suitably low levels. 
The kidneys, however, use glutamine to generate 
NH4

+ and facilitate Cl− excretion. Thus, produc-
tion of glutamine by the liver can be seen as hav-
ing an alkalinizing 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 [5]. The 
upstream (urea-producing) hepatocytes have the 
first chance at the NH4

+ delivered. However, aci-
dosis inhibits ureagenesis, thereby leaving more 
NH4

+ available for the downstream (glutamine- 

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 

Na+–K+–2Cl transporter. In the interstitium, ammonium 
dissociates to ammonia, which diffuses down its 
concentration gradient into the lumen of the collecting 
tubule. Here ammonia combines with secreted H+ to form 
ammonium; NH4+ is then excreted as NH4Cl to maintain 
electroneutrality. A bicarbonate molecule is regenerated 
for each H+ eliminated in the urine. ATPase, adenosine 
triphosphatase. (Modified from Ref. [151])

3 Acid–Base Physiology



42

producing) hepatocytes. The leftover NH4
+ is 

thus, in a sense, packaged as glutamine 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 physiol-
ogy until regulation of the massive amounts of 
ionic molecules it handles is perturbed [6]. The 
gut handles strong ions very differently along its 
length. In the stomach, Cl− is pumped out of the 
plasma and into the lumen, thereby reducing the 
SID and the pH. Simultaneously, as the Cl− ion 
is pumped into the lumen, HCO3

− is pumped 
in the opposite direction into the plasma via an 
exchanger. The SID is increased by the loss of 
Cl− and the pH rises, producing the so-called 
alkaline tide that occurs at the beginning of a 
meal, when gastric acid secretion is maximal [7].

In the duodenum, Cl− is reabsorbed and the 
plasma pH is normalized. Only slight changes in 
plasma pH are evident in the normal duodenal 
circulation because Cl− is returned to the circula-
tion almost as soon as it is removed. However, if 
gastric secretions are removed from the patient, 
whether by catheter suctioning or vomiting, 
Cl− will be progressively lost and the SID will 
steadily increase and acidosis ensues. Loss of 
H+ initiates alkalosis by abruptly increasing the 
HCO3

− in circulation; however, Cl− loss is the 
primary persistent lesion that maintains alkalo-
sis. Consider that although H+ is lost as HCl, it is 
also lost with every molecule of water removed 
from the body. When Cl−, a strong anion, is lost 
without 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 HCl, 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 Cl−. 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., 
with pancreatic fistula), the resulting decrease in 
the plasma SID may lead to systemic acidosis.

In the colon, the intraluminal fluid also has a 
high SID because most of the Cl− 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 cat-
ion loss persists, the plasma SID will decrease 
and acidosis will result.

The small intestine may contribute strong ions 
to the plasma. This contribution is most appar-
ent when mesenteric blood flow is compromised 
and lactate is produced, sometimes in large quan-
tities. This is typically most pronounced after 
advanced ischemia and infarction. Interestingly, 
the intestine does not appear to be a source of 
lactate in sepsis, and actually removed lactate 
in an experimental models of endotoxemia [8, 
9]. However, whether the GI tract is capable of 
regulating strong ion uptake in a compensatory 
fashion under normal circumstances has not been 
well studied. There is some evidence that the 
gut may modulate systemic acidosis in experi-
mental endotoxemia by removing anions from 
the plasma [10]; however, the full capacity of 
the gut to affect acid–base balance remains to be 
determined.

 Respiratory Regulation of Carbon 
Dioxide

Alveolar ventilation changes due to subtle fluxes 
in pH through signals from respiratory chemore-
ceptors in the midbrain. For example, when arte-
rial pH decreases (acidemia), the acute response 
is to increase alveolar ventilation (minute ven-
tilation is a product of respiratory rate and tidal 
volume) to return the pH toward its set point 
(Fig. 3.7).
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 Description and Classification 
of Acid–Base Disorders

There are three widely accepted methods of 
describing and classifying acid–base abnormali-
ties. Essentially, they differ from one another 
only with the assessment of the metabolic com-
ponent of the abnormality. All three treat P

CO
2

 as 
an independent variable. The first method quanti-
fies the metabolic component by using the bicar-
bonate ion (HCO3

−) concentration (in the context 
of P

CO
2

); the second, by using the standard base 
excess (SBE); and the third, by using the SID. In 
practice, these three methods usually yield vir-

tually identical results when used to quantify 
the acid–base status of a given blood sample [1, 
11–16]. Thus, the only significant distinctions 
between the methods are conceptual, related to 
how each one approaches the understanding of 
the mechanism of the disorder [14–17]. In this 
chapter, we emphasize Stewart’s physicochemi-
cal determinants of pH in the blood and the tis-
sues utilizing the approach of the SID to describe 
acid–base status in each compartment; however, 
it is a simple matter to convert from one approach 
to the other if desired [3]. Traditional techniques 
of assessing acid–base status relied largely on the 
difference in anion gap. This usually results in a 

Fig. 3.7 Oxygen and 
carbon dioxide exchange 
between respiratory and 
circulatory systems. 
ATPase, adenosine 
triphosphate. (Modified 
from Ref. [151])
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similar assessment of acid–base derangement but 
may provide an incomplete picture without con-
sidering non-bicarbonate buffers. This can lead 
to errors in clinical practice as the other compo-
nents, such as derangements in weak anions and 
cations, may be missed.

In the physicochemical approach, 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 potassium [K+]) and strong 
anions (e.g., chloride [Cl−]); (2) the Atot, defined 
as the total concentration of weak acids mainly 
consisting of albumin and phosphate; and (3) 
P
CO

2

. Under normal conditions, only these three 
variables independently affect plasma pH.  The 
H+ and HCO3

− concentrations are dependent vari-
ables whose values in plasma are determined by 
the SID, Atot, and P

CO
2

. 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

CO
2

. The SBE is math-
ematically equivalent to the difference between 
the current SID and the SID required restoring 
the pH to 7.4, given a P

CO
2

 of 40  mm Hg and 
the prevailing Atot. Thus, an SBE of −10 mEq/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 inde-
pendent variables can bring about changes in the 
dependent variables. That is, movement of H+ or 
HCO3

− cannot affect plasma H+ or HCO3
− con-

centrations unless changes in the SID, Atot, or 
P
CO

2

 also occur. Several reviews of this approach 
are available in the literature [1, 12–23]. In what 
follows, we discuss the clinical application of 
this approach to the diagnosis 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., CO2) and fixed acids, its pH is deter-
mined by the net effects of all these components 
on the dissociation of water. The determinants of 
blood pH can be grouped into two broad catego-
ries, respiratory and metabolic. Respiratory acid–
base disorders are disorders of P

CO
2

; metabolic 
acid–base disorders comprise all other conditions 
affecting pH, including disorders of both weak 
acids and strong acids (organic and inorganic) 
and bases. Any of the following indicators serves 
to identify an acid–base disorder:

 1. An abnormal arterial blood pH (pH <7.35 sig-
nifies acidemia; pH >7.45 signifies 
alkalemia)

 2. An arterial carbon dioxide tension ( P
CO

2

) that 
is outside the normal range (35–45 mm Hg)

 3. A plasma HCO3
− 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, how-
ever, prolonged exposure to the atmosphere 
results in a lowering of the P

CO
2

, and over time, 
there may be contributions from ongoing cel-
lular metabolism in the specimen. Accordingly, 
prompt measurement is always advisable. Even 
with prompt measurement, laboratory errors 
may occur, and information may be incorrectly 

C. R. Reed et al.



45

reported. Samples drawn from indwelling lines 
may be diluted by fluid or drug infusions (a noto-
rious source of error).

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 find-
ings may not reflect the actual blood gas values 
present. Because blood samples are “normal-
ized” to a temperature of 37  °C before under-
going analysis, the results obtained in samples 
from a patient whose body temperature is sig-
nificantly lower than 37  °C (98.6  °F) may not 
be 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 
controversy regarding whether it has real clini-
cal value [24, 25].

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 compensated, mixed acid–base disorder (i.e., 
alkalosis plus acidosis) in which the two compo-
nents are completely matched. Apart from distin-
guishing a respiratory acid–base disorder from a 
metabolic acid–base disorder, the four indicators 
and the rules previously mentioned (Table  3.1) 

provide no information on the mechanism of an 
acid–base disorder.

 Metabolic Acid–Base Disorders

Metabolic acid–base derangements are pro-
duced by a significantly greater number of 
underlying disorders than respiratory disorders 
and are almost always more difficult to treat. 
Traditionally, metabolic acidoses and alkaloses 
are categorized according to the ions that are 
responsible (e.g., ketoacidosis).

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 mis-
handling of ions (as with renal tubular acidosis 
[RTA]), or by the addition of exogenous anions 
(as with iatrogenic acidosis or poisoning). In con-
trast, metabolic alkalosis is caused by an inappro-
priately large SID (although it may be possible 
for the SID to be inappropriately large without 
exceeding the normal range of 40–42  mEq/L). 
An increase in the SID may be brought about by 
the loss of more strong anions than strong cations 
(as with vomiting or diuretic therapy) or, in rare 
instances, by the administration of more strong 

Table 3.1 Acid–base disorder subtypes

Disorder

pH Parameter
HCO3

− concentration 
(mEq/L) P

CO
2

 (mm g) SBE (mEq/L)
Metabolic acidosis < 7.35 < 22 = (1.5 × HCO3

−) + 8
= 40 + SBE

< −5

Metabolic alkalosis > 7.45 > 26 = (0.7 × HCO3
−) + 21

= 40 + (0.6 × SBE)
>  + 5

Acute respiratory acidosis < 7.35
= −( )



 +P

CO
2

40 10 24/
> 45 = 0

Chronic respiratory acidosis 7.35–7.45
= −( )



 +P

CO
2

40 3 24/
> 45 = × −( )0 4 40

2

. P
CO

Acute respiratory alkalosis > 7.45
= − −( )



24 40 5

2

P
CO

/
< 35 = 0

Chronic respiratory alkalosis 7.35–7.45
= − −( )



24 40 2

2

P
CO

/
< 35 = × −( )0 4 40

2

. P
CO
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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 are corrected by increas-
ing the plasma Na+ concentration more than the 
plasma Cl− concentration (e.g., by administering 
NaHCO3), and metabolic alkaloses are corrected 
by replacing lost Cl− (e.g., by giving sodium chlo-
ride [NaCl], potassium chloride [KCl], or even 
hydrochloric acid [HCl]). The so-called chlo-
ride-resistant metabolic alkalosis (see sections 
“Metabolic Alkalosis” and “Chloride- Resistant 
Alkalosis”) is resistant to chloride administra-
tion only because of ongoing renal Cl− loss that 
increases in response to increased Cl− replace-
ment (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 
administration of drugs or fluids, or (3) abnormal 
metabolism that overwhelms the normal com-
pensatory 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.

 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 [26]. It is calcu-
lated—or, rather, estimated—from the difference 
between the routinely measured concentrations 
of serum cations (Na+ and K+) and the routinely 
measured concentrations of anions (Cl− and 

HCO3
−). 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., 
Ca2+ and Mg2+), which tend to offset the effects 
of sulfate, except when the concentration of one 
is abnormally increased. Plasma proteins other 
than albumin can be either positively or nega-
tively charged, but in the aggregate, they tend to 
be electrically neutral [27], except in rare cases of 
abnormal paraproteins (as in multiple myeloma). 
In practice, the AG is calculated as follows:

 
AG Na K Cl HCO= +( ) − +( )+ + − −

3  

Because of its low extracellular concentra-
tion, K+ is often omitted from the calculation. 
In most laboratories, normal values fall into the 
range of 3–16 mEq/L when K+ is included and 
3–12 mEq/L when it is not. In the past few years, 
the introduction of more accurate methods of 
measuring Cl− concentration has led to a gen-
eral lowering of the normal AG range [28, 29]. 
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 invari-
ably one of the following five disorders: ketosis, 
hyperlactatemia, poisoning, renal failure, and 
sepsis [30].

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 [31, 32]. Systemic hypovolemic 
status usually increases the concentrations of all 
of the ions. Severe hypoalbuminemia lowers the 
AG, with each 1 g/dL decline in the serum albu-
min reducing the apparent AG by 2.5–3 mEq/L; 
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accordingly, some recommend adjusting the AG 
for the prevailing albumin concentration [33]. 
Alkalosis (respiratory 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 phospho-
fructokinase enzymatic activity), reduction in 
the concentration of ionized 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 Mg2+ concentration 
with associated low K+ and Ca2+ concentrations 
is a known cause of an increased AG, as is the 
administration of sodium salts of poorly reab-
sorbable anions (e.g., β-lactam antibiotics) [34]. 
Certain parenteral nutrition formulations (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, par-
ticularly if massive doses of banked blood are 
used (as during liver transplantation) [35]. None 
of these rare causes, however, will increase the 
AG significantly [36], and they usually are easily 
identified.

In the past few years, some additional causes 
of an increased AG have been reported. The 
nonketotic hyperosmolar state of diabetes has 
been associated with an increased AG of uncer-
tain and probably multifactorial etiology [37]. 
Unmeasured anions have been reported in the 
blood of patients with sepsis [38, 39], patients 
with liver disease [40, 41], and experimental ani-
mals that received endotoxin [42]. These anions 
may be the source of much of the unexplained 
acidosis seen in patients with critical illness [43].

The accepted clinical utility of the AG not-
withstanding doubt has been cast on its diagnostic 
value in certain situations [31, 39]. Some inves-
tigators have found routine reliance on the AG 
to be “fraught with numerous pitfalls” [31]. The 
primary problem with the AG is its reliance on 
the use of a supposedly normal range produced 
by albumin and phosphate. Concentrations of 
albumin and phosphate may be grossly abnormal 
in patients with critical illness, and these abnor-
malities 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 concerns have led some authors to 
advocate adjusting the normal AG range on the 
basis of the patient’s albumin [33] or even phos-
phate [14] concentration. Each 1  g/dL of albu-
min 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 [17]:

 

Normal AG albumin g dL

phosphate mg dL

= [ ]( )
+ [ ]( )
2

0 5

/

. /
 

or, in international units,

 

Normal AG albumin g L

phosphate mmol L

= [ ]( )
+ [ ]( )
0 2

1 5

. /

. /
 

In one study, when this formula for calculating 
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) 
[17]. This technique should be employed only 
when the pH is less than 7.35; even in this situ-
ation, 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 [40, 44].

 Strong Ion Gap

An alternative to relying on the traditional AG is to 
use a parameter derived from the SID. By defini-
tion, the SID must be equal and opposite to the 
sum of the negative charges contributed by A− and 
total CO2. This latter value (A− +  total CO2) has 
been termed the effective strong ion difference 
(SIDe) [37]. The apparent strong ion difference 
(SIDa) is obtained by measuring concentrations of 
each individual ion. The SIDa and the SIDe should 
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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 difference between the SIDa 
and the SIDe has been termed the strong ion gap 
(SIG) to distinguish it from the AG [40]. Unlike 
the AG, the SIG is normally 0 and is not affected 
by changes in the pH or the albumin concentra-
tion. 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 [45].

 Lactate

In many forms of critical illness, lactate is an 
important correlate of both metabolic acidosis 
and outcomes [46]. In particular, lactate con-
centrations have been shown to correlate with 
outcomes in patients with hemorrhagic [47] 
and septic shock [48]. Traditionally, lactate has 
been viewed as the predominant source of the 
metabolic acidosis that occurs in sepsis [49]. In 
this view, lactate is released primarily from the 
musculature and the gut as a consequence of 
anaerobic metabolism given tissue dysoxia, and 
the amount of lactate produced is believed to cor-
relate with the total oxygen debt, the magnitude 
of hypoperfusion, and the severity of shock [46].

This view has been challenged for decades 
by the observations that during sepsis, even in 
profound shock, resting muscle does not pro-
duce lactate. Indeed, various studies have shown 
that the musculature and gut may actually con-
sume lactate during endotoxemia [9, 50, 51]. 
More recently, authors have suggested that a 
global “hypermetabolic” state in which lactate 
production is increased sufficient to overwhelm 
clearance mechanisms may actually be a major 
contributor to hyperlactatemia during sepsis, 
rather than anaerobic metabolism [52].

Interestingly, lactic acid has a pKA of <4, 
meaning that is 99% dissociated at even remotely 

physiologic pH [53] and thus essentially only 
exists as lactate in both intra- and extracellular 
physiologic compartments. Therefore, the con-
cept of lactate’s causal relationship in metabolic 
acidosis that commonly accompanies its abun-
dance has been challenged since at least 1978 
[54]. In experimental models of cellular respi-
ration using skeletal muscle, nonmitochondrial 
ATP molecule hydrolysis releases protons that 
are implicated in the acidosis of intense exercise, 
which is also accompanied by lactate release. 
Therefore, skeletal muscle hyperlactatemia may 
be seen as tightly associated with metabolic aci-
dosis during critical illness or hypermetabolism, 
despite the entrenched concept of its causal rela-
tionship in development of systemic lactic acido-
sis [55]. Evidence from studies of cardiomyocytes 
concurs that acid release during ischemia is inde-
pendent of lactate generation [56]. Although the 
source and interpretation of hyperlactatemia in 
critically ill patients remain controversial, there 
is a strong association between lactate accumula-
tion and metabolic acidosis.

Lactate has been suggested as a biomarker for 
gut ischemia and associated abdominal sepsis. 
There is little question that the gut can release 
lactate if it is severely hypoperfused. 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 lactate release or takes up lactate 
[9, 50]. Perfusion is likely to be a major deter-
minant of mesenteric lactate 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 [51].

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 [9, 
57–60]. These studies do not address the under-
lying pathophysiologic mechanisms of hyper-
lactatemia in sepsis, but they do suggest that 
the conventional wisdom regarding lactate as 
evidence of tissue dysoxia is, at best, an over-
simplification [61]. Indeed, many investigators 
have begun to offer alternative explanations for 
the development of hyperlactatemia in this set-
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ting [58, 61–65]. One proposed mechanism is 
metabolic dysfunction from mitochondrial enzy-
matic derangements, which can lead to increased 
lactate generation and release. In particular, 
pyruvate dehydrogenase (PDH), the enzyme 
responsible for moving pyruvate into the Krebs 
cycle, is inhibited by endotoxin [66]. The role of 
aerobic hypermetabolism and increased produc-
tion of lactate exceeding capacity for its removal 
during catabolism has also been investigated and 
suggested to contribute, especially during sepsis 
[67].This suggests that hyperlactatemia in sep-
sis 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 [59]. Lactate production alters cyto-
solic, and hence mitochondrial, redox states, so 
that the increased ratio of reduced nicotinamide 
adenine dinucleotide to nicotinamide adenine 
dinucleotide (NADH/NAD) supports oxidative 
phosphorylation as the dominant source of ATP 
production. Finally, the use of catecholamines, 
especially epinephrine, also results in hyperlacta-
temia, presumably by stimulating cellular metab-
olism (e.g., increasing hepatic glycolysis), and 
was associated with acidosis in the ICU [60, 68]. 
It is noteworthy that this phenomenon does not 
appear to occur with either dobutamine or norepi-
nephrine [69] and does not appear to be related to 
decreased tissue perfusion.

Historically, hyperlactatemia has been sub-
divided into type A, in which the mechanism is 
tissue hypoxia, and type B, in which there is no 
hypoxia [70, 71]. This distinction may, however, 
be an artificial one. Disorders such as sepsis may 
be associated with hyperlactatemia through a vari-
ety 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 [72], with 
ratios greater than 25:1 considered to be evidence 
of anaerobic metabolism [65]. This approach 
makes biochemical sense because pyruvate is 
shunted into lactate during anaerobic metabolism, 

dramatically increasing the lactate-to-pyruvate 
ratio. However, the precise test characteristics, 
including normal ranges and sensitivity and speci-
ficity data, have not yet been defined for patients; 
furthermore, the relative importance of anaerobic 
metabolism versus other sources of lactate dur-
ing sepsis remains under study. Accordingly, this 
method remains investigational.

Treatment of metabolic acidosis with hyper-
lactatemia continues to be a subject to debate. 
At present, the only noncontroversial approach 
is to treat the underlying cause; however, this 
approach assumes that the underlying cause can 
be identified with a significant degree of cer-
tainty, which is not always the case. The assump-
tion that hypoperfusion is always the most likely 
cause has been seriously challenged, especially in 
well- resuscitated patients. Thus, therapy aimed at 
increasing oxygen delivery may not be effective. 
Indeed, if epinephrine is used, lactatemia and aci-
dosis may worsen.

The vast majority of metabolic acidoses in 
association with hyperlactatemia are seen with 
the l-isomer. The d-isomer of lactate may also be 
associated with 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 [73].

 Sodium Bicarbonate

The efficacy of NaHCO3 to treat metabolic acido-
sis with hyperlactatemia remains unproven [74]. 
In perhaps the most widely quoted study on this 
topic, hypoxic lactatemia was induced in anesthe-
tized dogs by ventilating them with hypoxic gas 
[75]. These animals were then assigned to treat-
ment with NaHCO3 or placebo, and, surprisingly, 
the group receiving NaHCO3 actually had higher 
plasma concentrations of both lactate and H+ than 
the control group did. Furthermore, the NaHCO3-
treated animals exhibited decreases in cardiac 
output and blood pressure that were not seen in 
the control group. One possible explanation for 
these findings is that the HCO3

− was converted to 
CO2, and this conversion raised the P

CO
2

 not only 
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in the blood but also inside the cells of these ani-
mals with a fixed minute ventilation; the resulting 
intracellular acidosis might have been detrimental 
to myocardial function. This hypothesis has not, 
however, been supported by subsequent experi-
mental studies, which have not documented para-
doxical intracellular acidosis or even detrimental 
hemodynamic effects after NaHCO3 treatment 
of hypoxic acidosis [76]. Furthermore, it is not 
clear how this type of hypoxic acidosis, induced 
in well-perfused animals, relates to the clinical 
conditions in which hyperlactatemia occurs in 
critically ill patients. The results of clinical stud-
ies have been mixed, but, overall, they do not 
support the use of NaHCO3 therapy for metabolic 
acidosis with hyperlactatemia [74].

 Ketoacidosis

Ketone body production is a relatively common 
cause of metabolic acidosis with AG and arises 
from excessive production of acetone, acetoac-
etate, and β-hydroxybutyrate. Both acetoacetate 
and β-hydroxybutyrate are strong anions (pK 3.8 
and 4.8, respectively) [77]. 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 insu-
lin. In diabetics, hyperglycemia may produce an 
osmotic diuresis that leads to volume contraction. 
This state is associated with elevated cortisol and 
catecholamine secretion, which further stimu-
lates free fatty acid production [78]. In addition, 
an increased glucagon level relative to the insu-
lin level leads to a decreased malonyl coenzyme 
A level and an increased carnitine palmitoyl 
acyl transferase level—a combination that also 
increases ketogenesis.

Treatment of DKA includes administra-
tion of insulin and large amounts of fluid 
(0.9% saline is usually recommended); potas-
sium replacement is usually required as well. 
Fluid resuscitation reverses the hormonal 
stimuli for ketone body formation, and insulin 
allows the metabolism of ketones and glucose. 
Administration of NaHCO3 may produce a 

more rapid rise in the pH by increasing the SID, 
but there is little evidence that this result leads 
to better outcomes. Furthermore, to the extent 
that the SID is increased by increasing the 
plasma Na+ concentration, the SID will be too 
high once the ketosis is cleared, thus resulting 
in a so-called overshoot alkalosis. In any case, 
such measures are rarely necessary and should 
be avoided except in cases of very extreme aci-
dosis (i.e., pH <6.9 [79, 80]).

A common problem in the treatment of DKA 
is the persistence of acidemia after the ketosis has 
resolved. This hyperchloremic metabolic acidosis 
occurs as Cl− replaces keto acids, thus maintaining 
a decreased SID and pH. There appear to be two 
reasons for this phenomenon. First, exogenous Cl− 
is often provided in the form of 0.9% saline, which, 
if given in large enough quantities, will result in a 
so-called dilutional acidosis [80]. 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 produces electrical–chemical forces that 
favor Cl− reabsorption [81–83].

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) 
glucose rather than insulin [84]. Insulin is contra-
indicated in AKA patients because it may cause 
precipitous hypoglycemia [85]. 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 
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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 early respiratory alkalosis, mixed 
metabolic acidosis–respiratory alkalosis, or a 
pure metabolic acidosis. The metabolic compo-
nent of acidosis is typically seen in association 
with organic acid (keto acid and lactate) reten-
tion due to the activity of salicylate on cellular 
metabolism. Treatment is focused initially upon 
securing the patient’s airway if indicated and 
then removing the offending agent by perform-
ing gastric lavage for a recent ingestion. In an 
awake and alert patient (or after definitive airway 
is secured), activated charcoal administration 
may prevent further absorption from the GI tract. 
Refractory acidosis and toxicity is treated with 
aggressive hydration and subsequent alkaliniza-
tion of the urine with NaHCO3. Hemodialysis 
may be necessary for severe poisoning [86].

 Alcohols
Alcohol intoxication may be suspected based on 
clinical presentation and history. This toxidrome 
is characterized by an increased osmolar gap 
metabolic acidosis (Posm = 2 × Na+ + Glucose/18 
+ BUN/2.8) owing to unaccounted alcoholic acids 
in circulation without other osmolytes to account 
for this gap (mannitol, IV contrast) [87].

 Ethylene Glycol
Antifreeze ingestion may present as a patient who 
appears intoxicated but with an atypical sweet 
oral odor. Over time, these patients may prog-
ress to severe neurological impairment, including 
seizures or coma. In the appropriate clinical con-

text, initial treatment should not be delayed for 
laboratory confirmation and includes aggressive 
volume resuscitation, alcohol dehydrogenase 
inhibition (i.e., ethanol or fomepizole), thiamine 
and pyridoxine supplementation, and, if neces-
sary, hemodialysis. Fomepizole, an alcohol dehy-
drogenase inhibitor, may be a better choice than 
ethanol as it is dialyzable and titratable and has 
a predictable rate of elimination [88]. Finally, 
metabolic acidosis is associated with worse out-
comes owing to increased tissue penetration of 
protonated glycolic acid derivatives; therefore, it 
is recommended that all patients with ethylene 
glycol intoxication and accompanying acidosis 
be treated with IV NaHCO3.

 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 
to those for ethylene glycol intoxication), CNS 
toxicity and retinal damage may occur.

 Isopropyl Alcohol
Intoxication with isopropyl alcohol may be 
the result of ingestion or excessive absorption 
through the skin. Although isopropanol and its 
metabolite, acetone, may cause an osmolar gap, 
they do not typically cause a systemic metabolic 
acidosis. Treatment is centered around symptom-
atic control; however, if worsening acidosis or 
cardiovascular collapse ensue, hemodialysis may 
be necessary in severe cases [87].

 Renal Failure

Renal failure may produce a hyperchloremic 
metabolic acidosis, especially when it is chronic, 
the buildup of sulfates and other acids frequently 
increases the AG; however, the increase usually is 
not large [89]. Uncomplicated renal failure rarely 
produces severe acidosis, except when it is accom-
panied by high rates of acid generation (e.g., from 
hypermetabolism) [90]. 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 

Table 3.2 Classic causes of anion gap metabolic acidosis

Methanol
Uremia
Diabetic ketoacidosis
Paraldehydes
Isoniazid (or idiopathic)
Lactic acidosis (hyperlactatemia)
Ethylene glycol
Salicylates
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showed that acidosis was secondary to three causes: 
hyperphosphatemia, hyperchloremia, and increased 
unmeasured anions [91]. 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 Cl− 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. NaHCO3 may be used for 
this purpose, provided that the plasma Na+ concen-
tration is not already elevated.

 Acidosis Secondary 
to Rhabdomyolysis

The extensive muscle tissue breakdown associ-
ated with myonecrosis may also be a source of 
positive-AG metabolic acidosis. The acidosis 
results from accumulation of organic acids, but 
the myoglobinuria associated with the disorder 
may also induce renal failure. In most cases, the 
diagnosis is a clinical one and can be facilitated 
by measuring creatine kinase or aldolase levels. 
Early identification and aggressive resuscita-
tion may prevent the onset of renal failure and 
improve the prognosis [92].

 Acidosis of Unknown Origin

Several causes of AG acidosis have been reported 
that have yet to be elucidated. An unexplained 
AG in the nonketotic hyperosmolar state of dia-
betes has been reported [37]. In addition, even 
when very careful measurement techniques have 
been employed, unmeasured anions have been 
reported in the blood of patients with sepsis [38, 
39, 93], patients with liver disease [40], and ani-
mals to which endotoxin had been administered 
[41]. Furthermore, unknown cations also appear 
in the blood of some critically ill patients [20, 
39, 94, 95]. The significance of these findings 
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 asso-
ciated with particular outcomes in critically ill 
patients. Two such studies focused on trauma 
patients. In one, the investigators examined 2152 
sets of laboratory data from 427 trauma patients 
and found that the SIG altered the acid–base 
disorder diagnosis in 28% of the datasets [96]. 
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; hyperlactatemia and hyperchlore-
mia 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 slightly improved by 
controlling for unmeasured ions. In this dataset, 
survivors could not be differentiated from non-
survivors 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 difference in the SIG 
between survivors and nonsurvivors, 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 
[97]. In another study, however, pretreatment 
SIG was found to be a very strong predictor of 
outcome in 282 patients who had sustained major 
vascular injury [98]. All but one of the nonsurvi-
vors 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 associ-
ated with outcome, but the SIG was the one that 
discriminated most strongly. The investigators 
concluded that initial ED acid–base variables, 
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especially SIG, could distinguish survivors of 
major vascular injury from nonsurvivors. A sub-
sequent prospective study in 78 trauma patients 
by the same group showed again the high predic-
tive ability of SIG with an AUC of 0.96 (95% CI 
0.89–0.99) when predicting mortality, which was 
superior to SBE (0.63), lactate (0.60), AG (0.8), 
AGc (0.86), and pH (0.50) [39].

Even though the uncorrected AG and the SBE 
correlate poorly with the arterial lactate concen-
tration in trauma patients [99], 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 lactatemia and 
mortality in both medical patients and surgical 
or trauma patients and that it cannot be substi-
tuted for direct measurement of the serum lactate 
concentration [31, 100, 101]. Some investigators, 
however, have found that the SBE can be used 
as a marker of injury severity and mortality and 
as a predictor of transfusion requirements [102–
104]. 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 lactate 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 lac-
tate levels and oxygen transport were measured at 
ICU admission and at 8, 16, 24, 36, and 48 h [105]. 
In those patients whose lactate levels returned to 
normal within 24 h, the survival rate was 100%, 
and in those whose lactate levels returned to nor-
mal between 24 and 48  h, the survival 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 normalization of the 
serum lactate level is an important prognostic fac-
tor 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., hyperchloremic, 
SIG) influences outcome as demonstrated by 
Gunnerson and colleagues [105, 106].

 Non-anion Gap Acidosis 
(Hyperchloremic)

Hyperchloremic metabolic acidosis occurs as 
a result of either an increase in the level of Cl− 
relative to the levels of strong cations (espe-
cially Na+) or a loss of cations with retention 
of Cl−. 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 Cl− 
concentration in the urine [107, 108]. When 
acidosis occurs, the kidney normally responds 
by increasing Cl− excretion; the absence of 
this response usually identifies the kidney’s 
mishandling as the primary lesion. Extrarenal 
hyperchloremic acidoses occurs because of 
exogenous Cl− loads (iatrogenic acidosis) or 
because of loss of cations from the GI tract 
without proportional loss of Cl− (gastrointes-
tinal acidosis).

Table 3.3 Non-anion gap metabolic acidosis

Renal tubular acidosis
  Types I, II, and IV
Diarrhea
High-output enterocutaneous fistula
Pancreatic fistula
Iatrogenesis (i.e., saline resuscitation)
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
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 Gastrointestinal Tract Loss

Fluid secreted into the gut lumen contains more 
Na+ than Cl−; 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 Cl−, will result in 
a decreased plasma Na+ concentration relative to 
the Cl− concentration and a reduced SID. Such a 
scenario can be prevented by using solutions such 
as lactated Ringer’s solution (LRS) instead of 
water or saline. LRS has a more physiologic SID 
than water or saline and therefore does not pro-
duce acidosis except in rare circumstances [109].

 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) [110]. However, caution must 
be exercised 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 Cl− and K+ and may 
be used to unmask the defect and to probe K+ 
secretory capacity.

Establishing the specific mechanisms of RTA 
beyond the general concepts of tubular ammo-
nium excretion insufficiency and NaHCO3 wast-
ing has proved difficult. It is likely that much of 
the difficulty results from the attempt to under-
stand the physiology from the perspective of 
regulation of H+ and HCO3

− concentrations. In 
all types of RTA, a major characteristic defect is 
the inability to excrete Cl− in proportion to excre-
tion of Na+, although the precise reasons for this 
inability vary by RTA type. Treatment is largely 
dependent on whether the kidney will respond to 
mineralocorticoid replacement and whether there 
is Na+ loss that can be counteracted by adminis-
tering NaHCO3.

Classic distal (type I) RTA responds to oral 
NaHCO3 replacement or sodium citrate; gener-
ally, the required dosage of NaHCO3 is in the 
range of 50–100 mEq/day. Hypokalemia is also 

common in this type of RTA; thus, K+ replace-
ment is also frequently required until the meta-
bolic acidosis is completely treated. There is 
also a common hyperkalemic variant of type I 
RTA in which the central defect appears to be 
impaired Na+ transport in the cortical collecting 
duct. Patients with this condition also respond to 
NaHCO3 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 
acids is also impaired. Treatment of type II 
RTA with NaHCO3 results in increased excre-
tion. Therefore, large amounts of NaHCO3 are 
required, and thiazide diuretics have been used 
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, min-
eralocorticoid replacement is required.

 Iatrogenic Acidosis

Two of the most common causes of hyper-
chloremic metabolic acidosis are iatrogenic, 
and both involve administration of exogenous 
Cl−. One of these potential causes is parenteral 
nutrition. Metabolic acidosis is the most com-
mon acid–base derangement associated with 
parenteral nutrition. This has long been recog-
nized as a common problem among critically ill 
patients supported with this nutritional modal-
ity [111]. Modern parenteral nutrition formulas 
contain weak anions (e.g., acetate) in addition to 
Cl−, and the proportions of these anions can be 
titrated according to the acid–base status of the 
patient. Other contributory mechanisms include 
direct administration of cationic amino acids, 
amino acids containing sulfur groups, and thia-
mine deficiency, which is common among mal-
nourished patients [112]. If sufficient amounts 
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of weak anions are not provided in the formula, 
the plasma Cl− concentration will increase, 
reducing the SID and causing acidosis. Patients 
receiving TPN should undergo frequent moni-
toring of acid–base status along with electro-
lytes at the initiation of therapy, especially those 
who are critically ill and at risk for refeeding 
syndrome and other derangements. Enteral 
nutrition appears to be much safer with respect 
to acid–base homeostasis, likely owing to the 
gut’s intrinsic roles as a barrier to and regula-
tor of acids. However, there has been even less 
investigation into the formula- and volume- 
specific effects of enteral nutrition on whole- 
body acid–base homeostasis than there has been 
with normal dietary intake.

The other potential cause is fluid resuscitation 
with saline, which can give rise to a so-called 
dilutional acidosis, a problem first described more 
than 40 years ago [113, 114]. Some authors have 
argued that dilutional acidosis is, at most, a minor 
issue [115]. This argument is based on studies 
showing that in healthy animals, large doses of 
NaCl produce only a minor hyperchloremic aci-
dosis [116]. 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 criti-
cally ill patients, for two reasons. First, it is com-
mon 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 
start with considerable acid–base derangements, 
i.e., renal insufficiency. Furthermore, critically 
ill patients may not be able to compensate for 
acid–base imbalance normally (e.g., by increas-
ing ventilation), and they may have abnormal 
buffer capacity as a result of hypoalbuminemia. 
In ICU and surgical patients [117–119], as well 
as in animals with experimentally induced sepsis 
[120], 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 Cl− affect plasma concentra-

tions of Na+ and Cl− differently [121]. Although 
some authors continue to argue that a simple 
“dilutional” effect of fluids on the amount of 
base (HCO3-) is sufficient to explain the phe-
nomenon [122], this concept has been questioned 
[123]. The normal serum Na+ concentration is 
35–45 mEq/L higher than the normal Cl− concen-
tration. Adding, for example, 154 mEq/L of each 
ion in 0.9% saline will result in a greater relative 
increase in the Cl− 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 [124]. 
The positive charge of the SID is balanced by the 
negative charges of A− and total CO2, but many 
critically ill patients are hypoalbuminemic, and 
A− tends to be reduced. Because arterial P

CO
2

 
is maintained for other reasons, a reduction in 
A− leads to a reduction in SID so that a nor-
mal 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 then devel-
ops in this patient, the SID will decrease further. 
If this patient is subsequently resuscitated with 
large volumes of 0.9% saline, a significant meta-
bolic 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 
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 resuscitation 
also reduces the weak acid concentration, thereby 
moderating the acidosis. One ex vivo study con-
cluded that administration of a solution with 
an SID of approximately 24 mEq/L will have a 
neutral effect on the pH as blood is progressively 
diluted [125].
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 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 diagnosis difficult. In many instances, the 
presence of unexplained anions may be the cause 
[38–40]. However, anions such as amino acids, 
uric acid, and organic acids were shown to con-
tribute to SIG only in 7.9% in critically ill patients 
with metabolic acidosis [126, 127], whereas in 
other cases, there is a hyperchloremic acidosis 
[93]. 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 [120].

One potential explanation for unexplained 
hyperchloremic acidosis is partial loss of the 
Donnan equilibrium between plasma and inter-
stitial 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 Cl− moves into the 
plasma space to restore the charge balance, a 
strong anion is replacing a weak anion, and a 
hyperchloremic metabolic acidosis results. This 
hypothesis appears reasonable but, at present, 
remains unproven. Given mounting evidence for 
balanced crystalloids as the resuscitation medium 
of choice, use of 0.9% NaCl should be reserved 
only for critically ill patients in whom the clini-
cal situation clearly indicates its use over LRS or 
similar crystalloid [128].

 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 stomach 

and albumin from the plasma) or increases in cat-
ions (rare). Metabolic alkaloses can be divided into 
those in which Cl− losses are temporary and can be 
effectively replaced (chloride-responsive alkaloses) 
and those in which hormonal mechanisms produce 
ongoing losses that, at best, can be only temporar-
ily offset by Cl− administration (chloride-resistant 
alkaloses) (see Table  3.5). Like hyperchloremic 
acidosis, metabolic alkalosis can be confirmed by 
measuring the urine Cl− concentration.

 Chloride-Sensitive Metabolic 
Alkaloses

Chloride-responsive metabolic alkalosis usually 
occurs as a result of loss of Cl− from the stom-
ach (e.g., through vomiting or gastric drainage). 
Treatment consists of replacing the lost Cl−, typi-
cally with NaCl. Because chloride-responsive 
alkalosis is usually accompanied by volume 
depletion, the most common therapeutic option 
is normal saline along with KCl. Hypovolemia 

Table 3.5 Metabolic alkalemia causes

Chloride loss (Cl– < 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 Cl– concentration 
> 20 mmol/L)
  Mineralocorticoid excess
  Primary hyperaldosteronism (Conn syndrome)
  Secondary hyperaldosteronism
  Cushing syndrome
  Exogenous corticosteroids
  Excessive licorice intake
  Ongoing diuretic use
Exogenous sodium load (Na+ > Cl–)
  Sodium salt administration (acetate, citrate)
  Massive blood or albumin transfusions
  Parenteral nutrition
  Plasma volume expanders
  Sodium lactate (lactated Ringer’s solution)
Other
Severe deficiency of intracellular cations (Mg2+, K+)
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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 Cl− 
yields a larger relative increase in the Cl− concen-
tration than in the Na+ concentration.

Diuresis and other forms of volume contraction 
cause metabolic alkalosis mainly by stimulating 
aldosterone secretion; however, potassium- wasting 
diuretics also directly stimulate excretion of K+ 
and Cl−, further complicating the problem and 
inducing metabolic alkalosis more rapidly.

 Chloride-Resistant Metabolic 
Alkaloses

Chloride-resistant alkalosis is characterized by an 
increased urine Cl− concentration (>20 mmol/L) 
and ongoing Cl− loss that cannot be abolished by 
Cl− replacement. Most commonly, the immedi-
ate cause is increased mineralocorticoid activity. 
Treatment involves identification and correction 
of the underlying disorder.

 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 Cl−. 
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 are catego-
rized according to the presence or absence of 

unmeasured anions. These unmeasured anions 
are routinely detected by examining the plasma 
electrolytes and calculating the AG (see below). 
The differential diagnosis for a positive-AG aci-
dosis includes various common and rare causes 
(Table 3.2). Generally speaking, non-AG acido-
ses 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 (or metabolic acidosis 
with hyperlactatemia), ketoacidosis, iatrogenic 
acidosis, and acidosis secondary to toxins.

Even fairly profound acidosis appears to be 
well-tolerated 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 con-
centration higher than 20 mEq/L during maxi-
mal exercise, with no lasting effects [129]. 
Over the long term, however, even mild acide-
mia (pH <7.35) may lead to bone disease and 
protein catabolism. Furthermore, critically ill 
patients may not be able to tolerate even brief 
episodes of acidemia [130]. There do appear to 
be significant differences between respiratory 
and metabolic acidoses (and even among dif-
ferent types of metabolic acidosis) with respect 
to patient outcome, and these differences sug-
gest that the underlying disorder may be more 
important than the absolute degree of acidemia 
[106, 107, 131].

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 NaHCO3), there 
is a risk of alkalosis when the underlying disor-
der 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 accu-
rately determined from the SBE. As noted (see 
above), the SBE corresponds to the amount by 
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which the current SID differs from the SID nec-
essary to restore the pH to 7.4, given a P

CO
2

 of 
40 mm Hg [20]. 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+ concen-
tration would have to increase by 10 mEq/L for 
NaHCO3 administration to correct the acidosis 
completely.

It should be noted that the target SID is the 
SID at the equilibrium point of the SID, P

CO
2

, 
and Atot and that it may not be equal to 40 mEq/L, 
as in the example given. By convention, P

CO
2

 is 
set at 40 mm Hg, but the SBE is not corrected 
for abnormalities in Atot. In many hypoalbumin-
emic patients, Atot is lower than normal; thus, 
the SID at the equilibrium point will be less than 
40 mEq/L [132]. Also, it is rare that the choice 
would be made to correct the acid–base abnor-
mality 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., hypernatre-
mia), NaHCO3 administration is inadvisable. It is 
noteworthy that NaHCO3 administration has not 
been shown to improve outcome in patients with 
hyperlactatemia and metabolic acidosis [74]. In 
addition, NaHCO3 administration is associated 
with certain disadvantages [133]. Large (hyper-
tonic) doses, if given rapidly, may actually reduce 
blood pressure [134] and may cause sudden, 
severe compensatory increases in Pa

CO
2

 [135]. 
Accordingly, it is important to assess the patient’s 
ventilatory status before NaHCO3 is administered, 
particularly if the patient is not on a ventilator. 
NaHCO3 infusion also affects serum K+ and Ca2+ 
concentrations, which must be monitored closely.

Dichloroacetate has been utilized for treat-
ment of congenital metabolic acidoses due to 
its ability to stimulate pyruvate dehydrogenase, 
which results in a decrease in the production of 
lactate. However, due to the observation of toxic-
ity, including limb paralysis and other neuropa-
thies, it is no longer recommended for use in the 
treatment of metabolic acidosis with hyperlacta-
temia [136–139].

THAM (tris-hydroxymethyl aminomethane) 
is a synthetic buffer that consumes CO2 and read-

ily penetrates cells [133, 140]. 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 NaHCO3 cannot be used 
because of hypernatremia. Although THAM has 
been available since the 1960s, there is surpris-
ingly little information available regarding its 
efficacy in humans with acid–base disorders. In 
small uncontrolled studies, THAM was capable 
of reversing metabolic acidosis secondary to keto-
acidosis or renal failure without causing obvious 
toxicity [141]. However, adverse reactions have 
been reported, including hypoglycemia, respira-
tory depression, and even fatal hepatic necrosis, 
especially when using greater concentrations. In 
Europe, a mixture of THAM, acetate, NaHCO3, 
and disodium phosphate is available. This mix-
ture, known as tribonate (Tribonat, Pharmacia 
and Upjohn, Solna, Sweden), seems to have 
fewer side effects than THAM alone does, but as 
with THAM, experience 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 similar, even though the 
underlying disease process may vary. CO2 is pro-
duced by cellular metabolism or by the titration 
of HCO3

− by metabolic acids. Normally, alveo-
lar ventilation is adjusted to maintain the Pa

CO
2

 
between 35 and 45 mm Hg. When alveolar venti-
lation is increased or decreased out of proportion 
to the Pa

CO
2

, a respiratory acid–base disorder 
exists.

 Pathophysiology

CO2 is produced by the body at a rate of 220 mL/
min, which equates to production of 15 moles of 
carbonic acid each day [142]. By way of compari-
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son, total daily production of all the nonrespiratory 
acids managed by the kidney and the gut amounts 
to less than 500 mmol per day. Pulmonary venti-
lation is adjusted by the central respiratory center 
in response to increased Pa

CO
2

, decreased pH, 
and decreased Po2. Normal Pa

CO
2

 (40 mm Hg) 
is attained by precisely matching alveolar ventila-
tion to metabolic CO2 production. Pa

CO
2

 changes 
in predictable ways as a compensatory ventilatory 
response to the altered arterial pH produced by 
metabolic acidosis or alkalosis (see Table 3.1).

 Respiratory Acidosis

 Mechanism

When the rate of CO2 elimination is inadequate 
relative to the rate of tissue CO2 production, the 
Pa

CO
2

 rises to a new steady state, determined 
by the new relation between alveolar ventila-
tion and CO2 production. In the short term, this 
rise in the Pa

CO
2

 increases the concentrations 
of both H+ and HCO3

− according to the carbonic 
acid equilibrium equation. Thus, the change in 
the HCO3

− concentration is mediated not by any 
systemic adaptation but by chemical equilibrium. 
The higher HCO3

− concentration does not buffer 
the H+ concentration. The SID does not change, 
nor does the SBE. Tissue acidosis always occurs 
in respiratory acidosis because CO2 inevitably 
builds up in the tissue.

If the Pa
CO

2

 remains elevated, a compensatory 
response will occur, and the SID will increase to 
return the H+ concentration to the normal range. 
The increase in the SID is accomplished primar-
ily by removing Cl− from the plasma space. If 
Cl− moves into tissues or red blood cells, it will 
result in intracellular acidosis (complicated by the 
elevated tissue P

CO
2

); thus, to exert a lasting effect 
on the SID, Cl− must be removed from the body. 
The kidney is the most important organ in medi-
ating Cl− excretion, primarily as ammonium chlo-
ride. The adaptive capacity of the GI tract as a route 
of Cl− elimination has not been fully explored. 
Accordingly, patients with renal disease may be 
unable to adapt to chronic respiratory 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 [143]. It is unclear whether 
this amount of time is necessary because of 
the physiologic constraints of the system or 
because of benefits from not being overly sensi-
tive 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 HCO3

− 
concentration for a given P

CO
2

. Thus, the “adap-
tive” increase in the HCO3

− concentration is 
actually the consequence, not the cause, of the 
increased pH.  Although the HCO3

− concentra-
tion is a convenient and reliable marker of meta-
bolic compensation, it is not the mechanism of 
the compensatory response. This point is not 
merely a semantic one: as noted previously, 
only changes in the independent variables of 
acid–base balance ( P

CO
2

, Atot, and SID) can 
affect the plasma H+ concentration, and HCO3

− 
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 dis-
order. Acute respiratory acidosis may be caused 
by central nervous system (CNS) suppression; 
hypoventilation owing to pain after thoracic or 
abdominal procedures, neuromuscular diseases, 
or conditions that impair neuromuscular func-
tions (e.g., myasthenia gravis, hypophospha-
temia, and hypokalemia); or diseases affecting 
the airway or the lung parenchyma (e.g., asthma 
and acute respiratory dysfunction syndrome 
[ARDS]). The last category of conditions pro-
duces not only alveolar hypoventilation but also 
primary hypoxia. The two can be distinguished 
by means of the alveolar gas equation:

 
P O PO Pa
A I CO2 2

2

= − / R
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where R is the respiratory exchange coefficient 
(generally taken to be 0.8) and PIO2 is the inspired 
oxygen tension (approximately 150  mm Hg in 
room air). Thus, as the Pa

CO
2

 increases, the PAO2 
should also decrease in a predictable fashion. If 
the PAO2 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

In patients breathing room air, the Pa
CO

2

 can-
not exceed 80  mm Hg before life-threatening 
hypoxemia results, implicating hypoxemia as an 
earlier threat to life than acidosis mediated by. 
Accordingly, supplemental oxygen is required 
in the treatment of these patients. Unfortunately, 
increasing oxygenation in surgical patients is 
rarely sufficient treatment by itself, and it gen-
erally proves necessary to address the ventila-
tory defect. When the underlying cause can be 
addressed quickly (as when the effects of nar-
cotics are reversed with naloxone), endotracheal 
intubation may be avoidable. In the majority 
of patients, however, this is not the case, and 
mechanical ventilatory support must be initiated 
by either noninvasive methods (i.e., bi-level posi-
tive airway pressure [BiPAP]) or endotracheal 
intubation. Mechanical support is indicated for 
patients who are unstable or at risk for instability 
and patients in whom CNS function is deteriorat-
ing. In patients who exhibit signs of respiratory 
muscle fatigue, mechanical ventilation should 
be instituted before respiratory failure occurs. 
Therefore, it is not the absolute Pa

CO
2

 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 deteriorat-
ing acutely. In this setting, it is important not 
to try to restore the Pa

CO
2

 to the normal range 

of 35–45  mm Hg. Instead, the patient’s base-
line Pa

CO
2

, if known, should be the therapeutic 
target; if the baseline Pa

CO
2

 is not known in a 
patient with long-standing respiratory insuffi-
ciency presumed to have hypercapnia, a target 
Pa

CO
2

 of 60  mm Hg is a reasonable choice. 
Overventilation can have two undesirable conse-
quences. First, if the Pa

CO
2

 is rapidly normalized 
in a patient with chronic respiratory acidosis and 
an appropriately large SID, life-threatening alka-
lemia may ensue. Second, even if the Pa

CO
2

 is 
corrected slowly, the plasma SID may decrease 
over time, making it impossible to wean the 
patient from mechanical ventilation.

BiPAP can be a useful initial treatment 
for patients with hypercapnia and acidosis. 
This technique is appropriate in the manage-
ment of those patients whose sensorium is not 
impaired and is generally contraindicated after 
recent foregut surgery [144]. Rapid infusion of 
NaHCO3 in patients with respiratory acidosis 
may induce acute respiratory failure if alveolar 
ventilation is not increased to account for the 
increased CO2. Thus, if NaHCO3 is to be given, 
it must be administered slowly, with alveolar 
ventilation adjusted appropriately. Furthermore, 
it must be remembered that NaHCO3 works by 
increasing the plasma Na+ concentration; if this 
effect is not possible or not desirable, NaHCO3 
should not be given.

Occasionally, it is useful to reduce CO2 pro-
duction. 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 
CO2 production. Rarely, however, can hypercap-
nia be controlled with these CO2- reducing tech-
niques alone.

 Permissive Hypercapnia

There has been considerable interest in ventilator- 
associated lung injury and strategies to decrease 
barotrauma. Overdistention of alveoli can result 
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in tissue injury and microvascular permeability, 
which lead to interstitial and alveolar edema. In 
animal studies, prolonged use of elevated airway 
pressures and increased lung volumes resulted 
in increased pathologic pulmonary changes and 
decreased survival when compared with ven-
tilatory strategies employing lower pressures 
and volumes [145, 146]. In a large multicenter 
clinical trial, simply lowering the tidal vol-
ume 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 [147]. 
Although the protocol followed in this trial did 
not advocate a reduced minute ventilation and 
hence an elevated Pa

CO
2

, this approach, often 
referred to as permissive hypercapnia or con-
trolled hypoventilation, has been increasingly 
used clinically. Uncontrolled studies suggest that 
permissive hypercapnia may reduce mortality in 
patients with severe ARDS [131]. This strategy 
is not, however, without risks. Sedation is man-
datory, 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 reduc-
tions (i.e., 7.25).

 Respiratory Alkalosis

Respiratory alkalosis is a frequently encoun-
tered acid–base disorder. It occurs in residents of 
high- altitude locales and in persons with any of 
a wide range of pathologic conditions, the most 
important of which are salicylate intoxication, 
early sepsis, hepatic failure, and hypoxic respira-
tory disorders. Respiratory alkalosis also occurs 
in association with pregnancy and with pain or 
anxiety. Hypocapnia appears to be a particularly 
strong negative prognostic indicator in patients 
with critical illness [148]. Like acute respiratory 
acidosis, acute respiratory alkalosis results in a 
small change in the HCO3

− concentration, as dic-

tated by the Henderson–Hasselbalch equation. If 
hypocapnia persists, the SID begins to decrease 
as a consequence of renal Cl− reabsorption. After 
2–3  days, the SID assumes a new and lower 
steady state [149].

Severe alkalemia is unusual in respiratory 
alkalosis. Management therefore is typically 
directed toward the underlying cause [150].

 Pseudorespiratory Alkalosis

The presence of arterial hypocapnia in patients 
experiencing profound circulatory shock has 
been termed pseudorespiratory alkalosis [114]. 
This condition occurs when alveolar ventilation 
is supported, but the circulation is grossly inad-
equate. In such circumstances, the mixed venous 
P
CO

2

 is significantly elevated, but the Pa
CO

2

 is 
normal or even decreased as a consequence of 
reduced CO2 delivery to the lung and increased 
pulmonary transit time. Overall CO2 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 in 
association with hyperlactatemia. Arterial oxy-
gen saturation may also appear adequate despite 
tissue dysoxia. Pseudorespiratory alkalemia indi-
cates a rapidly fatal circulatory insufficiency that 
will be fatal unless the underlying hemodynamic 
failure is addressed.
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Metabolomics and Other “-Omic” 
Approaches to Characterize 
Perioperative Trajectories

Mihai V. Podgoreanu

 Surgery and Critical Illness 
as a Model to Understand 
Vulnerability and Resilience 
to Physical Stressors 
at the Individual and Population 
Level

 The Host Response to Physical 
Stressors, Surgery, Trauma, 
and Injury

Major surgery is a global healthcare burden. 
With around 244 million procedures performed 
annually, up to 4% of patients are suffering 
perioperative deaths, 15% are having serious 
postoperative morbidity, and 5–15% are being 
readmitted within 30 days [1, 2]. Surgical trauma 
and injury trigger a robust stress response, nor-
mally self- limiting and resolving, but that can in 
some instances exceed the body’s internal toler-
ances, becoming the primary mechanism driving 
further injury and perioperative organ dysfunc-
tion [3, 4]. In the spectrum of degrees of surgi-
cal insult, cardiac surgery is an extreme example, 
where consequences of surgical trauma are com-
pounded by ischemia-reperfusion and physi-

ologic responses to cardiopulmonary bypass or 
other mechanical circulatory support devices 
(a “three-hit” model of injury). The magnitude 
of surgical stress response and resulting extent 
of postoperative organ dysfunction, as well as 
postoperative recovery trajectories, reflect the 
complex intersection between a number of pro-
cedural variables and an individual’s age, gender, 
pre-existing health status, medication profile, 
fluid management, and degree of postoperative 
pain. Furthermore, acute sterile surgical stress-
ors are often followed by secondary insults that 
may be either sterile or pathogen-induced (such 
as postoperative infection). Consequently, the 
so-called “two-hit” model of inflammatory insult 
has become the commonly accepted paradigm 
for stressful injury. The components of host 
response from the initial surgical insult are more 
clearly defined than those resulting from second-
ary events. What has become clear is that the cog-
nate signals from either sterile surgical injury or 
pathogen-induced sources converge on the same 
recognition/response pathways. Interestingly, 
while host responses to the initial sterile “hit” of 
surgery are modified primarily by the magnitude 
of the insult and patient-specific (endogenous) 
factors, evidence suggests that exogenous fac-
tors such as patient management and pathogen 
virulence more prominently influence the overall 
responsiveness to secondary insults [5].

The demographics of patients undergoing sur-
gery shows an unprecedented population aging 
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and increased prevalence of multi-morbidities, 
which further compounds the burden of surgical 
trauma as aging is a major risk factor for perioper-
ative organ injury. Among the very elderly, there 
is a threefold increased risk of death; over 40% 
will experience significant postoperative compli-
cations requiring extended ICU stays [6, 7], with 
many ICU survivors continuing to display excess 
mortality and high incidence of post- ICU syn-
drome following hospital discharge [8, 9].

 Physical Resilience to Surgical 
Stressors

An emerging paradigm separates responses to 
physical stressors, like surgical trauma, into two 
key steps – deviation from the baseline (e.g., pre-
operative) state and return to the original state 
(e.g., postoperative recovery) [10]. Consequently, 
stress resistance can be characterized by the two 
different components, respectively, (a) ability to 
resist the deviation from baseline (robustness), 
as measured by the magnitude of deviation from 
the original preoperative state following surgical 
stress and time to a peak value, and (b) ability 
to fully recover after such deviation (resilience), 
as measured by time to recovery and complete-
ness of functional postoperative recovery, which 
is not a progressive linear process. How these two 
key aspects of the surgical stress response can be 
differentially affected by age and other preopera-
tive factors, their impact on maintenance of organ 
function or recovery from organ dysfunction in 
individual surgical patients, and the underlying 
molecular mechanisms involved represent active 
areas of investigation [11, 12]. Nevertheless, 
increasing evidence points to the critical role of 
metabolism and mitochondrial function in deter-
mining risk versus resilience [13].

We submit that surgery and critical illness rep-
resent an ideal epidemiological paradigm to study 
susceptibility and resilience to physical stressors 
at the individual and population levels (Fig. 4.1). 
Compared to studying complex diseases in 
ambulatory populations, this acute care clinical 
setting is unique in several regards. First, preop-
erative patient characteristics are known, allow-

ing for assessment of prestress baseline and other 
preoperative calibrations, at least for elective sur-
geries. Surgical patients arrive to the operating 
room with a burden of complex diseases resulting 
from the interaction of environmental exposures 
and perturbations with their genetic background 
over their life span. Each patient’s unique genetic 
fingerprint is matched by a unique preoperative 
metabolic phenotype, representing the compos-
ite readout of host-genetic controlled metabolic 
processes, diet, lifestyle, microbial activity, and 
comorbid conditions. These factors determine 
in part an individual’s physiological ability to 
tolerate surgical stress (the allostatic load) [14]. 
Surgical patients are then subjected to the periop-
erative environment, appropriately called “con-
trolled trauma,” and consist of varying types of 
surgical injury, exposure to extracorporeal cir-
culation, intra-abdominal air insufflation, anes-
thetic and other pharmacologic interventions, 
neoadjuvant therapies, microbial contamination 
and decontamination, perioperative nutritional 
strategies, etc. (i.e., the perioperative exposome). 
These defined stressors and stages during the 
conduct of surgery represent the second unique 
characteristic of the perioperative environment. 
The interaction of perioperative exposures with 
the genomic background and baseline metabolic 
phenotype results in interindividual variation in 
dynamic systemic host responses [15], which 
include altered metabolic phenotypes [16], lead-
ing to a normal recovery trajectory or a compli-
cated one (Fig.  4.1) [17]. Increasing evidence 
suggests that the intense environmental pertur-
bations/stressors associated with major surgery 
can unmask underlying genetic susceptibilities. 
The high degree of direct observation, monitor-
ing, and data density, in terms of physiological 
and biochemical assessments, and serial access 
to biofluids (plasma, serum, urine, cerebrospi-
nal fluid, bronchoalveolar lavage) and tissue to 
characterize molecular responses represent the 
third unique characteristic of the perioperative 
environment.

Despite increased appreciation for the impor-
tance of enhanced recovery after surgery (ERAS) 
[18, 19], postoperative patient trajectories and in 
particular the ability to maintain or recover appro-
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priate function following the controlled trauma 
of surgery remain poorly described, lacking both 
a precise phenotypic framework and mechanis-
tic understanding [20]. What little we do know 
about recovery from surgery as a primary out-
come relies on cross-sectional incidence data 
with infrequent assessments, which limits char-
acterization of speed of recovery and underlying 
mechanisms. At the same time, there is increased 
appreciation of the translational bottlenecks and 
failures to manipulate key pathogenic processes 
involved in the host response to major surgical 
trauma and the ensuing critical illness and organ 
injury/dysfunction, resulting in a complete lack 
of effective perioperative organ protective thera-
peutics (unexpected failed clinical trials for can-
didates that should, by all accepted metrics, have 

been efficacious; at the time of this publication, 
no single FDA-approved drug for cardio-, neuro-, 
or renal protection or targeting/modifying acute 
inflammatory or metabolic responses in surgi-
cal trauma and critical illness). This is in spite 
of an ever-increasing basic level of understand-
ing, with numerous advances in defining novel 
molecules, signaling and synthetic pathways, and 
gene regulatory networks contributing to inflam-
mation and metabolic deregulation; some con-
tributed by our group [21–29]. The emphasis on 
describing in greater molecular detail the hetero-
geneity in patients’ responses to surgical stress 
using an ever-increasing array of high-throughput 
“-omics” methods, coupled with the development 
of “Big Data” mining approaches and correlative 
methods (clustering algorithms, machine learn-

Fig. 4.1 Surgery and the perioperative period offer a 
unique scientific paradigm to perform in-depth character-
ization of injury and recovery signatures at the clinical, 
physiological, cellular, and molecular levels in humans. 
Possible adverse outcomes (organ injury and dysfunction) 
and trajectories of recovery are depicted, reflecting the 
interaction between preoperative/pre-ICU status, comor-
bidities, genetic/epigenetic/metabolic susceptibility to 
injury, duration of ICU stay, dynamic host responses to 
critical illness, and putative age-dependent resilience 
mechanisms. Precision perioperative care must have the 
ability to generate and model rich multi-“omic” and phe-

notypic data in restrictive clinical environments such as 
the operating rooms and intensive care units that are 
simultaneously highly controlled and heterogeneous, on a 
time scale that matches key decision-making events that 
mark the perioperative period. Trajectories of recovery 
can be characterized by acute functional decline in the 
ICU followed by recovery (A) constant decline over time 
(B) or repeated acute exacerbations and partial recoveries 
(C). Hatched lines indicate the trajectories of functioning 
that would have occurred if the subject had not developed 
critical illness. (Modified from Podgoreanu [15] and 
Iwashyna [17])
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ing), has resulted in an exponential increase in 
the number of potential hypotheses to be tested 
through formal experimental  mechanistic evalu-
ation of causality. An overly reductionist, non-
integrative approach to understand the multiscale 
control structure of inflammation and metabolic 
regulation may explain in part the current state. 
Another explanation may come from the ongoing 
wide application of “one size fits all” periopera-
tive bundles, as opposed to precision (or strati-
fied) perioperative care. Some of these concepts, 
approaches, and challenges are further discussed 
below.

 The Role of Metabolic Phenotypes 
and Metabolic Trajectories 
in Precision Perioperative Medicine

Precision perioperative medicine  – the tailored 
management and/or prevention of postoperative 
complications according to the specific char-
acteristics of a stratified individual, subpopula-
tion, or population to enhance perioperative care 
[30]  – can potentially address many of these 
persistent needs. It can account for varying sus-
ceptibility of patients to different diseases and 
importantly their fluctuating responses to spe-
cific surgical treatments. These characteristics 
are derived from the integrated evaluation of phe-
notype, genotype, and treatment bioresponses 
realized through a systems biomedicine “-omic” 
approach. Stratified perioperative care, based on 
a deeper analysis of systems biology in the surgi-
cal environment, remains an urgent unmet need.

Precision medicine can be broadly divided into 
precision prevention and precision treatment [31]. 
Precision treatment aims at developing a person-
alized perioperative treatment strategy while tak-
ing into account patient’s genetics, environment, 
and lifestyle as well as individual treatment 
response parameters to predict posttreatment 
outcome. The approach entails high-throughput 
technologies to interrogate individuals’ networks 
of metabolism, epigenetics, and genetics to 
guide individualized therapy. Existing periopera-
tive risk calculators have only modest accuracy 
and generally lack actionability (i.e., modifica-

tion of several components of these risk scores 
has limited impact on postoperative outcomes). 
With many fundamental biological processes that 
predispose to adverse perioperative outcomes 
and impaired recovery after surgery manifest-
ing themselves in all tissues, a new paradigm is 
emerging that quantitative assessment of circulat-
ing cell phenotypes and molecular biomarkers in 
biofluids will be informative in identifying early 
risks for perioperative complications. On the 
other hand, precision prevention encompasses an 
array of measures focused on assessing the risk of 
an individual toward particular disease and devis-
ing a preventive intervention to decrease this risk 
and prevent the development of disease. While 
precision prevention can aim to change individ-
ual behavior, it can also target “precise” groups 
or entire communities by modifying care deliv-
ery systems, optimizing transmission through 
social networks, or instituting targeted policies 
or macroenvironmental changes that are different 
by community [32]. For perioperative medicine, 
these include areas of pre-habilitation, improving 
adherence to medication, and preoperative nutri-
tional and metabolic optimization.

Integral to the concept of precision medicine 
is the granular assessment of perioperative phe-
notypes. Perioperative phenomics refers to the 
systematic and comprehensive study of a set 
of phenotypes that can be produced over the 
perioperative course, which entails the acquisi-
tion of high-dimensional phenotypic data on an 
organism- wide scale [33]. In this context, deep 
phenotyping is an approach to integrate mul-
tiple phenotypes measured at different resolu-
tions, from molecules to cells to broader views 
of physiology and behaviors. This includes 
expanding our view of what constitutes a “use-
ful” phenotype by incorporating measurements 
not traditionally assessed for perioperative out-
comes but that shed light on relevant aspects 
of perioperative biology, as well as including 
digital phenotypes from perioperative moni-
tors and state-of-the-art sensor technology, to 
provide more granular insights into periopera-
tive trajectories. One burgeoning aspect of deep 
phenotyping is the broad multi-analyte determi-
nation of a patient’s metabolic phenotype, based 
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on measurements of small molecule metabolites 
in biofluids or tissue samples [34].

Metabolic phenotype or metabotype is a 
concept used to describe a particular metabolic 
state of a biological system and can be defined 
as presence or absence of particular metabolites, 
absolute or relative concentrations, ratios of 
metabolites, or coordinated metabolic signatures 
[35]. Since its original definition, metabolomics 
has been interventional in nature, focusing on 
changes in metabolite profiles caused by an inter-
vention such as drug administration, surgery, or 
onset of disease [36].

Longitudinal studies have revealed that healthy 
subjects are characterized by a stable metabolic 
space over time, where their metabolic pheno-
types are able to vary according to daily stressors 
and external stimuli (i.e., metabolic allostasis). In 
the absence of major pathophysiological events, 
the phenotype is stable also over a time scale of 
almost 10 years. When an individual is subjected 
to a prolonged or intense stressful situation, he 
or she might not be able to maintain the original 
equilibrium and could drift/shift toward a new 
(possibly stable) equilibrium. Importantly, when 
a stressful situation ends, the metabolic pheno-
type is able to revert toward the original meta-
bolic space, and the original condition is restored 
(i.e., metabolic resilience). In this context, the 
metabotype can represent an operative tool to 
evaluate the human responses to a diversity of 
stimuli with the aim of estimating human patho-
physiological resilience (Fig. 4.2) [12].

A number of unique characteristics make met-
abolic phenotypes particularly suited to under-
stand perioperative patient trajectories. First, 
metabolic phenotypes and profiles are jointly 
modulated by interactions of genes, diet, and 
symbiotic gut microorganisms. Second, they are 
responsive to perioperative perturbations and 
influence an individual’s recovery from surgery; 
thus changes in the levels of such metabolites can 
be used as biomarkers for intervention efficacy or 
side effects. Because metabolic phenotypes are 
predictive of interventional outcomes, they can 
be used as a systems-based approach to monitor 
and shape the “patient journey” [37].

Several powerful spectroscopic techniques are 
suitable for perioperative metabolomic imple-
mentation, driven by improved analytical per-
formance and size/cost reductions. The main 
techniques are high-resolution nuclear magnetic 
resonance (NMR) spectroscopy and mass spec-
trometry (MS). Both technologies are able to 
detect hundreds of metabolites in biofluids and 
are most powerful when used together. Blood 
(plasma or serum) and urine are the most com-
monly used biofluids due to the minimally inva-
sive and potential for longitudinal sampling. They 
represent snapshots (plasma/serum) or time-
averaged (urine) representations of the metabolic 
state of the patient, reflecting biochemical pro-
cesses that occur in multiple organs and tissues. 
More detailed and specific information can be 
obtained by complementing biofluid signatures 
with directly sampled tissue from areas affected 
by the disease process. Rigorous standard oper-
ating procedures for sample handling and acqui-
sition across multiple time points are essential 
[34, 38–44]. Furthermore, magic angle spinning 
(MAS) NMR spectroscopy is well suited to real-
time surgical investigations, allowing diagnostic 
information on metabolites in intact tissue biopsy 
specimens without any sample preparation.

The field of metabolic phenotyping was fur-
ther advanced by the development of methods for 
metabolic characterization and determination of 
the human serum [45] and urine metabolome [46], 
the lipid species existing in mammalian cells, and 
the standardization of sample handling, analysis, 
and bioinformatics [47]. Although initially lim-
ited to offline exploration of disease mechanisms 
and population-based epidemiological studies, 
analytical and computational advances have cre-
ated the possibility of applying this technology 
within the time frame of the perioperative patient 
journey. Spectroscopic profiling to characterize 
metabolic phenotypes can start by conducting 
global untargeted assays, where the metabolites 
are not selected a priori, followed by quantitative 
targeted assays. Inflammation, for instance, can 
be assayed using global lipidomic profiles [48], 
supplemented by a quantitative analysis of eico-
sanoids [49].
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A number of applications of metabolic phe-
notyping for risk prediction and monitoring of 
 surgical, critically ill, and injured patients are 
described below.

 Metabolic Phenotyping for Risk 
Stratification in Surgical and Critically 
Ill Patients

Metabolic phenotyping has been used for static 
and dynamic patient stratification (reviewed 
by [50]). A number of studies have employed 
static patient stratification, which can predict 
disease risk or disease subtypes based on meta-
bolic molecular classifiers measured at baseline 
in biofluids. Examples include risk of incident 
cardiovascular disease [51, 52] and risk for 
long-term adverse cardiovascular events. For 

instance, Shah et al. used targeted MS profiling 
of baseline plasma metabolites to identify a sig-
nature of dicarboxylic acylcarnitines, medium-
chain acylcarnitines, and fatty acids predictive 
of future cardiovascular events (death and myo-
cardial infarction) [53]. In a separate study, high 
plasma levels of choline and betaine were associ-
ated with increased risk of major adverse cardiac 
events (MACE) in patients undergoing elective 
coronary angiography but only when levels of 
microbiome-derived trimethylamine N-oxide 
(TMAO) were also high [54]. Other static metab-
olomic studies reported on heart failure subtypes 
[55], diabetes risk [56], risk of stroke recurrence 
in patients with transient ischemic attacks [57], 
hypertension risk [58], and risk of all-cause mor-
tality [59]. For comprehensive reviews of the role 
of metabolomics in the diagnosis and prognosis 
of cardiovascular disease, see [60, 61].
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Fig. 4.2 Longitudinally followed urine metabotypes are 
characterized by limited intraindividual baseline variabil-
ity (metabolic allostasis) in the absence of major patho-
physiological events. Prolonged or intense stressful 

conditions, however, result in significant metabotype 
shifts (e.g., subjects AG and AW), which return to the 
original unperturbed state once the stressful event ends 
(metabolic resilience). (From Ref. [12])
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Conversely, dynamic patient stratification can 
model the physiological and molecular responses 
to treatment and predict posttreatment outcomes 
[62–64]. Nicholson et al. [37] introduced the con-
cept of a patient’s metabolic trajectory, whereby 
multivariate metabolic information obtained from 
biofluid, stool, or tissue samples prior to, dur-
ing, and after a patient undergoes treatment can 
be used to monitor patients through dynamic 
metabolic processes to aid diagnosis, monitor 
treatment effect, and predict outcomes includ-
ing complications and need for ICU admission. 
While the approach can be used for any therapeu-
tic intervention, this longitudinal metabotyping is 
particularly useful for surgical procedures, where 
rapid changes in patient physiology demand fast 
decision-making and early identification of post-
operative complications. With bedside application 
of MS-based targeted metabolomics becoming a 
real possibility (data acquisition for a targeted 
metabolite panel can be achieved in <3 h) [65], 

this information is actionable in the perioperative 
and critical care setting, informing among others 
individualized amounts and content of enteral vs 
parenteral nutrition [66], nucleotide or antioxi-
dant supplementation, and goals of resuscitation 
beyond plasma lactate levels. This concept is 
illustrated in Fig. 4.3. Patients enter the periopera-
tive environment either as an elective admission 
or as an emergency. Opportunities exist for col-
lection of samples for metabolic phenotyping at 
any point along the perioperative patient journey, 
including when deviations from recovery occur. 
The differences in metabolic profiles for a given 
patient at different times during the periopera-
tive continuum represent the metabolic trajectory. 
Such “phenotypically enhanced patient journey” 
[16] can be used for preoperative patient optimi-
zation and stratification and to inform postopera-
tive recovery, rapidly adjust treatment plans, and 
give mechanistic information related to therapeu-
tic responder or nonresponder status [37].

Fig. 4.3 A scheme illustrating the paradigm of phenotyp-
ing the patient journey and of conducting phenotypically 
augmented clinical trials. Schematic of the patient journey 

indicating the nodes at which metabolic phenotyping can 
contribute to shaping clinical opinions. (From Ref. [37])
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Additional examples of specific surgical 
applications of predictive metabolomics studies 
follow.

 Applications in Cardiovascular Surgery
Metabolic profiling of plasma samples was per-
formed perioperatively in children undergoing 
surgical correction of congenital heart disease 
(preoperative baseline and at 6  h, 24  h, and 
48  h, postoperatively). Changes in metabolic 
and inflammatory profiles were seen over the 
time course from surgery to recovery, compared 
with the preoperative state. The metabolic pro-
files were most deranged at 6 h, consistent with 
the magnitude of the inflammatory response. 
Figure 4.4 contrasts the metabolic trajectories of 
a patient with a prolonged and complicated post-
operative period (based on length of mechani-
cal ventilation, ICU length of stay, and RACHS 
score) to that of a patient with a rapid clinical 
recovery [67]. In a cohort of infants undergoing 
cardiac surgery, metabolic profiling identified 
changes in perioperative levels of aspartate, glu-
tamate, methylnicotinamide, and kynurenic acid 
to be independently predictive of mortality and 
ICU length of stay [68].

Several studies have reported on the myo-
cardial responses to acute myocardial injury 
or planned surgical ischemia-reperfusion. In 
a population of patients undergoing alcohol 
septal ablation for hypertrophic obstructive 
cardiomyopathy, a human model of planned 
myocardial infarction (MI) that recapitulates 
spontaneous MI, targeted mass spectrometry-
based metabolite profiling identified changes in 
circulating levels of metabolites participating in 
pyrimidine metabolism, the TCA cycle, and the 
pentose phosphate pathway as early as 10 min-
utes after MI in an initial derivation group and 
was validated in a second, independent group. 
Coronary sinus sampling distinguished cardiac 
derived from peripheral metabolic changes. To 
assess generalizability, the planned MI-derived 
metabolic signature (consisting of aconitic acid, 
hypoxanthine, trimethylamine N-oxide, and thre-
onine) differentiated with high-accuracy patients 
with spontaneous MI [69]. We applied a similar 
approach to cardiac surgical patients undergoing 

planned global myocardial ischemia-reperfusion 
and identified clear differences in metabolic fuel 
uptake based on the pre-existing ventricular state 
(left ventricular dysfunction, coronary artery dis-
ease, or neither) as well as altered metabolic sig-
natures predictive of postoperative hemodynamic 
course and perioperative MI, informing the ulti-
mate removal of glucose from cardioplegia solu-
tions at our institution [70]. While simultaneous 
assessment of coronary sinus effluent in addition 
to the peripheral blood improves cardiac speci-
ficity of the observed signatures, direct measure-
ments of metabolites in myocardial tissue allow 
marked enrichment and easier detection of poten-
tial biomarkers compared to plasma, as well as 
an assessment of how metabolic substrates are 
utilized in the tissue of interest. Such studies are 
possible in cardiac surgical patients where atrial 
tissues are routinely removed. For example, one 
study using high-resolution 1H-NMR spectros-
copy identified alterations in myocardial ketone 
metabolism associated with persistent atrial fibril-
lation, and the ratio of glycolytic end products to 
end products of lipid metabolism correlated posi-
tively with time of onset of postoperative atrial 
fibrillation [71].

For longer-term prediction, a MS-targeted 
analysis of 69 serum metabolites in a cohort of 
patients undergoing coronary artery bypass graft-
ing was able to accurately predict adverse post-
operative events over an observation period of 
4.3  ±  2.4  years [72]. Short-chain dicarboxylic 
acylcarnitines, ketone-related metabolites, and 
short-chain acylcarnitines were independently 
predictive of adverse outcomes following multi-
variate adjustment.

There is a fundamental gap in understanding 
how aging increases cardiac vulnerability to sur-
gical stress and ischemia-reperfusion injury, par-
ticularly in patients with ventricular dysfunction. 
A number of observations draw a link among 
aging, loss of mitochondrial function, disturbed 
cardiac energy metabolism, and impaired recov-
ery from IR injury of aged hearts, but the under-
lying mechanisms remain ambiguous. Evidence 
is emerging, however, that bioenergetic mal-
adaptations in heart failure are reversible [73]. 
Schechter et al. employed an integrated phospho-
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proteomic and targeted metabolomic analysis of 
human left ventricular myocardium to character-
ize, for the first time, the molecular differences 
between cardiomyopathy of ischemic (ICM) and 
non-ischemic (NICM) etiology [74]. A signifi-
cant decrease in phosphorylation of PDHA1 was 
observed in ICM hearts compared to both NICM 
and non-failing samples, suggesting that PDH is 
most active in ICM. This corroborated with left 
ventricular levels of pyruvate being lowest (and 
lactate levels being highest) in ICM compared to 
the other groups and consistent with the current 
paradigm of a shift in myocardial fuel toward 
glucose in heart failure (HF). Intriguingly, PDH 
phosphorylation was unchanged in NICM hearts, 
suggesting this substrate shift could be HF etiol-
ogy specific. Conversely, and reflecting the com-
plexity of multiple metabolic defects present in 
human HF, a study by Gupte et  al. identified a 
metabolomic pattern characterized by increased 
pyruvate concentrations, reduced TCA cycle 
intermediates, and short-chain acylcarnitines, 
suggesting a global impairment in mitochondrial 
substrate oxidation in heart failure (of mixed 
etiologies) compared to non-failing hearts [73]. 
Notably, HF samples had reduced levels of ace-
tylcarnitine, a surrogate for acetyl-CoA and a 
product of glucose, amino acid, and fatty acid 
oxidation (FAO). Observed tissue metabolite 
changes were associated with decreased tran-
script levels for enzymes involved in FAO, pyru-
vate metabolism (including PDHA1), and key 
transcriptional regulators that orchestrate mito-
chondrial metabolism and biogenesis (PGC1A, 
ERRA, ERRG). Importantly, all metabolic and 
transcriptional defects were completely reversed 
by mechanical support with LVAD [73]. Thus, 
although most studies demonstrate that human 
HF involves metabolic reprogramming that limits 
FAO per se (both in absolute terms and as a frac-
tion of myocardial oxygen consumption) [75], 
the overarching phenotype of HF is one of the 
energy starvation due to impaired oxidation of all 
major fuels [73, 76], as also shown by our group 
in cardiac surgical patients [70]. The pathophysi-
ologic mechanisms underlying the substrate 
switch to glucose in HF, whether it occurs in 
all patients with HF, as a cause or consequence 

of the failing heart, and whether it represents a 
protective adaptive response or is deleterious to 
myocardial function, and its contribution to ven-
tricular recovery remain poorly understood.

Consequently, an important cardiovascu-
lar application of metabolic phenotyping is in 
mechanistic understanding and prediction of 
ventricular recovery in patients with acute or 
advanced HF following unloading with mechan-
ical circulatory support devices. Using targeted 
quantitative MS analysis of 60 plasma metabo-
lites in a population of chronic HF patients, 
Ahmad et  al. reported that circulating long-
chain acylcarnitine levels (mitochondrial fatty 
acid metabolites) were independently associated 
with functional status and adverse clinical out-
comes, including all-cause and cardiovascular 
mortality and hospitalization. Intriguingly, the 
specific metabolic abnormalities were signifi-
cantly reduced following LVAD placement [77]. 
These findings have important translational 
relevance to monitor and possibly modify the 
mitochondrial dysfunction and metabolic inflex-
ibility associated with advanced HF.  Growing 
evidence suggests that ventricular remodel-
ing and recovery in heart failure are preceded 
by characteristic molecular changes associated 
with mechanical circulatory support [78], which 
demonstrate substantial interindividual variabil-
ity [79, 80]. At the metabolic level, mechanical 
unloading reduces myocardial levels of toxic 
lipid intermediates and improves cardiac insu-
lin signaling [81], among many other changes in 
myocardial energetics [73, 82, 83].

Other applications revolve around predic-
tion of organ injury following cardiac surgery. 
In a recent study, Elmariah et al. [84] performed 
MS-based metabolite profiling of plasma from 
patients undergoing transcatheter aortic valve 
replacement (TAVR) to predict acute kidney 
injury (AKI) occurrence using previously iden-
tified plasma metabolites predictive of incident 
chronic kidney disease. They have shown that, in 
an elderly population with severe aortic stenosis 
undergoing TAVR, metabolite profiling improves 
the prediction of AKI. Of 85 metabolites profiled, 
5-adenosylhomocysteine successfully predicted 
AKI as well as all-cause mortality after TAVR.
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 Applications of Metabolic Phenotyping 
in Critically Ill Patients Requiring 
Extracorporeal Membrane 
Oxygenation (ECMO)
The metabolic consequences of cardiogenic 
shock, combined with tissue injury, hemor-
rhage, and host-ECMO interface are complex, 
and ECMO promotes a number of metabolic 
disturbances. Previous studies have shown that 
ECMO induces an inflammatory reaction, which 
increases insulin resistance, reduces glucose utili-
zation, and promotes a general catabolic state [85]. 
Attempts to administer high-dose insulin however 
had minimal influence on protein turnover. Direct 
evidence of the importance of metabolic pheno-
typing in ECMO outcomes exists, particularly 
when assessed dynamically, with early lactate 
concentration and clearance being predictive of 
survival and successful weaning from ECMO in 
postcardiotomy shock patients [86–89], in addi-
tion to a number of preclinical reports (majority 
based on studies in immature animals) [85, 90–
94]. Indirect evidence supporting metabolic phe-
notyping to assess injury and recovery trajectories 
following physical stressors, critical illness, and 
shock states comes from a large number of clinical 
[95–99] and preclinical reports [100–104]. Risk-
benefit evaluation and optimal patient selection 
for ECMO support remain areas of uncertainty 
and active investigation, but there are currently 
no biomarkers to aid stratification of functional 
recovery in ECMO patients and identify modifi-
able recovery trajectories.

 Applications in Trauma and Acute Care 
Surgery
As discussed above, metabolic phenotyping strat-
egies are emerging as viable means for real-time 
metabolic assessment and optimization in criti-
cally ill patients [16, 50, 105, 106]. An impor-
tant application of metabolomic approaches 
is in trauma-related critical illness and injury. 
Multivariate analysis of 43 quantitative metabolic 
parameters identified 3 lipid metabolites, triacyl-
glycerol, glycerol heads of phospholipids, and 
monounsaturated fatty acids, as being the most 
discriminative markers to separate trauma survi-
vors versus non-survivors at the time of admis-
sion. Glucose and glutamate were intermediate 

predictors, followed by lactate and hydroxybu-
tyrate as two low-weight predictors [107].

Further examples include predicting early- 
onset systemic inflammatory responses (SIRS) 
and multiorgan dysfunction syndrome following 
major trauma [108]. Blaise et al. utilized NMR- 
based metabolic phenotyping of plasma obtained 
from a cohort of trauma patients upon admis-
sion to the ICU and identified eight metabolic 
hotspots (notably valine, citrate, aspartate, allan-
toin, and hydroxybutyrate) highly predictive of 
later development of sepsis [109]. Differentiating 
SIRS from sepsis is another important applica-
tion of metabolic phenotyping in critical care. 
Schmerler et al. employed MS-based profiling of 
186 metabolites and concluded that acylcarnitines 
and glycerophosphatidylcholines may be helpful 
for discriminating infectious from noninfectious 
systemic inflammation due to their significantly 
higher concentration in sepsis patients [110]. This 
is particularly relevant in the perioperative set-
ting, where procalcitonin remains a controversial 
biomarker for differentiating SIRS from sepsis 
because it has been described to be elevated after 
major surgery, a common cause of SIRS without 
underlying infection. Considering the well-known 
pathophysiological relevance of lipid induction 
by bacterial components, metabolites as identified 
in this study are promising biomarker candidates 
in the differential diagnosis of SIRS and sepsis.

Peltz et al. identified trauma-dependent met-
abolic signatures, characterized by a state of 
hypercatabolism driven by glucose consump-
tion, lipolysis and fatty acid utilization, accu-
mulation of ketone bodies, and proteolysis and 
nucleoside breakdown [98]. Metabolites of bac-
terial origin were unexpectedly also found in 
plasma from trauma victims. These metabolic 
signatures could provide a method for assess-
ing the efficacy of alternative resuscitative 
strategies. Moreover, serial metabolic charac-
terization used to trend injury and recovery in 
critically ill trauma patients identified specific 
patterns of ongoing oxidative stress, impaired 
nucleotide synthesis, and initial suppression of 
protein metabolism followed by increased nitro-
gen turnover [99]. Importantly, this may provide 
new therapeutic and nutritional targets in criti-
cally injured patients. In a follow- up study from 
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the same group, Parent et  al. used MS-based 
metabolomics to assess metabolic responses to 
enteral vs parenteral nutrition. They found that 
enteral nutrition was associated with amino acid 
repletion, urea cycle upregulation, restoration 
of antioxidants, and increasing RNA synthesis. 
Conversely, parenteral nutrition was associ-
ated with increased amino acid concentrations, 
but did not influence protein metabolism or 
antioxidant repletion [66]. The ability to iden-
tify differences between enteral and parenteral 
nutrition in surgical critically ill patients points 
to the sensitivity and power of this methodol-
ogy, especially when evaluated dynamically and 
correlated with functional recovery.

 Applications in Bariatric Surgery
A prime model to study surgical metabolism is 
provided by gastric bypass of the foregut, aptly 
named metabolic surgery, which is increas-
ingly performed for the treatment of obesity 
and its metabolic complications. Preclinical 
models confirmed the co-dependence of mam-
malian and microbial metabolism, and bariat-
ric surgery alters the host metabolic-microbial 
cross talk, fundamentally disrupting the distal 
gut microbiome and ultimately exerting global 
metabolic effects [111]. Intriguingly, bariatric 
surgery alters the myocardial metabolic phe-
notype, reflecting an enhancement of cardiac 
energy metabolism through TCA cycle interme-
diates, cardiorenal protective activity, and bio-
chemical caloric restriction. Mechanistically, 
these metabolic shifts seem to mediate bar-
iatric cardioprotection through changes in gut 
microbiota and an entero- cardiac axis [112]. A 
number of human studies have reported on the 
relationship between the metabolic shifts fol-
lowing bariatric surgery, changes in gut micro-
biota, and clinical outcomes (weight loss and 
relapse) [113–115] while also revealing meta-
bolic benefits independent of the magnitude of 
weight loss [116].

 Applications in Transplant Surgery
Time course trajectories of metabolic changes 
after kidney transplantation were one of the first 
published applications of longitudinal metabo-

typing [117] and shown to be superior to tra-
ditional clinical assessment in predicting graft 
failure and rejection. It has since been expanded 
to further refine prediction of kidney graft fail-
ure [118], end-organ drug toxicity [119], as 
well as intestinal [120] and liver transplant out-
comes [121]. With the ever-increasing demand 
to expand the donor pool and donation after car-
diovascular death, it is anticipated that metabolic 
phenotyping will become part of a suite of rapid 
molecular diagnostics to predict graft suitability 
for transplantation and survival.

 Applications in Surgical Oncology
Using metabolic phenotyping (magic angle 
spinning NMR spectroscopy, MAS-NMR) to 
conduct chemical biopsies has been used in the 
analysis of brain tumors, shown to differentiate 
between malignant tumor types [122], and subse-
quently related to lower-resolution in vivo spec-
tra obtained via MR spectroscopy [123]. Similar 
results have been reported for diagnosis, tumor 
typing, staging, and prognostication in prostate 
[124], breast [125], and colorectal cancer [126].

 Metabolic Phenotyping 
for Intraoperative Patient Monitoring
Rapid metabolic phenotyping approaches are 
also emerging, enabling near real-time intraop-
erative tissue and tumor diagnosis by address-
ing surgical pathology at a multitude of scales. 
An example of such novel surgical technology 
that allows for near real-time metabolic analy-
ses is the “intelligent surgical knife.” Based on 
rapid evaporative ionization mass spectrom-
etry, it provides real-time characterization of 
human tissue in vivo by analysis of the aerosol 
(smoke) released during electrosurgical dissec-
tion. This has significant implications for sur-
gical oncology, and in preliminary studies, the 
approach differentiated accurately between tis-
sue histopathologic subtypes, including distinct 
tumor types, and primary vs metastatic tumors” 
(Fig. 4.5) [127–130]. Furthermore, it can inform 
surgeons on tumor-free margins, in deciding 
on tissue viability in situations where resection 
of necrotic tissue is necessary and in assessing 
therapeutic efficacy after radiofrequency or laser 
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Fig. 4.5 Multivariate statistical analysis of malignant 
tumor data obtained ex vivo. n represents the number of 
spectra in the training set. (a) Pseudo–three-dimensional 
(3D) linear discriminant analysis (LDA) plot of different 
human lung tumors. (b) 3D principal component score 
plot of healthy liver parenchyma and hepatocellular carci-
noma. Spectra obtained within 1 cm of the border lines are 

also depicted. The arrow demonstrates a shift from healthy 
liver parenchyma through tumor border into tumor tissue. 
(c) Pseudo-3D LDA plot of two different brain metastases 
and two different WHO-grade gliomas in the human 
brain. Numbers of patients were 40, 22, and 14 for (a), 
(b), and (c), respectively. (From Ref. [128])
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ablation. The importance of this application in 
surgical oncology cannot be overemphasized, 
because surgical resection margin remains one 
of the most important prognostic factors in many 
cancers, and re-excision is not always possible.

 Metabolic Adaptations: Metabolic 
Arrest, Hypometabolism, and Other 
Lessons Learned from Hibernation 
Biology

A number of animals employ metabolic arrest 
strategies to extend their hypoxia tolerance and 
more broadly as a defense against harsh environ-
mental conditions or as a strategic retreat from 
them. Variable degrees of metabolic arrest down 
to fully ametabolic states are common strategies 
for dealing with desiccation, cold, and anoxia. 
The mechanisms invoked to turn down or turn 
off cell metabolism and cell functions, as well 
as the triggers and precise timing for activat-
ing such mechanisms to reversibly arrest of 
tissue and organ function, and then to switch 
them back on are the subject of intense inves-
tigation. Slowing down molecular or metabolic 
rate processes translates into extending biologi-
cal time. In particular, mammalian hibernation 
is an integrative suite of natural molecular, 
cellular, and physiologic organismal adapta-
tions used to survive extreme environmental 
conditions and avoid organ damage that would 
occur in nonhibernating species. These adapta-
tions to physiologic extremes include regulated 
metabolic suppression (to ~2% of summer active 
levels), metabolic reprogramming (shifts in met-
abolic substrate utilization), supercooling, and 
immunosuppression, many of which have high 
translational potential [131]. Thus, hibernating 
mammals offer a naturally evolved model sys-
tem of metabolic and immune adaptations, with 
successful and repeated returns to normal after 
prolonged metabolic depression, fasting, and 
ischemia- reperfusion – in other words, a model 
of resilience to physical stressors. Importantly, 
hibernation functions as an alternative discovery 
paradigm to understand the regulatory mecha-

nisms controlling metabolic rate depression 
(independent of temperature), profound meta-
bolic flexibility, transient reversible immune 
suppression, and cell preservation strategies 
that support long-term viability in a hypometa-
bolic state. Having characterized for the first 
time in a comparative biology study the differ-
ences in heart responses of hibernators (arctic 
ground squirrels) and nonhibernators (rats) to 
experimental cardiac surgery and whole-body 
ischemia-reperfusion, which revealed robust 
ischemic tolerance and preservation of cardiac 
function in hibernators, we then conducted an 
integrated systems biology analysis of myocar-
dial protein and metabolite abundance, identify-
ing a series of endogenous metabolic adaptations 
in myocardial substrate utilization including the 
absence of mitochondrial substrate flux bottle-
necks in the hibernator heart [132]. A remarkable 
finding was that hibernators increase expression 
and activity of the mitochondrial deacetylase sir-
tuin-3, opening a series of follow- up mechanistic 
studies focused on posttranslational modifica-
tion regulators of the hibernator phenotype (i.e., 
Sirt3-mediated protein acetylation status) that 
could be amenable to pharmacological manipu-
lation. Hibernation is a widely conserved behav-
ior, including among primates (the fat tailed and 
the mouse lemurs), which may further inform 
strategies for inducing hibernation- like adap-
tive responses and recovery following surgical 
stress for human translation. This observation 
from nature has already informed the conduct 
of modern surgery, in particular cardiovascular 
and transplant surgery. By inducing partial met-
abolic arrest (through active cooling, chemical 
cardioplegia for cardiac arrest), surgeons gain 
many advantages, but the biggest gain is oper-
ating time. Strategies to “switch” metabolic and 
immune responses to resemble that naturally 
occurring in mammalian hibernators represent 
a transformative approach that could ultimately 
have a positive impact in patients undergoing 
major surgery, transplantation, coronary revas-
cularization, victims of cardiac arrest, trauma, 
and hypothermia, in addition to  fundamentally 
advancing cardiovascular aging biology.
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 Linking Metabolic 
with Immunophenotyping 
and Other “-Omics” Information

As outlined above, many fundamental biological 
processes predisposing to adverse perioperative 
outcomes and impaired recovery after surgery 
manifest themselves in all tissues, and thus quan-
titative assessment of circulating cell phenotypes, 
in particular high-content immune profiling, is 
transforming the field of predictive medicine. A 
detailed understanding of the complex inflam-
matory responses to surgery, trauma, and criti-
cal illness is crucial for identifying immunologic 
dysfunction predictive of organ injury, sepsis, 
and recovery. A novel deep immune profiling 
approach utilizes mass cytometry by time-of- 
flight (CyTOF), which enables longitudinal phe-
notypic and functional characterization of major 
innate and adaptive immune responses by simul-
taneously interrogating many parameters on a 
cell-by-cell basis [133]. The technology allows 
for concomitant quantification of both abundance 
of immune cell subsets and intracellular expres-
sion of various immune mediators and signaling 
proteins at the single-cell level.

Two recent studies employed high- 
dimensional mass cytometry to assess the role 
of immune responsiveness in predicting recovery 
after surgery. Using this novel immunophenotyp-
ing approach, Gaudilliere et al. identified a uni-
form surgical immune signature as well as novel 
predictors of specific aspects of recovery after 
orthopedic surgery such as functional impair-
ment and pain [134]. Specifically, cell signal-
ing responses, but not cell counts, were linked 
to recovery. Furthermore, the correlated signal-
ing responses occurred most notably in CD14+ 
monocytes and dendritic cells, with signaling 
induced by toll-like receptor 4 (TLR4) activation 
demonstrating very strong predictive ability for 
individual postoperative recovery trajectories. 
In a follow-up study from the same group, they 
demonstrated that the preoperative “immunophe-
notype” of individual patients, assessed in vitro as 
the strength of LPS-induced signaling in CD14+ 
monocytes in samples collected before surgery, 
also predicts the speed of postoperative recovery 

in some domains [135]. This ability to interro-
gate patient-specific immune states before injury, 
specifically using ligand-evoked responses in 
myeloid and lymphoid cell subsets, highlights 
the importance of surgery as a useful model 
of traumatic injury and has high translational 
potential in assessing preoperative interventions 
that alter a patient’s immune state and surgical 
recovery. In one such application, the immune- 
modifying effects of a preoperative nutritional 
intervention (arginine-enriched dietary supple-
ments) were assessed using single-cell mass 
cytometry combined with multiplex analysis 
of plasma cytokines [136]. Enhanced adaptive 
mechanisms were found in lymphoid cell subsets 
postoperatively (increased STAT1 and STAT3 
signaling), as well as an unexpected increased 
signaling (ERK and p38 MAPK) and pronounced 
expansion of monocytic myeloid-derived sup-
pressor cells. These immune features modulated 
by arginine-enriched supplements may explain 
their context-dependent effects, protective in the 
setting of surgery (decreased infection rates) but 
potentially harmful in critically ill patients.

 Contribution of Genomic Variation 
in Inflammatory and Metabolic 
Responses to Surgery

We and others have reported that a number of 
DNA sequence variants (polymorphisms) in 
genes encoding important pathways involved in 
the host response to injury confer a constitutional 
predisposition to adverse perioperative and long- 
term postoperative outcomes following surgery. 
One overarching theme is that genetic suscep-
tibility for increased inflammatory response to 
surgery is associated with a number of postop-
erative complications, including myocardial 
infarction, atrial fibrillation, cognitive decline, 
stroke, and bleeding [21, 22, 24, 26, 27, 29, 137, 
138]. The “static” view of DNA sequence vari-
ants potentially involved in the pathophysiology 
of  perioperative complications can be comple-
mented by a “dynamic” view that integrates their 
functionality. There is increasing evidence that 
variability in gene expression levels underlies 
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complex disease and is determined by regulatory 
DNA polymorphisms affecting transcription, 
splicing, and translation efficiency in a tissue- 
and stimulus- specific manner. Thus, analysis 
of RNA and protein expression at baseline and 
in response to the perioperative stress (dynamic 
genomics) using microarray, next-generation 
sequencing, and proteomic approaches provides 
a much-needed understanding of the overall 
regulatory networks involved in the pathophysi-
ology of adverse postoperative outcomes. This 
information is complementary to the assessment 
of genetic variability at the DNA sequence level 
discussed above using various genotyping tech-
niques as described in previous sections (static 
genomics). Such dynamic genomic markers 
can be incorporated in genomic classifiers and 
used clinically to improve perioperative risk 
stratification or to monitor postoperative recov-
ery. To illustrate the complementary informa-
tion conferred by static and dynamic genomic 
approaches to risk prediction, we use thoracic 
aortic disease as an example. Although surgi-
cal repair of thoracic aortic aneurysms is typi-
cally recommended when the aortic diameter 
reaches 5.0–5.5  cm, studies indicate that 60% 
of aortic dissections occur at aortic diameters 
smaller than 5.5  cm. DNA variants in specific 
genes (static genomics) can not only distinguish 
however patients at risk for thoracic aortic dis-
ease but predict the risk of early dissection at 
diameters smaller than 5.0 cm, thus potentially 
personalizing the timing of aortic surgery [139]. 
Furthermore, by combining genomic and pro-
teomic analysis (dynamic genomics), expres-
sion patterns of 138 genes from peripheral blood 
leukocytes and the concentrations of 7 circulat-
ing plasma proteins were able to discriminate 
patients who developed multiple organ dysfunc-
tion syndrome (MODS) after thoracoabdomi-
nal aortic aneurysm repair from those who did 
not. Importantly, these patterns of genome-wide 
gene expression and plasma protein concentra-
tion were observed before surgical trauma and 
visceral ischemia-reperfusion injury, suggesting 
that patients who developed MODS differed pre-
operatively in either their genetic predisposition 
or pre-existing inflammatory state [140].

Similarly, linking variation in the human 
genome with variation in metabolic profiles 
(genome-wide association studies GWAS with 
metabolic phenotyping) allows the identifica-
tion of genes and pathways associated with 
specific metabolite levels that are intermedi-
ate phenotypes for biological and clinical end-
points. One such study found that common 
genetic variation explained 12% of the observed 
metabolic variance [141].

 The Relationship Between Gut 
Microbiome and Metabolic 
Phenotypes

An increasing number of clinical [142–146] and 
preclinical studies [147] have been character-
izing the complex bi-directional relationships 
between alterations in gut microbiome (dys-
biosis) and complications or recovery following 
surgical stress, sepsis, and critical illness. It is 
now well established that following acute insults 
such as surgery, trauma, myocardial infarction, or 
burn surgery, the intestinal microbiota decrease 
in abundance and function, and a virulent and 
resistant pathobiome emerges, rendering the 
stressed host more vulnerable to infection [148, 
149]. Intervention or treatment-related effects 
also appear to interact with endogenous deter-
minants such as age in the context of prolonged 
postoperative stress and systemic inflammatory 
response. Furthermore, age-related imbalances 
in gut microbiome composition appear to drive 
increased intestinal permeability, age-associated 
inflammation, and decreased macrophage func-
tion [150]. In this regard, the main goal of early 
enteral nutrition in the postoperative course and 
critical illness is to promote non-nutritional 
benefits such as gut integrity and modulation 
of immunity (immunonutrition) and only later 
on to address maintenance of lean muscle mass 
and avoidance of malnutrition. Given our bet-
ter understanding of the gut microbiome and its 
implication of surgical stress response and out-
comes, the role of perioperative probiotics and 
other acute nutritional interventions (such as 
fecal transplantation) to help preserve or restore 
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beneficial intestinal microbial communities is an 
active area of investigation. Meta-analyses found 
an approximately 40% reduction in operative site 
infections and postoperative sepsis with system-
atic probiotic use, as well as consistent reduc-
tion in incidence of multiple organ dysfunction 
syndrome after trauma, but convincing evidence 
for their therapeutic efficacy is lacking [151]. 
However, quantitative analysis of the microbi-
ome is more complex that simply characterizes 
the microbiota and relies on using integrated 
metagenomics and metabolic phenotyping, along 
with metatranscriptomics and metaproteomics. 
Modeling the microbe-host metabolic connectiv-
ities is essential to characterize the cause-effect 
relationships between disease and changes in the 
microbiome. What is clear is that several known 
metabolic functions are encoded in the human 
gut microbiome and thus can modify downstream 
metabolic phenotypes, influencing not only the 
GI tract but also substrate utilization in the liver, 
muscles, brain, kidneys, and heart. It is clear 
that the biochemical output of the gut microbi-
ome is changing systemic metabolic phenotypes. 
Specific examples include short-chain fatty acids 
and by-products of carbohydrate fermentation, 
products of proteolysis and amino acid metabo-
lism, ammonia, branched-chain amino acids, 
bile acids, dietary methylamines, and polyphe-
nols, which have been identified as biomarkers in 
many disease processes [152].

 Pharmacogenomic 
and Pharmacometabonomics

Pharmacogenomics is emerging as an additional 
modifying component to perioperative and 
acute care management along with age, gender, 
comorbidities, and medication usage. Specific 
testing and treatment guidelines allowing clini-
cians to appropriately modify drug utilization 
(e.g., adjust dose or change drug) already exist 
for a few compounds [153] and will likely be 
expanded to all relevant therapeutic compounds, 
together with identification of novel therapeu-
tic targets. According to a 2015 Nature review 
article, approximately 7% of FDA-approved 

medications are known to be affected by “action-
able” inherited pharmacogenes [154]. While 
more than 150 drug labels include pharma-
cogenomic information, many do not translate 
the genetic test results into specific prescribing 
actions, which has limited physician uptake. 
The international Clinical Pharmacogenetics 
Implementation Consortium has written guide-
lines for gene-drug pairs that have sufficient 
evidence from randomized controlled trials and 
other clinical studies to influence prescribing. 
So far, the group, which focuses on inherited 
genetic variations, has released clinical practice 
guidelines for 13 genes affecting the response to 
more than 30 drugs [155]. It has been suggested 
that variation in pharmacology of beta-blockers 
(including the extent of metabolism by CYP2D6, 
pharmacogenomic variation in CYP2D6) may 
contribute to the heterogeneous trial results of 
perioperative beta-blockade [156]. However, the 
pharmacogenetic approach is limited because 
most complex diseases and responses to drugs 
involve an interaction between genetic and envi-
ronmental factors, such as nutritional status, gut 
bacterial activities, and other drug uses. As dis-
cussed above, there is increased appreciation of 
the robust complex influence exerted by the gut 
microbiome over host metabolism and disease 
risk [157–159]. Furthermore, a phenomenon 
induced by co-administration of drugs termed 
phenoconversion (the conversion of genotypi-
cal extensive metabolizer into phenotypical 
poor metabolizer) can significantly confound 
pharmacogenomic analyses [160]. An alterna-
tive and complementary approach called phar-
macometabonomics is used to predict variable 
drug metabolism in humans [161]. At its core, 
pharmacometabonomics uses predose metabo-
lite profiles in biological fluids to characterize 
the physiologic and biochemical state of the sub-
ject prior to dosing (or preoperatively) and then 
develop a model to predict differential responses 
(e.g., responders vs nonresponders to drug treat-
ment). Patient subgroups based on differences 
in predose metabolite profiles are analyzed with 
respect to observed postdose response differ-
ences (e.g., varying pharmacokinetics, metab-
olism, efficiency, or toxicity), thus enabling 
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prediction of drug responses [162]. An initial 
proof of principle study reported in humans 
that the metabolic fate of acetaminophen can be 
predicted from baseline urine samples, identi-
fied a human gut microbiome cometabolite that 
competes with acetaminophen metabolism was 
identified [163], and created the framework for 
prediction of acetaminophen-induced hepatotox-
icity [164]. It further highlighted the limitations 
of pharmacogenomic approaches to predict drug 
effects in the presence of significant microbiome 
influences. Using the same concept, mortality in 
patients with septic shock receiving L-carnitine 
treatment could be predicted based on a unique 
metabolite profile indicative of L-carnitine 
responsiveness [165]. Patients with low pretreat-
ment ketone levels showed a marked increase 
in survival after L-carnitine treatment and were 
superior to using the SOFA score in guiding 
L-carnitine therapy decisions, thus highlighting 
the application of pharmacometabonomic phe-
notyping to inform precision sepsis therapeu-
tics. Using a combined pharmacogenomic and 
pharmacometabonomic approach, Shin et  al. 
predicted clearance of midazolam based on pre-
dose urinary ratios of four metabolites and the 
CYP3A5 genotype [166].

 Challenges to Creating a Dynamic 
Analytical Environment that Allows 
for Real Decisions in Real Time

While the ability of metabolic phenotypes to 
expose metabolically driven processes triggered 
by external factors such as drugs or the gut micro-
biota represents an advantage over other systems 
biology “-omics” tools, it also faces similar chal-
lenges to robust implementation in the periop-
erative period. Like other molecular phenomic 
strategies, these challenges revolve around the 
highly heterogeneous perioperative environment 
superimposed on interindividual variability in pre-
operative lifestyle and diet, degree of malnutrition 
and nutritional optimization strategies, gut micro-
flora and its complex two-way biochemical inter-
action with the host, and perioperative drugs and 
their metabolites. Further challenges in longitudi-

nal perioperative data analysis include nonuniform 
timing of sample collection (for practical reasons) 
and integration of data from different biofluids 
(urine and plasma) with other multi“-omic” data-
sets, clinical metrics, and metadata [167] to create 
a clinical decision-making environment along the 
perioperative continuum of care [106].

For both metabolic and immunophenotyping, 
it is imperative that longitudinal data is handled 
in a dynamic fashion, with models built to predict 
patient trajectories (outcome prediction related 
to baseline information) and implemented at the 
point of care. In this regard, metabolic and immu-
nophenotypes become endophenotypes of post-
operative recovery and critical illness. Supervised 
and unsupervised machine learning models have 
produced highly discriminative models predict-
ing physiologic state transitions, treatment appro-
priateness, and clinical outcomes in critically ill 
patients. Such novel endophenotypes clustered 
according to specific clinical and biological char-
acteristics (molecular, physiologic, and biochemi-
cal patterns) could represent a major step toward 
resolving heterogeneity of treatment effects and 
achieving precision in perioperative/intensive 
care medicine. It is important to refine the com-
putational methodology for rigorously integrating 
and rapidly analyzing such longitudinal physi-
ologic and molecular data in the perioperative 
period (dynamic phenotyping) [168] to identify 
temporal patterns of inflammation and metabolic 
dysregulation associated with adverse outcomes 
or a recovery trajectory (dynamic network analy-
sis) [169–172]. Machine and deep learning algo-
rithms that integrate multi-omic datasets are now 
being developed [173, 174], but their applications 
to perioperative settings are limited. Decision 
support is also necessary to guide clinicians on 
how to use pharmacogenomic information, and 
efforts are underway to standardize terms for 
clinical pharmacogenetic test results [175] and 
update existing guidelines to provide more com-
putational tables that can be uploaded into EHR 
systems to facilitate implementation of genetic 
testing. Innovative data visualization strategies 
are required to aid clinicians with adoption of 
actionable molecular information along the peri-
operative continuum of care.
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 Summary and Future Directions

This chapter outlines a framework of surgi-
cal care that uses a systems-based multiscale 
approach and dynamic computational modeling 
to generate granular and precise stratifications of 
individual patients on the basis of their robust-
ness and resilience to physical surgical stress-
ors. At its core, it entails a rational, quantitative 
description of the dynamic patient state before 
and immediately following the stressor in the 
perioperative and critical care settings, by ana-
lyzing patterns in multiparameter physiologic 
time series data and in molecular “-omic” or bio-
marker profiles, with a particular focus on their 
recovery trajectories. Specifically, metabolic 
and immunophenotypes (in particular innate 
immune responses) in biofluids and circulating 
cells are required to understand the complex 
relationship between perioperative metabolic 
reprogramming, inflammation, and its resolu-
tion, with physical resilience to surgical stress. 
By focusing multiple metabolic measuring tech-
nologies on the patient at any one moment dur-
ing their surgical pathway, unique phenotypic 
information can increase the quality and depth 
of prognostic and diagnostic processes.

The ultimate goal is to use these sensitive 
and specific molecular signatures to aid clinical 
decision- making and develop effective means to 
control biological processes that impact post-
operative recovery by optimizing therapeutic 
strategies. However, this emphasis on collecting 
ever more detail about the biological processes 
involved may divert efforts from finding out how 
biological systems function and therefore should 
be complemented with follow-up molecular 
studies of mechanisms underlying physical resil-
ience to surgical stress in experimental models 
of surgery.

The opportunities for developing and testing 
patient-centered prediction and treatment algo-
rithms for perioperative care, including through 
machine learning analysis of metabolic trajecto-
ries, are numerous, but few rigorous studies and 
clinical validation exist. Medical databases incor-
porating metabolomics data have to be developed 
and populated with large-scale metabotyping 

data for various diseases. In the bioinformatics 
field, we foresee major improvement in real-time 
analysis of different layers of omics data sam-
pled from patients and broad incorporation of 
machine learning and artificial intelligence sys-
tems to provide physicians with fully automated 
clinical analyzers capable in assisting in disease 
diagnosis, devising treatment strategy, and pre-
dicting prognosis. Smarter continuous monitor-
ing systems in the postoperative and critical care 
environments will enable better pattern detection 
and early recognition of clinical deterioration, 
with a resulting decrease in failure to rescue. 
The promise of high-performance medicine is 
truly data- driven, decompressing our reliance on 
human resources, and ultimately going beyond 
the sum of the parts of human and machine intel-
ligence [176]. Such comprehensive framework 
for data sharing and collaborative work to enable 
preoperative prevention and optimization, iden-
tification of patients at risk for perioperative 
adverse events, early diagnosis, and appropri-
ate individualized treatment for a given surgical 
patient represents the necessary transformational 
step from perioperative genomics [15] to periop-
erative intelligence [177].

References

 1. Weiser TG, Regenbogen SE, Thompson KD, et  al. 
An estimation of the global volume of surgery: a 
modelling strategy based on available data. Lancet. 
2008;372:139–44.

 2. Pearse RM, Moreno RP, Bauer P, et  al. Mortality 
after surgery in Europe: a 7 day cohort study. Lancet. 
2012;380:1059–65.

 3. Bartels K, Karhausen J, Clambey ET, Grenz 
A, Eltzschig HK.  Perioperative organ injury. 
Anesthesiology. 2013;119:1474–89.

 4. Dobson GP. Addressing the global burden of trauma 
in major surgery. Front Surg. 2015;2:43.

 5. Lowry SF. The stressed host response to infection: the 
disruptive signals and rhythms of systemic inflamma-
tion. Surg Clin North Am. 2009;89:311–26, vii.

 6. Speziale G, Nasso G, Barattoni MC, et al. Operative 
and middle-term results of cardiac surgery in nonage-
narians: a bridge toward routine practice. Circulation. 
2010;121:208–13.

 7. Speziale G, Nasso G, Barattoni MC, et al. Short-term 
and long-term results of cardiac surgery in elderly 
and very elderly patients. J Thorac Cardiovasc Surg. 
2011;141:725–31, 731.e1.

4 Metabolomics and Other “-Omic” Approaches to Characterize Perioperative Trajectories



86

 8. Rydingsward JE, Horkan CM, Mogensen KM, 
Quraishi SA, Amrein K, Christopher KB. Functional 
status in ICU survivors and out of hospital outcomes: 
a cohort study. Crit Care Med. 2016;44:869–79.

 9. Wunsch H, Guerra C, Barnato AE, Angus DC, Li 
G, Linde-Zwirble WT.  Three-year outcomes for 
Medicare beneficiaries who survive intensive care. 
JAMA. 2010;303:849–56.

 10. Whitson HE, Duan-Porter W, Schmader KE, Morey 
MC, Cohen HJ, Colón-Emeric CS. Physical resilience 
in older adults: systematic review and development of 
an emerging construct. J Gerontol A Biol Sci Med Sci. 
2016;71:489–95.

 11. Dhabhar FS.  Enhancing versus suppressive 
effects of stress on immune function: implica-
tions for immunoprotection and immunopathology. 
Neuroimmunomodulation. 2009;16:300–17.

 12. Ghini V, Saccenti E, Tenori L, Assfalg M, Luchinat 
C.  Allostasis and resilience of the human indi-
vidual metabolic phenotype. J Proteome Res. 
2015;14:2951–62.

 13. Turkson S, Kloster A, Hamilton PJ, Neigh 
GN.  Neuroendocrine drivers of risk and resilience: 
the influence of metabolism & mitochondria. Front 
Neuroendocrinol. 2019;54:100770.

 14. Brame AL, Singer M.  Stressing the obvious? An 
allostatic look at critical illness. Crit Care Med. 
2010;38:S600–7.

 15. Podgoreanu MV, Schwinn DA.  New paradigms in 
cardiovascular medicine: emerging technologies and 
practices: perioperative genomics. J Am Coll Cardiol. 
2005;46:1965–77.

 16. Kinross JM, Holmes E, Darzi AW, Nicholson 
JK.  Metabolic phenotyping for monitoring surgical 
patients. Lancet. 2011;377:1817–9.

 17. Iwashyna TJ. Trajectories of recovery and dysfunction 
after acute illness, with implications for clinical trial 
design. Am J Respir Crit Care Med. 2012;186:302–4.

 18. Ljungqvist O, Scott M, Fearon KC. Enhanced recovery 
after surgery: a review. JAMA Surg. 2017;152:292–8.

 19. Engelman DT, Ben Ali W, Williams JB, et  al. 
Guidelines for perioperative care in cardiac surgery: 
enhanced recovery after surgery society recommenda-
tions. JAMA Surg. 2019;154:755.

 20. Memtsoudis SG, Poeran J, Kehlet H.  Enhanced 
recovery after surgery in the United States: from 
evidence- based practice to uncertain science. JAMA. 
2019;321:1049–50.

 21. Kertai MD, Li YJ, Ji Y, et  al. Genome-wide asso-
ciation study of new-onset atrial fibrillation after 
coronary artery bypass grafting surgery. Am Heart J. 
2015;170:580–90.e28.

 22. Kertai MD, Li YJ, Li YW, et al. Genome-wide asso-
ciation study of perioperative myocardial infarction 
after coronary artery bypass surgery. BMJ Open. 
2015;5:e006920.

 23. Kertai MD, Qi W, Li YJ, et  al. Gene signatures 
of postoperative atrial fibrillation in atrial tissue 
after coronary artery bypass grafting surgery in 

patients receiving β-blockers. J Mol Cell Cardiol. 
2016;92:109–15.

 24. Kertai MD, Ji Y, Li YJ, et al. Interleukin-1β gene vari-
ants are associated with QTc interval prolongation 
following cardiac surgery: a prospective observational 
study. Can J Anaesth. 2016;63:397–410.

 25. Stafford-Smith M, Li YJ, Mathew JP, et al. Genome- 
wide association study of acute kidney injury after 
coronary bypass graft surgery identifies susceptibility 
loci. Kidney Int. 2015;88:823–32.

 26. Grocott HP, White WD, Morris RW, et  al. Genetic 
polymorphisms and the risk of stroke after cardiac 
surgery. Stroke. 2005;36:1854–8.

 27. Mathew JP, Podgoreanu MV, Grocott HP, et  al. 
Genetic variants in P-selectin and C-reactive protein 
influence susceptibility to cognitive decline after car-
diac surgery. J Am Coll Cardiol. 2007;49:1934–42.

 28. Podgoreanu MV, Michelotti GA, Sato Y, et  al. 
Differential cardiac gene expression during cardio-
pulmonary bypass: ischemia-independent upregula-
tion of proinflammatory genes. J Thorac Cardiovasc 
Surg. 2005;130:330–9.

 29. Podgoreanu MV, White WD, Morris RW, et  al. 
Inflammatory gene polymorphisms and risk of post-
operative myocardial infarction after cardiac surgery. 
Circulation. 2006;114:I275–81.

 30. Ashrafian H, Athanasiou T, Nicholson JK, Darzi AW. 
Unmet medical needs. In: Holmes E, Nicholson JK, 
Darzi AW, Lindon JC, editors. Metabolic phenotyp-
ing in personalized and public healthcare. Academic 
Press: San Diego; 2016. p. 1–13.

 31. Gillman MW, Hammond RA. Precision treatment and 
precision prevention: integrating “below and above 
the skin”. JAMA Pediatr. 2016;170:9–10.

 32. Valente TW.  Network interventions. Science. 
2012;337:49–53.

 33. Houle D, Govindaraju DR, Omholt S. Phenomics: the 
next challenge. Nat Rev Genet. 2010;11:855–66.

 34. Dona AC, Jiménez B, Schäfer H, et  al. Precision 
high-throughput proton NMR spectroscopy of human 
urine, serum, and plasma for large-scale metabolic 
phenotyping. Anal Chem. 2014;86:9887–94.

 35. Semmar N. Metabotype concept: flexibility, usefulness 
and meaning in different biological populations. In: 
Metabolomics. Cambridge: Elsevier; 2012. p. 131–66.

 36. Lindon JC, Nicholson JK, Holmes E, Everett 
JR.  Metabonomics: metabolic processes studied 
by NMR spectroscopy of biofluids. Concept Magn 
Reson. 2000;12:289–320.

 37. Nicholson JK, Holmes E, Kinross JM, Darzi 
AW, Takats Z, Lindon JC.  Metabolic phenotyp-
ing in clinical and surgical environments. Nature. 
2012;491:384–92.

 38. Want EJ, Wilson ID, Gika H, et al. Global metabolic 
profiling procedures for urine using UPLC-MS. Nat 
Protoc. 2010;5:1005–18.

 39. Naz S, García A, Barbas C. Multiplatform analytical 
methodology for metabolic fingerprinting of lung tis-
sue. Anal Chem. 2013;85:10941–8.

M. V. Podgoreanu



87

 40. Matheus N, Hansen S, Rozet E, et al. An easy, con-
venient cell and tissue extraction protocol for nuclear 
magnetic resonance metabolomics. Phytochem Anal. 
2014;25:342–9.

 41. Tilgner M, Vater TS, Habbel P, Cheng LL.  High- 
Resolution Magic Angle Spinning (HRMAS) NMR 
methods in metabolomics. Methods Mol Biol. 
2019;2037:49–67.

 42. Beckonert O, Coen M, Keun HC, et  al. High- 
resolution magic-angle-spinning NMR spectroscopy 
for metabolic profiling of intact tissues. Nat Protoc. 
2010;5:1019–32.

 43. Wallner-Liebmann S, Gralka E, Tenori L, et al. The 
impact of free or standardized lifestyle and urine sam-
pling protocol on metabolome recognition accuracy. 
Genes Nutr. 2015;10:441.

 44. Yin P, Peter A, Franken H, et  al. Preanalytical 
aspects and sample quality assessment in metab-
olomics studies of human blood. Clin Chem. 
2013;59:833–45.

 45. Dunn WB, Lin W, Broadhurst D, et  al. Molecular 
phenotyping of a UK population: defining the human 
serum metabolome. Metabolomics. 2015;11:9–26.

 46. Bouatra S, Aziat F, Mandal R, et al. The human urine 
metabolome. PLoS One. 2013;8:e73076.

 47. MSI BM, Sansone SA, Fan T, et  al. The metabolo-
mics standards initiative.[letter]. Nat Biotechnol. 
2007;25(8):846–8.

 48. Castro-Perez JM, Kamphorst J, DeGroot J, et  al. 
Comprehensive LC-MS E lipidomic analysis using 
a shotgun approach and its application to biomarker 
detection and identification in osteoarthritis patients. 
J Proteome Res. 2010;9:2377–89.

 49. Yamada M, Kita Y, Kohira T, et al. A comprehensive 
quantification method for eicosanoids and related 
compounds by using liquid chromatography/mass 
spectrometry with high speed continuous ionization 
polarity switching. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2015;995–996:74–84.

 50. The emergent role of metabolic phenotyping in 
dynamic patient stratification. [editorial]. Expert Opin 
Drug Metab Toxicol. 2014;10(7):915.

 51. Würtz P, Havulinna AS, Soininen P, et al. Metabolite 
profiling and cardiovascular event risk: a prospec-
tive study of 3 population-based cohorts. Circulation. 
2015;131:774–85.

 52. Shah SH, Bain JR, Muehlbauer MJ, et al. Association 
of a peripheral blood metabolic profile with coronary 
artery disease and risk of subsequent cardiovascular 
events. Circ Cardiovasc Genet. Cambridge: Elsevier; 
2010;3:207–14.

 53. Shah SH, Sun JL, Stevens RD, et al. Baseline metab-
olomic profiles predict cardiovascular events in 
patients at risk for coronary artery disease. Am Heart 
J. 2012;163:844–850.e1.

 54. Wang Z, Tang WH, Buffa JA, et al. Prognostic value of 
choline and betaine depends on intestinal microbiota- 
generated metabolite trimethylamine-N- oxide. Eur 
Heart J. 2014;35:904–10.

 55. Zordoky BN, Sung MM, Ezekowitz J, et  al. 
Metabolomic fingerprint of heart failure with preserved 
ejection fraction. PLoS One. 2015;10:e0124844.

 56. Wang-Sattler R, Yu Z, Herder C, et al. Novel biomark-
ers for pre-diabetes identified by metabolomics. Mol 
Syst Biol. 2012;8:615.

 57. Jové M, Mauri-Capdevila G, Suárez I, et  al. 
Metabolomics predicts stroke recurrence after tran-
sient ischemic attack. Neurology. 2015;84:36–45.

 58. Holmes E, Loo RL, Stamler J, et al. Human metabolic 
phenotype diversity and its association with diet and 
blood pressure. Nature. 2008;453:396–400.

 59. Fischer K, Kettunen J, Würtz P, et  al. Biomarker 
profiling by nuclear magnetic resonance spectros-
copy for the prediction of all-cause mortality: an 
observational study of 17,345 persons. PLoS Med. 
2014;11:e1001606.

 60. Ussher JR, Elmariah S, Gerszten RE, Dyck JR. The 
emerging role of metabolomics in the diagnosis 
and prognosis of cardiovascular disease. J Am Coll 
Cardiol. 2016;68:2850–70.

 61. McGarrah RW, Crown SB, Zhang GF, Shah SH, 
Newgard CB.  Cardiovascular metabolomics. Circ 
Res. 2018;122:1238–58.

 62. Everett JR. From metabonomics to pharmacometabo-
nomics: the role of metabolic profiling in personalized 
medicine. Front Pharmacol. 2016;7:297.

 63. Nicholson JK, Wilson ID, Lindon 
JC. Pharmacometabonomics as an effector for person-
alized medicine. Pharmacogenomics. 2011;12:103–11.

 64. Everett JR. Pharmacometabonomics in humans: a new 
tool for personalized medicine. Pharmacogenomics. 
2015;16:737–54.

 65. Rinehart D, Johnson CH, Nguyen T, et al. Metabolomic 
data streaming for biology- dependent data acquisi-
tion.[letter]. Nat Biotechnol. 2014;32(6):524–7.

 66. Parent BA, Seaton M, Djukovic D, et  al. Parenteral 
and enteral nutrition in surgical critical-care: plasma 
metabolomics demonstrates divergent effects on 
nitrogen, fatty-acid, ribonucleotide and oxidative 
metabolism. J Trauma Acute Care Surg. 2017;82:704.

 67. Correia GD, Wooi Ng K, Wijeyesekera A, et  al. 
Metabolic profiling of children undergoing sur-
gery for congenital heart disease. Crit Care Med. 
2015;43:1467–76.

 68. Davidson JA, Pfeifer Z, Frank B, et al. Metabolomic 
fingerprinting of infants undergoing cardiopulmonary 
bypass: changes in metabolic pathways and asso-
ciation with mortality and cardiac intensive care unit 
length of stay. J Am Heart Assoc. 2018;7:e010711.

 69. Lewis GD, Wei R, Liu E, et al. Metabolite profiling 
of blood from individuals undergoing planned myo-
cardial infarction reveals early markers of myocardial 
injury. J Clin Invest. 2008;118:3503–12.

 70. Turer AT, Stevens RD, Bain JR, et  al. Metabolomic 
profiling reveals distinct patterns of myocardial sub-
strate use in humans with coronary artery disease or 
left ventricular dysfunction during surgical ischemia/
reperfusion. Circulation. 2009;119:1736–46.

4 Metabolomics and Other “-Omic” Approaches to Characterize Perioperative Trajectories



88

 71. Mayr M, Yusuf S, Weir G, et al. Combined metabo-
lomic and proteomic analysis of human atrial fibrilla-
tion. J Am Coll Cardiol. 2008;51:585–94.

 72. Shah AA, Craig DM, Sebek JK, et al. Metabolic pro-
files predict adverse events after coronary artery bypass 
grafting. J Thorac Cardiovasc Surg. 2012;143:873–8.

 73. Gupte AA, Hamilton DJ, Cordero-Reyes AM, et  al. 
Mechanical unloading promotes myocardial energy 
recovery in human heart failure. Circ Cardiovasc 
Genet. 2014;7:266–76.

 74. Schechter MA, Hsieh MK, Njoroge LW, et  al. 
Phosphoproteomic profiling of human myocardial tis-
sues distinguishes ischemic from non-ischemic end 
stage heart failure. PLoS One. 2014;9:e104157.

 75. Lopaschuk GD, Ussher JR, Folmes CD, Jaswal JS, 
Stanley WC.  Myocardial fatty acid metabolism in 
health and disease. Physiol Rev. 2010;90:207–58.

 76. Neubauer S. The failing heart–an engine out of fuel. N 
Engl J Med. 2007;356:1140–51.

 77. Ahmad T, Kelly JP, McGarrah RW, et al. Prognostic 
implications of long-chain acylcarnitines in heart fail-
ure and reversibility with mechanical circulatory sup-
port. J Am Coll Cardiol. 2016;67:291–9.

 78. Birks EJ.  Molecular changes after left ventricu-
lar assist device support for heart failure. Circ Res. 
2013;113:777–91.

 79. Blaxall BC, Tschannen-Moran BM, Milano CA, Koch 
WJ. Differential gene expression and genomic patient 
stratification following left ventricular assist device 
support. J Am Coll Cardiol. 2003;41:1096–106.

 80. Hall JL, Birks EJ, Grindle S, et al. Molecular signa-
ture of recovery following combination left ventricu-
lar assist device (LVAD) support and pharmacologic 
therapy. Eur Heart J. 2007;28:613–27.

 81. Chokshi A, Drosatos K, Cheema FH, et al. Ventricular 
assist device implantation corrects myocardial lipo-
toxicity, reverses insulin resistance, and normalizes 
cardiac metabolism in patients with advanced heart 
failure. Circulation. 2012;125:2844–53.

 82. Diakos NA, Navankasattusas S, Abel ED, et  al. 
Evidence of glycolysis up-regulation and pyruvate 
mitochondrial oxidation mismatch during mechani-
cal unloading of the failing human heart: implications 
for cardiac reloading and conditioning. JACC Basic 
Transl Sci. 2016;1:432–44.

 83. Shahinian JH, Rog-Zielinska EA, Schlimpert M et al. 
Impact of left ventricular assist device therapy on the 
cardiac proteome and metabolome composition in 
ischemic cardiomyopathy. Artif Organs. 2019.

 84. Elmariah S, Farrell LA, Daher M, et  al. Metabolite 
profiles predict acute kidney injury and mortality in 
patients undergoing transcatheter aortic valve replace-
ment. J Am Heart Assoc. 2016;5:e002712.

 85. Priddy CM, Kajimoto M, Ledee DR, et al. Myocardial 
oxidative metabolism and protein synthesis during 
mechanical circulatory support by extracorporeal 
membrane oxygenation. Am J Physiol Heart Circ 
Physiol. 2013;304:H406–14.

 86. Li CL, Wang H, Jia M, Ma N, Meng X, Hou XT. The 
early dynamic behavior of lactate is linked to mor-

tality in postcardiotomy patients with extracorpo-
real membrane oxygenation support: a retrospective 
observational study. J Thorac Cardiovasc Surg. 
2015;149:1445–50.

 87. Slottosch I, Liakopoulos O, Kuhn E, et  al. Lactate 
and lactate clearance as valuable tool to evaluate 
ECMO therapy in cardiogenic shock. J Crit Care. 
2017;42:35–41.

 88. Zhang L, Yu X, Cheypesh A, et al. Plasma fatty acid 
levels in children during extracorporeal membrane 
oxygenation support–a pilot study. J Extra Corpor 
Technol. 2013;45:242–7.

 89. Li X, Yu X, Cheypesh A, Li J.  Non-invasive mea-
surements of energy expenditure and respiratory 
quotient by respiratory mass spectrometry in chil-
dren on extracorporeal membrane oxygenation-a 
pilot study. Artif Organs. 2015;39:815–9.

 90. Ledee DR, Kajimoto M, O’Kelly Priddy CM, et al. 
Pyruvate modifies metabolic flux and nutrient sens-
ing during extracorporeal membrane oxygenation in 
an immature swine model. Am J Physiol Heart Circ 
Physiol. 2015;309:H137–46.

 91. Kajimoto M, Ledee DR, Olson AK, Isern NG, Des 
Rosiers C, Portman MA.  Differential effects of 
octanoate and heptanoate on myocardial metabo-
lism during extracorporeal membrane oxygenation 
in an infant swine model. Am J Physiol Heart Circ 
Physiol. 2015;309:H1157–65.

 92. Kajimoto M, Ledee DR, Isern NG, Portman 
MA. Right ventricular metabolism during venoarte-
rial extracorporeal membrane oxygenation in imma-
ture swine heart in  vivo. Am J Physiol Heart Circ 
Physiol. 2017;312:H721–7.

 93. Files MD, Kajimoto M, O’Kelly Priddy CM, et al. 
Triiodothyronine facilitates weaning from extracor-
poreal membrane oxygenation by improved mito-
chondrial substrate utilization. J Am Heart Assoc. 
2014;3:e000680.

 94. Kajimoto M, O’Kelly Priddy CM, Ledee DR, et al. 
Extracorporeal membrane oxygenation promotes 
long chain fatty acid oxidation in the immature swine 
heart in vivo. J Mol Cell Cardiol. 2013;62:144–52.

 95. DʼAlessandro A, Moore HB, Moore EE, et  al. 
Plasma succinate is a predictor of mortality in criti-
cally injured patients. J Trauma Acute Care Surg. 
2017;83:491–5.

 96. Banoei MM, Vogel HJ, Weljie AM, et al. Plasma 
metabolomics for the diagnosis and progno-
sis of H1N1 influenza pneumonia. Crit Care. 
2017;21:97.

 97. Lusczek ER, Muratore SL, Dubick MA, Beilman 
GJ.  Assessment of key plasma metabolites in 
combat casualties. J Trauma Acute Care Surg. 
2017;82:309–16.

 98. Peltz ED, D’Alessandro A, Moore EE, et  al. 
Pathologic metabolism: an exploratory study of 
the plasma metabolome of critical injury. J Trauma 
Acute Care Surg. 2015;78:742–51.

 99. Parent BA, Seaton M, Sood RF, et  al. Use of 
metabolomics to trend recovery and therapy after 

M. V. Podgoreanu



89

injury in critically ill trauma patients. JAMA Surg. 
2016;151:e160853.

 100. Slaughter AL, Nunns GR, D’Alessandro A, et  al. 
The metabolopathy of tissue injury, hemorrhagic 
shock and resuscitation in a rat model. Shock. 
2018;49(5):580–90.

 101. Clendenen N, Nunns GR, Moore EE, et  al. 
Hemorrhagic shock and tissue injury drive dis-
tinct plasma metabolome derangements in swine. J 
Trauma Acute Care Surg. 2017;83:635–42.

 102. D’Alessandro A, Slaughter AL, Peltz ED, et  al. 
Trauma/hemorrhagic shock instigates aberrant meta-
bolic flux through glycolytic pathways, as revealed 
by preliminary (13)C-glucose labeling metabolo-
mics. J Transl Med. 2015;13:253.

 103. D’Alessandro A, Moore HB, Moore EE, et  al. 
Plasma first resuscitation reduces lactate acidosis, 
enhances redox homeostasis, amino acid and purine 
catabolism in a rat model of profound hemorrhagic 
shock. Shock. 2016;46:173–82.

 104. D’Alessandro A, Moore HB, Moore EE, et al. Early 
hemorrhage triggers metabolic responses that build 
up during prolonged shock. Am J Physiol Regul 
Integr Comp Physiol. 2015;308:R1034–44.

 105. Muirhead LJ, Kinross J, FitzMaurice TS, Takats Z, 
Darzi A, Nicholson JK.  Surgical systems biology 
and personalized longitudinal phenotyping in criti-
cal care. Per Med. 2012;9:593–608.

 106. Mirnezami R, Kinross JM, Vorkas PA, et  al. 
Implementation of molecular phenotyping 
approaches in the personalized surgical patient jour-
ney. Ann Surg. 2012;255:881–9.

 107. Cohen MJ, Serkova NJ, Wiener-Kronish J, Pittet JF, 
Niemann CU. 1H-NMR-based metabolic signatures 
of clinical outcomes in trauma patients-beyond lac-
tate and base deficit. J Trauma. 2010;69:31–40.

 108. Mao H, Wang H, Wang B, et  al. Systemic meta-
bolic changes of traumatic critically ill patients 
revealed by an NMR-based metabonomic approach. 
J Proteome Res. 2009;8:5423–30.

 109. Blaise BJ, Gouel-Chéron A, Floccard B, Monneret 
G, Allaouchiche B. Metabolic phenotyping of trau-
matized patients reveals a susceptibility to sepsis. 
Anal Chem. 2013;85:10850–5.

 110. Schmerler D, Neugebauer S, Ludewig K, Bremer- 
Streck S, Brunkhorst FM, Kiehntopf M.  Targeted 
metabolomics for discrimination of systemic inflam-
matory disorders in critically ill patients. J Lipid 
Res. 2012;53:1369–75.

 111. Li JV, Ashrafian H, Bueter M, et al. Metabolic sur-
gery profoundly influences gut microbial-host meta-
bolic cross-talk. Gut. 2011;60:1214–23.

 112. Ashrafian H, Li JV, Spagou K, et al. Bariatric sur-
gery modulates circulating and cardiac metabolites. 
J Proteome Res. 2014;13:570–80.

 113. Samczuk P, Ciborowski M, Kretowski A. Application 
of metabolomics to study effects of bariatric surgery. 
J Diabetes Res. 2018;2018:6270875.

 114. Mutch DM, Fuhrmann JC, Rein D, et al. Metabolite 
profiling identifies candidate markers reflecting the 

clinical adaptations associated with Roux-en-Y gas-
tric bypass surgery. PLoS One. 2009;4:e7905.

 115. Zhang H, DiBaise JK, Zuccolo A, et al. Human gut 
microbiota in obesity and after gastric bypass. Proc 
Natl Acad Sci U S A. 2009;106:2365–70.

 116. Palau-Rodriguez M, Tulipani S, Marco-Ramell A, 
et  al. Metabotypes of response to bariatric surgery 
independent of the magnitude of weight loss. PLoS 
One. 2018;13:e0198214.

 117. Foxall PJ, Mellotte GJ, Bending MR, Lindon 
JC, Nicholson JK.  NMR spectroscopy as a novel 
approach to the monitoring of renal transplant func-
tion. Kidney Int. 1993;43:234–45.

 118. Chen J, Wen H, Liu J, et  al. Metabonomics study 
of the acute graft rejection in rat renal transplan-
tation using reversed-phase liquid chromatogra-
phy and hydrophilic interaction chromatography 
coupled with mass spectrometry. Mol BioSyst. 
2012;8:871–8.

 119. Kim CD, Kim EY, Yoo H, et al. Metabonomic analysis 
of serum metabolites in kidney transplant recipients 
with cyclosporine A- or tacrolimus- based immuno-
suppression. Transplantation. 2010;90:748–56.

 120. Girlanda R, Cheema AK, Kaur P, et al. Metabolomics 
of human intestinal transplant rejection. Am J 
Transplant. 2012;12 Suppl 4:S18–26.

 121. Legido-Quigley C, McDermott L, Vilca-Melendez 
H, et  al. Bile UPLC-MS fingerprinting and bile 
acid fluxes during human liver transplantation. 
Electrophoresis. 2011;32:2063–70.

 122. Opstad KS, Bell BA, Griffiths JR, Howe FA. Toward 
accurate quantification of metabolites, lipids, and 
macromolecules in HRMAS spectra of human brain 
tumor biopsies using LCModel. Magn Reson Med. 
2008;60:1237–42.

 123. Wright AJ, Fellows GA, Griffiths JR, Wilson M, 
Bell BA, Howe FA. Ex-vivo HRMAS of adult brain 
tumours: metabolite quantification and assignment 
of tumour biomarkers. Mol Cancer. 2010;9:66.

 124. Wu CL, Jordan KW, Ratai EM, et al. Metabolomic 
imaging for human prostate cancer detection. Sci 
Transl Med. 2010;2:16ra8.

 125. Bathen TF, Geurts B, Sitter B, et  al. Feasibility of 
MR metabolomics for immediate analysis of resec-
tion margins during breast cancer surgery. PLoS 
One. 2013;8:e61578.

 126. Mirnezami R, Jiménez B, Li JV, et al. Rapid diag-
nosis and staging of colorectal cancer via high- 
resolution magic angle spinning nuclear magnetic 
resonance (HR-MAS NMR) spectroscopy of intact 
tissue biopsies. Ann Surg. 2014;259:1138–49.

 127. Balog J, Szaniszlo T, Schaefer KC, et al. Identification 
of biological tissues by rapid evaporative ionization 
mass spectrometry. Anal Chem. 2010;82:7343–50.

 128. Balog J, Sasi-Szabó L, Kinross J, et al. Intraoperative 
tissue identification using rapid evaporative ion-
ization mass spectrometry. Sci Transl Med. 
2013;5:194ra93.

 129. Phelps DL, Balog J, Gildea LF, et al. The surgical 
intelligent knife distinguishes normal, borderline 

4 Metabolomics and Other “-Omic” Approaches to Characterize Perioperative Trajectories



90

and malignant gynaecological tissues using rapid 
evaporative ionisation mass spectrometry (REIMS). 
Br J Cancer. 2018;118:1349–58.

 130. Guenther S, Schäfer KC, Balog J, et al. Electrospray 
post-ionization mass spectrometry of electrosurgical 
aerosols. J Am Soc Mass Spectrom. 2011;22:2082–9.

 131. Quinones QJ, Ma Q, Zhang Z, Barnes BM, Podgoreanu 
MV.  Organ protective mechanisms common to 
extremes of physiology: a window through hiberna-
tion biology. Integr Comp Biol. 2014;54:497–515.

 132. Quinones QJ, Zhang Z, Ma Q, et al. Proteomic pro-
filing reveals adaptive responses to surgical myo-
cardial ischemia-reperfusion in hibernating arctic 
ground squirrels compared to rats. Anesthesiology. 
2016;124:1296–310.

 133. Bendall SC, Nolan GP, Roederer M, Chattopadhyay 
PK.  A deep profiler’s guide to cytometry. Trends 
Immunol. 2012;33:323–32.

 134. Gaudillière B, Fragiadakis GK, Bruggner RV, et al. 
Clinical recovery from surgery correlates with 
single-cell immune signatures. Sci Transl Med. 
2014;6:255ra131.

 135. Fragiadakis GK, Gaudillière B, Ganio EA, 
et  al. Patient-specific immune states before sur-
gery are strong correlates of surgical recovery. 
Anesthesiology. 2015;123:1241–55.

 136. Aghaeepour N, Kin C, Ganio EA, et  al. Deep 
immune profiling of an arginine-enriched nutri-
tional intervention in patients undergoing surgery. J 
Immunol. 2017;199:2171.

 137. Collard CD, Shernan SK, Fox AA, et al. The MBL2 
‘LYQA secretor’ haplotype is an independent pre-
dictor of postoperative myocardial infarction in 
whites undergoing coronary artery bypass graft sur-
gery. Circulation. 2007;116:I106–12.

 138. Welsby IJ, Podgoreanu MV, Phillips-Bute B, et  al. 
Association of the 98T ELAM-1 polymorphism 
with increased bleeding after cardiac surgery. J 
Cardiothorac Vasc Anesth. 2010;24:427–33.

 139. Milewicz DM, Regalado ES. Use of genetics for per-
sonalized management of heritable thoracic aortic 
disease: how do we get there. J Thorac Cardiovasc 
Surg. 2015;149:S3–5.

 140. Feezor RJ, Baker HV, Xiao W, et al. Genomic and 
proteomic determinants of outcome in patients 
undergoing thoracoabdominal aortic aneurysm 
repair. J Immunol. 2004;172:7103–9.

 141. Gieger C, Geistlinger L, Altmaier E, et al. Genetics 
meets metabolomics: a genome-wide association 
study of metabolite profiles in human serum. PLoS 
Genet. 2008;4:e1000282.

 142. Zheng S, Shao S, Qiao Z, et  al. Clinical parame-
ters and gut microbiome changes before and after 
surgery in thoracic aortic dissection in patients 
with gastrointestinal complications. Sci Rep. 
2017;7:15228.

 143. Lukovic E, Moitra VK, Freedberg DE. The microbi-
ome: implications for perioperative and critical care. 
Curr Opin Anaesthesiol. 2019;32:412–20.

 144. Lederer AK, Pisarski P, Kousoulas L, Fichtner-Feigl 
S, Hess C, Huber R.  Postoperative changes of the 
microbiome: are surgical complications related 
to the gut flora? A systematic review. BMC Surg. 
2017;17:125.

 145. Stavrou G, Kotzampassi K. Gut microbiome, surgi-
cal complications and probiotics. Ann Gastroenterol. 
2017;30:45–53.

 146. McDonald D, Ackermann G, Khailova L et  al. 
Extreme dysbiosis of the microbiome in critical ill-
ness. mSphere. 2016;1.

 147. Kinross JM, Alkhamesi N, Barton RH, et al. Global 
metabolic phenotyping in an experimental lapa-
rotomy model of surgical trauma. J Proteome Res. 
2010;10:277–87.

 148. Alverdy JC, Luo JN.  The influence of host stress 
on the mechanism of infection: lost microbiomes, 
emergent pathobiomes, and the role of interkingdom 
signaling. Front Microbiol. 2017;8:322.

 149. Codner PA, Herron TJ. The shifting microbiome in 
surgical stress. Curr Surg Rep. 2017;5:9.

 150. Thevaranjan N, Puchta A, Schulz C, et  al. Age- 
associated microbial dysbiosis promotes intes-
tinal permeability, systemic inflammation, and 
macrophage dysfunction. Cell Host Microbe. 
2017;21:455–466.e4.

 151. Morrow LE, Blurred Lines WP. Dysbiosis and probi-
otics in the ICU. Chest. 2017;151:492–9.

 152. Hoyles L, Swann J. Influence of the human gut 
microbiome on the metabolic phenotype. In: Lindon 
JC, Nicholson JK, Holmes E, editors. The handbook 
of metabolic phenotyping. Rijeka: InTech; 2019. p. 
535–60.

 153. Bukaveckas BL, Valdes R, Linder 
MW.  Pharmacogenetics as related to the prac-
tice of cardiothoracic and vascular anesthesia. J 
Cardiothorac Vasc Anesth. 2004;18:353–65.

 154. Relling MV, Evans WE. Pharmacogenomics in the 
clinic. Nature. 2015;526:343–50.

 155. Trescot AM.  Genetics and implications in periop-
erative analgesia. Best Pract Res Clin Anaesthesiol. 
2014;28:153–66.

 156. Badgett RG, Lawrence VA, Cohn SL. Variations in 
pharmacology of beta-blockers may contribute to 
heterogeneous results in trials of perioperative beta- 
blockade. Anesthesiology. 2010;113:585–92.

 157. Eloe-Fadrosh EA, Rasko DA.  The human micro-
biome: from symbiosis to pathogenesis. Annu Rev 
Med. 2013;64:145–63.

 158. Holmes E, Li JV, Marchesi JR, Nicholson JK. Gut 
microbiota composition and activity in relation to 
host metabolic phenotype and disease risk. Cell 
Metab. 2012;16:559–64.

 159. Pflughoeft KJ, Versalovic J.  Human microbi-
ome in health and disease. Annu Rev Pathol. 
2012;7:99–122.

 160. Shah RR, Smith RL. Addressing phenoconversion: 
the Achilles’ heel of personalized medicine. Br J 
Clin Pharmacol. 2015;79:222–40.

M. V. Podgoreanu



91

 161. Clayton TA, Lindon JC, Cloarec O, et al. Pharmaco- 
metabonomic phenotyping and personalized drug 
treatment. Nature. 2006;440:1073–7.

 162. Everett JR, Loo RL, Pullen 
FS. Pharmacometabonomics and personalized medi-
cine. Ann Clin Biochem. 2013;50:523–45.

 163. Clayton TA, Baker D, Lindon JC, Everett JR, 
Nicholson JK. Pharmacometabonomic identification 
of a significant host-microbiome metabolic interac-
tion affecting human drug metabolism. Proc Natl 
Acad Sci U S A. 2009;106:14728–33.

 164. Winnike JH, Li Z, Wright FA, Macdonald JM, 
O’Connell TM, Watkins PB.  Use of pharmaco- 
metabonomics for early prediction of acetaminophen- 
induced hepatotoxicity in humans. Clin Pharmacol 
Ther. 2010;88:45–51.

 165. Puskarich MA, Finkel MA, Karnovsky A, et  al. 
Pharmacometabolomics of l-carnitine treatment 
response phenotypes in patients with septic shock. 
Ann Am Thorac Soc. 2015;12:46–56.

 166. Shin KH, Choi MH, Lim KS, Yu KS, Jang IJ, Cho 
JY.  Evaluation of endogenous metabolic markers 
of hepatic CYP3A activity using metabolic profil-
ing and midazolam clearance. Clin Pharmacol Ther. 
2013;94:601–9.

 167. Robinette SL, Holmes E, Nicholson JK, Dumas 
ME. Genetic determinants of metabolism in health 
and disease: from biochemical genetics to genome- 
wide associations. Genome Med. 2012;4:30.

 168. Albers DJ, Elhadad N, Tabak E, Perotte A, Hripcsak 
G. Dynamical phenotyping: using temporal analysis 
of clinically collected physiologic data to stratify 
populations. PLoS One. 2014;9:e96443.

 169. Namas RA, Vodovotz Y, Almahmoud K, et  al. 
Temporal patterns of circulating inflammation bio-

marker networks differentiate susceptibility to noso-
comial infection following blunt trauma in humans. 
Ann Surg. 2016;263:191–8.

 170. Namas RA, Almahmoud K, Mi Q, et al. Individual- 
specific principal component analysis of circu-
lating inflammatory mediators predicts early 
organ dysfunction in trauma patients. J Crit Care. 
2016;36:146–53.

 171. Almahmoud K, Namas RA, Abdul-Malak O, et  al. 
Impact of injury severity on dynamic inflammation net-
works following blunt trauma. Shock. 2015;44:101–9.

 172. Almahmoud K, Abboud A, Namas RA, et  al. 
Computational evidence for an early, amplified 
systemic inflammation program in polytrauma 
patients with severe extremity injuries. PLoS One. 
2019;14:e0217577.

 173. Camacho DM, Collins KM, Powers RK, Costello 
JC, Collins JJ. Next-generation machine learning for 
biological networks. Cell. 2018;173:1581–92.

 174. Zitnik M, Nguyen F, Wang B, Leskovec J, Goldenberg 
A, Hoffman MM. Machine learning for integrating 
data in biology and medicine: principles, practice, 
and opportunities. Inf Fusion. 2019;50:71–91.

 175. Caudle KE, Dunnenberger HM, Freimuth RR, 
et al. Standardizing terms for clinical pharmacoge-
netic test results: consensus terms from the Clinical 
Pharmacogenetics Implementation Consortium 
(CPIC). Genet Med. 2017;19:215–23.

 176. Topol EJ. High-performance medicine: the conver-
gence of human and artificial intelligence. Nat Med. 
2019;25:44–56.

 177. Maheshwari K, Ruetzler K, Saugel B. Perioperative 
intelligence: applications of artificial intelligence in 
perioperative medicine. J Clin Monit Comput. 2019.

4 Metabolomics and Other “-Omic” Approaches to Characterize Perioperative Trajectories



Part II

Global Perturbations of Metabolism



95© Springer Nature Switzerland AG 2020 
K. A. Davis, S. H. Rosenbaum (eds.), Surgical Metabolism, 
https://doi.org/10.1007/978-3-030-39781-4_5

Starvation
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Starvation is a multifaceted condition commonly 
encountered by surgeons (Table 5.1). The inability 
to ingest sufficient calories and/or an appropriate 
mixture of nutrients causes changes in the underly-
ing metabolic milieu that can affect the outcome of 
illnesses and their treatments. Therefore, surgeons 
and other clinicians must be acquainted with the 
consequences of starvation and take measures to 
reverse its detrimental effects.

 Starvation and Surgery

Surgical patients have reduced caloric intake at 
various times during their illness, ranging from 
preoperative overnight fasts to prolonged periods 
of decreased caloric and energy intake. With sur-
gical scheduling being imprecise, patients can be 
fasted for as long as 12–15 h prior to undergo-
ing surgery. This leads patients to begin surgery 
in a fasting state. Both preoperatively and post-
operatively 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 dysfunc-
tion such as obstruction, ileus, maldigestion, and 
malabsorption. Furthermore, the prevailing tradi-
tion of not permitting patients to eat for the few 
days after abdominal surgery—“to let the bowel 
rest”—results in starvation or semistarvation. 
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Table 5.1 Definitions

Malnutrition — A state resulting from lack of 
ingestion or absorption of nutrition that leads to 
altered body composition (decreased fat-free mass) 
and body cell mass [1]
Starvation — The most extreme form of malnutrition, 
which involves severe deficiency in caloric (energy), 
nutrient, and vitamin intake. It is a pure deficit in food 
intake causing gradual loss of both fat and muscle mass [1]
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, usually 
associated with underlying illness [1]
Sarcopenia — Degenerative loss of skeletal muscle 
mass usually related to aging [1]
Marasmus — Chronic undernourishment caused by a diet 
deficient in all forms of energy intake, including protein
Kwashiorkor — A condition where there is dietary 
protein deficiency but 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”
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Insufficient caloric and nutrient intake can delay 
wound healing; weaken the immune system lead-
ing 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. During starvation 
organisms slowly adapt their metabolic functions 
by gradually reducing energy output and produc-
ing endogenous substrates in order to preserve 
muscle mass at the expense of adipose tissue.

Major homeostatic changes occur soon after 
fasting begins. For example, in human skel-
etal muscle, more than 900 genes are altered 
after 24  h of fasting, representing about 7% of 
the genes expressed in this tissue. Twenty-three 
genes largely involved in metabolic process regu-
lation are significantly affected by both early 
(10 h) and late (24 h) fasting [2].

 Carbohydrate Metabolism

The postabsorptive state (Table 5.1), seen mainly 
during the late morning, late afternoon, and over-
night, is characterized by metabolic changes 
aimed at preserving 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 glucose as their energy 
source. The postabsorptive state is triggered by 
falling blood glucose concentrations which result 
in declining insulin concentrations. As the glucose 
and insulin concentrations decrease, glucagon is 
secreted by pancreatic α-cells likely in response 
to intrinsic (within the α-cell itself) and paracrine 
(mediated by factors released by pancreatic β- 
and/or δ-cells) stimulation [3]. 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 α-cell glucose sensing and is upregulated by 
hypoglycemia [4]. Glucagon is synthesized as 
a 160-amino acid prohormone (proglucagon) 
from a gene on chromosome 2. Proglucagon 
undergoes cleavage by prohormone convertase-2 
into four peptides including 29-amino acid glu-
cagon. Much of the secreted glucagon is then 
transported to the liver where the high glucagon/
insulin ratio triggers glycogenolysis and gluco-
neogenesis while inhibiting glycolysis and gly-
cogenesis. Glucagon acts via a transmembrane 
G-protein-coupled receptor to increase intracel-
lular c-AMP. The glucagon receptor is expressed 
not only in the liver but also in the kidney, intes-
tinal smooth muscle, brain, adipose tissue, heart, 
pancreatic β-cells, and placenta [5]. Activation of 
the β-adrenergic system and increased cortisol 
further promotes glycogenolysis and gluconeo-
genesis and inhibits glycolysis and glycogenesis 
[6]. These glycolytic/gluconeogenic hormones 
alter the rate of enzyme synthesis at the transcrip-
tional level by modulating key transcription fac-
tors and coactivators, including FOXO1, CREB/
CRTC2 (cAMP- responsive element-binding pro-
tein/CREB- regulated transcriptional coactivator 
2) nuclear receptors, hepatocyte nuclear factors, 
C/EBP-β (CCAAT-enhancer-binding protein-β), 
PGC1α (peroxisome proliferator-activated recep-
tor gamma coactivator 1 α), and CLOCK (circa-
dian locomotor output cycles kaput) genes [7]. 
After 48 h of fasting, insulin concentrations are 
reduced by about 80% resulting in decreased 
insulin receptor activation which in turn leads 
to reduced protein kinase B/AKT activity (i.e., 
decreased AKT phosphorylation [8]). The lower 
plasma insulin concentrations decrease tissue 
glucose uptake, increase protein catabolism, and 
increase lipolysis. Interestingly, in skeletal muscle 
some investigators observed that after 48 h of fast-
ing, there was no change in protein kinase B/AKT 
phosphorylation or insulin receptor substrates 
1 and 2 compared to prefasting levels reflect-
ing other functional alterations in metabolism. 
Yet, after 62 h of starvation, there was reduced 
protein kinase B/AKT phosphorylation [9, 10]. 
Conversely, other investigators found reduced 
phosphorylation of protein kinase B/AKT in skel-
etal muscle after just 24 hours of fasting [2]. The 
contribution of the adrenergic system is variable. 
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However, after a 72 h fast in normal subjects, 24 
h urinary norepinephrine and dopamine concen-
trations and heart rate were increased, while car-
diac vagal modulation decreased [11]. In addition, 
secretion of the incretins, glucagon- like peptide 1 
(GLP-1, an insulinotropic hormone), and glucose-
dependent insulinotropic polypeptide (GIP) by 
the small intestinal L and K cells is decreased dur-
ing fasting resulting in reduced insulin secretion, 
upregulation of glycogen degradation, and greater 
endogenous glucose production [12]. The relative 
influence of the incretins on glucose metabolism 
is a highly familial trait [13].

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. Higher glucagon 
concentrations and lower insulin concentrations 
are the triggers of hepatic glycogenolysis due in 
part to protein kinase A-dependent inactivation 
of glycogen synthase kinase and stimulation of 
the glycogen degradation enzymes, glycogen 
phosphorylase (GP), and glycogen debranching 
enzyme (GDE) [14, 15]. The purpose of glycoge-
nolysis is release of glucose into the bloodstream 
for uptake by non-hepatic cells (Fig. 5.1). As these 

epinephrine β-receptor glucagon glucagon-receptor

adenylate cyclase

ATP cAMP + Pi

protein kinase (inactive)  protein kinase (active)                                                

glycogen phosphorylase (α1-4 glycosidic bonds)

glycogen + Pi  glycogen + glucose-1-phosphate
(n branches) (n-1 branches)

glycogen debranching enzyme (α1-4 branches)

glucose-1-phosphate glucose-6-phosphate

phosphoglucomutase

LIVER
glucose-6-phosphate + H2O glucose + Pi

gluconeogenesis
glucose-6-phosphatase

glucose

MUSCLE
glycolysis lactate dehydrogenase

glucose-6-phosphate pyruvate + NADH + H+ lactate
pyruvate dehydrogenase 

+ NAD + CoA acetyl CoA + NADH

citric acid cycle  

1

2

Fig. 5.1  
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 
1: Glucagon increases 
cAMP via its own 
G-protein-coupled 
receptors, i.e., a 
mechanism not requiring 
β-adrenergic receptors. 
Glucagon receptors are 
found mainly in the liver 
and kidney and less in 
adipose 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 phosphorylase. 
Pi inorganic phosphate
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hepatic stores become depleted, glycogenolysis 
can also occur within skeletal muscles (Fig. 5.1). 
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 [16]. 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 postab-
sorptive from the fasting state [17]. During star-
vation, hepatic 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 hepa-
tocytes and other cells activating adenylate 
cyclase and inhibiting cyclic AMP (cAMP) 
phosphodiesterase thus causing a rise in intra-
cellular cAMP [18]. β-adrenergic stimulation 
also enhances cAMP formation. The increased 
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 
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 
this gluconeogenic gene expression through the 
dephosphorylation and nuclear shuttling of fork-
head box protein 1 (FOXO1—a transcription 
factor involved in regulating gene expression) in 
concert with TORC2 [19, 20]. FOXO1 and the 
peroxisome proliferator-activated receptor-γ syn-

ergistically increase transcription of gluconeo-
genic genes [21]. Glucocorticoids also stimulate 
gluconeogenesis by increasing the transcription 
of the glucose-6-phosphatase and phosphoenol-
pyruvate carboxykinase genes. Glucocorticoids 
bind to glucocorticoid receptors (an intracellular 
receptor which is a ligand-inducible transcription 
factor belonging to the nuclear receptor super-
family), and the resulting complex translocates 
to the nucleus where it binds to glucocorticoid- 
responsive elements located on genes associ-
ated with gluconeogenesis. During fasting the 
effects of glucocorticoids and glucagon mas-
sively reorganize liver chromatin inducing many 
fasting- induced enhancers [22]. For example, glu-
cocorticoids and glucagon induce  Krüppel- like 
factor 15 (KLF15), a unique fasting-related tran-
scription factor which supports gluconeogenesis 
by inducing gluconeogenic genes, as well as by 
inducing genes such as alanine aminotransferase, 
responsible for the catabolism of amino acids 
which serve as gluconeogenic precursors [23].

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 provided prac-
tically all (93%) of the glucose production [24]. 
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 [25]. After 60  h of starvation, glycerol 
accounts for about 15% of glucose production. 
This proportion increases as starvation continues 
and proteolysis diminishes [26]. In addition, lac-
tate from red blood cells, muscle activity, and renal 
medulla is used as a substrate [6]. The amino acid 
gluconeogenic substrate is mainly alanine in the 
liver and mainly glutamine in the kidney [27]. The 
liver produces about 60% of the glucose with the 
remainder produced by the renal cortex [28, 29]. 
As fasting progresses, the total hepatic glucose 
production decreases largely because of reduced 
glycogenolysis, with little change in gluconeogen-
esis [30]. As the period of starvation continues, the 
rate of gluconeogenesis begins to fall as the body 
tries to preserve muscle mass. Compared to over-
night fast, endogenous glucose production falls by 
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about 12% after 38 h of starvation and by 30% after 
62 h [26]. The reduction in hepatic glucose pro-
duction after 64 h of fasting was greater in females 
than in males [31]. In its stead, both fat oxidation 
and ketone body formation increase [26]. This is 
reflected in a reduction of about 40% in insulin- 
mediated glucose uptake with an increase in non- 
insulin- mediated nonoxidative disposal [26]. After 
40–48 h of starvation, the increase in muscle and 
liver concentrations of acetyl-CoA activates pyru-
vate dehydrogenase kinase isozyme 4 (PDK4), a 
phosphorylating mitochondrial enzyme that inhib-
its the pyruvate dehydrogenase complex. This 
inhibition reduces the conversion of pyruvate to 
acetyl-coenzyme A (CoA), resulting in decreased 
glucose oxidation [26]. In kidney, pyruvate dehy-
drogenase kinase isozyme 2 (PDK2) activity is 
also increased [32]. The mechanism of PDK2 and 
PDK4 activation includes reduced insulin signal-
ing attributed to reduced insulin concentrations 
and/or insulin resistance. The reduced insulin 
stimulation leads to activation of transcription fac-
tors FOXO1 and FOXO3. FOXO1  in turn binds 
to the promoter region of the PDK4 gene [33]. 
Simultaneously, FOXO proteins are involved in 
the transcription of gluconeogenic genes respon-
sible for glucose-6-phosphatase and phosphoenol-
pyruvate carboxykinase activities [32]. The latter 
enzyme, along with fructose-1,6-diphosphatase, 
regulates gluconeogenesis.

When nutrient intake resumes, glucagon pro-
duction and gluconeogenesis decrease due to the 
direct inhibitory effect of glucose on pancreatic 
α-cells and by glucose-stimulated secretion of 
insulin and somatostatin from neighboring β and 
δ cells, respectively. Additionally, the satiety- 
promoting and insulinotropic gut hormone, 
glucagon- like peptide 1 (GLP-1) also inhib-
its pancreatic α-cell secretion thus decreasing 
plasma glucagon concentrations in a glucose- 
dependent manner [34].

 Lipid Metabolism

Humans have limited stores of carbohydrates and 
protein, while it is the fat stores that possess the 
surplus calories that maintain body functions dur-

ing 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 break-
down of stored triglycerides to free fatty acids 
and glycerol, occurs in response to increased epi-
nephrine, growth hormone, and glucagon stimu-
lation plus decreased insulin stimulation [8, 35]. 
Not only is there a decrease in the serum insulin 
concentration but also reduced end-organ sensi-
tivity [36]. Stimulation of β2-adrenergic recep-
tors by epinephrine causes cAMP concentrations 
to rise thereby increasing the cAMP- dependent 
protein kinase A phosphorylation of the various 
lipolytic enzymes, especially hormone- sensitive 
lipase and perilipin (Fig. 5.2). Phosphorylation of 
perilipin, a lipid droplet surface protein, appears 
to increase translocation of hormone-sensitive 
lipase to the lipid droplet thus enhancing lipoly-
sis [37]. Some lipolysis likely occurs via a form 
of chaperone-mediated autophagy, called lipo-
phagy [38]. The rate of lipolysis, measured by 
palmitate turnover, doubles from postabsorptive 
levels after 84 h of fasting, releasing glycerol and 
free fatty acids [27]. The former is converted to 
glucose via gluconeogenesis and the latter under-
goes β-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 [39].

In volunteers starved for 2–4 days, there were 
significant changes in the plasma metabolome, 
specifically increases in free fatty acids and vari-
ous acylcarnitines, reflecting the lipolysis occur-
ring during the mobilization of endogenous fat 
stores [40]. However, unlike the plasma, the 
metabolome of circulating leukocytes had minor 
changes demonstrating the maintenance of intra-
cellular leukocyte homeostasis despite changing 
extracellular conditions [40]. The rate of free fatty 
acid appearance after 87 h of starvation is double 
that required to provide substrate for energy pro-
duction. Many of the remaining free fatty acids 
are reesterified to triglycerides in adipose tissue 
and skeletal muscle and to a much lower extent 
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in the liver. Teleologically, the reesterification 
cycles permit rapid increases and decreases in the 
metabolism of lipolytic substrates. Some of the 
free fatty acids are converted to bioactive inter-
mediates, e.g., ceramide and acylcarnitines [26].

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 non-splanchnic (subcuta-
neous) 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 [41]. 
After 72 h of fasting, lipolysis occurs predomi-
nantly in skeletal muscle, upper body subcuta-
neous fat, and abdominal adipose tissue, while 
sparing peripheral adipose tissue [42]. In addi-

tion, 15–20% of glycerol turnover is attributable 
to intravascular hydrolysis of very low-density 
lipoprotein triglycerides [43].

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 [17]. Free fatty acids are released 
into blood plasma where they bind to albumin and 
then are taken up by the liver, skeletal muscle, 
heart, and kidney where they undergo β-oxidation 
in the mitochondria to acetyl-CoA (Fig.  5.2). 
Cellular fatty acid uptake was long thought to 
be due to simple diffusion, but it is now estab-

gluconeogenesis β-oxidation/ketones

adenylyl cyclase

cAMP    

perilipin-1-CGI-58
cAMP-dependent pyruvate kinase A

CGI-58 + phosphorylated perilipin-1 

ADIPOCYTE

adipose triglyceride lipase (ATGL)

Triacylglycerol diacylglycerol + free fatty acid
hormone sensitive lipase (HSL) 

Diacylglycerol monoacylglycerol + free fatty acid

monoglyceride lipase (MGL)

Monoglycerol glycerol + free fatty acid

β-Receptor

Fig. 5.2 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 β-adrenergic stimulation and also growth 
hormone, glucagon, and cortisol. Perilipin (also called 
lipid droplet-associated protein) coats lipid droplets 
located in adipocytes and forms a protective coating to 

protect the stored lipid from lipases. During lipolysis per-
ilipin 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 activates 
hormone- sensitive lipase, phosphorylated perilipin is 
more potent an activator
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lished that proteins such as fatty acid transport 
proteins (FATPs), fatty acid translocase (CD36), 
and plasma membrane fatty acid-binding protein 
(FABPpm, GOT2) also aid in this process [44]. 
The elevated fatty acid concentrations in hepato-
cytes (and monocytes) activate nuclear receptor 
peroxisome proliferator-activated receptor alpha 
(PPAR-α), a ligand-activated transcription factor 
[45]. PPAR-α activation, along with the transcrip-
tion factors FOXA2 (also known as hepatocyte 
nuclear factor 3-beta - HNF-3β) and Sp1 (speci-
ficity protein 1), promotes uptake, utilization, 
and metabolism of the fatty acids by upregulat-
ing genes involved in fatty acid transport, mito-
chondrial fatty acid β-oxidation, and ketogenesis. 
These genes code for enzymes such as pyruvate 
dehydrogenase and carnitine/acylcarnitine carrier. 
β-oxidation of fatty acids coupled with oxidative 
phosphorylation is the key pathway for produc-
ing energy during fasting. Fatty acid acyl groups 

are transported from the cytosol into the mito-
chondrial matrix by means of the carnitine shuttle 
system (Fig. 5.3). In the cytosol, fatty acid units 
are transferred from acyl-CoAs to carnitine by the 
action of carnitine palmitoyltransferase 1 located 
on the external surface of the outer mitochondrial 
membrane. The acylcarnitines are translocated 
through the inner mitochondrial membrane by 
the carnitine/acylcarnitine carrier in exchange 
for intramitochondrial- free carnitine. Therefore, 
metabolomic studies demonstrate an increase in 
cytosolic carnitine [46]. Within the mitochon-
drial matrix, fatty acid acyl units are transferred 
from carnitine to matrix CoA by carnitine pal-
mitoyltransferase 2 (CPT2), and these mitochon-
drial acyl-CoAs are oxidized by the β-oxidation 
enzymes. The acetyl-CoA produced from the 
fatty acids enters either the Krebs cycle or is used 
to form ketone bodies [47]. As starvation persists, 
acetyl-CoA accumulates within the hepatic mito-

free fatty acids HEPATOCYTE
fatty acid transporters

free fatty acids + ATP + CoA acyl-CoA + PPi + AMP MITOCHONDRIUM

acyl-CoA + carnitine acylcarnitine + CoA

β-hydroxybutyrate acetone

acetoacetate + acetyl CoA

acylcarnitine + CoA carnitine + acylCoA

β-hydroxy-β-methylglutaryl-CoA

Citric Acid Cycle acetyl-CoA

acetoacetyl CoA

acyl-CoA
synthetase

carnitine  palmitoyl –
transferase I

carnitine palmitoyl –
transferase II

carnitine
acylcarnitine
translocase

thiolase

HMG-CoA lyase

HMG-CoA
synthase

β-hydroxybutyrate
dehydrogenase

acetoacetate
decarboxylase

β - OXIDATION

Fig. 5.3 Hepatocyte fatty acid β-oxidation and ketogen-
esis—fatty acids released by lipolysis undergo β-oxidation 
and ketogenesis within hepatocytes. The acetyl-CoA pro-
duced either enters the citric acid cycle (tricarboxylic acid 
cycle or Krebs cycle) where the NADH generated enters 

the oxidative phosphorylation pathway to produce ATP, or 
it is converted to ketone bodies (β-hydroxybutyrate and 
acetoacetate). The ketone bodies are transported to other 
organs to be used as energy substrate. Acetone, a waste 
product, is excreted by the kidneys and lungs
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chondria leading to the increased formation of the 
three ketone molecules: acetone, acetoacetate, 
and β-hydroxybutyrate (Fig. 5.2). The latter two 
are synthesized from acetyl-CoA, in the mito-
chondria of liver cells, and can be used as a source 
of energy by the heart and brain. Acetone, formed 
by spontaneous decarboxylation 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 they become the main energy sub-
strate [48]. The brain, which under most circum-
stances is dependent on glucose for energy, adapts 
to using ketones as its major energy source. In the 
brain, acetoacetate and β-hydroxybutyrate are 
reconverted to acetyl-CoA and enter the citric 
acid cycle to produce energy. β-hydroxybutyrate 
is a good source of energy providing 4.7 kcal/g 
[28]. During starvation the brain can use ketones 
for up to 70% of its energy needs. This preserva-
tion of cerebral physiological functional capac-
ity and brain mass plus the safeguarding of its 
own energy supply at the expense of sacrificing 
the energy requirements of other organ has been 
termed the “selfish brain” theory [49]. The con-
centrations of β-hydroxybutyrate observed during 
starvation are usually 1–2 mM/L during the initial 
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 [17, 28]. Breakdown of ketone bodies in 
peripheral tissues increases acetyl- CoA bringing 
about reduced insulin signaling thus decreasing 
cellular glucose uptake. Although neuronal glu-
cose uptake and oxidation during starvation is 
reduced, its influx (transport) through the blood-
brain barrier is upregulated although the absolute 
amount of transported glucose is reduced due to 
decreased blood glucose concentrations [48, 50]. 
The increase in the amount of ketone bodies trans-
ported across the blood-brain barrier appears to 
be passive and dependent on the greatly increased 
arterial concentrations seen during starvation. 
The increased capacity of the blood-brain bar-
rier monocarboxylic acid transporters, including 
MCT1 in endothelial cells and MCT2 in neurons 
and glial cells, contributes only a small fraction of 
the transported ketones [48, 50].

The hyperketonemia is accompanied by 
hyperketonuria caused by a lack of renal tubu-
lar reabsorption of a significant proportion of 
the acetoacetate (AcAc−) and β-hydroxybutyrate 
(β-OHB−). To prevent systemic acidosis, near uri-
nary electroneutrality is maintained by obligate 
isomolar excretion of cations, mainly NH4

+. The 
NH4

+ is obtained largely from renal deamination 
and deamidation of glutamine [17]. Persistent 
ketonuria, thus, results in the loss of valuable 
fuels derived from fat and also depletes protein 
stores to provide NH4

+ [51]. Suppression of glu-
cagon secretion by free fatty acids and ketone 
bodies may be part of a negative feedback system 
regulating ketogenesis.

In addition to its role as an energy substrate, 
β-hydroxybutyrate (β-OHB−) has cellular signal-
ing functions [52, 53]. It is an endogenous inhibi-
tor of histone deacetylases (HDACs) and a ligand 
for at least two cell surface receptors. HDACs 
affect gene expression via chromatin modifica-
tion, and their inhibition by β-hydroxybutyrate 
results in histone hyperacetylation and the induc-
tion of FOXO3 expression. These appear to be 
involved in regulation of autophagy, a process 
upregulated during starvation [54]. HCAR2 
(hydroxycarboxylic acid receptor 2 also known as 
PUMA-G or Gpr109), when activated by β-OHB, 
decreases lipolysis in adipocytes through G(i)-
protein-mediated inhibition of adenylyl cyclase. 
This is likely a feedback mechanism to regu-
late the availability of the fatty acid precursors 
of ketone body formation thus preventing keto-
acidosis during starvation. HCAR2 also mediates 
the increased adiponectin secretion seen during 
starvation. β-OHB also binds and antagonizes 
free fatty acid receptor 3 (FFAR3, also known as 
Gpr41), present in sympathetic ganglions, sup-
pressing sympathetic activity. This suppression 
of sympathetic activity likely contributes to the 
overall decrease in metabolic rate seen during 
fasting [52, 53].

After 7 days of fasting, normal-weight volun-
teers had increased serum concentrations of total 
cholesterol, low-density lipoprotein (LDL) choles-
terol, and apolipoprotein B, while triglyceride and 
high-density lipoprotein (HDL) cholesterol con-
centrations were unchanged. The latter were found 
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by others to be decreased after 6 days of fasting, 
while triglyceride concentrations were increased 
[55]. The increasing LDL levels were associated 
with decreasing serum insulin growth factor-1 
(IGF-1) concentrations which is in keeping with 
the inverse correlation between the two [56]. In 
another study of normal weight individuals, 3 days 
of fasting resulted in increases in plasma triglycer-
ide, very low-density lipoprotein cholesterol, and 
apolipoprotein B concentrations [57].

 Insulin Resistance

In addition to the low concentrations of insulin 
during fasting and starvation, there is end-organ 
insulin resistance that some have called “diabe-
tes of starvation.” This was demonstrated by the 
observations that 48–60 h of fasting led to a 50% 
reduction in insulin sensitivity likely attributable 
to increased free fatty acid concentrations and/or 
accumulation of triglycerides in peripheral tis-
sues [30, 58]. 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. Therefore, insulin resistance 
mainly decreases carbohydrate utilization by fat, 
muscle, and liver [59]. Lean subjects subjected 
to 6 days of fasting developed insulin intolerance 
[60]. Compared to lean subjects, obese subjects 
had less of a decrease in insulin action after a 48-h 
fast. The greater reduction in insulin action after 
48 h of fasting in lean subjects was ascribed to 
greater increases in FFA and β-hydroxybutyrate 
concentrations [30]. Furthermore, oral glucose 
intake normally stimulates a biphasic insu-
lin secretion response from pancreatic β cells. 
However, after a 72-h fast, there was inhibition 
of the first phase of insulin secretion, similar to 
that seen in type 2 diabetes [61]. The proposed 
mechanism of fasting-induced insulin resistance 
is mitochondrial production of reactive oxygen 
species caused by increased fatty acid oxidation 

thus impairing glucose transporter-4 [GLUT4] 
translocation to the cell surface. This reduced 
transporter translocation leads to less cellular 
glucose uptake [59]. The diminished whole-body 
insulin sensitivity manifests as decreased insulin- 
stimulated glucose disposal caused by reduced 
insulin stimulation of both glucose oxidation and 
nonoxidative glucose disposal [62]. However, 
insulin-induced suppression of endogenous glu-
cose production, reflecting hepatic insulin sensi-
tivity, was only marginally affected by 60  h of 
fasting [62]. Furthermore, one exercise session 
increased mitochondrial fatty acid oxidation and 
reverses starvation-induced insulin resistance 
[63]. However, 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 concentra-
tion of free fatty acid or insulin sensitivity [64].

 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 pro-
duction. About 1.75 g of muscle protein must be 
broken down to produce 1 g of glucose [65–68]. 
The carbon skeletons of the amino acids are 
substrates for gluconeogenesis and/or enter the 
citric acid cycle. The greater amount of nitrog-
enous waste, urea, uric acid (urate), creatinine, 
and ammonium (NH4

+) 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 contin-
ues past its initial few days, nitrogen excretion 
decreases as the body begins to utilize stored 
fat to produce energy. Some have ascribed this 
decreased nitrogen excretion to also being due to 
the total body reduction in metabolic rate [66]. 
This protein- sparing phenomenon can continue 
for much time, during which adipose tissue 
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becomes the main source of energy substrate. 
The greater the adipose tissue stores, the longer 
the time that the organism can survive. The etiol-
ogy for this decreased proteolysis is unclear and 
has been ascribed to the reduced T3 concentra-
tions and increased growth hormone concentra-
tions which stimulate lipolysis [67].

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 skel-
etal muscle (myofibrillar protein). This acceler-
ated protein catabolism subsides thereafter, as 
evidenced 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 sub-
stantially by the third week. The amino acids 
released by proteolysis are utilized as gluconeo-
genic substrates by the liver (alanine) and kidney 
(glutamine). Alanine transported to the liver is 
converted to pyruvate which enters the gluconeo-
genic pathway to be synthesized to glucose [69]. 
The decline in proteolysis is accompanied by an 
increase in lipid oxidation, enhanced ketone pro-
duction, increased use of glycerol as a gluconeo-
genic substrate, and reduced demand for glucose 
by various tissues such as the brain. With pro-
longed fasting up to 100% of the glycerol turn-
over is diverted to glucose production in healthy 
humans [69]. 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 concen-
trations along with increased cortisol and 
glucagon concentrations, but not growth hor-
mone [8]. Furthermore, the mechanisms of 
proteolysis in myocytes are thought to be a 
combination of autophagic (lysosomal) and 
ubiquitin- proteasomic protein breakdown associ-
ated with a reduction in mTORC1 (mammalian 
target of rapamycin complex 1 or mechanistic 
target of rapamycin complex 1), although their 

relative contributions are still unclear [8, 70]. 
However, in many other tissues (except the 
brain), lysosomal proteolysis pathways are stim-
ulated during fasting [68]. It appears that short-
term starvation activates macroautophagy, a 
nonselective mechanism, while as starvation pro-
gresses, there is a switch to chaperone-mediated 
autophagy, which is more selective in identifying 
cellular components for degradation. Autophagy 
is a lysosomal- based degradation process that 
permits cells to adapt to stress, mobilize ener-
getic reserves, and degrade potentially harmful 
and dysfunctional substances.

Macroautophagy involves the formation of 
vesicles called autophagosomes that incorpo-
rate many types of cytoplasmic materials. These 
autophagosomes then fuse with lysosomes where 
the material is degraded. The trigger for autoph-
agy is the dissociation of the ULK1 (Unc- 51- like 
autophagy-activating kinase 1, an autophagy 
related gene [atg])—mTORC1 (mammalian tar-
get of rapamycin complex 1) complex which is 
promoted by adenosine monophosphate- activated 
protein kinase (AMPK) [71, 72]. The latter in turn 
is activated by increased cytosolic AMP (a sign of 
energy depletion) or amino acid depletion. AMPK 
directly regulates autophagic activity through 
phosphorylation of ULK1 [73]. 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 mate-
rial which is subsequently released into the cyto-
sol as amino acids, fatty acids (macrolipophagy), 
and ribose- phosphate. The latter can be converted 
to glucose via the nonoxidative pentose phos-
phate pathway. The activity of the lysosomes to 
sequester or release the amino acids freed by pro-
tein proteolysis is affected by mTORC1 activity, 
which in early starvation is inhibited thus prevent-
ing the release of essential amino acids from the 
lysosome [74, 75]. Later in starvation mTORC1 
activity reactivates permitting the release of the 
amino acids [74]. In humans, increased skeletal 
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muscle phenylalanine release following a 72-h 
fast was associated with decreased in mTORC1 
activity, as well as ULK1 phosphorylation. This 
was associated with increased muscle proteolysis 
and reduced downstream signaling of muscle cell 
growth [76].

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 degrada-
tion. The targeted protein is initially recognized 
by heat-shock cognate 70 kDa (hsc-70). Multiple 
co-chaperones (e.g., heat-shock protein 90) inter-
act with the protein-chaperone complex which 
attaches to the receptor, lysosome- associated 
membrane protein 2 (LAMP2), on the lysosomal 
membrane. The substrate proteins then translo-
cate 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 pro-
teins degraded are those involved with glycolysis, 
an enzyme pathway not particularly active during 
starvation [77]. Chaperone-mediated autophagy 
is also implicated in controlling lipolysis [78].

The ubiquitin-proteasome system (UPS) is 
another proteolytic mechanism active during star-
vation. Markedly reduced nutrient intake results 
in the upregulation of UPS-associated gene 
expression, with increased mRNA expression 
of the atrogenes muscle RING-finger protein- 1 
(MuRF1, an E3 ubiquitin ligase found in skel-
etal and cardiac muscle) and atrogin-1, another 
E3 ubiquitin ligase [79]. Proteins are tagged for 
degradation with a 76 amino acid protein called 
ubiquitin. This reaction is catalyzed by a group 
of enzymes: ubiquitin-activating enzymes, ubiq-
uitin-conjugating enzymes, and ubiquitin ligases. 
An example of the latter is atrogin- 1 which 
increases proteolysis and reduces protein syn-
thesis by mechanisms independent of decreased 
phosphorylation of AKT and forkhead transcrip-
tion factors (FOXO). A protein tagged with an 
ubiquitin molecule is a target for other ligases to 
attach additional ubiquitin molecules. The result-

ing 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 con-
centration of retinal binding protein fell by 16%, 
unrelated to changes in hydration state [80]. A 
systematic review revealed that in healthy sub-
jects, serum albumin and prealbumin concentra-
tions remained normal in the face of starvation. 
They only fell with extremes of starvation, BMI 
<12 or more than 6  weeks of starvation [81]. 
During short-term (3  days) fasting, the overall 
protein synthetic rate decreases as much as 13%, 
although overall protein turnover is increased [8, 
82]. 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 lipoprotein apolipopro-
tein A1, retinol-binding protein, α1-antitrypsin). 
However, the plasma concentrations of binding 
proteins, such as retinol, retinol-binding protein, 
and transthyretin, were decreased [83]. Four 
days of starvation produced marked reductions 
(approximately 30%) in the circulating concen-
trations of retinol-binding protein, but did not 
significantly affect the plasma concentration 
of immunoglobulins (Ig) G, A, and M or other 
proteins (orosomucoid, haptoglobin, alpha(1) 
 antitrypsin), albumin, and total protein [84]. 
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 star-
vation period, an elevated serum albumin [85]. 
Proteomic analysis of murine small intestines 
revealed that during the first 12 h of starvation, 
there was a decline in proteins associated with 
energy production and glycolysis, while after 
24 h, substances related to protein synthesis and 
amino acids were also decreased. Additionally, 
after 24 h, extracellular enzymes that reduce oxi-
dative stress were increased [86]. Furthermore, 
to support starvation-mediated autophagy, there 
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is de novo synthesis of proteins involved in this 
process. Proteomic analysis revealed 711 such 
proteins [87].

 Bone Metabolism

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 [88]. Autopsies of adult star-
vation victims showed severe cortical demineral-
ization and matrix decomposition. Starvation has 
also been conjectured to play a role in the devel-
opment of osteopenia and osteoporosis [89].

 Energy Expenditure

Among the adaptive responses to starvation 
(Fig.  5.4) is a decrease in total body energy 
expenditure, attributed to reduced basal energy 
expenditure and decreased physical activity. 
However, at the onset of fasting, resting energy 
expenditure increased significantly, in some, 
but not all studies, from day 1 to day 3 associ-
ated with more than a doubling of norepineph-
rine concentrations from day 1 to day 4 [90, 
91]. In some studies epinephrine concentrations 
did not increase concomitantly, leading to the 
conclusion that the increased norepinephrine 
was due to sympathetic nervous system stimu-
lation. However, some investigators found that 
during 24-h fasts, higher urinary epinephrine 
concentrations correlated with smaller reduc-
tions in energy expenditure [92]. As the lack of 
caloric and nutrient intake continues, the resting 
energy expenditure has been reported by most, 
but not all, investigators to decrease [93]. This 
decreased energy expenditure is accompanied by 
diminished catecholamine and thyroid hormone 
stimulation as well as decreased insulin secre-

tion, reduced heart rate, lower creatinine clear-
ance, negative fluid balance, and lower free water 
clearance [91, 94]. 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 efficiency thus reducing the rate of tis-
sue depletion [95]. In addition, total daily energy 
expenditure is also decreased because of reduced 
activity and exercise on the part of the weakened 
starving individual. 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 [96].∗∗

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 [97]. 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 and water intake occurs within a 
week to 10 days depending on the rate of external 
water loss, e.g., sweating, and the body’s intrin-
sic water supply [98]. A 15% loss of body water 
after acute dehydration and a >20% loss after 
longer dehydration are fatal [99]. The continuum 
of dehydration is characterized by headaches, 
orthostatic hypotension, decreased resting blood 
pressure, reduced or no urine output, delirium, 
unconsciousness, and, eventually, death. In stud-
ies of starvation, subjects are routinely provided 
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Fig. 5.4 The adaptive response to starvation—gluconeo-
genesis uses glycerol from fat stores, amino acids from 
muscles, and lactate from red blood cells and muscle 
activity to produce glucose. Lipolysis of adipose tissue 

triglycerides releases free fatty acids for β-oxidation and 
ketone body formation. Endogenous glucose production 
via gluconeogenesis occurs in the kidney and liver. 
Hepatic protein synthesis occurs but at a reduced rate
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with oral or intravenous solutions containing 
water and electrolytes to prevent dehydration and 
electrolyte disturbances. Hunger strikers are gen-
erally provided with such solutions and, in pro-
longed 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 
week due to negative water and sodium balance. 
The losses slow to about 0.3 kg/day by the third 
week [100]. During a 10-day fast, a 54-year-old 
male lost 0.25 kg/day [101], while hunger strik-
ers had lost 18% of their prefast body weight by 
days 28–35 [102]. Some of the weight loss during 
the initial period of fasting is due to loss of water 
in association with glycogenolysis [26]. With a 
5% weight loss secondary to starvation, the frac-
tion 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%) [103].

 Hormonal Changes

Starvation is accompanied by substantial changes 
in the hormonal milieu that helps organisms 
to adapt their metabolism to reduced nutri-
ent intake. Plasma concentrations of thyroid 
hormones are decreased, while glucagon, cat-
echolamine, and growth hormone concentra-
tions increase [104]. There are increases in serum 
cortisol and urinary free cortisol concentrations 
but without changes in adrenocorticotropic hor-
mone (ACTH) levels. These hormonal changes 
suppress energy- consuming activities, such as 
growth and reproduction, while preserving basal 
metabolic functions. There are thus substantial 
reductions in serum testosterone concentrations 

caused by alterations in the pulsatility of lutein-
izing hormone (LH) secretion likely mediated 
by reduced hypothalamic GnRH pulses. This 
situation appears related to the decrease in leptin 
concentrations [105]. 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 (reverse T3), a reduced TSH response to 
thyrotropin- releasing hormone (TRH), and little 
change in thyroid-binding globulin (TBG). T4 
concentrations 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 concentra-
tions begin to decrease so that after a 10-day fast, 
free T4 levels were still normal [101, 105].

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 regulating body 
weight by appetite suppression and stimulation 
of energy expenditure) decreased by 21% of 
baseline values [106–110]. This rapid decrease 
in serum leptin concentrations results in concen-
trations that are disproportionately lower than 
would be expected for a given fat mass [111]. 
This causes decreased energy expenditure at 
the same time that appetite is stimulated [112]. 
Furthermore, these diminished leptin concen-
trations are associated with T cell dysfunction 
[113]. Alternately, the concentration of adipo-
nectin (enhances insulin sensitivity, reduces 
energy expenditure, and negatively regulates 
hematopoiesis) is increased. This increase is par-
tially due to the effects of greater concentrations 
of FGF21 (fibroblast growth factor 21) [114]. 
It has been hypothesized that adiponectin (“the 
starvation gene”) evolved to help organisms sur-
vive malnutrition [115]. The serum concentra-
tions of the adipokines vaspin (an endogenous 
insulin sensitizer) and visfatin (which has insu-
lin-mimetic effects) were unchanged after 72 h 
of fasting [109]. Asprosin is a fasting-induced 
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protein hormone secreted by white adipose tis-
sue that modulates hepatic glucose production 
and release. It is the C-terminal cleavage prod-
uct of profibrillin that circulates at nanomo-
lar concentrations. In the liver it activates the 
G-protein-cAMP-PKA pathway resulting in glu-
cose release into the circulation [116].

Growth hormone (GH) is secreted by the 
somatotropic cells of the anterior pituitary gland. 
Its secretion is enhanced by hypothalamic growth 
hormone-releasing hormone (GHRH) and ghre-
lin (an orexigenic hormone produced by stomach 
neuroendocrine cells). Growth hormone secre-
tion is reduced by somatostatin and circulating 
insulin growth factor-1 (IGF-1) concentrations. 
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 concentrations of growth hor-
mone-binding protein [107]. There is some tissue 
level resistance to growth hormone’s effects asso-
ciated with reduced insulin growth factor-1 (IGF-
1) concentrations. The reduced IGF-1 effects 
are due to both reduced IGF-1 production and 
increased IGF-specific binding protein concen-
trations thus reducing the amount of circulating 
IGF-1 [67]. This situation appears to reduce the 
anabolic effects of IGF-1, while permitting the 
lipolytic effects of growth hormone in adipose 
tissue and lipid oxidation, especially in skeletal 
muscle [117]. By stimulating lipolysis, growth 
hormone preserves muscle tissue by reducing 
the need for proteolysis to supply gluconeogenic 
substrate. However, in prolonged starvation, 
there is a drastic increase in plasma GH medi-
ated by ghrelin. When adipose tissue is depleted, 
increased GH is essential for survival by upregu-
lating hepatic and renal gluconeogenesis to main-
tain blood glucose [114].

During fasting, circulating ghrelin has been 
reported to be increased by some, but not all, 
investigators [67]. Ghrelin secretion is likely 
increased secondary to the increased adrener-
gic stimulation present during fasting [108]. 
The effects of ghrelin include enhancing olfac-
tory sensitivity, promoting food intake, increas-
ing GH secretion, enhancing lipolysis, reducing 
peripheral glucose uptake, and restraining insulin 

secretion to prevent hypoglycemia. These effects 
can all be considered protective mechanisms in 
the face of starvation [118]. During short-term 
fasting, increased ghrelin secretion indirectly 
reduces insulin secretion from β-cells by stimu-
lating somatostatin release from the δ-cells 
within the pancreatic islet [118].

The central control of energy balance involves 
the complex interaction of a variety of substances 
and neuronal centers including α-melanocyte- 
stimulating hormone (α-MSH—an anorexigenic 
substance) and its antagonism at the melanocor-
tin- 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 concentra-
tions, there was increased AgRP but no change 
in α-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 [119]. The increase 
in AgRP is also implicated in the infertility asso-
ciated with starvation [120].

Another substance active during starvation 
is FGF21 (fibroblast growth factor 21), whose 
plasma concentrations initially drop and then 
increase after a 7–10 day fast [121, 122]. It is 
thus a mediator of the late stages of the adapta-
tion to starvation [122]. FGF21 is secreted by 
the liver, pancreas, and white adipose tissue 
[123]. Activation of PPARα stimulates greater 
hepatic FGF21 gene transcription, while glu-
cagon also plays a role in increased FGF21 
secretion [124]. In the liver, FGF21 stimulates 
metabolic changes characteristic of fasting 
including gluconeogenesis, fatty acid oxida-
tion, and ketogenesis, but does not stimulate 
glycogenolysis [123]. Additionally it induces 
growth hormone resistance (which prevents 
expenditure of energy on growth) and disrup-
tion of the hypothalamic- pituitary- ovarian axis 
(which minimizes the expenditure of energy on 
reproduction). However, in humans ketogenesis 
increased before FGF21 concentrations rose 
questioning the influence of FGF21s on starva-
tion-induced ketogenesis [122].
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 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 and 
73 and after the loss of 40–50% of body weight 
[125]. A male subject who fasted for 44 days lost 
25% of his weight, 24% of his fat-free body mass 
(20% of total body protein), and 33% of his fat 
mass [126, 127]. 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, pneu-
monia, or organ failure. It occurs almost inevi-
tably when the body mass index reaches about 
12.5 kg/m2. Obese individuals can survive longer 
than the 60–70-day survival times 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 [128, 129]. Starting mass appears 
to be a key variable in surviving an extreme fast 
and not the amount of mass lost, as shown by a 
loss of 20.7% of body mass without substantial 
loss of function after a 50-day fast in a patient 
who began fasting with a weight of 96.8 kg (BMI 
= 30.2 kg/m2) [130]. Upon forensic postmortem 
examination, mild increases in blood, vitreous, 
pericardial fluid, and urinary β-hydroxybutyrate 
concentrations provided evidence of starvation 
in individuals without other probable causes for 
ketosis [131].

 Substrate Metabolism

During prolonged fasting, hormonal and metabolic 
changes reduce protein and muscle breakdown 
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 nor-
mal weight persons for up to 2–2.5 months. After 
44  days of starvation, a 30-year-old subject had 
normal plasma glucose, cholesterol, and triacyl-
glycerol but substantially elevated free fatty acid 
and 3-hydroxybutyrate concentrations [126]. Only 
13–17% of total energy expenditure was from 
protein oxidation [127]. In starving patients, keto-
nemia can often be detected by the characteristic 
ketone “smell of apples” as they are eliminated 
through the respiratory system [132]. Once fat 
stores are depleted, catastrophic protein catabo-
lism of all organs, including the heart, develops 
leading to death [129].

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

 Vitamin Deficiencies

The neurological problems encountered during 
long-term starvation are often secondary to vita-
min deficiencies. For example, thiamine (vitamin 
B1) deficiency (beriberi—distal motor and sen-
sory neuropathy plus heart failure and Wernicke- 
Korsakoff syndrome) occurs when fasting is 
accompanied by the exclusive intake of sugar and 
liquids or during prolonged starvation [133, 134]. 
Of 25 hunger strikers admitted to hospital after 
more than 153 days of fasting, one third had oph-
thalmoparesis (paresis of the lateral rectus mus-
cle), 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 
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independently [135]. In half the patients, nys-
tagmus and ataxia had not resolved after 1 year. 
Since glucose oxidation is a thiamin-dependent 
process, thiamin supplementation should be pro-
vided prior to glucose (dextrose) or carbohydrate 
administration [136].

 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 contain-
ing 5% dextrose (3.4  kcal/g) infused at rates 
of 1–3  L/day (50–150  g/day) has mild protein 
sparing effects as evidenced by lower nitrogen 
excretion. 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 
during 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 
β-oxidation and carnitine palmitoyltransferase 
1B. This pattern reflects increased adipocyte fatty 
acid oxidation [137]. Furthermore, genes associ-
ated with protein synthesis were downregulated 
[137]. The 1950 Minnesota semistarvation study 
of Keys and colleagues [138] demonstrated that 
normal lean subjects who had lost 25% of their 
body weight over 24 weeks and had little mea-
sureable fat remaining (i.e., <5% of body weight) 
were catabolizing substantial amounts of their 
lean mass. Other studies which examined serum 
concentrations of proteins, fatty acids, hema-

tologic parameters, liver function tests, electro-
lytes, and vitamins showed little or no change 
from pre-semistarvation levels [138]. However, 
despite these normal results, T3 declined sig-
nificantly, while the changes in T4 and T4/TBG 
were smaller but demonstrated statistically sig-
nificant declines that paralleled the changes in 
T3. TSH was elevated over baseline through 
most of the course. However, a meta-analysis 
found that long-term low-calorie diets, unlike 
short-term fasting, did not significantly increase 
serum cortisol concentrations [139]. However, in 
some studies cortisol concentrations 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 paralleled 
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 
[140]. Semistarvation with weight loss is asso-
ciated with decreased resting energy expenditure 
and adaptive thermogenesis. The reduction in 
the basal metabolic rate during semistarvation is 
highly associated with the loss of body fat [95]. 
Adaptive thermogenesis involves a decrease 
in resting energy expenditure greater than the 
decreases attributable to decreases in fat-free 
mass (FFM) and fat mass (FM) [91].

 Substrate Metabolism

A computational model used a simulated semis-
tarvation diet averaging 1100 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 [141]. The simulated 
protein 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 
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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 1000 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 [141].

Both the total caloric intake and composi-
tion of the semistarvation diet are important in 
determining the composition of tissue loss. After 
a 5% 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 (1200 kcal/day), respectively, indicating that 
slower weight loss with a higher caloric intake 
results in greater loss of fat than muscle [125]. 
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 
[142]. This conclusion was confirmed on sub-
sequent studies, which also showed higher con-
centrations of the anabolic substance IGF-1 with 
higher protein intakes [143, 144].

 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, had a more 
atherogenic plasma lipid profile, were more 
responsive to stress, and had double the rate of 
coronary heart disease, obesity, and hypertension 
[145, 146]. They also performed worse on cog-
nitive tasks which may be a sign of accelerated 
aging. However, at age 68 Dutch citizens with 
prenatal exposure to famine did not have shorten-
ing of telomeres in peripheral blood leukocytes, 
although another study of exposure to famine 
hinted at shortening [147, 148]. People exposed 
during any period of semistarvation during gesta-
tion had more type 2 diabetes [149].

 Marasmus

Chronic malnutrition caused by deficient and 
insufficient dietary intakes results in major 
changes in body composition and homeostasis. 
Any form of illness in such patients is frequently 
life-threatening because of altered metabolism, 
lack of glycogen 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 of both protein and calories 
and is characterized by emaciation, whereas 
kwashiorkor is due to protein deficiency, result-
ing in an edematous appearance [4]. Marasmic 
kwashiorkor indicates the often encountered dif-
ficulty in separating these entities and indicates 
that features of both marasmus and kwashiorkor 
are present. These forms of serious PEM repre-
sent a group of pathologic conditions that occur 
mainly in young children from developing coun-
tries. They are classically observed around time 
of weaning from their mother’s milk. However, 
more recently there has been the realization that 
PEM also occurs among home-dwelling older 
adults, particularly in the context of aging, with a 
greater incidence in developing countries, among 
women and in rural areas [150]. PEM occurs 
in about 50% of hospitalized old people due to 
reduced nutrient intake and increased catabolism 
secondary to acute diseases such as sepsis [151]. 
Renal insufficiency is strongly associated with 
malnutrition, especially when end-stage renal 
disease (ESRD) is present [151]. The preva-
lence of PEM is high (16–54%) in ESRD, and 
its presence is a predictor of morbidity such as 
poor wound healing, susceptibility to infection, 
fatigue, and poor rehabilitation plus increased 
mortality [151]. 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 
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study of these entities is considerably limited by 
the lack of appropriate animal models.

 Body Composition in Marasmus

Marasmus results from negative energy bal-
ance secondary to a decreased energy intake, 
loss of ingested calories (via emesis and diar-
rhea), increased energy expenditure (due to 
infections, burns), or combinations of these 
factors. Marasmatic individuals display adap-
tive energy- conserving behavior by reducing 
physical activity and growth. The basal energy 
metabolism is associated with lethargy which 
also conserves energy. In patients with maras-
mus, body mass is significantly reduced, and fat 
stores can decline to as low as 5% of total body 
weight [152]. The proportion of total body 
water content increases as the magnitude of 
the protein-energy malnutrition (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 malnu-
trition does not substantially change concentra-
tions 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 infil-
trated with fat and fibrous tissue. Serum leptin 
concentration is low [151]. The brain, skeleton, 
and kidneys are preserved, whereas the liver, 
heart, pancreas, and digestive tract are the first 
to be affected. The loss of fat and muscle mass 
can be evaluated by measuring arm circumfer-
ence and triceps skinfold thickness.

The gut microbiome is also affected by protein- 
energy malnutrition. Such malnutrition results 
in reduced fecal microbial community rich-
ness, i.e., there are fewer unique bacterial taxa. 
Furthermore, there are alterations in the propor-
tions of certain bacterial groups. For example, in 
malnourished Bangladeshi and Indian children, 
there was an overabundance of Proteobacteria, 
such as Enterobacter, Klebsiella, Escherichia, 
and Shigella [153].

 Minerals and Vitamins

Potassium deficits can reach 15 mEq/kg and can 
contribute to hypotonia, apathy, and impaired car-
diac function. This marked potassium deficiency 
is partially attributable to chronic diarrhea. Plasma 
sodium concentrations are generally within 
the normal range, but they can also be reduced. 
Deficits in calcium, phosphorus, and magnesium 
stores are also observed. Iron deficiency anemia 
is usually seen in marasmus. Zinc, selenium, and 
magnesium are more often deficient in kwashior-
kor 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 natu-
ral 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 
glucose clearance. In kwashiorkor, an inability 
to maintain sufficient gluconeogenic glucose 
production can result in hypoglycemia. Glucose 
clearance rates correlated with plasma albumin 
concentrations in both marasmus and kwashi-
orkor. The reduced glucose clearance in both 
conditions appears related to impaired insulin 
availability as demonstrated by impaired insulin 
responses to a glucose load. Among the poten-
tial mechanisms of disturbed insulin secretion 
in these two conditions is pancreatic dysfunc-
tion [154, 155]. Pancreatic atrophy and fibrosis, 
as well as fatty infiltration, have been consis-
tent autopsy features in kwashiorkor [156, 157]. 
Pancreatic β-cells are vulnerable to oxidative 
stress which is increased in kwashiorkor and 
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might explain the pancreatic changes [158–161]. 
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 intesti-
nal villous atrophy [162, 163]. Lower disac-
charidase activity was found in kwashiorkor 
compared with marasmus [164–166]. Another 
possible factor contributing 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 [167].

 Lipid Metabolism

Lipolysis is elevated in kwashiorkor more than 
in marasmus, while both lipolysis and fatty acid 
β-oxidation are less efficient in kwashiorkor 
[168]. The latter was demonstrated by slower 
palmitate oxidation and the former by reduced 
release of free fatty acids from adipose tissue. 
Additionally, there are reduced plasma concen-
trations of carnitine in kwashiorkor which might 
be part of the reason there is slower fatty acid 
oxidation. This was confirmed on metabolomic 
studies where compared with marasmus, children 
with kwashiorkor had lower 2-acylcarnitine con-
centrations and lower ratios of acetylcarnitine to 
free carnitine, a marker of β-oxidation. This may 
indicate decreased fatty acid transport into the 
mitochondria via the carnitine shuttle, thus limit-
ing β-oxidation [169].

 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 [170, 171]. This 
slower protein breakdown in kwashiorkor might 

be among the reason for poorer survival in these 
patients [170, 171]. Metabolomic studies showed 
that the availability of amino acids, especially 
essential amino acids, was decreased more in 
kwashiorkor than marasmus. Additionally, aspar-
tic acid, tryptophan, and its derivative kynurenine 
were more depleted in patients with kwashior-
kor. The low tryptophan availability might also 
be related to the albumin depletion seen with 
kwashiorkor, since albumin binds 80–90% of 
tryptophan in the circulation [169]. In addition, 
damaged hepatic mitochondria cause greater 
production of reactive oxygen species leading to 
reduced glutathione concentrations.

 Anorexia Nervosa

Anorexia nervosa is an eating disorder where peo-
ple 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 underweight 
with neurobehavioral mechanisms  underlying 
the perception of food and emotion likely part of 
the pathophysiology [172]. Anorectics may diet 
excessively, taking in only a few hundred calo-
ries a day or just water (restricting type), or eat 
and then purge, either by vomiting or by 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 vary-
ing 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.

Anorexia nervosa is characterized by 
hypothalamic- pituitary-adrenal axis hyperac-
tivity as evidenced by increased corticotropin- 
releasing hormone secretion [173]. This leads 
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to increased free plasma, salivary, urinary, and 
24-h mean plasma cortisol concentrations. The 
elevated cortisol concentrations are ascribed to 
prolonged cortisol half-life along with decreased 
metabolic clearance with normal cortisol produc-
tion. Cortisol concentrations are higher in ano-
rectics with lower BMI, fat mass, insulin, leptin, 
and IGF-1 signifying an adaptive response to 
maintain euglycaemia in a low-energy setting 
[174]. With refeeding, the enhanced cortisol 
salivary responses to awakening were reduced 
[175]. Dexamethasone suppression tests per-
formed in untreated anorexia nervosa patients 
showed reduced cortisol suppression. Although 
anorexics have elevated central corticotropin-
releasing hormone (CRH) concentrations, under-
weight anorexics showed low CSF ACTH levels 
but normal plasma ACTH concentrations [174]. 
Circadian cortisol rhythms are normal although 
nocturnal spikes can occur [176]. Anorexia ner-
vosa is characterized by adrenal sympathetic 
overactivity and neural sympathetic underactivity 
as demonstrated by a predominance of circulat-
ing epinephrine over norepinephrine levels [177]. 
Markedly increased subcutaneous abdominal 
adipose tissue norepinephrine concentrations in 
anorectics compared to control subjects reflect 
increased sympathetic nervous system activity 
[178, 179]. However, not all studies have reached 
similar conclusions, with some reporting reduced 
sympathetic activity.

Growth hormone concentrations are increased, 
but due to relative hepatic resistance, insulin-
like growth factor-1 levels are reduced. Thyroid 
function studies show a “sick-euthyroid” (non- 
thyroidal illness syndrome) pattern with normal 
TSH, low to normal total and free T4, and low T3. 
There is increased conversion of T4 to reverse T3. 
Additionally there is hypogonadotropic hypogo-
nadism. Hypothalamic gonadotropin- releasing 
hormone (GnRH) secretion is decreased lead-
ing to reduced pituitary gonadotropin secretion 
[180]. Therefore, LH, FSH, estradiol, and andro-
gen concentrations are significantly lower in 
anorexia nervosa than in controls, while SHBG 
concentrations are increased [181, 182]. This 
constellation leads to amenorrhea in female ano-
rectics [183]. Serum leptin concentrations are 

also low which likely contributes to the appear-
ance of amenorrhea [180].

Anorectics suffer from bone loss leading in 
the long-term to low bone mass (bone mineral 
density, bone microarchitecture). They are thus 
particularly vulnerable to fractures [184]. The 
low bone density is a consequence of hormonal 
alterations including hypoestrogenism, hypoan-
drogenemia, hypoleptinemia, hypercortisolism, 
and decreased IGF-1 levels [185].

Adipokines are also affected by anorexia ner-
vosa with circulating adiponectin levels inversely 
related to body mass index (BMI) [186]. When 
adiponectin isoforms were examined, there were 
decreases in the percentage of those with high 
molecular weights, while there were increases in 
the percentage of low molecular weight isoforms 
that correlated with BMI [186]. Serum leptin 
concentrations are significantly decreased, while 
serum soluble leptin receptor levels are increased 
[186]. This receptor increase might be a protec-
tive mechanism that decreases free leptin bio-
availability thus facilitating energy conservation 
[186]. Concentrations of serum resistin (adipose 
tissue-specific secretory factor; increases hepato-
cyte LDL production and degrades hepatic LDL 
receptors) were significantly lower in anorexics 
when compared to controls, in some but not all 
studies. Furthermore, serum concentrations of 
visfatin, a peptide regulating adipocyte differen-
tiation, were decreased in anorectics [181].

Some evidence points to anorexia patients 
being in a state of inflammation. In one study 
anorectic patients had increased TNF-α and 
IL-6 mRNA expression, while another study 
found plasma TNF-α to be significantly higher in 
patients than controls [187–189]. Both TNF-R55 
and TNF-R75 (receptors) were higher in those 
suffering from anorexia for longer than a year as 
compared to controls and patients with shorter 
disease duration [187]. However, increased TNF 
and IL-1 activity was not seen in all studies [190]. 
Plasma concentrations of IL-1β, s-TNF-α-R-I 
and s-TNF-α-R-II, TGF-β, and sIL-1β-RA did 
not differ significantly in anorexia nervosa com-
pared with controls [189, 191]. However, serum 
IL-6 was higher in anorexic women in compari-
son with a control group. Serum sIL-6R (soluble 
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IL-6 receptor) was lower, and serum sgp130 (an 
inhibitor of the IL-6 trans-signaling pathway) 
was higher in anorexics compared with controls 
[192]. This constellation appears directed at 
inhibiting IL-6 action [192].

Ghrelin, a peptide hormone secreted by stom-
ach endocrine cells, is a peripherally produced 
and centrally acting peptide that stimulates food 
intake. In anorexia nervosa ghrelin concentra-
tions were elevated but decreased after BMI 
increased with refeeding resulting in a negative 
relationship between BMI and ghrelin. In addi-
tion to increased ghrelin expression, there is 
impaired ghrelin signaling and modulation as 
demonstrated by delayed or absent postpran-
dial decrease of ghrelin attributed to ghrelin 
resistance [193]. The increased ghrelin secre-
tion might also stimulate corticotropin-releasing 
hormone (CRH) thus stimulating plasma cortisol 
secretion [180].

Serum fibroblast growth factor 21 (FGF21) 
concentrations were decreased in anorectics and 
thus might be involved in maintaining normal 
blood glucose through adjustment of insulin lev-
els and insulin sensitivity [194]. The decreased 
FGF21 concentrations were also associated with 
impaired radial trabecular bone microarchitec-
ture and diminished radial bone strength [195]. 
Betatrophin, a hormone primarily secreted by 
hepatic and adipose tissue which promotes pan-
creatic β-cell proliferation and β-cell mass thus 
improving glucose tolerance, was found to be 
increased in anorectic patients. This increase in 
betatrophin is secondary to reduced plasma glu-
cose and insulin concentrations [196].

 Carbohydrate Metabolism

In chronic anorectic starvation, regulation of sub-
strates depends mainly on decreased serum insu-
lin concentrations and increased growth hormone 
secretion [197]. These low plasma insulin levels 
are the result of greater insulin clearance rather 
than depressed insulin secretion [198]. Following 
an overnight fast, anorexics maintained normal 
fasting plasma glucose concentrations which 

were not related to body weight or BMI thus 
demonstrating that endogenous glucose produc-
tion remains a priority, providing glucose to the 
central nervous system [199]. Since anorectics 
consume some carbohydrates, they do not gen-
erally develop ketosis. The role of glucagon 
seems to be of minor importance in this situation, 
although impaired recovery of plasma glucose 
after insulin-induced hypoglycemia in anorexia 
nervosa is primarily attributable to impaired 
pancreatic glucagon (α-cell) secretory capability 
[200]. Furthermore, pancreatic β-cell dysfunc-
tion as evidenced by reduced insulin secretion 
was seen following glucagon administration to 
anorectic patients [201].

Insulin-stimulated glucose disposal is nor-
mal in anorexia nervosa patients, a finding that 
contrasts with previously reported increases in 
erythrocyte insulin receptors [202]. Other studies 
agree with the latter one by revealing that insulin- 
stimulated glucose disposal and nonoxidative 
glucose metabolism were significantly reduced in 
anorexia nervosa. Nonoxidative glucose metabo-
lism reflects skeletal muscle storage of glucose 
as glycogen as evidenced by lower glycogen 
 concentrations 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 [203]. Furthermore, insulin sen-
sitivity is not systemically increased, and glucose 
effectiveness is unchanged in anorectic women 
when compared to normal weight controls [198].

Both albumin and prealbumin concentrations 
are usually within the normal range and are thus 
unsuitable nutritional markers in anorectic adults 
and adolescents [204].

 Lipid Metabolism

Anorexia nervosa is characterized by the marked 
loss of adipose tissue. Therefore, it is not surpris-
ing that these individuals have increased lipoly-
sis as evidenced by an inverse linear relationship 
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between the rate of glycerol production and 
weight after an overnight fast [199]. Interestingly, 
concentrations of serum free fatty acid are either 
not or only mildly elevated in anorexia nervosa 
[205]. 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 with 
controls, indicating accelerated lipolysis [179].

Anorexia nervosa patients display a com-
plex membrane fatty acid profile without char-
acteristics of nutritional essential free fatty acid 
deficiency but with a deficiency in long-chain 
polyunsaturated fatty acids [206]. 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” [207]. 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 is the result 
of complex mechanisms including decreased 
catabolism of triglyceride-rich lipoproteins, nor-
mal rate of cholesterol synthesis, and increased 
resorption of exogenous cholesterol [208]. Mean 
serum levels of total cholesterol; low-density 
lipoprotein cholesterol (LDL-C); high-density 
lipoprotein cholesterol; apolipoproteins (apo) A1, 
B, C2, C3, and E; and cholesterol ester transfer 
protein (CETP) activity were significantly higher 
in anorexic compared to controls [209]. 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 activ-
ity increases cholesterol turnover as an adapta-
tion to its low intake thus maintaining elevated 
cholesterol concentrations. In severe anorexia 
this mechanism can fail resulting in the fall of 
cholesterol concentrations [210].

 Energy Expenditure

Metabolic rate slows in patients with anorexia 
nervosa, with resting energy expenditures (REE) 
decreasing to as low as 50–70% of predicted val-
ues [211, 212]. REE adjusted for both fat-free 
mass and fat mass was significantly lower than 
predicted indicating significant downregulation 
of cellular metabolism in the fat free mass. The 
low resting energy expenditure (REE) is thus 
not only attributable to the absolute loss of lean 
body mass (skeletal muscle) but also an adap-
tive decrease in the energy expenditure of the 
remaining tissue [213]. This appears to be due 
to some extent to the effects of reduced thyroid 
hormones and leptin. Schebendach et  al. [214] 
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 [214]. Marra 
et  al. [215]  performed indirect calorimetry on 
237 females with anorexia nervosa and con-
firmed that both the Harris–Benedict equation 
and the World Health Organization equations 
overestimate REE in patients with anorexia ner-
vosa. 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 and a decline in functional quality—
which occurs even in “successfully” aging adults 
[216, 217]. 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 uncom-
mon in octogenarians. Sarcopenia is associated 
with dynapenia—the loss of muscle strength sec-
ondary to reduced neural activation and reduced 
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contractility quality [218]. The cause of sarcope-
nia is unknown but might be due to a combina-
tion of decreased physical activity; loss of spinal 
motor neurons due to apoptosis; reduced endog-
enous growth hormone and other growth factors; 
decreased estrogen and androgen production; 
insufficient protein intake; infiltration of fat into 
muscle; and a chronic low-grade inflammatory 
response (i.e., elevated cytokines IL-1, TNF, and 
IL-6 [217, 219]). The age-related loss of spinal 
motor neurons decreases muscle fiber number 
and size causing impaired mechanical muscle 
performance [217]. Sarcopenia is aggravated by 
a complex interaction of several factors among 
them aging, disuse, immobilization, disease, and 
malnutrition. Another possible mechanism is an 
insufficient synthetic response to protein inges-
tion possibly due to reduced production and/or 
reduced responses to the anabolic effects of ana-
bolic hormones such as androgens, growth hor-
mone (GH), and IGF-1. The concentrations of 
these anabolic hormones decrease progressively 
during aging. Transcriptomic studies showed 
older males (63–79 years) to be less responsive to 
anabolic stimuli and more responsive to catabolic 
conditions (i.e., greater proteolysis with a low- 
protein diet) than younger males (21–43  years) 
[220]. The elderly have reduced numbers and 
sizes of type II muscle fibers apparently due to 
skeletal myocyte apoptosis [221]. Type I fibers 
are spared. When compared to tissue from young 
individuals, the mitochondrial respiration of mus-
cle fibers from elderly individuals was reduced 
41%. This reduction was associated with a 30% 
decline in cytochrome c oxidase activity and 50% 
reductions in the levels of the metabolic regula-
tors, SIRT3 (silent mating-type information 
regulator number 3), and PGC-1α (peroxisome 
proliferation-activated receptor gamma coactiva-
tor 1-α). Some, but not all, studies found reduced 
ATP concentrations in aging muscle [222]. These 
observations suggest that aging is associated with 
impaired skeletal muscle mitochondrial function 
[223]. Weight lifting, resistance training, and 
endurance exercise regimens may improve both 
muscle mass and function. Increased protein 
intake is also being explored as a possible way 
to reduce muscle loss [224, 225]. 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 [226]. This “anorexia” is associ-
ated with increased frailty and disability [227]. 
Reduced food intake can be 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 adap-
tive relaxation of the stomach fundus resulting in 
early antral filling. Increased concentrations and 
effectiveness of cholecystokinin may play a role. 
The central feeding drive (opioid and the neuro-
peptide 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 [223]. 
In demented patients, weight loss was associated 
with total energy expenditures exceeding caloric 
intake [227]. High total energy expenditures were 
observed in those patients who required less sleep 
and/or spent less time lying down [228]. This 
weight loss and concomitant loss of muscle mass 
and strength are frequently observed in individu-
als suffering from dementia. It is associated with 
an increased risk of falls, functional dependence, 
and reduced quality of life.

The frailty syndrome is defined as uninten-
tional weight and muscle loss accompanied by 
exhaustion along with declines in grip strength, 
gait speed, and activity [229]. In the United 
States, the prevalence of frailty in adults 65 years 
and older is 12% and 25% in those 85 years and 
older [230]. 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 mortal-
ity [229]. A systemic review and meta- analysis 
revealed that frailty in patients undergoing sur-
gery is associated with poorer outcomes as regard 
to mortality and return to independence [231]. 
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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, “inflammaging.” 
[232]. This pro-inflammatory state is linked to 
immunosenescence. Plasma concentrations of 
circulating noncoding RNAs (miRNAs), such 
as miR-21, were higher among fragile patients, 
while there was an association between miR-483 
with frailty and the inflammatory cytokine IL-8. 
Additionally, the TNFα/IL-10 ratio was higher in 
the fragile group indicating that the cytokine bal-
ance favored inflammation [233]. Genotype also 
plays a role, with centenarians having a high level 
of anti-inflammatory cytokines together with a 
protective genotype [234]. Poor nutritional status 
has been implicated in the development and pro-
gression of chronic diseases affecting the elderly. 
Poor nutritional status along with chronic illnesses 
and conditions such as impaired muscle func-
tion, decreased bone mass, immune dysfunction, 
anemia, reduced cognitive function, poor wound 
healing, and delayed recovery from surgery ulti-
mately lead to greater morbidity 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 usually begins within 72 hours of start-
ing nutritional support and can cause serious harm 
and even death [235, 236]. Initial descriptions of 
the syndrome were from malnourished prisoners 
of war who developed cardiac and neurological 
symptoms soon after they resumed eating [237, 
238]. Because of the potential for significant 
morbidity and mortality, healthcare profession-
als must be aware of its possible appearance 
and effects among at-risk populations. The syn-
drome’s presentation ranges from simple nausea, 
vomiting, and lethargy to respiratory insuffi-
ciency, cardiac failure, hypotension, arrhythmias, 
delirium, coma, and death. Peripheral edema and 
fluid overload leading to pulmonary edema can 
also occur [239]. Clinical deterioration may occur 

rapidly if the cause is not established and appro-
priate measures not instituted.

Refeeding a starved individual rapidly 
decreases gluconeogenesis and anaerobic metab-
olism mediated by a rapid rise in serum insulin 
concentrations [240, 241]. The elevated insulin 
stimulates the intracellular movement of extra-
cellular potassium, phosphate, and magnesium. 
During prolonged starvation, intracellular stores 
of these minerals can become severely depleted, 
while their serum concentrations often remain 
normal. The latter is due to the contraction of 
the extracellular compartment during starvation 
despite reduced renal excretion of sodium and 
water. Refeeding can potentially lead to expan-
sion of the extracellular compartment resulting 
in the possibility of fluid overload and dilution 
of extracellular potassium, magnesium, and 
phosphate concentrations. Additionally, because 
the intracellular stores are depleted, there is a 
large extra-intracellular concentration gradi-
ent resulting in further decline in the extracel-
lular concentrations of these ions often leading 
to marked hypokalemia, hypomagnesemia, and 
hypophosphatemia [242, 243]. To maintain 
osmotic neutrality, sodium and water are retained 
intracellularly [244]. Simultaneously, reactiva-
tion of carbohydrate-dependent metabolic path-
ways increases the demand for thiamine which 
can become rapidly deficient if not replaced 
[245, 246]. The increased in insulin also stimu-
lates protein and ATP synthesis. Protein phos-
phorylation and generation of ATP further reduce 
extracellular and intracellular phosphate concen-
trations further contributing to the development 
of hypophosphatemia. Furthermore, magnesium 
is a key component of ATP stabilization and 
various enzymatic processes, further depleting 
intracellular and extracellular magnesium con-
centrations. In addition, the sodium-potassium 
membrane gradient is important for proper mem-
brane excitation, transport processes, and signal 
transduction, so that hypokalemia can have mul-
tiple detrimental effects on muscle and neural 
functions [247]. During refeeding, phosphate, 
magnesium, potassium, and thiamine deficien-
cies occur to varying degrees and have different 
effects in different patients [248].
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Some individuals, such as chronic alcohol 
abusers or those suffering from long-term star-
vation, are extremely vulnerable to the conse-
quences of electrolyte and vitamin deficiencies 
[249–255]. Therefore it might be prudent to 
slowly increasing glucose intake to allow suf-
ficient opportunity to replace serum electrolyte 
and thiamine deficiencies. Furthermore, exces-
sive fluid intake is to be avoided to prevent fur-
ther reductions in phosphate, magnesium, and 
potassium concentrations and increases in the 
intravascular fluid load.

Hypophosphatemia is among the mark-
ers used to diagnose the refeeding syndrome, 
although low serum phosphate is not pathogno-
monic [256]. A prospective study of 62 intensive 
care unit patients refed after 48  h of starvation 
found that 21 (34%) experienced hypophospha-
temia associated with low prealbumin concentra-
tions [239]. Low serum albumin concentrations 
may be an important predictor of hypophospha-
temia [239]. Another study of 106 refed patients 
with histologically confirmed cancer noted an 
incidence of hypophosphatemia of 25% [257].

The optimum timing for correcting the bio-
chemical and fluid abnormalities during refeeding 
has been the source of debate. Some investiga-
tors advocate correcting electrolyte abnormalities 
before beginning the refeeding. This approach 
has been rethought, and recent National Institute 
of Health and Clinical Excellence Guidelines 
(United Kingdom) recommend that careful 
refeeding and correction of electrolyte abnormal-
ities can occur simultaneously without deleteri-
ous effects. There are no randomized trial data 
to support either approach. The currently recom-
mended approach to refeeding is to increase the 
caloric intake in a stepwise fashion while closely 
monitoring electrolytes. A recent randomized 
trial of a caloric-restricted versus full nutritional 
support regimen among ICU patients who devel-
oped refeeding syndrome found better survival in 
the restricted group [258].

The National Institute of Health and Clinical 
Excellence Guidelines also include risk factors 
for developing the refeeding syndrome among 
patients beginning nutritional therapy. These risk 
factors include low body mass index, large unin-

tentional weight loss over a short time period, lit-
tle or no nutritional intake for 5–10 days, and/or a 
history of alcohol or drug abuse (including insu-
lin, chemotherapy, antacids, or diuretics) [236]. 
Others have included as risk factors: starvation, 
older age, low prealbumin or albumin concentra-
tions, enteral nutrition, low plasma potassium, 
phosphate and/or magnesium concentrations 
before feeding, severe catabolic disease, and 
high nutritional intake during initial nutritional 
therapy [236, 247, 259].

 Conclusions

Starvation is characterized by a series of adaptive 
responses aimed at preserving body mass and 
ultimately an organism’s survival. This adapta-
tion contrasts with the obligate hypermetabolic, 
catabolic, and auto-cannibalistic state observed 
during stressful situations such as trauma, burns, 
sepsis, and surgery. In such situations adap-
tive 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 feeding 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.
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Metabolism in the Trauma Patient

Stacy Pelekhaty and Rosemary A. Kozar

 The Metabolic Response to Trauma

 Ebb and Flow

Severe injury and illness result in a complex cas-
cade of metabolic responses that attempt to 
restore physiologic homeostasis in the injured 
organism. Sir David Cuthbertson is credited with 
the original recognition of the metabolic 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 initi-
ated immediately after the traumatic insult and 
typically persists for 24 h or less but may last as 
long as 72 h post injury. This phase is character-
ized by decreased body temperature, decreased 
oxygen consumption (VO2), as well as decreased 
basal metabolic rate and nitrogen excretion [1]. 
The intended physiologic responses are aimed at 
reducing posttraumatic energy depletion, but this 
initial response is short lived.

Thereafter, the hypermetabolic, hypercata-
bolic “flow” phase ensues. This phase is charac-
terized by increased oxygen consumption and 

energy expenditure. This results in elevations of 
cardiac output, body temperature, gluconeogen-
esis, insulin resistance, and mobilization of tri-
glycerides from adipose stores and amino acids 
from skeletal muscle [2]. Skeletal muscle catabo-
lism outpaces protein deposition, resulting in 
negative nitrogen balance [3]. This process peaks 
several days after injury, and the duration is 
determined by the severity of the inciting stress 
event. If homeostasis is not achieved, multiple 
organ failure can develop. This is perhaps a sim-
plified 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 proposed 
the following three classifications of phenotypes 
related to the injury response: the ischemia/reper-
fusion phenotype, the leukocytic phenotype, and 
the angiogenic phenotype [4]. The first pheno-
type represents the nervous system-related altera-
tion in response to injury. Afferent nerve signals 
from the site of injury result in humoral and neu-
ronal responses and edema. This phase regulates 
the metabolic supply to cells by diffusion. The 
leukocytic phenotype is characterized as an inter-
mediate 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 lead to the hyperdynamic 
response including hyperthermia, increased oxy-
gen 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.

Recently, a theory of the metabolic response 
to stress based on mitochondrial function was 
proposed. In this theory, the early phase of criti-
cal illness is characterized by mitochondrial dys-
function. Provision of full nutrition needs in early 
critical illness exceeds mitochondrial capacity, 
leading to electron leak, mitochondrial rupture, 
cell apoptosis, and necrosis, which perpetuate the 
inflammatory cascade through the production of 
reactive oxygen and nitrogen species. Research is 
in progress to identify markers of the metabolic 
phase as each metabolic phase presents unique 
nutritional challenges and requires customized 
interventions [5].

 Catabolic Response to Trauma

Traumatic injury induces inflammatory and hor-
monal responses that change metabolic processes 
and alter nutrition requirements. The metabolic 
response results in hormone-mediated mobiliza-
tion of endogenous substrates that leads to stress 
catabolism. Although initially beneficial, pro-
longed inflammation, hypermetabolism, and 
catabolism induce clinical complications, delay 
recovery, and increase morbidity. Unmitigated 
stress metabolism has been associated with 
severe complications related to hyperglycemia, 
hypoproteinemia, and immunosuppression. 
Proper metabolic support is essential to restore 
homeostasis and ensure survival [6].

During the catabolic stage, metabolic changes 
are best understood as a redistribution of macro-
nutrients from labile reserves to more active tis-
sues for host defense, visceral protein synthesis, 
and heat production. Hyperglycemia is due to 
increased hepatic glucose production and periph-
eral insulin resistance in skeletal muscle. Lipid 
metabolism increases and results in fatty acid 
recycling, hypertriglyceridemia, increased lipol-
ysis, and hepatic steatosis. The fatty acids liber-

ated provide an energy source for cardiac and 
skeletal muscle as well as the liver and additional 
tissues. Skeletal muscle catabolism releases 
amino acids for repair of damaged tissues and 
energy metabolism but results in depletion of 
lean body mass. Hepatic protein synthesis shifts 
to production of acute phase reactants [2].

Significant basal metabolic rate elevations 
have been demonstrated in patients following 
acute trauma and burn injury [6]. Inflammatory, 
hormonal, and stress signaling mechanisms drive 
this hypermetabolic response including eleva-
tions of circulating catecholamines, glucocorti-
coids, and glucagon. Patients with major injuries 
that do not receive adequate nutrition can develop 
cumulative caloric and protein deficits leading to 
malnutrition of acute illness and increased inci-
dence of infection and organ failure. Nutritional 
support may prevent this cascade of events from 
leading to MOF and death.

As homeostasis is restored, inflammatory pro-
cesses are downregulated, and many patients 
move from the hypermetabolic, hypercatabolic 
phase of metabolism into the anabolic or conva-
lescent phase of stress metabolism. In this phase, 
metabolic processes return to baseline, and 
patients are able to regain strength or lean body 
mass lost during critical illness. A subset of 
patients, however, demonstrate sustained inflam-
mation and stress metabolism and do not prog-
ress into the anabolic phase [7].

 The Cytokine Response to Trauma

Trauma induces a rapid immune response in an 
attempt to repair damaged elicited from the trau-
matic injury. Following severe injury, this 
response can involve the release of pathogen- 
associated molecular patterns (PAMPs) from 
“non-self” infectious agents such as bacteria, 
along with “self” release of damage-associated 
molecular patterns (DAMPs) [8]. This ideally 
results in a balance between pro-inflammatory 
and anti-inflammatory cytokines and has been 
referred to as the mixed antagonistic response 
syndrome or MARS [9]. This marked response is 
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designed to clear the DAMPs and PAMPs and 
begin the process of tissue repair. However, if the 
balance of these two systems is disturbed, the 
inflammatory response becomes systemic and 
deregulated as can occur with severe injury or 
hemorrhage. The result is whole-body activation 
of the inflammatory response, with subsequent 
disruption of normal cellular metabolism and 
microcirculatory perfusion. Both of these 
responses, if unchecked, can result in complica-
tions, such as multiple organ failure (MOF) and 
secondary infections. At the site of injury, endo-
thelial 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 clas-
sic inflammation pathway. It is this functional 
biologic response that becomes unregulated with 
a “cytokine storm” ensuing, leading to further 
injury. Cytokines predictive of multiple organ 
failure after trauma patients include inducible 
protein (IP)-10, macrophage inflammatory pro-
tein (MIP)-1B, interleukin (IL)-10, IL-6, IL-1Ra, 
and eotaxin [10]. Tumor necrosis factor (TNF) 
has been considered one of the most potent pro- 
inflammatory cytokines identified in systemic 
inflammatory response syndrome (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 biphasic elevation of 
IL-6 and significantly higher soluble TNF recep-
tor (sTNF-R) concentrations [11]. What causes 
this imbalance in some patients and not others is 
not clear but may involve comorbid immunosup-
pressive diseases, epigenetics, or alterations in 
the microbiome, all of which can and do lead to 
MOF [12, 13].

Genetic variants, particularly single- 
nucleotide polymorphisms (SNPs), are critical 
determinants for individual differences in both 
inflammatory responses as well as clinical out-
comes in trauma patients. Individuals who pos-
sess 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 development of MOF. For exam-
ple, toll-like receptor 9 (TLR9) 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 leukocytes as well as a higher 
risk of sepsis and multiple organ dysfunction. 
These functional polymorphisms involved in 
innate immunity predispose patients to severe 
infections and death [14].

 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 after a variety of 
stressors including trauma, shock, infection, and 
malnutrition. After trauma, intestinal epithelial 
cells release DAMPS and cytokines in response 
to hypoxia and hypoperfusion. The breakdown of 
the barrier occurs with loss of tight junctions, 
leading to hyperpermeability. The production of 
gut-derived toxins and inflammatory products 
reaches the systemic circulation through the 
intestinal lymphatics or via directly via damage 
to intestinal cells, leading to MOF [15]. Gut- 
derived changes can induce distant organ injury, 
and gut-focused therapeutics have the potential to 
mitigate such injury [16].

 Chronic Critical Illness 
and Persistent Inflammation, 
Catabolism, and Immune 
Suppression

Moore and colleagues demonstrated that MOF 
follows a bimodal distribution that may be initi-
ated by trauma, burns, infection, or inflammation 
[17]. 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. Since that time, a more contem-

6 Metabolism in the Trauma Patient



134

porary pattern has been described by Shepherd 
et al. in injured patients to include early multiple 
organ dysfunction syndrome (MODS), defined as 
lasting less than 7  days, or prolonged MODS, 
defined as lasting more than 7 days [18]. MODS 
was defined as a Sequential Organ Failure 
Assessment (SOFA) score of greater than five 
during the first 7 days of admission post trauma. 
The authors found that of those patients progress-
ing to MODS, approximately 60% occurred 
early. Interestingly, organ dysfunction in both 
groups peaked within the first 2 days of admis-
sion. In those with prolonged MODS, organ dys-
function was more severe and by definition lasted 
longer. This group of patients also had a higher 
incidence of infection and mortality.

The concept of prolonged MODS has 
expanded to now include both chronic critical ill-
ness (CCI) and persistent inflammation and 
immunosuppression (PICS) [19]. CCI is defined 
as ≥14 days in the ICU with ongoing multisys-
tem organ dysfunction and may be experienced 
in up to half of patients with sepsis. Patients with 
CCI exhibit ongoing inflammation, protein 
catabolism, and alterations in immune function. 
An estimated 30–50% of these patients are unable 
to return to metabolic homeostasis and instead 
demonstrate ongoing, smoldering inflammation 
associated with ongoing catabolism, infectious 
recidivism, and indolent death characteristic of 
PICS.  Research suggests that repeat triggers of 
stress metabolism are a significant risk factor for 
progression into CCI and PICS [20].

The metabolic changes which lead to CCI and 
PICS are an area of expanding research. Current 
understanding of the pathophysiology of CCI and 
PICS begins with the production of myeloid- 
derived suppressor cells (MDSCs) early after 
injury, while tissue damage results in the release 
of DAMPs, both of which have pro- inflammatory, 
immune-suppressive actions. DAMPs released 
by skeletal muscle damage and catabolism appear 
to contribute to persistent inflammation, leading 
to further muscle catabolism. In addition to skel-
etal muscle, the renal tubule epithelial cells 
appear to be the largest producers of DAMPs. 
Once initiated, these pathways appear to be self- 
propagating [7, 20].

 Neuroendocrine Response 
to Trauma

Part of the initial response to injury is the stimu-
lation of the hypothalamic–pituitary–adrenal 
axis. Immediately following injury, afferent neu-
ral signals are sent to the hypothalamus, which 
releases vasopressin, also known as antidiuretic 
hormone, and corticotropin-releasing hormone. 
Vasopressin stimulates aquaporin channel inser-
tion into the renal tubule. These channels result in 
the reabsorption of water back in the systemic 
circulation and act to conserve hydration and 
blood pressure in the setting of hypotension. Pain 
alone can stimulate the release and effects of 
vasopressin [21].

The hypothalamus signals the pituitary to 
release adrenocorticotropic hormone (ACTH) 
and growth hormone (GH). Increased GH results 
in propagation of insulin-like growth factors. 
Signaling via these effectors regulates catabolism 
by increasing protein synthesis, reducing protein 
catabolism, and promoting lipolysis. GH pro-
motes hyperglycemia by stimulating glycogenol-
ysis and through anti-insulin effects [22].

The adrenal cortex is stimulated to release 
cortisol by ACTH. Cortisol is a catabolic hor-
mone that mobilizes energy stores to prepare 
the body for the “fight-or-flight” response. 
Cortisol increases hepatic gluconeogenesis and 
mobilizes skeletal muscle proteins and triglyc-
erides stored in adipocytes to provide substrate 
for gluconeogenesis. The normal feedback 
inhibitory mechanisms fail due to stress, and an 
unregulated, hyper-response characterized by 
hyperglycemia and negative nitrogen balance 
occurs. Hyperglycemia reduces the rate of 
wound healing, increases the incidence of 
infections, and may contribute to sepsis, isch-
emia, and death [21].

While hyperglycemia has been associated 
with poor outcomes in patients with critical ill-
ness, the ideal goal glucose level remains unclear. 
Hyperglycemia could reflect an adaptive response 
to critical illness, or it could induce complica-
tions and therefore contribute to adverse out-
comes. In 2001, Van Den Berghe et al. found that 
maintaining a blood glucose level at or below 
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110  mg/dl reduced mortality of critically ill 
patients in the surgical intensive care unit [23, 
24]. Subsequent studies revealed that this strict 
glucose control was associated with episodic 
hypoglycemia, which similarly negatively 
affected patient outcomes [25]. The NICE- 
SUGAR trial found that intensive glucose control 
increased mortality among adults in the intensive 
care unit (ICU). The Society of Critical Care 
Medicine and American Society for Parenteral 
and Enteral Nutrition guidelines for nutrition 
care of critically ill adults currently recommend a 
target blood glucose of 140 or 150 to 180 mg/dL 
to minimize the adverse effects of both hyper- 
and hypoglycemia [26].

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 conversion 
to anaerobic metabolism after acute injury. This 
results in a buildup of brain tissue lactic acid 
which leads to secondary brain injury. Research 
has demonstrated that severe hyperglycemia fol-
lowing traumatic brain injury is associated with 
poorer outcomes, including increased mortality, 
irrespective of severity of injury [27, 28]. On the 
other hand, intensive glucose control in this pop-
ulation also does not improve outcomes [29].

As continuous glucose monitoring technology 
improves and research continues to evolve, the 
optimal blood glucose for critically ill adults, 
especially those with traumatic brain injuries, can 
be anticipated to change.

 Nutrition Support 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, enteral nutrition (EN) was initially favored 
as it was inexpensive and readily available. In the 
1980s, parenteral nutrition (PN) became more 
available, and EN was delayed until the gastroin-

testinal tract was clearly functioning. Early PN 
practices such as overfeeding and suboptimal 
central line care resulted in increased complica-
tions such as hyperglycemia and infectious mor-
bidity. Over the 1990s, more data emerged 
supporting the relationship between nutrition 
support, gut function, and MOF. This resulted in 
a shift in practice favoring early EN and reducing 
use of PN. Recent research suggests that PN 
guided by modern principles of line manage-
ment, sterile compounding, and avoidance of 
overfeeding has reduced complication risk com-
pared with early PN practices [30]. Nutrition sup-
port continues to be provided preferentially as 
EN due to both cost and positive effects on gut 
function and immunity. Additionally, a number 
of studies in the severely injured patient have 
substantiated the positive effect of EN with 
regard to decreased infections, shorter hospital 
stays, and improved overall outcomes [31, 32].

 Nutrition Assessment

Nutritional assessment in the ICU population 
should begin with a thorough history and physi-
cal exam focused on identifying clinical signs of 
malnutrition. Indicators of malnutrition include 
recent unintentional weight loss, poor oral intake, 
and evidence of muscle and/or fat wasting on pal-
pation [33]. Nutrition-focused physical exam 
may be impaired by the presence of fluid accu-
mulation. The use of bedside ultrasound or 
review of CT imaging obtained for injury assess-
ment may provide additional methods of deter-
mining baseline nutrition status [34, 35]. 
Preexisting malnutrition and severity of injury 
combine to determine nutrition risk. Validated 
tools such as the Nutrition Risk in the Critically 
Ill (NUTRIC) score may also be used to stratify 
patients based on nutrition risk, as patients at 
higher nutrition risk derive the most benefit from 
early nutrition interventions, while those at low 
nutrition risk may not [26].

Current clinical status may influence not only 
nutrition risk but also nutrition interventions. 
Nutrition support should be provided appropriate 
to the patient’s metabolic phase. Hypocaloric 
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feeding is most appropriate while the patients 
remain in the early hypometabolic ebb phase, 
while isocaloric, high protein feeding best sup-
ports patients in the hypermetabolic, hypercata-
bolic flow phase. While EN is the preferred 
method of nutrition support, the overall hemody-
namic status of the patient must be taken into 
consideration to reduce the risk of nonocclusive 
ischemic bowel, a rare but potentially fatal com-
plication of EN [36]. Nutrition support should be 
delayed during active resuscitation and initiated 
once hemodynamic stability is obtained. The 
NUTRIREA-2 study demonstrated increased 
rates of nonocclusive ischemic bowel in patients 
with shock who received early EN on high-dose 
vasoactive support with a median dose of 0.5 
mcg/kg/min norepinephrine equivalents [37]. 
However, vasoactive support is not an absolute 
contraindication to EN with retrospective studies 
demonstrating no increase in complications in 
enterally fed patients receiving moderate vasoac-
tive support [38, 39].

For patients with abdominal trauma, bowel 
discontinuity is an absolute contraindication to 
enteral nutrition. However, enteral nutrition is 
associated with improved outcomes when started 
early after gastrointestinal surgery requiring 
anastomosis [40]. Early postoperative oral feed-
ing has been shown to be safe for gastrointestinal 
surgery patients, leading to its incorporation into 
Enhanced Recovery after Surgery (ERAS) proto-
cols to reduce postoperative ileus and shorten 
length of stay [41, 42]. Additionally, patients 
with open abdomens who receive enteral nutri-
tion appear to have similar or improved outcomes 
to those who are left without nutrition or receive 
parenteral nutrition [43].

 Estimating Nutrition Needs

The catabolic response to injury increases caloric 
requirements in the trauma patient due to 
increased metabolism. The increase in energy 
needs above baseline is dependent upon the 
nature and severity of trauma, with burn patients 

demonstrating increases up to 80% above normal 
[44]. Indirect calorimetry remains the most reli-
able method for determining energy expenditure 
in critically ill adults; however, this resource is 
not available at all institutions. Additionally, the 
reliability of indirect calorimetry is negatively 
impacted by renal replacement therapy, FiO2 
>60%, peak end-expiratory pressure >12  mm 
H2O, provision of exogenous bicarbonate, tachy-
pnea, recent painful procedures or patient stimu-
lation, and recent changes in nutrition or 
mechanical ventilation [45]. Indirect calorimetry, 
if available, should be completed periodically as 
a patient’s condition changes, to ensure that 
nutrition support is still providing an appropriate 
amount of energy to support metabolic demand. 
In the absence of indirect calorimetry, nutrition 
practitioners rely on predictive equations that 
range from simplistic kilocalories/kg of body 
weight to complicated equations incorporating 
sex, age, weight, height, minute ventilation, and 
maximum temperature within the past 24  h. 
Predictive equations are prone to errors, and 
many are biased toward overestimation of energy 
expenditure and validated in single-center studies 
with limited enrollment of traumatically injured 
patients. The energy needs of obese patients are 
particularly difficult to estimate, and the best per-
forming predictive equations estimate energy 
expenditure within 10% of measured energy 
expenditure roughly 70% of the time [46].

Similar to energy needs, protein requirements 
vary based on the severity of injury. The 2016 
SCCM/A.S.P.E.N. guidelines recommend 
1.2–2 g protein/kg/day for nonobese, critically ill 
adults and further state that traumatically injured 
adults may benefit from increased protein deliv-
ery of 1.5–2 g/kg/day. Dickerson and colleagues 
found that patients who received 2–2.5 g/kg/day 
demonstrated improved nitrogen balance results 
without complications such as azotemia [47]. 
Extracorporeal support, such as continuous renal 
replacement therapy or extracorporeal membrane 
oxygenation, also appears to increase protein 
needs beyond general critical illness [26, 48]. 
Optimal nutrition delivery for patients with a 
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body mass index (BMI) ≥30 kg/m2 remains con-
troversial; however, using ideal body weight 
(IBW) to dose protein may ensure adequate pro-
tein delivery while avoiding overfeeding. 
Guidelines recommend providing ≥2 g protein/
kg IBW for patients with a BMI 30–40 kg/m2 and 
≥2.5 g protein/kg IBW for patients with a BMI 
>40 kg/m2 [26].

 Potential Modulators of Metabolism

Arginine and glutamine are conditionally essen-
tial nutrients in states of serious illness or injury 
with roles in enterocyte function, nucleotide syn-
thesis, immune function, wound healing, and 
antioxidant pathways [49]. A 2002 meta-analysis 
examining the results of enteral glutamine sup-
plementation in critically ill patients noted a 
modest treatment effect [50]. Large, multicenter 
randomized control trials, however, demonstrated 
limited benefit and higher mortality rates in med-
ical ICU patients and those with multisystem 
organ failure who received glutamine supple-
mentation [51, 52].

Fish oil contains a high concentration of the 
omega-3 fatty acids eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA). Inclusion of 
EPA and DHA in nutrition regimens may reduce 
inflammatory mediators and improve immune 
function, exerting a positive effect on infectious 
morbidity [49].Additionally, it is theorized that 
EPA and DHA may improve neurological recov-
ery following traumatic brain injury [53].

Immune-enhancing enteral nutrition formula-
tions contain therapeutic levels of arginine, and 
fish oils provide EPA and DHA. These formula-
tions often contain higher levels of antioxidant 
micronutrients such as zinc, selenium, and vita-
min C and may contain nucleotides for their role 
in T-lymphocyte function. Glutamine- 
supplemented formulas are no longer commer-
cially available, although enteral supplementation 
with glutamine modulators may be considered in 
severe trauma or burn patients without multisys-
tem organ failure [26]. Immune-enhancing 

enteral nutrition should be considered in patients 
with traumatic brain injury or severe multi- 
trauma and postsurgical critical illness. Medical 
ICU patients should not routinely receive immune 
enhancing nutrition [26].

CCI and PICS present new challenges which 
may be amenable to nutrition-related interven-
tions. Early enteral nutrition with fish oil and 
arginine-supplemented formulas may improve 
systemic inflammation and prevent arginine 
deficiency resulting from arginase-1 upregula-
tion by immature lymphocytes [54] Nutrients 
such as B vitamins, carnitine, and choline may 
offer opportunities to support normal mitochon-
drial function; however, optimal timing, dos-
ing, and anticipated patient benefits have yet 
to be established. Anabolic steroids have been 
proposed as an intervention for patients with 
PICS. Oxandrolone, a testosterone analogue with 
high anabolic effect and low risk, has been stud-
ied in burn patients and has demonstrated benefit 
in both the acute and subacute phases following 
injury [55–59]. During the acute phase in adults, 
oxandrolone appears to reduce lean body mass 
catabolism and blunt hypermetabolism, result-
ing in reduced weight loss with retained skel-
etal muscle. Oxandrolone may be beneficial 
in critically ill trauma patients; however, it has 
not been thoroughly studied. Two small, single-
center studies have investigated oxandrolone dur-
ing acute hospitalization for trauma or surgical 
critical illness. Those who received oxandrolone 
demonstrated reduced urinary nitrogen excre-
tion and less negative nitrogen balance; however, 
these differences did not reach statistical sig-
nificance, possibly related to small sample size 
[60, 61]. In a study of mechanically ventilated, 
surgical ICU patients, those who received oxan-
drolone had longer durations of mechanical ven-
tilation and increased reintubation rates [61]. As 
oxandrolone blunts the hypermetabolic response 
to stress, it may increase the risk of overfeed-
ing and its associated complications, which 
may explain these results. Additional research is 
needed to determine the optimal patient, dosage, 
timing, and duration of anabolic therapy.
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 Nutritional Challenges 
in the Trauma Patient

Once nutrition support has been initiated, it is 
important to perform routine monitoring to assess 
the adequacy of the nutrition support being deliv-
ered and make modifications when necessary. 
Evidence clearly shows that ICU patients are sig-
nificantly underfed [62]. Trauma patients face 
multiple barriers to adequate oral and enteral 
nutrition delivery including operating room trips, 
interventional radiology procedures, travelling 
for imaging, and impaired tolerance from ileus, 
which results in significant energy and protein 
deficits [63]. Reduced fasting protocols and 
volume- based feeding strategies have demon-
strated improvements in nutrition delivery with-
out increases in complications for patients 
receiving enteral nutrition [64–66]. Intraoperative 
enteral nutrition infusion has been reported to be 
safe in burn patients [67]. Patients with abdomi-
nal trauma or traumatic brain injury are at highest 
risk for inadequate nutrition delivery [68].

Supplemental parenteral nutrition may be 
required for patients who are unable to tolerate 
>60% of their goal enteral nutrition over the first 
week of critical care or reach at least 80% of their 
goal enteral nutrition infusion rate [26]. 
Additionally, early supplemental or total paren-
teral nutrition should be considered in high nutri-
tion risk patients, especially those with preexisting 
malnutrition and in whom interruptions or delays 
to enteral nutrition are anticipated. The TOP UP 
(A Randomized Trial of Supplemental Parenteral 
Nutrition in Under and Over Weight Critically Ill 
Patients) pilot study demonstrated an increased 
nutrition adequacy over the first week of critical 
illness when enteral nutrition was combined with 
early supplemental parenteral nutrition. These 
improvements in nutrition adequacy were associ-
ated with trends toward improvements in func-
tional outcomes [69]. Parenteral nutrition should 
not be interrupted for operations, procedures, or 
travel off the unit.

 Monitoring the Response 
to Nutritional Supplementation

Numerous diagnostic tests have been investigated 
for their ability to assess the impact of nutritional 
care. These include body weight, body composi-
tion testing (bioelectrical impedance analysis, 
dual X-ray absorptiometry, skin folds, CT imag-
ing, and ultrasound) and laboratory testing (urine 
analysis, visceral proteins, etc.). Changes in 
weight during the initial period of critical illness 
often reflect changes in fluid status rather than 
changes in body weight or composition. 
Additionally, body composition testing, espe-
cially with bioelectrical impedance analysis or 
skin folds testing, is negatively impacted by 
changes in fluid status.

Serum proteins have been relied on histori-
cally to help assess nutritional adequacy; how-
ever, the limitations of these biomarkers often 
outweigh the benefit until stress metabolism is 
resolved. The body reprioritizes hepatic protein 
synthesis away from constitutive proteins such as 
prealbumin to acute-phase reactants such as 
C-reactive protein (CRP). Additionally, prealbu-
min levels may be increased in patients with renal 
failure or in patients receiving corticosteroids and 
decreased in pregnant patients or those with liver 
disease. Albumin is a reliable measure of long- 
term nutrition status in community-dwelling 
patients, including those on dialysis; however, it 
has a long half-life and is unreliable in patients 
who are dehydrated or fluid overloaded. In light 
of these limitations, the 2016 SCCM, A.S.P.E.N. 
guidelines do not recommend routine visceral 
protein monitoring in critically ill adults, and 
altered visceral protein levels are not sufficient to 
diagnose malnutrition [26, 33].

Nitrogen balance studies can help assess the 
adequacy of protein provision by comparing 
nitrogen from protein intake to nitrogen excre-
tion over a 24-h period. Urine urea nitrogen com-
bined with standard factors for insensible losses 
is used as a reliable proxy for protein excretion. 
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Nitrogen equilibrium is defined as −2 to +2 gm/
day. The reliability of nitrogen balance results is 
negatively affected by renal failure requiring 
renal replacement therapy, significant changes in 
blood urea nitrogen, unquantifiable nitrogen 
losses from wound or drain output, low urine out-
put, or malabsorptive diarrhea [70]. When assess-
ing nitrogen balance, it is important also to be 
aware of the amount of energy provided in a 24-h 
period. Use of radioisotopically labeled phenyl-
alanine may provide better understanding of pro-
tein uptake by tissues; however, it is not available 
at all institutions [71]. If adequate protein is pro-
vided in the setting of inadequate energy deliv-
ery, nitrogen balance may also be negative due to 
shuttling of protein into gluconeogenesis. 
Persistent catabolism as evidenced by ongoing 
elevated urine urea nitrogen despite improving 
clinical status may be an early marker of PICS 
and may help identify patients who would benefit 
from anabolic steroid therapy.

 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 [72–74]. 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 an international 
database [75], 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 [76–78]. Importantly, sarcopenia 
increases with advanced age, as does the inci-
dence of postoperative complications. A report 
by Sheetz et al. demonstrated that sarcopenia was 
associated with high payer costs and negative 
margins after major surgery [79]. A number of 
modalities have been used to calculate muscle 
mass, including X-ray absorptiometry (DXA), 
computed tomography (CT), and magnetic reso-
nance imaging (MRI). Although DXA may be 
ideal for whole-body composition analysis, the 
use of CT scanning is more applicable for the 
trauma patient as CT scans are frequently per-
formed at the time of injury [80, 81]. Single-slice 
CT images of the psoas muscle in the 3rd lumbar 
region can predict whole body muscle and adi-
pose tissue volume in healthy [82] and disease 
[83] populations.

In a study of severely injured elderly patients 
admitted to the ICU, 71% were sarcopenic based 
on admission CT scans [84]. 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 this population, 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 was predictive 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. In a subse-
quent study by Leeper et al., sarcopenia was the 
strongest predictor of out-of-hospital mortality in 
a cohort of injured elderly [85]. More recently, 
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Wallace et al. used masseter muscle thickness to 
diagnose sarcopenia in injured elderly and found 
it to be equally valid [86]. Muscularity therefore 
represents a potential new marker for risk of mor-
tality and increased length of stay but more 
importantly may allow the early identification of 
patients who may benefit from aggressive nutri-
tional 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 [87, 88]. In 
normal healthy volunteers, there was excellent 
intra- and inter-reliability in the US measure-
ments of the rectus femoris [89]. Further evalua-
tion of this technique is required to evaluate the 
validity and clinical utility in critically ill patients. 
The use of muscle-specific ultrasound is being 
tested and may make this a valid technique in this 
patient population [90].
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Burns

Danielle M. Toepfer, Richard L. Gamelli, 
and Michael J. Mosier

 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, 
inhalation injury, and the hypermetabolic 
response to injury, severe burns remain a devas-
tating injury affecting nearly every organ sys-
tem 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 

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 and cata-
bolic state, and immunosuppression. The 
systemic response to major burn injury is driven 
by a cascade of cytokines, catecholamines, and 
corticosteroids that are central to the hypermeta-
bolic response. Serum levels of cytokines and 
catecholamines elevate 10- to 20-fold, with asso-
ciated insulin resistance, increased gluconeogen-
esis, energy consumption, lipolysis, and 
proteolysis that may remain elevated for 
12  months postinjury [2]. Resultantly, burn 
patients have increased cardiac work, increased 
myocardial oxygen consumption, tachycardia, 
lipolysis, liver dysfunction, severe muscle catab-
olism, increased protein degradation, and insulin 
resistance, and growth retardation 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 
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 support has long been and continues to be an 
 important component of the management of 
severe burn injury.

 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 consump-
tion, 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 accu-
rately reflect all nitrogen losses in burn patients 
[4]. A patient with a small burn (<10% TBSA) 
may lose nitrogen at a rate of 0.02 g/kg/day. A 
moderate burn (11–29% TBSA) may be associ-
ated with nitrogen 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 
adult patient with a large burn will typically 
require 2–2.5  g/kg/day of protein or greater to 
maintain a positive nitrogen balance. For the 
pediatric patient, protein intake should range 
from 3 to 4.5 g/kg/day for those younger than 6 
and 2.5 to 3  g/kg/day in children greater than 
6 years of age [5].

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 [6, 7]. 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. Calculating 
a burn patient’s energy requirements can be a 
challenge, as there are multiple factors that affect 
energy expenditure. Burn size, wound healing, 
and surgical wound closure are specific factors 
in the burn population that have an effect on total 
energy requirements. Indirect calorimetry (IC) 
has been considered to be the gold standard in 
determining resting energy expenditure in criti-
cally ill patients. In the critically ill burn popula-
tion, it is recommended that IC is used to assess 
energy goals on a weekly basis [8]. Two random-
ized controlled trials (RCT) have shown a higher 
mean intake of energy and protein with IC com-
pared to controls whose energy goals were cal-
culated with predicative equations [9, 10]. 
Additionally, Singer and colleagues found a sig-
nificant reduction in hospital mortality in patients 
that received IC-guided enteral nutrition com-
pared to patients that received enteral nutrition 
determined by a weight-based formula. 
Unfortunately, the feasibility of IC at many insti-
tutions may be limited due to availability, cost, 
or ability to interpret results. While predicative 
and weight-based equations are less accurate due 
to fluctuating variables such as weight, body 
temperature, medications, and procedures, they 
are the most commonly utilized approach to cal-
culate nutrition requirements in burn centers 
across the globe and offer a good guideline for 
how much to feed a given patient [11]. Over the 
years, a number of equations have been devel-
oped to estimate caloric needs and account for 
the increased metabolic demand post-burn 
injury. According to a survey of 65 burn centers, 
the Harris Benedict, kcal/kg, and the Curreri for-
mulas are most commonly used [12]. Assessing 
the accuracy of these equations, a study compar-
ing measured resting energy expenditure with IC 
to nine weight-based equations found the Milner 
[13], Carlson [14], and Harris Benedict [15] 
equations to be most similar to results 
from  IC-measured energy expenditure [16] 
(Table 7.1).
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 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 malnutri-
tion without nutritional supplementation [17–21]. 
This postburn hypermetabolism is associated 
with profound proteolysis resulting in lean body 
mass loss and muscle wasting. Appropriate moni-
toring for nutritional needs and deficiencies as 
well as provision of adequate caloric intake, 
nitrogen, micronutrients, and supplements is 
therefore critical 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 accumulate energy deficits 
during the first week following injury, which cor-
relate with infectious complications and pressure 

sores [22–24]. Further, substantial loss of lean 
body mass impairs wound healing, which is criti-
cal in burn injury [25]. The European Guidelines 
on Clinical Nutrition in the ICU advocate that 
enteral feedings should begin within 48 h in criti-
cally ill patients who have a functioning gastroin-
testinal tract and when oral nutritional intake is 
not possible [26]. The most recent guidelines 
from the Society of Critical Care Medicine 
(SCCM) and the American Society for Parenteral 
and Enteral Nutrition (A.S.P.E.N) for Provision 
and Assessment of Nutrition Support Therapy in 
the Adult Critically Ill Patient specifically high-
light initiating enteral nutrition within 4–6 h of 
injury for patients with burn injuries [8]. 
Additionally, enteral nutrition helps maintain 
immunity associated with the gut-associated 
lymphoid tissue; thus, even low rates of enteral 
nutrition have theoretical benefits [27].

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 the 

Table 7.1 Equations used for estimating caloric requirements in burn patients

Adult:
Harris–Benedict

Men: [66 + (13.7 × WT) + (5 × HT) − (6.8 × Age)] × IF × AF

Women: [655 + (9.6 × WT) + (1.8 × HT) − (4.7 × Age)] × IF × AF
Carlson
BMR × [0.89142 + (0.01335 × TBSA)] × BSA × 24 × AF
Milner

[BMR × (0.274 + 0.0079 × TBSA −0.004 × PBD) + BMR] × 24 × BSA × AF
BMR basal metabolic rate in healthy, non-burned population, HT height in cm (inches/2.54), WT weight in kg, AF 
activity factor (typically 1.2–1.4), IF injury factor (range of 1–2.1 used after burn)
BMR (in kcal/m2/h) as determined by the Fleisch equation (healthy population, 1951):
Men: 54.337821 – (1.19961 × Age) + (0.02548 × Age2) – (0.00018 × Age3)
Women: 54.74942 – (1.54884 × Age) + (0.03580 × Age2) – (0.00026 × Age3)
TBSA, (%) × 100 (use actual initial burn size, no cut-off for larger burns); BSA, (m2) the square root of 
(HT × WT)/3600
Pediatric:
Galveston
0–1 year: 2100(body surface area) + 1000(body surface area × TBSA)
1–11 year: 1800(body surface area) + 1300(body surface area × TBSA)
12–18 years: 1500(body surface area) + 1500(body surface area × TBSA)
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 initiation of enteral nutrition as late as 48 h from 
admission [28], it has been demonstrated that 
patients with burns >20% TBSA that begin 
enteral nutrition within 24 h of admission have a 
shorter ICU length of stay and reduced wound 
infections [29]. This is also consistent in pediat-
rics, where children started on enteral nutrition 
within 48  h of admission have been shown to 
have a shorter hospitalization and lower mortality 
rate than those with late initiation of enteral nutri-
tion [30], highlighting 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 [31]. The problems of prolonged ileus 
and Curling stress ulcers in burn patients have 
been largely eliminated by early feeding [32]. 
Multiple studies have shown that patients with 
major thermal injury can receive adequate calo-
ries within 72 h after injury [33].

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 
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 [34]. 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 [35].

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 
[36]; 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 [37].

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 relatively recent pediatric trial 
found parenteral nutrition to be safe and effective 
in pediatric burn patients unable to achieve goal 
enteral nutrition during times such as hemody-
namic instability or severe sepsis [38].

 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 
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 [39]. 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 [40].

Perhaps this should not be surprising, as there 
is a significant change in how fat is metabolized 
following burn injury, and providing excess 
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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 [41]. 
However, providing fat as part of the enteral diet 
is required to prevent essential fatty acid defi-
ciencies, such that a minimum of 2–4% of total 
calories provided 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 [42]. This leads to 
detrimental muscle loss and, in children, a sig-
nificant decline in growth trajectory for a year or 
longer postburn, 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 immuno-
logic status have garnered a great deal of interest 
as adjuncts in the management of critically ill 
and injured patients [43]. Unfortunately, much 
of the information on nutritional requirements 
for critically ill patients was derived from an ani-
mal burn model [44], and studies on the efficacy 
of specialized nutritional supplements in humans 
have generated contradictory data. As an exam-
ple, 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 [45]. However, the addition of gluta-
mine supplementation to an enteral nutrition 
regimen has been shown to decrease hospital and 
ICU length of stay as well as mortality in adult 
burn patients [46]. A practical advantage of uti-
lizing specialized nutrition formulas over stan-
dard formulas is the greater provision of vitamins 
and trace minerals needed to support wound 
healing and higher protein content, therefore 

reducing the necessity to provide additional 
supplementation.

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 
[47]. Oxandrolone in particular has produced 
marked improvements in weight gain, return to 
function, and length of hospital stay [48]; how-
ever, its use should be cautioned in non-burn 
patients as surgical patients have not shown the 
same benefit [49]. Early administration of anti-
oxidant supplementation with α-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 [50]. 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 
is the foundation of nutritional support, we 
believe it is also important to provide vitamins 
and minerals, also known as micronutrients. 
Depressed levels of vitamin A [51], vitamin C 
[51], vitamin D [52], selenium [53, 54], vitamin 
E [51, 55], zinc, and copper [53, 56–59] have 
been reported in burn patients, and these losses 
occur mainly through the skin and urine [60] but 
also from increased utilization [61]. A fairly 
recent meta-analysis evaluating trace element 
supplementation after a burn injury concluded 
that there is evidence to support a significant 
decrease in infectious episodes with combined 
supplementation of zinc, selenium, and copper 
[16]. Vitamin D deficiency, while it does not have 
a direct role in wound healing, is of concern for 
critically ill burn patients over the acute hospital-
ization [62] as well as post hospitalization during 
rehabilitation [63]. With regard to the critically ill 
population, several meta-analysis studies have 
concluded that vitamin D deficiency is associated 
with significantly increased susceptibility to 
infections and sepsis, with an increased mortality 
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[64–66]. Affecting rehabilitation following dis-
charge, burn patients with vitamin D deficiency 
have been shown to have decreased quadriceps 
muscle strength [63] and an increased incidence 
of long bone fractures among children with major 
burns [67]. Unfortunately, supplementation stud-
ies are scarce and have not provided guidance for 
appropriate micronutrient provision, and there 
are no clear guidelines on how to assess micronu-
trient status. Benefits to providing micronutrients 
include mitigation of the negative effects of oxi-
dative stress, which can contribute to the sys-
temic inflammatory response syndrome (SIRS), 
inflammation, and organ failure, as well as con-
tribute to wound healing, tissue repair, and 
immune system support.

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 
[12], as well as the recent guidelines from the 
Society of Critical Care Medicine and the 
American Society of Parenteral and Enteral 
Nutrition published in 2016, which recom-
mended that antioxidant vitamins C and E and 
trace minerals (selenium, zinc, and copper) be 
provided to burn patients [8]. Special consider-
ations for micronutrient supplementation should 
be made for burn patients that are at risk of defi-
ciency such as alcoholics (where one should con-
sider thiamine, folate, and vitamin B12), those 
with preexisting malnutrition, growing children, 
and patients with malabsorptive conditions such 
as bariatric surgery.

 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 
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 [68]. 
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 [69]. 
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 
[70–72]. 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 
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 limited early excision of eschar rapidly pro-
gressed to staged, total excision of the burn 
wound [73].

Since that time, there have been many succes-
sive studies which have repeatedly verified favor-
able outcomes with early excision and grafting 
[74–79]. Improved understanding of the systemic 
inflammatory response syndrome (SIRS) has 
suggested that immediate removal of dead and 
severely damaged tissue can interrupt and attenu-
ate SIRS and normalize immune function 
[80–82].

 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 
overall course and may lead to disseminated 
intravascular coagulopathy [83]. 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 [84]. 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 [85]. 
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 

[86, 87]. At least one study has demonstrated that 
in pediatric burn patients, physical examination 
is the most reliable tool for evaluating the source 
of fever [86].

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

 Beta-Blockade

As catecholamines are the main drivers of the 
hypermetabolic response to burn injury [88], 
with levels increasing tenfold following injury 
[88, 89], 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 [90], blocking the catechol-
amine surge could improve multiple aspects of 
postburn 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 [91–96].

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 [97–100]. 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 [94].

 Oxandrolone

Oxandrolone is a synthetic analog of testosterone 
with minimal virilizing activity and hepatotoxic-
ity compared to testosterone [101]. In skeletal 
muscle, oxandrolone binds to the androgen 
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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 [102].

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 postburn hyper-
metabolism with oxandrolone can potentially 
improve these consequences [6, 96, 103–107]. 
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 [108].

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 
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, con-
siderably increased lean body mass and muscle 
strength [109]. 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 [106], and our work with the Glue 
Grant demonstrated an improved mortality [110]. 
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 [96], 
as well as during acute rehabilitation, where body 
weight and lean mass lost from injury can be 

restored more effectively than with nutrition 
alone [48, 111]. 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 [112–114]. 
The association of poor glucose control with bac-
teremia, reduced graft take, and higher mortality 
in pediatric burn patients has further supported 
this practice [114]. 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 [115].

Since Van den Berghe’s landmark study in 2001 
[115], there have been many randomized con-
trolled 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 [112, 116]. More 
recently, the large multicenter Normoglycemia in 
Intensive Care Evaluation and Surviving Using 
Glucose Algorithm Regulation (NICE-SUGAR) 
trial demonstrated that an intermediate glucose tar-
get (140–180 mg/dL) was ideal for most patients 
and resulted in lower mortality than stricter control 
(80–110 mg/dL) [117]. Based on the current litera-
ture, it is our policy to maintain blood glucose lev-
els as close to normal as possible, without evoking 
unacceptable 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 
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day [118]. 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 
[119], and some single center studies have shown 
improved outcomes related to dose and duration 
[120, 121]. 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 [45], though 
the addition of glutamine supplementation to an 
enteral nutrition regimen has been shown to 
decrease hospital and ICU length of stay as well 
as mortality 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 [46]. Confirmatory support for the 
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 [122].

On the contrary, the REDOX trial, a large 
international RCT with a 2-by-2 factorial design 
involving 1223 critically ill adults, evaluated sup-
plementation of glutamine, antioxidants, both, or 
placebo on 28-day mortality. The initial results 
concluded that there was an increased 28-day 
mortality associated with glutamine administra-
tion as compared with those that did not receive 
it. In addition, 6-month mortality was also greater 
in the patients that received glutamine in this 
study compared to those that did not. The most 

concerning adverse effect from glutamine was 
seen in patients that received a higher dose of 
glutamine (>0.5  kg/d) with multisystem organ 
failure and a majority of them in shock. 
Antioxidants had no effect on mortality within 
28 days or at any other secondary end point in 
this study [123, 124]. Notably, the post hoc anal-
ysis of the REDOX trial revealed both glutamine 
and antioxidants were associated with increased 
mortality in the presence of baseline renal dys-
function and that neither intervention was associ-
ated with harm or benefit in patients without 
baseline renal dysfunction [125]. Regarding the 
REDOX trial, there are a few important charac-
teristics to point out before the practitioner 
decides not to supplement glutamine on a patient 
with a burn injury. First, majority of the patients 
included in this study were critically ill medical 
patients. There were a small amount of critically 
ill trauma and surgery patients included in this 
study, but no burn patients. Second, patients that 
received glutamine received far greater doses 
than the maximal dose used in other studies 
(>30 g per day). Lastly, patients that received glu-
tamine in the REDOX trial received both enteral 
and IV glutamine. This is not a common practice 
in the USA, nor is IV glutamine available for rou-
tine use in the USA.

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 the maintenance of gut integ-
rity [46]. Studies in adult burn patients have 
shown enteral glutamine supplementation to pre-
serve gut integrity [123, 126] while decreasing 
infectious complications [46, 123], mortality 
[46], and length of stay [123, 126]. Unfortunately, 
these studies have had small sample sizes and dif-
ferent dosing methods, and glutamine supple-
mentation has not been well studied in children, 
leaving unanswered questions about the potential 
benefits of glutamine supplementation. Currently 
underway is a large multicenter RCT, Randomized 
Trial of Enteral Glutamine to Minimize Thermal 
Injury (RE-ENERGIZE), evaluating the effects 
of enteral glutamine in burn patients on in- 
hospital mortality, incidence of hospital-acquired 
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blood stream infection, and physical function of 
burn survivors. Hopefully, the results of this 
study will provide us with more burn-specific 
data on the benefit or harm of glutamine supple-
mentation in critically ill burn patients. Future 
studies will need to take into account the nutri-
tional status of patients, the degree of glutamine 
deficiency, and the 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 defi-
ciency 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 1302 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 
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 [127].

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 
[128]. 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 [129], 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 [130]. 
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 [130, 131]. While iron levels 
are known to decrease after burn injury, they typi-
cally increase back to normal levels without sup-
plementation [132, 133], and the combination of 
necessary blood transfusions and iron supple-
mentation may lead to excessive levels.

 Probiotics

The World Health Organization and the Food and 
Agricultural Organization of the United Nations 
defines probiotics as “viable microorganisms that 
when ingested in adequate amounts, can be ben-
eficial for health” [134]. In critical illness, there 
are multiple factors that influence rapid and per-
sistent changes in the commensal microbiota 
such as metabolic insult, various medications 
(vasopressors, antibiotics, H2 antagonists), gut 
ischemia/reperfusion, and changes in gut motility 
[135, 136]. Many centers have historically feared 
the use of probiotics, fearing an increase in infec-
tious complications with multidrug-resistant 
organisms; however, the exogenous use of probi-
otics in critical illness and burn patients has been 
shown to decrease the frequency of diarrhea 
[137, 138]; decrease the incidence of Clostridium 
difficile infection with antibiotic use [139]; 
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reduce the of incidence of infections and, in some 
studies, reduce ventilator-associated pneumonia 
[138, 140, 141]; decrease the length of hospital-
ization [138, 142]; and decrease in need for graft-
ing [138]. Recent studies on probiotic 
supplementation in the burn population have 
demonstrated the safety of probiotics [138, 142, 
143]. However, given the lack of any large RCTs 
on the use of probiotics in specific critically ill 
populations such as burn patients, it is recom-
mended to use caution with supplementation [8]. 
In our clinical practice, adult and pediatric 
patients prescribed with antibiotics are supple-
mented 1 h before or after antibiotic administra-
tion twice a day with kefir, a fermented milk 
product, or for patients that cannot have dairy 
products, Lactobacillus rhamnosus (LGG) cap-
sule. Probiotic supplementation is then continued 
for a minimum of 2 weeks after discontinuation 
of the antibiotic.

 Measuring Effectiveness 
of Nutritional Support

As postburn 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 critical. Yet, 
providing carbohydrate, protein, and fat in exces-
sive amounts can result in complications as well. 
Excess carbohydrate can lead to fat deposition in 
the liver and increased fat synthesis, as well as 
difficulties in weaning from mechanical ventila-
tion secondary to elevated respiratory quotients 
and increased carbon dioxide production. 
Assessing and monitoring the nutritional status 
of a burn patient can be quite difficult. Daily 
weights in the critically ill patient can be inaccu-
rate based on fluid balance or dressings. As men-
tioned earlier, IC can be a helpful tool to capture 
changes in energy requirements. Assessing nitro-
gen balance on a weekly basis through a 24 h 
urine urea nitrogen measurement can be utilized 
as a guide in adjustment of protein goals as 
wound burden changes. Determination of nitro-

gen balance requires dietary assessment of nitro-
gen intake (1  g of nitrogen  =  6.25  g protein), 
estimation of wound nitrogen losses and non- 
urea nitrogen losses (such as feces), as well as an 
accurate 24  h urine collection [144, 145] 
(Table 7.2). A positive nitrogen balance of +3 to 
+5 is favorable [146]. While available tools for 
monitoring nutritional status following a burn 
injury are not consistently utilized 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 reactants are a com-
mon practice in burn units.

Caution should be used when evaluating 
serum prealbumin (PAB) (also known as trans-
thyretin) for purposes of nutrition assessment in 
hospitalized and critically ill burn patients. PAB 
is a negative acute-phase protein that decreases 
with inflammation. It can also be increased with 
severe renal failure, corticosteroid use, and oral 
contraceptive use [147]. A study done by Yang 
et  al. involving 204 critically ill burn patients 
with burns ≥20% TBSA investigated the rela-
tionship between serum PAB levels, adequacy of 
nutritional intake, CRP levels, lactic acid levels, 
and TBSA. They concluded that serum PAB did 
not have a significant difference between patients 
that met >70% of their energy goals for 7 days. 
Additionally, this study concluded that serum 
PAB can be a useful biomarker of severity of 

Table 7.2 Calculating nitrogen balance

Step 1. Determine nitrogen (N) intake by converting 
grams of protein to grams of N.
1 g N = 6.25 g protein
Step 2. Calculate total nitrogen losses (TNL) from 
wound output and non-urea losses
Wound loss factor Non-urea 

losses
<10% TBSA burn 0.02gN/kg body 

weight (BW)/day
2–4 g N/
day

10–30% TBSA 
burn

0.05 g/kg BW/
day

>30% TBSA burn 0.12 g/kg BW/
day

N from urine + N wound losses + non-urea N 
losses = TNL
Step 3. Calculate balance
N intake – TNL = N balance
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 illness and change in patient condition [124]. To 
add, low serum PAB levels during the early post-
burn period were independently associated with 
mortality in massively burned patients [148]. 
Normal serum PAB levels have also shown to be 
a predictor of good graft take for non-critically ill 
patients with burns <15% TBSA [149].

In addition to shorter half-life low visceral 
protein levels, burn patients characteristically 
have hypoalbuminemia that persists until wounds 
are healed and the rehabilitation phase of recov-
ery has begun. In fact, one study found that 
patients with large burns have serum albumin lev-
els that average 1.7 g/dL and never exceed 2.5 g/
dL [150]. Suggesting that low albumin levels 
may be similar to low prealbumin 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 pre-
dictive of hospital length of stay [151].

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 
exogenous albumin to serum levels above 1.5 g/
dL does not affect burn patient length of stay, 
complication rate, or mortality [152, 153].

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 under- 
prescription, 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 contribute to 
a receipt of inadequate nutrition. Correspondingly, 
an international observational study of nutrition 
support in mechanically ventilated burn patients 
identified that patients received about 70% of 
their prescribed energy and protein goals [11]. 
Thus, when patients fall behind in what they have 

received for nutritional support, it may be neces-
sary to increase the rate of enteral nutrition and 
critically assess obstacles to achieving desired 
support in an effort to catch up on missing calo-
ries until the deficit is replaced. Use of enteral 
feeding protocols increases the overall percent-
age of goal calories provided and can minimize 
some of these obstacles [8].

 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 1000 
children with >40% TBSA burns who were ran-
domized to either a low-fat/high-carbohydrate 
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 and 
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 [154]. 
Thus, it is important to not only look at the caloric 
needs of patients but the composition of the nutri-
tional 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 [29], pediatric [30], and obese [155]) 
as well. A recent randomized, prospective pediat-
ric study demonstrated that burned children who 
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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 [30].

 Elderly

Nutrition status prior to burn injury should be 
considered for elderly patients. These patients 
often have common social and physical causes of 
malnutrition such as chronic disease, poor oral 
health, loss of taste and smell, polypharmacy, 
social isolation, dementia, obesity, sarcopenia, 
and loss of functional capacity (inability to pro-
cure, prepare, and consume food) [156]. These 
factors prior to their burn injury further compro-
mise their health status and overall recovery and 
impede wound healing with resultant poor out-
comes if not properly addressed [157]. Often in 
the acute care setting, elderly patients with 
dementia, end-stage, or terminal illnesses may 
require enteral nutrition or parenteral nutrition. 
By having specific goal-oriented nutrition sup-
port parameters in place, it may prevent ethical 
dilemmas after discharge while allowing ade-
quate nutrition for wound healing. Additionally, 
the elderly are more likely to live in a nursing 
home or be discharged to a nursing home follow-
ing burn injury. This has another impact on nutri-
tional status, as a recent systematic review of 
nutritional status of residents in nursing homes 
revealed a wide range of prevalence of low body 
mass index, poor appetite, malnutrition, and eat-
ing disability in nursing home residents [158]. 
The Society of Critical Care Medicine (SCCM) 
and American Society for Parenteral and Enteral 
Nutrition (A.S.P.E.N.) guidelines for the provi-
sion and assessment of nutrition support therapy 
in the adult critically ill patient do not specifically 
address the geriatric population [8], so we believe 
assessments of nutritional deficiencies and need 
for support should be assessed by a dietitian upon 
admission to the hospital, and with understand-
ing 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 calcu-
late the caloric needs of obese burn patients at 
32%, most commonly altering the calculations 
by using adjusted body weight. Hypocaloric for-
mulas were not commonly used (21%), and 
enteral nutrition was initiated within 24 h in most 
centers [155].

Recognizing there may be important differ-
ences 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 critical 
care nutrition apply to the obese ICU patient, a 
high-protein, hypocaloric regimen should be pro-
vided to reduce fat mass, improve insulin sensitiv-
ity, and preserve lean body mass [159]. They 
conclude that the ideal enteral formula should 
have a low nonprotein calorie-to-nitrogen ratio 
and have a variety of pharmaconutrient agents 
added to modulate immune responses and reduce 
inflammation [159].

While additional research is necessary, spe-
cifically in the obese burn population, there are 
many recognized obstacles to adequate nutri-
tional support 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, sarco-
penic obesity, problems with futile cycling, insu-
lin 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 
critically ill obese patient [160, 161]. Additionally, 
the obese patient has a greater incidence of asso-
ciated comorbidities and greater likelihood of 
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metabolic derangements that affect fuel utiliza-
tion, such as insulin resistance, impaired glucose 
tolerance, increased fatty acid mobilization, and 
hyperlipidemia [161]. Finally, bariatric surgery 
may lead to development of nutrition complica-
tions and micronutrient deficiencies such as cal-
cium, iron, folate, B12, copper, thiamine, and 
vitamin D which can uniquely complicate man-
agement of critical illness [162, 163].

 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 and catabolic state, 
and immunosuppression. Resultantly, burn 
patients have increased cardiac work, increased 
myocardial oxygen consumption, tachycardia, 
lipolysis, liver dysfunction, severe muscle catab-
olism, increased protein degradation, and insulin 
resistance, and growth retardation 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 
support has therefore long been and continues to 
be an important component of the management 
of severe burn injury. Some nutritional or meta-
bolically active supplements have demonstrated 
promise in promoting anabolism in burn patients, 
including insulin, the anabolic steroid oxandro-
lone, and propranolol; however, ongoing and 
future research is necessary to better understand 
the modulation of the hypermetabolic response to 
severe burn injury and continue to improve burn 
outcomes.
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Obesity

Roland N. Dickerson

The obesity epidemic in the United States is 
staggering with recent data from 2011 to 2014 
indicating 37% of adult men and women have a 
body mass index (BMI) of ≥30 kg/m2 [1]. The 
prevalence of obesity is also increasing world-
wide [2]. Thus, it is no surprise that 25–40% 
of patients in the intensive care unit (ICU) are 
obese [2, 3, 28]. Despite this universal health-
care issue, the amount of literature is very lim-
ited regarding the best means for optimizing 
nutrition therapy for hospitalized patients with 
obesity. Despite the paucity of data, the author 
intends to provide an evidence-based approach 
to the metabolic management of these complex 
patients.

 Impact of Obesity Upon Clinical 
Outcomes

The diagnosis of obesity is usually based on 
body mass index (BMI) and is organized into 
classes of obesity (Table  8.1). However, it has 
been questioned whether BMI alone is suffi-
cient 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 dia-
betes, hyperglycemia, hypoventilation syndrome, 
other associated metabolic perturbations, and any 
modifications made to their clinical care because 
of their obesity including nutrition therapy.

However, studies comparing clinical out-
comes for obese versus nonobese patients are 
conflicting [6–12, 99–102, 106]. Some studies 
indicate that 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 inad-
equate number of patients [4]. A limitation with 
the large datasets is that multivariate analysis 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 
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Table 8.1 Classification of obesity based on body mass 
index (BMI) for adults

Classification BMI (kg/m2) 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
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metabolic profile [3]. For example, in a study 
evaluating 1334 trauma patients with Class III 
(BMI ≥40 kg/m2) obesity, overall mortality was 
7.8% compared to 4.6% for those with less severe 
(Classes I and II) obesity [5]. Hyperglycemia 
was discovered to be an independent predictor of 
outcome. The investigators concluded that when 
controlling the dataset for hyperglycemia, there 
was no effect of obesity upon survival. However, 
the etiology for hyperglycemia during critical ill-
ness is often multifactorial, and obese patients are 
at higher risk for hyperglycemia due to a greater 
incidence of insulin resistance, diabetes, and 
a preexisting inflammatory 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 toward 
adverse clinical outcomes including mortality, 
length of stay in the ICU, ventilator days, etc. The 
majority of the studies indicated greater mortality 
for those with morbid obesity (BMI ≥40 kg/m2) 
[6–10, 12], although some studies are conflict-
ing [5, 11]. Nasraway et  al.’s data indicated an 
exponential increase in ICU mortality relative to 
an increase in BMI for surgical patients whose 
BMI was 40 kg/m2 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/m2 to 50% for those with 
a BMI of ~60 kg/m2. Mortality increased to over 
90% for those with a BMI above 70 kg/m2 [9]. 
Further study to confirm the 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 toward 
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 sug-
gest an increase in mortality [1], no difference in 
mortality [13–16], and/or a reduction in mortality 
[17]. These divergent findings are likely due to 
heterogeneity in the study populations including 
the etiology for admission to the intensive care 
unit, presence of single versus multisystem organ 
failure [18], adjustment for confounders that may 
be attributed to or augmented 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 uninterpretable for evaluating certain 
subsets (e.g., surgical versus trauma versus medi-
cal) of patients.

Another factor, often not addressed in stud-
ies 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 muscle mass with 
impaired physical function and strength [19]. 
Sarcopenia in obese patients is often difficult to 
detect with traditional physical assessment tech-
niques. The presence of advanced age or impaired 
mobility prior to hospitalization may contribute to 
a high index of suspicion with regard to the pres-
ence of sarcopenia [103]. Patients, particularly 
ICU patients, with this body composition abnor-
mality may have worse clinical outcomes [104, 
105]. A final consideration, often not addressed 
in many these large studies, is the nutrition 
therapy given to the patients. Early initiation of 
nutrition therapy decreases infectious morbidity 
for critically ill surgical and trauma patients [20]. 
In a large retrospective cohort of over a million 
critically ill ICU patients, a survival advantage 
was found for those who were overweight or 
obese [106]. However, when examining the dif-
ferences in hospital mortality between those who 
were obese and not obese groups of patients who 
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were prescribed early enteral nutrition therapy, 
these outcome differences were minimized [106] 
indicating the significant beneficial impact early 
nutrition therapy may provide in ICU patients. 
Provision of higher amounts of protein has been 
associated with improved survival during critical 
illness [21, 22]. Preliminary evidence indicates 
excessive caloric intake worsens morbidity for 
critically ill obese patients [23]. Thus, early or 
delayed nutrition therapy, as well as the composi-
tion and amount of nutrition therapy, may have 
influenced clinical outcomes.

 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, 101, 106]. 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 a normal BMI [1, 7, 17, 24, 101, 106]. 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 ben-
eficial 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 hav-
ing 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 
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. The large retrospec-
tive cohort study by Harris and colleagues may 
provide insight regarding the confounding influ-
ence of early enteral nutrition upon the pres-
ence of the obesity paradox [106]. Based on the 
current state of evidence, critically ill patients 
who are malnourished (BMI <18.5  kg/m2) or 
have Class III obesity (BMI ≥40  kg/m2) are at 
greater risk for increased morbidity and mortal-
ity. However, further studies assessing the impact 
of obesity upon clinical outcomes, the presence 
or absence of sarcopenia, and the impact of nutri-
tion therapy 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 Illness 
and Nutrition Therapy

In developing a nutritional regimen for the critically 
ill obese patient, it is often necessary to modify the 
regimen based on obesity-associated comorbidities 
(Table 8.2). The greatest concern is to not overfeed 
the obese patient as complications from overfeed-
ing extend beyond just a simple amplification in 
preexisting abundant caloric reserves. The nutri-
tional regimen may need to be modified for hyper-
glycemia, hyperlipidemia, hypercapnia, congestive 
heart failure, or nonalcoholic fatty liver disease. 
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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]. Critically ill 
patients with sepsis or traumatic injuries expe-
rience a post-receptor insulin resistance with 
increased counter-regulatory hormone production 
resulting in substantial hyperglycemia [30]. Thus, 
when obesity, critical illness, and nutrition therapy 
are compounded together, hyperglycemia is a prev-
alent complication that requires vigilant manage-
ment. Given the recent data over the past decade 
that trauma [31–33], cardiothoracic surgery [34], 
thermally injured [35], and potentially other surgi-
cal patients benefit 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 hyperglyce-
mic index and greater blood glucose concentration 
variability and spent less average time in the target 
blood glucose concentration (e.g., 70–149 mg/dL) 
than nondiabetics [37].

Hyperlipidemia, particularly hypertriglyc-
eridemia, is also more prevalent in patients with 
obesity 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 clear-

ance may be impaired. Severe hypertriglyceride-
mia from impaired lipid emulsion clearance may 
impair immune function and reticuloendothelial 
system clearance, cause hepatic fat accumula-
tion, as well as potentially induce acute pan-
creatitis. For those with hypertriglyceridemia 
associated with insulin- dependent diabetes mel-
litus, improvement in glycemic control with insu-
lin therapy will often result in near normalization 
of serum triglyceride concentration [38] allow-
ing for the use of intravenous lipid emulsion. 
For patients with non-insulin-dependent diabetes 
mellitus, hypertriglyceridemia may not be fully 
corrected with appropriate glycemic control [38], 
and lipid emulsion clearance may potentially 
remain impaired.

It is well established that patients with morbid 
obesity have a prolonged duration of mechanical 
ventilation compared to their nonobese coun-
terparts [6, 8, 12, 16]. Obesity hypoventilation 
syndrome is characterized by hypercapnic respi-
ratory failure and alveolar hypoventilation result-
ing in a progressive requirement for a higher 
minute ventilation [39]. Aggressive nutrition 
therapy with higher amounts of total calories, 
resulting in overfeeding, can significantly worsen 
hypercapnia [40, 41]. Talpers and associates 
demonstrated increased carbon dioxide produc-
tion from parenteral nutrition 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 regarding the amount of calo-
ries given to ventilator-dependent patients with 
chronic obstructive pulmonary disease or obesity 
hypoventilation syndrome is pivotal when plan-
ning their nutritional regimen.

Because of extreme body mass and the require-
ment for an increased circulating blood volume, 
patients with morbid obesity can develop myo-
cardial hypertrophy and decreased compliance 
in addition to hypertension. These cardiovascu-
lar 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 syn-
drome, extreme pulmonary failure may lead to 
right heart failure with pulmonary edema [39]. 

Table 8.2 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

R. N. Dickerson



169

Provision of nutrition therapy may be problem-
atic due to their requirement for fluid restriction.

The critically ill surgical patient with mor-
bid obesity is also at risk for nonalcoholic fatty 
liver disease (NAFLD) and hepatic steatosis. 
The prevalence of NAFLD ranges from 57% 
of overweight 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 hypertension, obesity, hyperlipidemia, and 
diabetes [43]. Overfeeding has long been estab-
lished as a common 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 parenteral nutrition 
[44]. Therefore, it is essential that the critically 
ill patient with obesity not be overfed with exces-
sive calories.

 Defining Calorie and Protein 
Requirements for Surgical Patients 
with Obesity

Defining caloric requirements for the hospital-
ized obese surgical or trauma patient with obe-
sity is problematic due to the wide variability in 
resting energy expenditure and the lack of pre-
cision in predicting their resting energy expen-
diture [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 resting energy expenditure is due to 
the wide variability in muscle mass among obese 
patients as well as the myriad of diseases and 
conditions that can variably increase or decrease 
energy expenditure. Within the past decade, 
better methods of predicting resting energy 
expenditure for critically 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 8.3) [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, hos-
pitalized patients with obesity, some clinicians 
have favored the use of the Mifflin equations to 
estimate resting energy expenditure (Table 8.3). 
Unfortunately, the Mifflin equations were devel-
oped in “unstressed, healthy obese subjects,” and 
its use has not been validated in the hospitalized, 
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 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 bal-
ance as well as its overall effect on changes in 
body composition.

Table 8.3 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 × 0.96) + (Tmax × 167) + (Ve × 31)  –  6212
  whereas Tmax 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 REE × 0.71) + (Tmax × 85) + (Ve × 64)  –  3085
  whereas Tmax 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) = (weight × 10) + (height × 6.25) – (age × 5) + 5
Female: REE (kcal/day) = (weight × 10) + (height × 6.25) – (age × 5)  –  161
  whereas weight is in kg, height is in cm, and age is in years
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 Interpreting Nitrogen Balance

Despite its limitations, the most common clini-
cal tool to assess the adequacy of a nutritional 
regimen in terms of net protein anabolism is 
nitrogen balance. 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 balance within −4 g/day to +4 g/day is 
usually considered as “nitrogen equilibrium.” To 
determine nitrogen balance, a 24 h urine collec-
tion for urea nitrogen excretion is conducted, and 
protein intake from the parenteral or enteral nutri-
tion from that same 24 h period is ascertained. An 
appropriate nitrogen balance (NB) equation for 
critically ill surgical and trauma patients [51] is 
as follows1:

NB g/day protein intake g/day /

urine urea nitrogen g/

( ) = ( ) 6 25.

− dday /( ) 0 85 2. −

This NB formula is more accurate for criti-
cally 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 insen-
sible 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 uri-
nary nitrogen better predicted actual urinary non-
urea nitrogen excretion in our critically ill trauma 
patients [51]. Ideally, the goal should be to 

1 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.

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 –4 or −5 g/day or better as successful ther-
apy for critically ill patients. Unfortunately, some 
patients, despite heroic efforts to increase protein 
intake to 2.5–3 g/kg ideal body weight or actual 
weight/d for obese and nonobese patients respec-
tively, remain in significantly negative nitrogen 
balance until the stress abates [54]. Given the 
increased risk for metabolic complications 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 anabo-
lism, provide an effective immune response, heal 
wounds, and exhibit positive clinical outcomes. 
As a result, clinician 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 hypo-
caloric, high- protein regimens for hospitalized 
and critically ill patients with obesity, it is neces-
sary to describe the relationship between calories 
and protein and their effect on net protein anabo-
lism 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 nutri-
tionally depleted patients is depicted in Fig. 8.1 
[55, 56]. At a fixed protein intake, nitrogen bal-
ance 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 total energy expendi-
ture, nitrogen balance continues to improve but 
at a slower accretion rate. Thus, the same nitro-
gen balance (slightly positive or nitrogen equilib-
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rium) can be achieved by different macronutrient 
prescriptions (a low- calorie/high-protein regi-
men or a moderate- protein and moderate-calorie 
regimen). However, despite a similar nitrogen 
balance, each of these regimens will result in dif-
ferent body composition changes. The low-cal-
orie, high-protein regimen (60% of total energy 
expenditure and 2.2  g/kg/d of protein) 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 regi-
men (100% of total energy expenditure and 0.9 g/
kg/d of protein) will likely result in lean body and 
body fat maintenance (possibly some minor gain 
in both compartments). These inferred changes 
in body composition are derived from the series 
of studies from Hill and associates that exam-
ined varying caloric and protein intakes and their 
influence upon changes in body protein, fat, and 
water compartments for surgical and gastroen-
terological 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 pre-

viously described for the unstressed, nutrition-
ally depleted patient. Isotope amino acid studies 
indicate 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 content 
declines during critical illness despite nutrition 
therapy [60], the rate of net protein catabolism 
is substantially reduced when compared to when 
not given nutrition therapy [52, 53]. An aggres-
sive protein intake of 2–2.5 g/kg/day will achieve 
nitrogen equilibrium in only about half of criti-
cally 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 con-
stant at 1.7 g/kg/day [61]. Nitrogen balance was 
similar among the three groups at approximately 
−8  g/day. No significant difference in urinary 
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Fig. 8.1 Potential relationship between calorie and protein intake upon rates of nitrogen accretion at two different 
protein intakes [55]
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3-methylhistidine excretion (a marker of muscle 
proteolysis) among the different caloric intake 
groups was also noted. Increasing caloric deliv-
ery to critically ill, thermally injured patients 
resulted in a significant 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 protein has a 
more profound effect than calorie intake on net 
protein catabolism, nitrogen balance, and loss 
of body protein mass during critical illness. 
Increases in caloric intake may be potentially 
detrimental for the obese patient who is already 
calorically abundant and who is susceptible 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, the risk of complica-
tions associated with overfeeding such as wors-
ening hyperglycemia, hypercapnia, and hepatic 
fat accumulation would likely be reduced. A 
conservative caloric intake may also result in 
increased lipolysis and net fat oxidation with 
weight loss [63] which would be a welcome sec-
ondary benefit. However, in order to compensate 
for the conservative caloric intake, an increase in 
protein supplementation is essential in an effort 
to achieve net protein anabolism as illustrated in 
Fig. 8.1.

 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 
terminologies interchangeably or even concur-
rently (e.g., permissive hypocaloric, high- protein 

feeding). 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 hypocaloric, high-protein regimen is to provide 
only a calorie deficit while ensuring adequate 
protein intake. However, it is important to rec-
ognize that a significant amount of the permis-
sive underfeeding data was created in nonobese 
populations whereby attention to feeding intoler-
ance or avoidance of overfeeding complications 
may not have been well managed. The permis-
sive underfeeding studies were usually noninter-
ventional or observational in design and may not 
have controlled for factors such as duration of 
feeding or length of stay in the ICU that may have 
influenced 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 prolonged time since feedings are gener-
ally advanced daily over 2–4 days until the goal 
feeding rate is achieved. Therefore, their aver-
age 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 duration of ICU stay and 
the reasons for the patients’ prolonged stay, as 
opposed to the amount of nutrition the patient 
received.

Finally, and probably most importantly, 
protein intake was usually inadequate for the 
critically 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/m2) who received 
a hypocaloric diet combined with a low protein 
intake (average intake of 1000 kcal/day or 9 kcal/
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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 8.4 summarizes the current literature 
on hypocaloric, high-protein nutrition therapy 
for surgical and trauma patients with obesity. 
Greenberg and Jeejeebhoy [108] contributed to 
the infancy of hypocaloric, high-protein nutrition 
therapy under the premise of “protein-sparing” 
nutrition therapy. Two different doses of amino 
acids (0.8 vs. 1.8  g/kg/d) without a nonprotein 
caloric source were evaluated in 12 patients 
whom were described as having “sufficient body 
fat stores” and moderately ill with gastrointesti-
nal disease but not postoperative nor post-acute 
injury. The higher protein intake group achieved 
a positive nitrogen balance. The first case series 
documenting the use of hypocaloric, high-pro-
tein nutrition therapy for mild to moderately 
stressed, obese surgical patients evaluated 13 
adult patients with obesity (208  ±  114% ideal 
body weight) and postoperative complications 
of sepsis with anastomotic leaks, abscesses, fis-
tulae, or wound dehiscence were administered 
hypocaloric, high- protein parenteral nutrition 
[63]. Patients received 52% of measured resting 
energy expenditure as nonprotein calories (or 
~70% of measured 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 protein 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 fistu-
lae, resolution of abscess cavities, and wound 
closure [63].

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 
parenteral 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 
calories or 14 total kcal/kg actual weight/day) 
or eucaloric (100% of measured energy expen-
diture or 25 total kcal/kg actual weight/day) 
parenteral 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, 
respectively. The length of time patients received 
the study formula was limited to 2  weeks. No 
significant 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], calorie dosing was weight- based rather 
than titrated to measured resting energy expen-
diture. Thirty obese (average BMI, 35  kg/m2) 
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.

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 differ-
ent 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/m2) received hypocaloric 
feeding (<25 kcal/kg ideal body weight/day), and 
12 (average BMI, 36  kg/m2) received eucaloric 
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, respectively). In contrast 
to the previous studies, a modest mean negative 

8 Obesity



174

Table 8.4 Summary of clinical studies with hypocaloric, high-protein therapy in hospitalized obese patients

Author, year

Population 
characteristics

Protein intake  
(g/kg/day)

Caloric 
intake (kcal/
kg/day)

Nutritional outcome

Clinical outcomeNo. of patients
Greenberg, 
1979 [108]

Not postoperative 
nor post-acute 
injury

Blood ketones lower 
with higher protein 
intake

n = 6
n = 6

0.8 IBW
1.8 IBW

3 IBW
7 IBW

NB: −3.7 g/day
NB: +1.5 g/day

Dickerson, 
1986 [63]

Surgical, PN Healed wounds, 
closed fistulaen = 13 2.1 IBW 25 IBW NB: +2.4 g/day; 

increased serum 
albumin and TIBC

Burge, 1994 
[71]

Surgical, PN
n = 9 2.0 IBW 22 IBW NB: +1.3 g/day
n = 7 2.2 IBW 42 IBW NB: +2.8 g/day

Choban, 
1997 [72]

Surgical, SICU, PN Less insulin therapy, 
no difference in 
mortality

n = 16 2.0 IBW 22 IBW NB: +4.0 g/day
n = 14 2.0 IBW 36 IBW NB: +3.6 g/day

Liu, 2000 
[80]

Surgical, PN No difference in 
morbidity or 
mortality

<60 yo, n = 18 1.8 IBW 18 CBW NB: +3.4 g/day
≥60 yo, n = 12 1.9 IBW 18 CBW NB: +0.2 g/day

Dickerson, 
2002 [23]

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

n = 28 1.5 IBW 22 IBW NB: −1.4 g/day, 
improved PA

n = 12 1.9 IBW 30 IBW NB: −2.7 g/day, 
improved PA

Choban and 
Dickerson, 
2005 [29]

Surgical, SICU, 
trauma ICU, PN, 
EN
BMI 30–39.9 
n = 48
BMI ≥40 n = 22

Regression analysis for 
determination of protein 
requirements to achieve 
nitrogen equilibrium from two 
sites

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

Hamilton, 
2011 [87]

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

1.2 CBW 14 CBW 7% decrease in BMI 
in 1.5 months
Increase in serum 
albumin

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

Dickerson, 
2013 [67]

Trauma ICU, EN, 
PN

No difference in 
ICU LOS, ventilator 
days, hospital LOS<60 yo, n = 41 1.9 IBW 18 IBW NB: −4.9 g/day at 

2.3 g/kg IBW
≥60 yo, n = 33 2.1 IBW 21 IBW NB:−3.2 g/day at 

2.3 g/kg IBW
Similar changes in 
PA; higher SUN for 
older patients

BMI body mass index (kg/m2), 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, TIBC total iron binding capacity, yo years old
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nitrogen balance was observed due to the hyper-
catabolic 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 (17 ± 12 days vs. 27 ± 17 days), 
and a trending decrease in days of mechani-
cal 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 feed-
ing 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], 2016 
American Society for Parenteral and Enteral 
Nutrition and Society for Critical Care Medicine 
guidelines for the provision and assessment of 
nutrition support therapy in the adult critically ill 
patient [109], and 2011 summit report on nutri-
tion therapy of the severely obese, critically ill 
patient [73] recommend this mode of therapy for 
hospitalized 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/m2) 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 com-
pared to 22 patients with severe Class III obesity. 
Regression analysis examining the effect of pro-
tein intake upon nitrogen demonstrated achieve-
ment of nitrogen 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 pro-
tein intake of ~2.5 g/kg ideal body weight/day to 
achieve nitrogen 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 toward 
overfeeding complications in those with severe 
obesity.

Patients with significant renal or hepatic dis-
ease may not be optimal candidates for hypoca-
loric, 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. One empiric approach for these populations 
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 8.3) are used to estimate resting 
energy expenditure, and a caloric intake designed 
to match (or slightly less than) the predicted 
resting energy expenditure is empirically given. 
Patients are closely monitored for evidence of 
overfeeding complications such as hypergly-
cemia and hypercapnia, and the calories are 
decreased (even in the face of reduced protein 
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intake) if necessary. For patients who are not in 
the ICU, we empirically use the Mifflin-St. Jeor 
equation (Table 8.3) 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 therapy. 
Decreased sensitivity of muscle to anabolic stim-
uli, including amino acids, occurs during aging 
and has been associated with muscle mass loss 
[74, 75]. During critical illness with traumatic 
injuries, older patients tend to not experience sig-
nificant nitrogen accretion until a protein intake of 
about 1.5 g/kg/d is achieved [80]. Additionally, the 
relationship between nitrogen accretion and pro-
tein intake can be expressed in a concave relation-
ship as opposed to younger patients who exhibit 
a convex relationship with increased nitrogen 
accretion occurring as nitrogen intake is increased 
with a reduction in rate of accretion when protein 
intake exceeds about 2.2 g/kg/d [80]. As a result, 
older patients often need more protein to achieve 
the same nitrogen balance as younger patients, 
particularly at lower protein intakes. A concern 
of providing high-protein intakes, as required 
for hypocaloric, high-protein nutrition therapy, 
to older patients is the insidious decline in renal 
function that cannot be detected by serum creati-
nine concentration 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 
[76]. Although the decrease in glomerular filtra-
tion rate that occurs with aging is much less than 
necessary to elicit symptoms of renal failure [77], 
concern is often expressed by clinicians about 
prescribing aggressive protein intakes to older 
patients due to anticipation of a decreased renal 
functional reserve [78] resulting in an increase in 
serum urea nitrogen (SUN) concentration.

To evaluate hypocaloric, high-protein nutrition 
therapy in older vs. younger patients with obe-
sity, Liu retrospectively compared the anabolic 
response to parenteral nutrition in 18 patients 
younger than 60  years of age to 12 patients 
60 years of age or older [79]. Patients were given 
1.5–2 g/kg adjusted body weight/day of protein 
and 60–75% of their estimated caloric require-
ments (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, respec-
tively) [79]. However, it is possible that inade-
quate protein intake was given to the patients as 
recent studies in healthy older subjects and criti-
cally ill older patients indicated that provision 
of greater amounts of protein can overcome this 
“anabolic resistance” [67, 80, 81]. Dickerson and 
colleagues examined nitrogen balance and clini-
cal outcomes to hypocaloric, high-protein nutri-
tion therapy in 33 older (>59 years of age) vs. 41 
younger (<60 years of age) critically ill trauma 
patients with obesity [67]. When given an isoni-
trogenous 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, hospital length of stay, and 
duration of mechanical ventilation were also 
similar between age groups. It was concluded 
that older patients exhibited an equivalent net 
protein response as younger patients during 
hypocaloric, high- protein nutrition therapy when 
given adequate protein intake. 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 hypo-
caloric high-protein nutrition therapy and are 
at greater risk for developing 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 
critically ill obese patients, clinicians often opt 
for use of a mixed fuel-based parenteral nutri-
tion prescription whereby lipids are partially 
substituted for carbohydrate intake. However, 
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some patients with obesity experience hyperlip-
idemia with hypertriglyceridemia that does not 
improve when the hyperglycemia is resolved. 
During hypercaloric, fat-free, continuous par-
enteral 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 [82]. The 
explanation for their results was that due to the 
hypercaloric amount of dextrose calories pro-
vided to the patients, lipolysis was suppressed 
which prevented the availability of endogenous 
essential fatty acids. During hypocaloric feed-
ing, even with a glucose- based parenteral nutri-
tion solution, 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 par-
enteral nutrition solutions did not contain lipid 
emulsion, endogenous fat oxidation occurred 
[63]. Parnes and coworkers examined fatty acid 
profiles in 15 overweight cancer patients who 
were hypocalorically fed continuous, fat-free, 
parenteral nutrition for 2–5  weeks [83]. None 
of the patients experienced biochemical or clini-
cal evidence for essential fatty acid deficiency. 
Despite these data, availability of endogenous 
fat post-injury in obese patients is not without 
debate. Jeevanadam and colleagues studied 
seven obese patients and ten nonobese, ventila-
tor-dependent patients with multiple traumatic 
injuries 2–4 days after injury but before the pro-
vision of nutrition therapy [84]. Glycerol turn-
over (a marker of lipolysis) and net fat oxidation 
(from indirect calorimetry measurements) were 
reduced in the obese group compared to the non-
obese control patients. The investigators con-
cluded that the critically ill obese patient could 
not effectively use their most abundant fat fuel 
sources [84]. Taking the results of Parnes [83], 
Dickerson [63], and Jeevanandam [84] studies 
together, these data imply that obese patients 
exhibit a transient impairment in fat metabo-
lism that occurs early after the stress event but 
resolves quickly during the patients’ hospital 
course.

 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 [85]. 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, 86].

The clinical impact of surgical procedures that 
shorten small bowel absorptive capacity result-
ing in malabsorption of both macronutrients 
and micronutrients is evident [4, 87–91]. 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, 
laboratory evaluation is also necessary as part 
of the patient’s long-term care. For patients with 
a microcytic anemia, determination of serum 
ferritin concentration is necessary for evalua-
tion of potential iron deficiency. Although less 
common, some post-bariatric surgery patients 
develop microcytic anemia as a result of cop-
per deficiency rather than iron deficiency [88]. 
Patients with a macrocytic anemia should be 
evaluated for folate or vitamin B12 deficiency 
using serum methylmalonic acid and homocys-
teine concentrations rather than folate or vitamin 
B12 concentrations as the former are more sensi-
tive markers for folate or vitamin B12 depletion 
[92]. Although it may take 4–5 years for deple-
tion of vitamin B12 stores, it is necessary that the 
clinician routinely evaluate the patient for vita-
min B12 depletion 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 [93].

In 2008, Aasheim recently summarized 104 
reported cases of Wernicke encephalopathy from 
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thiamine depletion following bariatric surgery 
[89]. 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 clini-
cal recovery was observed in about half of the 
patients who developed Wernicke’s encephalopa-
thy. Thiamine-depleted patients can also develop 
beriberi (presenting either as a lactic acidosis 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 hospi-
tal receive parenteral thiamine supplementation 
prior to administration of intravenous dextrose 
solutions [88].

The American Association of Clinical 
Endocrinologists, the Obesity Society, and the 
American Society for Metabolic and Bariatric 
Surgery guidelines recommend that post-bariat-
ric surgery patients with compromised intestinal 
absorption receive two multivitamins plus miner-
als capsules daily, calcium citrate 1200–1500 mg/
day, ≥3000  units of vitamin D daily (titrate to 
serum vitamin D concentration of >30 ng/mL), 
and vitamin B12 (sufficient to maintain normal 
concentrations) [87]. Additional vitamin A, thia-
mine, copper, zinc, and selenium may be neces-
sary for some patients. It is recommended that 
routine vitamin and mineral laboratory monitor-
ing be performed every 3–6 months and a bone 
density evaluation be performed at 2  years fol-
lowing bariatric surgery [87].

 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 parenteral 
or enteral nutrition regimen. Parenteral nutrition 
has the advantage over enteral nutrition in that 
each macronutrient can be independently pre-
scribed. The primary limitation with prescribing 
a hypocaloric high-protein parenteral nutrition 

regimen relates to the initial concentrations of 
macronutrient ingredients available in the phar-
macy prior to admixture into the final parenteral 
nutrition solution. A wide range of concentrations 
of dextrose, amino acids, and lipids are commer-
cially available. It is sometimes necessary that 
the formula be compounded using the most con-
centrated, commercially available, macronutrient 
ingredients for those patients with fluid volume 
overload: dextrose 70% in water, 15% or 20% 
amino acid solution, and 20% or 30% lipid emul-
sion. However, due to cost considerations, hos-
pital formulary management, and perception of 
need, not all hospital pharmacies 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.). Recently, a very high pro-
tein, lower caloric intake enteral formula (e.g., 
1 kcal/mL, 92 g protein/L) has become commer-
cially available in the United States that is often 
effective for use in developing a hypocaloric, 
high-protein regimen. Use of protein supple-
ments, along with a reduction in enteral formula 
feeding rate, may be necessary to achieve the 
intended goals for some patients depending on 
the products available at an individual institu-
tion. It is not recommended that protein powder 
be added to the enteral formulation at the patient 
bedside as there is an increased chance for micro-
bial contamination and inadequate mixing of the 
powder resulting in clumping and potential tube 
clogging. If this administration technique is cho-
sen, it is preferred that the protein 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 feeding 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 
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clogging when patients are fed via a small bore 
feeding tube. Use of a liquid protein solution 
may also reduce nursing workload. However, we 
have found that due to the viscosity of the liq-
uid protein solution, administration via a small 
bore feeding tube requires that a 50:50 dilution 
with water is necessary for ease in administration 
[94]. Since the hypocaloric high-protein tech-
nique often requires a low enteral formula feed-
ing rate (particularly when the 1 kcal/mL, 92 g 
protein/L formula is not available 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. Dosing 
of the very high protein, lower calorie enteral for-
mula 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 calo-
rie target range (e.g., 20–25 kcal/kg ideal body 
weight/day). For critically ill patients with a BMI 
≥40 kg/m2 [29], or those whose nitrogen balance 
is still markedly negative despite a protein 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 administration of protein 
supplements along with the specialized very high 
protein formula may be required when attempt-
ing to achieve a high-protein intake of ≥2.5 g/kg 
ideal body weight/day while limiting 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 ensure efficacy of 
the prescribed regimen as well as prevention of 
complications associated with overfeeding or 
aggressive feeding [95]. In the ICU, despite its 
limitations, the best marker in routine clinical 
practice for objectively assessing the efficacy 
of the nutrition regimen is nitrogen balance. 
During the acute phase of illness post-trauma 
or surgery, if nitrogen equilibrium (e.g., about 
−4 to –5  g/day to +4 or greater 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 diminish. Nitrogen balance 
determinations are performed 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 concentration is decreased 
by the presence of stress, infection, or inflam-
mation. Resultantly, we also obtain concurrent 
C-reactive protein concentrations with weekly 
serum prealbumin concentrations to serve as a 
point of reference toward 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 interpreta-
tion. Weight is a poor marker of nutritional status 
due to fluid perturbations following resuscita-
tion and throughout their course of stay in the 
ICU. Finally, weight loss is not necessarily a pri-
mary clinical outcome or goal for patients receiv-
ing hypocaloric, high-protein nutrition therapy 
while in the ICU. Our primary intent is to avoid 
overfeeding complications in this highly suscep-
tible patient population. Fat weight loss is con-
sidered as a welcome secondary benefit.

Our primary short-term goals for metabolic 
support of the hospitalized patient with obe-
sity are achievement of net protein anabolism 
and avoidance of complications associated with 
nutritional overfeeding (Table  8.5). Use of a 
hypocaloric, high-protein regimen is primarily 
directed at avoiding hyperglycemia, hypercapnia, 
and worsening 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 
[31–35]; however, the impact of obesity upon 
insulin sensitivity and a higher incidence of 
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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, 96, 107]. Arterial blood gases are 
closely monitored for rises in pCO2 concentra-
tions not attributable to other causes [41]. Daily 
fluid volume intake and output, along with physi-
cal examination of the patient (with radiological 
evidence 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 [97], 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 [98].

Older patients or those with a modestly 
compromised renal function may exhibit azo-
temia during hypocaloric, high-protein ther-
apy due to the high protein doses required for 
this mode of nutrition therapy. Patients who 
received hypocaloric, high-protein nutrition 
therapy and were older than 60  years of age 
demonstrated a mean serum urea nitrogen con-
centration 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 population) had a maxi-
mum serum urea nitrogen concentration that 
exceeded 59  mg/dL [67]. Therefore, serial 
serum urea nitrogen concentrations 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 toward 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 cur-
rent limitations for enteral and parenteral nutrition 
therapy. However, this mode of therapy appears 
beneficial for achieving nutritional goals and pos-
itive clinical outcomes for the hospitalized and 
critically ill surgical patient with obesity. Close 
monitoring and individualization of the regimen 
based on clinical response are warranted.
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Malignancy

Victor A. Gall, Laleh G. Melstrom, 
Vadim Koshenkov, and David A. August

 The Consequences of Nutrition 
in Cancer

Cancer is a major public health problem in the 
United States and worldwide. There will be an 
estimated 1.74 million cases of potentially life- 
threatening cancer in the United States in 2019, 
and approximately 610,000 people are projected 
to die from cancer in 2019 [1]. Cancer is a disease 
that also has an enormous impact worldwide [2]. 
In addition to a human toll, cancer exacts a signifi-
cant toll on healthcare expenditures. In the United 
States, the total of all healthcare expenditures for 
cancer in 2015 amounted to $80.2 billion [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 symp-

toms of cancer and are major contributors to 
patient distress. Furthermore, malnutrition and 
weight loss often contribute to the death of cancer 
patients [4–7]. Conversely, the role of overnutri-
tion 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 etiologic 
role. It was estimated in 1981 that 35% of all can-
cers in the United States could be prevented by 
changes in diet [8]. This avoidable risk estimate 
was subsequently updated and affirmed, with a 
confidence interval of approximately 20–42% [9]. 
This analysis was performed in 1995 and was 
more recently updated to 45% in 2018 [7]. In light 
of the obesity epidemic, and 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 cancer, 
prostate cancer, pancreas cancer, endometrial can-
cer, and gallbladder cancer [9]. Nonalcoholic ste-
atohepatitis is closely associated with metabolic 
syndrome and obesity and is associated with an 
increased risk of hepatocellular carcinoma even if 
it does not progress to frank cirrhosis. In light of 
the current obesity epidemic, a hepatocellular car-
cinoma epidemic may be imminent [11]. Of addi-
tional concern is that more patients are surviving 
cancer and therefore may be at increased risk for 
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the development of a second cancer because of 
their dietary behaviors and obesity. Fortunately, 
these patients also represent an opportunity for 
health improvement [12–15].

 Undernutrition

Malnutrition is a hallmark of cancer. An esti-
mated 40% of cancer patients present with weight 
loss; the devastating consequences of cancer 
cachexia may be present in as many as 80% of 
those with advanced malignancies [16, 17]. 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 than 
2.75% per month [14, 15]. Weight loss in cancer 
patients can also cause symptom distress, includ-
ing fatigue, depression, and social withdrawal 
[18–20]. 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 [21, 22]. 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, Lis et al. systematically reviewed the lit-
erature on the role of nutrition status in predicting 
QoL in cancer [23]. They identified 26 studies, 
with 6 investigating head and neck, 8 gastrointes-
tinal, 1 lung, 1 gynecologic, and 10 heteroge-
neous cancers. Of these studies, 24 concluded 
that better nutrition status was associated with 
better QoL. There was only one study that con-
cluded that there was no association. They con-
cluded 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/m2, and obese, 
body mass index greater than 30 kg/m2) is being 
seen more frequently in cancer patients as a result 
of the rising incidence of excess body weight in 
the United States and worldwide. In the authors’ 
experience, it is not uncommon to perform major 
gastrointestinal cancer operations in people who 
weigh more than 125 or even 150  kg. In the 
United States in 2014, excess body weight was 
found to be an attributable risk factor in 7.8% of 
new cancer diagnoses. When combined with 
related risk factors like poor diet, alcohol intake, 
and physical inactivity, this number rose to 18.2% 
second only to cigarette smoking which 
accounted for 19%. Women are particularly 
affected with excess weight, alcohol, poor diet, 
and inactivity accounting for 22.4% of new can-
cer cases compared to 13.9% in men. This strong 
association between cancer and overnutrition in 
women is seen in uterine cancer (60%), breast 
cancer (11%), and ovarian cancer (4.3%). Obesity 
is associated with a variety of other cancers, 
including cancers traditionally associated with 
wasting, such as gallbladder cancer (35%), liver 
cancer (34%), renal cancer (33%), esophageal 
cancer (32%), gastric cancer (17.5%), pancreas 
cancer (16.9%), and colorectal cancer (5.2%) 
[24]. Obesity may also account for as many as 
38% of all cases of hepatocellular carcinoma in 
the United States. Similarly, excess body weight 
has been associated with an increased risk of 
mortality from these cancers. The pathophysiol-
ogy of the link between cancer mortality and obe-
sity is unclear, but there are a number of plausible 
hypotheses [25]. 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-
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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 [26] 
(Table 9.1). 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 neo-
plasm, with more severe malnutrition observed 
with upper gastrointestinal and pancreatic can-
cers and less severe malnutrition with lympho-
mas, breast cancers, and sarcomas [16] 
(Table 9.2). 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 liter-
ature have been inconsistent. While many stud-

ies have reported an increase in REE of cancer 
patients [27–32], other reports have indicated 
that REE may be decreased or remain unchanged 
[33–35]. This has led some investigators to pos-
tulate that the metabolic response to cancer is 
highly variable and may be dependent on the 
type of a malignancy and the host response [29, 
31]. It has been shown that patients with lung 
cancer and gastric cancer are usually hypermet-
abolic [36–39], while those with hepatobiliary 
tumors are predominantly hypometabolic [40]. 
With respect to esophageal, pancreatic, and 
colorectal neoplasms, the metabolic rates are 
more evenly distributed [39]. However, different 
responses of REE for patients with the same 
type of cancer have also been observed [41]. 
Some data suggest those patients who are hyper-
metabolic may be at greater risk for developing 
cancer cachexia [42].

Resting energy expenditure has also been pos-
tulated to be affected by the aggressiveness and 
the duration of the disease. Although reports by 
Ravasco et  al. and Cao et  al. showed that REE 
was significantly higher in patients with advanced 
cancer [31, 32], findings from other reports sug-
gest that tumor stage does not play a role in REE 
[34]. Moderately or poorly differentiated histol-
ogy, increased acute-phase proteins, and a pro-
longed duration of illness have all been associated 
with elevated REE [29, 31–33, 35].

Table 9.1 Causes of cancer-associated weight loss and 
cachexia

Gastrointestinal dysfunction
  Malabsorption
  Dysmotility
  Obstruction
Side effects of therapy
Pain: preprandial or postprandial
Cytokine, peptide, and hormonal changes
Depression and psychosocial factors

Table 9.2 The incidence of weight loss or malnutrition 
in adult cancer patients by primary tumor site

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

Acute nonlymphocytic 
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) 36–61
Neuroblastoma 56
Non-Hodgkin’s 
lymphoma

31
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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 [33]. Women have 
a propensity to become hypometabolic with can-
cer. With respect to height and weight, an elevated 
metabolic rate is found in taller and heavier indi-
viduals [43]. Additionally, it is important to note 
that cancer patients losing weight tend to initially 
lose fat mass. The fat-free mass (FFM) contributes 
more to REE. Consequently, any calculation that 
does not account for a different body composition 
of a weight-losing individual will yield erroneous 
data. Unfortunately, the most commonly used for-
mulas to predict REE, such as the Kleiber formula 
and the Harris Benedict formula, do not account 
for the changes in body composition that are fre-
quently seen in cancer patients [44, 45]. As a 
result, earlier studies looking at metabolism in 
cancer patients did not measure FFM and errone-
ously suggested an elevated REE.  Since then, 
attempts have been made to adjust the formulas for 
certain illnesses known to increase the metabolic 
rate, such as surgery, sepsis, and burns, by adding 
a stress factor to the equation [46, 47]. Despite 
these efforts, overestimation of REE because of a 
stress factor and the general nonuniformity of lean 
body mass have been reported, posing further dif-
ficulties to the accuracy of metabolic rate calcula-
tion in cancer patients [30, 35, 48].

It seems safe to conclude that there is great vari-
ability 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 met-
abolic rate appropriately, leading their intake to be 
chronically below energy expenditure [26]. Cancer 
patients with an elevated REE may be at greater risk 
for developing cancer cachexia [42]. Consequently, 
the assessment of nutritional requirements is chal-
lenging and can impair clinicians’ abilities to appro-
priately replete patients nutritionally.

 Intermediary Metabolism [49–51]

The hallmark metabolic changes in patients with 
cancer cachexia result in an overall state of inter-
mediary metabolic cycling. Net rates of carbohy-

drate, protein, and lipid turnover are increased 
without any apparent metabolic benefit, resulting 
in energy wasting. These metabolic changes are 
cytokine mediated, and the resulting cachexia is 
not reversed solely with increased nutrition 
intake. The mainstay of treatment should be man-
agement of the underlying malignancy.

Much of the weight loss associated with can-
cer cachexia is a result of the depletion of fat 
stores. Total body fat can be decreased by as 
much as 85% [52]. The primary mechanism 
behind this is elevated fat cell lipolysis. Fat cell 
lipolysis, not reduced lipogenesis, is considered 
the primary mechanism of fat loss in cancer 
cachexia [52]. Lipid-mobilizing factor (LMF) is 
central to the process of adipocytic lipolysis via 
regulation of hormone-sensitive lipase (HSL) 
[53]. Lipid-mobilizing factor is detectable in 
weight-losing cancer patients, but not weight- 
stable cancer patients [54]. Its role in lipolysis is 
to regulate hormone-sensitive lipase. There may 
also be a role for brown fat in the pathogenesis of 
cancer cachexia. In animal models, generation of 
brown fat cells in white adipose may occur early, 
before the appearance of clinical signs; this may 
be related to the effects of IL-6, an important 
cytokine associated with wasting. There is evi-
dence this may be relevant to humans as well 
[55]. The alteration of lipid metabolism is fre-
quently accompanied by a change in the serum 
lipid profile, creating a lipid profile similar to 
type IV hyperlipidemia [56]. 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 [57].

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 [49]. 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 [53]. This 
severe muscle atrophy is a consequence of an 
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unfavorable combination of depressed protein 
synthesis and increased protein degradation. 
Proteolysis-inducing factor (PIF) is a major 
mediator of protein catabolism in cancer patients; 
it activates nuclear factor kappa B (NF-κB), 
which then turns on the ubiquitin-proteasome 
proteolytic pathway [58].

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 
adenosine triphosphate (ATP) from the sustained 
conversion of glucose into lactate, while mito-
chondrial oxidation is suppressed [59]. As a 
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 [60, 61]. 
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 [62, 63]. Third, insulin 
resistance is commonly encountered in patients 
with cancer cachexia [64, 65]. 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 [66, 67]. The end result of 
these changes is that normal 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.

 Cytokine Milieu

The primary driver of cancer cachexia is the 
alteration in cytokine milieu observed in many 
cancer patients (Table 9.3). Cytokines are poly-
peptides that provide short-range signaling 
between cells in multiple physiologic processes. 
Tumor necrosis factor-α (TNF) is believed to 
play a central role in the body’s response to a 

variety of immunologic challenges [68]. Other 
cytokines, such as interferon (INF)-γ, interleu-
kin- 1 (IL-1), and interleukin-6 (IL-6), mediate 
various pro-inflammatory biologic functions. 
Both tumor cell production and host immune 
response to tumor contribute to the generation of 
pro-inflammatory cytokines [69].

In the presence of injury, infection, and inflam-
mation, TNF is important to local host defenses. 
Unfortunately, its systemic effects may be delete-
rious. The administration of TNF leads to meta-
bolic changes that are associated with cachexia, 
such as lipolysis, muscle catabolism, and increased 
glucose turnover and utilization [68]. Tumor 
necrosis factor-α enhances lipolysis through acti-
vation of HSL.  It also decreases lipogenesis by 
inhibiting production of lipoprotein lipase [70]. 
With respect to proteolysis, TNF and other cyto-
kines have been found to mediate the ubiquitin-
proteasome pathway and nitric oxide synthase 
(NOS) expression [71]. High levels of nitric oxide 
inhibit key enzymes of oxidative phosphorylation 
and can impair contractile performance of skeletal 
muscle [69].The end-organ effects of TNF are 
dependent upon the site of production/administra-
tion. When it is produced locally in the brain, 
anorexia ensues, while muscle inoculation causes 
chronic cachexia and muscle atrophy [72].

Evidence from multiple studies concerning 
TNF serum concentrations in cancer cachexia is 
conflicted. Some authors report consistently ele-
vated levels of TNF, while others do not [67]. In 
some situations, antibodies used to neutralize 
TNF in vivo can relieve the anorexia and cachexia 
observed in cancer patients [69].

Table 9.3 Cytokine milieu and effects in cancer cachexia

Cytokine Effects

TNF-α Lipolysis, muscle degradation, 
increased glucose turnover

Interferon- 
gamma

Potentiates lipolysis, decreases 
protein synthesis

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

9 Malignancy
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Interferon-γ 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 [70]. 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 [73]. 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 [70].

IL-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 caus-
ing early satiety and increases proteolysis periph-
erally [70, 74]. However, the major contribution 
of IL-1 to the development of cancer cachexia 
may reside in its ability to enhance the produc-
tion and release of IL-6 [75]. Interleukin-6 can be 
detected in the serum of tumor-bearing animals, 
where it functions to increase hepatic gluconeo-
genesis and proteolysis [76, 77]. In animal mod-
els, IL-6 has been shown to induce a more severe 
wasting than TNF [70]. Animal models have 
demonstrated that cachexia can be eliminated by 
administration of an antibody to IL-6. In contra-
distinction to TNF, IL-6 is readily detected in the 
serum of patients with cancer, and the extent of 
amplification correlates with tumor burden. IL-6 
may mediate cancer cachexia indirectly, through 
mechanisms different than TNF and IL-1 [70].

Despite the above discussion, it is important to 
note that no single anti-cytokine agent has been 
shown to reverse all of the features of cancer- 
associated wasting; cancer cachexia is attribut-
able to alterations in the overall host cytokine 
milieu involving many factors [69].

Leptin is an adipocyte-derived hormone that 
regulates adipose tissue mass and reduces appe-
tite, increases REE, and regulates insulin levels 
[67]. It affects appetite and energy expenditure 
via hypothalamic neuropeptides. Loss in body fat 
reduces leptin levels and decreases REE; weight 
gain similarly increases REE.  These processes 
are mediated by increased activity of ghrelin and 
neuropeptide Y and decreased production of 

corticotropin- releasing factor and melanocortin. 
Persistently increased levels of leptin can lead to 
unfavorable metabolic alterations that contribute 
to cancer cachexia [78].

 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 [79]. 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 
 nutrition 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 immunocompe-
tence), anthropometric changes (triceps skinfold 
test), and body composition may be confounded 
by the severity of the underlying cancer [80]. For 
example, hypoalbuminemia is associated with 
poor healing, sepsis, and increased surgical mor-
tality and morbidity [79]. However, acute-phase 
response proteins in the perioperative setting can 
confound the use of traditional nutrition indica-
tors such as serum albumin and prealbumin. 
There is some evidence that neither serum 
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 albumin nor weight loss alone is a specific pre-
dictor of perioperative complications; however, 
they may be useful in the context of multivariable 
models [81].

Several nutrition assessment formulas have 
been developed to predict morbidity and mortal-
ity in surgical patients [82]. However, cancer 
patients are unique in their physiology. In the 
past the American Society for Parenteral and 
Enteral Nutrition (ASPEN) and the Academy of 
Nutrition and Dietetics have issued recommen-
dations that all cancer patients undergo nutrition 
screening as a critical component of their initial 
evaluation [83–85]. What is uniformly stated by 
experts in the field is that no single parameter is 
a definitive, encompassing factor that compre-
hensively captures the nutritional state of a 
 cancer patient. That being said, the ideal screen-
ing tool for such a task needs to offer ease of 
use, reliability, validity, sensitivity, and cost- 
effectiveness [83].

There are screening tools that meet many of 
the above criteria. Some examples include the 
Patient-Generated Subjective Global Assessment 
(PG-SGA, a modification of an earlier tool called 
the Subjective Global Assessment), the Mini 
Nutritional Assessment (MNA), the Malnutrition 
Screening Tool (MST), the Malnutrition 
Universal Screening Tool (MUST), and the 
Nutritional Risk Screening (NRS) [86–93].

Of the choices listed above, the authors and 
many clinicians use the PG-SGA as a screening 
tool (Table  9.4). The PG-SGA has a patient- 
completed portion (documenting weight history, 

oral intake, activity) and a clinician-completed 
portion (documenting the specific cancer type and 
its effects on nutrition requirements/metabolic 
demand and a physical assessment). The patient 
and clinician sections are each scored on a scale 
of 4–8. A total score of 9 or greater indicates that 
the patient is at a nutrition risk which may be 
characterized as mild, moderate, or severe. The 
result is an assessment of the presence and degree 
of malnutrition, which can then be used to guide 
the development of a nutrition care plan [94]. 
Longitudinal use of the PG-SGA can help deter-
mine the response to the nutrition care plan and 
guide modifications as appropriate [95].

 Effect of Surgery on Nutrition 
in Cancer Patients

As discussed in detail above, the metabolic milieu 
is unique in cancer patients and can vary based on 
cancer type. Patients who need surgery as part of 
their treatment algorithm may be at increased risk 
of detrimental nutritional consequences. This is 
most relevant in gastrointestinal surgery, whereby 
there may be a prolonged period of no oral intake. 
In the following section, we will discuss indica-
tions for nutritional intervention in the context of 
surgery for the cancer patient.

 Nutrition Support in Surgical 
Patients with Cancer

Evidence-based guidelines for the use of nutri-
tion support (enteral and parenteral) have been 
developed by multiple organizations, including 
the American Society for Parenteral and Enteral 
Nutrition and the European Society for Parenteral 
and Enteral Nutrition (ESPEN) [96, 97]. Table 9.5 
summarizes the ASPEN and ESPEN guidelines. 
The oral route for nutrition care is optimal 
because it is generally very safe and cost- 
effective. Preferably via education and supple-
mentation in the form of protein powders and 
supplements, patients can optimize their caloric 
intake to be nutritionally robust. If there are 
 anatomic or physiologic factors that prohibit oral 

Table 9.4 Patient-generated subjective global assess-
ment (PG-SGA)

Patient portion
  Weight loss in past month, past 6 months
   Current oral intake compared to baseline
   Current physical activity compared to baseline
Clinician component
  Disease and related metabolic demands
    Cancer, wound, age > 65, AIDS, pulmonary/

cardiac cachexia
  Metabolic demands
   Fevers, sepsis, steroids
  Physical exam and assessment
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intake, access to the GI tract may be obtained via 
a gastrostomy or a jejunostomy feeding tube. The 
enteral route for nutrition support is generally 
preferred over parenteral nutrition because it is 
more cost-effective and is associated with fewer 
infection-related complications [96, 97]. If 
enteral nutrition support is not feasible (e.g., 
bowel obstruction, malabsorption secondary to 
short gut syndrome, enterocutaneous fistulae, 
etc.), then the parenteral route is an option.

Preoperative nutrition support has been 
hypothesized to benefit patients undergoing can-
cer surgery by mitigating the consequences of 
suboptimal nutrition on postoperative morbidity 
and mortality. The routine (routine referring to 
administration regardless of the patient’s nutrition 
status) use of preoperative parenteral nutrition is 
not appropriate. The most frequently cited rele-
vant study evaluating the use of perioperative total 
parenteral nutrition in surgical patients is the 
Veterans Affairs Cooperative study published in 
1991 [79]. The investigators studied 395 patients 
(99% male) who required a laparotomy or noncar-
diac thoracotomy, 66% of whom had cancer (gas-
trointestinal cancer (51%), lung cancer (11%), or 
other cancer (4%)). On entry to the study the sub-
jects were stratified according to nutrition status 

(no or mild malnutrition, moderate malnutrition, 
or severe malnutrition). They were randomly 
assigned to receive either TPN for 7–15  days 
before surgery and 3  days afterward (the TPN 
group) or no perioperative TPN (the control 
group). The patients were subsequently moni-
tored for complications for 90 days after surgery. 
At 30 days after surgery, there was a statistically 
significant improvement in nutrition status in the 
TPN group as determined by the  subjective global 
assessment (SGA). Patients with mild malnutri-
tion did not benefit from TPN and actually had 
more infectious complications. In contrast, in 
severely malnourished patients who received 
TPN, the rate of noninfectious complications and 
“healing” complications (e.g., wound dehiscence, 
anastomotic leak, fistula formation) was signifi-
cantly lower. Their conclusion was that the use of 
preoperative TPN should be limited to patients 
who are severely malnourished unless there are 
other specific indications. These results were sim-
ilar to findings by Muller et al. who demonstrated 
reduced morbidity and mortality when TPN was 
provided before gastrointestinal surgery in 
patients who were severely malnourished [98].

There have been additional studies comparing 
preoperative parenteral nutrition, enteral nutrition, 

Table 9.5 Nutrition support guideline recommendations during adult anticancer treatment (ASPEN and ESPEN clini-
cal guidelines) [96, 97]

 1.  Patients with cancer are nutritionally at risk and should undergo nutrition screening to identify those who 
require formal nutrition assessment with development of a nutrition care plan (ASPEN, ESPEN)

 2.  Energy requirements should be assumed to reflect those in similarly nourished, similarly stressed noncancer 
patients (ESPEN)

 3. Nutrition support therapy should not be used routinely in patients undergoing major cancer operations (ASPEN)
 4.  Perioperative nutrition support therapy may be beneficial in moderately or severely malnourished patients if 

administered for 7–14 days preoperatively, but the potential benefits of nutrition support must be weighed 
against the potential risks of the nutrition support therapy itself and of delaying the operation (ASPEN)

 5. Nutrition support therapy should not be used routinely as an adjunct to chemotherapy (ASPEN)
 6.  Nutrition support therapy should not be used routinely in patients undergoing head and neck, abdominal, or 

pelvic irradiation (ASPEN)
 7.  Nutrition support therapy is appropriate in patients receiving active anticancer treatment who are malnourished 

and who are anticipated to be unable to ingest and/or absorb adequate nutrients for a prolonged period of time 
(7–14 days) (ASPEN, ESPEN)

 8. The palliative use of nutrition support therapy in terminally ill cancer patients is rarely indicated (ASPEN)
 9. Physical exercise should be encouraged in cancer patients (ESPEN)

10.  ω-3 fatty acid supplementation may help stabilize weight in cancer patients on oral diets experiencing 
progressive, unintentional weight loss (ASPEN, ESPEN)

11. Patients should not use therapeutic diets to treat cancer (ASPEN)
12.  Immune-enhancing enteral formulas containing mixtures of arginine, nucleic acids, and essential fatty acids 

may be beneficial in malnourished patients undergoing major cancer operations (ASPEN, ESPEN)
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and standard oral intake. Meijerink et  al. studied 
malnourished patients with gastric or colorectal 
cancer and demonstrated no differences in mortal-
ity; however there was a reduced incidence of intra-
abdominal abscesses with parenteral nutrition in 
those who were severely malnourished [99].

Forschi et  al. compared preoperative enteral 
nutrition versus standard oral intake in patients 
with percutaneous biliary drains undergoing sur-
gery and demonstrated that there was reduced 
morbidity and mortality in the enteral nutrition 
group [100].

 Perioperative Nutrition Support

As in most clinical settings, judgment for the use 
of perioperative nutrition is paramount. It is 
clear that the perioperative use of nutritional 
support may be useful in specific circumstances. 
Based in part on the data above, the 2009 ASPEN 
clinical guidelines for nutritional support ther-
apy during adult anticancer treatment state that 
perioperative nutrition support therapy may be 
beneficial in moderately or severely malnour-
ished patients if administered for 7–14 days pre-
operatively. However, they state that the potential 
benefits of nutrition support must be weighed 
against the potential risks of the nutrition sup-
port therapy itself delaying the operation [96]. 
Their review of the data indicates that the major-
ity of parenteral versus standard oral intake stud-
ies find no differences in morbidity or mortality 
with the use of parenteral nutrition versus stan-
dard oral diet [4, 96]. Additionally, little differ-
ence has been found in morbidity and mortality 
in studies comparing enteral to parenteral nutri-
tion [4, 96, 99, 101]. Enteral nutrition is favored 
because it is thought to be more cost-effective 
and facilitates glycemic management. Based on 
the review of available studies, it appears that 
most studies report no difference in morbidity or 
mortality in enteral nutrition versus standard oral 
intake in patients with malignancy. This has been 
studied both in the preoperative and postopera-
tive setting [6, 97].

In 1997, Heslin et al. published a prospective 
randomized trial of early enteral feeding via an 
operatively placed jejunostomy tube after resec-

tion of upper gastrointestinal malignancy [102]. 
The purpose of this study was to determine 
whether early postoperative enteral feeding with 
an immune-enhancing formula (IEF) decreases 
morbidity, mortality, and length of hospital stay 
in these patients. The study was performed with 
the knowledge that feeding with an IEF improved 
outcomes in trauma and critical care patients. 
The study randomized 195 patients to IEF via 
jejunostomy or control. The tube feedings were 
supplemented with arginine, RNA, and omega-3 
fatty acids and begun on postoperative day 1. 
Their results demonstrated no significant differ-
ences in the number of minor, major, or infec-
tious complications between the groups. There 
was one patient with bowel necrosis associated 
with the IEF requiring operation. Hospital mor-
tality was 2.5%, and the median length of hospi-
tal stay was 11  days, which was not different 
between groups. They concluded that early 
enteral feeding with an IEF was not beneficial 
and should not be used in a routine fashion after 
surgery for upper gastrointestinal malignancies. 
A subsequent study by a group in the United 
Kingdom reached similar conclusions [103].

 Immune-Enhancing Formulae

Glutamine, arginine, nucleic acids, and fatty 
acids are nutrients that have the potential to mod-
ulate immune function. This may be especially 
important in patients with cancer, who are beset 
with metabolic disturbances and are immunosup-
pressed but who simultaneously may have exag-
gerated inflammatory responses mediated by 
IL-6 [104].

Glutamine is the most abundant amino acid in 
plasma. It constitutes more than half of the body’s 
amino acid pool [105]. It is considered to be a 
nonessential amino acid. However, catabolism- 
inducing states like surgery, sepsis, and trauma 
can lead to a spike in glutamine consumption, out-
stripping the body’s production. For this reason, 
glutamine should be viewed as a “conditionally 
essential” amino acid [105]. One of glutamine’s 
major functions is to shuttle nitrogen between 
organs. It can also serve as fuel for rapidly prolif-
erating cells such as enterocytes, colonocytes, 
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lymphocytes, and fibroblasts [105]. Glutamine is 
also involved with intermediary metabolism, sig-
nal transduction, and neutralization of oxidative 
stress associated with rapid metabolism and other 
causes [106, 107].

The oncogene c-myc plays a role in glutamine 
uptake and degradation, and glutamine affects 
several signaling pathways that promote tumor 
growth [107]. Glutamine generates ATP and pro-
vides intermediates for macromolecular synthesis 
in tumor cells. Skeletal muscle in cancer patients 
has been shown to be depleted of glutamine [108]. 
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. 
Hypothesized glutamine enhancement of tumor 
growth has not been observed [109].

Enteral administration of glutamine is usually 
in combination with other immunonutrients and 
has been demonstrated to ameliorate immuno-
suppressive and inflammatory responses in surgi-
cal cancer patients [110]. There are few data 
available regarding single-agent enteral gluta-
mine supplementation, and there is no evident 
beneficial effect on nutrition status or clinical 
outcomes [110, 111]. Parenteral administration 
has been associated with improved nitrogen bal-
ance and a shorter postoperative hospital stay in 
surgical patients. A meta-analysis of randomized 
controlled trials in surgical patients revealed that 
parenteral glutamine administered alone reduced 
the rate of infectious complications and lowered 
hospital length of stay, without having any impact 
on mortality [103].

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 [112]. 
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 in the host, but not the cancer 
cells [112]. It has been studied as an enteral 

immunonutrient, both in combination and as a 
sole agent [109]. 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 [112, 113].

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 [114]. 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 [114], but 
there was no benefit in patients with colorectal 
cancer [115]. 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 
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, leukotrienes, 
and hydroxy acids. These eicosanoids affect cel-
lular metabolism through regulation of intracellu-
lar calcium and modulation of inflammation and 
host defenses [116]. 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 [117]. This nutrient has 
been studied mostly in combination with arginine 
and nucleic acids (Table 9.6).

Enteral formulations containing combinations 
of these immunonutrients (so-called immune- 
enhancing formulae) have been studied in preop-
erative, perioperative, and postoperative settings. 
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A well-designed trial of early postoperative feed-
ing after resection of upper gastrointestinal 
malignancy detected no benefits for an enteral 
formula containing immunosupplements [102]. 
However, this study did not exclude well- 
nourished patients. Multiple other studies have 
demonstrated improvement of intermediate end-
point immune parameters with the use of 
immune-enhancing formulae [104, 111]. More 
clinically relevant benefits were also observed in 
trials demonstrating a lower incidence of infec-
tions and a shorter length of stay when immune- 
enhancing formulae are used [118–120]. Senkal 
et al. demonstrated decreased infectious compli-
cations and decreased cost of complications in 
patients who received both pre- and postopera-
tive enteral nutrition with an immune-enhancing 
formula containing omega-3 fatty acids, arginine, 
and RNA [101]. Similar beneficial findings have 
been found by other groups [119, 120]. Several 
meta-analyses have shown a decreased rate of 
infectious complications with immune- enhancing 
enteral formulae, with a greater impact in surgi-
cal as opposed to critically ill patients [121, 122].

 Special Considerations

 Esophageal Cancer

As many as 90% of esophageal cancer patients 
present with dysphagia and weight loss [123]. 
These symptoms may persist after esophagec-
tomy. Loss of the lower esophageal sphincter, 

dysmotility of the remnant portion of the esopha-
gus, gastric dysmotility following vagotomy, and 
bile reflux from disruption of the pylorus all con-
tribute to a high incidence of postoperative symp-
tomatic foregut dysmotility [124]. Patients may 
also suffer from dumping syndrome, which is 
characterized by postprandial hypotension, flush-
ing, and diarrhea. This is caused by abnormally 
rapid movement of hyperosmotic, undigested 
food into the small bowel and subsequent hyper-
secretion of succus and extracellular fluid into the 
bowel lumen. Nutritional counseling focuses on 
the use of frequent, small, energy-dense meals 
consumed without large volumes of liquid and 
avoidance of concentrated carbohydrates and fats.

Postoperatively, patients may still have some 
complaints of dysphagia either secondary to the 
reflux noted above or from anastomotic strictures. 
Strictures can significantly prohibit oral intake and 
are most often managed by serial endoscopic dili-
tations. During the postoperative adjustment 
period, feeding jejunostomy tubes are frequently 
utilized as a bridge to bolster nutrition. Additionally, 
if there are postoperative complications such as 
anastomotic leak, the feeding jejunostomy allows 
for enteric access for enteral nutrition.

 Gastric Cancer

Following gastric surgery, there may be problems 
with both malabsorption and absence of an ade-
quate reservoir for oral intake in addition to a vari-
ety of dysmotility syndromes [125, 126]. Iron 
absorption may be compromised if the duodenum 
is bypassed. With major gastric resections, there 
may be insufficient intrinsic factor synthesis which 
can lead to vitamin B12 malabsorption and defi-
ciency with resultant development of megaloblas-
tic anemia and dementia. These patients will 
require 1000 mcg of monthly intramuscular vita-
min B12 supplementation for the entirety of their 
lives. It is important to counsel patients preopera-
tively regarding this possibility. To address the 
lack of reservoir function, patients are counseled 
on a postgastrectomy diet that may include six 
smaller meals daily and the avoidance of concen-
trated carbohydrates and fats to prevent dumping.

Table 9.6 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

Nucleic acids Modulation of intracellular 
regulatory enzymes

Omega-3 and 
omega-6 fatty 
acids

Production of eicosanoids that 
improve immune response while 
attenuating inflammatory response
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 Small Bowel Resection

The small bowel is the site of both the digestion 
and the absorption of nutrients. If large segments 
of bowel are resected, both of these functions can 
be compromised. Additionally, there are specific 
consequences that are unique to the loss of seg-
ments of small bowel that have specialized 
absorptive function.

The duodenum functions to neutralize the 
acidic chyme that exits the stomach. It is also the 
site where food meets pancreatic enzymes and 
bile salts to continue the digestive process initi-
ated in the stomach. The duodenum additionally 
is the major site for absorption of magnesium, 
calcium, and iron and is the site of release of hor-
mones that regulate gallbladder and pancreatic 
function (cholecystokinin and secretin).

The jejunum is the absorptive powerhouse for 
carbohydrates, protein, and water-soluble vita-
mins. Larger segmental jejunum resections may 
lead to malabsorptive diarrhea and thus contrib-
ute to malnutrition. The ileum functions to absorb 
lipids, fat-soluble vitamins, cholesterol, bile 
salts, and vitamin B12. Patients who have divert-
ing or end ileostomies are at significant risk for 
electrolyte abnormalities and are encouraged to 
ingest approximately 1 liter more electrolyte- 
containing liquids daily than their stoma output 
to avoid dehydration [127].

If there is extensive loss of jejunum and/or 
ileum, the malabsorption that ensues may become 
so severe that hydration and caloric needs cannot 
be met enterally. The clinical severity of symp-
toms relates to multiple factors, including the 
length of bowel resected, the physiologic status 
of the remaining bowel, the presence or absence 
of colon, and the presence or absence of the gas-
trointestinal tract sphincters that slow transit time 
and prevent reflux (the gastroesophageal sphinc-
ter, the pylorus, and the ileocecal valve). These 
patients may require prolonged or even lifelong 
supplementation with parenteral nutrition if/until 
small bowel hypertrophy and adaptation occur 
[128, 129]. Mainstays of the treatment of patients 
with small bowel malabsorption and short bowel 
syndrome include use of (1) easily absorbed oral 
electrolyte-containing solutions to prevent elec-

trolyte imbalances and dehydration; (2) proton 
pump inhibitors to suppress the hypersecretion of 
gastric acid and fluid that results from hypergas-
trinemia seen in patients with short bowel syn-
drome; (3) cholestyramine to bind bile acids and 
prevent their entry into the colon where they 
cause an irritative diarrhea; and (4) antimotility 
agents to slow small bowel and colon transit time.

The small bowel is also a major contributor to 
bacterial homeostasis. Specifically, if transit time 
is decreased and acidic small bowel contents 
reach the colon, carbohydrates can be fermented 
by bacteria into d-lactic acid. Buildup of d-lactic 
acid may result in lactic acidosis, yielding 
increased serum d-lactate, an increased anion 
gap, and decreased serum bicarbonate. This can 
occur in short bowel syndrome or after jejunoil-
eal bypass surgery; it can present as altered 
 mental status, slurred speech, and ataxia most 
frequently after ingestion of a high-carbohydrate 
meal. Recommendations to avoid this are to 
restrict large carbohydrate meals, antibiotics, and 
probiotics [129].

 Pancreatic Cancer

Pancreatic resection for pancreas cancer, whether 
proximal or distal, can result in diabetes and/or 
malabsorption [130]. The majority of the exo-
crine function of the pancreas resides in the unci-
nate and head, whereas much of the 
neuroendocrine function is found in the body and 
tail. Patients who have undergone a pancreatico-
duodenectomy are also at risk of suffering from 
dumping syndrome. For malabsorption symp-
toms following pancreatic resection (weight loss, 
bloating, foul smelling diarrhea, postprandial 
cramping), it is often more practical to proceed 
directly to oral pancreatic enzyme replacement 
than to undertake a complex and costly physio-
logic evaluation.

 Liver and Gallbladder Cancer

Liver neoplasms are unique in that there are some 
specific electrolyte derangements in the immedi-
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ate postoperative period. After major hepatec-
tomy, patients often present with profound 
hypophosphatemia that is hypothesized to be sec-
ondary to both liver regeneration and phospho-
rous wasting in the urine. The precise mechanism 
has not been fully elucidated, but this is a consid-
eration clinicians must keep in mind. Patients 
may also suffer from ascites in the perioperative 
period that may compromise their ability to eat 
and cause anorexia. Operative placement of feed-
ing tubes in these patients should be discouraged 
because of the high rate of complications of these 
tubes in patients with ascites.

 Colon Cancer

The function of the colon is primarily to absorb 
water and electrolytes. The right colon contrib-
utes most to this function; removal of the ascend-
ing colon with the ileocecal valve often leads to a 
period of more frequent and less formed bowel 
movements. During this period, patients should 
be counseled to avoid dehydration. This can be 
especially problematic in older patients. 
Additionally, if there is impaired intestinal peri-
stalsis, bacterial overgrowth may ensue. It is 
thought that although clinically patients may 
have an improvement in as early as a few weeks, 
it can take over 2 years to undergo structural and 
functional adaptation to compensate nutritionally 
after colon resection.

 Practical Notes to the Perioperative 
Nutritional Support of Cancer 
Patients

Based on the issues discussed in this chapter, a 
practical approach to nutrition care in cancer sur-
gery patients can be stated.

All cancer patients in whom surgery is con-
templated should undergo nutrition screening. If 
concerns are identified, a formal nutrition assess-
ment should be performed. This assessment 
should include patient-reported information, 
clinical assessment data, and objective laboratory 
tests. The PG-SGA combined with a complete 

history and physical examination and a compre-
hensive metabolic panel including a serum albu-
min level and a complete blood count suffice for 
most patients.

In those patients in whom significant malnu-
trition and/or nutrient deficiencies are identified 
that may compromise surgical outcomes, a 
detailed nutrition care plan should be created. 
This may involve dietary counseling, oral supple-
ments, micronutrient and electrolyte repletion, 
and/or the use of enteral or parenteral nutrition. 
Pretreatment placement of a feeding tube may 
occasionally be beneficial, especially in head and 
neck and esophageal cancer patients. Careful, 
serial monitoring of the results of the nutrition 
care plan and for complications, often by a regis-
tered dietitian, is crucial.

At the time of operation, the likely periopera-
tive needs of patients should be considered so 
that appropriate enteral and/or parenteral access 
may be established at the time of the cancer 
resection. These same considerations also apply 
postoperatively when they may be exacerbated 
by operative complications or changes in gastro-
intestinal physiology that may result from altered 
anatomy and function.

Lastly, as a general principle, the palliative use 
of nutrition support therapy in terminally ill can-
cer patients is rarely indicated [127]. If patients 
are to benefit from parenteral nutrition, the gen-
eral guidelines are that they (1) must be physi-
cally and emotionally capable of participating in 
their own care; (2) should have an estimated life 
expectancy of >40–60  days; (3) have ample 
social and economic support at home with an in- 
home lay caretaker; and (4) failed other less 
costly and invasive therapies.
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Sepsis and Nutrition

Laura J. Moore

 Introduction

Sepsis continues to be a common and often 
highly morbid condition. The United States 
Centers for Disease Control and Prevention esti-
mates that 1.7 million American adults develop 
sepsis on an annual basis. Mortality rates from 
sepsis continue to remain high with nearly 
270,000 deaths due to sepsis annually. It is also 
estimated that one out of every three inpatient 
hospital deaths is secondary to sepsis. The global 
burden of sepsis is even more alarming with more 
than 19 million cases per year and 5 million 
deaths.

As a result of the significant impact of sepsis, 
tremendous research efforts have been under-
taken. These efforts have included development 
of sepsis screening programs to assist in the early 
identification of sepsis and creation of evidence- 
based guidelines designed to aid clinicians in 
delivering optimal care. Providing adequate 
nutritional support to these critically ill patients 
is a key factor in improving patient outcomes. 
Ensuring adequate delivery of nutrition can atten-
uate the patient’s metabolic response to the stress 
of sepsis, modulate the inflammatory/immune 
response, and decrease the risk of developing 

secondary, nosocomial infections. The purpose 
of this chapter is to review the pathophysiology 
of sepsis and provide a review of the current lit-
erature regarding optimal utilization of nutri-
tional support in patients with sepsis.

 Defining Sepsis

Despite the fact that the clinical entity of sepsis 
has existed for centuries, the term sepsis was not 
defined until the end of the twenty-first century. 
Sepsis syndrome was first defined in the literature 
by Roger Bone in 1989 [1]. This was followed by 
the American College of Chest Physicians and 
the Society of Critical Care Medicines Consensus 
Conference in 1991 that defined the systemic 
inflammatory response syndrome (SIRS) (see 
Table 10.1) and multiple organ dysfunction syn-
drome (MODS) [2]. This initial consensus con-
ference defined sepsis as the presence of systemic 
inflammatory syndrome (SIRS) secondary to 
presence of infection. If sepsis was complicated 
by the development of organ dysfunction, then 
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Table 10.1 Systemic inflammatory response syndrome 
(SIRS) criteria (two or more of the following)

Heart rate >90
Respiratory rate >20
Temperature, °C >38 or <36
White blood cell 
count

>12,000/mm3 or <4000/mm3 or 
>10% bandemia
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the term severe sepsis was used. Finally, septic 
shock was defined as sepsis associated with 
hypotension despite adequate volume resuscita-
tion. In response to ongoing criticism from 
experts in the field, a second consensus confer-
ence was convened in 2001 to revise the original 
definitions. The updated consensus conference 
definitions included an expanded list of the signs 
and symptoms of sepsis [3].

Recently, these original sepsis definitions have 
been updated, due in part to a perceived lack of 
evidence supporting the original definitions. The 
end result was the proposed Sepsis-3 definition 
which defines sepsis as “life-threatening organ 
dysfunction caused by a dysregulated host 
response to infection” [4]. With the increased 
focus on organ dysfunction as a defining feature 
of sepsis comes the need to identify the presence 
of organ dysfunction in a systematic, categorical 
fashion. According to Sepsis-3, organ dysfunction 
is defined as an acute change in total Sequential 
Organ Failure Assessment (SOFA) score [5] of 
≥2 points due to the development of an infection. 
Due to the cumbersome nature of calculating a 
SOFA score, the Sepsis-3 authors created an 
abbreviated version of the SOFA score known as 
the quick SOFA (qSOFA). The qSOFA elements 
include a systolic blood pressure of <100 mmHg, 
a respiratory rate of >22 breaths per minute, and 
the presence of altered mental status. Patients 
with two or more of these criteria are considered 
to have a positive qSOFA score. Another change 
with the Sepsis-3 definition is the elimination of 
the term severe sepsis. The only subgroup within 
the new definitions is septic shock which is 
defined sepsis with persistent hypotension requir-
ing vasopressors and a serum lactate of >2 mmol/L 
despite adequate resuscitation.

The Sepsis-3 definition has been met with con-
troversy and has not been widely accepted. This 
controversy stems primarily from the fact that the 
new definition was not prospectively validated in 
a generalizable population prior to publication. In 
addition, the requirement that a patient develops 
organ dysfunction prior to qualifying for sepsis 
may in fact result in delayed recognition of sepsis. 
This is particularly concerning since many of the 
interventions that have been shown to improve 

outcomes in patients with sepsis rely upon the 
early recognition of sepsis [6–8].

 Sepsis Pathophysiology:  
A Brief Review

While a complete review of the pathophysiology 
of sepsis is beyond the scope of this text, having 
a basic understanding of the complex inflamma-
tory and immune cascades that are generated in 
response to infection is helpful. The progression 
from infection to sepsis or septic shock is an 
intricate process based upon the characteristics of 
the inciting organism and the innate immune 
response of the host. This complex inflammatory 
cascade results in the production of multiple 
inflammatory cytokines, procoagulants, and 
adhesion molecules. This results in systemic 
inflammation, coagulation, and disordered fibri-
nolysis. The end result of these events is end 
organ damage and in some cases death.

Under normal circumstances, a complex 
immune response focused on controlling bacte-
rial invasion via activation of both circulating and 
fixed phagocytic cells occurs. The primary goal is 
recognition and binding of bacterial components 
with resultant destruction via phagocytosis. This 
binding of immune cell surface receptors also ini-
tiates the release of pro-inflammatory mediators 
such as tumor necrosis factor-α, interleukin-1, 
adhesion molecules, and nitric oxide. The pur-
pose of these pro-inflammatory mediators is to 
recruit additional inflammatory cells such as leu-
kocytes to aid in the immune response. The end 
result is destruction of the infectious organism 
and restoration of host homeostasis.

In patients that develop sepsis, the inflamma-
tory response is overly exuberant, leading to a 
more systemic response to the infectious insult. If 
the initial inflammatory response is not well bal-
anced, it can lead to an overwhelming SIRS 
response with development of early multiple 
organ failure and death. Patients that survive the 
initial pro-inflammatory state can then progress 
into a compensatory anti-inflammatory state 
often referred to as compensatory anti- 
inflammatory response syndrome (CARS). While 
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multiple phenotypes exist, this combination of 
pro-inflammatory and anti-inflammatory media-
tors can cause direct cellular injury, endothelial 
damage with subsequent impairment of capillary 
function, altered rates of programmed cell death, 
and generalized microcirculatory dysfunction 
[9–11]. Due to the systemic nature of this dys-
regulated immune response, every organ system 
can be potentially impacted.

As the largest immune organ in the body, the 
gastrointestinal (GI) tract plays an integral role in 
the immune response to infection. Shock is 
defined as tissue hypoperfusion. This lack of per-
fusion directly injures the GI tract, and the resul-
tant reperfusion injury results in the release of 
additional pro-inflammatory mediators, worsen-
ing the SIRS response to infection. At the local 
level, the release of these inflammatory media-
tors results in GI dysfunction including gastropa-
resis, gastric alkalinization, ileus, duodenogastric 
reflux, impaired mucosal blood flow, epithelial 
apoptosis, and impaired local gut immunity. This 
GI dysfunction can be further amplified by early, 
aggressive crystalloid resuscitation by creating 
bowel edema which promotes ileus. This prob-
lem is compounded by many of our typical inten-
sive care unit (ICU) interventions including the 
need for vasopressors (which decreases GI muco-
sal perfusion), stress ulcer prophylaxis (which 
worsens gastric alkalinization), and antibiotic 
administration (which promotes bacterial over-
growth). In a matter of hours, the normally sterile 
upper GI tract can become heavily colonized 
with potential pathogens. The GI tract quickly 
becomes a reservoir for bacteria that can escape 
from the GI tract via pulmonary aspiration with 
resultant development of nosocomial infections 
that further contribute to patient morbidity and 
mortality.

 Provision of Nutritional Support 
in Critical Illness: Initial Assessment

In 2009, the American Society for Parenteral and 
Enteral Nutrition (ASPEN) in conjunction with 
the Society of Critical Care Medicine (SCCM) 
published guidelines for the provision and 

assessment of nutritional support in critically ill 
patients [12]. These guidelines were recently 
updated in 2016 [13]. The purpose of these 
guidelines is to provide clinicians with a com-
prehensive summary of the best available evi-
dence for the provision of nutritional support in 
critically ill patients.

The guidelines recommend assessment of a 
patient’s nutritional status upon admission to the 
ICU.  This includes assessment of the patient’s 
nutritional risk and calculation of both protein 
and energy requirements. While multiple tools 
are available, the Nutritional Risk Screening 
(NRS 2002) [14] and the NUTRIC score [15] 
provide a comprehensive assessment of both 
nutritional status and disease severity and are 
therefore the preferred assessment tools. The 
NRS 2002 assigns points based upon nutritional 
status (0–3) and severity of disease (0–3). An 
additional point is added if the patient is older 
than 70. If the score is ≥3, then the patient is 
considered to be at risk, and early nutritional 
support is recommended. The NUTRIC score 
calculates a score based upon the patient’s age, 
APACHE II score, SOFA score, number of 
comorbid conditions, number of days from hos-
pital to ICU admission, and IL-6 level. A 
NUTRIC score of ≥5 is associated with worse 
clinical outcomes and indicates the patient is 
most likely to benefit from aggressive nutrition 
therapy.

It is important to note that the traditional 
serum protein markers (albumin, prealbumin, and 
transferrin) do not accurately reflect nutritional 
status in critically ill patients. When predicting 
energy requirements during critical illness, indi-
rect calorimetry is the best option if available. If 
this is not available, energy requirements can be 
estimated using predictive equations. Once nutri-
tional support has been initiated, it is important to 
monitor the response to nutritional therapy. Since 
protein appears to be the most critical macronu-
trient for supporting immune function and 
 maintaining lean body mass, the requirements for 
protein are proportionally higher than other mac-
ronutrients. As a result, standard enteral formula-
tions are unlikely to deliver adequate protein, and 
protein supplementation is often needed.
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 Impact of Early Nutritional Therapy

Sepsis and septic shock result in a catabolic stress 
state with risk for development of secondary, 
nosocomial infections, organ failure, prolonged 
ICU and hospital length of stay, and increased 
mortality rates. Significant improvements in our 
understanding of the pathophysiology of critical 
illness had resulted in a focus on not merely pro-
viding nutritional support but rather providing 
nutritional therapy. By providing enteral nutri-
tion, we can attenuate the metabolic response to 
stress, favorably modulate the immune response 
to infection, and minimize or eliminate oxidative 
cellular injury.

As described above, the GI tract plays an inte-
gral role in the immune response to sepsis. This 
also means that the GI tract is a potential target 
for modulating the immune response. Delivering 
early enteral nutrition stimulates splanchnic per-
fusion and supports the immune function of gut- 
associated lymphoid tissue (GALT) [16]. 
Providing enteral nutrition also helps maintain 
the integrity of the GI epithelium, stimulates 
intestinal contractility which prevents bacterial 
overgrowth and ileus, and promotes release of 
anti-inflammatory mediators from CD4 lympho-
cytes [17].

Perhaps more important than the benefits of 
early enteral nutrition are the negative conse-
quences of withholding enteral nutrition. 
Depriving the intestinal epithelium of luminal 
nutrients results in the loss of both structural and 
functional integrity of the gut epithelium. 
Withholding enteral nutrition decreases GI con-
tractility with resultant bacterial overgrowth. The 
proliferation and overgrowth of these pathogenic 
bacteria can lead to attachment to the GI epithe-
lium which leads to cytokine release and pro-
grammed cell death [18]. The death of epithelial 
cells further compromises the integrity of the gut 
barrier, increasing permeability. This increased 
permeability of the GI epithelium results in 
increased exposure of the GI tract’s immune sys-
tem to intraluminal bacteria. This leads to diffuse 
activation of macrophages which further promote 
a systemic pro-inflammatory state, worsening the 
already present SIRS response.

It is recommended that early enteral nutrition 
be initiated within 24–48 h. Several clinical stud-
ies evaluating the impact of early vs. delayed 
enteral nutrition have been undertaken. In a meta- 
analysis by Heyland et al., early enteral nutrition 
demonstrated a trend toward decreased mortality 
in those patients that received enteral nutrition 
within 48  h as compared to those that did not 
[19]. Another meta-analysis by Marik et  al. 
showed similar results with a significant decrease 
in infectious complications and hospital length of 
stay when enteral nutrition was started within 
36 h of ICU admission [20].

The initiation of early enteral nutrition in criti-
cally ill patients is not dependent upon clinical 
evidence of bowel function (flatus, passage of 
stool). GI dysfunction is very common in criti-
cally ill patients occurring in 30–70% of patients. 
The etiology of this GI dysfunction is multifacto-
rial, and contributing factors include comorbid 
conditions, the need for mechanical ventilation, 
disruption of the epithelial mucosal barrier, and 
altered motility. The presence or absence of 
bowel sounds does not reflect the status of the gut 
epithelial barrier or the absorptive capacity of the 
bowel. Given all of these factors, it is important 
to have an established enteral nutrition protocol 
that combines advancement of enteral nutrition 
to a goal rate. Tolerance of enteral nutrition can 
be determined based upon physical examination 
of the abdomen, passage of flatus and/or stool, 
and absence of patient complaints such as 
abdominal pain or distention. Patients with intol-
erance to enteral nutrition will typically demon-
strate emesis, abdominal distention, high 
nasogastric tube output or high gastric residual 
volume, diarrhea, or complaints of abdominal 
discomfort.

The decision to deliver gastric vs. small bowel 
feeds remains an area of disagreement. To date, 
there is no research that has demonstrated a 
 difference in ventilator days, ICU length of stay, 
or mortality. There is some evidence that sug-
gests small bowel feedings are associated with a 
lower incidence of gastroesophageal reflux [21]. 
There is also some evidence that small bowel 
feeds are associated with a decreased rate of 
ventilator- associated pneumonia as compared to 
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gastric feeds [22]. The most common indications 
for small bowel enteral nutrition are severe gas-
troparesis, gastroesophageal reflux, intolerance 
to a trial of gastric feeding, and high aspiration 
risk. Another potential benefit of small bowel 
feeding is the ability to continue nutritional sup-
port up to or even during the operating room, thus 
eliminating the disruption in enteral nutrition that 
frequently occurs in surgical patients.

 Enteral vs. Parenteral Nutrition

The goals of nutritional therapy are to deliver an 
adequate number of calories to support the meta-
bolic needs of the patient. While both parenteral 
and enteral nutrition can meet this goal, there are 
some important differences between these two 
modes of nutritional support. The administration 
of early enteral nutrition vs. parenteral nutrition 
has been debated in the medical literature for 
nearly 40 years. There is now a substantial body 
of clinical evidence that clearly demonstrates a 
benefit to enteral nutrition over parenteral nutri-
tion [23–25]. Parenteral nutrition is considered to 
be more invasive and has been associated with an 
increased risk of infectious complications as 
compared to enteral nutrition. In most critically 
ill patients, it is possible to deliver enteral nutri-
tion, and this method of nutritional support 
should be chosen whenever feasible.

Early initiation of enteral nutrition may pro-
vide some physiologic benefit for patients with 
severe sepsis or septic shock. Benefits include 
those mentioned above including maintenance of 
gut integrity with prevention of gut permeability, 
modulation of metabolic responses with subse-
quent decrease in insulin resistance, and suppres-
sion of the inflammatory response (references 
561 and 562 from SSC guidelines). Enteral nutri-
tion has been consistently shown to reduce the 
rates of infectious morbidity and ICU length of 
stay as compared to parenteral nutrition. Moore 
et al. conducted a prospective, randomized con-
trolled trial comparing early enteral nutrition to 
early parenteral nutrition and found that early 
enteral nutrition was associated with reduced 
infections, specifically pneumonia [26]. Delivery 

of enteral nutrition has also been associated with 
improved return of cognitive function [27].

Parenteral nutrition may still be of benefit in 
those patients that cannot have their caloric needs 
met via the enteral route alone. In a prospective, 
multicenter randomized trial, Van den Berghe 
et al. compared early parenteral nutrition (within 
48 h of ICU admission) to late parenteral nutri-
tion (after ICU day 8). They found that patients in 
the late parenteral nutrition group had a faster 
recovery and fewer complications compared to 
patients in the early group [28]. However, in 
patients that are deemed to be at high nutrition 
risk (defined as NRS2002  ≥  5 or NUTRIC 
score ≥ 5) in which enteral nutrition is not feasi-
ble, the early use of parenteral nutrition is recom-
mended. In a meta-analysis by Heyland et al., the 
use of parenteral nutrition in severely malnour-
ished ICU patients was associated with signifi-
cantly fewer overall complications [29].

There will also be patients in which enteral 
nutrition has been initiated but in whom their 
caloric needs cannot be met via enteral nutrition 
alone. In these situations, it is recommended that 
supplemental parenteral nutrition be initiated 
after 7 days if patients are unable to meet >60% 
of calorie and protein requirements by the enteral 
route alone. However, it is important to note that 
initiation of early parenteral nutrition (either 
exclusive or supplemental) should be avoided in 
patients with sepsis. Initiating supplemental par-
enteral nutrition prior to day 7 has not been 
shown to be of any benefit and is associated with 
a significant increase in cost [28]. In a prospec-
tive observational study of 415 patients with 
severe sepsis and septic shock, Elke et al. found a 
significantly higher mortality rate in patients 
receiving parenteral nutrition (either exclusive or 
mixed with enteral) as compared to patients 
receiving only enteral nutrition [30].

 Enteral Nutrition and Vasopressors

Patients that have progressed to septic shock 
require continuous infusion of vasopressors (typi-
cally norepinephrine) for 24–48  h to maintain 
their mean arterial pressure (MAP). Understanding 
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the impact of vasopressor use on the GI tract is 
critical when determining the optimal strategy for 
delivering enteral nutrition. Enteral nutrition is 
often held in patients receiving vasopressor sup-
port for septic shock primarily due to concern for 
mesenteric ischemia. Nonocclusive bowel necro-
sis has a reported incidence of 0.3–8.5% with an 
associated mortality rate of 46–100% [31–33]. 
The recent update to the ASPEN/SCCM guide-
lines recommend withholding enteral nutrition in 
patients with a MAP less than 50 mmHg and in 
those patients with escalating vasopressor needs 
[13]. In contrast, the 2013 Canadian Critical Care 
practice guideline states that early enteral nutri-
tion may be beneficial for patients receiving vaso-
pressors [34]. This lack of consensus is due in 
large part to a lack of clear evidence supporting 
either practice.

A recent study by Pinton et al. evaluated adult 
ICU patients receiving norepinephrine and/or 
epinephrine infusions and compared them with a 
control population [35]. They evaluated intestinal 
fatty acid binding protein (I-FABP), a substance 
which is released by enterocytes and is a marker 
of small bowel ischemia. Patients receiving epi-
nephrine and/or norepinephrine had higher levels 
of I-FABP, higher lactate levels, and higher 
28-day mortality rates, suggesting escalating 
vasopressor doses contribute to intestinal injury.

The type of vasopressor that the patient is 
receiving may also play a role in the risk of mes-
enteric ischemia. In a small case series compar-
ing patients in septic shock that were receiving 
epinephrine  +  dobutamine infusions vs. norepi-
nephrine alone, it was found that epinephrine 
caused lower splanchnic flow and oxygen uptake, 
lower mucosal pH, and higher hepatic vein lac-
tate levels [36]. In multiple studies, administra-
tion of vasopressin has been shown to cause 
splanchnic hypoperfusion. Nygren et al. demon-
strated decreased jejunal mucosal perfusion after 
administration of low to moderate doses of vaso-
pressin [37]. Klinzing et  al. also demonstrated 
impaired gastric mucosal perfusion in patients 
receiving the standard septic shock dose of vaso-
pressin at 0.04 IU/kg/hour [38]. While these stud-
ies did report impaired mucosal perfusion, there 
was no mention made of any adverse clinical out-

comes associated with the splanchnic 
hypoperfusion.

A recent retrospective review by Patel et  al. 
evaluated the impact of early trophic enteral 
nutrition in mechanically ventilated patients with 
septic shock [39]. In this study, trophic feeds 
were defined as <600 kcal/day which is roughly 
20  ml/hour. The authors reported that patients 
receiving trophic feeds within 48 h had a shorter 
duration of mechanical ventilation and decreased 
length of stay compared to patients who did not 
receive any enteral nutrition and those receiving 
higher rates of enteral nutrition. Of note, no 
patients developed NOBN. In another retrospec-
tive study, Rai et al. evaluated sepsis and septic 
shock patients receiving enteral nutrition shock 
[40]. They noted that patients in septic shock 
receiving enteral nutrition had higher gastric 
residual volumes compared to those patients with 
sepsis. However, there was no difference in the 
percentage of patients that reached their caloric 
goals.

Unfortunately, there is no prospective, ran-
domized data evaluating the optimal utilization 
of enteral nutrition in patients requiring vaso-
pressors for septic shock. However, given the 
limited available data, it appears that the admin-
istration of trophic enteral nutrition is safe. 
Escalation of vasopressors and the patient’s toler-
ance of enteral nutrition should all be taken into 
account when advancing beyond trophic feeds.

 Immunonutrition and Immune- 
Enhancing Diets: Is There a Role?

With our increasing understanding of the role of 
the GI tract in the immune response to infection 
has come an increased interest in the concept of 
immunonutrition. The term immunonutrition 
refers to the administration of a particular nutri-
ent in order to induce a specific metabolic 
response or immunologic function. The addition 
of specific substances to enteral nutrition formu-
las could potentially modulate the immune 
response, improve wound healing, and reduce the 
oxidative stress associated with sepsis. In this 
section, we will discuss a variety of compounds 
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and their role in the nutritional support of patients 
with sepsis.

 Glutamine

Glutamine is the most abundant nonessential free 
amino acid in the body. It is primarily stored in 
skeletal muscle and plays a role in protein synthe-
sis and acid-base homeostasis in the kidney. 
Glutamine is also a critical nitrogen donor for rap-
idly dividing cells such as those found in the GI 
tract and immune system. Glutamine’s beneficial 
effects include antioxidant effects, maintaining GI 
tract integrity (gut barrier function) by fueling 
enterocytes, and serving as an energy substrate for 
lymphocytes and neutrophils. During catabolic 
stress states, including sepsis, the body’s stores of 
glutamine become rapidly depleted. This renders 
glutamine a conditionally essential amino acid 
during sepsis. Glutamine depletion results in an 
impaired immune response and contributes to 
infectious complications. Decreased circulating 
levels of glutamine have been associated with 
increased mortality [41, 42].

There have been multiple clinical trials that 
have reported beneficial outcomes in patients 
receiving supplemental glutamine, primarily in 
the setting of emergent GI surgery [43–47]. The 
benefits observed were believed to be primarily 
related to improvements in gut mucosal atrophy/
integrity and reduced bacterial translocation in 
patients receiving glutamine. Several single- 
center studies have shown that intravenous gluta-
mine supplementation in patients on total 
parenteral nutrition can improve outcome [48, 
49]. Despite these early promising data, more 
recent trials have called into question the benefit 
of glutamine supplementation. The Scandanavian 
Glutamine Trial failed to demonstrate a differ-
ence in 6-month mortality in patients receiving 
glutamine supplementation compared to placebo 
[50]. The REDOX trial demonstrated a trend 
toward increased 28-day mortality in patients 
receiving glutamine vs. placebo (32.4% vs. 
27.2%, p = 0.05). Additionally, in-hospital mor-
tality and mortality at 6 months were significantly 
higher among those patients who received gluta-

mine than among those who did not. Glutamine 
also had no effect on rates of organ failure or 
infectious complications [51]. The results of the 
REDOX trial have called into question the bene-
fits of glutamine supplementation in critically ill 
patients. Not only is there question of benefit, but 
there may also be potential for harm to patients 
that receive supplemental glutamine. As a result, 
the Surviving Sepsis Campaign Guidelines rec-
ommend against the use of glutamine in patients 
with sepsis and septic shock [52]. The ASPEN/
SCCM Nutritional Support Guidelines also rec-
ommend against glutamine supplementation in 
the ICU [13].

 Arginine

Arginine is a nonessential amino acid that is 
derived from oral protein intake or can be synthe-
sized endogenously in the proximal renal tubule 
by converting citrulline to arginine. Citrulline is 
primarily derived from the intestinal conversion 
of arterial and luminal glutamine via the 
glutamate- to-ornithine pathway. Arginine is an 
essential component for the stimulation and 
release of growth hormone, prolactin, insulin, 
and glucagon. It is also a critical substrate for the 
synthesis of nitric oxide (NO) by the enzyme 
nitric oxide synthase (NOS). Under stressed con-
ditions such as sepsis, arginine becomes an 
essential amino acid because the normal quanti-
ties produced to maintain muscle mass are insuf-
ficient secondary to increased turnover rates. 
Both plasma and muscle levels of arginine are 
markedly decreased in sepsis [53–55]. Low lev-
els of arginine have been correlated with worse 
prognosis in patients with sepsis [56]. The com-
bination of decreased arginine levels in sepsis 
combined with the link to worsening prognosis 
led to an interest in arginine as a possible supple-
ment for immunomodulation.

Clinical trials evaluating the use of arginine 
supplementation in humans are limited and show 
conflicting results. In a prospective, randomized, 
multicenter trial, Galban et al. [57] evaluated the 
impact of an enteral formula supplemented with 
arginine, mRNA, and omega-3 fatty acids in 
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patients with sepsis. They demonstrated a signifi-
cant reduction in mortality, but since the formula 
utilized was supplemented with multiple ele-
ments, it was difficult to attribute the benefit to 
arginine alone. In another multicenter trial by 
Bertonline et al. [58], an enteral diet containing 
L-arginine, omega-3 fatty acids, vitamin E, beta- 
carotene, zinc, and selenium was compared to 
administration of parenteral nutrition in patients 
with severe sepsis. Patients that received the 
immune enhanced enteral formula had higher 
mortality rates than patients in the parenteral 
nutrition group. One potential explanation for the 
higher mortality rate is the potential for high- 
dose arginine supplementation to cause unwanted 
vasodilation and resultant hypotension. As men-
tioned above, arginine is a critical substrate in the 
synthesis of NO. Remember that septic shock is a 
vasodilatory shock state. Arginine administration 
could result in excessive NO production which 
could worsen vasodilation and have deleterious 
effects. Given the conflicting results and the 
potential for harm, additional investigation into 
the optimal use of arginine supplementation in 
patients with sepsis is needed. In light of this, the 
current ASPEN/SCCM Guideline [13] and the 
Surviving Sepsis Campaign Guidelines [52] rec-
ommend against the use of arginine supplemen-
tation in patients with sepsis.

 Omega-3 Fatty Acids

Omega-3 fatty acids refer to three separate fatty 
acids: alpha-linoleic acid (ALA), eicosapentae-
noic acid (EPA), and docosahexaenoic acid 
(DHA). Both EPA and DHA are metabolites of 
ALA. These omega-3 fatty acids are polyunsatu-
rated fatty acids, also known as PUFAs, and are a 
major component of the cell membrane. Dietary 
supplementation with PUFAs has been shown to 
reduce platelet aggregation, slow clot formation, 
and limit the production of pro-inflammatory 
cytokines [59]. The ability of omega-3 fatty acids 
to modulate the production of pro-inflammatory 
cytokines brought into question their utility in the 
treatment of sepsis. However, clinical evidence 
related to omega-3 supplementation in sepsis has 

shown conflicting results. A recent meta-analysis 
by Tao et al. evaluated 11 trials with a total of 808 
patients [60]. The administration of omega-3 
fatty acids had no effect on overall mortality, but 
the duration of mechanical ventilation was 
decreased in patients receiving omega-3 supple-
mentation. In another recent systematic review 
by Chen et al. [61], the use of omega-3 fatty acid 
supplementation was associated with a lower 
mortality as compared to controls. A 2017 sys-
tematic review by Lu et  al. demonstrated that 
omega-3 fatty acid supplementation reduced ICU 
length of stay and duration of mechanical ventila-
tion but had not impact on patient mortality [62]. 
One common limitation among these systematic 
reviews is the very low quality of overall evi-
dence. This lack of quality evidence to support 
routine omega-3 fatty acid supplementation has 
led the Surviving Sepsis Campaign Guidelines to 
recommend against the use of omega-3 fatty 
acids in critically ill patients with sepsis or septic 
shock [52].

 Antioxidant Supplementation

As mentioned above, sepsis results in the produc-
tion of free radicals with increased levels of reac-
tive oxygen species. The presence of these 
reactive free oxygen species results in cellular 
injury through a variety of mechanism. To com-
bat the presence of these free oxygen species, the 
host utilizes an antioxidant defense system that 
relies upon superoxide dismutase, catalase, gluta-
thione peroxidase, and glutathione reductase. 
During stress states, these enzymes can become 
overwhelmed, and alternate defense mechanisms 
must be utilized to prevent further cellular dam-
age. These alternate defense systems include 
nonenzymatic antioxidants such as selenium, 
zinc, vitamin C, vitamin E, and beta-carotene.

Recently, there has been a significant amount 
of enthusiasm regarding the potential benefits of 
vitamin C administration in patients with septic 
shock. In a retrospective before and after study, 
Marik et  al. reported on the use of hydrocorti-
sone, thiamine, and vitamin C in patients with 
septic shock. Patients in the treatment group were 
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given the following: vitamin C 1500 mg IV every 
6 h plus hydrocortisone 50 mg IV q 6 h plus thia-
mine 200 mg IV q 12 h. Patients in the control 
group received standard therapy. The hospital 
mortality was 8.5% (4 of 47) in patients in the 
treatment group compared with 40.4% (19 of 47) 
in the control group (p < 0.001). In addition, there 
was a lower rate of organ dysfunction in patients 
receiving the treatment. While these data do show 
promise, this was a retrospective before and after 
study with a very small number of patients. The 
upcoming Ascorbic Acid, Corticosteroids, and 
Thiamine in Sepsis (ACTS) Trial will attempt to 
replicate the results of the Marik study in a pro-
spective, randomized single- center study.

Selenium is another antioxidant that has been 
shown to be diminished in patients with sepsis. 
There have been two recent meta-analyses per-
formed evaluating the role of selenium supple-
mentation in sepsis that demonstrated a weak 
trend toward decreased mortality [63, 64]. The 
recommended dose of selenium supplementa-
tion is 500–750  mcg/day with a duration of 
7–21 days [65].
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 Introduction

Intestinal failure was first defined in 1981 by 
Fleming and Remington as “a reduction in the 
functioning gut mass below the minimum amount 
necessary for adequate digestion and absorption of 
food” [1]. Home parenteral nutrition support is the 
primary treatment for intestinal failure and has dra-
matically improved outcomes of patients with 
chronic intestinal failure [2]. In the USA, estimat-
ing the number of patients that require home PN is 

complicated by the vast number of prescribers and 
multiple healthcare payor system. Data obtained 
from a Home Parenteral Nutrition National 
Registry from 1985 to 1992 indicated 40,000 
patients required PN support for intestinal failure 
annually [3]. Statistics for home PN prevalence 
have been absent since suspension of the registry 
until 2017 when Mundi and his colleagues reported 
25,011 patients (20,833 adults) required home PN 
per year. This number represents a significant 
decline in the prevalence of PN use in the USA has 
declined from 157  people requiring PN per million 
people to 79 per million people over the last 20 
years. Prevalence of HPN in Europe is noted to be 
much lower than the USA, ranging from 5.4 to 14.6 
per million [4]. Recently, retrospective studies have 
published HPN duration and survival statistics. In a 
multicenter international study including Europe 
and the USA, survival probability was found to be 
88% at 1 year, 74% at 3 years, and 64% at 5 years. 
Approximately 37% of patients in the study were 
weaned off home parenteral nutrition within the 
first year. Younger participants were more likely to 
survive, and death was most likely to occur within 
2 years of initiating home parenteral nutrition [5]. 
In the largest reported data set to date from a single 
referral center in the UK, Dibb et al. reported HPN 
dependence in 545 patients to be 83% at 1 year, 
63% at 5  years, 59% at 10  years, and 53% at 
15  years. Overall survival in patients without 
malignancy was 93%, 71%, 59%, and 28% at 1, 5, 
10, and 20 years, respectively [6].
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Historical data regarding the use of home par-
enteral nutrition has led to current classifications 
of intestinal failure. Previous population-based 
definitions focused on durations of time that 
parental nutrition (PN) was needed, while clini-
cal definitions tend to be based on functionality 
and pathophysiology of the intestinal failure [7, 
8]. To date the definition of intestinal failure has 
evolved to include descriptors of etiology, stag-
ing, and treatment of intestinal failure. Most 
recently, the Home Artificial Nutrition & Chronic 
Intestinal Failure and the Acute Intestinal Failure 
Special Interest Groups of the European Society 
for Clinical Nutrition and Metabolism reached a 
consensus to define and classify intestinal failure 
in order to improve patient management, clinical 
research, and communication and collaboration 
among professionals [9]. According to the 
ESPEN-endorsed definition, two criteria must be 
present simultaneously for a diagnosis of intesti-
nal failure, (1) “decreased absorption of macro-
nutrients and/or water and electrolytes due to a 
loss of gut function” and (2) the “need for intra-
venous supplementation” [9]. The symptoms of 
intestinal failure can include some or all of the 
following: diarrhea, dehydration, weight loss, 
macro- and micronutrient deficiency, and/or 
obstructive symptoms. In addition to defining the 
criteria for intestinal failure, there are functional, 
pathophysiological, and clinical classifications of 
intestinal failure. The functional classification is 
based on the onset and expected outcome of 
intestinal failure called Type 1, Type II, and Type 
III intestinal failure. The mechanism or etiology 
of intestinal failure is known as the pathophysio-
logical classification, and finally the clinical clas-
sification of intestinal failure is defined by the 
type and volume of IV support needed [9]. Pironi 
et  al. later conducted an international cross- 
sectional observational study approved by 

ESPEN to investigate the applicability of the 
chronic intestinal failure classification system. 
Their results from the large cohort data set 
resulted in a proposal to simplify the classifica-
tion system of chronic intestinal failure to eight 
clinical categories that identifies the amount of 
energy from PN and volume of IV support neces-
sary (separated into four volume categories) 
(Table 11.1) [10].

 Functional Classification 
of Intestinal Failure

The functional classification of intestinal failure 
includes three types of intestinal failure based on 
the onset and duration of failure and treatment 
[9]. Type I failure commonly occurs following 
abdominal surgery or during critical illness where 
enteral or oral nutrition is poorly tolerated and IV 
hydration/parenteral nutrition may be necessary 
in the short term until gut function returns. Type I 
intestinal failure refers to gut dysfunction that is 
short-lived, easily managed, and fully reversible 
as in the case of postoperative ileus. Type II intes-
tinal failure is defined as prolonged gut failure 
that persists in the context of severe illness requir-
ing weeks to months of IV hydration/parenteral 
nutrition before resolution as in the postsurgical 
patient with numerous complications requiring 
multiple operations and eventually transition to 
long-term care for rehabilitation. Like Type I, 
Type II is usually reversible; however Type II 
may progress to chronic failure or Type III intes-
tinal failure. Type III is considered chronic intes-
tinal failure (CIF) in a stable patient that may 
require months to years of IV supplementation to 
maintain health. Type III intestinal failure is rare 
and may or may not be reversible [9, 11]. Recent 
observational studies indicate that it may take 

Table 11.1 Intestinal failure classification

Energy provided by PN (Kcal/kg/day)
IV volume (milliliters/day)
1 = <1000 ml 2 = 1001–2000 3 = 2001–3000 4 = >3000

A = 0 kcal/kg day A1 A2 A3 A4
B = 1–10 kcal/kg day B1 B2 B3 B4
C = 11–20 kcal/kg day C1 C2 C3 C4
D = >20 kcal/kg day D1 D2 D3 D4

M. Warren et al.
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more than 5  years for recovery and liberation 
from parenteral supplementation in patients with 
Type III intestinal failure. These patients typi-
cally require home parenteral nutrition and/or IV 
hydration indefinitely. A strong multidisciplinary 
team that is well versed on home parenteral nutri-
tion management, IV access, and insurance cov-
erage is necessary for optimal patient outcomes.

 Pathophysiology of Intestinal 
Failure

In most cases, intestinal or gut failure is the 
inability to absorb adequate macronutrients 
(energy, protein, fat, and fluid) and micronutri-
ents (vitamins and minerals) with oral or enteral 
intake alone to maintain health and growth [12].

Intestinal failure is a complex disease entity 
with a myriad of etiologies, surgical and/or medi-
cal. In a large international survey of chronic 
intestinal failure of benign disease, short bowel 
syndrome was found to be the most common eti-
ology. Other mechanisms for intestinal failure 
include intestinal dysmotility, intestinal fistulas, 
mechanical obstruction, and extensive mucosal 
diseases. Crohn’s disease was the most common 
underlying disease for chronic intestinal failure. 
Mesenteric ischemia, surgical complications, 
chronic intestinal pseudo-obstruction, and radia-
tion enteritis were also among the most prevalent 
underlying causes for chronic intestinal failure 
(Table 11.2) [10].

 Normal Digestion and Absorption 
of Nutrients

The normal human small intestine reaches full 
length by the approximate age of 9, and is esti-
mated to be between 4 and 6 m, depending on the 
method of measurement and technique used to 
evaluate length, including radiologic, or mea-
surements taken at time of surgery or autopsy 
[13–15]. Short bowel syndrome (SBS) is the 
most prevalent etiology of intestinal failure and is 
loosely defined as <200 cm of functional bowel 
remaining. SBS is characterized by diarrhea or 

steatorrhea, dehydration, and/or malnutrition 
[16]. Symptoms range dramatically in presenta-
tion and severity from patient to patient. For 

Table 11.2 Pathophysiology and etiology of intestinal 
failure

Pathophysiology 
of intestinal failure Etiology
Intestinal 
dysmotility

Postoperative ileus
Critical illness-associated 
dysmotility
Ogilvie syndrome
Acute or chronic intestinal 
pseudo-obstruction
Severe gastroparesis

Intestinal fistula Inflammatory: Crohn’s disease, 
diverticular disease, radiation 
enteritis
Postoperative complications 
(anastomotic leak, wound 
dehiscence, intra-abdominal 
abscesses)
Infectious complications
Foreign body
Neoplasm
Trauma

Mechanical 
obstruction

Anastomotic strictures
Abdominal adhesions related to 
previous surgery or peritonitis
Hernias with strangulated bowel
Inflammatory bowel disease or 
radiation enteritis (stenosis or 
strictures)
Obstructing intrinsic or extrinsic 
neoplasms
Peritoneal carcinomatosis
Volvulus
Bezoars

Short bowel 
syndrome

Extensive surgical resection for 
mesenteric infarction from either 
arterial or venous occlusion, 
Crohn’s disease, intestinal 
volvulus, abdominal trauma, 
bariatric surgery complications
Congenital causes including 
gastroschisis, intestinal atresia

Extensive small 
bowel mucosal 
disease

Celiac sprue, tropical sprue
Ischemic enteropathy
Inflammatory bowel disease
Infectious enteritis
Radiation enteritis
Amyloidosis
Common variable immune 
deficiency
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example, a subset of patients with SBS with less 
than 150  cm may be able to sustain adequate 
absorption of macronutrients but will often need 
additional IV fluids, while other patients with 
>200 cm will require PN to sustain life [17]. It is 
imperative to understand the anatomy and func-
tion of remaining bowel in intestinal failure in 
order to formulate a management plan that can 
maintain health and nutrition. Table  11.3 pro-
vides a summary of nutrient absorption in the 
intestinal tract.

The majority of the digestive and absorptive 
processes take place in the duodenum and 
proximal jejunum (usually within the first 
100 cm of small bowel). The protein digestion 
process begins in the stomach, when gastric 
pepsinogen is converted to pepsin by gastric 
acid. Pepsin then starts the protein digestion 
process primarily by unraveling the tertiary 
structure of proteins, so that completion of 
digestion and absorption of peptides can take 
place in the duodenum. The rate and volume of 
delivery of chyme from the stomach is closely 
controlled by a variety of hormonal and neural 
controls, allowing for efficient mixing with 
pancreatobiliary secretions. The gallbladder 

and pancreas are stimulated by the acidifica-
tion and presence of nutrients in the duodenal 
lumen. The mucosal endocrine cells release 
cholecystokinin (CCK) and secretin into the 
portal circulation, which feeds back to second-
arily stimulate more biliary and pancreatic 
secretion.

The jejunum has long villi, sizeable absorp-
tive surfaces, highly concentrated digestive 
enzymes, and carrier proteins. As previously 
mentioned, this is the primary digestive and 
absorptive site for most nutrients. Over 90% of 
macronutrients (carbohydrates, lipids, and 
amino acids) are absorbed in the proximal 100–
150  cm of the intestines. The villi are longer, 
and the crypts are deeper in the proximal jeju-
num than in the ileum; therefore, the loss of part 
of the jejunum initially compromises nutrient 
absorption more than the loss of an ileal seg-
ment of the same length, because of the mor-
phologic and functional differences in the 
segment of small bowel. The ileum, however, is 
eventually able to compensate for the jejunal 
loss by augmenting villous length and crypt 
depth, but the jejunum is unable to fully com-
pensate for ileal absorption. The ileum has spe-
cialized receptors for the absorption of bile 
salts, and vitamin B12, which are not present or 
inducible in the jejunum.

Normal digestion and absorption are also 
highly dependent on gradual gastric emptying 
of partially digested nutrients and the adequate 
mixing of these nutrients with bile and pancre-
atic enzymes in the duodenum, allowing for 
efficient nutrient absorption in the jejunum. 
Lipid or fat malabsorption and maldigestion 
occur in absence of appropriate mixing with 
pancreatic enzymes and bile as this is part of 
complex set of steps that allows for the forma-
tion of emulsion droplets or micelles. Once at 
the enterocyte, the brush border breaks down 
the triglyceride into two fatty acids and a 
2-monoacylglycerol. These metabolic products 
are taken up by specific receptors on the entero-
cytes and then re-esterified in the enterocyte 
endoplasmic reticulum, packaged by the Golgi 
apparatus into chylomicrons, and exit the cell to 
the lymphatics. Medium- and short-chain fatty 

Table 11.3 Location and nutrient absorption in the 
 gastrointestinal tract

Gastrointestinal 
location Nutrient absorption
Stomach Water, ethyl alcohol, copper, iodide, 

fluoride, molybdenum
Duodenum Calcium, phosphorus, magnesium, 

iron, copper, selenium, thiamin, 
riboflavin, niacin, biotin, folate, 
vitamins A, D, E, and K

Jejunum Lipids; monosaccharides; amino 
acids; small peptides; calcium; 
phosphorus; magnesium; iron; 
thiamin; riboflavin; niacin; 
pantothenate; biotin; folate; vitamin 
B6; vitamin C; vitamins A, D, E, and 
K; zinc; chromium; manganese; 
molybdenum

Ileum Amino acids, vitamin C, folate, 
vitamin B12, vitamin D, vitamin K, 
magnesium, bile salts

Colon Water, sodium, chloride, potassium, 
vitamin D, biotin, short-chain fatty 
acids
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acids can be absorbed directly into the portal 
vein. In  malabsorptive conditions associated 
with gut failure, the utilization of MCT oil can 
be a beneficial way to increase calories without 
exacerbating malabsorption.

Patients with proximal jejunostomy lose the 
inhibitory mechanisms that delay gastric emp-
tying, which then results in rapid gastric empty-
ing and intestinal transit. This results in 
inadequate mixing of pancreatobiliary secre-
tions and food, yielding poor enzymatic diges-
tion and micelle formation, which in turn results 
in inadequate absorption. The ileocecal valve, 
along with normal neuronal mechanisms, acts 
as a brake to slow intestinal transit and increase 
nutrient-enterocyte contact time, facilitating 
enhanced absorption. The loss of the ileocecal 
valve can also result in reflux of colonic bacte-
ria into the small bowel, resulting in small 
bowel bacterial overgrowth. This can worsen 
nutrient and vitamin B12 malabsorption, and 
deconjugate bile salts, worsening diarrhea. The 
bacteria in the distal small bowel will also com-
pete with enterocytes for nutrient assimilation 
(Table 11.4).

If complex carbohydrates, such as soluble 
fibers, that are not absorbed in the proximal gut 
reach the colon, they are fermented by the bac-
terial enzymes in the colon, resulting in the 
production of short-chain fatty acids. The 
short-chain fatty acids are absorbed by specific 
receptors on the colonocytes. It is estimated 
that the intracolonic digestive process by bac-
teria can generate in the range of 150–500 kcal/
day for the patient [18]. In many cases this pro-
cess is beneficial to the patient’s immune func-
tion and contributes a significant number of 
calories to help maintain nutritional status. 
However, in some patients with SBS and an 
intact colon, non-absorbed fermentable carbo-
hydrates may exacerbate diarrhea and electro-
lyte loss. Due to a variety of mechanisms in 
SBS, the D-lactate-producing bacteria 
(Lactobacillus fermenti, Lactobacillus aci-
dophilus, and Streptococcus) may become pre-
dominant in the colon decreasing the pH and 
contributing to a D-lactate acidosis when the 
D-lactate is absorbed by the colonic mucosa. A 

course of antibiotics and even probiotics can 
decrease the concentration of D-lactate- 
producing bacteria [16].

In addition to macronutrient malabsorption, 
the loss of intestinal absorptive surface area 
often results in significant losses of electrolytes, 
water, minerals, and trace elements through 
fecal losses. The proximal small bowel receives 
approximately 7–9  L of fluid and electrolytes 
from endogenous secretions and oral intake per 
day, with 6–8 L being reabsorbed in the small 
bowel and approximately 2 L reabsorbed in the 
colon. For someone with a healthy GI tract, only 
100–200  mL of water is lost in the stool each 
day. The colon has a large absorptive capacity, 
where up to 6  L of solution can be absorbed. 
Depending on the site of intestinal resection, 
stool losses can be more than 6 L from a jeju-
nostomy and more than 2.5 L from ileostomies. 
The presence or absence of the colon, along 
with multiple other factors, plays a key role in a 
patient’s ability to attain gut autonomy 
(Fig. 11.1).

Table 11.4 Effect of small bowel bacteria overgrowth on 
nutrients

Macronutrient/
mechanism Effect
Fat Malabsorption

  Bacterial deconjugation of 
bile acids

  Production of lithocholic 
acids (toxic)

Carbohydrate Metabolism
  Bacterial fermentation of 

carbohydrate
  Production of hydrogen, CO2

  Maldigestion, osmotic load, 
diarrhea, pain

D-lactate production
Protein Metabolism

  Degradation of proteins, 
reduced AA absorption

  Lower enterokinase, less 
pancreatic proteases

Vitamins Alterations in metabolism
  Bacterial utilization of B12
  Malabsorption of fat-soluble 

A, D, K, E
  Bacteria produce folate, 

vitamin K
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 Factors Influencing Intestinal 
Failure and Adaptation

The type and severity of clinical manifestations 
of intestinal failure are highly variable, and 
numerous factors will affect the clinical presenta-
tion. In some patients, caloric needs are ade-
quately met with volitional intake, or enterally 
with formulae, but vitamin and mineral deficien-
cies may occur. Meanwhile, in other patients, 
fluid and electrolyte losses are the predominant 
clinical problems, while nutrient absorption is 
sufficient.

Small intestinal length is an important deter-
minant of intestinal function. In adults, the aver-
age length of the small intestine is approximately 
480  cm. Adults with residual small intestines 
(with less than 200  cm of absorptive surface 
either by resection, mucosal abnormality, or fis-
tula) are at risk for developing gut failure. In par-
ticular, those patients with less than 60  cm of 
functional small intestine are unlikely to ever be 
independent of PN or reach gut autonomy [19, 
20]. In addition to small intestinal length, several 
other factors contribute to intestinal function, 
including the presence or absence of an ileocecal 
valve, presence of a colon, intestinal motility, 
function and health of the remaining small bowel, 

and the gradual process of intestinal adaptation 
after surgical resection (Fig. 11.2).

Several factors contribute to the intestinal 
adaptation process including presence of colon, 
presence of ileocecal valve, length and segment 
of remaining bowel, health and function of the 
remaining bowel, patient’s age, inflammatory 
state, and patient’s comorbid conditions [21]. In 
addition, active mucosal inflammatory disease, 
such as Crohn’s disease, radiation enteritis, carci-
noma, or pseudo-obstruction involving the 
remaining bowel may diminish a patients’ adap-
tation response. In patients with large segments 
of resected or nonfunctional bowel, PN is ini-
tially the mainstay of nutrition support. As the 
patient tolerates, and as nutrition parameters 
allow, PN should be transitioned to enteral nutri-
tion (EN). Oral intake should also be initiated, as 
tolerated. The ultimate goal is to achieve gut 
autonomy.

 Site of Intestinal Resection

 Jejunum

The symptoms associated with chronic gut fail-
ure are dependent on the physiology of the 

Length of remaining bowel Underlying intestinal disease Patient compliance

Function of other
digestive organs

Rate of intestinal
adaptation

Pharmacologic therapy Nutritional support (EN/PN) Patient age, BMI

Factors affecting
the outcome in gut failure

Fig. 11.1 Factors affecting the outcome of gut failure
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remaining small intestines, because each 
 segment of the small bowel has unique func-
tional capacities and differing abilities to adapt 
as described earlier [17, 22, 23]. The duodenum 
and jejunum have long villi, large absorptive 
surfaces, highly concentrated digestive enzymes, 
and carrier proteins. This is the primary diges-
tive and absorptive sites for most nutrients. 
After large segments of jejunum are resected, or 
the mucosal absorptive surface is injured by 
ischemia, infection, etc., there is a temporary 
reduction in absorption of most nutrients. The 
jejunum, however, exhibits modest adaptive 
changes by increasing functional capacity, 
including increasing mucosal weight, DNA, and 
protein [24, 25].

 Ileum

The ileum has specialized functions not avail-
able in the rest of the small bowel, including 
specific receptors for vitamin B12 and bile acids 
absorption, which are present only in the distal 
ileum. In adults, if 20–60  cm of ileum is 
resected, there is a moderate chance of vitamin 
B12 malabsorption, but if more than 60 cm of 
ileum is resected, vitamin B12 malabsorption 
will occur [26]. If greater than 100 cm of ileum 

is resected, it can lead to disruption of the 
enterohepatic circulation, resulting in bile salt 
deficiency and fat malabsorption from inability 
to form micelles. In addition to the specialized 
absorptive surface, the ileal mucosa serves as 
the source of peptide YY, which is secreted 
when unabsorbed lipids are present in the ileum. 
Peptide YY, through this feedback, delays gas-
tric emptying and facilitates absorption of nutri-
ents in the small intestine. This essentially 
allows for longer proximal gut luminal exposure 
and better absorption. The loss of this “ileal 
brake” may contribute to worsening diarrhea, 
commonly observed in SBS, or high-output 
proximal fistula.

 Presence of the Ileocecal Valve

The importance of the ileocecal valve in short 
bowel and intestinal failure cannot be overstated. 
It serves as an important barrier to reflux of 
colonic bacteria and fecal material into the small 
intestine. The valve structure is responsible for 
the regulation of the passage of fluid and nutri-
ents from the ileum into the colon. The loss of 
the ileocecal valve reduces small intestine transit 
time, which results in a decrease in exposure 
time of small bowel content to the mucosal 

Reduced absorptive surface

Loss of normal GI
endocrine function

GIP, VIP, etc
(negative feedback,
trophic factors lost)

Deconjugated
dehydroxylated bile salts
Hydroxylated fatty acids

Bacterial overgrowth (SBBO)

Small bowel malabsorption

Low pH inactivates
enzymes
Loss of terminal ileum
(bile salts)

Osmotic effect

Colonic hypersecretion

Decreased or increased
transit time

•

Factors affecting clinical
presentation

Gastric hypersecretion
(loss of inhibitors, CCK, secretin)

Alters R protein, destroys
pancreatic lipase, precip
bile salts, etc

• •

•

•

•

Fig. 11.2 Factors affecting clinical presentation of gut failure
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absorptive surface and impairs nutrient absorp-
tion. In particular, the loss of the ileocecal valve 
is associated with a longer duration of the 
requirement for PN [27]. Infants with less than 
30 cm of small bowel and lacking the ileocecal 
valve were less likely to be liberated from PN 
[28]. Furthermore, the absence of the ileocecal 
valve commonly promotes small bowel bacterial 
overgrowth; if the overgrowth is significant, it 
can alter vitamin B12 absorption and bile salt 
metabolism [29, 30].

 Colon

The colon has a role in the absorption of water, 
electrolytes, and short-chain fatty acids 
(SCFAs). The colon may also slow intestinal 
transit, via feedback loops. In addition to its role 
in sodium and water absorption, the colon nor-
mally plays a small but significant role in sal-
vaging energy via absorption of SCFAs, 
primarily acetate, butyrate, and propionate. An 
estimated 10–20% of the total daily energy 
requirement can be absorbed from the colonic 
mucosa, via specific receptors for SCFAs [31]. 
The undigested carbohydrates in the proximal 
gut are fermented by colonic bacteria- yielding 
SCFAs. In patients with SBS with a remaining 
colon, it has been shown that the colon can 
absorb as much as 20% of the energy require-
ments for patients consuming soluble fiber in 
their diet, yielding fermentable substrates for 
the colonic bacteria [18, 32]. Further, the forma-
tion of SFCAs by the gut microbiota may also 
hormonally compensate for deficits that are a 
result of short bowel. As previously discussed, a 
decrease in peptide YY as a result of ileal resec-
tion or inflammation ultimately results in shorter 
luminal exposure in the proximal gut due to lack 
of gastric emptying delay. It has been shown 
that SFCAs induce peptide YY secretion through 
activation of specific receptors on enteroendo-
crine L cells [33, 34]. Clinically, this suggests 
that ileal resection with associated decrease of 
peptide YY could potentially be mitigated by 
microbiota producing SCFAs to induce peptide 
YY secretion.

 Phases of Intestinal Adaptation 
Following Resection

After a massive enterectomy, or loss of mucosal 
absorptive surface, the intestine begins to adapt 
within days of the loss. This adaptation can con-
tinue for over 2 years before it reaches maximal 
maturity. Intestinal adaptation can be categorized 
into three different phases—Phase 1, the acute 
phase; phase 2, the primary period of intestinal 
adaption; and phase 3, the late period after full 
intestinal adaptation has occurred. Each presen-
tation will be dependent upon the specific etiol-
ogy, preexisting conditions, and extent of bowel, 
either lost or nonfunctional.

Phase 1 can be considered as the acute phase, 
which may last for 1–2  weeks. This phase is 
characterized by significant fluid and electrolyte 
losses, often resulting in voluminous diarrhea 
[35]. During this early phase, after correction of 
volume deficits, the highest priority goal is the 
administration of PN to make up for the nutrient 
losses and prevent fluid and electrolyte abnor-
malities. An H2-receptor antagonist (H2RA), or 
proton pump inhibitor (PPI), should be consid-
ered, at least initially intravenously, to suppress 
gastric hypersecretion. PPI has been shown to be 
better than H2RA at decreasing both acid and 
volume of gastric content. By minimizing gastric 
hypersecretion, a decrease in pancreatic and bili-
ary secretion is noted, secondary to removing the 
stimulus for excessive pancreatic exocrine secre-
tion stimulated by acidification of the duode-
num. In patients with jejunal resection, gastric 
emptying of liquids is more rapid, although the 
total intestinal transit time may remain normal. 
The “ileal brake” can compensate for this ileal 
resection- induced increased transit time [35]. 
Additionally, in distal intestinal resection 
patients and patients without a residual colon, 
there is a loss of inhibition on gastric emptying, 
because there is significant decrease in peptide 
YY, glucagon- like peptide 1, and neurotensin 
[36]. Once the patient’s volume status and elec-
trolytes are stabilized, slow introduction of 
enteral feeding is indicated. This can be adminis-
tered either orally or by feeding tube. A percuta-
neous endoscopic gastrostomy (PEG) tube can 
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be  considered, if long-term need for tube feeding 
is expected (>30–60 days). The use of PEGs are 
controversial but should be considered if oral 
intake is limited. Continuous tube feedings in the 
postoperative period have been shown to increase 
net absorption of lipids, proteins, and energy, 
compared to intermittent oral feeding [37]. 
Furthermore, enteral feedings, either via oral 
intake or tube feeding, have been shown to stim-
ulate long-term intestinal adaptation via feed-
back mechanisms from GI hormones which have 
trophic effects [38].

Phase 2 can take up to 2–3 years for matura-
tion to fully complete. During this phase, the 
intestine adapts to ensure maximal efficiency of 
the absorption per unit length. Muscular and 
mucosa hypertrophy is noted along with mucosal 
and villous hyperplasia, with greater villus height 
and crypt density in compensatory distal small 
bowel after proximal small bowel resection than 
in compensatory proximal small bowel after dis-
tal small bowel resection [39]. Intestinal hor-
mones and growth factors promote structural and 
functional changes. The result is an increase in 
cell number, as well as cell size [40]. The intes-
tine hypertrophies, and the villus height increases, 
effectively increasing the surface area for more 
efficient absorption [15, 41]. Phase 3 is the late 
period after full adaptation has taken place. 
Generally, the length of remaining small bowel 
necessary to prevent long-term dependence of 
PN is approximately 100 cm, in the absence of a 
functional colon, or 60 cm of small intestine in 
the presence of a normally functioning colon [15, 
41]. In animal models for SBS and now in some 
human trials, enteroglucagon, glucagon-like pep-
tide II (GLP-2), epidermal growth factor, growth 
hormone, CCK, gastrin, insulin, and neurotensin 
appear to contribute to the intestinal adaptation 
response [42].

 Diagnostic Method and Clinical 
Assessment

Clinical laboratory assessment of nutritional sta-
tus in gut failure is similar to the clinical assess-
ment for any acute or chronic disease. No specific 

lab testing, other than that for serum citrulline 
levels, has shown benefit over routine nutrition 
parameters. Citrulline is a nonprotein amino acid 
with the majority of citrulline being produced by 
the enterocyte from dietary arginine. Citrulline 
has been proposed as a “surrogate biomarker” for 
short bowel. It is not exactly clear whether serum 
citrulline levels reflect enterocyte mass or relative 
enterocyte function or possibly both. Several cli-
nicians routinely dealing with gut failure have 
suggested that measuring serum citrulline may 
constitute an objective, quantitative, relatively 
simple, and reproducible parameter to give an 
estimate of the quantity of functional enterocyte 
mass. Serum citrulline appears to be relatively 
independent of current nutritional status, the 
presence of gut local inflammation, location of 
intestinal resection, and the exact etiology of the 
loss of mucosal mass. Serum citrulline is also 
independent of age and the various etiologies of 
intestinal failure, such as villous atrophy, radia-
tion enteritis, chemotherapy-induced enteropa-
thy, and acute rejection of small bowel transplant 
[39, 43–46].

 Radiologic Evaluation of Gut Failure

The radiologic evaluation of gut failure should 
be tailored to the etiology of the failure and 
considerations of the plan for future potential 
interventions. A multimodal imaging regimen 
to best evaluate remaining anatomy, inflamma-
tion, and other intra-abdominal abnormalities is 
often required. An attempt should be made to 
evaluate viable length of bowel. An upper gas-
trointestinal (UGI) series, with small bowel 
follow-through (SBFT), is the mainstay to eval-
uate length, gross structure of the small bowel 
mucosa, and presence of entero-entero fistulae. 
Fistulagrams should be part of any evaluation 
of enterocutaneous fistula. Fistulagrams can be 
extremely helpful in determining whether or 
not surgery, if any, will be of value in correcting 
some of the metabolic complications of gut 
failure. Whenever possible, these diagnostic 
radiologic studies should be done with a mem-
ber of the primary team  taking care of the 
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patient to ensure adequate communication of 
findings.

Many of the anatomical relationships noted 
earlier can also be seen on CT or CT enterogra-
phy. It can be critical prior to any consideration 
for surgical exploration that all possible anatomic 
information be obtained. CT angiography may 
also help with surgery planning to identify altered 
arterial supply due to surgical division of proxi-
mal arterial pedicles, leading to enteric vascular 
supply from collateral vessels. MRI has been 
suggested in imaging of intestinal failure patients 
due to its sensitivity for detecting severe adhesive 
or inflammatory disease, but this is less common 
in clinical practice [47]. A thorough workup often 
includes both UGI with SBFT and CT enterogra-
phy [48, 49].

 Medical Management of Intestinal 
Failure

Medical management of intestinal failure is mul-
tifaceted and consists of fluid and electrolyte 
management, pharmacologic management, and 
nutrition including dietary modifications and 
enteral and/or parenteral nutrition therapies. 
Management strategies should be defined by the 
physiology and anatomy of the patient and their 
stage of intestinal adaptation.

 Fluid and Electrolytes

After a massive enterectomy, or loss of large 
segments of mucosal absorptive surface, 
patients may experience extreme gastric hyper-
secretion resulting in significant fluid and elec-
trolyte losses. Initial management of patients 
with gut failure primarily involves supportive 
care, including management of sepsis and post-
operative complications. When stable from the 
initial phase of resuscitation, volume status and 
weight should be closely monitored (e.g., sto-
mal, fecal, and urinary losses) to ensure optimal 
hydration and electrolyte balance status. 
Sodium chloride, potassium chloride, and mag-
nesium are the primary ions likely to require 

replacement in the acute phase of intestinal 
resection.

Acid-reducing medications are integral in 
managing fluids and electrolytes by decreasing 
gastric hypersecretion. These medications may 
be needed in the acute phase and more chroni-
cally as gastric hypersecretion can persist up to 
6 months post-intestinal resection [12]. Their use 
is described in more detail in the pharmacology 
section.

As adaptation occurs dependence upon paren-
teral fluid and electrolytes may improve however, 
for those with extensive resection or nonfunc-
tional remaining bowel that lack a colon often 
suffer from dehydration and salt depletion. Fluids 
typically used include normal saline IV fluids 
parenterally, normal saline flushes enterally via 
feeding tubes, and oral rehydration solutions for 
patients consuming fluids orally. The oral rehy-
dration solutions are glucose polymer-based 
where the glucose promotes salt and water 
absorption by solvent drag [50]. The optimal 
sodium concentration of the oral rehydration 
solutions should be at least 90 mmol/L, which is 
the concentration of the small bowel effluent 
[51]. Oral solutions with lower sodium concen-
tration may result in increased sodium losses. For 
patients with a residual colon in continuity, oral 
rehydration solution may still be of value, but the 
amount of sodium in the solution may be not 
extremely critical, because the colon can absorb 
sodium and water against a steep electrochemical 
gradient [50]. Avoidance of hypertonic fluid is 
recommended becuase it will cause shifts of fluid 
for dilution from the intravascular space to the 
gut lumen. Similarly, if hypotonic solutions are 
consumed, electrolytes will be required to 
increase the solute composition for optimal 
absorption as the fluids travel through the GI 
tract.

In addition to sodium losses, large quantities 
of magnesium can be lost in the jejunal and ileal 
effluent [52]. There are two primary mechanisms 
responsible for hypomagnesemia in intestinal 
failure. Magnesium binds with unabsorbed fatty 
acids in the intestine and is lost in the effluent or 
stool output. The second, more indirect mecha-
nism of magnesium loss is increased excretion 

M. Warren et al.



225

of magnesium by the kidneys as a result of sec-
ondary hyperaldosteronism. Secondary hyperal-
dosteronism occurs as the body attempts to 
retain sodium chloride and maintain water 
absorption [53].

Magnesium deficiency may result in second-
ary calcium deficiency, because hypomagnese-
mia impairs the release of parathyroid hormone 
[54]. These electrolytes, therefore, should be 
monitored and replaced as appropriate 
(Table 11.3). Chronic hypomagnesemia in intes-
tinal failure can be difficult to replete due to the 
laxative effect of oral magnesium supplementa-
tion. Reducing intestinal secretion and stool out-
put and maximizing intestinal absorption can 
improve overall fluid and electrolyte status for 
intestinal failure patients. Pharmacological strat-
egies are discussed in the next section.

 Pharmacology

Pharmacologic management during the acute 
phase generally involves decreasing gastric 
secretions and intestinal losses and maximizing 
intestinal fluid absorption. Antisecretory agents, 
antidiarrheal agents, and trophic agents have all 
been used in order to manage the severe malab-
sorption and diarrhea that result from intestinal 
failure. Patients may require or select combina-
tions of agents for maximal response.

 Antisecretory Agents

Histamine receptor antagonist (H2RA) or proton 
pump inhibitors (PPIs) are initially given intrave-
nously to suppress hypergastrinemia-induced 
gastric acid hypersecretion and limit volume loss 
[15, 32, 55]. PPIs have been shown to be more 
effective than H2RA in decreasing gastric vol-
ume secretion. These are usually given at a dose 
higher than the routine acid reducing level (e.g., 
omeprazole 40 mg BID or rarely TID).

Octreotide, a long-acting analog of native 
somatostatin, is occasionally used in the acute 
setting for its antisecretory function. Octreotide 
inhibits the secretory stimulants of serotonin, 

gastrin, secretin, CCK, vasoactive intestinal 
polypeptide (VIP), and motilin [56]. Use of 
octreotide results in the reduction of fluid and 
electrolyte output [57], but octreotide and other 
somatostatin analogs also have several metabolic 
drawbacks. Octreotide has been known to 
increase gallbladder stasis, resulting in choleli-
thiasis [58]. Doses of octreotide (usually over 
250 μg three times per day) cause alterations in 
blood glucose levels, due to inhibitory effects on 
insulin secretion. Though octreotide has been 
shown to reduce fluid and electrolyte output in 
SBS patients, it is also expensive, and its clinical 
effect is diminished over time [53]. It is most 
often used as a last-line agent in those who are 
unresponsive to other pharmacological 
strategies.

Clonidine, which acts via an alpha-adrenergic 
agonists mechanism, commonly used for blood 
pressure control, has also been shown to stimu-
late small bowel fluid absorption and inhibit 
anion secretion. It has limited benefit and must be 
used with caution in the intestinal failure 
 population, as these patients commonly have 
 hypovolemia, and the use could contribute to 
hypotension.

 Antidiarrheals

Antidiarrheal agents slow transit and minimize 
diarrhea by increasing nutrient enterocyte contact 
time. Loperamide (Imodium) and diphenoxylate- 
atropine (Lomotil) are two of the most common 
antidiarrheal agents. They exert their effects on 
intestinal opioid receptors, slowing bowel transit 
through reduction of circular and longitudinal 
muscle activity.

Loperamide is the first-line anti-motility or 
antidiarrheal agent as it does not cross the blood- 
brain barrier, whereas diphenoxylate-atropine 
does lead to central nervous system side effects 
such as confusion, euphoria, lethargy, and dizzi-
ness [59]. In patients with ileostomies, loper-
amide has been shown to reduce stool output by 
approximately 20%; however some patients do 
not respond at all [60]. Doses can be titrated to a 
maximum of 32  mg per day. It is typically 

11 Management of Intestinal Failure



226

 administered 30–60  min prior to meals and at 
bedtime for maximal effect. Loperamide is avail-
able over the counter or as a prescription and is 
typically considered as the first-line antidiarrheal 
agent.

Diphenoxylate-atropine or Lomotil crosses 
the blood-brain barrier as mentioned previously 
and has potential for creating dependence. It 
requires a prescription and is a schedule V med-
ication due to the possibility of dependence and 
potential for overdose. The maximum recom-
mended dose is 30 mg/day. Some clinicians use 
diphenoxylate-atropine alone or in conjunction 
with loperamide as antidiarrheal agents. It is 
also important to remember that abruptly stop-
ping diphenoxylate-atropine can result in with-
drawal [57].

Bile acid-binding resins such as cholestyr-
amine are bile acid sequestrants that will bind 
unabsorbed bile acids and prevent bile acid- 
induced (choleretic) diarrhea. In patients with 
less than 100 cm of ileum resected, unabsorbed 
bile acids pass on to the colonic lumen and are 
metabolized by bacteria to lithocholic acid, 
resulting in secretory diarrhea. In the patient with 
colon present and limited distal ileum, cholestyr-
amine can be given at maximum doses of 24 g/
day. In cases of more extensive ileal resection, 
patients may lose more bile acids than can be 
replaced through liver synthesis, and cholestyr-
amine may exacerbate fat malabsorption and fat- 
soluble vitamin deficiencies. If cholestyramine is 
used, it is important to monitor for improvement 
in diarrhea and fat-soluble vitamin deficiency.

Narcotics are occasionally used in refractory 
diarrhea, as they can dramatically decrease tran-
sit time. Narcotic agents such as codeine, mor-
phine, paregoric, and tincture of opium have been 
used with success and should be individualized 
as needed. Clinical considerations for narcotics 
include potential medical contraindications, cost, 
availability, and lack of insurance coverage. 
Often nonadherence to clinical treatment is 
related to the patient’s inability to afford the 
treatment.

Pancreatic enzymes have limited to no benefit 
in intestinal failure, although they are occasion-
ally tried if maldigestion is considered.

 Glucagon-Like Peptide 2 Analogs

Glucagon-like peptide 2 analogs have recently 
been approved by the Food and Drug 
Administration for use in humans. They are mar-
keted under the name teduglutide for patients 
with gut failure resulting from short bowel. 
GLP- 2, which is secreted from the distal small 
bowel colon mucosa, has been shown to be the 
key agent in stimulating intestinal adaptation 
[61, 62]. Other GLP-2 agonists are in final stages 
of FDA approval. In 2005, Jeppesen examined 
the use of teduglutide for 21 days in SBS patients 
and reported a significant decrease in fecal wet 
weight and loss of nutrients in the stool while 
increasing villus height and crypt depth [62]. 
Jeppesen later carried out a 24-week, phase III, 
placebo controlled trial showing that teduglutide 
significantly increased rates of gut autonomy in 
intestinal failure. These results were maintained 
in a 2-year trial of teduglutide which also showed 
no realized adverse health effects of long-term 
teduglutide use [63]; continued long-term trials 
must be carried out to determine the effects of 
long-term teduglutide more definitively. A num-
ber of other studies have supported these claims, 
which resulted in fewer days of PN needed. 
Several potential side effects must be considered 
to include mucosal overgrowth at the ostomy 
site, potentially leading to bowel obstruction 
(reported from 4% to 9%). The potential promo-
tion of other GI epithelial tumors must be con-
sidered. Fujioka et  al. found that in two 
randomized, double- blind, phase III studies of 
patients administered teduglutide—a glucagon-
like peptide 2 analog—patients who also 
received narcotics were more likely than those 
only receiving teduglutide to have abdominal 
complaints (pain, nausea, vomiting). There are, 
however, very few randomized controlled trials 
concerning narcotic use and intestinal failure 
[64]. Consequently, these should be used with 
caution, secondary to the significant side effects 
these narcotic agents have. Criteria for use of 
glucagon-like peptide analogs include patients 
with short bowel syndrome that require PN or IV 
fluids more than three times per week for greater 
than 1  year. Patients must be optimized  
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medically and  nutritionally and able to demon-
strate adherence to therapies. Finally precautions 
to using these trophic agents include active GI 
malignancy, stricture, active Crohn’s disease, 
biliary or pancreatic disease, etc. [65] 
(Table 11.5).

 Nutritional Management

A comprehensive nutrition assessment in 
patients with intestinal failure should include a 
thorough review of weight changes, dietary his-
tory, medication usage, GI symptoms, signs of 
micronutrient deficiencies, lab data, and history 
of IV access or enteral feeding devices. GI and 
surgical history is imperative to maximize util-
ity of nutrition therapies and patient outcomes. 
For patients with short bowel syndrome, diet 
modifications have been beneficial in terms of 
reducing stool output and improving nutritional 

status; however, it requires detailed education 
by the medical team and motivation and com-
mitment on the part of the patient. Enteral and 
parenteral nutrition therapy play important 
roles in different stages of intestinal failure as 
well. Though the type of therapy can be very 
important, it is critical to weigh the clinical 
benefits of rigorous diet recommendations ver-
sus the potential consequences to the patient 
such as unpalatable diets, the cost, and the psy-
chological, social, or cultural impact on the 
patient’s life.

 Dietary Management

Carefully planned dietary modifications can pro-
mote optimal intestinal function. Luminal nutri-
ents increase splanchnic blood flow, upregulate 
nutrient transporters, stimulate digestive 
enzymes, and promote intestinal motility and 

Table 11.5 Methods to control high ostomy or stool output (goal < 2.0 L/day)

Treatment Result Recommendations/guidelines
Antidiarrheal agents Slows small bowel motility and decreases 

secretion, increases absorption, increases 
anal sphincter tone

Imodium (loperamide)
  Max dose 32 mg/day
  Does not cross blood-brain barrier
Lomotil (diphenoxylate-atropine)
  Max 12 tabs/day
  Drowsiness (crosses blood- brain barrier)
  Anticholinergic side effect of dry mouth
Codeine
  15–60 mg PO QID
  Use with other antidiarrheal agents
Tincture of opium
  (10 cm3 TID)
  Start 0.15 mg. 75 TID to QID, caution 

CNS side effects
  Regular dosing is key

Other Clonidine
  (0.05 mg BID to 0.15 mg BID)
  Use with other antisecretory agents
  Alpha-2 adrenergic agonist

Histamine 2-receptor 
antagonists (H2RAs)

Reduces gastric secretions Ranitidine
  20–40 mg PO/IV/BID
Famotidine
  150–300 mg PO/IV BID

Proton pump inhibitors 
(PPIs)

Decreases gastric acid and indirectly 
biliopancreatic secretions

Doses up to 20–40 mg BID to TID

Antisecretory Reduces GI secretions and motility Octreotide
  100–300 mg TID SQ
  Side effects rise with dose
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mucosal growth. The process of nutrient assimi-
lation and absorption is highly regulated in the 
healthy GI tract. In cases of intestinal failure, the 
intestinal tract’s reserve capacity and ability to 
assimilate nutrients is disrupted or reduced. 
However, the intestine capacity will adapt over 
time to endogenous and exogenous stimulation 
and develop a new nutritional homeostasis. 
Effective and timely diet therapy along with an 
understanding of the pathophysiology and phase 
of intestinal failure may decrease dependence 
upon parenteral nutrition therapy or IV hydration 
over time.

In general, patients with SBS-related intesti-
nal failure will consume energy more than two 
times their basal energy expenditure. It is theo-
rized that neuroendocrine signaling increases 
sense of appetite and thirst, resulting in hyper-
phagia, in order to compensate for intestinal 
insufficiency and malabsorption. Some patients 
have increased their oral intake by as much as 
four times their energy expenditure and are able 
to avoid parenteral nutrition support [66]. Though 
hyperphagia increases energy intake, it may also 
result in worsening diarrhea and excessive loss of 
nutrients. SBS patients are predicted to absorb 
approximately one-half to two-thirds as someone 
with normal bowel length and function. Ongoing 
assessment of dietary intake, stool output, and 
micronutrient levels is necessary.

Specific dietary recommendations are based 
on remnant intestinal anatomy, more specifically, 
the presence or absence of the terminal ileum and 
colon. Not only does the colon reabsorb fluids 
and electrolytes, it has an energy-recovering role 
as described earlier. The bacteria in the colon 
degrade complex carbohydrates into short-chain 
fatty acids that are then utilized by the body for 
energy. For these reasons, having 50% of the 
colon in continuity is equivalent to having an 
additional 50 cm small intestine [66]. In patients 
with short bowel syndrome and a preserved 
colon, a low-fat, carbohydrate-rich diet is recom-
mended. Steatorrhea or fat malabsorption is com-
mon in intestinal failure. Steatorrhea also leads to 
loss of fat-soluble vitamins, calcium, magne-
sium, and zinc. Nordgaard et al. investigated the 
effect of a high-fat diet to a high-carbohydrate, 

low-fat diet on fecal energy loss. Absorption of 
energy increased 20%, while patients with colon 
in continuity were on the low-fat, carbohydrate- 
rich diet [18]. Patients with colon in continuity 
may also benefit from a low-oxalate diet. Oxalate 
is a natural substance found in many foods that 
can only be absorbed in the colon (Table 11.6).

In normal absorptive physiology, oxalate 
binds tightly to dietary calcium in the proximal 
small bowel and is excreted in the stool as a rela-
tively insoluble calcium oxalate. With fat malab-
sorption, however, dietary calcium preferentially 
binds to free fatty acids, allowing oxalate to pass 
into the colon, where it is taken up by the colonic 
mucosa, especially in the inflamed colon. Once 
absorbed and circulating, oxalate is filtered by 
the kidney, is concentrated, and results in nephro-
calcinosis and nephrolithiasis [41]. This issue is 
made more severe when the urine is acidic caus-
ing the oxalate to precipitate. Acidic urine is 
common in short gut failure patients as a result of 
this population taking vitamin C supplements. 
Patients with SBS with colon continuity, there-
fore, should be on a low oxalate-containing diet 
and consume calcium-rich foods or take calcium 
supplements to reduce the risk of oxalate stone 
formation.

Conversely, patients without a colon in conti-
nuity (end jejunostomy) may be able to tolerate 
higher fat intake without compromising energy 
absorption, fluid, and monovalent electrolytes; 
however, there may be an increase in divalent 
 cation losses such as calcium, magnesium, zinc, 
and copper [66]. The benefits of fat in the diet 
include improved palatability, intake of essential 
fatty acids, and higher energy density. Once diet 
recommendations have been provided, ongoing 
dietary surveillance is imperative to understand 
the impact on the patient. If a patient, who has a 

Table 11.6 Foods rich in oxalates

Spinach
Bran flakes
Rhubarb
Beets
Potato chips
French fries
Nuts and nut butters
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colon in continuity, is attempting to follow a low- 
fat diet as recommended but is not able to con-
sume adequate energy on a low-fat diet, the diet 
recommendations should be liberalized to include 
more fat. On the other hand, if a patient with an 
end jejunostomy is eating a high-fat diet, supple-
mentation with calcium, magnesium, zinc, and 
copper will likely be necessary.

Lactose restriction is commonly recom-
mended by medical providers in SBS; however, 
at least a small amount is often well tolerated by 
most patients. Restricting lactose eliminates 
many calcium-rich foods from the diet and sig-
nificantly reduces overall calcium intake. 
Decreased calcium intake will contribute to the 
development of osteoporosis that is commonly 
seen in the SBS population. In addition, as men-
tioned previously, for patients with a colon in 
continuity, adequate calcium intake is important 
to reduce the risk of calcium oxalate stones. It is 
recommended to only restrict lactose in individu-
als who are known to be intolerant. See Table 11.7 
for a summary of nutritional management 
principles.

 Micronutrient Supplementation

Micronutrient status should be carefully moni-
tored and supplemented as appropriate. Water- 
soluble vitamins are primarily absorbed in the 
proximal jejunum, so it is unusual to have defi-
ciencies, except in patients with relatively high 
jejunostomies or high-output proximal enterocu-
taneous fistulae. Thiamine deficiency has been 
reported in gut failure patients on PN and should 
be replaced to prevent Wernicke’s encephalopa-
thy and beriberi [67, 68]. Erythrocyte transketo-
lase appears to be the most accurate biomarker 
for thiamine deficiency, and activity should be 
determined, although this requires the sample to 
be sent to regional labs, so if sent out for assay, 
the patient should be supplemented until results 
are returned. Empiric therapy should be started 
with 100 mg of thiamine daily [21]. In patients 
with >60  cm terminal ileum resection, vitamin 
B12 should be replaced at 300 μg/month either 
subcutaneously [69, 70] or intranasally. The 

intranasal supplement option has been approved 
but remains relatively expensive. Fat-soluble 
vitamin (A, D, E, and K) deficiencies are com-
mon in patients with gut failure, or for those hav-
ing undergone surgically related bowel 

Table 11.7 Nutritional management principles in 
chronic gut failure

GI anatomy Dietary management principle
All patients with 
intestinal failure

Chew foods thoroughly
Small frequent meals
Minimize simple sugars or 
concentrated sweets (desserts, 
sodas, candies, pastries, etc.)
Avoid sugar alcohols 
(sugar-free foods, liquid 
medications, sugar-free 
chewing gums)
Consume high amount of 
complex carbohydrates, 50% 
or more of calories (pasta, rice, 
potatoes, breads, etc.)
Consume high biological value 
protein, 20–30% of calories 
(eggs, dairy, meat, poultry, 
fish)
Do not limit lactose unless 
necessary

Colon in continuity
(Absorb more fluid 
and sodium than 
nutrients)

Oral rehydration solutions may 
be needed in some patients
Low to moderate fat intake, 
less than 30% of total calories
Low oxalate diet (see 
Table 11.6)
Soluble fiber intake, 
5–10 grams (oatmeal, oat 
cereal, oat bran, lentils, 
legumes, apples, psyllium, 
guar gum, pectin)

End jejunostomy or 
ileostomy (absorb 
more nutrients than 
fluids)

Limit fluids with meals to ~ 4 
ounces
Drink more fluids between 
meals
Oral rehydration solutions as 
fluids to drink
Avoid hypertonic fluids (soda, 
juices, sweetened beverages)
Limit hypotonic beverages 
(coffee, tea, water, diet sodas, 
alcohol)
Increase salt intake with salty 
foods, salt shaker
Moderate to high fat intake, 
30–40% of total calories
Usual fiber intake
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malabsorptive procedures. This includes bariatric 
procedures, like duodenal switch or Roux-en-Y 
gastric bypass, where fat-soluble vitamin defi-
ciency has been reported in up to 60% of patients. 
Besides the malabsorptive effect of resection or 
bypass, the short bowel patient may develop ste-
atorrhea, which subsequently results in decreased 
micelle formation and fat digestion as a result of 
maldigestion and not true malabsorption [71]. 
Trace metals, such as zinc and selenium, are lost 
in the feces and will generally need replacement.

 Enteral Nutrition

Though parenteral nutrition may be the primary 
treatment in the acute phase of intestinal failure, 
attempts at enteral nutrition should always be 
made when oral intake is not possible in efforts to 
decrease dependence on IV nutrition support. 
Enteral nutrition (EN), via feeding tube that ter-
minates in the stomach, should be started gradu-
ally and administered continuously at first to 
optimize nutrient intestinal mucosa contact. 
Several publications have suggested a formula 
with partially hydrolyzed proteins or peptides 
may be of benefit, although no randomized clini-
cal trials have proven benefit over a more com-
plex formula with intact proteins. Elemental or 
semi-elemental formulas with hydrolyzed pro-
teins also include medium-chain triglycerides 
(MCTs) and long-chain triglycerides (LCTs) as 
the fat source. MCTs have the advantage of dual 
absorptive mechanisms, via the lymphatic system 
and directly into the portal vein by enterocyte 
mechanisms. Although beneficial in many mal-
absorptive etiologies, no significant study has 
shown dramatic benefit of specific nutrients in 
SBS or other etiologies of gut failure. In addition, 
semi-elemental or elemental formulas that con-
tain hydrolyzed proteins and MCTs tend to have 
higher osmolality and are much more expensive 
than standard enteral formulas. Formulas with 
intact protein and a combination of MCT and 
LCTs as fat source in patients without a colon 
and in addition a soluble fiber supplement in 
patients with a colon in continuity may be benefi-
cial [72].

Glutamine, considered a conditionally essen-
tial amino, has been shown to be the primary fuel 
for the small bowel enterocyte. As such, it has 
been subject to numerous clinical trials in various 
animal and human models of bowel compromise. 
It appears to be most beneficial when combined 
with human recombinant growth hormone and 
high-soluble fiber diets. The results of these stud-
ies suggest a positive influence of glutamine and 
human recombinant growth hormone on weight 
gain and energy absorption. This effect appears 
to be self-limited to short-term benefit while 
receiving this combination and rapidly returns to 
pretreatment status upon stopping the glutamine 
and growth hormone [73, 74]. The growth hor-
mone studies with or without glutamine have 
been abandoned since the clinical use of GLP-2 
derivatives has shown significantly greater 
benefits.

 Parenteral Nutrition

Generally, most patients with massive enterec-
tomy will need to be supported, at least initially, 
with PN.  For normally nourished and active 
patients, PN should be given at roughly 
25–30  kcal/kg/day, based on ideal body weight 
[21]. Initially, serum glucose should be moni-
tored at least four times daily, and should have a 
goal between 120 and 180  mg/dL, with insulin 
added at an initial dose 0.1  U/g of dextrose as 
needed. Intravenous lipids are generally used to 
supply 20–30% of infused calories. Protein 
should be delivered in the range of 1.5–2.0 g/kg/
day, based on ideal body weight. Initially, PN is 
infused continuously. PN should be considered a 
temporary fix, while all attempts to utilize the 
remaining viable intestine are made. The need for 
PN may be lifelong, if adaptation has not com-
pensated for the loss of mucosal mass within 
1–3 years. Once a patient is stable, PN should be 
infused intermittently over 10–16  h, with a 
30–60 min taper, as tolerated by cardiac, renal, 
and volume status [75, 76].

The transition from hospital to home total PN 
should involve extensive education of the patients 
and their families, prior to hospital discharge 
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[76]. Instructions should be given not only for 
catheter care, but working knowledge of intrave-
nous pump and sterile principles for dressing 
changes should be provided. In addition, the 
issues of maintaining hydration, glycemic con-
trol, and consequences of not maintaining elec-
trolyte and volume appropriately should be 
addressed.

If the patient ultimately achieves gut auton-
omy and graduates to enteral nutrition, either via 
volitional oral intake or tube feedings, it is criti-
cal to develop an effective plan for weaning. The 
two most common PN weaning practices include 
maintaining daily durations of PN while decreas-
ing the caloric content and volume, or maintain-
ing the energy content and volume but decreasing 
the number of days of PN per week as the patient 
increases enteral intake. During the weaning 
period, it is especially critical to regularly moni-
tor nutrition labs and stay in close contact with 
the patient and their care team to evaluate for 
signs of nutritional compromise or fluid and vol-
ume issues [77].

 Complications of Long-Term 
Parenteral Nutrition

 Hepatic Complications

Long-term PN use can result in a broad spectrum 
of liver conditions generally referred to as intesti-
nal failure-associated liver disease (IFALD). 
Conditions associated with IFALD include ste-
atosis, steatohepatitis, fibrosis, cholestasis, and 
ultimately biliary cirrhosis [78–80]. A report 
from France suggests that <50% of adult patients 
on PN for >5  years will develop complications 
[81]. In a report from the USA, as many as 15% 
of patients on PN >1 year will develop end-stage 
liver disease [82]. Recent studies suggested that 
liver disease associated with long-term PN is not 
likely caused by insufficient production of nutri-
ents required for normal hepatic function but 
rather direct toxic effects of PN [83–86]. Several 
mechanisms have been suggested as the etiology 
including toxicity from phytosterols and chronic 
pro-inflammatory state secondary to sole source 

of soy-based lipid emulsions. The incidence of 
IFALD has been significantly decreased with the 
use of fish oil-containing lipid emulsions. These 
mixed lipid emulsions containing soy, MCT, 
olive oil, and fish oil are now available in the 
USA since 2016 [87]. No doubt the routine use of 
the newer intravenous lipid emulsions including 
the soy-olive oil emulsions and the soy-olive- 
MCT-fish oil as well as the pure fish oil emul-
sions used for rescue therapy will yield long-term 
improvements in correcting and preventing 
PNALD [88].

 Catheter-Related Complications

Safe and accurate delivery of HPN relies upon 
PN administered via meticulously maintained 
central venous catheters by motivated patients 
and/or well-trained caregivers. To limit compli-
cations, patients and caregivers should have 
ready access to a multidisciplinary team of pro-
fessionals to troubleshoot any problems before 
life-threatening situations occur. Early diagnosis 
and treatment of complications, including 
catheter- associated blood stream infection 
(reported incidence 0.14–0.83 episodes/patient- 
year on HPN) and central venous thrombosis 
(reported incidence 0.03 episodes/patient-year), 
is important to minimize morbidity and mortality. 
There is a significant variation in the reported 
incidence of both hepatobiliary complications 
(19–75%) and advanced liver disease (0–50%). 
In a 1994 report, The Oley Foundation registry 
indicated that PN patients were hospitalized 
approximately once per year for catheter-related 
complications [4]. Messing et  al. found that 
among patients with intestinal failure requiring 
chronic PN, mortality was over 50% during a 
64-month median follow-up, with more than 
30% of those deaths related to sepsis [15]. This is 
very similar to what is reported today with 5-year 
survival rates in large HPN programs; results are 
reported as being between 60% and 78%, with 
survival primarily related to underlying diagnosis 
and sepsis [75].

Moukarzel et al. found that in long-term pedi-
atric PN patients, the mean functional life span of 
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a central venous catheter was 22.4 months, with 
25% of catheters being removed, secondary to 
thrombus [89]. In 1154 years of patient follow-
 up, the estimated incidence of catheter thrombo-
sis is approximately 0.2 episodes per 1000 
catheter days [90]. When all usual central veins 
have been clotted or become nonviable for PN 
infusion, alternatives include translumbar or tran-
shepatic access to the inferior vena cava. 
Occasionally when local expertise is available, 
major venous occlusion can be cleared with inter-
ventional radiology techniques and stents.

 Other Long-Term Parenteral Nutrition 
Complications

Renal dysfunction [91], metabolic bone disease 
[92], memory deficits [93], and biliary complica-
tions [15] have been reported among patients 
who require long-term PN and are beyond the 
scope of this brief review.

 Microbiome in Intestinal Failure

It has now been well validated that intestinal 
microbiota influences the physiology, nutritional 
status, immune function, and overall health status 
of the host [94, 95]. Patients with intestinal fail-
ure have an extremely “artificial” microbiologic 
environment. Invasive techniques (which elimi-
nate or dramatically alter natural barriers) and the 
use of multiple medications (which affect GI 
motility, luminal pH, bile acids, blood flow, and 
mucosal oxygenation) radically influence gut 
microbiota variety and the metabolic products of 
the microbiota such as the volatile organic acids. 
These changes in the gut microbiota accompany 
the often major changes in intravascular volume 
and blood flow to the GI tract, which commonly 
occur in the gut failure population. Therapeutic 
measures commonly involved and used in hospi-
talized and ICU patients can cause dramatic 
changes in the mucosal redox potential and pH at 
the gut epithelial interface.

In addition to the iatrogenic issues causing 
changes in the microbiome, the physiologic stress 

response of the host induced by illness, surgery, 
or trauma has been shown to cause significant 
changes on the mucosal microenvironment, 
through alterations in bile salts, pH, redox poten-
tial, and mucosal energy supply [96]. Several 
investigators have reported in a variety of stress 
models, including gastrointestinal failure, a rapid 
depletion in intestinal luminal phosphate. This 
luminal phosphate depletion induces normally 
nonpathogenic bacteria, viable in the intestinal 
lumen, to undergo a phenotypic change and 
become extremely pathogenic in some species. 
These stress-induced mucosal changes result in 
downregulation of mucus production and upregu-
lation of virulence factors in the endogenous bac-
teria, which facilitate attachment and invasion of 
the host epithelial barrier [97, 98].

Microbiota presiding in the host GI tract are 
felt to interact not only between species but also 
with the intestinal mucosa of the host. Many of 
these effects yield benefits. The ability to manip-
ulate and potentially exploit these microbial 
changes noted in intestinal failure has become the 
focus of research only in recent years [99, 100].

In intestinal failure, the potential to capitalize 
on the beneficial effects of the bacterial symbi-
otic relationships has significant possibilities to 
alleviate many of abnormalities seen in failure. 
These mechanisms of benefit include enhance-
ment of the physical epithelial barrier, by increas-
ing production of mucins (which adhere to 
intestinal mucosa), production of bacterial anti-
microbial peptides inhibiting overgrowth of 
pathogens, concomitant inhibition of pathogen 
adhesion, and competitive exclusion of the patho-
genic microorganisms [101]. Certain microbiota 
have been shown to aid specifically in maintain-
ing integrity of gap junctions [102], while others 
enhance host-cell antimicrobial peptide produc-
tion, which reduces epithelial adherence of 
pathogens [103]. Manipulation of the host 
 microbiota in the ICU setting has been shown to 
modulate metabolic and immune responses [99]. 
Novel investigative approaches of the microbi-
ome in intestinal failure may help shift the para-
digm for the future.

The diagnostic utility of the microbiome is 
limited by the generally unclear results of 
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 microbiome analysis. However, certain patterns 
in colonic bacterial diversity have been linked to 
intestinal failure. Lactobacilli, which make up a 
very small subset of the bacterial population in 
healthy patients, proliferate in the colon of the 
intestinal failure patient, dominating the typi-
cally predominant anaerobic strains; this micro-
environment has been aptly referred to as a 
“lactobiome.” The cause of this proliferation is 
likely multifaceted. One proposed explanation is 
short bowel length contributing to greater partial 
pressure of oxygen in the colon, resulting in a 
hostile environment for anaerobes [104]. The 
best clinical outcomes may include manipula-
tions of gut bacteria in intestinal failure, not 
from attempting to kill gut bacteria, as is com-
monly done today. The concept of bioecological 
control in intestinal failure is currently in its 
infancy and will rapidly develop. Fecal micro-
bial transplant may be an option in some patho-
logic states of SBS once the safety and 
physiology is worked out.

 Surgery in Intestinal Failure

Surgery is rarely indicated in management of 
intestinal failure. Once sepsis is controlled and 
abscesses are drained, the need for surgery is for 
occasional access for EN support. Percutaneous 
endoscopic gastrostomy (PEG) is occasionally 
helpful for both feeding and in serving as a vent-
ing gastrostomy for chronic obstruction or 
pseudo-obstruction. If remaining colon or distal 
small bowel is present and not in continuity, one 
should consider restoring bowel continuity. Even 
placing short segments of colon back into conti-
nuity can aid tremendously with fluid and elec-
trolyte balance. Bowel lengthening procedures, 
commonly used in short bowel patients in pediat-
rics, such as serial transverse enteroplasty (STEP) 
and the Bianchi procedure, have limited, if any, 
use in adults [105]. A newer alternative to these 
bowel lengthening procedures is spiral intestinal 
lengthening and tailoring (SILT), first described 
in 2011 [106]. The SILT procedure is similar to 
the STEP procedure in that it does not disrupt the 
orientation of the muscle fibers but has the advan-

tage of minimal handling of the mesentery. 
However long-term data does not yet exist, and 
data in the adult population is far too scarce to 
determine the efficacy of this treatment with 
respect to gut autonomy [107]. Small bowel 
transplant is obviously the ultimate surgical 
option for intestinal failure and is reported with 
variable success, depending on populations 
involved [108, 109]. The frequency of bowel 
transplant as treatment for intestinal failure has 
decreased over the last decade as a result of 
improved nutritional, pharmacologic, and PN 
treatment. Intestinal transplant bears significant 
risk of complication, including extremely high 
likelihood of postoperative infection, acute cel-
lular rejection, chronic kidney disease, posttrans-
plant lymphoproliferative disease, and 
graft-versus-host disease [110]. The general con-
sensus is now that small bowel transplant is 
reserved for those patients who develop life- 
threatening complications of PN.

 Conclusions

 1. Patient therapy and goals should be individu-
alized to meet postsurgical intestinal anatomy 
or the extent of viable functional bowel fol-
lowing an insult and mucosal loss.

 2. The introduction of oral nutrition or tube feed-
ing into the lumen of the bowel is essential to 
maximize adaptation of remaining functional 
bowel.

 3. The importance of patient and family educa-
tion working closely with a multidisciplinary 
team cannot be overemphasized. This educa-
tion needs to include the management of fluid 
and electrolyte imbalance, oral rehydration 
principles, the use of antimotility agents, the 
medications to optimize outcome and mini-
mize readmissions, and the consequences for 
failing to comply with instruction.

 4. Parenteral nutrition is a key element for almost 
all patients with gut failure, especially in the 
early phases. The majority of patients will 
attain gut autonomy and be able to liberate 
themselves from the need of PN within 
1–3 years.

11 Management of Intestinal Failure



234

 5. It is common for patients with gut failure to 
need occasional supplemental intravenous 
fluid and electrolyte supplementation, even 
when they are able to maintain body weight 
and nutrition status with EN or volitional oral 
intake. The appropriate and timely use of 
pharmacologic agents such as antimotility, 
antisecretory, mucosal growth stimulants, and 
less commonly surgery must be highly indi-
vidualized due to the variety of etiologies and 
variable presentation of intestinal failure.
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 Basic Science of Enteral Feeding

Feeding the gut with enteral nutrition (EN) is 
beneficial and is the recommended approach for 
almost all disease states that surgeons encounter. 
The benefits of enteral feeding are both nutri-
tional and immunologic. While parenteral nutri-
tion may provide macro- and micronutrients, 
direct stimulation of the GI tract with enteral 
nutrition creates additional immunologic benefits 
beyond the provision of protein and calories.

Recent insights into the pathophysiology of 
the role of the intestine during the body’s response 
to stress have highlighted three key mechanisms 
[1]. These include the loss of intestinal epithelial 
integrity, alterations in the microbiome [2], and 
reductions in the function of intestinal immune 
function. Under normal conditions, the intestinal 
crypts produce multipotent stem cells which dif-
ferentiate during the migration toward the tip of 
the villus. Once at the tip, they are sacrificed via 

apoptosis or sloughing into the lumen. The entire 
process from creation to sacrifice takes less than 
a week. Gut mucosal defense mechanisms 
include luminal factors such as gastric acids and 
secretory IgA and IgM, antimicrobial factors 
which prevent colonization of pathogens, physi-
cal barriers such as mucous layers and tight junc-
tions, and mechanical factors such as 
desquamation and peristalsis [3]. During physio-
logical stress or gut disuse, the system begins to 
become compromised. This time- and severity- 
dependent process leads to an environment for 
systemic inflammation, infection, and ultimately 
multi-organ failure [3, 4]. In addition, the sys-
temic inflammatory response and its associated 
hormone milieu increases total body protein 
breakdown [5]. This catabolism also drives ongo-
ing acute and chronic inflammation which con-
tinues for a minimum of 4–6  weeks after the 
initial physiologic insult [6].

 Nutritional Assessment

Management of all surgical patients should 
include a nutritional plan, ideally in the preopera-
tive period regardless of the urgency of the proce-
dure. The first step in any nutritional plan should 
be a nutritional assessment. While there are mul-
tiple assessment scores described [7], guidelines 
from the European Society for Clinical Nutrition 
and Metabolism (ESPEN) recommend using the 
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NRS-2002 score for assessment of elective surgi-
cal patients [8]. This scoring system evaluates 
body mass index (BMI), nutritional intake, 
weight loss, and severity of illness to quantitate 
nutritional risk as mild, moderate, or severe. 
ASPEN guidelines [9] recommend the NRS- 
2002 or NUTRIC score to assess critically ill 
patients. Each of these take into account not only 
patient comorbidities but also the degree of 
inflammation or critical illness.

Patients at high nutritional risk should be con-
sidered for more “intense” nutritional interven-
tion. This includes the use of early (at times 
intraoperative) nasoenteric or even surgically 
placed feeding access. Early nutritional support 
has found to be effective reducing complica-
tions, decreasing hospital length of stays, and 
being cost-efficient [10]. Additionally, limiting 
the fasting period prior to anesthesia induction 
(preoperatively or between operative proce-
dures) leads to better outcomes by decreasing 
the glycemic response to stress. Clinically, 
patients require fewer units of insulin to achieve 
glycemic control and have lower instances of 
postoperative nausea and vomiting [11] and 
decreased rates of ileus. This effect is particu-
larly pronounced in the diabetic and geriatric 
patient populations. Current recommendations 
are for those without an increased risk of aspira-
tion to receive clear liquids (containing glucose) 
up to 2 hours before induction of anesthesia in 
the preoperative period [12].

Furthermore, there is evidence that minimal 
stoppage of enteral feeds in the preoperative 
period or even feeding during an operation is safe 
for nutritionally high-risk patients. No increase in 
adverse outcomes were noted, and increased 
nutritional content was provided [13, 14]. Though 
beyond the scope of this chapter, the nutritional 
components of enhanced recovery programs uti-
lized in almost all departments of surgery can be 
applied to patients receiving enteral nutrition.

 Feeding Access

Ideally, all patients would be able to take in all 
necessary nutrients by eating a standard diet 

composed of adequate macro- and micronutrients 
from whole foods. However, this is frequently 
not possible for a variety of reasons. Anticipating 
who will be able to consume sufficient nutrients 
postoperatively can be challenging though cer-
tain high-risk patients can be identified preopera-
tively regardless of the urgency of the intervention 
required. Part of the preoperative nutrition evalu-
ation should be addressing the means by which 
nutrition will be provided and anticipating the 
time for which supplemental nutrition will be 
needed.

Aspects to consider include the patient’s pre-
operative nutritional status, pre-existing comor-
bidities such as facial fractures or other alterations 
in normal facial anatomy, oropharyngeal dyspha-
gia or esophageal motility disorders, gastropare-
sis, paraesophageal hernias (especially types III 
and IV), or other pathologies that might limit the 
ability to place bedside feeding access. As we 
have seen with prior assessment scores, the 
underlying pathology with which they present 
will also affect which options may be available 
for perioperative nutritional supplementation.

Patients who are identified as being malnour-
ished preoperatively should be given strong con-
sideration for at least 7–10  days of prehospital 
nutritional repletion prior to elective procedures 
[9]. This may take the form of nutritional supple-
mentation, tube feeding via nasoenteric access, 
or even parenteral nutrition. Patients at high 
nutritional risk who must undergo urgent or 
emergent operations should be strongly consid-
ered for surgical feeding access to minimize the 
potential time period of nutritional deficiency 
postoperatively. Recognizing this cohort at the 
time of presentation can facilitate the discussion 
of feeding access prior to operation and set 
expectations for the postoperative period.

Nasoenteric feeding tubes can be utilized for 
most patients who may otherwise not be able to 
take nutritional orally, namely, those with 
anorexia or dysphagia. However, consideration 
for those who may have relative or absolute con-
traindications to nasoenteric access should be 
considered prior to operation. Frequently those 
with significant maxillofacial fractures, esopha-
geal varices, severe PEH, obstruction or ileus, 

B. Collier et al.



243

severe shock, intestinal ischemia, high-output 
enterocutaneous fistula (ECF), or severe intesti-
nal hemorrhage are contraindicated from enteral 
feeding and should be considered for early nutri-
tional therapy such as PN while the feasibility of 
enteral nutrition is being evaluated and reevalu-
ated on a daily basis.

The debate between nasogastric and nasojeju-
nal placement of a feeding tube should not delay 
initiation of enteral feeding. While nasojejunal 
placement may decrease the risk of gastric intol-
erance and pneumonia rates in critically ill 
patients, nasogastric tube placement is frequently 
easier and more efficient. Nasogastric tubes can 
easily be placed intraoperatively or at the bed-
side. However, with nearly 1000 patients, 12 
studies, over 20  years, and a moderate to high 
recommendation from the ASPEN guidelines, 
small bowel feedings were favored with a lower 
rate of pneumonia. Interestingly, initial feeds can 
and should be started in the stomach. However 
some of the evidence suggests we should pursue 
distal feeds. How hard and how long we should 

spend to accomplish this is not clear. Therefore, 
the concept of aspiration or aspiration risk should 
be considered when deciding the need for distal 
access and enteral nutrition (Fig. 12.1).

Prior to initiation of tube feeding, confirma-
tion of blindly placed feeding access is required. 
Appropriate positioning of enteral access can be 
confirmed using portable X-ray, fluoroscopy, or 
proprietary electromagnetically guided place-
ment device (EMPD) technology. Any of these 
devises can be used to reduce potential feeding 
access placement into the airway or confirm 
which portion of the gastrointestinal tract the 
access resides.

Recently, the use of EMPD has been safely 
trialed for the placement of post pyloric feeding 
tubes. Powers et al. demonstrated a 97.2% suc-
cess rate using EMPD with a nurse-driven proto-
col [15]. Only 8% of the 904 feeding tubes placed 
in this study required X-ray confirmation. In 
another study by the same authors, the rate of 
agreement between EMPD and X-ray confirma-
tion achieved a 99.5% agreement rate [16]. The 

NRS ≤ 3

NUTRIC < 5

NRS ≥ 5
NUTRIC ≥ 5
Malnourished

EN OK

Tolerated
≥ 80% @ 5 days

Tolerated < 60% goal
for ≥ 5 days

Nutritional 
Assessment

Low Risk

Hold PN x 7 days
Diet as tolerated

High Risk

Early EN* Early PN

Continue until 
100% nutrition 
via volitional PO

Supplemental PN

PO ≤ 50% for
7 days

Supplemental EN

NRS = Nutritional Risk Screening, 2002
NUTRIC = NUTrition Risk in the Critically ill score
EN = Enteral nutrition
PN = Parenteral nutrition

* Initiate trophic feeds within 24-48 hours, 
preference for high protein (1.5 g/kg IBW)

EN Contraindicated

Fig. 12.1 Initiating 
enteral nutrition

12 Enteral Nutrition



244

advantages of a protocol using EMPD include 
immediate recognition of misplaced feeding 
tube, reduction in radiation exposure, possible 
earlier initiation of tube feeds, and reduced cost 
[17]. Though the placement of blind, endoscopic, 
fluoroscopic, and now EM-guided placements 
have all been described, local practice patterns 
will frequently determine which method is most 
efficient. Ultimately, all techniques should be in 
the surgeon’s armamentarium to facilitate ade-
quate, safe enteral access.

 Nutritional Intervention

Early feeding provides numerous benefits to the 
surgical patient. This benefit is reflected in the 
ASPEN guidelines from 2016 which recommend 
initiation of enteral feeding in most critically ill 
patient populations within 48 hours of admission. 
“Can this patient eat?” should be the first ques-
tion regarding nutritional repletion. To judge the 
appropriateness of initiating enteral nutrition (PO 
or tube feed) the “CAN WE FEED” mnemonic 
can be helpful to bring to mind the relevant ques-
tions regarding feeding a surgical patient [18] 
(Table 12.1).

Is there a benefit to feeding early versus 
allowing a short period of limited nutrition post-
operatively? Recently the concept of autophagy 
has suggested that there may be a beneficial 
effect of limiting nutrition to upregulate the 
body’s ability to process large damaged proteins 
(such as mitochondrial structures) that may 
accumulate from critical illness. While there are 
no clinical markers of autophagy currently avail-

able, the mechanisms underlying this process are 
well described.

However, the concern for downregulating the 
processes of autophagy is balanced by the bene-
fits to the immunity of the patient. Robust clinical 
trials have confirmed that outcomes are improved 
with early feeding. A recent meta-analysis of 
feeding within 24  hours of critical illness con-
firmed that when comparing early enteral feeding 
to delayed enteral feeding, early enteral feeding 
leads to decrease mortality and pneumonia rates 
[19]. Lower infection rates, for example, pneu-
monia, clinically support the theory of gut stimu-
lation and suppression of the systemic 
inflammatory response. ESPEN and ASPEN 
guidelines also reinforce early feeding but define 
“early” as within 48 hours of admission.

The effects of early enteral feeding are not 
limited to critically ill patients. Multiple studies 
have demonstrated the benefit of feeding postop-
erative patients early without an increased risk of 
feeding-related complications. The effect was 
most recently confirmed in a systematic review 
of 879 patients from nine studies that showed a 
decrease in colorectal anastomotic leaks on uni-
variate analysis [20]. While this effect did not 
persist on multivariate evaluation, there is likely 
no increased risk to anastomotic integrity with 
early feeding.

The goal of most nutritional plans is to achieve 
near-target caloric goals. Obstacles to achieving 
the full intake required for nutritional repletion 
include access, feeding intolerance, gastric dys-
motility, ileus, diarrhea, and feeding interrup-
tions for procedures. It is unclear what the 
relationship between these complications and the 
amount of enteral feeding provided may be. Data 
supports the hypothesis that provision of full 
macronutrient requirements is no better than 
hypocaloric or trophic feeds (approximately 
60–70% of goal) in critically ill patients. The 
EDEN trial [21] found that trophic feeding did 
not increase mortality, infections, or ventilator 
days. The full nutrition group had more episodes 
of emesis, high gastric residual volumes (GRV), 
and constipation. While full caloric provision 
may not improve outcomes, repletion of protein 
may be more important than calories. Nicolo [22] 

Table 12.1 Mnemonic “CAN WE FEED?” to facilitate 
safe initiation of enteral nutrition

Critical illness severity
Age
Nutrition risk screening
Wait for resuscitation
Energy requirements
Formula
Enteral access
Efficacy
Determine tolerance
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demonstrated that after adjusting for  confounders, 
protein intake >80% goal was associated with 
improved 60-day mortality. Energy or calorie 
intake >80% of goal after adjustment did “not” 
demonstrate that same benefit. The emerging 
theory is that high-protein, hypocaloric nutrition 
may be the best approach for critically ill patients; 
however this theory has not been tested in an 
adequately powered prospective trial [23].

The role for immune-enhancing formulas has 
become potentially narrower after recent publica-
tions failed to show benefit, and suggested poten-
tial harm, in critically ill patients fed with a 
glutamine and/or omega-3 fatty acid supplement 
[24]. However, a role for immune modulating 
formulas does exist for malnourished patients 
undergoing major cancer surgery. This recom-
mendation is based on a number of meta-analyses 
that demonstrate decreased infectious complica-
tions and shortened length of stay utilizing these 
formulas in patients undergoing major surgery on 
the GI tract with or without a cancer diagnosis 
[25–27]. Additionally, parenteral glutamine sup-
plementation received a Grade B recommenda-
tion from ESPEN for patients who cannot be fed 
enterally and require PN. Part of this recommen-
dation was based on work by Zeigler et al. [28], 
which demonstrated safety with glutamine. On 
the other hand, the REDOX study examined glu-
tamine and antioxidants in patients with severe 
sepsis [29]. Because of the negative results, much 
less enthusiasm for these individual components 
of immune-enhancing formulas has been 
expressed. This has resulted in even less use of 
immune-enhancing formulas in all patient popu-
lations despite the REDOX negative results being 
applicable to sepsis patients with already estab-
lished organ failure. Other patient populations 
who may benefit have yet to be completely 
elucidated.

 Complications of Enteral Nutrition

The benefits of enteral nutrition are many but 
must be weighed against the possibility of com-
plications. Most complications of enteral nutri-
tion are relatively minor but dramatic responses 

such as aspiration or mesenteric ischemia can 
create provider reticence. As with any therapy, 
nutritional support must be managed actively to 
avoid potential morbidity. However, this process 
should not dissuade providers from providing a 
therapy that can dramatically improve outcomes.

 Aspiration
Aspiration is a feared complication of enteral 
feeding as it can lead to sudden and impressive 
patient morbidity and mortality, specifically aspi-
ration pneumonitis precipitating rapid cardiovas-
cular collapse. Pneumonia from silent aspiration 
is another important cause of prolonged hospital 
stay and poor discharge disposition. Risk factors 
include advanced age, neurologic pathology, pro-
longed intubation, and gastroesophageal reflux. 
Patients at risk for aspiration should be assessed 
at the bedside by a nurse or speech language 
pathologist. Those patients with dysphagia that 
preclude oral intake should have feeding access 
established for nutritional therapy. Ironically, any 
tube, including the smallest caliber tubes that 
pass from the esophagus to the stomach, can 
increase reflux by creating an incompetent lower 
esophageal sphincter. Furthermore, it is difficult 
to predict which patients may aspirate and which 
will not. The practice of using gastric residual 
volumes as a predictor of who is at risk for com-
plications from aspiration or regurgitation, while 
common, is not supported with literature [30].
This does not mean that one should be apathetic 
with respect to managing patients at high risk for 
aspiration. Simple maneuvers can have profound 
effects, especially in combination. Protocols or 
bundles that include elevating the head of bed to 
at least 30 degrees at all times and providing oral 
hygiene are useful and should be applied broadly. 
Additional interventions can be utilized based on 
the patient’s condition. Speech therapists should 
be utilized for patients taking an oral diet, while 
subglottic suctioning will be useful for an intu-
bated patient. A full rendering of these approaches 
is beyond the scope of this chapter.

 Bowel Dysmotility
Tube feed intolerance can be related to dysfunc-
tion of the stomach (gastroparesis), small bowel 
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(ileus), or even the colon (pseudo-obstruction). 
After operative intervention, altered gastric emp-
tying and discoordinated bowel motility can 
increase the risk of enteral feeding. An element 
of these syndromes is universal; however the 
degree can vary greatly based on the patient, the 
hormonal milieu created postoperatively, anes-
thetic agents, and pre-existing conditions. 
Waiting for return of bowel function before initi-
ating any enteral nutrition is, as previously dis-
cussed, to be avoided unless that patient is 
actively nauseated or vomiting or has a nasogas-
tric tube for decompression with high outputs. 
Patients who are clinically obstructed prior to 
operative intervention may also benefit from a 
delay in initiation of nutrition.

However, in the absence of a strong indication 
to withhold nutrition, the gut may take feedings 
before clinical return of bowel function. In fact, 
early initiation of enteral nutrition may improve 
return of bowel function and decrease anasto-
motic leak rate [31–33].

Pharmacologic support has been shown to 
have a modest improvement in treating feeding 
intolerance in patients with functional slowing of 
the GI tract [34]. The two agents used most fre-
quently are metoclopramide and erythromycin. 
Data suggests that the two agents work best when 
used in combination. In fact their mechanisms of 
action are complementary. Metoclopramide is a 
dopamine antagonist and decreases elevated 
dopamine levels associated with depressed gas-
tric emptying [35]. Erythromycin acts on motilin 
receptors in the small bowel to improve motility 
[36]. While these agents can have side effects, in 
particular QTc prolongation, a trial for patients 
with feeding intolerance can improve nutritional 
administration.

 Diarrhea
Diarrhea is common in the hospitalized patient 
and can have many causes. Typical definitions of 
diarrhea in noncritically ill patients are more than 
three bowel movements a day or a measured vol-
ume greater than 250  cc. Definitions in ICU 
patients are more variable resulting in an inci-
dence that ranges between 2% and 63% [37]. 
Initial steps in management include ruling out an 

infectious etiology (e.g., Clostridium difficile) 
and looking for reversible causes. Common iatro-
genic causes of diarrhea include antibiotics; med-
ications which may contain sorbitol, magnesium 
or lactose; and H2 blockers [38]. If a reversible 
cause is not immediately apparent, diarrhea often 
can be related to incomplete absorption by the 
recovering bowel. This inability to fully absorb 
nutrition may be due to a number of causes. Tube 
feeds are often hyperosmolar, and the GI tract 
may be incapable of handling the osmotic load. 
Endothelium damaged by sepsis or starvation 
may have damaged the cellular transporters 
involved in appropriate nutrient absorption at the 
brush border. While severe diarrhea must be con-
sidered a sign of enteral nutrition intolerance, 
ongoing stimulation of the bowel should con-
tinue. Fluid and electrolyte corrections should 
occur; adjustment of enteral nutrition rates and a 
daily evaluation of “tolerance” should ensue to 
optimize the calorie and protein provision in 
these critically ill patients. Additionally, consid-
eration should be made for adding fiber supple-
mentation in hemodynamically stable patients 
with persistent diarrhea. While routine use of 
fiber in the ICU is a matter of debate, switching 
to a mixed fiber (soluble and insoluble) or adding 
a fermentable soluble fiber supplement (such as 
inulin or fructooligosaccharides) in noncritically 
ill patients without another cause of diarrhea may 
be beneficial.

Nonocclusive Mesenteric Ischemia
One of the most dreaded yet rare (0.14–3.5%) 
complications of enteral feeding is nonocclusive 
mesenteric ischemia (NOMI) leading to small 
bowel or more specifically jejunal necrosis [39, 
40]. Enteral nutrition of any kind places an addi-
tional metabolic load on the bowel. In most cases, 
the increased cellular metabolism is inconse-
quential, and the benefits of nutrition outweigh 
any risk. However patients with shock may not be 
able to tolerate any additional metabolic burden. 
To help avoid the risk of NOMI in patients with 
shock of any etiology, tube feeding should be 
held until the patient is properly resuscitated. 
Though beyond the scope of this chapter, defined 
endpoints of resuscitation for specific patient 
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populations should be selected. When these 
points of resuscitation are reached, early enteral 
nutrition should be started. Both the events 
should be able to occur within 24–48 hours for 
the vast majority of patients.

Patients with distributive (particularly septic) 
and cardiogenic shock may require vasopressor 
support for prolonged periods. Determining the 
appropriate time to initiate enteral nutrition is 
ultimately at the judgment of the provider, but the 
astute clinician should consider the physiology of 
the shock state in relation to the additional meta-
bolic load placed on the bowel [41]. In septic 
shock, some data suggests a trophic amount of 
nutrition will stimulate vasoconstriction counter-
acting the pathologic mesenteric vasoplegia of 
the disease state. However, patients in cardio-
genic shock may have a fixed cardiac output and 
may not be able to compensate for any additional 
metabolic load placed upon the tenuous blood 
flow to the bowel [42]. When the decision to initi-
ate enteral nutrition in a patient with shock is 
made, we recommend monitoring for bowel isch-
emia with clinical examination and adjuncts such 
as serial lactate measurements or more advanced 
techniques such as gastric tonometry.

 Failure of Enteral Nutrition

When do we consider a patient to have failed EN 
and start PN? This is an unfortunately common 
situation where a surgical patient who is at high 
nutritional risk does not seem to be taking ade-
quate volitional intake despite return of bowel 
function and an intact swallow mechanism. 
Attempts to determine precise amounts of caloric 
intake are fraught with challenges, and the patient 
is reticent to increase the intensity of nutritional 
supplementation to a more invasive means. Many 
patients can be identified as high risk preopera-
tively. European guidelines recommend initiating 
early EN with 24 hours of surgical intervention 
for patients anticipated to take less than 50% PO 
for 7 days. High-risk patients are those undergo-
ing major head and neck or GI cancer surgery, 
those with severe trauma especially with a trau-
matic brain injury, and those with preoperative 

malnutrition. If the duration of decreased oral 
intake is expected to last at least 4 weeks (severe 
TBI), surgical gastrostomy tube placement is rec-
ommended. If the patient is unable to tolerate 
60% or greater energy and protein requirements 
within 7–10 days, consideration for initiation of 
supplemental PN should be discussed. Typically 
patients that will benefit from PN should antici-
pate receiving it for at least a week. For patients 
with contraindications to volitional oral intake 
postoperatively, nutritional risk will determine 
the aggressiveness of post-op PN. In those with 
normal nutrition entering the operation 
(Nutritional Risk Screening [NRS] 2002 score of 
≤3 or Nutrition Risk in Critically Ill [NUTRIC] 
score ≤5), PN should be withheld until the sev-
enth postoperative day. Studies [43] have demon-
strated a decrease in infectious morbidity with 
delayed PN initiation. However patients with a 
high nutritional risk (NRS 2002 score ≥5, 
NUTRIC score ≥5, or severely malnourished) 
should have PN started as soon as possible in the 
postoperative period. Patients receiving supple-
mental nutrition via tube or vein should have 
their nutritional goal reassessed regularly, and 
supplementation should continue until the 
patient’s protein and calorie goals are met via 
volitional PO intake. An algorithmic approach 
may be helpful as a general tool to assist with 
decision-making in challenging patient popula-
tions (Fig. 12.1).

 Pancreatitis

Patients with acute pancreatitis should be identi-
fied by the severity of disease. The majority of 
patients (80%) will have mild pancreatitis, 
defined as pancreatitis without systemic signs of 
inflammation. These patients typically have a 
self-limited course and require no specific nutri-
tional intervention or consideration. An oral diet 
is preferred. Patients with more severe disease 
such as SIRS, organ failure, or pancreatic necro-
sis on imaging are considered moderate (organ 
failure resolves <48 hours) or severe (organ fail-
ure persists beyond 48 hours.) While less com-
mon, these patients require special nutritional 
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consideration. There are multiple scoring  systems 
that have been studied to predict those with worse 
outcomes from pancreatitis. While a full discus-
sion is outside the scope of this chapter, it 
behooves the provider to utilize these tools to 
help determine those with more severe disease. 
Frequent reassessment of disease severity is 
advised as patients with initially mild symptoms 
may progress to develop more severe disease. 
Also, it should be noted that patients with pancre-
atitis and alcohol use disorder have a high preva-
lence of being malnourished at baseline and 
providers should have a lower threshold for an 
aggressive approach to nutrient repletion in this 
patient population.

For patients with moderate to severe pancre-
atitis, the standard paradigm for nutritional ther-
apy has traditionally been nil per os status and 
parenteral nutrition. The guiding principle for 
this approach was the belief that stimulation of 
pancreatic enzymes by enteral nutrients will 
exacerbate the cascade of enzyme activation 
leading to worsening pancreatic injury. Further 
clarification has revealed that certain constituents 
are responsible for inducing additional injury. 
These elements include meat protein, long-chain 
fatty acids, calcium, and magnesium, and expo-
sure of these substances into the duodenum 
should be avoided.

When enteral feeding is compared to the typi-
cal approach of NPO plus PN, the data are more 
clear. The recent ASPEN guidelines recommend 
EN over PN for patients with moderate to severe 
acute pancreatitis. While the quality of evidence 
is low, the recommendation is supported with 
three meta-analyses of ten randomized trials. 
Benefits of EN over PN include decreased mor-
tality, decreased infectious complications and 
multi-organ failure, reduced need for surgical 
intervention, and therefore not surprisingly, 
decreased hospital LOS.

Does this mean that all patients with pancre-
atitis requiring nutritional support should be feed 
into the jejunum? In a small prospective trial, 35 
patients with mild to moderate pancreatitis were 
randomized to receive nasogastric feeding versus 

NPO status. Utilizing the Gastroparesis Cardinal 
Symptom Index questionnaire, patients were 
found to have similar scores; however the patients 
fed via NGT experienced earlier return of appe-
tite [44]. Similarly, in a study that directly com-
pared nasojejunal to nasogastric tube feeding 
placement in patients with severe pancreatitis, 
90% of patients were found to reach their target 
nutrient delivery regardless of the placement of 
the feeding tube. These support the concept that 
feeding pancreatitis patients enterally is safe and 
the specific route is less important [45]. In fact, 
patients with pancreatitis are conceptually simi-
lar to other patient populations: nutrition for pan-
creatitis patients should be started within 48 hours 
of hospital admission, and initial feeding intoler-
ance does not mandate discontinuation of EN for 
PN. Patients who fail nasogastric feeding should 
have attempts made to establish jejunal access 
and should be considered for a low-fat, peptide- 
based formula with medium-chain triglycerides 
versus a standard formula. Criteria for starting 
PN on patients with pancreatitis are similar to 
other patient populations: failure to tolerate 
>50% of nutrient goals for a week should prompt 
initiation of PN supplementation.

 Conclusion

Patients undergoing surgical interventions should 
have their nutrition status regularly assessed 
using a standardized tool. Perioperative fasting in 
the elective setting should be limited, and ideally 
patients would follow a standardized enhanced 
recovery pathway. Postoperatively, nutrition 
should be emphasized, and those deemed high 
nutritional risk should have appropriate feeding 
access established early. While achieving full 
caloric intake in the early postoperative period is 
not necessary and may be harmful, patients 
should have PO or enteral feeds started at a set 
rate, and frequent monitoring for complications 
should be maintained. Patients found not to meet 
appropriate protein and calorie goals should have 
an escalation in nutritional intervention.
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 Introduction

Protein–calorie malnutrition (PCM), which 
encompasses major loss of lean body mass and 
body fat stores, with or without concomitant 
depletion of essential micronutrients (vitamins, 
minerals, trace elements) remains common, as 
>1 in every 3 hospitalized patients are malnour-
ished at hospital admission [1]. Recent data from 
the Healthcare Cost and Utilization Project indi-
cates that only 3% are recognized as malnour-
ished and treated. The lack of treatment of 
malnourishment is associated with a fivefold 
increase in mortality in patients who are mal-
nourished relative to patients who are well- 
nourished (11.7% vs. 2.4%) [2].

While the majority of surgical patients will 
advance to oral diet shortly after operation and 
require minimal nutritional intervention, major 
surgery or postoperative complications can delay 

advancement to a full oral diet. The degree of 
PCM is worsened by the stress of operation, 
increased nutritional needs for wound healing, 
and increased metabolic rate related to postoper-
ative recovery, insufficient food intake, and 
repeated catabolic insults [3, 4]. PCM prior to 
and during hospitalization are each associated 
with increased morbidity and mortality, length of 
hospital stay, and added cost of care [4–7].

Preoperative weight loss significantly 
increased postoperative morbidity and mortality 
in patients undergoing gastric surgery, indepen-
dent of age, impaired cardiovascular and respira-
tory function, and type of operation [8]. Various 
pathophysiologic factors contribute to nutritional 
deficiencies among patients undergoing elective 
or major surgery (Table  13.1) [9]. Acute and 
chronic illness, trauma, and inflammation induce 
stress-related catabolism, and drug-induced 
adverse effects may reduce appetite or increase 
nausea and vomiting. In addition, patient man-
agement in the intensive care unit (ICU) may also 
interrupt feeding routines [10]. Identifying mal-
nourished surgical patients and provision of 
proper nutritional support has long been a key 
focus of surgical patients. Research has empha-
sized methods of delivery to minimize surgery- 
associated metabolic changes. Nutrition support 
can be delivered safely with specialized enteral 
and/or parenteral nutrition [11]. This chapter will 
focus on parenteral nutrition (PN), which pro-
vides fluid, calories, carbohydrate, essential and 
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nonessential amino acids, essential fats, vitamins, 
trace elements, and minerals.

 Current Clinical Practice Guideline 
Overview

There is limited published data from well- 
designed, adequately powered intent-to-treat ran-
domized control trials (RCTs) on PN efficacy in 
hospital settings [12, 13]. Therefore, current PN 
utilization is largely based on international guide-
lines by major professional societies [14–16]. A 
caveat regarding efficacy of current PN practices 
is that no rigorous RCT has featured an unfed or 
minimally fed control group; thus the safe dura-
tion for minimal to no feeding in surgical patients 
is unknown [17]. In addition, many of the earlier 
studies were conducted with excessive PN caloric 
doses and liberal blood glucose control strategies 
compared to current practice today, in which 
lower caloric doses (20–25  kcal/kg/day) and 
stricter blood glucose control (140–180  mg/dL) 

are the standards of care. Nonetheless, current 
research suggests that patients with moderate to 
severe generalized malnutrition benefit from PN 
in terms of overall morbidity and possibly mortal-
ity if enteral nutrition (EN) is not possible [8, 18].

Major professional societies have outlined 
clinical practice guidelines for calorie and pro-
tein (as amino acids in PN) intake in hospitalized 
adult medical and surgical patients [14–16]. 
Guidelines for pediatric patients have been pub-
lished but are beyond the scope of this chapter 
[19, 20]. It is important to recognize that caloric 
needs in hospitalized surgical patients, especially 
those with critical illness, can vary significantly 
secondary to serial changes in clinical conditions 
[14, 15]. Optimal caloric and protein intake in 
surgical patients are not well-defined due to a 
lack of current rigorous, randomized, controlled 
clinical trials [14, 16, 17, 21].

 Nutritional Assessment

Complete nutritional status assessment requires 
incorporation of medical and surgical history, 
current clinical and fluid status and tempo of ill-
ness, dietary intake history, body weight history, 
gastrointestinal and functional status, physical 
examination, and selected biochemical tests 
(Table  13.2) [9]. Serum levels of albumin and 
prealbumin can be helpful in outpatient setting; 
however, they are not reliable in the postoperative 
patient because inflammation, infection, lowered 
hepatic synthesis, changes in volume status, and/
or increased clearance can markedly alter blood 
concentrations. On the other hand, serum albu-
min level can be an excellent prognostic indica-
tor, with an inverse correlation between 
postoperative morbidity and mortality compared 
with preoperative serum albumin level [22, 23]. 
Concentrations of specific vitamin and trace ele-
ments are useful to follow in certain at-risk 
patients; however their levels can fluctuate sec-
ondary to volume status, inflammation, and inter- 
organ shifts that require serial levels to guide 
repletion strategies. In addition, body weight 
often changes markedly in relation to volume 
 status [23].

Table 13.1 Pathophysiologic factors that contribute to 
malnutrition in surgical patients

Diminished dietary intake prior to or after surgery 
(e.g., anorexia, pain, altered gastrointestinal function 
awaiting for bowel function to return, NPO status)
Increased catabolic hormones and cytokine 
concentrations (e.g., catecholamines, cortisol, 
interleukins, tumor necrosis factor-α)
Decline in anabolic hormones levels (e.g., insulin-like 
growth factor-I, testosterone)
Resistance to anabolic hormones with subsequent 
underutilization of substrate (e.g., resistance to 
insulin)
Abnormal nutritional losses (e.g., diarrhea, surgical 
drainage, emesis, polyuria, renal replacement therapy, 
wounds)
Decreased protein synthesis secondary to decreased 
physical activity (e.g., bed rest, deceased ambulation, 
chemically induced paralysis)
Medication–nutrient interactions (e.g., corticosteroids, 
diuretics, vasopressors)
Increased requirements for calories, protein, and/or 
specific micronutrient (e.g., with infection, oxidative 
stress, trauma, large wounds)
Iatrogenic factors (e.g., prolonged suboptimal enteral 
or parenteral nutrition provision in relation to 
metabolic requirements)

NPO nil per os
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A simple and practical bedside method known 
as subjective global assessment (SGA) has been 
validated for nutritional assessment and used as 
prognostic indicator of clinical outcomes in sta-
ble patients without significant fluctuation in 
fluid status [24, 25]. The SGA integrates various 
components, such as history of weight loss and 
food intake, functional capacity, gastrointestinal 
symptoms that continued >2  weeks (e.g., diar-
rhea, nausea, and vomiting), and physical exami-
nation (e.g., muscle or fat mass wasting, edema/
ascites, wounds, hair loss, skin breakdown), to 
categorize the degree of malnutrition (e.g., well- 
nourished, mildly malnourished, moderately 
malnourished, or severely malnourished) [24, 
25]. Another method commonly used in European 
hospitals for evaluation of nutritional risk calcu-
lates a nutritional risk score accordingly to body 
mass index (BMI), percent reduction in usual 
food intake, body weight history, age, and sever-
ity of illness [25]. Clinical practice guidelines for 
the identification and documentation of adult 
malnutrition are published by the Academy of 

Nutrition and Dietetics and American Society for 
Parenteral and Enteral Nutrition which consider 
key elements such as percent weight loss history, 
dietary energy intake history, loss of skeletal 
muscle and fat mass, functional status, and pres-
ence of inflammation [14].

 Nutrition Support Goals

Resting energy expenditure (REE) is most com-
monly calculated using traditional predictive 
equations although may over- or underestimate 
REE in surgical patients secondary to changes in 
clinical conditions and/or fluid status [9, 26]. 
Current American and European clinical practice 
guidelines suggest an approximate caloric goal of 
25 kcal/kg/day for most surgical patients, which 
is approximately 1–1.2 times of the measured or 
estimated REE.  For severely stressed patients, 
estimated caloric needs may range higher, from 
25 to 30 kcal/kg/day. Prehospital and preopera-
tive body weight should be used for calculating 
caloric needs because measured body weight in 
the hospital (especially in the ICU) may be influ-
enced by fluid status and can be much higher than 
recent “dry” weight. Ideal body weight (IBW) 
derived from routine tables or equations can be 
used as an alternative when recent dry weight is 
not available and to determine calorie need for 
obese and morbidly obese patients [9].

The provision of adequate amino acides (pro-
tein equivalents) in PN is crucial for cell and tis-
sue function, wound healing, and improving net 
protein balance, especially after major operation. 
The commonly recommended protein dose is 
between 1.2 and 1.5 g/kg/day for most surgical 
patients with normal renal and hepatic function 
(i.e., 50–100% above the recommended daily 
allowance (RDA) of 0.8  g/kg/day); however, a 
dose range of 2.0–2.5 g/kg/day is currently rec-
ommended in patients with certain severely cata-
bolic conditions such as burns, those with large 
wounds, and those receiving continuous renal 
replacement therapy (CRRT) [9, 21]. 
Administered doses of amino acids may need to 
be adjusted downward to 0.6–0.8  g/kg/day in 
relation to the extent and progression of renal 

Table 13.2 Important steps in nutritional assessment of 
hospitalized surgical patients

Assess past medical and surgical history, tempo of 
current illness, and expected hospital/perioperative 
course
Evaluate dietary intake history and previous 
specialized nutrition support utilization
Review body weight changes (e.g., % weight loss 
from usual body weight, rate of loss)
Complete physical examination with attention to fluid 
status, organ functions, and evidence of protein–
calorie malnutrition and skin/conjunctival/tongue 
lesions consistent with vitamin–mineral deficiency
Evaluate gastrointestinal tract status to assess 
feasibility and tolerance for enteral feeding
Determine ambulatory capacity, mental status
Serial evaluation of standard blood tests (organ 
function indices, electrolytes, pH, triglycerides, and 
selected vitamins and minerals if at risk for deficiency)
Assess calorie and protein needs
Determine enteral and parenteral access for nutrient 
delivery

Patients weighing less than 90% of their ideal body 
weight, those with involuntary body weight loss of 
>5–10% of usual body weight in the previous several 
weeks or months, and patients or those with a body mass 
index (BMI) less than 18.5  kg/m2 should be carefully 
evaluated for malnutrition
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dysfunction in the absence of dialysis treatment. 
In the event of acute hepatic dysfunction and 
hyperbilirubinemia, patients are at risk for devel-
oping amino acid-induced hyperammonemia, 
and it may be prudent to administer lower doses 
of amino acids (0.6–1.2 g/kg/day) in relation to 
the degree of acute hepatic dysfunction [9, 21]. 
Protein restriction is generally not necessary in 
patients with stable chronic hepatic dysfunction, 
but clinical judgment is required.

 Timing of Parenteral Nutrition 
Support

The 2016 Society of Critical Care Medicine 
(SCCM)/ASPEN guidelines state: “We recom-
mend that, in patients at either low or high nutri-
tion risk, use of supplemental PN be considered 
after 7–10 days if unable to meet 60% of energy 
and protein requirements by the enteral route 
alone.” Initiating supplemental PN prior to this 
7- to10-day period in critically ill patients on 
some EN does not improve outcomes and may 
be detrimental to the patient [14]. The 2017 
ESPEN guideline for clinical nutrition in surgery 
(recommendation 8) states: “If the energy and 
nutrient requirements cannot be met by oral and 
enteral intake alone (<50% of caloric require-
ment) for more than 7  days, a combination of 
enteral and parenteral nutrition is recom-
mended.” [16]

Diminished caloric intake for 10–14 days after 
major surgery can significantly increase morbid-
ity and mortality [9, 16]. Current guidelines rec-
ommend starting nutrition support within 
3–5 days of operation if the patients were nutri-
tionally at risk preoperatively and are unlikely to 
achieve desired oral intake or enteral nutrition 
[14, 27].

In elective surgery, while there is limited evi-
dence to support preoperative PN in severely 
malnourished patients, some data suggest that 
adequate feeding for at least 7–10 days prior to 
surgery and continued after surgery may decrease 
postsurgical morbidity [23, 28]. Delaying elec-
tive surgery for preoperative nutritional support 
is recommended for patients with one or more of 

the following conditions: lost more than 10–15% 
of actual body weight within 3–6  months, 
BMI <18.5  kg/m2, SGA score grade C (severe 
malnutrition), serum albumin <30  g/L without 
hepatic or renal dysfunction, or an ideal body 
weight <90% [4, 27].

 Indications

In settings when EN either not feasible or toler-
ated, PN is indicated for the following patients: 
(1) after major upper GI surgery when the GI 
tract is not accessible or not functioning (e.g., 
mechanical obstruction, paralytic ileus); (2) after 
extensive small bowel resection with or without 
colonic resection; (3) with perforated small 
bowel; (4) with high-output (>600  mL) and/or 
proximal fistulas that necessitate bowel rest; and 
(5) other conditions leading to prolonged EN 
intolerance (e.g., severe diarrhea, persistent eme-
sis, significant abdominal distention, acute GI 
bleeding, hemodynamic instability, impaired 
gastric emptying, or paralytic ileus) preventing 
sufficient EN provision for >3–7 days [9, 14]. PN 
is contraindicated (not evidence based) for the 
following patients: (1) those with functional GI 
tract and accessibility for EN; (2) fluid-restricted 
patients who cannot tolerate the intravenous fluid 
load provided for PN; (3) those with severe 
hyperglycemia or electrolyte abnormalities at the 
planned day of PN initiation; (4) PN therapy is 
unlikely to be given for >5–7 days; and (5) if new 
access line placement solely for PN causes 
unnecessary risks [9, 14] (Table 13.3).

Table 13.3 Parenteral nutrition (PN) indications in rela-
tion to the feasibility of enteral nutrition (EN)

Absolute contraindications for EN
  Intestinal obstruction
  Ischemic bowel
  Acute peritonitis
Relative contraindications for EN (use PN if EN 
deemed to be not feasible)
  High output fistulas
  Severe malabsorption
  Septic shock with impaired splanchnic perfusion
  Fulminant sepsis
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 Administration

PN solutions can be administered either peripher-
ally through an IV or through a centrally placed 
catheter. These catheters can be placed peripher-
ally (peripherally inserted central catheter “PICC 
line”) or in a non-tunneled fashion percutane-
ously directly into a central vein. The types of PN 
solutions vary. Peripheral PN (PPN) is of lower 
osmolarity that centrally delivered PN (CPN) 
which must be delivered into a central vein. For 
short-term PN needs (<14 days), peripheral intra-
venous IV lines can be used for 10–14 days if the 
patient can tolerate the required fluid load to meet 
amino acid and energy needs. If central vein PN 
is required and is deemed to be needs for 30 days 
or less, a percutaneous non-tunneled central 
venous catheter (PICC) can be used [4, 23]. 
When long-term PN is required, a tunneled, 
cuffed, silicone catheter is preferred (not evi-
dence based). Table 13.4 outlines a comparison 
of peripheral and central vein PN, as well as fluid, 
macronutrient, and micronutrient content. Due to 
risk of phlebitis with hypertonic central vein-type 

PN formulations, peripheral vein PN (PPN) pro-
vides low amount of dextrose (5%; dex-
trose  =  3.4  kcal/g) and amino acids (≤3%; 
4  kcal/g) and a larger proportion of calories as 
lipid emulsion (≤5%; 10 kcal/g; 50–60% of total 
calories) [4, 23]. PPN usually requires a 2–3 L/
day fluid volume to provide adequate protein and 
calorie needs (based on patient body size), which 
limits its use for ICU patients and those require 
fluid restriction due to cardiac, hepatic, and/or 
renal dysfunction. In contrast, central venous PN 
(CPN) is delivered through the superior vena 
cava, which permits hypertonic CPN infusions. 
Thus, CPN can be the concentrated complete 
solutions (1–1.5  L/day), while meeting caloric 
and protein need for vast majority of patients. 
Non-PN hydration fluid rate should be propor-
tionally adjusted in accordance of fluid status 
when PN is initiated [29–31].

PN electrolyte dosing is adjusted as needed 
to maintain normal serially measured serum 
levels. With high and/or low blood levels of 
specific electrolytes, daily dose adjustment may 
be required until serum levels are within the 
normal range. Higher dextrose concentrations 
in CPN may result in increased requirements 
for potassium, magnesium, and phosphorus [4, 
23]. The most recent clinical practice guide-
lines recommend a glycemic goal range in hos-
pitalized adult patients receiving nutrition 
support to be 140–180 mg/dL (7.8–10 mmol/L). 
Separate intravenous insulin drips are com-
monly utilized to prevent hyperglycemia in 
ICU settings [9, 23, 32].

Commercially available amino acid formula-
tion used in PN provides all nine essential and 
several nonessential amino acids [9]. The addi-
tion of glutamine, once thought to be of benefit, 
has been demonstrated to provide no additional 
outcome benefit in multiple RCTs [33–35]. 
Amino acid concentration in PN may need to be 
adjusted for azotemia or hyperbilirubinemia in 
patients with renal and hepatic dysfunction, 
respectively. PN also contains intravenous lipid 
emulsions (LE) as a source of both energy and 
essential linoleic and α-linolenic fatty acids [23]. 
Soybean oil-based LE is the long-standing com-
mercially available formulation in the USA, 

Table 13.4 Sample formulations of typical peripheral 
and central parenteral nutrition

Component
Peripheral vein 
PN

Central vein 
PN

Volume (L/day) 2–3 1–1.5
Dextrose (%) 5 10–25
Amino acids (%) 2.5–3.0 3–8
Lipid (%) 2.5–5.0 2.5–5.0
Sodium (mEq/L) 50–150 50–150
Potassium (mEq/L) 20–35 30–50
Phosphorus (mMol/L) 5–10 10–30
Magnesium (mEq/L) 8–10 10–20
Calcium (mEq/L) 2.5–5 2.5–5
Multivitamins (mL/day)a 10 10
Trace elements/minerals 
(mL/day)b

aMultivitamins are consisted of vitamins A, B1 (thiamine), 
B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6 (pyr-
idoxine), B9 (folate), B12 (cobalamin), C, D, E, biotin, and 
with or without vitamin K. Specific vitamins such as vita-
min B1, B6, B9, B12, C, and K are available as individual 
supplement
bTrace elements/minerals consisted of chromium, copper, 
manganese, selenium, and zinc in various concentrations. 
Only copper, selenium, and zinc are available as individ-
ual supplement
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although a mixed lipid emulsion containing 80% 
olive oil and 20% soybean oil was recently 
approved for adults requiring PN. In Europe and 
other countries, intravenous soybean oil/medium- 
chain triglyceride mixtures, fish oil, olive oil/soy-
bean oil mixtures, and combinations of oils are 
available for use in PN.  A recent double-blind, 
randomized, controlled study in 100 mixed medi-
cal and surgical ICU patients found no differ-
ences in clinical outcomes in patients receiving 
PN containing soybean oil-based lipid emulsion 
versus the group receiving PN containing the 
recently approved olive/soybean oil product [36].

Lipid is typically mixed with dextrose and 
amino acids in the same PN infusion bag (“all-in- 
one” solution) and given with PN over 16–24 h 
[23]. Lipid emulsions may also be used as a sepa-
rate infusion over 10–12 h. The maximal recom-
mended dose of lipid emulsions infusion is 
1.0–1.3  g/kg/day, with monitoring of blood tri-
glyceride levels at baseline and then approxi-
mately weekly and as indicated to assess 
clearance of intravenous fat [4, 9, 17]. Triglyceride 
levels should be maintained below 400–500 mg/
dL by lowering lipid emulsion concentration in 
PN to decrease risk of pancreatitis and dimin-
ished pulmonary diffusion capacity in patients 
with severe chronic obstructive lung disease. A 
typical central venous PN provides 60–70% of 
nonprotein calories as dextrose and 30–40% of 
nonprotein calories as LE [8, 9, 17, 23].

Specific needs for intravenous vitamins and 
minerals have not been rigorously defined for 
hospitalized patients [9, 18, 23]. Therefore, stan-
dardized intravenous preparations of combined 
vitamins and minerals have been added in PN to 
maintain normal blood levels in most stable 
patients (Table  13.3). However, several studies 
show that a significant proportion of critically ill 
patients receiving standard nutrition support may 
variously experience zinc, copper, selenium, vita-
min C, vitamin E, and vitamin D deficiencies 
[23]. Low micronutrient levels can be related to 
pre-ICU depletion, increased requirements pos-
sibly secondary to oxidative stress associated 
with critical illness, and increased excretion and/
or tissue redistribution [23]. Depletion of these 
essential nutrients may impair antioxidant capac-

ity, immunity, wound healing, and other impor-
tant body functions. Thus, as with electrolytes, 
therapy is directed at maintaining normal blood 
levels, with serial measurements in blood as clin-
ically and biochemically indicated.

 Supplemental Parenteral Nutrition

The body of evidence that examines the practice 
of supplemental PN (SPN or PN in combination 
with EN) is limited. A recent Cochrane review 
found insufficient evidence to determine whether 
the combination of EN and PN impacted hospital 
mortality, ventilator-free days, or adverse events 
[10].

 Complications and Monitoring

Administration of PN has been associated with 
infectious, mechanical, and metabolic complica-
tions [9, 18, 23, 27]. Catheter-related blood-
stream infections can occur. Mechanical 
complications are mainly related to insertion and 
use of central venous catheters, such as pneumo-
thorax, hemothorax, thrombosis, and bleeding. 
Proper and safe administration of both peripheral 
and central vein PN requires strict catheter care 
protocols, including the use of designated cathe-
ter ports for PN administration and subclavian 
vein insertion sites for central venous PN [4, 9, 
18, 23, 27].

Potential metabolic and clinical consequences 
of overfeeding and refeeding syndrome during 
PN in critically ill patients are shown in Table 13.5 
[9, 23]. Risk factors for PN-associated hypergly-
cemia include (1) use in obese, diabetic, and/or 
septic patients; (2) poorly controlled blood glu-
cose at PN initiation; (3) initial use of high dex-
trose concentrations (>10%) or dextrose load 
(>150 g/day); (4) insufficient insulin administra-
tion and/or inadequate monitoring of blood 
 glucose; and (5) concomitant administration of 
corticosteroids and vasopressor agents.

Overfeeding can induce several metabolic 
complications of varying degrees of severity 
affecting several organ systems (Table  13.5) 
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[9, 23]. A recent large study found that overfeed-
ing and sepsis were the major risk factors for 
liver dysfunction in critically ill patients [37]. 
Thus, PN should be advanced carefully to goal 
rates and the composition adjusted as appropriate 
based on the results of close metabolic and clini-
cal monitoring performed daily. The calories pro-
vided by dextrose present in non-PN intravenous 
fluids, the soybean oil lipid emulsion carrier of 
propofol, a commonly used ICU sedative, and the 
nutrients provided in any administered EN must 
be taken into account in the PN prescription to 
avoid overfeeding [23].

Refeeding syndrome is well recognized and 
relatively common in at-risk patients (preexisting 
malnutrition or electrolyte depletion; prolonged 
periods of intravenous therapy alone) [9, 38, 39]. 
Refeeding syndrome is triggered by excessive 
intravenous dextrose (>150–250 g or 1 L of PN 
with 15–25% dextrose) which stimulates insulin 
release, rapidly decreases blood potassium, mag-
nesium, and especially phosphorus concentra-

tions due to intracellular shift and utilization in 
metabolic pathways. High doses of carbohydrate 
increase thiamine utilization and can precipitate 
symptoms of thiamine deficiency. 
Hyperinsulinemia may cause sodium and fluid 
retention by the kidney. This, together with 
decreased blood electrolytes (which can cause 
cardiac arrhythmias), can result in heart failure, 
especially in patients with preexisting heart dis-
ease [38, 39]. Prevention of refeeding syndrome 
requires identification of at-risk patients; use of 
initially low PN dextrose concentrations (e.g., 
1  L of PN with 10% dextrose); provision of 
higher PN doses of potassium, magnesium, and 
phosphorus, based on initial and adjusted on 
serial blood levels within the first several days of 
PN administration; and renal function and sup-
plemental PN thiamine (e.g., 100  mg/day for 
3–5 days) [9, 38, 39].

Consultation with an experienced multidisci-
plinary nutrition support team for recommenda-
tions is ideal. Nutrition support team daily 
monitoring has been shown to reduce complica-
tions and costs and to decrease inappropriate use 
of PN [39, 40]. Team approach results in 
improved patient care and therapeutic and eco-
nomic benefits. PN therapy requires monitoring. 
Blood glucose should be monitored several times 
daily, and blood electrolytes and renal function 
tests should be determined generally daily [9, 
23]. Blood triglyceride levels should be measured 
at baseline and then weekly until stabile. Liver 
function tests should be measured at least a few 
times weekly. pH should be monitored generally 
daily in ventilated patients when arterial blood 
gas pH measurements are available [9, 23].

 Home Parenteral Nutrition

Home parenteral nutrition (HPN) was intro-
duced as treatment option primarily for patients 
with long-term intestinal failure [41]. The goal 
of HPN is to prevent and/or correct malnutri-
tion for a period of months or the rest of one’s 
life. HPN is commonly indicated for patients 
with Crohn’s disease, mesenteric vascular dis-
ease, cancer, intestinal failure, and radiation 

Table 13.5 Potential complications of overfeeding and 
refeeding syndromes in patients receiving parenteral 
nutrition

Intracellular shift of magnesium, phosphorus, and/or 
potassium (due to excess dextrose; refeeding 
hyperinsulinemia)
Immune cell dysfunction and infection (due to 
hyperglycemia)
Cardiac dysfunction or arrhythmias (due to excess 
fluid, sodium, and other electrolytes; intracellular/
extracellular shift of electrolytes related to refeeding)
Neuromuscular dysfunction (due to thiamine 
deficiency; electrolytes shifts due to refeeding)
Renal dysfunction or azotemia (due to excess amino 
acid; inadequate caloric provision relative to amino 
acid dose)
Edema or fluid retention (due to excess fluid and/or 
sodium; refeeding hyperinsulinemia)
Elevated liver function tests and/or hepatic steatosis 
(due to excessive calorie, dextrose, or fat content)
Increased blood ammonia levels (due to excessive 
amino acids provision with hepatic dysfunction)
Hypercapnia (due to excessive total caloric provision)
Respiratory insufficiency (due to refeeding-associated 
hypophosphatemia; excess fluid, calorie, carbohydrate, 
or fat content)
Hypertriglyceridemia (due to excessive carbohydrate 
or fat provision; carnitine deficiency)

13 Parenteral Nutrition
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enteritis who cannot meet their nutritional 
needs by EN and who can be treated outside the 
acute care setting [42, 43]. Intestinal failure in 
surgical patients can be caused by obstruction, 
dysmotility, and surgical resection. Current 
practice guidelines do not recommended HPN 
for patients with a short life expectancy for at 
least 40–60  days [42]. HPN is delivered via 
subcutaneously tunneled catheters or implanted 
ports.

HPN therapy is not without risks. Thrombosis 
and catheter occlusion occur while patients 
receive HPN, but catheter-related infections are 
most problematic. Liver dysfunction and meta-
bolic bone disease are also common complica-
tions related to long-term PN. The prevalence 
of catheter-related bloodstream infections 
ranges between 0.16 and 1.09 episodes per 
catheter years, as much as 13.2 episodes per 
1000 catheter days [34]. Recent data strongly 
suggest that ethanol locks, which must be 
administered via a silicone catheter (i.e., not 
via a plastic PICC), may markedly reduce 
PN-associated bloodstream infections, presum-
ably by clearing microbe- containing biofilm on 
the catheter [44]. All available guidelines rec-
ommend routine monitoring by a multidisci-
plinary nutrition support team to minimize 
complications [42].

 Conclusion

Recommendations for the optimal timing for PN 
intervention in surgical patients are consensus 
driven, based on best available evidence. PN is an 
essential and often life-saving treatment for 
patients who cannot tolerate enteral feeding. 
However, PN is not without risk, which can be 
mitigated by meticulous attention to detail, estab-
lishment of multidisciplinary nutritional support 
teams, appropriate balance of components, and 
strict hygiene measures to decrease catheter 
infections. Clinicians should be constantly vigi-
lant about the resumption of enteral nutrition 
when feasible.
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Immunonutrition 
and Supplementation: Pathways, 
Promise, and Pessimism
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 Introduction

Throughout this textbook, the reader is 
impressed with the critical role nutrition plays 
in the neuroendocrine immunoinflammatory 
supersystem. The ever-expanding network of 
links, levers, inhibitions, cross talk, and feed-
back governing the healthful recovery of the 
patient is underpinned by proper nutrition. But 
what if the clinician could use proper nutrition 
as more than just an essential support for recov-
ery, more than just a workbench? What if nutri-
tion actively became a precision tool to effect 
recovery? By tugging just a few well-chosen 
strings upstream in the system—and what could 
be more upstream than food?—a malfunction-
ing neuroendocrine immunoinflammatory 
supersystem could be made to pivot on its axis 
like a puppet and restored to a healthy 
phenotype.

Using food as a tool to shift this system has 
long been an appealing, elegant solution to a 

complex problem. In Greece in the fifth cen-
tury BC, Hippocrates of Cos has been credited 
with the dictum “Let food be thy medicine and 
medicine be thy food.” Although this phrase 
may not actually appear in the Hippocratic 
Corpus, attending to the nutrition of the patient 
was clearly essential in the Hippocratic Oath: 
“I will apply dietetic measures for the benefit 
of the sick, according to my ability and judge-
ment.” A sober understanding of the limits of 
modulating nutrition was also present, “In 
food excellent medication, in food bad medi-
cation, bad and good relatively” [1]. Across 
time and geography, food is an integral rem-
edy in humoral theories of medicine. “Hot” 
diseases can be treated by eating “cold” foods 
or at least abstaining from “hot” foods. Such 
ideas can be found in the writings of Galen of 
Pergamum (Rome, second century AD), Ho 
the Physician (China, sixth century BC), and 
Ibn Sina also known as Avicenna (Persia, tenth 
century AD) [2].

With the work of Antoine Lavoisier in the 
eighteenth century, nutrition began to be exam-
ined from a more molecular scientific perspec-
tive. Prevention of infection became an intense 
surgical focus thanks to the efforts of Sir 
Joseph Lister in the nineteenth century. Using 
bacterial populations as supplements to modu-
late health—today known as probiotics—was 
first promoted by immunologist and discoverer 
of phagocytosis Ilya Ilyich Metchnikoff in the 
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1900s [2]. The 1930s work of Isidor Schwaner 
Ravdin at the University of Pennsylvania on 
nutritional  prevention of laparotomy dehis-
cence in dogs marks the increasing attraction 
of this idea to the surgical community [3]. 
Further popularization ensued with Francis 
D. Moore’s highly influential 1959 Metabolic 
Care of the Surgical Patient and the editions 
that followed.

With the advent of immunosuppression ther-
apies for transplant in the 1980s, immunologic 
research began to blossom. By the 1990s, 
research began to more clearly define immunol-
ogy cell signaling and transduction pathways, 
and it became apparent that immunology is inti-
mately intertwined with basic biochemistry, cel-
lular metabolism, and nutrition. By the late 
1990s and early 2000s, many investigators were 
eager and incentivized to apply these new bench 
science insights directly to patient care. With 
the worldwide attention garnered by the 2002 
inception of the Surviving Sepsis Campaign, a 
broad patient population was defined. An out-
pouring of funded research took place, geared to 
use nutrition to restabilize the critically dysreg-
ulated immune system. Thus evolved our  current 
concept of immunonutrition. Immunonutrition 
is the use of nutritional intervention, either 
enterally or parenterally, to produce effects 
beyond the basic nutrient value and modulate a 
malfunctioning neuroendocrine immunoinflam-
matory supersystem.

Immunonutrition as currently described 
focuses on five components, arginine, glutamine, 
omega-3 fatty acids, nucleotides, and antioxi-
dants, and there is a strong argument to include 
probiotics and prebiotics as immunonutrition. 
The administration of probiotics and prebiotics is 
occasionally cited as ecoimmunonutrition. This 
chapter begins with a brief overview of these 
seven components and mechanistic rationales 
why each is a potential immunomodulator. The 
chapter continues with a summary of the mixed 
clinical evidence for immunonutrition interven-
tions in particular patient populations where it 
might benefit. The chapter concludes with a sum-
mary of current therapeutic guidelines with an 
eye to future developments.

 L-Arginine

Arginine (Fig. 14.1) is one of the six condition-
ally essential amino acids; in infancy and during 
times of stress, the body cannot supply enough 
new arginine quickly enough to meet the demand. 
On the supply side, arginine is not well absorbed 
from the intestine, where it is likely degraded by 
intraluminal arginase, leading to a bioavailability 
of 21–68% [4, 5]. Arginine can be synthesized de 
novo from citrulline. Citrulline is synthesized 
mostly from glutamine by the intestine and then 
sent to the kidney to produce arginine in a so- 
called intestinal-renal axis. However, citrulline 
sources also only account for 10–15% of total 
body arginine production. Accordingly, most of 
the body’s arginine comes from endogenous pro-
tein catabolism (80%) [6].

Arginine demand can be quite high, given its 
participation in multiple biochemical pathways. 
Arginine is key to production of urea, creatinine, 
creatine phosphate, and polyamides like putres-
cine and spermidine useful for cell proliferation 
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and proline for collagen synthesis and wound 
healing. Most importantly, arginine is the direct 
precursor to nitric oxide (NO), a crucial molecule 
for inflammation and hemostasis. NO produced 
by macrophages and neutrophils is a free radical, 
directly toxic to pathogens but also to human 
cells in the setting of asthma and other airway 
diseases. As a vasodilatory molecule, NO is 
released at a constant low level to maintain the 
body’s basal resting vascular tone, opposing the 
pro-inflammatory effect of cell-free hemoglobin. 
Basal NO has been shown to inhibit platelet acti-
vation and adhesion. With higher inflammatory 
levels of NO, further vasodilation occurs, recruit-
ing more cells to the site of injury. The highest 
levels of NO underpin the vasoplegia of septic 
shock [6].

Arginine administration has been shown to 
induce wider system-level effects. Through inhi-
bition of somatostatin, arginine increases secre-
tion of growth hormone and insulin-like growth 
factor-1 (IGF-1). Arginine is a potent secreta-
gogue for glucagon, pancreatic polypeptide, and 
insulin; it also may decrease leptin levels and 
inhibit angiotensin-converting enzyme (ACE). 
Accordingly, there is some older evidence for 
improved blood pressure and insulin sensitivity 
with arginine administration. The arginine to 
polyamide pathway has been linked to autoim-
mune disease [7]. Arginine has been shown to 
improve wound healing through increased colla-
gen deposition and NO activity [8]. As precursor 
to NO, arginine increases macrophage and natu-
ral killer cell function, but it also has been shown 
to enhance B cell differentiation and T cell mito-
genesis, possibly even independently of the thy-
mus. Independently of NO, arginine itself serves 
as an antioxidant, a stimulant of fibrinolysis, and 
an inhibitor of thromboxane B2 and reduces the 
viscosity of the blood [5].

It should be noted arginine plays a complex 
role in tumor biology. Not only is NO a possible 
direct carcinogen as a free radical, but NO also 
plays a role in tumor angiogenesis and inhibition 
of p53, a well-known tumor suppressor gene. 
Arginine may be necessary for the continued 
expansion of some tumors, but it also may sensi-
tize other tumors to the immune system and 

chemoradiotherapy [5]. The role of immunonu-
trition in the treatment of cancer patients is 
explored below, but the prudent clinician should 
be aware that unintended effects are possible 
with such pleotropic molecules.

 L-Glutamine

Glutamine (Fig.  14.1), not to be confused with 
glutamate, is cited as the most abundant amino 
acid in the body, composing 20% of the free 
amino acid pool and 60% of the intracellular pool 
in muscles and the liver, which is 10–100-fold 
greater than any other amino acid. Glutamine is 
readily absorbed by the small intestine, but up to 
30% of dietary glutamine will be retained by the 
small intestine endothelial cells as a primary 
energy source [9, 10]. Glutamine is also synthe-
sized de novo by adipose, lung, and muscle tis-
sues, which can produce 50–80  gm/day for 
healthy adults [11]. Surprisingly, despite what 
would seem an abundant supply, glutamine—like 
arginine—becomes conditionally essential in 
times of stress. This conditionally essential status 
can be explained both by decreased supply from 
diminished muscle production and increased 
demand for glutamine as an intermediate in 
numerous biochemical pathways and as “the fuel 
of the immune system.”

Glutamine participates in multiple crucial bio-
chemical pathways; only a brief summary will be 
possible here. The clinician will recall glutamine 
is a precursor to purines, pyrimidines, gluconeo-
genesis, amino sugars, glutathione (the preemi-
nent antioxidant), the gamma aminobutyric acid 
(GABA) cycle, and the tricarboxylic acid (TCA) 
cycle also known as the Krebs cycle. The TCA 
cycle provides energy to the cell in the form of 
nicotinamide adenine dinucleotide (NADH) and 
flavin adenine dinucleotide (FADH2); it is the 
starting point for acetyl-coenzyme A and lipid 
synthesis. Glutamine serves as an ammonia shut-
tle used by the liver to synthesize urea and by the 
kidney to maintain pH homeostasis. Glutamine 
has also been shown to be involved in extracel-
lular matrix synthesis, the ubiquitin pathway, the 
heat shock protein response, and apoptosis [12].
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Since the 1980s, glutamine has been dubbed 
“the fuel of the immune system,” at least equal 
to and possibly greater than glucose [13]. Partly 
this reflects the need of any rapidly dividing cell 
population for a versatile energy source and 
building block for nucleic acids. But glutamine 
also directly activates extracellular signal-
related kinase (ERK) and c-Jun N-terminal 
kinase (JNK) to increase cell proliferation 
through the mitogen- activated protein kinase 
(MAPK) and activator protein-1 (AP-1) path-
ways. It is also involved in the mammalian tar-
get of rapamycin (mTOR) and nuclear factor 
kappa-light chain-enhancer of activated B cells 
(NFκB) pathways. Different branchpoints of 
immune cell subset differentiation appear to 
regulate glutamine metabolism differently, such 
as M1 and M2 macrophages. T cell differentia-
tion into Th1, Th17, and T regulatory subsets 
can be influenced by manipulating aspects of 
glutamine metabolism and availability. 
Glutamine is also required for B cell transfor-
mation into plasma cells [13].

Similar to arginine, glutamine plays a com-
plex role in cancer biology and is also necessary 
for tumor growth in vitro [14]. In the past, storage 
and administration of glutamine as an isolated 
amino acid were impractical due to molecular 
instability. One solution has been to administer 
glutamine as a dipeptide. Combinations of 
alanine- glutamine, glycine-glutamine, and argi-
nine glutamine have been used in humans [13].

 Omega-3 (n-3) Fatty Acids

Omega-3 (n-3) fatty acids and omega-6 (n-6) 
fatty acids (Fig. 14.1) are the two major families 
of polyunsaturated fatty acids (PUFA). They are 
so named for the position of the first double bond 
of the fatty acid backbone, counting from the 
methyl end. Two such examples are linoleic acid 
(18: 2n-6) and α-linolenic acid (18: 2n-3), named 
for their 18-carbon backbone with two total dou-
ble bonds. These two PUFAs and their deriva-
tives are considered essential fatty acids produced 
by plants but not by animals to any efficient, 
appreciable extent, and their derivatives have 

wide biological significance, of which only a 
small part will be summarized here [15].

Several cell signaling pathways are regulated 
by the PUFA-derived phospholipids of the cell 
membrane. The type of phospholipid in the mem-
brane influences the fluidity, and the fluidity deter-
mines how quickly membrane-embedded 
signaling molecules can co-localize to perform 
their function. Furthermore, several signaling 
pathways cleave off pieces of membrane phospho-
lipid, and both portions can serve as signals. The 
most prevalent cell membrane PUFA in humans 
on a typical Western diet is an omega-6 fatty acid, 
arachidonic acid (ARA) (20: 4n-6). When arachi-
donic acid is freed from the membrane, enzyme 
families like cyclooxygenase (COX) and lipoxy-
genase (LOX) use arachidonic acid to produce 
eicosanoids, a broad class of inflammatory media-
tors. Eicosanoids include the pro-inflammatory 
prostaglandins, thromboxane A2, leukotrienes, 
hydroxyeicosatetraenoic acid (HETE), and anti-
inflammatory prostacyclins and lipoxins [16, 17].

The types of eicosanoids produced are altered 
by dietary omega-3 PUFA. Two members of the 
omega-3 PUFA family are eicosapentaenoic acid 
(EPA) (20: 5n-3) and docosahexaenoic acid 
(DHA) (22: 6n-3). EPA and DHA are produced 
by algae and plankton before ascending the food 
chain to deep sea fish and humans. When EPA and 
DHA become more abundant in the diet, more 
cells start to preferentially utilize them for mem-
brane phospholipid synthesis and reduce the prev-
alence of arachidonic acid. The COX and LOX 
enzymes are not restricted to omega-6 ARA; they 
also act on the omega-3 EPA and DHA, but the 
mediators produced by omega-3 reactions are far 
less biologically potent than arachidonic-derived 
mediators. Additionally, some COX and LOX iso-
forms use omega-3 PUFAs to produce unique 
anti-inflammatory mediators: protectins, 
resolvins, and maresins [16, 17].

EPA and DHA have other mechanisms to mod-
ulate the immune system. Omega-3 PUFAs 
decrease production of interleukin-1 (IL-1), IL-6, 
and tumor necrosis factor-α (TNF-α) even after 
stimulation with lipopolysaccharide (LPS). EPA 
and DHA decrease expression of immune cell 
adhesion molecules such as intracellular adhesion 
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molecule-1 (ICAM-1) and vascular cell adhesion 
molecule-1 (VCAM-1). EPA and DHA have been 
shown to inhibit the pro-inflammatory NFκB 
pathway and stimulate the anti- inflammatory per-
oxisome proliferator-activated receptor-γ 
(PPAR-γ) transcription pathway [16, 17].

Several pathways modulated by omega-3 fatty 
acids are also affected by arginine, and some 
researchers have hypothesized potential syner-
gism with co-supplementation [18].

At an ecological level, there exists a hypothe-
sis that since humans evolved in the rift valley in 
Africa, where omega-3 fatty acids exist in greater 
prevalence than elsewhere in the world, perhaps 
the human genome is more adapted to certain 
omega-3 ratios in the diet [19].

 Nucleotides

Nucleotides are the basic building blocks of DNA 
and RNA as well as the cellular energy equivalents 
NADH and FADH2. Under normal healthy condi-
tions, humans absorb adequate nucleotides from a 
typical diet of 1–2 g/day. Additional nucleotides 
are supplied by de novo synthesis, which depends 
on glutamine or several “salvage pathways.” As 
discussed above, during times of stress immune 
cells undergo frequent, rapid division, generating 
high demand for nucleotides. Studies as early as 
the 1980s document impaired leukocyte function 
without adequate nucleotides [15]. At an organis-
mal level, it remains unclear whether the demand 
can truly exceed the plentiful supply, even in criti-
cally ill patients. However, an unintended conse-
quence of processing techniques used in 
manufacturing commercial enteral and parenteral 
nutrition may inadvertently deplete these products 
of nucleotides. Accordingly, some formulations of 
immunonutrition supplement nucleotides to com-
pensate for this possible deficit [20].

 Antioxidants

Oxidants and free radicals have long been known 
to inflict damage on the cellular and organismal 
level, as early as 1957. Free radicals are mole-

cules with unpaired electrons, making them 
unstable, readily engaging in redox reactions. 
Recall that in redox reactions, the oxidizing agent 
is itself reduced; that is, it gains an electron. 
Reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) can be free radicals or 
non-free radicals, which are prone to form free 
radicals [21].

Antioxidants terminate or prevent redox reac-
tions via a variety of biochemical mechanisms. 
Antioxidants can be enzymes whose products 
quench free radicals. Examples include catalase, 
superoxide dismutase (SOD), and glutathione 
peroxidase with its associated supporting 
enzymes like glutathione reductase. Antioxidants 
can also be nonenzymes which quench redox 
reactions directly. Examples include flavonoids 
(found in cranberries and chocolate), thiols 
(including glutathione), vitamin A (retinol), vita-
min E (tocopherols), vitamin C (ascorbic acid), 
melatonin, carotenoids, catechins (found in green 
tea and papaya), uric acid, coenzyme Q10, and 
polyphenols (found in red wine, onions, and 
thyme). Transition metals can serve as antioxi-
dants because they readily accept or donate elec-
trons. Selenium, copper, manganese, and zinc 
function as antioxidants alone or embedded in an 
enzyme, such as copper and zinc embedded in 
SOD. Synthetic antioxidants which protect food 
from spoilage such as BHT and BHA (butylated 
hydroxytoluene and butylated hydroxyanisole, 
respectively) are components of the contempo-
rary Western diet [21, 22].

In the healthy state, cells depend on redox 
reactions for diverse essential functions. Redox 
reactions underpin the mitochondrial electron 
transport chain, providing energy for the cell. 
ROS and RNS interact with protein tyrosine 
phosphatases and kinases in multiple signaling 
networks, including the MAP kinase pathway, 
AP-1, NFκB, and nuclear factor erythroid- 
derived 2-related factor 2 (Nrf2) pathways. ROS 
have been shown to activate microRNAs [23]. 
Simultaneously, cells maintain an elaborate syn-
ergy of antioxidants to control redox collateral 
damage in each cell compartment. The cytosol is 
protected by the glutathione system, whereas fat- 
soluble vitamin E and beta-carotene protect the 
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hydrophobic membranes. The mitochondria rely 
on coenzyme Q10, while the extracellular space 
is protected by a multi-antioxidant system: albu-
min, uric acid, lactoferrin, ceruloplasmin, vita-
min C, as well as catalase and SOD, both in the 
red blood cells. Only about 1% of ROS normally 
escapes these control systems [21].

This balance is upended in the stressed state. 
Cellular resources are diverted from maintaining 
the antioxidant system, which in turn cannot keep 
up with increased redox output from five sources: 
the mitochondrial electron transport chain, xan-
thine oxidase, phagocytes, arachidonic acid path-
ways, and free transition metals. The electron 
transport chain contains semi-ubiquinone in 
complex I which reacts with O2 and produces O2

− 
(superoxide). Increased superoxide, NO, and 
other ROS inhibit components downstream of 
complex I. This causes upstream buildup of more 
superoxide, a cascade thought to underpin septic 
shock [24]. Another stress state, ischemic reper-
fusion injury, has been tied to overactivity of xan-
thine oxidase. Xanthine oxidase functions in the 
purine nucleotide degradation pathway which 
leads to uric acid production. Uric acid itself is an 
antioxidant, but the xanthine oxidase reaction 
produces superoxide as a by-product. Normally, 
the superoxide by-product is safely oxidized via 
freely available NAD+. During ischemia, how-
ever, fresh NAD+ is not regenerated by aerobic 
metabolism, and the uncompensated superoxide 
levels rise. Stressed ischemic cells also break 
down more damaged nucleotides, which further 
increases uncompensated xanthine oxidase out-
put of superoxide. Another source of ROS is 
phagocytes such as macrophages and neutro-
phils. In any stress state, phagocytes have a 
capacity for “respiratory burst” in which they use 
the enzyme NADPH oxidase and myeloperoxi-
dase to produce multiple ROS, which aid in the 
destruction of pathogens. When overstimulated, 
phagocytes produce an overabundance of ROS 
[21, 25]. Arachidonic acid was discussed above 
as a producer of inflammatory mediators; addi-
tionally, arachidonic acid trans isomers can lead 
to increased ROS, probably through a conversion 
of xanthine dehydrogenase to xanthine oxidase 
[26]. Lastly, as discussed above, transition metals 

accept or donate electrons and are ready partici-
pants in redox reactions. In healthy cells, transi-
tion metals are closely regulated and contained in 
protein structures which control their availability 
for reaction. In times of stress, however, these 
structures are poorly maintained or degraded, 
leaving free metallic ions free for unregulated 
redox. Iron, copper, and some forms of selenium 
can cause redox damage.

It should be noted that intensive care unit 
(ICU) treatments may disturb the balance of the 
redox/antioxidant system during stress. 
Mechanical ventilation with high FiO2, renal 
replacement therapy, blood and iron transfusions, 
and crystalloid administration associated with 
neutrophil activation all add redox stress to a sick 
patient. The standard dietary intake of ICU 
patients minus their substantial outputs including 
drains may result in a net loss of micronutrients 
and inadequate antioxidant power to meet their 
demands [21].

Uncontrolled redox reactions have many ways 
of damaging the cell and increasing inflamma-
tion. ROS and RNS degrade important structural 
proteins such as collagen and hyaluronic acid. 
ROS and RNS damage phospholipid membranes 
covering mitochondria, lysosomes, and the cell 
itself. Leaking mitochondria and lysosomes pro-
mote further amplification of the damage. ROS 
interfere with other critical proteins, such as the 
Na+/K+ ATPase and the Ca2+ ATPase essential for 
maintaining gradients that underpin all basic cell 
machinery. ROS interfere with glutamine synthe-
tase. If ROS damage to DNA or to mitochondrial 
membranes is extensive enough, apoptotic path-
ways are activated. Moreover, ROS activate the 
NFκB pathway and are chemotactic to immune 
cells, which amplify the inflammatory cascade to 
the tissue level [27].

Some investigators have advocated rebalanc-
ing the redox/antioxidant system during physio-
logic stress by providing supplemental 
antioxidants. Trials have focused on selenium, 
copper, zinc, vitamin A, vitamin C, vitamin E, 
and N-acetyl cysteine. The strategy seems ratio-
nal given the above discussion, but the clinical 
trials have been disappointingly mixed. This is 
probably reflective of the current knowledge gap 
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regarding complex antioxidant chemistry. Redox 
reactions occur on a spectrum; the molecules 
considered to be antioxidants actually become 
prooxidants in some conditions and concentra-
tions. Current assays for analyzing these condi-
tions are also limited. Consider the problem of 
analyzing the free radical NO. Its half-life is less 
than a few seconds in an aqueous environment, 
but in a low oxygen tension environment perhaps 
more consistent with distressed tissue, its half- 
life has been measured at greater than 15 s [23]. 
On an ecological scale, world distributions of 
antioxidants can vary widely. The case of sele-
nium is one such example where European sele-
nium deficiencies compared to North American 
levels may help explain some clinical trial dis-
crepancies [28]. Attempting to reset the redox 
balance may be more complex than currently 
realized.

 Probiotics

Probiotics are currently classified under the 2001 
joint definition by the World Health Organization 
(WHO) and Food and Agriculture Organization 
of the United Nations (FAO), as “live microor-
ganisms which, when administered in adequate 
amounts, confer a health benefit on the host” 
[29]. Any discussion of modulating the neuroen-
docrine immunoinflammatory supersystem 
would be gravely incomplete without consider-
ing the microbiome. Healthy humans live with 
40 trillion bacterial cells inside the gut represent-
ing 1000 species spread out over a gut surface 
area of 32 m2, the size of half a badminton court. 
These bacteria are in constant interaction with 
80% of the entire host lymphocyte population 
[30]. Science is only just beginning to measure 
the wide-reaching effects of these commensals 
interacting with their particular human host since 
birth. The lungs, liver, kidneys, and brain have all 
been found to have phenotypes regulable by the 
microbiome, and in turn the microbiome is 
dynamically sensitive to the host. Within 6 h of a 
sudden physiologic stress such as trauma or car-
diac arrest, 90% of the normal anaerobic gut flora 
has dissipated, allowing ecologic space for the 

rise of a “pathobiome” [31]. Unlike the microbi-
ome whose survival interests are aligned with the 
host, the pathobiome can sense a weak host on 
the verge of death, which may trigger an overall 
increased virulence to parasitize every last sur-
vival advantage from a “bad investment.”

As noted above, the idea of modulating bacte-
rial populations by using other bacterial popula-
tions was first popularized by Metchnikoff in the 
1900s [2]. The idea has recently gained wider 
traction in traditional medical circles as well as 
popular culture. Lactobacillus and 
Bifidobacterium species are “generally regarded 
as safe” by US and European food regulatory 
agencies. These two genera form the backbone of 
the probiotic food industry which is expected to 
reach over $46 billion dollars in value by 2020 
[29]. The phyla Bacteroidetes and Firmicutes 
compose the majority of healthy flora but gener-
ally require more research and characterization 
as stably nonpathogenic before they can be used 
as probiotics. It remains a concern that some non-
pathogenic bacteria can increase their virulence 
under certain conditions. Current recommenda-
tions are to avoid probiotic supplementation in 
critically ill patients, but as discussed below, 
some surgical patient populations may benefit. 
The case of fecal transplant in Clostridium diffi-
cile infection is one case in point. 

 Prebiotics

Manipulation of the bacterial flora can be taken a 
step further upstream, hence the term prebiotics. 
Prebiotics, scientifically described since at least 
1921, are substrates often indigestible by the host 
but “selectively used by host microorganisms 
conferring a health benefit” [32]. Prebiotics can 
be indigestible carbohydrates such as fructooli-
gosaccharides (FOS), galactooligosaccharides 
(GOS), human milk oligosaccharides, and inulin 
which promote gut motility and the growth of 
favorable flora such as Bifidobacterium and 
Lactobacillus. Some groups have even tried 
administering enteral bovine-derived IgG target-
ing certain enteral bacteria [33]. Other com-
pounds such as plant polyphenols are also being 
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investigated. Currently, prebiotics are not recog-
nized as a class by the US Food and Drug 
Administration (FDA) and are classified under 
fiber, either soluble, insoluble nondigestible, lig-
nin, or synthetic nondigestible.

 Clinical Evidence

The above discussion has focused on a basic sci-
ence theoretical overview of why immunonutri-
tion interventions are potentially useful. In vitro 
and animal experiments suggest immunonutri-
tion could work. The clinical evidence in 
humans, however, is disappointingly mixed, 
with most trials and meta-analyses showing 
minimal to no overall benefit. Some immunonu-
trition interventions have even appeared to 
cause harm. The discrepancy between theory 
and empiric evidence has been attributed to 
multiple flaws: underpowered study popula-
tions, imprecise or conflicting interventions, 
few standardized dosings or formulations, het-
erogenous inclusion/exclusion of the seven 
components of immunonutrition, variance in the 
timing of intervention, wide alterations in nutri-
tional standards for the control arms, industrial 
conflicts of interest, inadequate patient selec-
tion, improving critical care standards over the 
past two decades, and overall immature under-
standing of the complexities of manipulating the 
neuroendocrine immunoinflammatory supersys-
tem [19, 20, 34, 35].

One proposed solution to the literature’s het-
erogeneity has been to focus future research on 
targeted immunonutrition interventions and dos-
ages for particular patient populations, a concept 
called pharmaconutrition [36, 37]. Accordingly, 
instead of examining all pieces of a conflicting 
literature of over 200 clinical trials and over 16 
meta-analyses capably reviewed elsewhere [20], 
here will be presented an overview of the clinical 
evidence for immunonutrition for patient popula-
tions treated by surgeons. The elective surgical 
patient population has accrued the most data. 
Studies in the critically ill have been published to 
a lesser extent. Patients with cancer, trauma, trau-
matic brain injury, burns, obesity, pancreatitis, 

transplant, inflammatory bowel disease, as well 
as pediatric patients have also been studied.

After surveying the evidence, the chapter con-
cludes by examining the current guidelines for 
immunonutrition from the Society of Critical 
Care Medicine (SCCM), the American Society 
for Parenteral and Enteral Nutrition (ASPEN), 
the European Society for Clinical Nutrition and 
Metabolism (ESPEN), and the Canadian Critical 
Care Practice Guidelines (CCCPG) [38–40].

 Elective Surgery

The best data supporting the use of immunonutri-
tion come from elective surgical patients, espe-
cially for gastrointestinal surgeries. Pancreatic, 
cardiac, and head and neck surgery cohorts have 
also been studied in the elective setting. Perhaps 
this segment of the literature is strongest because 
the patients have all suffered a fairly well-defined 
insult, and the interventions are mostly confined 
to synergistic combinations of arginine and 
omega-3 fatty acids. Study populations have 
included patients in the hundreds, with meta- 
analyses often citing over 2000 patients [20]. 
Until 2014, the literature seemed to support a 
consensus that immunonutrition with arginine 
and omega-3 fatty acids in elective surgery 
patients leads to (1) a substantial decrease in 
infectious complications, (2) a decreased hospital 
length of stay, (3) possibly a decreased rate of 
anastomotic dehiscence, but (4) no change in 
mortality [41–47]. These benefits appeared to be 
largest when supplementation was provided both 
pre- and postoperatively and smallest when the 
patient was already well nourished. As an exam-
ple, one widely cited meta-analysis compared 
arginine-supplemented enteral nutrition to stan-
dard enteral nutrition. This study showed infec-
tious complications significantly reduced to a 
risk ratio (RR) of 0.59 with 95% confidence 
interval (CI) 0.50–0.70 with p  <  0.00001, and 
hospital stay decreased by a weighted mean 
 difference (WMD) of −2.38 days (95% CI −3.42 
to −1.34, p < 0.00001) [47]. The meta-analysis is 
also notable for the fact that its first author 
received a research grant as principal investigator 

A. Tully et al.



269

from Nestlé, and the fifth author was medical 
director for Nestlé, which manufactured an 
immunonutrition supplement favored heavily in 
the analysis. 

As optimistic as the above data appear at first 
glance, there is reason for continued skepticism, 
as highlighted by a smaller meta-analysis from 
2014 [48]. Reduced in scope to include only tri-
als examining preoperative interventions with 
control groups having either standard diet or 
standard diet plus an oral nutrition supplement, 
the 2014 meta-analysis concluded that the benefit 
signal for immunonutrition disappeared when the 
control was a non-immunomodulating nutrition 
supplement. Immunonutrition was associated 
with all infectious complications by an odds ratio 
(OR) of 0.71 (95% CI 0.30–1.68, p = 0.44) and 
hospital length of stay by WMD 0.07 days (95% 
CI −2.29 to 2.43, p  =  0.96). The benefit for 
immunonutrition reappeared compared with con-
trols of standard diet, no supplement. This sug-
gests that giving any protein containing 
supplement preoperatively may help prevent 
infection and that no special immune-modulating 
properties were responsible for the benefits seen 
in other studies. Alternatively, many non- 
immunomodulating supplements already contain 
variable concentrations of antioxidants and 
amino acids, and except in a few instances, there 
are no clear threshold dosages at which immuno-
nutrients begin to be effective. Similar to other 
studies, the 2014 meta-analysis was notable for 
author involvement with industry. The third 
author received educational grants from both 
Nestlé and Abbott Laboratories. The first and 
second authors were full-time employees of 
Abbott Laboratories. Each company produces 
both immunonutrition and non- 
immunomodulating oral nutrition supplements.

At the individual trial level, there are further 
criticisms of this literature. Few trials report fol-
low- up to 30 days, a relevant time point consider-
ing the primary outcome of infectious 
complications [46]. Similarly sparse is the report-
ing of how much intervention and/or control 
nutrition was actually tolerated by gastrointesti-
nal surgery patients, who are often intolerant of 
early diets [46]. Many trials used in these meta- 

analyses have not well delineated the preopera-
tive nutrition status of the patient, and since 
gastrointestinal surgery is often performed in 
context of cancer, some authors have character-
ized these trials as nutrition vs malnutrition, with 
obvious result [48]. The nutrition vs malnutrition 
signal is only amplified by trials which did not 
use isocaloric, isonitrogenous control groups. 
Lastly, there was a particularly active research 
group in Europe characterized as having a dispro-
portionate influence on the meta-analyses. The 
group was suspected of publishing multiple 
reports on the same patients to the extent several 
of their trials were excluded from at least one 
meta-analysis [49].

 Critical Illness and Sepsis

The immunonutrition literature in critical illness 
shares many of the weaknesses as the elective 
surgery literature. Early small, single-center 
studies seemed to show immunonutrition admin-
istration improved length of stay and infection 
rate, with no change in mortality; later studies 
seem to show no benefit, even suggesting harm 
[20]. Indeed, in critically ill patients when the 
immune system is most dysregulated is where the 
physiologic effects of immunonutrition are least 
understood and their overall effects most debated. 
An exhaustive review is beyond the scope of this 
chapter, but it is useful to examine four promi-
nent examples which frame this debate.

The REDOXS (REducing Deaths due to 
Oxidative Stress) trial [50], published in the New 
England Journal of Medicine in 2013, was a large 
blinded, randomized controlled trial of 1223 
patients from 40 ICUs in Europe and North 
America which found increased mortality with 
glutamine supplementation. Patients on mechani-
cal ventilation with two or more failing organ 
systems were eligible and randomized within 
20 h of ICU admission to receive (1) glutamine, 
(2) antioxidants, (3) both, or (4) placebo. 
Glutamine was given intravenously (IV), as was 
the antioxidant selenium. Other antioxidants 
were given enterally: vitamin E and C, beta- 
carotene, selenium, and zinc. Patients received 

14 Immunonutrition and Supplementation: Pathways, Promise, and Pessimism



270

supplemental intervention along with standard 
enteral nutrition according to Canadian guide-
lines in just over 20 h from the first organ dys-
function. Although the intervention and control 
groups were similar, the patients underlying dis-
ease were heterogenous. The diseases were 
mostly medical (79%), with shock etiology pri-
marily septic (68%) and then cardiac (20%). 
There were no differences in primary outcome of 
mortality at 28  days for any intervention. 
However, glutamine was associated with signifi-
cantly increased mortality at 6 months (44% vs 
37% p  = 0.02) and increased time to discharge 
alive (median 51.0 days vs 40.1 days p = 0.03), 
which was not due to infections or organ failure. 
Plasma levels of glutamine and selenium were 
tested only for a subset of 66 patients. Plasma 
levels were normal before the intervention (con-
trary to contemporary hypotheses in sepsis) and 
increased with supplementation but still within 
normal ranges. This trial has been discussed 
extensively. Criticisms include supplement dos-
ing at the high end of therapeutic range and not 
accounting for increased amino acid loads on 
failing organs in shock, particularly the liver and 
kidneys [19]. After REDOXS, in 2014 the 
European randomized controlled trial 
METAPLUS [51] on mechanically ventilated 
patients detected increased 6-month mortality 
with enteral supplementation of glutamine, anti-
oxidants, and omega-3 fatty acids. Although 
REDOXS and METAPLUS focused on gluta-
mine, selenium, and omega-3 fatty acids, since 
the publication of these two trials, clinicians have 
since been wary of initiating all types of immu-
nonutrition for patients in shock [52].

The OMEGA trial [53] published in the 
Journal of the American Medical Association in 
2011 was a large double-blinded randomized 
controlled trial of 272 patients in 44 ICUs from 
the Acute Respiratory Distress Syndrome 
(ARDS) Clinical Trials Network. This trial 
administering omega-3 fatty acids was stopped 
early for futility and increased mortality. Patients 
on mechanical ventilation meeting criteria for 
ARDS and in need of enteral nutrition were eli-
gible. In addition to standard enteral nutrition, 
within 6  h of randomization, patients were to 

receive twice daily a bolus of either (1) omega-3 
fatty acids, antioxidants, and gamma linolenic 
acid (a complementary omega-6 fatty acid) or (2) 
an isocaloric isovolumic control composed of 
carbohydrates, not lipids. The leading etiologies 
for ARDS were pneumonia followed by sepsis 
(52% and 23%, respectively). The omega-3 group 
spent more time on the ventilator compared with 
the control patients; the omega-3 group had 3.2 
fewer ventilator-free days (95% CI −5.8 to −0.7, 
p = 0.02), which was the primary endpoint. The 
omega-3 group also spent more time in the ICU, 
with 2.7 fewer ICU-free days (95% CI −5.1 to 
−0.3, p  =  0.04), and experienced a non- 
statistically significant increased mortality before 
discharge (27% vs 16%, p = 0.054, adjusted for 
ARDS covariates 25% vs 18%, p  =  0.11). The 
omega-3 group showed an expected eightfold 
increased concentration in plasma omega-3 lev-
els, but no change in inflammatory biomarkers. 
There were no differences in infectious compli-
cations, but omega-3 patients did experience sig-
nificantly more diarrhea. Similar to the REDOXS 
trial, the OMEGA trial called previous findings 
into question. It had been shown that patients 
with ARDS have omega-3 extremely low levels 
to 6% of normal, and basic science data sug-
gested there would be a benefit to improving 
those levels in ARDS [53]. Prior to the OMEGA 
trial, three smaller trials had found multiple ben-
efits for ARDS patients given omega-3 supple-
ments, including improved oxygenation, 
ventilator time, ICU time, and mortality. 
However, the control groups in these three prior 
trials were administered nutrition containing 
omega-6 and omega-9 fatty acids. Theoretically, 
omega-6 and omega-9 fatty acids can be con-
verted into pro-inflammatory mediators, poten-
tially making the control groups sicker, giving 
the omega-3 intervention an apparent advantage. 
On the other hand, the three prior trials supplied 
their supplement continuously as opposed the 
OMEGA trial where the twice-daily boluses may 
have resulted in an inadvertent negative effect. 
Furthermore, on closer inspection, the control 
supplement in the OMEGA trial contained a 
larger quantity of protein (20 g vs 4 g) which may 
have given the control group an unintended 
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health benefit over the omega-3 group. Until 
more data accrue, clinicians should remain cau-
tious with lipid supplementation for patients at 
risk for ARDS.

Probiotics in critical illness have been gain-
ing traction. A recent meta-analysis in a diverse 
group of ICU patients showed no influence on 
mortality, mechanical ventilation, or length of 
stay but were associated with reduced ICU- 
acquired pneumonia (OR 0.58; 95% CI 0.42–
0.79) and decreased ICU stay by 1.49  days 
(95% CI −2.12 to −0.87) [54]. However, the 
most cited reason for caution using probiotics 
in critically ill patients is concern for infectious 
complications. There has been no cited bactere-
mia with the use of probiotics, but a particular 
strain of yeast, Saccharomyces boulardii—a 
subset of Saccharomyces cerevisiae—was asso-
ciated with several episodes of fungemia in the 
late 1990s [55]. In the most commonly cited 
series from France, patients with a mean age of 
65 (range 50–82) who received Saccharomyces 
boulardii treatments between 4 and 14  days 
experienced fungemia between days 8 and 35 
with a mean fever of 39.3  °C.  One patient 
developed fungemia without receiving the pro-
biotic treatment, but it was hypothesized that 
caregivers opening the probiotic packets con-
taminated their hands and subsequently manip-
ulated the patient’s central line. Three of the 
seven patients died, but the team could not 
directly attribute their deaths to the fungemia. 
Besides direct central line contamination, 
patient colonization and gut translocation were 
proposed as possible mechanisms. This compli-
cation of fungemia, although confined to a par-
ticular strain and case series, ensures that 
probiotic administration will probably face a 
higher burden of proof before its use becomes 
more widespread for critically ill patients. 
Prebiotics such as fiber, on the other hand, are 
already being recommended for critically ill 
patients, even if only for their effects on feed-
ing tolerance and diarrhea. In the latest ASPEN 
guidelines, three of the five small randomized 
controlled trials of fiber-supplemented enteral 
nutrition found decreased diarrhea in the fiber 
group [38]; one of the studies found mean fre-

quency of diarrhea days as low as 8.8 ± 10.0% 
vs 32.0 ± 15.3% (p = 0.001) [56].

Pharmacological use of the antioxidant vita-
min C in sepsis is still under early investigation, a 
full review of which is beyond the scope of this 
chapter. It is worthwhile to refer readers to three 
commonly cited, intriguing studies. The first 
study was a phase 1 safety trial in 24 severely 
septic patients showing tolerability and reduced 
inflammatory biomarkers with IV vitamin C [57]. 
The second study was a nonsequential, retrospec-
tive study of 47 patients administered with hydro-
cortisone, vitamin C, and thiamine showing 
improved mortality, organ failure scores, and 
vasopressor weaning [58]. The third study was a 
double-blind randomized controlled trial in 28 
patients who received either IV vitamin C or pla-
cebo which showed improvement in primary 
endpoint of vasopressor requirements and the 
secondary endpoint 28-day mortality [59].

Although not a component of immunonutri-
tion per se and also beyond the scope of this 
chapter, glucose should not be omitted in a dis-
cussion of immunomodulatory molecules. It is 
well documented that hyperglycemia impairs 
multiple aspects of the immune system. After 
several landmark studies, the standard of care for 
hospitalized patients rightfully prioritizes avoid-
ance of hypoglycemia and errs toward hypergly-
cemia. However, any clinician prescribing 
nutrition, much less trying to use immunonutri-
tion strategies, would do well to avoid hyperca-
loric alimentation. The excess glucose will surely 
be counterproductive to whatever other immuno-
therapeutic strategies may be attempted. A target 
blood glucose level below 180 mg/dL is recom-
mended [60].

 Cancer

The immune system in cancer patients is impaired 
both from being unable to recognize and fend off 
the cancer and secondarily suppressed from anti-
cancer therapies, especially chemoradiation. 
Often cancer patients suffer from malnutrition 
and cachexia from a dysregulated immunoinflam-
matory system, so correcting two problems at 
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once with immunonutrition is appealing. At the 
same time, the biology of cancer is complex, and 
despite newer evidence, some practitioners con-
tinue to have concerns that interventions to boost 
the immune system may aid rapidly dividing can-
cer cells, especially considering their known avid-
ity for supplemental glutamine in vitro [14, 61].

Immunonutrition during chemoradiation has 
been studied in four trials in head, neck, and 
esophageal cancer [62–65]. Various combina-
tions of arginine, glutamine, antioxidants, and 
omega-3 fatty acids were used, but the outcome 
measures were confined to biomarkers of 
immune function. Only one examined higher 
level clinical outcomes; in the immunonutrition 
vs standard nutrition arm, weight increased by 
2.1 kg and performance status remained stable 
instead of declining. A recent meta-analysis 
found no overall benefit of immunonutrition in 
head and neck cancer patients, except for a 
weak association with reduced fistula formation 
[66]. There have been multiple trials using glu-
tamine to reduce stomatitis during chemother-
apy with apparently no adverse effects; there is 
some conflicting evidence that parenteral gluta-
mine is more effective than enteral [14]. Fatty 
acid supplement composition for cancer 
patients has not yet been examined in clinical 
trials [67]. Trials of vitamin, mineral, and anti-
oxidant supplementation at high dosage have 
been conducted in cancer patients with no ben-
efit and occasional harm, such as with selenium 
increasing mortality by 2.6  in early prostate 
cancer patients and beta-carotene and tocoph-
erol increasing lung cancer incidence in smok-
ers [67]. The best evidence for immunonutrition 
in cancer patients is probably from the elective 
GI surgery literature, which, as discussed 
above, remains conflicted.

 Trauma

The neurohormonal changes of the trauma 
patient, the inflammatory cytokine milieu, and 
the susceptibility to infection have given investi-
gators reason to hope immunonutrition would be 

effective therapy in the trauma patient popula-
tion. The data for elective surgical patients are 
relevant but may not be directly extrapolated to 
trauma surgical patients. A randomized con-
trolled trial won attention in 1998 showing a sta-
tistically significant decrease in pneumonia, 
bacteremia, and sepsis in 29 trauma patients on 
enteral nutrition supplemented with glutamine 
versus 31 patients on standard enteral feeding 
[68]. A later 2008 meta-analysis of eight studies 
with a total of 372 trauma patients in the inter-
vention groups from 1994 to 2005 showed no 
effect on mortality, new infection, or length of 
hospital stay. This study faced the common criti-
cism that a variety of combinations of arginine, 
glutamine, and fish oils were being compared. In 
contrast, antioxidants and trace minerals do 
appear to be associated with a reduction in mor-
tality in the trauma subgroup of the recent 
ASPEN meta-analysis (RR 0.8; 95% CI 0.7–
0.92, p  =  0.001) [69], and the benefit may be 
seen more clearly when administered early. 
Prophylactic alpha-tocopherol and ascorbic acid 
administration within 24  h of injury decreased 
organ failure (RR 0.43; 95% CI 0.19–0.96) in a 
2002 randomized controlled trial of over 540 
trauma patients [70]. Probiotics seem to provide 
some benefit. In a heterogenous trauma popula-
tion in a 2013 meta-analysis of five trials, vari-
ous combinations of probiotics were associated 
with reduced nosocomial infections (RR 0.65; 
95% CI 0.45–0.94, p = 0.02), ventilator-associ-
ated pneumonia, and ICU stay, but no change in 
mortality [71]. In trauma as elsewhere for immu-
nonutrition, the data are conflicted, and more are 
needed. Current clinical guidelines are summa-
rized below [38–40].

 Traumatic Brain Injury

Traumatic brain-injured patients often have a 
plethora of other injuries which confound analy-
sis of this subgroup. One small trial of 20 patients 
supplemented with glutamine and probiotics 
found a reduction in infections, mechanical ven-
tilation, and length of stay [72]. There is preclini-
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cal evidence for the role of omega-3 fatty acids in 
neurological inflammation, particularly in their 
transformation to resolvins. However, the clinical 
evidence has been mostly case reports. Although 
omega-3 fatty acids appear to be safe even in 
anticoagulated patients, clinicians should remain 
alert for hemorrhagic stroke in this population 
[73]. ASPEN guidelines state that based on expert 
consensus, arginine or fish oils should be consid-
ered for traumatic brain-injured patients; ESPEN 
guidelines do not detail this population as a sub-
group [38, 39].

 Burns

The largest research focus on immunonutrition 
in burns has been on supplementary glutamine, 
where in small trials evidence has been largely 
positive. A commonly cited example is a 2003 
Canadian single-center double-blind random-
ized control trial of 45 patients who were ran-
domized to receive enteral glutamine supplement 
every 4 h or an isonitrogenous control of aspara-
gine, aspartic acid, and glycine [74]. The aver-
age total body surface area burn was around 
40%, and the average age was close to 40 years 
old. Patients receiving glutamine had decreased 
bacteremia (1.2 vs 4.3  days/patient, p  <  0.05) 
and decreased mortality (2 vs 12, p  <  0.05), 
despite no changes detected in serum glutamine 
concentration, neutrophil phagocytosis func-
tion, or biomarkers. The authors believed gluta-
mine’s main effect was on the gut mucosa. Other 
small trials more or less echo these positive 
results; a Cochrane review of seven such trials 
suggests glutamine can reduce both length of 
stay and mortality (p < 0.0001 and p = 0.002, 
respectively). However the study populations 
are so small the Cochrane authors suggest the 
evidence is too weak to recommend routine use 
[75], leaving burn practitioners to choose 
between a small body of literature suggesting 
benefit for burn patients and a larger body of lit-
erature suggesting glutamine can harm critically 
ill patients. To help solve this dilemma, the 
authors of the REDOXS trial are recruiting for 

the RE-ENERGIZE trial (RandomizEd trial of 
ENtERal Glutamine to minimIZE thermal 
injury) expected to accrue by 2021. The planned 
study is an international 80-center double-blind 
randomized controlled trial of 2700 patients 
with deep second- or third-degree burns of 
greater than 10–20%, depending on the patient 
age, to receive either enteral glutamine or isoca-
loric maltodextrin. The study is powered for a 
primary endpoint of 6-month mortality and will 
likely carry important implications for the future 
of immunonutrition in general [76].

Antioxidants have some literature supporting 
their use for burn patients. Due to massive poten-
tial for exudative losses, burn patients often have 
clinical deficiencies of selenium, iron, copper, 
and zinc. Supplementing these trace minerals and 
antioxidants has shown benefit in small studies 
[27, 77]. Vitamin C infusion IV was shown in a 
small non-blinded study of 37 patients of total 
body surface area burns >30% to reduce initial 
24 h fluid resuscitation requirements compared to 
controls [3.0 ± 1.7 mL/kg per percentage of burn 
area vs 5.5 ± 3.1, respectively (p < 0.01)] [78]. 
Fluids were titrated to hemodynamic stability 
and urine output 0.5–1.0 cc/kg/h. This difference 
in fluid requirement was observed until the third 
24-h period, but the difference in body weight 
continued to increase until day 7, giving control 
patients a threefold greater weight gain than the 
vitamin C infusion patients. Further work has 
been done in animals but apparently not in 
humans, perhaps awaiting greater clarity from 
the literature on the use of vitamin C in septic 
patients.

In the 1990s there was interest in the use of 
ornithine alpha-ketoglutarate (OKG) as immuno-
nutrition for burn patients. Theoretically OKG 
can serve as a substrate to make either glutamine, 
arginine, or proline. Since proline hydroxylation 
is the rate-limiting step for collagen synthesis, 
which is especially important in burn patients, it 
was reasonable to hope OKG administration 
would be useful [79]. However, after three ran-
domized trials from 1998 to 2000 which showed 
improved wound healing but no change in mor-
tality, ornithine alpha-ketoglutarate has not 
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sparked any new trials or changes in recommen-
dations [40].

 Obesity

Obesity implies a neuroendocrine dysregulation 
at baseline. Some have suggested that with 
increased inflammatory markers, obesity repre-
sents a low-level systemic inflammatory 
response syndrome (SIRS) state. The microbi-
ome in obesity is known to be dysregulated 
from classic experiments in mice, wherein 
microbiota transplanted from obese mice to nor-
mal mice recapitulated the obese phenotype 
[80]. The rationale for immunonutrition in obese 
patients has been reviewed [81], but dedicated 
inpatient clinical data have yet to accrue for this 
population [82].

 Pancreatitis

Pancreatitis represents as a wide spectrum of dis-
ease. Patients with moderate to severe acute pan-
creatitis often fall into the category of critical 
illness. Given the concerns for critically ill 
patients discussed above, impetus to trial pancre-
atitis patients with immunonutrition is currently 
limited. However, with the shift to early enteral 
feeding in acute pancreatitis in the 2000s, some 
trials of immunonutrition in acute pancreatitis 
were performed which showed some benefit. One 
randomized controlled trial of 31 patients with 
acute pancreatitis which administered arginine, 
glutamine, and antioxidants noted nonsignificant 
improvement in biomarkers (p  =  0.220) and a 
2-day decrease in enteral feeding time (p = 0.332) 
[83]. Another randomized controlled trial of 28 
patients using omega-3 immunonutrition found 
that enteral feeding decreased by 7 days (p < 0.05) 
and hospital stay decreased by 6 days (p < 0.05) 
[84]. A larger double-blinded randomized con-
trolled trial in China in 2013 of 183 patients 
found two species probiotic supplementation 
plus standard enteral nutrition significantly 

reduced pancreatic sepsis by 5%, multiple organ 
failure by 8%, and mortality by 2% compared to 
enteral nutrition alone [85]. However this report 
must be tempered by the earlier 2008 PROPATRIA 
study (PRObiotics in PAncreatitis TRIAl) a mul-
ticenter double-blinded randomized controlled 
trial of twice-daily six species probiotic vs pla-
cebo [86]. PROPATRIA investigators found no 
decrease in the primary outcome of infections, 
but instead found substantially increased mortal-
ity in the probiotics group (RR 2.53; 95% CI 
1.22–5.25) as well as increased bowel ischemia 
(9/152 vs 0/144, p  =  0.004). Explanations for 
these alarming results include administering the 
probiotic too late after organ failure onset (up to 
72 h), underdosing the probiotic, and inclusion of 
a fermentable carbohydrate supplement. The car-
bohydrate was originally intended to help estab-
lish the probiotic colonies, but instead it may 
have resulted in increased acidosis [87]. In acute 
pancreatitis where enteral nutrition is not an 
option, parenteral nutrition containing glutamine 
or omega-3 fatty acids may be superior to stan-
dard parenteral nutrition in terms of infectious 
complications, length of stay, and mortality, 
according to the most recent meta-analysis of 7 
studies with a total 266 patients [88]. Further data 
are needed.

 Solid Organ Transplant

Immunonutrition in transplant could provide 
obvious theoretical benefits boosting the 
immune suppression to reduce infection but is 
complicated by the competing priority of inten-
tional immunosuppression. Immunonutrition 
data in transplant patients are small in scale at 
present. Liver transplant patients have been the 
predominant focus given their preoperative 
immunocompromised, complex malnutritional 
state and predisposition to infections postopera-
tively. A Cochrane review in 2012 for nutritional 
interventions in liver transplantation patients 
found the literature too limited to make recom-
mendations or a meta-analysis [89]. Regarding 
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 immunonutrition, 3 studies were identified with 
a total 150 patients. Two showed slightly 
decreased length of stay for glutamine and 
omega-3 supplementation, and the third showed 
no increased risk of rejection for an omega-3 
supplement [89]. Since that publication a dou-
ble-blind randomized controlled trial of periop-
erative arginine, omega-3 fatty acids, and 
nucleotides in 120 liver transplantation patients 
showed no interventional benefit [90]. A retro-
spective study of pre- and probiotics has 
detected reduced infectious complications (3/34 
vs 10/33, p  = 0.03) in liver transplant patients 
[91]. Immunonutrition has been studied to a 
greater extent in bone marrow transplant 
patients, with some benefits such as decreased 
graft versus host disease in one meta- analysis 
[92], but these patients are not usually under the 
care of a surgical team. With the current state of 
immunonutrition literature in nontransplant crit-
ically ill and elective surgery patients, there is 
little impetus to trial immunonutrition in the 
context of transplant, where long- term out-
comes are just as crucial as short-term 
outcomes.

 Inflammatory Bowel Disease

The pathogenesis of the inflammatory bowel 
diseases Crohn’s disease (CD) and ulcerative 
colitis (UC) is complex and springs from the 
interplay of genetics, immunity, diet, and the 
microbiome. Nutritional strategies to manipu-
late this interplay have been successful in ani-
mal models but have had more equivocal results 
in humans [93]. At least twelve Cochrane meta-
analyses with one or two revisions apiece have 
been published on immunonutrition efficacy at 
induction of remission or maintenance of remis-
sion in CD or UC. Therapies have included glu-
tamine [94], omega-3 fatty acids [95–97], 
probiotics [98–101], fecal transplant [102], and 
even helminths [103]. Small studies of low sig-
nal lead these meta-analyses when they can be 
performed to echo the same conclusions seen 

above: immunonutrition does not appear to pro-
vide benefit, or there are too few data to show a 
clear benefit. Results with non-immunonutri-
tion diets such as low-calcium diet, highly 
restricted organic diet, and low-refined-carbo-
hydrate diet are also equivocal [104]. Similarly, 
elemental or semi- elemental enteral nutrition 
does not result in a significant difference induc-
ing CD remission in pediatric patients, but it 
might still be a reasonable option if these chil-
dren cannot tolerate steroids according to one 
meta-analysis [105].

 Pediatric Population

The same inconclusive results of immunonutri-
tion interventions are seen in the general pediatric 
population. At least nine studies have been con-
ducted to date, each with varying combinations of 
glutamine, arginine, omega-3 fatty acids, antioxi-
dants, or fibers. They have been mostly under-
powered and only show a difference in 
inflammatory biomarkers without any clinical dif-
ferences in the intervention arms [106]. In 1 trial 
of 293 pediatric patients using glutamine and anti-
oxidants versus whey protein, an immunocom-
promised subgroup experienced reduced infection 
[107, 108]. Citing this lack of data and a potential 
for harm, ASPEN and the SSCM in 2017 issued a 
“strong” recommendation on “moderate evi-
dence” that immunonutrition not be administered 
to critically ill pediatric patients [106].

 Current Guidelines 
and Recommendations

As befitting such a mixed body of clinical evi-
dence, the current guidelines and recommenda-
tions for use of immunonutrition are still guarded. 
The reader should note that the bulk of these 
guidelines are geared toward critically ill patients, 
though some crossover with other patient popula-
tions is appropriate. As emphasized by the 
guideline- making organizations themselves, these 
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guidelines are not a substitute for the educated 
judgment of the onsite provider on behalf of a spe-
cific patient.

For critically ill adult patients in the United 
States, the Society of Critical Care Medicine 
(SCCM) and American Society for Parenteral 
and Enteral Nutrition (ASPEN) periodically 
update their guidelines every 3–5 years [38, 109]. 
The latest guidelines were published in 2016 
using the GRADE (Grading of Recommendations, 
Assessment, Development and Evaluation) sys-
tem to define level of evidence. The relevant sec-
tions regarding immunonutrition are summarized 
as follows.

ASPEN/SCCM 2016 Summarized 
Recommendations for Immunonutrition (Level of 
Evidence)

• Routine use of specialty formulas should be 
avoided (Expert consensus).

• Immunonutrition (including arginine, gluta-
mine, nucleic acids, and omega-3 fatty acids) 
should not be routinely used in the medical 
ICU (Very low).

• Immunonutrition (including arginine, gluta-
mine, nucleic acids, and omega-3 fatty acids) 
should not be routinely used in severe sepsis 
(Moderate).

• Immunonutrition may benefit obese patients, 
but no recommendation is possible with lack 
of data (Expert consensus).

• Immunonutrition with arginine and fish oils 
should be considered for postoperative surgi-
cal ICU patients on enteral nutrition (Moderate 
to low).

• Immunonutrition with arginine and/or fish oils 
appears promising in moderate to severe pan-
creatitis, but data are insufficient to make rec-
ommendation at this time (Very low).

• Immunonutrition with arginine and fish oils 
should be considered in severe trauma (Very 
low).

• Immunonutrition with arginine or fish oils 
should be considered in traumatic brain injury 
(Expert consensus).

• Neither enteral nor parenteral glutamine 
should be used routinely (Moderate).

• Antioxidants and fish oils supplementation in 
ARDS has too much conflicting literature to 
make a recommendation (Low to very low).

• Antioxidant vitamins and trace minerals 
should be provided to patients on enteral nutri-
tion (Low).

• Selenium, zinc, and antioxidant supplementa-
tion in severe sepsis has too much conflicting 
literature to make a recommendation 
(Moderate).

• Probiotics appear to be safe but should only be 
used in the patient populations where studies 
show benefit. Routine use cannot be recom-
mended at this time (Low).

• Probiotics should be considered for patients 
with severe acute pancreatitis on enteral nutri-
tion (Low).

• Hemodynamically stable MICU and SICU 
patients on enteral nutrition should be consid-
ered for 10–20 gm/day of soluble fiber supple-
mentation (Expert consensus).

In Europe, the European Society for Clinical 
Nutrition and Metabolism (ESPEN) last updated 
their guidelines in 2018 for critically ill patients 
and in 2017 for surgical patients. Unlike ASPEN, 
ESPEN does not use the GRADE system for 
level of evidence; the Scottish Intercollegiate 
Guidelines Network (SIGN) system is used 
instead. Relevant sections regarding immunonu-
trition are summarized as follows [39, 60].

ESPEN 2018 Summarized Recommendations 
for Immunonutrition in Critical Illness (Level of 
Evidence)

• Glutamine should not be given to ICU patients 
except burn and trauma patients (Grade B).
 – Burn patients with >20% total body surface 

area burns should receive 0.3–0.5 g/kg/day 
for 10–15 days (Grade B).

 – Trauma patients should receive 0.2–0.3 g/
kg/day for 5 days, extended to 10–15 days 
for prolonged wound healing (Grade 0).
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 – Parenteral glutamine should not be given to 
unstable patients with renal or liver failure 
(Grade A).

• Omega-3 fatty acids should not be given rou-
tinely and should not be given by bolus 
(Grade B).

• Omega-3 fatty acids can be provided both 
enterally and parenterally (Grade 0).

• Antioxidants at high dose should not be given 
without first proving a deficiency, but micro-
nutrients and vitamins should be routinely 
given in parenteral nutrition (Grade B).

ESPEN 2017 Summarized Recommendations 
for Immunonutrition in Surgical Patients (Level 
of Evidence)

• Nutrition with supplemental arginine, 
omega-3 fatty acids, and nucleotides should 
be provided at least postoperatively if the 
patient is malnourished and if the surgery is a 
major cancer surgery (Grade B).

• Preoperatively, immunonutrition supplements 
alone have no clear demonstrated advantage 
over standard supplements, but they can be 
administered 5–7  days before operation 
(Grade 0).

• Arginine-supplementation alone either enter-
ally or IV has insufficient evidence to recom-
mend use (Grade 0).

• Glutamine supplementation IV may be con-
sidered if the patient requires parenteral nutri-
tion (Grade B).

• Glutamine supplementation alone given orally 
has insufficient evidence to recommend use 
(Grade 0).

• Omga-3 fatty acids should be given IV only if 
the patient requires parenteral nutrition 
(Grade B).

The CCCPG for Nutrition in critically ill 
patients were first published in 2003 and were 
updated in 2013 and 2015; relevant sections 
regarding immunonutrition are summarized as 
follows [40, 110, 111].

 CCCPG 2015 Summarized 
Recommendations 
for Immunonutrition

• Arginine: Do not recommend for critically ill 
patients.

• Glutamine: Do not give enteral or IV gluta-
mine to critically ill patients.

• Fish oils: Insufficient data to recommend fish 
oils alone in critically ill patients. An enteral 
formula with fish oils and antioxidants should 
be considered in patients with ALI and ARDS.

• Selenium: Do not recommend administering 
on its own or with other antioxidants for criti-
cally ill patients.

• IV vitamin C: Insufficient data to make rec-
ommendation for critically ill patients.

• Probiotics: Should be considered for critically 
ill patients.

The story of immunonutrition is incomplete 
without considering the influence of cost and 
commercial interests, especially given the nutri-
tion industry’s pervasive participation in the lit-
erature above. Eleven of the sixteen meta-analyses 
reviewed by Roehl had notable nutrition industry 
conflicts of interest [20]. Much of the interest and 
investment in immunonutrition was to cut down 
on hospital stay, infections, and overall cost, but 
commercial immunonutrition products are often 
more expensive than standard formulae. 
Table 14.1 is an update from multiple summaries 
of commercially available immunonutrition 
products in alphabetical order [20, 112, 113]. 
Prices where available were obtained directly 
from the company websites during March 2019. 
In the case of Abbott Laboratories, the prices 
cited are from the Medicare rates sheet. The 
product list is not exhaustive. It should also be 
noted that for every brand name, multiple varia-
tions of the product are also currently on the 
 market. Several products unable to be found on 
the manufacturer’s website were included for 
their prior appearance in the literature; historical 
composition is from sources [20, 112, 113]. For 
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currently available products, only information 
available to the general public on the company 
website is presented.

 Conclusion

Looking toward the future, it is possible that all 
nutritional intervention will be reshaped by the 
growing knowledge of the host/microbiome 
interaction. It is possible that immunonutrition 
as a separate entity will be subsumed into this 
wider view of the problem, and when immuno-
nutrition concepts are applied, they will be 
applied more selectively to a particular patient’s 
situation. For the present, clinical applications 
remain guarded. The prudent clinician should 
remain skeptical, still echoing Hippocrates, “In 
food excellent medication, in food bad medica-
tion, bad and good relatively” [1]. But if the 
past is any guide, clinical interest in trying to 
modulate a malfunctioning neuroendocrine 
immunoinflammatory supersystem will cycle 
back in vogue at least once during the reader’s 
career.
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Special Considerations in Organ 
Failure

Emily Cantrell, Jay Doucet, and Carlos Ortiz-Leyba

 Introduction

The presence or development of multiple organ 
dysfunction syndrome (MODS) and multiple 
organ failure (MOF) has plagued surgical inten-
sive care units (ICUs) for over four decades. This 
unfavorable course is felt to be the clinical mani-
festation of an imbalance between an excessive 
pro-inflammatory state, known as the systemic 
inflammatory response syndrome (SIRS), and the 
response of anti-inflammatory mechanisms, 
known as the compensatory anti-inflammatory 
response syndrome, leading to an immunoparetic 
state.

While exact mechanisms continue to be 
debated and discovered, patients with MODS/
MOF consume a tremendous amount of health-
care resources, and long-term morbidity and 
mortality remain prohibitively high. In this chap-
ter, we aim to depict the evolving concepts and 

phenotypes of MOF and MODS in regard to its 
epidemiology, proposed pathophysiology, and 
clinical manifestations, as well as review the role 
of nutritional supplementation in its 
management.

 Concept of MODS/MOF

Although the concept of MODS/MOF seems 
easy to understand and identify, reality is not 
always so conclusive. Despite the fact that this 
entity is well-known, its origin has been sub-
jected to many different hypotheses and pre-
sumed mechanisms. While more than two dozen 
types of organ failure have been described, the 
common framework used to identify MODS/
MOF is based on the presence of symptoms, 
abnormal biochemical and hematologic tests, and 
evidence of inadequate organ perfusion. 
Previously, the Surviving Sepsis Campaign 
guidelines described organ failure as a state in 
which organ function is acutely altered such that 
homeostasis cannot be maintained without phar-
macologic or mechanical interventions and in its 
2012 review [1] described criteria to consider 
organ dysfunction or failure (Table 15.1). Despite 
extensive research on the topic, a conceptual 
dilemma remains: is organ failure a consequence 
of microcirculatory disturbances leading to 
imbalances in organ metabolism and oxygen uti-
lization resulting in severe damage and even 
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death of cellular structures as was initial described 
[2], or is organ failure an adaptive mechanism 
that allows cells to protect organ function by 
diminishing their metabolism and allowing a pre-
sumable recovery [3] (Fig. 15.1)?

These theories regarding the development of 
MODS/MOF may be in part the result of the 
chronology and the clinical profile of this entity. 
First proposed by Moore et  al. [4], a biphasic 
course was used to describe the presentation of 
MOF among trauma patients. These authors 

described an early-onset MOF that appeared on 
days 0–3 following the initial trauma and a late- 
onset MOF that presented slightly later, on day 4. 
In addition, other authors supported the theory 
that affected organs in early MOF were the lung, 
heart, and kidney, while the liver, nervous sys-
tem, and gastrointestinal (GI) tract were involved 
in late MOF. This resulted in the “two-hit” theory 
of MOF, where during this period of dysregula-
tion of the early innate immune response, an 
additional insult or “second hit,” such as a 

Table 15.1 Definition of organ dysfunctions (Surviving Sepsis Campaign [1])

Organ dysfunction Variables Criteria
Pulmonary Arterial hypoxemia PaO2/FiO2 < 300
Renal Acute oliguria Output <0.5 mL/kg/h for at least 2 h despite adequate 

fluid resuscitation

Creatinine increase >0.5 mg/dL or 44.2 μmol/L
Hematological/
coagulation

Coagulation abnormalities INR >1.5 or aPTT >60 s

Platelet count <100,000 μL−1

Gastrointestinal Ileus Absent bowel sounds
Hepatic Hyperbilirubinemia Plasma total bilirubin >4 mg/dL or 70 μmol/L
Tissue perfusion

Hyperlactatemia >1 mmol/L
Decreased capillary refill or 
mottling

PaO2/FiO2 partial pressure arterial oxygen/fraction of inspired oxygen, INR international normalized ratio, aPTT acti-
vated partial thromboplastin time

Gene storm

Adaptative effects

Deleterious effects

I
N
J
U
R
Y

P
A
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MODS/MOF

Pro-inflammatory

Anti-inflammatory

Fig. 15.1 Current organ failure development hypothesis
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 nosocomial infection, would occur leading to 
recurrent systemic inflammatory response syn-
drome (SIRS) and subsequent failure of organs, 
with many believing the GI tract to be the engine 
behind this second “hit” [5, 6].

 Epidemiology of MOF

With advances in technology, critical and trauma 
care, and initial resuscitation, the epidemiology 
of MOF has evolved quite significantly since its 
initial conception (Fig.  15.2). MOF emerged in 
the 1970s as a result of advances in ICU care that 
allowed patients to survive single organ failure 
[7], with the most commonly described events 
resulting in MOF being trauma and sepsis [8–12]. 
One of the earliest descriptions of MOF came as 
a result of the epidemic of penetrating trauma by 
the so-called Knife and Gun Clubs in the United 
States which brought with it a high incidence of 
intra-abdominal infections. This led to the con-
clusion that MOF was the result of uncontrolled 
infection. Therefore, research in the 1980s 
focused on the prevention and treatment of intra- 
abdominal infections such as the use of periop-
erative antibiotics, improved surgical techniques 
and source control, dedicated trauma staff, earlier 

diagnosis with improved imaging techniques 
(computerized tomography), ideas of goal- 
oriented resuscitation, and use of early enteral 
nutrition.

By the mid-1980s, studies from Europe began 
reporting a high incidence of MOF after blunt 
trauma but without any identifiable source of 
infection. The term “sepsis syndrome” was popu-
larized to describe these patients who appeared 
septic but had no identifiable source of infection 
[13]. It was recognized that both infectious and 
noninfectious insults could result in a similar 
destructive systemic inflammatory response that 
if unabated could result in MOF and death [13–
15]. Multiple potential pathologic mechanisms 
were proposed, but bacterial gut translocation 
gained the most popularity and provided a poten-
tial explanation for how early enteral nutrition 
(EEN) provided beneficial effects [16–20]. As 
this new variant of MOF was being recognized 
and better understood, the term “sepsis syn-
drome” was replaced by the “systemic inflamma-
tory response syndrome “(SIRS) and 
“compensatory anti-inflammatory response syn-
drome” (CARS) paradigm.

Research by Moore et al. [21] proposed that 
MOF was a bimodal phenomenon in which the 
initial severe insult could cause early 

Research focused on
prevention and
treatment of IAI

1970s

Advances in ICU
technology

1980s 1990s 2000s 2010s

Advances in
trauma care

SlRS/CARS theories

Emergence of
sepsis syndrome

Emergence of MODS/MOF
(half associated with intra-
abdominal infections (IAI)

Epidemic of abdominal
compartment syndrome

(ACS)

Fundamental
changes in initial
care/resuscitation PICS

ACS and late MOF
virtually disappear

Fig. 15.2 Evolution of MODS/MOF leading to the phenotype of PICS
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MOF.  This, however, was followed by a rela-
tively quiescent period until late infections 
began to occur, precipitating a second peak in 
MOF.  Based on immunologic insights in the 
1990s, it was postulated that the initial insult 
precipitated pro- inflammatory SIRS, and if 
severe enough, early MOF ensued [21, 22]. In 
an attempt to equilibrate following the SIRS-
induced pro-inflammatory state, the body 
induced CARS, which set the stage for immu-
nosuppression, late infections, and late MOF 
(Fig. 15.3).

In the 2000s, additional advancements in the 
initial care of trauma and septic patients were 
developed which aimed to moderate and quickly 
correct abnormalities associated with the initial 
insult. From a trauma standpoint, this included 
the use of massive transfusion protocols, rapid 
hemorrhage control, and focused goal-oriented 
ICU resuscitation. In terms of sepsis, the 
“Surviving Sepsis Campaign” [23] brought more 
widespread use of sepsis screening and more 
consistent implementation of evidence-based 
care. As a result, this second peak of late MOF 
deaths has significantly decreased.

With more patients now surviving these early 
and late insults, a phenomenon of chronically 
critically ill patients was identified. This popula-
tion of chronically critically ill ICU patients sub-
sequently became the phenotype referred to as 
persistent inflammation, immunosuppression, 
and catabolism syndrome (PICS). Described by 
Gentile et al. [24], these patients were observed 
to lose tremendous amounts of lean body mass 
despite optimal nutrition, suffer recurrent noso-
comial infections, and develop decubitus ulcers. 
While surviving their hospital course, these 
patients are significantly debilitated and dis-
charged to long-term care facilities where they 
often fail to rehabilitate and experience dismal 
long-term outcomes.

Incidence of MOF reportedly ranges between 
15% and 61%. Potential reasons for this variation 
in reported incidence include differences in 
patient populations, scoring systems and defini-
tions used to identify MOF, and the clinical 
period in which these observations were made. 
Per recent studies, trauma patients appear to have 
an incidence of MOF ranging from 15% to 25% 
[12, 25] in contrast to burn patients where the 
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a b

Fig. 15.3 Evolution of the SIRS-CARS model. (a) The 
traditionally accepted SIRS-CARS phenomenon holds 
that severe sepsis and injury are a consequence of an over-
abundant and dysregulated early innate immune response 
from the overproduction of pro-inflammatory mediators 
and cytokines, leading to endothelial injury, tissue dam-
age, inadequate perfusion, and MOF, ultimately leading to 
death. In patients who survive this early SIRS event, a 
compensatory anti-inflammatory response syndrome 

(CARS) including suppression of adaptive immunity 
results. Additional insults such as nosocomial infection 
can case a late “second hit” that may lead to recurrent 
SIRS. (b) Recently, the Glue Grant showed that based on 
leukocyte genomic expression patterns, there is a simulta-
neous induction of innate (both pro- and anti- inflammatory 
genes) and suppression of adaptive immunity genes, and 
there is minimal genomic or clinical evidence for a “sec-
ond hit” phenomenon. (From [73]; with permission)
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incidence was found to be up to 40% [26]. An 
observational, multicenter study performed in 79 
ICUs across Spain and Latin America on 7615 
trauma, medical, surgical, and cardiac ICU 
patients over a 2-month period noted a MOF inci-
dence of 17.6% [27].

 Outcomes

It is well-known that the development of MODS/
MOF in critically ill trauma and surgical patients 
is associated with significantly poorer outcomes. 
Among trauma patients, mortality is up to six- to 
eightfold higher in patients who develop MOF 
versus those who do not [12, 28]. In addition, 
mortality rates appear to be closely related to the 
number or organ systems that fail. For example, a 
patient with four or more affected organ systems 
has a predicted mortality rate of 100%. Morbidity 
also closely parallels mortality with patients who 
develop MODS/MOF having increased days of 
mechanical ventilation, longer ICU and hospital 
length of stays, and a higher rate of nosocomial 
infections [29, 30].

Of those who do survive, patients that develop 
MODS/MOF exhibit greater mortality over time, 
even after discharge from acute hospital stay. In 
a cohort study of 545 medical-surgical ICU 
patients with MODS followed for 1 year, overall 
mortality was found to be 52.9%. Of those that 
died, 29.5% of deaths occurred in the ICU and 
14.8% occurred in the hospital ward. Three hun-
dred twenty-seven patients survived to discharge, 
and of the 266 patients that were able to be con-
tacted at the 1-year study follow-up period, 
14.3% of patients had died. Variables that were 
noted to be associated with delayed mortality 
included decreased functional conditioning and 
need for readmission to the hospital [31]. In a 
multicenter trial from Scotland, 872 patients 
with MODS/MOF from 10 ICUs were evaluated 
and found to have a 5-year mortality of 58.2%, 
with 34.4% occurring within 28  days. 
Cardiovascular, respiratory, and hepatic failure 
during the patient’s hospital stay were found to 
be independent factors associated with 5-year 
mortality [32].

 Scoring Systems

Over the years, multiple scoring systems have 
been developed to stratify the severity of organ 
dysfunction and predict outcomes. The four com-
monly accepted and applied scoring systems are 
the Denver postinjury multiple organ failure 
score, the Marshall score, the logistic organ dys-
function system (LODS), and the sequential 
organ failure assessment (SOFA) score [33, 34]. 
A comparison between the various organ dys-
function scoring systems can be seen in 
Table 15.2.

The Denver score considers four organs and 
four grades, while the LODS, Marshall, and 
SOFA scores take into account six organ systems 
and five grades. Moreover, the definition of each 
grade and the weight of each dysfunction vary 
between each scoring system. One parameter 
found to be useful in these scores is the value 
delta, which means the maximum difference 
between the initial value and the highest score 
obtained during the patient’s stay. Thus, it is 
common to use delta SOFA or delta MODS.

The Marshall score was validated on surgical 
ICU patients and has been found to be predictive 
of mortality using both the raw score and a delta 
MODS [11]. These findings were confirmed in a 
prospective observational cohort study on 1200 
mechanically ventilated patients performed in 
Canada [35]. The SOFA score has been validated 
in medical-surgical ICU patients and multiple 
patient populations (sepsis, cardiovascular, 
trauma, burns) [36]. Although not designed for 
prognostication, studies have shown that an 
increasing SOFA score is associated with worse 
outcomes with a SOFA score of greater than 15 
correlating with a mortality rate of 100% [37].

The LODS score was developed through mul-
tiple logistic regression analysis on 13,152 ICU 
patients in 12 countries, allowing for the determi-
nation of the degree of organ dysfunction as well 
as the prediction of mortality. In a French multi-
center prospective study on 1685 ICU patients, 
daily LODS and SOFA scores were compared 
during the first 7  days of a patient’s ICU stay. 
Both scores were found to display good accuracy 
for prognosis and prediction of mortality [33]. In 
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a validation of the Denver and Marshall scores, 
Sauaia et al. concluded that both scoring systems 
were useful tools but that the Denver score 
showed a greater specificity for mortality and 
ventilator-free days (higher than 70%). However, 
the sensitivity and specificity for days of mechan-
ical ventilation and ICU length of stay were less 
than 70% [38].

In a comparison between LODS and SOFA 
scores, Peres-Bota et al. concluded that both were 
accurate predictors of outcome. Nevertheless, in 
patients with shock or cardiovascular dysfunc-
tion, the SOFA score was a better predictor of 
outcome [39]. This difference has also been noted 
in patients with severe traumatic brain injury. In a 
prospective cohort study, the SOFA scoring sys-
tem was able to better discriminate both mortality 
and neurologic outcome [40].

Given that MODS/MOF scoring systems were 
all developed using different modalities on vari-
ous patient populations, it seems evident that 
their strength lies in their ability to stratify organ 
dysfunction in general and their weakness in the 
loss of accuracy when applied to specific patient 
populations [41]. This has subsequently led to the 
development of disease-specific scoring systems. 
Disease-specific scoring systems include the 
Glasgow Coma Scale (GCS) for the evaluation of 
central nervous system dysfunction; risk, injury, 
failure, loss, and end-stage renal disease (RIFLE) 
[42] and acute kidney injury network (AKIN) 
[43] classification of renal involvement; Child- 
Pugh score for liver failure [44, 45]; and lung 
injury score (LIS) for patients with acute respira-
tory distress syndrome (ARDS) [46].

 Pathophysiology

 General Mechanisms

Dysfunction and/or failure of organs and systems 
is following multiple different types of injury. 
Despite this, a detailed and definite knowledge 
about the pathophysiology remains incomplete, 
even the bimodal model proposed by Moore et al. 
[4]. General mechanisms that uncouple the pres-
ence of MODS/MOF after any of these entities, 

however, are quite well-known. Whether the 
inciting insult is a septic or non-septic event, both 
trigger a common inflammatory response through 
activator molecules coming from microorgan-
isms or their products, damaged tissues, dena-
tured proteins from dying cells, or foreign 
bodies.

These activators, known as pathogen- 
associated molecular patterns (PAMPs), accom-
plish their activity either directly or indirectly 
activating cytokines and other inflammatory 
mediators, generating biologic and metabolic 
effects that result in the clinical syndrome of 
MODS or MOF.  PAMPs may be divided into 
microbial and non-microbial origins. The most 
well-known microbiologic PAMPs are lipopoly-
saccharide (LPS), lipoteichoic acid, peptidogly-
can, and phenol-soluble modulin. 
Non-microbiologic PAMPs include various aller-
gens, toxic compounds, and lipoproteins.

Immunologic identification of damaged tis-
sues is mediated by intracellular proteins or by 
other mediators from damaged cells called alarm-
ins. For some researchers, alarmins and PAMPs 
combined create an entity called damage- 
associated molecular patterns (DAMPs). For oth-
ers, however, DAMPs are synonymous with 
alarmins. Characteristics of alarmins include 
release from necrotic cells (not apoptotic) or 
release from living immune cells by means of 
endoplasmic reticulum or Golgi apparatus. The 
ability to recruit and activate other immune cells 
where receptors are expressed and the capacity to 
restore lost homeostasis to injured tissues are 
also characteristics of DAMPs.

DAMPs are recognized by immune cell recep-
tors identified as pattern recognition receptors 
(PRRs) resulting in the activation of innate 
immunity and a generalized inflammatory 
response. Several receptors have been described 
as PRRs including triggering receptor expressed 
on myeloid cells (TREM 1), receptor for 
advanced glycation end products (RAGE), mac-
rophage scavenger receptor (MSR), K+ channels, 
CD11/CD18 receptors, CD55, CXCR4 chemo-
kine receptor, CD180, and heat shock protein 
70/90 receptor (Hsp70/Hsp90), but perhaps the 
best known PRRs are Toll-like receptors (TLR) 
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and nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLR). PRRs trigger dif-
ferences in transcription factors, with the best 
known transcription factor being NF-κB (nuclear 
factor kappa-light-chain-enhancer of activated B 
cells). These transcription factors control the 
transcription of nuclear DNA, resulting in altered 
regulation of genes responsible for both innate 
and adaptive immune responses.

Activation of host response to injury is inde-
pendent of the type of stimulus. Adaptive immu-
nity occurs concurrently, once B-cell receptors are 
activated. Activation and ultimate cellular recruit-
ment are performed by cytokines and some of the 
alarmins. Cytokine production tends to be brief 
and time-limited in response to a stimulus. 
Cytokines can be divided in two big groups, pro- 
inflammatory (e.g., TNF-a, IL-1b, IL-6, IL-12, 
IL-17, INF-c) and anti-inflammatory (e.g., IL-1ra, 
IL-4, IL-6, IL-10, IP10, IL-13, TGF-b, sTNFR 
p55, p75, sIL-6R), though some of them (e.g., 
IL-6) can share both characteristics according to 
the inflammatory milieu. In addition to the large 
constellation of cytokines involved in the inflam-
matory response, different alarmins have been rec-
ognized as active clinical agents [47], including 
S100 proteins, calcium pyrophosphate dihydrate 
(CPPD), Spliceosome-Associated Protein 130 
(SAP130), uric acid and monosodium urate crys-
tals, DNA, mitochondrial DNA, RNA, ATP, hyal-
uronan, biglycan, heparin sulfate, formylpeptides, 
and cholesterol crystals. Among alarmins, it is also 
worth highlighting heat shock proteins (HSP), 
High Mobility Group Box1 (HMGB1), and 
Macrophage Migration Inhibitory Factor (MIF).

Some members of the HSP family, HSP60 and 
HSP70, can be detected in serum. As signal mol-
ecules, they have a global pro-inflammatory activ-
ity, but may also attenuate ischemia- reperfusion 
injury (oxidative injury) and protect endothelial 
cells from neutrophil-mediated necrosis.

HMGB1 is a nuclear protein that binds DNA, 
modulates transcription and chromatin remodel-
ing, and facilitates the binding of transcription fac-
tors and nucleosomes. It is produced by injured, 
dying, or stressed cells, as well as by macrophages 
and other immune cells. It is involved in the stabi-
lization of nucleosomes and facilitates gene tran-

scription through the modulation of the activity of 
steroid hormone receptors. MHBGN1 also induces 
maturation of dendritic cells and has activity as 
chemokine, since its effects are also exerted in the 
endothelium. It binds to TLR4, increasing the 
release of pro- inflammatory mediators, and inter-
acts with RAGE (receptor for advanced glycation 
end products) receptors. It mediates fever and 
anorexia and is considered a late mediator of sep-
sis (8–32 h). High concentrations have been asso-
ciated with clinical deterioration. HMGB1 could 
be also considered a trigger in the stimuli which 
activate innate immunity [48]. In experimental 
studies, blocking HMGB1 with polyclonal anti-
bodies protects from lethal endotoxemia and from 
acute lung injury. Because of this, HMBG1- 
blocking agents may be considered as a potential 
therapeutic target.

MIF protein is constitutively expressed in 
large quantities by epithelial cells of the lung and 
kidney, immune cells (macrophages, eosino-
phils), and endocrine cells (pituitary). It is 
released following exposure to inflammatory 
cytokines or bacterial products and modulates the 
immune response through TLR4, allowing quick 
response of macrophages [49]. In situations of 
severe sepsis and septic shock, high levels of MIF 
have been detected, activating a pro- inflammatory 
response and increasing the secretion of cyto-
kines by the upregulation of TLR4 expression. 
MIF represents a recognized biomarker and 
potential molecular target in acute lung injury 
(ALI), as it is detectable in the alveolar airspaces 
of patients with sepsis-induced ARDS [50, 51].

MODS/MOF presentation is also related to 
imbalance in humoral responses with the comple-
ment system clearly involved in this process [52]. 
Complement may be activated in three different 
pathways: the classic, the mannose- binding lec-
tin, and the alternative pathways. Despite the 
pathway, all converge on the crossroads of C3 to 
continue the cascade activation. This process 
releases large amounts of anaphylatoxin C5a, a 
central molecule in the inflammatory response. 
C5a exerts its effects through interactions with the 
C5AR and C5a-like receptor 2 (C5L2) receptors, 
which are upregulated during sepsis. The syner-
gistic action of C5a and its receptors contributes, 
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at an early state, to the inflammatory activity that 
turns into the expression of tissue factor and trig-
gers the release of MIF and HMGB1.

On the other hand, C5a also facilitates an immu-
nosuppressive reaction through an induction of 
neutrophil dysfunction and apoptosis of thymo-
cytes and medullary adrenal cells. In an animal 
model of sepsis, the blockade of C5a improved out-
come and avoided MOF [53]. Additionally, in a 
baboon model of sepsis, the use of the C5a inhibi-
tor compstatin decreased the coagulopathic 
response by downregulating tissue factor and PAI-
1; reduced fibrinogen, fibrin- degradation products, 
and APTT; and preserved endothelial anticoagulant 
properties [54]. These findings might have implica-
tions on future complement- blocking approaches 
in the clinical treatment of MODS/MOF.

 Neural Regulation

The active participation of the autonomic nervous 
system (ANS) in the control of inflammatory 
response opens new fields and perspectives for the 
understanding of MODS/MOF physiopathology. 
Stimulation of the adrenergic system leads to an 
amplification in pro-inflammatory behavior, par-
ticularly during the first steps of injury and organ 
dysfunction, whereas the activation of cholinergic 
system prompts an anti- inflammatory trend. 
Catecholamines released in the adrenal glands 
and neurons of the sympathetic system act through 
α- and β-adrenergic receptors expressed on differ-
ent types of cells, while the anti-inflammatory 
effects of cholinergic pathways are mediated 
through α7 nicotinic (ACh) receptors (α7nAChRs) 
[55]. Vagal nerve stimulation subsequently 
releases acetylcholine that inhibits pro-inflamma-
tory molecules such as HMGB1 and TNF. In an 
animal model of sepsis, activation of the α-7 
receptors with nicotine has shown an improve-
ment of inflammation and increased survival [56].

 Microvascular Milieu

The molecular storm triggered by host response to 
the injury occurs in the microvascular environ-

ment. Normal endothelium performs two essential 
roles. First, it regulates blood vessel tone, and, sec-
ond, it actively participates in leucocyte recruit-
ment, directing them to sites where the cellular 
damage and inflammation occur. This process is 
mediated through the expression of adhesion mol-
ecules (ICAM, VCAM, ELAM) that are able to 
bind to leucocyte integrins CD11/CD18 and initi-
ate leukocyte diapedesis and migration through the 
endothelial wall. This process results in high levels 
of nitric oxide (NO) through monocyte inducible 
NO synthase (iNOS), converting L-arginine to 
L-citrulline. NO acts as a free radical and is a mod-
ulator of vascular tone, causing vasodilatation, 
increased vascular permeability, and organ dys-
function. Free radical formation is a result of inhi-
bition of mitochondrial function, leading to a 
decrease in TPA synthesis and an increase of reac-
tive oxygen species (ROS), generating peroxyni-
trite. The action of ROS on cells contributes to 
important changes in the release of lipid substrates 
such as series 2 prostaglandins (PG2) and series 4 
leukotrienes (LT4) with additional pro-inflamma-
tory and pro-aggregate activities.

Alterations in the coagulation and fibrinolytic 
cascades also occur at the level of the endothe-
lium. Procoagulant activity is upregulated and 
mediated by thromboxane A2, plasminogen acti-
vator inhibitor (PAI), platelet-activating factor 
(PAF), and von Willebrand factor. In addition, 
there is an associated downregulation of antico-
agulant activity factors, including thrombomodu-
lin, protein C receptor, and tissue plasminogen 
activator (tPA).

Metabolic changes at the level of the endothe-
lium, combined with hypoxia, lead to intravascu-
lar platelet aggregations and microvascular 
thrombosis, manifesting clinically as fever, chills, 
tachycardia, tachypnea, agitation, and a subse-
quent organ dysfunction if homeostasis cannot be 
recovered [57]. Shapiro et al. established the asso-
ciation between organ failure and endothelial cell 
damage in septic patients by measuring  levels of 
vascular endothelial growth factor (VEGF), a 
stimulator of permeability, and its receptor 
sFLT. They concluded that sFLT levels correlated 
with measured initial SOFA and SOFA at 24  h 
and that VEGF and sFLT levels also correlated 
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with inflammatory cascade activation [58]. In a 
second study performed by the same investigators 
in patients with sepsis, the role of the microcircu-
lation in the development of MODS/MOF was 
further supported by measuring a broad panel of 
endothelial markers including sVCAM-1, 
sICAM-1, sE-selectin, PAI, VEGF, and sFLT-1, 
finding an association between endothelial activa-
tion and subsequent organ dysfunction and mor-
tality. sFlt-1 was the marker with the strongest 
association with SOFA score [59].

Animal models also demonstrate a relationship 
between high levels of angiopoietin-2 (Angpt-2), 
an endothelial protein released upon inflamma-
tory stimulation, and SOFA measurements [60]. 
Sakr et  al. measured microcirculatory perfusion 
on 46 patients with septic shock and noted that 
decreased microcirculatory flow was associated 
with the development of multiorgan failure and 
death [61]. Using similar methods, Trzeciak et al. 
showed that an increase of microcirculatory flow 
during resuscitation was associated with reduced 
organ failure [62]. Accordingly, derangements in 
microcirculation seem to play an important role as 
the first hit in the development of MODS/MOF, 
while late MODS/MOF may be more associated 
with mitochondrial  failure [63].

 Mitochondrial Role

Mitochondrial function has emerged as one of the 
cornerstones in the development of MODS/
MOF. Release of pro-inflammatory cytokines and 
other mediators together results in the production 
of great amounts of NO and ROS creating a mal-
distribution of macrovascular and microvascular 
blood flow which, in turn, affects the mitochon-
drial function and energy production. If the incit-
ing stimulus continues, mitochondrial energy is 
severely compromised, a situation which may be 
reversed by regeneration of new mitochondria if 
the patient enters a recovery state [64].

The classic interpretation of decreased mito-
chondrial function is that as cells die, organs fail 
due to a lack of energy. However, an alternative 
hypothesis has been postulated based on the 
observation that cell necrosis is not a key feature 

of the response to sepsis [65]. It is proposed that 
the decline in mitochondrial function is a protec-
tive response, with cells entering a hibernation- 
like state and MODS/MOF a manifestation of 
this “physiologic shutdown.” This process could 
be reversed with the generation of new functional 
mitochondria and a recovery of energy, subse-
quent metabolic restoration, and clinical improve-
ment. This regeneration, called biogenesis, seems 
to be triggered by NO production and mitochon-
drial DNA oxidative damage [66]. On the other 
hand, if sepsis persists, hibernation stops being 
an adaptive and potentially protective role and 
shifts to a pathologic and harmful situation.

Others have also supported this hypothesis. In 
a murine model of peritonitis, Haden et al. found 
an increase in the mitochondrial biogenesis with 
restoration of oxidative metabolism during recov-
ery [67]. In another study based on skeletal mus-
cle biopsies in 28 septic ICU patients, Brealey 
et al. reported an association between NO over-
production, antioxidant depletion, mitochondrial 
dysfunction, and decreased ATP concentrations 
related to organ failure and outcome [68].

Carré et  al. studied biogenesis responses in 
muscle biopsies on 16 critically ill patients with 
MOF, at the time of admission to ICU versus 10 
patients submitted to elective hip surgery as control 
group. Their study showed that muscle mitochon-
drial capacity was decreased soon after ICU admis-
sion, especially among non-survivors. However, in 
the group of ICU survivors, early mitochondrial 
biogenesis and antioxidant defense responses were 
found. These authors conclude that an overexuber-
ant response to sepsis could increase susceptibility 
to mitochondrial damage and cellular energetic 
dysfunction and would subsequently prevent the 
recovery of normal function [69].

In spite of these studies, criticism has arisen 
due to heterogeneity of the body of evidence. 
Differences in methodology of the various studies 
on mitochondrial dysfunction have prompted crit-
icism of the proposed theories and interpretation 
of the conclusions. A consensus definition for 
“mitochondrial dysfunction” seems to be missing 
[70]. Even in human studies, only the musculo-
skeletal and circulatory systems have been stud-
ied, while MOF affects numerous other organ 
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systems. Additional studies utilizing new tools 
and testing are needed to further assess mitochon-
drial function and its role in MODS/MOF.

 Genomics

Recent genomic studies have contributed to a 
new understanding to physiopathology and tim-
ing of MOF.  The generally accepted biphasic 
“two-hit” model, fueled by GI tract dysfunction, 
nosocomial infections, or new surgery, is now 
being revisited due to new insights related to the 
expression of pro- and anti-inflammatory genes.

A study by Xiao et al., examined a cohort of 
167 adult severe blunt trauma patients who pre-
sented in shock and required transfusion of blood 
products. Leukocyte transcriptome was measured 
at several time points over 28 days. The authors 
noted that the expression of more than 80% of 
leucocyte transcriptome was significantly altered 
in a way that was described as “genomic storm.” 
Changes occurred rapidly (4–12  h) after insult 
and continued for days and weeks. This “genomic 

storm” included both inflammatory and anti- 
inflammatory gene upregulation and was inde-
pendent of inciting stimulus (trauma, burns, low 
dose of endotoxin). Moreover, the gene profile 
showed similar behavior despite patient outcome 
(complicated and uncomplicated recovery). 
These authors propose a new paradigm for the 
inflammatory response where changes in the 
expression of systemic inflammatory genes, and 
anti-inflammatory and adaptive genes, occur 
early and concurrently, not sequentially [71]. 
Interestingly, complicated recovery is not related 
to a different leucocyte transcriptome pattern, but 
a prolongation in this gene expression profile 
[72]. This paradigm reexamines the classical dia-
gram of two curves explaining SIRS, CARS, 
MOF, and outcome and substitutes it by a new 
model. Partially based on this concept, Gentile 
et al. coined the entity “persistent inflammation, 
immunosuppression, and catabolism syndrome” 
(PICS), encompassing those ICU patients who 
linger with manageable organ dysfunctions but 
usually do not meet established criteria for late 
MOF (Fig.  15.4). Their clinical course is often 

Pro-
inflammation
Anti-
inflammation

Innate
immunity

Insult

Adaptive
immunity

Chronic low grade inflammation

Progressive immunosuppression

CCI PICSPersistent inflammation

Rapid recovery 

Protein catabolism/cachexia

Indolent death

CARS

SIRS

Early
MOF

Fulminant death

Fig. 15.4 The PICS diagram. Clinical pathway of how 
PICS develops. Initially there is an inciting incident that 
triggers SIRS/CARS with respective increases in the 
innate and adaptive immunity. If the SIRS response is too 
robust, it has been noticed that these are the patients that 

are most vulnerable to early MOF and fulminant death. 
Once the patient persists to CCI, it has been seen that these 
patients may have chronic low-grade inflammation with 
persistent immunosuppression. These are the hallmarks of 
PICS and if unaltered ultimately lead to an indolent death
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marked by ongoing protein catabolism with poor 
nutritional status, poor wound healing, immuno-
suppression, and recurrent infections [24].

 Clinical Presentation

 Lung
The lung is one of the most frequently affected 
organs in the course of MODS/MOF. Beginning 
with Ashbaugh et  al. in 1967, pulmonary dys-
function has been widely studied over the last 
several decades [73]. With estimated incidence of 
34 per 100,000 in the United States [74] and 5–7 
per 100,000 in Europe [75–77], the 28-day mor-
tality of acute respiratory distress syndrome 
(ARDS) continues to be between 20% and 40% 
and the 1-year mortality an additional 15–20%, 
based on control group survival in recent ran-
domized control trials [78–80]. The LUNGSAFE 
study showed that the syndrome remains com-
mon and has a mortality of approximately 40%, 
emphasizing the global burden of ARDS [81].

Currently, using the Berlin definition, ARDS 
is classified as mild (200 < PaO2/FiO2 ≤ 300 with 
positive end-expiratory pressure (PEEP) or con-
tinuous positive airway pressure 
(CPAP)  ≥5  cmH2O); moderate (100  <  PaO2/
FiO2 ≤ 200 with PEEP ≥5 cmH2O); and severe 
(PaO2/FiO2 ≤ 100 with PEEP ≥5 cmH2O) [46].

Physiologically, the inflammatory response 
and resultant increase in lung vascular permeabil-
ity promote an alveolar invasion of activated neu-
trophils, red blood cells, and fibrin-rich fluid, 
resulting in damage to alveolar epithelium and a 
denuded alveolar basement membrane with loss 
of type I cells [82]. This drives the formation of 
hyaline membranes, inactivation of surfactant, 
and finally collapse of the alveoli [83].

Clinically, ARDS is manifested as a rapid 
onset of respiratory failure due to arterial hypox-
emia that is refractory to treatment with supple-
mental oxygen. Radiological findings include 
bilateral infiltrates described as patchy or asym-
metric, with or without pleural effusions, con-
solidation, and atelectasis. As ARDS progresses, 
an increased alveolar dead space and a decrease 
in pulmonary compliance result.

 Kidney
The kidney is one of the most commonly 
affected organs in MODS/MOF. The prevalence 
of acute kidney injury/failure is approximately 
60% in patients with MODS/MOF and carries 
an associated mortality rate between 26% and 
64% [42, 84].

Acute renal failure (ARF) was previously 
defined following RIFLE criteria [85]. More 
recently, however, a newer definition of AKI has 
been issued to address the entire spectrum of 
acute renal failure [86, 87]. Diagnostic criteria 
for AKI are a reduction in kidney function within 
48 h, currently defined as an absolute increase in 
serum creatinine of greater than or equal to 
0.3 mg/dL (≥26.4 μmol/L), an increase in serum 
creatinine of greater than 50% (1.5-fold from 
baseline), or documented oliguria of less than 
0.5 ml/kg per hour for more than 6 h. There is 
also a three-grade staging system based on quan-
titative changes in serum creatinine and urine 
output (based on RIFLE criteria).

While the true pathophysiology of AKI is 
unknown, factors such as hypovolemia, inflam-
matory response, neuronal mechanisms, coagu-
lopathies, and renal arterial vasoconstriction have 
all been implicated. Sepsis, major surgery (espe-
cially open cardiac surgery), and acute decom-
pensated heart failure are also common triggers 
of acute kidney injury [88].

Since AKI is often a result of renal hypoperfu-
sion, rapid resuscitation is the best first step in the 
treatment of AKI. Ideally, one or more biomark-
ers would exist to aid in the early identification of 
AKI.  Current biomarkers under study include 
urinary neutrophil gelatinase-associated lipocalin 
(uNGAL), urinary hepatocyte growth factor 
(uHGF), urinary cystatin C (uCystatin C), kidney 
injury molecule-1 (KIM-1), N-acetyl-β-D-
glucosaminidase (NAG), monocyte chemotactic 
peptide (MCP-1), IL-18, liver-type fatty acid- 
binding protein (L-FABP), and Netrin-1. 
According to early results, these markers can 
identify patients with a renal dysfunction prior to 
the development of a high creatinine level and 
may increase the possibility for recovery [89, 
90]. Additionally, it has been suggested that vari-
ous biomarkers could reflect different etiologies 
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of AKI. Cystatin C can predict changes in glo-
merular filtration rate, whereas neutrophil 
gelatinase- associated lipocalin is related to tubu-
lar stress or injury. At present, however, more 
research is necessary to better understand these 
biomarkers before adopting them into clinical 
practice [91].

 Cardiovascular System
The cardiovascular system can be affected via 
myocardial dysfunction, refractory peripheral 
vasodilatation, or a combination of the two. 
Septic injury often results in cardiovascular 
derangement, often with cardiac autonomic dys-
function, clinically manifested as rhythm distur-
bances. Cardiac myocytes may be also directly 
damaged by PAMP such as endotoxin and by NO 
and its substrate peroxynitrite which induce 
mitochondrial impairment and a diminished car-
diac contractility [92]. This septic cardiomyopa-
thy is characterized by a global cardiac 
enlargement with biventricular contractility 
impairment and a striking reduction in left ven-
tricular (LV) ejection fraction and stroke work 
index [93]. A good biomarker for diagnosis and 
for assessment of the degree of ventricular dys-
function is troponins.

Vascular dysfunction is characterized by 
microvascular and endothelial impairment, 
decreased vasoconstrictor tone, and a diminished 
responsiveness to vasopressor agents resulting in 
resistant hypotension [94]. Involved mechanisms 
seem to be the same as in cardiac dysfunction, 
with a preponderant role for NO and its metabo-
lites. However, adrenal insufficiency, anomalous 
catecholamine signaling, damaged potassium 
channels, and even hyperglycemia are all factors 
that also could be implicated [95].

 Nervous System
Neurological dysfunction is common in MODS/
MOF. Disturbances in mental status, confusion, 
delirium, and even coma are very frequent in 
severe sepsis and septic shock. Sepsis-associated 
encephalopathy (SAE) occurs in up to 87% of 
septic patients. The pathophysiology is still not 
completely understood and likely multifactorial 
[96]. Proposed etiologies include effects of 

microorganism toxins, cytokines and other 
inflammatory mediators crossing the blood-
brain barrier, oxidative stress, or decrease of 
cerebral blood flow. Electroencephalogram 
(EEG) is a sensitive test for the diagnosis of 
SAE when the patient is sedated and mechani-
cally ventilated. Additionally, biomarkers, such 
as S100B protein, may also prove useful in 
identifying SAE; however, more research is 
needed to fully determine their role. While SAE 
is potentially reversible, its presence is a poor 
prognostic indicator [97].

Another form of neural dysfunction in MODS/
MOF is an axonal polyneuropathy named critical 
illness polyneuropathy (CIP). CIP often results in 
generalized weakness and difficulty weaning 
from mechanical ventilation. As in the case of 
SAE, its origin and pathophysiology remain rela-
tively unknown and likely multifactorial. 
Hyperosmolality, parenteral nutrition, non- 
depolarizing neuromuscular blockers, and neuro-
logic failure are all associated with its 
development. CIP is significantly associated with 
an increase in the mortality, duration of mechani-
cal ventilation, and the lengths of intensive care 
unit and hospital stays [98, 99].

 Gastrointestinal Tract
The gastrointestinal tract (GIT) is often affected 
in MODS/MOF.  While the effects of MODS/
MOF on intestinal absorption are not fully 
understood, it is felt to be the result of compro-
mised blood flow, structure damage, inappropri-
ate cell function, alteration of metabolic activity, 
and impairment of the gastrointestinal barrier 
itself [100].

Intestinal absorption of amino acids is regu-
lated by three mechanisms: quantity of intralu-
minal substrate, capacity of the transport 
systems, and ability of the enterocyte to metab-
olize the substrates. In both animal and human 
studies, the intestinal absorption and transport 
of amino acids were decreased with respect to 
control groups in septic subjects [101, 102]. 
The transport of substrates through the intesti-
nal wall is also inhibited by the decrease of 
mesenteric blood flow. This leads to an increase 
in anaerobic metabolism which results in 
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decreased ATP stores, subsequently leading to 
reduced active transport of intraluminal sub-
strates. This dysfunction results in limited 
availability of intracellular substrates for the 
maintenance of metabolic functions and the 
enterocyte barrier [103].

One interesting hypothesis regarding gut 
dysfunction is to consider GI failure (GIF) as a 
motor for the development of secondary MOF 
since the GI tract lumen is loaded with bacteria 
and an increase in gut permeability would allow 
a massive translocation of bacterial products 
(Fig. 15.5). This hypothesis, raised by Marshall 
et al., considered gut as an “undrained abscess,” 
and this idea of bacterial translocation was sub-
sequently supported by several experimental 
studies [5, 104]. Although inflammatory GI tract 
damage, bacterial translocation, and develop-

ment of subsequent failure of other organs 
become a frequent clinically found association, 
causality has not been proven. It is possible that 
the increase of the GI tract permeability and 
translocation are epiphenomena that occur 
alongside other organ dysfunctions and are not 
motor for the development of MODs/MOF. In a 
recent study, aiming to develop a GIF score for 
28-day mortality prediction of ventilated 
patients, authors concluded GIF is often a sec-
ondary cause and not the primary cause of organ 
failure [105]. This conclusion points to another 
important issue in GIF: the need for a definition 
and the development of a scoring system to 
stratify and, if possible, predict GI tract dys-
function. The search for accurate markers has 
not yet yielded satisfactory results. While 
plasma citrulline, an amino acid mainly synthe-

Gut is the instigator & victim of this response 
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Fig. 15.5 Schematic diagram of the gut response to 
insult and how it influences SIRS/CARS, early vs. late 
MOF. Initially the insult from shock produces inflamma-
tory cytokines inciting SIRS. If this response is too robust, 
early MOF may result. If damage control operation, resus-
citation, or various ICU therapies control gut ischemia, 
then a potential ischemia-reperfusion injury may ensue 

further driving SIRS or promoting sepsis through the enti-
ties that drive gut dysfunction, decreased blood flow, gas-
tric emptying/ileus, immunity, increased permeability, 
and colonization. Finally, once the inciting insult is dealt 
with, one of two clinical pathways can increase mortality: 
(a) late MOF driven by a second hit/sepsis or (b) CARS 
dictated by the patient’s response to SIRS
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sized from glutamine by enterocytes, has been 
studied as a possible marker for small bowel 
function, its clinical utility in diagnosis and 
management of GI dysfunction remains to be 
verified [106].

Currently, two types of GI dysfunction are 
seen in MOF, intra-abdominal hypertension 
(IAH) defined by a sustained increase in intra- 
abdominal pressure equal to or above 12 mmHg 
as measured by bladder pressures and the pres-
ence enteral feeding (EF) intolerance [107]. 
Reintam et  al. elaborated a GIF score based 
upon the occurrence of feeding intolerance and 
IAH, ranging from level 0 (normal gastrointesti-
nal function) to level 4 (abdominal compartment 
syndrome) based on a prospective, single-center 
study on 264 mechanically ventilated patients 
[108]. They concluded that the mean GIF score 
during the first 3 days had a prognostic value for 
ICU mortality. Additionally, the ESICM 
Working Group on Abdominal Problems pub-
lished a report on terminology, definitions, and 
management of GI function in the ICU setting 
[109]. In this consensus, acute gastrointestinal 
injury (AGI) was scored with four grades of 
severity: grade I = increased risk of developing 
GI dysfunction or failure (a self-limiting condi-
tion); AGI grade II = GI dysfunction (a condi-
tion that requires interventions); AGI grade 
III = GI failure (GI function cannot be restored 
with interventions); and AGI grade IV  =  dra-
matically manifesting GI failure (a condition 
that is immediately life-threatening). They also 
defined primary AGI as associated with primary 
disease or direct injury to organs of the GI sys-
tem and secondary AGI when developed as the 
consequence of a host response in critical illness 
without primary pathology in the GI system. 
Feeding intolerance (FI) syndrome was defined 
as a failure to tolerate at least 20 kcal/kg BW/
day via enteral route within 72  h of feeding 
attempt or if enteral feeding had to be stopped 
for whatever clinical reason.

 Liver
Liver dysfunction in MODs/MOF occurs less 
frequently than other organ dysfunction. This is 
somewhat surprising in that crucial metabolic 

and immunological pathways occur in the liver. 
Moreover, it also produces and releases high 
amounts of inflammatory substrates such as 
cytokines, bioactive lipids, and acute-phase pro-
teins [110].

Early hepatic dysfunction occurs within hours 
after injury and is induced by hepatosplanchnic 
hypoperfusion that results in acute increases in 
transaminases, lactate dehydrogenase, and bili-
rubin. This early dysfunction is often reversible 
with adequate resuscitation. Late dysfunction is 
caused by inflammatory molecules and/or sterile 
DAMP and characterized by structural and func-
tional injury [111]. Large populations of Kupffer 
cells and natural killer (NK) cells found in the 
liver are able to induce high rates of expression 
of endothelial adhesion molecules [112]. 
Increased production of inflammatory cytokines 
in the hepatosplanchnic area occurs despite 
decreased hepatic blood flow [113]. Dysfunction 
in the GI tract is also an alleged mechanism of 
liver dysfunction. Contributing agents for this 
gut-liver axis would be intestinally induced cyto-
kines [114].

 Hematological System
Imbalances in procoagulant and anti-fibrinolytic 
states that occur in MODs/MOF may lead to the 
development of disseminated intravascular coag-
ulation (DIC), resulting in increased mortality 
due to microvascular thrombosis and resultant 
end-organ ischemia. While DIC is the most 
severe form of hematologic failure, it occurs 
much less frequently than isolated thrombocyto-
penia or abnormal clotting times. The presence of 
DIC usually prognosticates poor patient outcome 
depending on the studied population [115].

 Metabolic Disturbances
Metabolic disturbances in MODS/MOF are 
highly dependent on timing, the inflammatory 
status, and organs affected. Metabolic derange-
ments are characterized by a hypermetabolic 
state [116]. Common manifestations of this 
hypermetabolic response include hyperglycemia, 
increased protein catabolism, lactic acidosis, 
increased lipolysis, and hypertriglyceridemia. 
Perhaps the most common manifestation is 
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hyperglycemia which requires careful manage-
ment and has been found to be associated with 
increased mortality and morbidity [117]. While 
seen less frequently, hypoglycemia is often asso-
ciated with hepatic failure and a poor prognostic 
indicator.

Protein catabolism is fueled by the needs for 
gluconeogenesis, substrates for wound repair, 
acute-phase reactant production, and substrates 
for enterocytes and immune cells. Urinary urea 
nitrogen excretion is greatly augmented in the 
first days following injury, especially in burns 
and trauma where catabolic daily losses higher 
than 25 g are not uncommon.

Increased pro-inflammatory cytokines, 
mainly TNF, block some enzymes such as 
lipoprotein- lipase and contribute to a decrease 
of free fatty acids and a hypertriglyceridemia in 
a direct proportion to the severity of injury. 
Resting energy expenditure (REE) is strikingly 
elevated at the initial phases of MODS/MOF, 
but as dysfunction progresses, REE require-
ments decline. In the same manner, albumin 
and hepatic protein synthesis are downregu-
lated [118, 119].

 Treatment

 General Management

Management of MODS/MOF can be broken 
down into three arms: preventing its develop-
ment, adequate resuscitation to avoid progression 
if present, and selective organ support.

For prevention, adequate fluid resuscitation 
and oxygen support to optimize oxygen deliv-
ery to tissues are mandatory. At the same time, 
any potential or real source of injury or infec-
tion must be addressed in a rapid fashion. 
According to Surviving Sepsis Campaign 
guidelines [1, 120], interventions should be 
undertaken as soon as possible and within the 
first few hours after diagnosis, if feasible, 
including surgical debridement for necrotizing 
soft tissue infection, any emergency surgical 
procedure, burn wound excision, removal of 
suspected intravascular access devices, etc. If 

severe sepsis is present, appropriate empiric 
antibiotic treatment needs to be administered 
within the first hour of the recognition. A 
restricted transfusion policy for blood should 
be adopted among critically ill non- bleeding 
patients with moderate anemia as no clear ben-
efits have been demonstrated [121].

Glucose control is also imperative since 
hyperglycemia has been associated with MODS/
MOF through a mechanism of mitochondrial 
damage [122].

Once organ dysfunction is present, adequate 
resuscitation to preserve microcirculation and 
cellular metabolism is necessary. Careful 
hemodynamic monitoring, thoughtful use of 
vasopressors and fluids, and an approach mini-
mizing the initial metabolic derailment are cor-
nerstones in the management in this phase. The 
use of algorithms and criteria for early identifi-
cation in organ disorder may also be useful 
[123, 124].

Treatment of individual organ support is 
important and is primarily provided in the form 
of hematologic, pulmonary, renal, and cardio-
vascular support. Hematologic failure can be 
restored with blood product administration. 
Recommendations about mechanical ventila-
tion in the setting of ARDS have been issued 
regarding tidal volume, plateau pressure, 
PEEP, recruitment maneuvers, and prone posi-
tioning [120, 125]. Renal replacement therapy 
can be performed by either continuous renal 
replacement therapies or conventional hemodi-
alysis with continuous renal replacement ther-
apy being preferred in hemodynamically 
unstable patients. From a cardiovascular stand-
point, following appropriate fluid resuscita-
tion, vasopressors may be used to support 
blood pressure with norepinephrine being rec-
ommended as the first-line agent in most cir-
cumstances [120, 126]. In select patients with 
isolated refractory cardiac failure, devices such 
as intra-aortic balloon pump (IABP) and left 
ventricular assist devices may be considered. 
In cases of severe refractory cardiopulmonary 
failure, extracorporeal membrane oxygenation 
(ECMO) may be considered as a potential res-
cue therapy [126].
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 Nutritional Interventions and Their 
Impact on MODS/MOF Pathogenesis

Beginning in the 1980s, several studies took place 
that helped define how critically ill patients are fed 
today. In multiple comparisons between enteral 
and parenteral nutrition in critically ill patients, the 
enteral route consistently proves to be the pre-
ferred route. In several studies, trauma patients 
were randomized to receive early enteral nutrition 
(EEN) versus total parenteral nutrition (TPN). 
Patients receiving EEN displayed evidence of 
improved adaptive immunity and decreased rates 
of nosocomial infections [127, 128].

Also around this time, new TPN formulas 
designed to fit the presumed metabolic demands 
of critically ill patients became more readily 
available. In another study involving trauma 
patients, administration of EEN was compared 
with early TPN, with both regimens containing 
equal amounts of fat and amino acids and a calo-
rie to nitrogen ratio of 150:1 [129]. Of note, jeju-
nal feeding was tolerated without difficulty in 
86% of the EEN patients. Postoperative infec-
tions developed in only 17% of EEN patients 
compared with 37% in the early TPN group. 
When sepsis was the only morbidity considered 
between the two groups, the difference was 3% in 
the EEN group versus 20% in the early TPN 
group.

By the early 1990s, there was convincing clin-
ical evidence that EEN reduced nosocomial 
infections after major torso trauma [128, 129]. 
However, widespread acceptance of EEN was 
hindered by the inability to explain how EEN 
worked. To this day, researchers have been unable 
to fully explain in totality the beneficial effects of 
EEN.

Currently, it is proposed that both traumatic 
and septic shock are inciting events of the devel-
opment of MOF.  Both injure the gut and, with 
resuscitation, cause a reperfusion injury that 
releases pro-inflammatory mediators that result 
in SIRS. This also initiates a local inflammatory 
response that can lead to a variety of gut dysfunc-
tions including impaired mucosal blood flow, 
paresis of the stomach and bowel, gastric alka-
linization, duodenogastric reflux, increased per-

meability, epithelial apoptosis, and impaired 
local gut immunity [130]. Early crystalloid resus-
citation can amplify inflammation, cause edema, 
and promote ileus, while early laparotomy with 
bowel manipulation can lead to gut inflamma-
tion, mucosal injury, and ileus. Standard ICU 
interventions can also exacerbate gut dysfunc-
tion. Vasopressors decrease mucosal perfusion, 
stress gastritis prophylaxis leads to gastric alka-
linization, opiates contribute to ileus, antibiotics 
promote overgrowth of certain bacteria, and TPN 
results in gut disuse, all of which contribute to 
decreased local gut immunity, disuse atrophy, 
and worsening of systemic CARS.

In a short period of time, the normally ster-
ile upper GI tract becomes colonized with 
potential pathogens, and the gut becomes a res-
ervoir for bacteria and associated toxins. 
Bacteria and toxins escape the gut via aspira-
tion or translocation resulting in late nosoco-
mial infections and MOF. The resulting sepsis 
circles back to the gut causing further dysfunc-
tion. Thus, in this mechanism, the gut is both 
the instigator and victim in MODS/MOF. This 
conceptual framework explains how EEN is 
able to interrupt the vicious cycle of events to 
prevent late nosocomial infections and MOF. In 
several models, enteral nutrition has been 
shown to reverse mucosal hypoperfusion, 
attenuate the gut permeability defect, and 
lessen the severity of CARS seen with critical 
illness [16, 18, 20–22, 131].

 Avoidance of Early Parenteral 
Nutrition

Achieving adequate caloric needs with EEN can 
be challenging in critically ill patients, as many 
of them present with concomitant comorbidities 
that make EEN prohibitive. As demonstrated by 
Heyland et al., up to 40% of ICU patients receive 
no nutrition, and the remaining 60% of patients 
only received, on average, 60% of their caloric 
goals [132]. Parenteral nutrition (PN) has shown 
benefit in providing nutrition to these patients 
where EEN has to be delayed or is inadequate. 
PN, however, is not without consequence. PN has 
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been shown to cause hyperglycemia, hepatocel-
lular injury, and immunosuppression [133–136].

When to initiate PN has long been a point of 
controversy, debated between societies and 
groups for many years. To answer this question, 
Casaer et al. performed a large multicenter PRCT 
comparing early initiation of supplemental PN 
(within 2 days of not achieving target nutrition) 
with late initiation of PN (after 7  days of not 
achieving target nutrition) in adult ICU patients 
[137]. Patients receiving late initiation of PN had 
increased ICU and hospital survival rates without 
evidence of decreased functional status, decreased 
infection rates, and lower rates of cholestasis. 
There was also noted to be a modest cost savings 
with later initiation of PN.

While enteral nutrition is the preferred and 
recommended route for nutritional supplementa-
tion in critically ill patients, the American Society 
for Parenteral and Enteral Nutrition (ASPEN) 
does provide guidelines for the use of PN in 
patients where enteral routes are not feasible. 
Currently, it is recommended that patients who 
are severely malnourished or with high nutri-
tional risk be considered for PN as soon as pos-
sible following admission to ICU when enteral 
nutrition is not possible. In patients who are con-
sidered low to moderate nutritional risk, however, 
PN should not be initiated prior to 7 days follow-
ing admission. Use of supplemental PN should 
be considered after 7–10 days in all patients who 
are unable to meet greater than 60% of energy 
and protein requirements by the enteral route 
alone [134].

 Early Enteral Nutrition

Compared with early PN, EEN has long been 
recognized as beneficial in critically ill patients 
[134, 138, 139]. While its underlying mechanism 
has resulted in considerable debate, EEN appears 
to promote vital gut functions including mucosal 
perfusion, intestinal transit, and mucosal perme-
ability [130]. The gut has been recognized as an 
important immunologic organ, and the severity of 
systemic immunosuppression can be lessened by 
feeding the gut. Enteral nutrition supports the 

function of the mucosal-associated lymphoid tis-
sue (MALT) that produces up to 70% of the 
body’s secretory immunoglobulin A. Naïve T and 
B lymphocytes target and enter gut-associated 
lymphoid tissue where they become sensitized 
and stimulated by antigens present in the gut 
lumen. As a result, they become more responsive 
to potential pathogens in the external environ-
ment. Simulated lymphocytes subsequently 
migrate through mesenteric lymph nodes into the 
thoracic duct and vascular tree for distribution to 
extraintestinal sites of MALT.  These lympho-
cytes provide protection with subsequent inocu-
lation which aids in preventing late infections.

 Tight Glucose Control

Glycemic control in critically ill patients has 
been studied extensively with efforts made to 
improve control of glucose levels, understand 
insulin interactions with varying delivery routes, 
and avoid extreme hyper- or hypoglycemia. 
Differences have been noted between intrave-
nous and oral glucose administration leading to 
the belief that endogenous insulin secretion 
depends on both the concentration of glucose 
load and the route it is given [140]. Scow et al. 
showed in rats that 60% of oral glucose is taken 
up by the liver and the rest by the systemic circu-
lation suggesting that both blood glucose levels 
and gut function have a role in insulin response to 
nutrition [141].

In a review of six randomized control trials, 
patients with severe acute pancreatitis showed a 
statistically significant risk reduction in 
 hypoglycemia and insulin requirements in non-
diabetic acute pancreatitis using enteral nutrition 
vs. PN.  Patients receiving enteral nutrition had 
decreased rates of large swings in blood glucose 
levels, hypoglycemic events, and insulin require-
ments when compared to patients receiving par-
enteral nutrition [142].

In another study, Van den Berghe et al., subse-
quently, showed that parenterally fed patients 
required increased insulin doses to achieve nor-
moglycemia, indicating higher blood glucose 
levels [117]. This idea was further supported by a 
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meta-analysis by Moore et  al., where incidence 
of hyperglycemia and insulin blood levels were 
increased in patients receiving TPN [129]. As a 
result, it is generally felt that enteral nutrition is 
superior to parenteral nutrition from a glycemic 
safety profile.

More recently, the NICE-SUGAR trial eluci-
dated that tight glucose control may not be bene-
ficial to all ICU patients. In this study, patients 
receiving tight glucose control had higher rates of 
hypoglycemic events compared with patients in 
the conventional glucose control group. When 
90-day mortality was compared between the two 
groups, the tight glycemic control group was also 
found to have higher mortality rates. In subgroup 
analysis, however, two patient groups that seemed 
to do better with tight glucose control were found 
to be trauma patients and patients receiving corti-
costeroids [143].

 Immune-Enhancing Enteral Formulas

Current guidelines for the use of immune- 
modulating enteral formulas are available in 
postoperative surgical patients after major sur-
gery, trauma patients, large (>30% total body sur-
face area) burn patients, cancer patients, and 
critically ill patients requiring mechanical venti-
lation. The various supplements responsible for 
immune modulation include arginine, omega-3 
fatty acids, glutamine, selenium, fish oil, vitamin 
C, and vitamin E. Outcomes using these immune- 
modulating enteral formulas have been shown to 
be associated with reductions in infection, length 
of mechanical ventilation, and hospital length of 
stay. The data, however, does not show any reduc-
tion in mortality [144–149].

According to Sanderson et  al., immune- 
modulating enteral formulas are felt to directly 
reduce inflammation by lowering the expres-
sion of pro-inflammatory cytokines such as 
interleukin (IL)-6. In this paper, four lines of 
evidence were proposed as evidence that these 
enteral formulas directly lessened inflamma-
tion: (1) enteral nutrition directly affects the 
inflamed intestine; (2) changes in inflammatory 
markers precede repletion of nutritional status; 

(3) molecular pathways exist linking changes in 
luminal contents to the expression of class 
MHC genes in intestinal epithelium in animal 
studies; and (4) enteral formulas have a direct 
effect on cytokine expression by intestinal epi-
thelial cells [150].

In a study performed by Moore et  al., 98 
trauma patients sustaining major torso trauma 
were compared on demographics and injury 
severity score and were randomized to early 
enteral nutrition with an “immune-enhancing” 
formula or a standard stress enteral formula. 
After 7  days of feeding, both groups experi-
enced similar increases in serum total protein, 
albumin, and transferrin concentrations. Patients 
randomized to receive the “immune-enhancing” 
formula, however, experienced significantly 
greater increases in total lymphocytes, T lym-
phocytes, and T-helper cell counts, fewer intra-
abdominal abscesses, and decreased rates of 
MOF concluding that “immune-enhancing” 
enteral diets offer clinical benefits in stressed 
surgical patients [149].

Further supporting the benefits of immune- 
modulating enteral nutrition, Galban et  al. con-
cluded that not only do immune-enhancing 
enteral feeds reduce bacteremia and secondary 
nosocomial infections in septic patients, but also 
they reduce mortality. These formulas were forti-
fied with arginine, mRNA, and omega-3 fatty 
acids from fish oil [151].

 Arginine

Immune-enhancing enteral diets fortified with 
arginine have convincingly been shown to be 
beneficial in surgical patients undergoing major 
operation and in trauma patients at high risk for 
MODS/MOF [152, 153]. However, the use of 
arginine in sepsis remains controversial. Arginine 
is a semi-essential amino acid that promotes lym-
phocyte and fibroblast proliferation. It serves as 
an intracellular substrate for nitric oxide produc-
tion in macrophages to improve bactericidal 
activity. It is also a secretagogue that increases 
levels of somatostatin, prolactin, growth hor-
mone, insulin, and glucagon.
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The controversy of arginine in sepsis centers 
around the fact that arginine is a competitive sub-
strate for arginase 1 and inducible nitric oxide syn-
thase. During severe sepsis/septic shock, there is 
upregulation of inducible nitric oxide synthase, 
and available arginine is converted to citrulline and 
nitric oxide. Arginine levels are subsequently 
depleted, which suppresses lymphocyte prolifera-
tion, resulting in immunosuppression. The con-
cern is that arginine supplementation during severe 
sepsis/septic shock would result in increased nitric 
oxide production, causing pathologic vasodilation, 
worsening the patient’s shock. While this scenario 
is physiologically possible, it is clinically unproven 
and not relevant as arginine is rarely provided at 
high doses during resuscitation of hemodynami-
cally unstable with severe sepsis/septic shock.

Several studies have convincingly demon-
strated upregulation of arginase 1  in myeloid- 
derived suppressor cells (MDSCs) after trauma 
as well as in chronic sepsis [154–157]. When 
arginase 1 is upregulated, arginine is shunted to 
the production of ornithine, which is subse-
quently converted to polyamines and prolines. 
These substrates are used in wound healing. 
Arginine supplementation in this setting would 
increase arginine levels and restore lymphocyte 
proliferation, while converted arginine would 
increase polyamines and prolines, promoting 
wound healing. Given that MDSC upregulation 
is a prominent feature of the PICS phenotype, 
arginine supplementation seems like a promising 
intervention; however, further study is needed.

 Glutamine

Glutamine has long been well regarded in the 
nutritional support of injury, not only because it 
is an essential amino acid but also because its use 
has been associated with good outcomes in criti-
cal illness. Low plasma glutamine concentration 
is also an independent predictor of poor out-
comes. In a multicenter RCT, Wernerman et al. 
evaluated intravenous glutamine administration 
and effects on SOFA scores and mortality [158]. 
This study demonstrated that administration of 
glutamine was associated with lower mortality, 

however, not statistically significant when stud-
ied by intention to treat. Glutamine administra-
tion also did not alter serial SOFA scores. In 
another randomized, controlled, and double- 
blind study, glutamine supplementation did not 
reduce the appearance of new infections, 6-month 
mortality, length of stay, and SOFA score nor the 
use of antibiotics [159].

Other studies, however, demonstrated that 
glutamine repletion was associated with a 
reduced rate of infectious complications and a 
better glycemic control profile than that seen in 
control groups. However, no changes in SOFA, 
ICU and hospital length of stay, or mortality were 
appreciated [160].

In a multicenter RCT, 2-by-2 factorial trial 
was performed on patients with MOF requiring 
mechanical ventilation who received nutrition 
supplemented with glutamine, antioxidants, both, 
or placebo (REDOXS) with the primary outcome 
being 28-day mortality [161]. Results were strik-
ing in that there was a trend toward increased 
mortality at 28 days among patients in the study 
group versus control group (32.4% vs. 27.2%; 
adjusted odds ratio, 1.28; 95% confidence inter-
val [CI], 1.00–1.64; P  =  0.05). Also, hospital 
mortality and mortality at 6 months were signifi-
cantly higher among those who received gluta-
mine. There was no difference in rates of organ 
failure or infectious complications between the 
study group and control group.

This study sparked great controversy among 
the scientific community. Criticism is mainly 
directed at the potential toxicity of the amount in 
glutamine support (60% of total dietary protein) 
and in a presumed bias in the allocation of 
patients according to the number of failing organs 
at baseline. According to REDOXS study, recom-
mendations about glutamine support are main-
tained in EN in burn and trauma patients but a 
caution in patients with shock and MOF, given 
the possibility of increasing mortality.

 Lipids

Omega-6 polyunsaturated fatty acids (Ω-6 
PUFA) are essential and required in the inflam-
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matory response. In a recent study on patients 
with sepsis compared to healthy controls, arachi-
donic acid (AA) concentrations were more 
reduced among septic patients [162]. Gene 
expression studies have also confirmed a reduc-
tion of the induction of the expression of mes-
senger RNA of cyclooxygenase 2 (COX-2). As a 
result, authors concluded that reduction in the 
release of AA and its metabolites, 11- HETE, 
PGE2, and TXB2, was associated with worse 
outcome.

Monounsaturated fatty acids (Ω-9 MUFA) 
and oleic acid metabolites are generally consid-
ered as less active than Ω-6 PUFA in the setting 
of injury and organ failure. In a study of 100 criti-
cally ill, mostly surgical patients receiving PN, 
patients were randomly assigned to receive emul-
sions of soybean oil (Ω-6) or olive oil-based fat 
emulsion (Ω-9) [163]. Between groups, no sig-
nificant differences were found in mortality, 
length of stay, rates of infectious and noninfec-
tious complications, glycemic control, oxidative 
stress markers, immune function, and inflamma-
tory markers. These results confirm a previous, 
observational, and prospective study examining a 
smaller number of critically ill patients receiving 
PN, where, again, no differences between the 
control group (soybean oil) and the study group 
(olive oil-based fat emulsion), with regard to 
infection rate, variations on the protein levels of 
acute phase, clinical variables (stay, mortality), 
and leukocytosis, were identified [164]. In fact, 
the study group had a trend toward greater leuko-
cytes, challenging the assumptions that Ω-9 have 
either a presumed anti-inflammatory or neutral 
effect.

Polyunsaturated fatty acids (Ω-3 PUFA) have 
been studied in patients in MOF with ALI or 
ARDS.  Rice et  al. performed a randomized, 
double- blind, and multicenter placebo-controlled 
OMEGA study on patients with respiratory fail-
ure to determine if the supplementation of the 
diet with n-3 PUFA, γ-linolenic acid, and antioxi-
dants would increase mechanical ventilation-free 
days [165]. The study was stopped for futility, 
and the authors concluded that supplementation 
did not improve the clinical outcomes of patients 
with ALI and may be harmful.

Another randomized, multicenter study exam-
ined the effects of an enteral diet enriched with 
eicosapentaenoic acid, γ-linolenic acid, and anti-
oxidants on the incidence of organ dysfunction 
and nosocomial infections in patients with respira-
tory failure, against a control group with standard 
enteral nutrition [166]. Results showed that there 
were no differences in PaO2/FiO2 ratio, mechani-
cal ventilation days, or nosocomial infection rate.

 Future Options

After decades of searching a magic bullet to 
block the inflammatory process resulting in 
MODs/MOF, plenty of conflicting results have 
been generated. As a result, research is being 
directed to new approaches and new targets.

Inhibition of C5a in MODS/MOF of septic 
origin is promising, with preliminary results in 
rheumatoid diseases [167]. Mesenchymal stem 
cells may also have an application due to the 
large number of studies supporting an immuno-
suppressive function of these cells through pro-
duction of activated molecules that enhance 
repair [168–170]. Regulation of neural pathways 
is another promising strategy. Angiotensin- 
converting enzyme inhibitors (ACEI) are known 
to ameliorate depressed autonomic function 
(heart rate variability [HRV]) and improve endo-
thelial function; in an retrospective study on 178 
MODS patients, ACEI treatment was associated 
with lower short- and longer-term mortality com-
pared with patients without ACEI [171]. On the 
side of mitochondrial therapies, different thera-
pies have been proposed targeting membrane sta-
bilization, mitochondrial ROS scavenger, 
mitochondrial antioxidants, and substrate and/or 
cofactor provision, with promising results in dif-
ferent experimental studies [172].

The horizon for MODS/MOF therapy could 
be altered by advances in gene therapy, tissue 
regeneration, and molecular reprogramming, also 
known as “health engineering,” where a joint 
approach of critical care, systems sciences, 
molecular engineering, computational biology, 
and applied mathematics would work for improv-
ing prognosis issues [173, 174].
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 Current Epidemic of PICS 
and the Nutritional Implications

Based on the evolving clinical epidemiology of 
MODS/MOF and new immunologic observa-
tions, the previously accepted SIRS/CARS con-
ceptual framework has now evolved to include 
the PICS paradigm (Fig. 15.4) [24]. As discussed 
previously, trauma or sepsis insults result in 
simultaneous induction of SIRS and CARS.  If 
SIRS is allowed to get out of control, it can pre-
cipitate an early MODS/MOF scenario with a 
fulminate death trajectory. However, with 
advancements in medicine and ICU care, the 
MODS/MOF is being better managed, and more 
patients are surviving. While some patients go on 
to a full recovery, some patients are entering into 
a chronic critically ill state known as PICS with a 
clinical course characterized by manageable 
organ dysfunction, recurrent inflammatory insults 
(i.e., repeat operations or recurrent nosocomial 
infections), a persistent acute-phase response 
with dramatic loss of lean body mass despite ade-
quate nutritional support, poor wound healing, 
and pressure-induced chronic wounds. This phe-
notype has largely replaced late MOF as the 
cause of prolonged ICU stays and usually results 
in a slow indolent death.

This persistent low-grade inflammatory and 
catabolic state produces a “cachexia” phenotype 
for which current ICU interventions are not effec-
tive at reversing. Currently, there is no existing 
literature for nutritional support in PICS. Some 
recommendations have been made by extrapolat-
ing data from other disease states with chronic or 
persistent inflammation such as aging sarcope-
nia, cancer cachexia, and major burns.

Two strategies used to combat aging sarco-
penia and indirectly PICS are anabolic nutri-
tion and resistance exercise. However, when 

exercise becomes challenging in the bedridden 
ICU patient, the primary goal becomes nutri-
tional support with a targeted daily protein 
intake of 0.8–1.5  g/kg/d and dietary-derived 
amino acids to close or prevent muscle protein 
catabolism [175–178]. In conjunction with the 
Society on Sarcopenia, Cachexia and Wasting 
Disorders, Morley et al. outlined several strate-
gies for providing nutritional supplementation 
in the aging populations that also likely apply 
to patients at risk for PICS. Strategies included 
a combined approach of exercise when possi-
ble and increasing supplemental leucine and 
creatine [179].

It is well-known that a persistent catabolic 
state occurs following major burns [180]. In 
hopes of combating this muscle breakdown and 
protein loss sustained after major burns, anabolic 
supplementation has become a major area of 
focus for this patient population. Several ana-
bolic strategies have been studied including the 
use of growth hormone, intensive insulin therapy, 
oxandrolone, propranolol, and inpatient active 
exercise programs. Growth hormone has been 
shown to be a potent anabolic agent and salutary 
modulator of post-traumatic responses at 
12-month follow-up [181]. Strict glucose control 
(80–160 mg/dL) in pediatric patients sustaining 
>30% TBSA burns resulted in increased bone 
mineralization and muscle strength in this patient 
population [182]. In addition, studies have shown 
that oxandrolone substantially decreased resting 
energy expenditure, increased insulin-like growth 
factor-1 secretion, and, in combination with exer-
cise, increased lean body mass and muscle 
strength considerably, while propranolol admin-
istration resulted in a reduction of burn-induced 
proteolysis with an increase in muscle anabolism 
[183, 184]. Currently, these strategies are being 
explored in the PICS population (Table 15.3).

Table 15.3 Conditioning factors in the administration of nutritional support in organ dysfunction

Limitations Consequences
Phase of inflammatory response Immunoregulators/immunostimulants
Available commercial formulations Lack of studies with isolated nutrients
Prominence in organ dysfunction Tailored pharmaconutrition according to clinical situation
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 Conclusion

The presence of MODS/MOF in the outcome of 
critically ill patients continues to be a major chal-
lenge for clinicians. Its presence is clearly associ-
ated with worse prognosis and outcomes as well 
as increasing hospital costs.

The epidemiology of MODS/MOF continues 
to evolve, with the underlying mechanistic para-
digm of SIRS/CARS once again shifting to now 
include PICS.  As our population continues to 
age, the number of critically ill patients in the 
ICU expressing the PICS phenotype is likely to 
increase prompting the need for further research 
and more effective approaches to nutritional 
interventions. While EEN continues to be a valid 
concept in the care of critically ill patients, nutri-
tion in the later clinical course becomes increas-
ingly more complex, and there needs to be more 
weight placed on the role of “anabolic nutrition,” 
use of supplemental agents, and use of immune- 
modulating enteral formulas.
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 Diabetes Management 
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 Background
Acute illness results in an increase in circulat-
ing concentrations of stress hormones, includ-
ing adrenaline and cortisol, which impair 
insulin action, thereby leading to hyperglyce-
mia [1]. Extensive evidence from observational 
studies reveals a strong correlation between 
hyperglycemia during critical care and patient 
outcomes, including mortality [2]. Even when 
controlling for other markers of severity of 
illness, the degree of blood glucose eleva-
tion appears to be independently associated 
with adverse events. Importantly, the relation-
ship between glucose and mortality appears 
to be more tightly linked in patients without 
a prior history of diabetes—i.e., in those with 
newly identified hyperglycemia [3]. It remains 
debated, however, as to whether hyperglyce-
mia during critical illness is a marker for or a 
mediator of patient outcomes.

 Evidence
Clinical trials of tight glycemic control using 
intensive insulin therapy in the critical care set-
ting, including the surgical intensive care unit 
(ICU), have had conflicting results. Older stud-
ies employing historical controls suggested 
that moderate control of blood glucose (to 
the 150–199  mg/dL range) using intravenous 
(IV) insulin infusion in the cardiothoracic ICU 
reduced deep sternal wound infection rates 
in patients undergoing cardiac surgery [4]. In 
the landmark randomized clinical trial by van 
den Berghe and Belgian colleagues involving 
1548 surgical ICU patients, reducing blood 
glucose levels to 80–110 mg/dL with an inten-
sive IV infusion protocol (mean blood glucose 
103 mg/dL) was associated with a 42% relative 
reduction in ICU mortality and a 34% relative 
reduction in hospital mortality, when compared 
to conventional care (mean blood glucose 
153 mg/dL) [5]. These data, however, have not 
been confirmed by other groups. In fact, in the 
NICE-SUGAR study, a multicenter random-
ized clinical trial involving 6104 critically ill 
medical and surgical patients, intensive glucose 
management using a similar protocol and target 
(mean blood glucose 118  mg/dL) resulted in 
a puzzling 14% increase in mortality as com-
pared to conventional therapy (mean blood glu-
cose 145 mg/dL) [6]. Follow-up analyses have 
linked increased mortality in NICE-SUGAR 
to the development of severe hypoglycemia 
(blood glucose <40 mg/dL), occurring in 6.8% 
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of patients in the intensive group and 0.5% in 
the conventional group. However a cause and 
effect relationship remains unproven. Other 
investigators have found that iatrogenic hypo-
glycemia in the hospital does not carry with it 
the same negative implications as spontaneous 
hypoglycemia (i.e., that due to malnutrition, 
sepsis, liver failure) [7]. Accordingly, it may 
be those patients who are at risk for develop-
ing low blood glucose with or without insulin 
therapy may simply be sicker and higher-risk 
individuals.

A meta-analysis has shown no overall ben-
efit from intensive insulin therapy in the ICU, 
although a possible benefit in surgical ICUs was 
raised [8]. It should be pointed out, however, that 
this finding was mainly driven by the van den 
Berghe surgical ICU cohort.

Two more recent studies in ICU patients have 
shown that not all hyperglycemic ICU patients 
are the same: those without diabetes or with well- 
controlled diabetes have a mortality benefit from 
having tight glycemic control. However, patients 
whose outpatient glycemic control has been sub-
optimal do not benefit much from tight glycemic 
control in the ICU [9, 10].

 Guidelines
Based on these data, the American Association 
of Clinical Endocrinologists (AACE) and the 
American Diabetes Association (ADA) and, 
in their 2009, consensus statement encouraged 
good but not necessarily overly stringent blood 
glucose control in all critical care settings. 
Insulin infusion was deemed the most appropri-
ate and flexible form of therapy in this setting, to 
be used when the blood glucose exceeds 180 mg/
dL, with a glucose target of 140–180 mg/dL [11]. 
The Society of Critical Care Medicine (SCCM) 
in their 2012 guidelines statement recommends 
a similar range (<150 mg/dL) [12], although the 
SCCM’s own Surviving Sepsis Campaign’s 2012 
International Guidelines for Management of 
Severe Sepsis and Septic Shock endorses a some-
what more conservative blood glucose target of 
≤180 mg/dL [13]. SCCM also advises the use of 
IV insulin in the critical care setting.

 Insulin Infusions
When IV insulin is administered, validated infu-
sion protocols should be used, either “paper” 
algorithms or computerized devices, the latter 
simplifying implementation for nursing staff. 
The ideal protocol should reduce blood glucose 
gradually (within several hours) and safely into 
the target range. In most protocols, hourly blood 
glucose determinations are necessary for safe 
implementation, with frequent infusion dosing 
adjustments. Infusion rates are typically ranged 
between 1 and 5 U of insulin per hour but can 
exceed this in highly insulin-resistant individu-
als. Continuous parenteral feeding and, particu-
larly, total parenteral nutrition (TPN) can also 
markedly increase insulin requirements. The 
best protocols adjust the rate based on the blood 
glucose, rate of changes, and prevailing insulin 
infusion rates. At our institution, the ICU insulin 
infusion protocol targets 120–160 mg/dL and has 
been associated with a median blood glucose of 
150 mg/dL (IQR 127–180 mg/dL), achieved after 
a median of 7 h, with an exceedingly low severe 
hypoglycemia rate of 1/5000 blood glucose 
determinations [14]. This rivals the background 
rate of hypoglycemia in the control/conventional 
therapy arms of most clinical trials of intensive 
glucose management.

Plasma venous or arterial blood glucose sam-
ples are ideal but only if rapid result turnaround 
is ensured, such as with point-of-care analyz-
ers. Most institutions, however, continue to use 
bedside, capillary blood glucose meters in this 
setting. These are adapted versions of home-use 
meters, and it should be acknowledged that the 
accuracy of these devices is only ±15–20% vs. 
plasma glucose samples. In critically ill patients, 
with anemia, acidosis, and peripheral vaso-
constriction, even wider discrepancies can be 
observed. There is some interest in the potential 
use of continuous glucose monitoring (CGM) in 
the ICU [15]. These devices measure interstitial 
glucose concentrations from subcutaneous tis-
sues and provide readings every 5  min. They 
appear to be reasonably accurate in the hospital, 
but it is not clear if they are reproducible and 
reliable enough to be used for adjusting insulin 

E. H. Holt



317

 infusions, particularly in the low-normal glycemic 
range. More studies will be necessary before we 
can consider the use of CGM in the critically ill.

 Subcutaneous Insulin Regimens
Upon transfer from the surgical ICU, if substan-
tial insulin requirements persist (i.e., >1 U/h) or 
in patients on insulin prior to admission (espe-
cially in type 1 diabetics), smooth transitioning to 
a subcutaneous regimen is important to prevent 
post-infusion hyperglycemia. Several transition 
protocols are available, most using initial doses 
estimated from the terminal hours of the insu-
lin infusion [16]. For example, if a patient has 
required 2 U/h over the 6 h prior to transition, an 
estimated need of 48 U can be estimated for the 
day. Some protocols then take this entire amount 
(whereas others use 80% of this amount), divid-
ing by 2. Thus, 50% of the daily requirement is 
administered as a dose of basal insulin (e.g., 24 U 
QD of insulin glargine or detemir, or 12 U BID 
of NPH). The balance is administered as a rapid- 
acting insulin analogue, further divided into three 
pre-meal doses of, e.g., 8 U TID AC of insulin 
lispro, aspart, or glulisine. If the patient is not 
yet eating, the mealtime dose is held, and cor-
rection insulin is instead administered over 4–6 h 
(regular insulin or a rapid analogue) to correct 
for hyperglycemia. If substantial short- or rapid- 
acting insulin coverage is required, a portion of 
this (classically, 50%) can be incorporated into 
the next day’s basal insulin dose.

Previously, in the non-ICU setting, most 
organizations (AACE-ADA, Society of Hospital 
Medicine, the Endocrine Society) [11, 17, 18] 
recommended that blood glucose be maintained 
below 140. However more recent recommen-
dations from the ADA have relaxed this target 
to between 140 and 180 mg/dL [19] and stated 
that more stringent goals (glucose 110–140 mg/
dL) can be considered for individual patients. 
Focusing on safety and the avoidance of hypo-
glycemia is important, particularly in the less 
supervised setting of a general surgical ward. 
The frequent changes in a patient’s nutritional 
status must be considered on a daily or even 
more frequent basis such that insulin doses 
are nimbly adjusted to anticipate the patients’ 

requirements. In addition, the patient’s trajec-
tory of illness (and, therefore, stress response) 
and other medications that might impact meta-
bolic control (e.g., glucocorticoids) must be con-
sidered as well. Using endocrine consultants or 
hospital diabetes management teams has been 
demonstrated to improve glycemic control and 
clinical outcomes.

As the patient’s nutritional status improves 
and calorie intake normalizes outside of the 
ICU, the so-called basal-bolus insulin strategy is 
endorsed as the most physiologic, especially in 
type 1 diabetes, and the more severely insulin- 
deficient patients with type 2 diabetes [17]. Here, 
a basal insulin (glargine, detemir, NPH) once or 
twice per day suppresses hepatic glucose produc-
tion, controlling glucose levels overnight and in 
between meals. It is given in conjunction with a 
pre-meal bolus of rapid-acting insulin analogue 
to blunt postprandial glycemic excursions, in an 
attempt to recapitulate normal insulin secretory 
dynamics. Furthermore, the mealtime dose is 
ideally adjusted (i.e., increased) for preprandial 
hyperglycemia with correction doses of the same 
type or rapid-acting insulin (e.g., +2 additional 
units added to the planned nutritional dose, when 
the pre-meal blood glucose ≥150 mg/dL, +4 U 
for ≥200  mg/dL). The optimal ratio between 
basal and the sum of the bolus components is 
classically 1:1.

Such a complex glucose control strategy will 
necessitate careful coordination between medi-
cal assistants who are charged with obtaining 
and reporting blood glucose readings, dietary 
staff who provide the meals, nurses who admin-
ister the insulin, and the surgeon or other phy-
sician who orders and adjusts the insulin doses. 
In patients who are made NPO, in preparation of 
surgery or other procedures, or in whom nutri-
tional intake is in doubt, mealtime boluses will 
obviously need to be omitted. As noted previ-
ously, basal insulin alone (reduced by 20% for 
a safety margin, unless the patient has remained 
hyperglycemic), along with “coverage” involving 
correction rapid analogue every 4–6 h or regular 
human insulin every 6 h, should be sufficient to 
control glycemia. When calorie intake improves, 
fixed mealtime boluses can be resumed.
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 Transitioning the Patient to Discharge
Upon discharge, the patient’s at home glucose 
control requirements will need to be deter-
mined. Those on insulin prior to hospitalization 
will require resumption of that strategy if it was 
resulting in acceptable blood glucose control 
(i.e., HbA1c in or near the targeted range of <7%) 
[17]. If not, a more intensified strategy will be 
required (higher dose, more injections, different 
insulin formulations, etc.). In those who were 
previously treated with oral agents (or injectable 
GLP-1 receptor agonists), those drugs can also 
be resumed upon discharge, as long as the patient 
has not developed a prevailing contraindication 
(e.g., renal insufficiency in someone previously 
treated with metformin) and if the preadmission 
control was acceptable. If not, an adjustment in 
the regimen or the use of insulin at home will be 
necessary. Such changes are usually optimally 
made using medical consultants or after conver-
sation with the patient’s primary care physician 
or endocrinologist.

In those individuals with newly identified 
hyperglycemia, not all will require antihyper-
glycemic therapy upon discharge. This decision 
should be based on the patients’ blood glucose 
levels toward the end of the hospitalization, the 
in-hospital treatment required, and measurement 
of HbA1c, which will reflect blood glucose levels 
in the 2–3  months prior to admission. In those 
with normal or near-normal HbA1c levels, so 
long as blood glucose is not significantly elevated 
(>180–200  mg/dL), discharge off antihypergly-
cemic therapy is acceptable, but early outpa-
tient follow-up is necessary so that the patients’ 
glycemic status can be reassessed. Importantly, 
the patients’ capacities for self-care need to be 
incorporated into the decision to treat with insu-
lin, which can be a dangerous medication when 
used inappropriately or without proper patient 
and family education.

 Diabetic Emergencies

Epidemiology
Diabetic ketoacidosis (DKA) and hyperosmolar 
hyperglycemic state (HHS) are two major acute 
complications of diabetes mellitus (DM). The 

rate of hospital admissions for DKA has been 
rising, and in 2009 it reached 4.6 per 10,000 
population, which is about a 44% increase since 
1988 [20]. From 2009 to 2014, the rate of DKA 
hospitalizations rose a total of 54.9%, from 19.5 
to 30.2 hospitalizations per 1000 people with dia-
betes. Each year between 2009 and 2014, there 
was a more than 6% rise in DKA hospitalizations 
annually in all age groups, with highest rates 
among people <45  years old [21]. Fortunately, 
the death rate due to all hyperglycemic crises 
has been declining since the 1990s, with an age- 
adjusted death rate of 7.5 per 1000,000 popula-
tion in 2009, which is less than half the rate in 
1980 [22], and concurrently, in-hospital case 
fatality rates among persons with DKA consis-
tently decreased from 2000 to 2014 at an annual 
average rate of 6.8% (from 1.1% to 0.4% [63.6% 
decline overall]) [21]. Due to the magnitude of 
these conditions, it is vital to understand how to 
diagnose and treat these conditions appropriately.

Definitions of DKA and HHS
DKA is present when the following criteria are 
met: plasma glucose >250  mg/dL, arterial pH 
≤7.30, serum bicarbonate ≤18  mEq/L, positive 
urinary and serum ketones, and an anion gap 
<10 mEq/L [23]. The degree of acidemia, mea-
sured by arterial pH, determines if it is catego-
rized as mild (pH 7.25–7.30, bicarbonate 15–18), 
moderate (pH 7.00–7.24, bicarbonate 10 to <15), 
or severe DKA (pH <7.00, bicarbonate <10) [23]. 
That being said, it has been suggested that these 
categories should apply only to patients with a 
simple metabolic acidosis [24–26]. Clinicians 
should be mindful of the possible presence of 
mixed acid-base disorders as well, which can be 
seen in 43–50% of DKA cases [24–26]. HHS 
is present when the following criteria are met: 
plasma glucose >600  mg/dL, an arterial pH 
>7.30, serum bicarbonate >18  mEq/L, and an 
effective osmolality of >320 mOsm/kg [23, 27]. 
Small urinary and serum ketones may be seen in 
HHS, while they are always seen in DKA [23]. 
In addition, it is important to note that about 
33% of patients may have characteristics of both 
 disorders, and thus these conditions are not mutu-
ally exclusive [28, 29].
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Although we typically think of DKA occur-
ring in patients with type 1 DM, there is also an 
entity known as ketosis-prone type 2 DM [30, 
31]. The initial clinical presentation of DKA in 
these patients is similar to that of patients with 
type 1 DM, but ketosis-prone type 2 DM patients 
differ because they may recover β-islet cell func-
tion after a few months [30]. In fact, 10 years after 
their initial presentation with DKA, up to 40% of 
these patients do not require insulin therapy [30, 
31]. Interestingly, in about 50% of unprovoked 
DKA in ketosis-prone type 2 DM patients, one 
cannot determine a precipitating factor for the 
DKA [32]. In this subset of patients who develop 
unprovoked DKA, a male predominance has been 
observed [32]. Common characteristics in patients 
with ketosis-prone type 2 DM include obesity, 
low prevalence of autoimmune markers, lack of 
genetic HLA association, and male predominance 
[30, 32]. It has also been noted that a significant 
proportion of these patients are African-American 
or Hispanic although this entity has also been 
reported in other populations such as Asians, 
Caucasians, and Native Americans [32].

Pathophysiology
DKA occurs due to relative insulin deficiency 
along with an increase in counter-regulatory 
hormones such as glucagon, cortisol, catechol-
amines, and growth hormone [23, 27]. The 
hyperglycemia results from increased gluconeo-
genesis, increased glycogenolysis, and decreased 
peripheral glucose utilization in the liver, muscle, 
and adipocytes [27]. Both insulin deficiency and 
increased cortisol levels lead to increased pro-
teolysis and lipolysis. Proteolysis creates amino 
acid substrates that fuel gluconeogenesis, and 
lipolysis creates glycerol, which also fuels glu-
coneogenesis, and free fatty acids (FFA). These 
FFA undergo beta-oxidation in the liver to gener-
ate ketones (beta-hydroxybutyrate and acetoac-
etate) and thus result in an anion gap metabolic 
acidosis [Anion gap = Na+ − (Cl + HCO3)] [27]. 
In addition, increased glucagon relative to insu-
lin decreases malonyl CoA, which results in the 
disinhibition of carnitine palmitoyl acyltransfer-
ase I (CPT I), which is known to transport FFA 
into the mitochondria for oxidation and thus con-

tributes to this ketogenesis [33]. Furthermore, 
hyperglycemia itself leads to volume depletion 
with resulting impaired renal function, which 
decreases the patient’s ability to excrete glucose 
and ketoanions [34]. In concert, these processes 
result in hyperglycemia and ketoacidosis.

Interestingly, patients with hyperglycemic 
crisis may also demonstrate inflammation and 
hypercoagulability as evidenced by increased lev-
els of proinflammatory cytokines, reactive oxygen 
species, cardiovascular risk factors, coagulation 
markers, fibrinolysis, and platelet activity [33, 35, 
36]. Clinically, these patients may thus also pres-
ent with thrombosis, myocardial infarction, and 
disseminated intravascular coagulation [33, 35].

Similar to DKA, the pathophysiology of HHS 
involves a relative insulin deficiency, but unlike 
DKA, the amount of endogenous insulin secretion 
in HHS is usually greater [23]. This amount of 
insulin prevents lipolysis and thus explains why 
ketone bodies are not typically seen in HHS [23, 
37]. HHS also results in an osmotic diuresis result-
ing in an even greater free water deficit, which 
can be greater than 9 L, than is present in DKA, 
which is usually about 6  L [28]. Patients with 
HHS develop hyperosmolarity, hypovolemia, and 
intravascular and extravascular dehydration. This 
leads to an increase in counter-regulatory hor-
mones, thereby exacerbating the existing hyper-
glycemia and insulin resistance [27, 33].

Clinical Presentation
The clinical presentation of DKA and HHS 
includes symptoms of fatigue, weakness, poly-
uria, polydipsia, weight loss, and even altered 
mental status if the presentation is severe [23]. 
Patients with DKA often also have nausea, 
vomiting, and abdominal pain that parallels the 
degree of acidemia present [38]. This pain may 
be severe enough to prompt a work-up for an 
acute abdomen 50–75% of the time [27, 38]. One 
distinguishing feature between DKA and HHS is 
the duration of symptoms prior to presentation. 
DKA is an acute process that typically develops 
within 24 h, whereas HHS is a process that devel-
ops over several days to weeks [23].

Physical exam findings in both condi-
tions may include tachycardia, hypotension, 
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dry mucous membranes, and poor skin turgor. 
Findings present in DKA may also include 
Kussmaul respirations, breath with a fruity odor 
due to ketones, nausea, vomiting, and abdominal 
tenderness to palpation [23, 38]. Altered men-
tal status may be present in both conditions but 
tends to be more common and more severe in 
HHS because of the degree of hyperosmolarity 
[Effective Serum Osmolality  =  2  ×  (measured) 
Na  +  [mEq/L]  +  Glucose (mg/dL)/18] present 
[28, 39]. Obtundation and coma usually occur 
when the effective osmolality is greater than 
330  mOsm/kg [27]. If the patient’s osmolality 
does not reach this threshold and altered mental 
status is present, it is essential to broaden the dif-
ferential diagnosis for the neurologic change [23, 
27]. In addition to the above, patients with HHS 
may have other neurologic changes such as hemi-
paresis, hemianopia, and seizures [23].

Evaluation
The initial evaluation of the patient presenting 
in hyperglycemic crisis should include an imme-
diate finger-stick glucose and urinalysis to look 
for ketones. Initial labs should include a plasma 
glucose, serum ketones, an arterial blood gas 
to check the degree of acidemia, electrolytes 
(sodium, potassium, chloride, bicarbonate, cal-
cium, magnesium, phosphate), BUN, Cr, lactic 
acid, and osmolality [23]. Based on the patient’s 
clinical picture and the above labs, one can make 
a diagnosis based on the definitions of DKA and 
HHS mentioned above.

This evaluation often reveals pseudohypo-
natremia resulting from the shift of water to 
the extracellular space. The traditional teaching 
is that a corrected sodium value should be cal-
culated to account for this shift. To do this, for 
every 100  mg/dL of glucose greater than 100, 
1.6  mEq/L is added to the measured serum 
sodium level [28]. That being said, in HHS, 
where the plasma glucose is greater than 400 mg/
dL, a factor of 2.4 mEq/L may be more appropri-
ate [40].

Although the patient’s serum potassium level 
may be normal or elevated on presentation, the 
patient’s total body potassium level is usually low 
[28]. This is a result of relative insulin deficiency, 

which causes an extracellular shift of potassium 
[33]. It is for this reason that one must watch for 
the development of hypokalemia when insulin 
treatment is started [33].

The patient should be admitted to the ICU if 
there is worsening level of consciousness, airway 
compromise, hemodynamic instability, or severe 
acidemia. Recently, Huang et al. reported the use 
of the “PHD Score” in order to assess mortality 
risk in patients presenting with hyperglycemic 
crises in Taiwan [41]. A validation study on this 
scoring method showed that in the low-, inter-
mediate-, and high-risk groups, respectively, the 
mortality rates were 5.8%, 20.5%, and 56%, indi-
cating the tool was quite useful in identifying the 
sickest patients [42].

In addition to the above, a simultaneous evalu-
ation for a precipitating factor should be done. 
Since the most common precipitant for hypergly-
cemic crises is infection, labs should include a 
complete blood count (CBC) with differential, 
urinalysis with urine culture, sputum culture, 
viral nasal swab, and blood cultures, and imag-
ing should include a chest X-ray [23]. Although 
leukocytosis is usually seen in DKA even in the 
absence of infection, a white blood cell count of 
greater than 25  ×  103/mm3 or bandemia ≥10% 
should raise the concern for the presence of an 
infection [23, 43].

Other precipitants include accidental or inten-
tional insulin noncompliance, myocardial infarc-
tion, cerebrovascular accident, pancreatitis, and 
medications (e.g., corticosteroids, diuretics, beta- 
blockers, calcium channel blockers, cimetidine, 
diazoxide, phenytoin, sympathomimetic agents, 
pentamidine, typical or atypical antipsychotics) 
[23, 28, 44]. Of note, pancreatitis cannot be diag-
nosed based on the values of amylase and lipase 
alone because these values may be significantly 
elevated in up to 25% of DKA patients with-
out pancreatitis [45]. Additional risk factors for 
DKA also include psychological illness, eating 
 disorders, and cocaine use [23, 46]. If the patient 
presents with recurrent DKA, a urine toxicology 
panel and an overdose panel should be consid-
ered [39, 46]. Endocrine disorders that are asso-
ciated with hyperglycemia and should be kept in 
mind include Cushing syndrome, acromegaly, 
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pheochromocytoma, thyrotoxicosis, and hyperal-
dosteronism [44].

Management
In DKA and HHS, the aims of therapy are to treat 
the patient’s dehydration, hyperglycemia, and 
electrolyte abnormalities. It is also important to 
treat the precipitant of the hyperglycemic crisis, 
if one is found [23]. The treatment is described in 
detail below, and it is important to note that the 
patient’s finger stick should be checked hourly, 
and electrolytes, BUN, and creatinine should be 
checked every 2–4 h until the patient’s hypergly-
cemic crisis has resolved.

Treatment begins with intravenous fluids 
(IVF) to restore intravascular, interstitial, and 
intracellular volume [23]. If hyperosmolarity 
is present, IVF can also help to correct it and 
thereby lead to an improved response to insulin 
therapy [47]. Typically, normal saline is started at 
a rate of 15–20 mL/kg body weight/h or 1–1.5 L 
in the first hour [23]. The patient’s hemodynam-
ics, volume status, electrolyte status, urine output, 
and corrected serum sodium value determine the 
next type of IVF that is given [23]. If the patient 
remains hypovolemic, normal saline is contin-
ued. Half-normal saline (0.45% NaCl) should be 
used if the corrected serum sodium is normal or 
elevated [23]. Of note, if cardiac or renal dysfunc-
tion is present, one must be watched carefully for 
signs of volume overload. If the patient develops 
cardiogenic shock, pressor support is necessary.

Next, insulin therapy should only be started 
when the patient is hemodynamically stable and 
the serum potassium level is greater than 3.3 [23, 
33]. The reason is that insulin both (1) causes 
water to move from the extracellular to the intra-
cellular space leading to further hypotension 
and (2) causes an intracellular shift of potassium 
leading to worsening hypokalemia [23, 33]. In 
order to ensure that the patient’s serum potassium 
remains adequate, it should be repleted when it is 
at the upper limit of normal [23]. Insulin therapy 
may begin with a 0.1  U/kg body weight bolus 
followed by an infusion of 0.1 U/kg/h or as an 
infusion of 0.14 U/kg/h without an initial bolus 
[23, 48]. The goal is to decrease plasma glucose 
at a rate of 50–75 mg/dL/h, and the insulin infu-

sion should be titrated to this goal using hourly 
finger sticks [23]. Of interest, although an insu-
lin infusion is used in many hospitals, it has been 
demonstrated that for the treatment of mild to 
moderate DKA, subcutaneous rapid-acting insu-
lin use every 1–2 h is as effective as regular IV 
insulin therapy [49, 50].

Total body phosphate depletion is also present 
in patients with DKA but is typically only repleted 
if the serum phosphate is less than 1 mEq/L or if 
the patient has comorbidities such as cardiac or 
respiratory compromise or anemia [23, 51]. The 
reason is that evidence is lacking that aggressive 
phosphate repletion improves patient outcomes 
in DKA and repletion carries the risk of develop-
ing hypocalcemia [51, 52].

Bicarbonate therapy is controversial and is 
typically only used in severely acidemic patients 
because they are at risk for developing cerebral 
vasodilatation and coma, decreased myocardial 
contractility, and gastrointestinal complications 
[23, 53]. At pH levels between 6.9 and 7.1, stud-
ies have not shown any benefit in morbidity or 
mortality when bicarbonate is used to treat DKA 
patients [23, 54]. In DKA, the patient’s ketoaci-
dosis improves as ketone bodies are metabolized 
in the citric acid cycle [33]. Since there are no 
randomized controlled trials in DKA patients 
with a pH <6.9 and there are serious compli-
cations that may occur with severe acidemia, 
bicarbonate therapy is given in these patients. 
The typical dose is 100 mmol of bicarbonate in 
400  mL H2O  +  20  mEq KCl infused over 2  h. 
This is repeated every 2 h until the pH is ≥7. In 
addition, the serum potassium is monitored every 
2  h [23]. The potential complications of bicar-
bonate therapy include worsening hypokalemia, 
intracellular acidosis, cerebral edema, and para-
doxical central nervous system acidosis [23].

When the patient’s plasma glucose reaches 
200 mg/dL in DKA, dextrose should be added to 
the IVF, and the insulin infusion rate is decreased 
to 0.02–0.05  U/kg/h. This is done to achieve a 
plasma glucose between 150 and 200  mg/dL 
and avoid hypoglycemia, while further insulin 
therapy is required to close the anion gap and 
prevent more lipolysis and ketoacid production 
[23]. Insulin and dextrose therapy are contin-
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ued in this manner until the DKA has resolved, 
which is defined by achieving a plasma glucose 
of <200 mg/dL and two of the following: serum 
bicarbonate ≥15  mEq/L, venous pH >7.3, and/
or anion gap ≤12  mEq/L.  In HHS, dextrose is 
added, and the insulin infusion rate decreased 
when the plasma glucose reaches 300 mg/dL. In 
HHS, this is continued with a goal plasma glu-
cose of 200–300 mg/dL until the patient’s HHS 
has resolved, which is defined by the normaliza-
tion of osmolality and mental status [23].

When both conditions have met criteria for 
resolution, transition from IV to subcutaneous 
insulin may start with 1–2 h of overlap in order to 
prevent relapse of hyperglycemia or ketoacidosis. 
If the patient was already on insulin prior to this 
crisis, then the patient’s home doses may be used if 
the patient’s glycemic control was adequate prior 
to admission. If this is a new diagnosis of diabe-
tes, then dosing may begin at 0.5–0.8 U/kg/day. 
A basal-bolus-correction (BBC) regimen may be 
used where 50% of the total daily dose is given 
as a basal insulin (e.g., glargine or detemir), the 
remainder is divided into three equal doses given 
as rapid-acting insulin (e.g., aspart, glulisine, or 
lispro) at mealtimes, and a correction scale of 
rapid-acting insulin is also used [23]. Recently, 
it has been demonstrated that in patients with 
type 2 DM, the use of a “basal-plus correction” 
regimen, which uses a long-acting insulin (e.g., 
glargine) and a correction scale of rapid-acting 
insulin at mealtimes, achieves similar glycemic 
control as the BBC regimen [55].

Complications
Complications that may occur in DKA and HHS 
include hypoglycemia, hypokalemia, hyperchlo-
remic metabolic acidosis, and cerebral edema 
[23, 56]. Cerebral edema is more common in 
pediatric patients but quite rare in adults with 
DKA.  Possible contributors to its development 
may include increased cerebral blood flow, 
inflammatory mediators, cerebral ischemia, 
hypoxia, and a quick decrease in osmolality in 
the setting of IVF repletion [23, 56]. A patient 
with cerebral edema may have a headache, 
worsening level of consciousness, papilledema, 
bradycardia, hypertension, seizures, or respira-

tory compromise and even respiratory arrest. If 
this occurs, it is vital to treat with mannitol and 
mechanical ventilation [56].

 Adrenal Disorders

 Adrenal Insufficiency

 Background
Any critical illness is associated with activation 
of the hypothalamic-pituitary-adrenal (HPA) 
axis, stemming from the release of corticotropin- 
releasing hormone (CRH), which stimulates the 
release of adrenocorticotropic hormone (ACTH) 
from the anterior pituitary [57]. This, in turn, 
activates the adrenal cortex to augment its pro-
duction of glucocorticoids, mainly cortisol. 
Recent evidence also suggests that decreased 
cortisol metabolism in critical illness may also 
increase circulating cortisol concentrations in 
critical illness [58]. Irrespective of cause, the 
hypercortisolemia that results has myriad effects 
on metabolic processes (mainly insulin counter- 
regulatory effects), vascular responsiveness to 
catecholamines, and modulation of the immune 
response. In the surgical ICU, occasional patients 
are admitted with preexisting adrenal insuffi-
ciency, either due to primary or secondary adre-
nal disease. In addition, dysfunction in the HPA 
axis should be considered in patients who exhibit 
suspicious features of adrenal failure, particularly 
hypotension without known cause or when hypo-
tension becomes refractory to usual therapies.

Adrenal insufficiency is distinguished into 
primary and secondary causes. In primary adre-
nal failure, both adrenal glands are themselves 
dysfunctional, resulting in deficiency in both glu-
cocorticoids (i.e., cortisol), mineralocorticoids 
(i.e., aldosterone), and adrenal androgens (i.e., 
DHEA, androstenedione), the first two being crit-
ical for survival. When deficient, and unless these 
hormones are replaced, patients rapidly develop 
hypotension, electrolyte imbalance (hyperka-
lemia, hyponatremia, metabolic acidosis), and 
hypoglycemia. Over time, due to the effects of 
increased pituitary ACTH secretion, the skin 
hyperpigments. This condition may result from 
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autoimmune adrenalitis, bilateral adrenalectomy, 
the use of adrenolytic medications, or glandular 
destruction from infectious or infiltrative dis-
eases or, rarely, bulky tumor metastases. In con-
trast those with secondary (or central) adrenal 
insufficiency (from hypothalamic or pituitary 
dysfunction) experience loss of glucocorticoids 
and androgens only, with preserved mineralo-
corticoid secretion, the latter of which is under 
the predominate control or the renin-angiotensin 
system. Accordingly, the maintenance of vascu-
lar volume (through the effects of aldosterone) 
remains unimpaired. Hypotension still occurs 
(due to cortisol’s effects on enhancing catechol-
amine action) but is usually not as severe as 
occurs in patients with primary adrenal failure. 
Hyperkalemia is absent, although hyponatremia, 
which is of multifactorial origin in adrenal insuf-
ficiency, still occurs. Individuals with this form 
of adrenal failure often have had a prior history 
of pituitary tumor, cranial irradiation, or longer- 
term suppression of the HPA axis from chronic 
high- or moderate-dose glucocorticoid therapy.

Symptoms of acute adrenal insufficiency 
(“adrenal crisis”), in addition to vascular col-
lapse, hypoglycemia, and electrolyte disorders, 
also include profound fatigue, nausea, vomiting, 
abdominal pain, myalgias, low-grade fever, and 
mental status changes. Adrenal crisis may share 
some features of an acute abdomen, although, 
typically, signs of peritoneal irritation, lactic 
acidosis, and marked leukocytosis are lacking. 
Adrenal insufficiency should be suspected in 
any critically ill patient who presents with one or 
more of these features, particularly the persistent 
hemodynamic instability persisting after ade-
quate fluid resuscitation. Of course, in the criti-
cally ill, such signs and symptoms are common 
and may be difficult to attribute solely to hypoad-
renalism. Accordingly, the clinic laboratory plays 
a critical role in diagnosis and must be used as 
an important part of the comprehensive clinical 
assessment of the patient.

 Assessing Adrenal Function in the ICU
Laboratory investigation of adrenal function in 
the critically ill patient is controversial. In most 
circumstances in the ICU, obtaining a single 

measurement of serum or plasma cortisol con-
centration should suffice to rule out a diagnosis 
of adrenal insufficiency. The stress from criti-
cal illness will maximize adrenal steroid out-
put, and a random cortisol level should usually 
suffice as, essentially, a dynamic test to assess 
the integrity of the entire HPA axis. It should 
be noted, however, that “normal values” for the 
cortisol response to acute illness have not been 
fully defined, although most experts agree that 
an ambient level above 20–25  mg/dL indicates 
adequate adrenal response. This is, however, to 
some degree dependent on the severity and acu-
ity of illness. Most authorities also agree that 
cortisol levels below 10  μg/dL raise the likeli-
hood of at least partial adrenal insufficiency in 
this setting; the lower the level, the more secure 
one may be in this assessment. Making inter-
pretation of measured cortisol levels more chal-
lenging is that this measurement of total cortisol 
concentration (which includes cortisol bound to 
cortisol- binding globulin [CBG]) may not reflect 
the adequacy of circulating free (i.e., unbound) 
cortisol, particularly in those with malnutrition 
and protein deficiency where CBG is low, and 
thus the total cortisol is low, but the active, free 
cortisol may be normal.

When in doubt, the adrenal response to 250 μg 
of IV bolus of cosyntropin, a synthetic ACTH 
analogue, should be performed, with a 30  min 
cortisol value of ≥18–20 μg/dL widely viewed 
as an acceptable response, although some authors 
prefer to see an increase of at least 9 μg/dL.  It 
should also be noted that the response to cosyn-
tropin merely assesses the adrenal response to a 
pharmacological stimulus but may fail to detect 
secondary adrenal insufficiency, particularly if its 
onset has been acute. Of course, the “gold stan-
dard” test of the integrity of the entire HPA axis 
remains the insulin tolerance test to precipitate 
hypoglycemia. This is obviously both impractical 
and potentially dangerous in the critically ill and 
is not advised.

Guidelines for evaluation and management of 
primary adrenal insufficiency from the Endocrine 
Society emphasize that patients presenting with 
findings concerning adrenal insufficiency should 
be treated empirically with steroids until their 
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condition allows for dynamic testing to be per-
formed. When possible the cosyntropin stimu-
lation test should be performed as above, with 
cortisol values <18 ug/dL consistent with adrenal 
insufficiency [59].

A related topic pertains to the diagnosis and 
management of relative or functional adrenal 
insufficiency, which has seen evolving defini-
tions, diagnostic strategies, and opinions over 
the past decade. This condition is defined as sub-
normal adrenal steroid production in the absence 
of any anatomic or structural defects of the HPA 
axis and implies “exhaustion” of the secretory 
adrenocortical reserve in the context of near- 
maximal stimulation. Proposed contributing fac-
tors include the suppression of cortisol and/or 
ACTH production by circulating inflammatory 
cytokines, the development of tissue resistance 
to glucocorticoid action, and resistance of the 
adrenal cortex to ACTH. Despite years of study, 
however, there remains lack of agreement on the 
clinical significance, the biochemical definition, 
and the very existence of this state [60, 61].

One older, but frequently cited, multicenter, 
randomized, controlled clinical trial from France 
involved 300 patients with septic shock unre-
sponsive to fluid resuscitation. The investigators 
showed a significant reduction in mortality rate 
(hazard ratio (HR) 0.67, p  =  0.02) in patients 
with a post-cosyntropin cortisol augmentation 
of ≤9  μg/dL who were randomized to a stress 
steroid regimen of 200 mg of IV hydrocortisone 
and 50 μg of fludrocortisone per day. However, 
the larger (N  =  499) multicenter Corticosteroid 
Therapy of Septic Shock (CORTICUS) [62] trial 
in 2008 was not able to confirm any benefit in 
mortality (HR 1.09, p 0.51) in those subjects ran-
domly assigned to IV hydrocortisone, although 
quicker reversal of shock was found in the hydro-
cortisone group (3.3 days vs. 5.8 days in the pla-
cebo group, p  <  0.001). There were, however, 
more superinfection events, including new septic 
shock episodes in those randomized to the ste-
roid regimen. Importantly, the pre-randomization 
response to cosyntropin did not at all predict the 
response to hydrocortisone. Accordingly, this 
test is no longer routinely recommended by the 
SCCM in its Surviving Sepsis Campaign [63]. 

Moreover, the CCS advises that IV hydrocor-
tisone at a dose no higher than 200  mg/day be 
given only to adult septic shock patients after 
blood pressure is documented to be poorly 
responsive to fluid resuscitation and vasopressor 
therapy (see Table 16.1).

When the diagnosis of adrenal insufficiency is 
suspected in a patient whose condition is dete-
riorating rapidly, treatment with 50–100  mg 
of hydrocortisone IV every 6–8 h is reasonable 
until the diagnosis can be confirmed. Of course, 
such therapy will make the subsequent evalua-
tion of cortisol levels difficult. Any steroid with 
glucocorticoid activity, including dexametha-
sone, will interfere with normal adrenal function. 
Accordingly, measured cortisol concentrations, 
once steroid therapy has begun, must be inter-
preted cautiously. That is, cortisol levels will 
be low when any steroid is given that has sup-
pressive effects on adrenocortical function, and 
most glucocorticoid medications will addition-
ally interfere with laboratory cortisol assays. 
Consultation with a laboratory medicine expert 
and/or an endocrinologist can be very helpful 
when such questions are raised.

We would underscore that the question of 
relative adrenal insufficiency is an entirely sepa-
rate clinical consideration from the management 
of patients with previously diagnosed hypoadre-
nalism or in patients with an overt, newly identi-

Table 16.1 Society of Critical Care Medicine (SCCM) 
guidelines for corticosteroid use in patients with septic 
shock

1.  Do not use intravenous hydrocortisone to treat adult 
septic shock patients if adequate fluid resuscitation 
and vasopressor therapy are able to restore 
hemodynamic stability. In case this is not 
achievable, suggest intravenous hydrocortisone 
alone at a dose of 200 mg per day (grade 2C)

2.  Do not use the ACTH stimulation test to identify 
adults with septic shock who should receive 
hydrocortisone (grade 2B)

3.  In treated patients hydrocortisone should be tapered 
when vasopressors are no longer required (grade 2D)

4.  Corticosteroids should not be administered for the 
treatment of sepsis in the absence of shock (grade 1D)

5.  When hydrocortisone is given, use continuous 
infusion (grade 2D)

Adapted from Refs. [11, 63]
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fied diagnosis of hypoadrenalism. Examples of 
the latter include patients with first presentation 
of primary (autoimmune adrenalitis, bilateral 
adrenal hemorrhage, etc.) or secondary adrenal 
failure (post-transsphenoidal pituitary surgery, 
pituitary apoplexy, etc.). In these individuals, 
prompt therapy with stress doses of glucocorti-
coids is critical for successful patient outcomes 
(see below).

 Management of Established Adrenal 
Disease in the ICU
Patients with a history of either primary or sec-
ondary adrenal insufficiency will require special 
attention to hormonal needs in the setting of criti-
cal illness. Oral glucocorticoids (hydrocortisone, 
cortisone acetate, prednisone, or methylpredniso-
lone) are instead provided IV, either intermittently 
or by continuous infusion. The standard of care is 
to provide the so-called stress doses of steroids, 
equivalent to 200–300 mg of hydrocortisone per 
day (usual strategies involved 50–75 mg IV every 
6 h or 100 mg IV every 8 h). If fluid overload and 
sodium retention is a concern, the patient can be 
treated with a steroid with less mineralocorticoid 
effects at equivalent doses (see Table 16.2). These 
include methylprednisolone or dexamethasone, 
the latter having essentially no sodium retentive 
properties. The dose is maintained for 1–3 days 
until the patient experiences improvement in his 
or her clinical status and then gradually reduced 
(over several days to 1–2 weeks) to the baseline 
dose and transitioned to oral dosing, as allowed 
by the patient’s condition [64].

In patients with primary adrenal disease who 
are critically ill, fludrocortisone is typically held 
when IV hydrocortisone is given, since the lat-

ter has substantial activity at the mineralocor-
ticoid receptor when given at doses exceeding 
50–100  mg/day. In addition, the extracellular 
fluid space is usually being repleted and sustained 
by IV crystalloid (0.9% NaCl or Ringer’s lactate) 
solutions. The reinstitution of fludrocortisone 
will be required when IV fluids are reduced to 
maintenance requirements and when hydrocorti-
sone doses are reduced to below 50–100 mg/day. 
If glucocorticoids are used that have less miner-
alocorticoid effect, fludrocortisone may need to 
be continued, especially when dexamethasone 
is used. The development of mild hyperkalemia 
may be used as a sign of inadequate aldosterone-
like activity, along with clinical assessment of 
intravascular volume. Plasma renin activity is 
a more sensitive marker for mineralocorticoid 
insufficiency, but this may be difficult to interpret 
in the critically ill. More importantly, most hospi-
tal laboratories do not report results of the plasma 
renin activity rapidly enough to be of practical 
use in the inpatient setting [65, 66].

 Pheochromocytoma

 Preoperative Preparation
Proper preoperative preparation of the pheo-
chromocytoma patient is of utmost importance 
as surgery on an unprepared patient may lead 
to hypertension, stroke, and death. In addition, 
other triggers for worsening hypertension in the 
pheochromocytoma patient should be avoided. 
These include beta-blockers (when given in the 
absence of alpha-blockers), metoclopramide, and 
glucagon. The rationale behind the preparation 
of the pheochromocytoma patient is to control 

Table 16.2 Relative potencies of steroid hormones

Glucocorticoid potency Mineralocorticoid potency
Hydrocortisone 1 1
Cortisone acetate 0.8 0.8
Prednisone 4 0.8
Methyl-prednisolone 5 0.5
Dexamethasone 30 0
Fludrocortisone 15 150
Aldosterone 0 400+

Adapted from Ref. [59]
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hypertension safely and to expand intravascular 
volume. In addition, agents given preoperatively 
prepare the vasculature for high levels of cate-
cholamines that may be released at the time of 
surgery as the adrenal gland is manipulated. The 
mainstays of preparation include alpha-blockade, 
beta-blockade, and in some cases metyrosine.

• Alpha-blockade: Traditionally this was done 
with the nonselective alpha-blocker phenoxy-
benzamine. Today, selective alpha-blockers 
such as prazosin [67] or doxazosin are used 
more commonly. Treatment should start a few 
weeks preoperatively, so that the patient has at 
least 2  weeks of blood pressure at target 
(120/70) prior to surgery. Doxazosin may be 
initiated at 1 mg QHS and titrated up over sev-
eral days to 2 weeks as symptoms and blood 
pressure will allow. The goal is a mildly ortho-
static patient. During the time of dose titra-
tion, it is important to expand intravascular 
volume by encouraging oral salt and water 
intake in order to make up for the vasodilatory 
properties of the alpha-blockade. In the hospi-
tal setting, intravascular volume expansion 
can also be accomplished with infusion of 
saline. It should be noted that labetalol is not a 
substitute for combined alpha- and beta-
blockade in patients with pheochromocytoma, 
as it has insufficient alpha-blocking properties 
relative to its beta- blocking properties.

• Beta-blockade: Patients who are already on 
alpha-blockers and are tachycardic may be 
treated with beta-blockers as well. Beta- 
blockade should be started at a low dose and 
titrated to give a heart rate in the normal range. 
Beta-blockade should not be started prior to 
alpha-blockade in pheochromocytoma 
patients. The blockade of peripheral beta- 
receptors which mediate vasodilation, in the 
presence of unopposed alpha-mediated vaso-
constriction, can lead to more severe elevation 
in blood pressure. Labetalol is often used due 
to its additional alpha-blocking activity. A 
heart rate of 70 is the target.

• Metyrosine: In individuals who cannot toler-
ate alpha- and beta-blockade, or where tumor 
burden is considerable, metyrosine therapy 

should be considered [68]. Metyrosine is an 
inhibitor of the tyrosine hydroxylase enzyme. 
It therefore inhibits production of catechol-
amines from tyrosine, resulting in a lowering 
of catecholamine levels systemically. It may 
be started at 250 mg PO BID and titrated up 
as tolerated a few days before surgery in 
addition to alpha- and beta-blockade, to 
lower catecholamines preoperatively and 
minimize catecholamine release during the 
surgical exploration. Side effects of metyro-
sine include crystalluria (at high doses), so 
adequate fluid intake must be ensured. In 
addition metyrosine may cause extrapyrami-
dal side effects and sedation. Recent studies 
where pheochromocytoma patients were ran-
domized to alpha- blockade with or without 
metyrosine have not shown an overall benefit 
of metyrosine on outcomes [69], but have 
shown a decreased risk of cardiovascular-
specific complications with the addition of 
metyrosine [70].

• Volume expansion: As noted above, volume 
expansion is an important part of the prepara-
tion with alpha-blockade. In addition, volume 
expansion should be emphasized the night 
before surgery so that the patient’s intravascu-
lar volume is adequate to withstand the drop in 
catecholamines that will occur after the adre-
nal vasculature is ligated.

• Management of hypertensive crisis, both in 
the operating room and prior to surgery, can 
be accomplished with IV nitroglycerin or 
nicardipine; sodium nitroprusside would be a 
second choice. Esmolol may be of use if the 
patient is tachycardic.

 Postoperative Management
• It is not uncommon for patients to develop 

hypotension after surgery for pheochromocy-
toma. This is due to a combination of the acute 
decline in catecholamine levels, as well as 
residual effects of blood pressure-lowering 
agents administered preoperatively. This can 
be managed with fluid resuscitation; rarely 
pressors are needed as well. Home blood pres-
sure medications other than beta-blockers are 
held in the immediate postoperative period.
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• Hypotension may be managed with IV fluids 
and, if needed, low-dose phenylephrine.

• Hypertension is managed with IV labetalol; if 
heart rate is low, the use of IV nicardipine or 
amlodipine is recommended.

• It should be noted that individuals with pheo-
chromocytoma and diabetes often experience 
an improvement in their insulin sensitivity 
postoperatively. Therefore, reintroduction of 
oral diabetes medications and insulin should 
be done cautiously as it is best to err on the 
side of inadequate therapy rather than causing 
hypoglycemia.

 Cushing Syndrome

Patients with Cushing syndrome are occasion-
ally encountered in the surgical ICU, typically 
after an infectious complication requiring sur-
gery. In this circumstance, prompt control of 
hypercortisolism, to enhance previously sup-
pressed immune function and deranged wound 
healing, is of critical importance. The standard 
method to permanently control elevated plasma 
cortisol concentrations in patients with Cushing 
syndrome is to address the underlying cause. 
Cushing syndrome is classically divided into 
ACTH- dependent and ACTH-independent eti-
ologies. Patients with ACTH-dependent disease 
usually harbor an ACTH-secreting pituitary 
adenoma. When possible, transsphenoidal resec-
tion of the tumor, usually a microadenoma, is 
advisable. The other ACTH-dependent cause is 
an ectopic hormone secretion syndrome, classi-
cally from a pulmonary neoplasm, either a small 
cell carcinoma or a bronchial carcinoid. Outside 
of the lungs, other ectopic ACTH-producing 
tumors include a variety of neuroendocrine 
tumors, including thymic carcinoids, medullary 
carcinoma of the thyroid, and pancreatic islet cell 
tumors. Very often in ectopic ACTH syndrome, 
the disease is metastatic at diagnosis and cannot 
be cured surgically. ACTH-independent causes 
of Cushing syndrome are primary adrenal dis-
eases, such as adrenal adenomas, carcinomas, 
and, rarely, either micronodular or macronodular 
adrenal hyperplasias. Surgical resection is key to 

cure these conditions, although adrenocortical 
carcinoma is an aggressive tumor that is often 
already quite advanced, potentially incurable, 
at diagnosis. The diagnostic evaluation of these 
syndromes is beyond the scope of this chapter. 
Importantly, however, in the setting of critical ill-
ness, irrespective of cause of Cushing syndrome, 
the patient is not an optimal surgical candidate. 
Accordingly, medical therapy of hypercorti-
solism is required.

When urgent control of hypercortisolism is 
needed, options include adrenolytic therapy. 
Potential oral medications include ketoconazole, 
metyrapone, and mitotane [71]. Each has signifi-
cant side effects which may mitigate their util-
ity in the setting of critical illness. Moreover, for 
maximal effectiveness, these drugs usually require 
several weeks of dose titration. Newer options 
include the oral cortisol (and progesterone) recep-
tor antagonist, mifepristone, and the injectable 
somatostatin receptor antagonist, pasireotide. 
The former may be used in any form of Cushing 
syndrome, whereas the latter is approved only for 
ACTH-secreting pituitary adenomas. Other neuro-
endocrine tumors associated with ectopic ACTH 
syndrome, including carcinoid, may also respond 
to other somatostatin receptor antagonists, includ-
ing octreotide and lanreotide. Pasireotide has the 
disadvantage of being frequently associated with 
hyperglycemia, which itself is associated with 
adverse outcomes in the ICU.

One agent that can be considered in the 
rare case of severe, uncontrolled Cushing syn-
drome requiring prompt control in a critically 
ill patient is etomidate [72]. This IV anesthetic 
agent has been found to have potent anti-adrenal 
effects. It blocks two enzymes involved in glu-
cocorticoid biosynthesis, 11β-hydroxylase and 
17α-hydroxylase. When properly titrated, it can 
achieve a eucortisolemic state within several 
hours. Of course, careful assessment of venti-
latory status is crucial when using this agent, 
although subhypnotic doses (0.1 mg/kg/h) have 
also been successfully employed [73]. When 
used, the dose should be titrated to achieve a 
plasma cortisol level in the high-normal range 
(15–25 mg/dL). Relative hypocortisolism should, 
of course, be avoided in the critically ill.
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The complex, critically ill patient with 
Cushing syndrome requires a comprehensive, 
multidisciplinary approach to optimize out-
comes. They frequently present with perturba-
tions of electrolytes (particularly hypokalemia), 
hyperglycemia, hypertension, and fluid overload. 
Ideally, an endocrinologist should be consulted 
to assist in patient evaluation and management.

 Thyroid Disorders

 Hypothyroidism

 Epidemiology
The prevalence of hypothyroidism is known to 
depend on the variables of age, race, sex, and 
iodine intake. Based on National Health and 
Nutrition Examination Survey (NHANES) 1999–
2002, the prevalence of hypothyroidism (thyroid-
stimulating hormone, TSH >4.5 mIU/L; overt 
hypothyroidism with T4 <4.5 μg/dL; mild hypo-
thyroidism with T4 ≥4.5 μg/dL) in the general 
US population was 3.7% (0.3% overt and 3.4% 
mild) [74]. Its prevalence increases with age and 
was found to be more common in women and 
non-Hispanic whites (compared to non- Hispanic 
blacks) [74].

 Definition and Clinical Presentation
Hypothyroidism refers to a state where there is 
a reduced production of thyroid hormone in the 
body [75, 76]. Overt hypothyroidism is defined 
biochemically as an elevated serum TSH and 
a reduced serum-free thyroxine (FT4) concen-
tration [77, 78]. Subclinical hypothyroidism is 
defined as an elevated TSH with a normal FT4 
level [77, 78]. The majority (99%) of hypo-
thyroidism is due to primary hypothyroidism, 
which is due to permanent loss or destruction 
of the thyroid gland, and it may be congeni-
tal or acquired [75]. Acquired causes include 
Hashimoto’s thyroiditis, iodine deficiency, 
drugs (e.g., lithium, amiodarone, ipilimumab), 
infiltrative diseases, surgical resection, external 
radiation, or radioactive iodine [75]. Central or 
secondary hypothyroidism occurs when there is 
a defect in TSH production [75], and these indi-

viduals will have low FT4 with inappropriately 
low or normal TSH.

Clinically, hypothyroidism may affect all 
organ systems, and its symptoms may include 
fatigue, weight gain, reduced appetite, cold intol-
erance, constipation, myalgias, and depression 
[75]. Common physical exam features include 
puffy appearance periorbitally, at the dorsa of 
hands and feet, and in the supraclavicular fossa, 
coarse skin, typically pale and cool, hair loss, thin-
ning of the lateral eyebrows, brittle nails, hoarse 
voice, bradycardia, and reflexes with a delayed 
relaxation phase [75]. Cardiovascular effects 
include a decreased stroke volume, inotropy, 
and chronotropy, increased systemic vascular 
resistance, and pericardial effusion. Pulmonary 
effects include hypoventilation, carbon dioxide 
retention, and obstructive sleep apnea [75]. In 
addition, impaired renal excretion of water and 
water retention from hydrophilic deposits in tis-
sues result in increased total body water and thus 
lead to hyponatremia [75]. Overt hypothyroidism 
is treated with thyroid hormone supplementation, 
which is typically based on weight-based dos-
ing of 1.7 μg/kg once daily [79]. That being said, 
lower doses (e.g., 25 μg PO once daily) are used 
initially for elderly patients or patients with coro-
nary artery disease due to the risk of increasing 
myocardial oxygen demand [79].

Myxedema coma is a rare but serious compli-
cation of severe, long-standing hypothyroidism 
that is an endocrine emergency. It has a high mor-
tality rate of 20–60%, and for that reason these 
patients require ICU care [80]. It usually occurs 
in the winter and in elderly patients. Clinically, it 
may be characterized by hypothermia, myxede-
matous appearance, bradycardia, severe hypoten-
sion, carbon dioxide retention, and altered mental 
status that may present as disorientation, confu-
sion, psychosis, or rarely coma [80]. Dilutional 
hyponatremia may also be present, and thus one 
must watch for seizures as well. Gastrointestinal 
complications such as ileus and megacolon may 
occur as well. Precipitants may include cold 
exposure, infection, trauma, stroke, surgery, or 
the use of central nervous system depressants or 
anesthetics [75, 80, 81]. Of note, infection may 
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be present without associated fever due to the 
hypothyroid state.

Treatment of myxedema coma requires intra-
venous (IV) levothyroxine administration due to 
unpredictable absorption from the gut. Due to 
rare occurrence of myxedema coma, controlled 
studies on its treatment regimens are lacking. 
Typically, 500  μg of levothyroxine is adminis-
tered intravenously in a single dose followed 
by daily doses of 100 μg IV [75]. Alternatively, 
some recommend a combination of levothyrox-
ine 200–300 μg IV and liothyronine 25 μg IV, 
each given as a single dose initially, followed by 
one dose of levothyroxine 100 μg IV 24 h later, 
and then levothyroxine 50 μg IV daily until the 
patient regains consciousness [75]. Due to the 
possibility of concomitant adrenal insufficiency, 
stress dose hydrocortisone (e.g., 100 mg IV every 
8  h) should be given simultaneously to prevent 
adrenal crisis while the metabolic rate increases 
[75, 81]. In addition, mechanical ventilation may 
be required if hypercapnia or hypoxia is present 
[80]. One should avoid active external warming 
with heating pads due to the resulting peripheral 
vasodilatation that can lead to vascular collapse 
[75]. Instead, internal warming by gastric perfu-
sion may be considered. Hypotension should be 
treated with fluids and vasopressor agents if nec-
essary [80]. Due to the dilutional hyponatremia, 
hypotonic fluids should be avoided to prevent 
worsening hyponatremia. Some patients may 
require hypertonic saline and glucose to improve 
severe hyponatremia and hypoglycemia that may 
be present [75]. For the possibility of infection, 
empiric broad-spectrum antibiotics should be 
given until the infectious work-up is complete.

In general, hypothyroid patients requiring sur-
gery may be categorized into one of these three 
groups: patients with (1) known hypothyroid-
ism that are on thyroid supplementation and are 
currently euthyroid, (2) mild to moderate hypo-
thyroidism, and (3) severe hypothyroidism (myx-
edema coma) [81].

In the first group, surgery should not be 
delayed since they are euthyroid. The physician 
should just be aware of the diagnosis and the 
need for levothyroxine supplementation, whose 
half-life is 6–7 days in a euthyroid patient, and 

thus it may be held for a day while the patient 
is NPO for the procedure [79, 82]. Alternatively, 
levothyroxine may be given intravenously as 
about 50–75% of the patient’s oral dose while the 
patient is NPO [83].

Regarding the second group, unfortunately, 
there are no randomized controlled studies look-
ing at outcomes in hypothyroid patients under-
going surgery. The largest are two retrospective 
case-control studies that have been done looking 
at surgical outcomes. Weinberg et  al. looked at 
59 patients with hypothyroidism compared with 
euthyroid controls and found that there were no 
differences in surgical outcome, perioperative 
complications, or length of stay in the hospital 
[84]. This study suggested that for patients with 
mild to moderate hypothyroidism, there was no 
evidence to delay surgery. A study by Ladenson 
et al. looked at 40 patients with hypothyroidism 
and found that the hypothyroid patients had more 
intraoperative hypotension in noncardiac surgery 
and more heart failure in cardiac surgery [85]. The 
combined group of hypothyroid patients under-
going any surgery also had more postoperative 
gastrointestinal (e.g., prolonged constipation and 
ileus) and neuropsychiatric complications. There 
were no differences in perioperative arrhythmia, 
hypothermia, hyponatremia, impaired wound 
healing, postoperative infection, pulmonary com-
plications, or death [85]. Airway obstruction has 
been reported in hypothyroid patients in the post-
operative period, and thus airway patency should 
be monitored [86]. Thus, if patients with mild to 
moderate hypothyroidism need urgent surgery, 
it may be performed, but the patient should be 
closely monitored for possible postoperative 
complications as described above.

A controversial area is whether patients with 
mild to moderate hypothyroidism who present 
for cardiac catheterization or cardiac surgery 
should be treated with thyroid hormone replace-
ment [81, 87]. The reason is that thyroid hormone 
therapy can increase the myocardial oxygen 
demand thereby causing ischemia [81]. A pro-
spective study by Drucker et  al. looked at ten 
untreated hypothyroid patients with mild to mod-
erate hypothyroidism and ischemic heart disease 
who underwent coronary artery bypass surgery 
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and found that all of these patients tolerated this 
surgery well without any thyroid hormone sup-
plementation [87]. Thus, it is felt that if patients 
with mild to moderate hypothyroidism require 
urgent cardiac revascularization, in many cases 
this procedure may be performed prior to start-
ing thyroid supplementation [81]. If it is safe to 
delay the cardiac surgery, then another approach 
would be to start a low dose of levothyroxine 
(e.g., 25 μg PO daily), at least to partially correct 
the hypothyroidism prior to surgery [81]. Most 
of all, it is important to make a decision based on 
the individual patient’s risks and benefits.

In summary, limited evidence suggests that 
surgery may be performed in patients with mild 
to moderate hypothyroidism without delay but 
that one must be watchful for complications as 
noted above. In patients with severe hypothyroid-
ism or myxedema, we recommend delaying sur-
gery until their clinical condition has improved. 
If, however, the surgery is emergent and must 
be performed in a patient with severe hypothy-
roidism, treatment with intravenous T3 or T4 
and stress dose glucocorticoids as detailed above 
should be given perioperatively [82].

 Thyrotoxicosis

 Epidemiology
Based on National Health and Nutrition 
Examination Survey (NHANES) 1999–2002, 
the prevalence of hyperthyroidism (thyroid- 
stimulating hormone, TSH <0.1 mIU/L) in 
the general US population was 0.5% [74]. 
Hyperthyroidism is more common in females, 
nonwhites, and the elderly.

 Definitions and Clinical Presentation
Thyrotoxicosis refers to any state of excess thy-
roid hormone, whereas hyperthyroidism specifi-
cally refers specifically to thyrotoxicosis caused 
by overproduction and release of thyroid hor-
mone [75]. Causes of hyperthyroidism include 
Graves’ disease, toxic multinodular goiter, toxic 
adenoma, type 1 amiodarone-induced thyrotoxi-
cosis, or rarely metastatic functioning thyroid 
carcinoma [75]. The most common is Graves’ 

disease, which is a disorder where autoantibod-
ies stimulate the TSH receptors and lead to an 
increase in thyroid hormone production [75]. 
Thyrotoxicosis with transient excess thyroid hor-
mone release includes thyroiditis, which may be 
autoimmune, viral, or drug-induced (e.g., type 2 
amiodarone-induced thyrotoxicosis, and thyro-
toxicosis caused by lithium, interferon-α, IL-2, 
GM-CSF, or immunotherapy for cancer) [75, 88].

Clinically, hyperthyroidism may affect all 
organ systems, and its symptoms may include 
weight loss, increased appetite, heat intolerance, 
palpitations, nausea, emesis, hyperdefecation, 
and irregular or absent menses in women [75, 
80]. Insomnia, anxiety, and emotional lability 
may also be seen. Physical exam findings may 
often include damp skin, tachycardia, atrial fibril-
lation, proptosis, exophthalmos, stare, lid lag, 
goiter, proximal muscle weakness, tremor, and 
hyperkinesia [75]. In addition to abnormal thy-
roid function tests, additional lab findings may 
include elevated alanine aminotransferase (ALT) 
and alkaline phosphatase (AP) levels, which may 
be due to decreased splanchnic blood flow, and 
hypercalcemia, which is due to increased bone 
resorption relative to bone formation [75].

Thyroid storm is a rare but severe compli-
cation of hyperthyroidism that has a mortality 
rate of 20–50% and is considered an endocrine 
emergency [89, 90]. It is most commonly seen in 
Graves’ disease. Precipitants may include infec-
tion, trauma, surgical emergencies, or planned 
operations. Other less common precipitants 
may include radiation thyroiditis, parturition, or 
DKA [75]. In this condition, the patient cannot 
tolerate the metabolic stress present. Similar to 
other patients with thyrotoxicosis, fever, diapho-
resis, tachycardia, arrhythmias, and tremor may 
be present, but these features are typically much 
greater in magnitude. In addition, these patients 
may also have emesis, pulmonary edema, high- 
output congestive heart failure (CHF), hypoten-
sion, agitation, delirium, psychosis, and even 
coma [75]. Thyroid storm is a clinical diagnosis, 
but there is a scoring system that can aid with 
its diagnosis. This score takes into account fea-
tures of the patient’s presentation including tem-
perature; central nervous system effects such as 
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agitation, delirium, psychosis, extreme lethargy, 
seizure, and coma; gastrointestinal effects such as 
nausea, vomiting, diarrhea, abdominal pain, and 
jaundice; cardiovascular complications including 
tachycardia, CHF, and atrial fibrillation; and the 
presence of a known precipitant [91].

Due to the severity of thyroid storm, the patient 
should be placed in the ICU. The goals in the treat-
ment of thyroid storm are to achieve a euthyroid 
state, treat the intercurrent illness if one is present, 
and provide supportive care [75]. Propylthiouracil 
(up to 400 mg every 4–6 h) is the preferred thi-
onamide because it inhibits both thyroid hormone 
synthesis and thyroidal and peripheral conversion 
from T4 to the more active hormone, T3 [75]. 
Saturated solution of potassium iodide (SSKI; 
50 mg iodide per drop; 5 drops every 6 h) or Lugol’s 
solution (8 mg iodine per drop; 5–10 drops three 
times per day) is given to decrease the release of 
preformed thyroid hormone from the gland [66]. 
These should be administered at least 1 h after the 
patient is given thionamide therapy to prevent the 
use of that iodide as substrate for more thyroid 
hormone production. Stress dose steroids (hydro-
cortisone 100 mg IV every 8 h or dexamethasone 
8  mg once daily) should be given to inhibit the 
release of thyroid hormone and decrease periph-
eral conversion from T4 to T3. Beta-blockers 
should be used to control the patient’s tachycar-
dia unless asthma or cardiac failure is present. 
Propranolol is most commonly used, as it is a non-
selective beta-blocker. Higher than expected doses 
of beta- blockers may be needed due to increased 
metabolism of beta-blockers in the hyperthyroid 
state. Due to the risk of high-output heart failure 
in these patients, a short-acting beta-blocker such 
as esmolol or labetalol may be preferred in some 
cases [75]. If there is a contraindication to using 
beta-blockade, a calcium channel blocker such as 
diltiazem is an alternative rate control agent. After 
an infectious work-up including blood and urine 
cultures has been sent, empiric broad- spectrum 
antibiotics may be given. Supportive care includes 
treating the fever with acetaminophen and ice 
packs. Salicylates worsen free thyroid hormone 
levels by displacing T3 and T4 from thyroxine-
binding globulin (TBG) and transthyretin and thus 
are not recommended [92].

In general, hyperthyroid patients requiring 
nonthyroidal surgery may be categorized into 
one of the three groups: patients with (1) known 
hyperthyroidism that are on antithyroid medi-
cations and are currently euthyroid, (2) mild to 
moderate hyperthyroidism, and (3) severe hyper-
thyroidism (thyroid storm). In the first group of 
patients, surgery does not need to be delayed. 
They should take their antithyroid medications 
on the morning of surgery [81, 93]. For those 
who have uncontrolled hyperthyroidism that 
is mild or moderate, surgery should not be per-
formed unless it is urgent or emergent [81]. If 
surgery must be performed despite the presence 
of uncontrolled hyperthyroidism, the anesthesi-
ologist must be aware of the patient’s condition 
and anticipate the likely need for antithyroid 
medications (thionamides such as propylthioura-
cil or methimazole), beta-blockers, corticoste-
roids, and iodine (SSKI; Lugol’s solution) [81]. 
In patients with thyroid storm, surgery should 
be avoided unless it is emergent and therapy has 
been initiated.

In general, indications for thyroidectomy 
include thyroid malignancy, refractory thyro-
toxicosis from amiodarone, toxic MNG, toxic 
adenoma, or Graves’ disease [94, 95]. In these 
patients, a euthyroid state should be achieved 
before the thyroidectomy is performed in order 
to decrease the risk of complications such as thy-
roid storm. The appropriate treatment should be 
given, which may include antithyroid medica-
tions,  steroids, and beta-blockers for the reasons 
described above [81, 96].

 Nonthyroidal Illness Syndrome

Nonthyroidal illness syndrome (NTIS) is also 
known as “low T3 syndrome” or “euthyroid sick 
syndrome.” NTIS refers to the thyroid function 
testing abnormalities that are found in patients 
with illness unrelated to the thyroid. It may 
be seen in up to 75% of hospitalized patients. 
Although the lab abnormalities are variable, it 
is typically characterized by a low triiodothyro-
nine (T3), elevated reverse T3 (rT3), low or low- 
normal TSH, and sometimes a low free thyroxine 
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(FT4) [97]. The degree of these changes is more 
profound in patients who are critically ill, and 
lower FT4 levels in ICU patients have been asso-
ciated with increased mortality [44, 68]. Some 
believe that these changes in thyroid hormone 
levels are protective to patients who are ill by 
decreasing overall metabolism [75, 98].

The majority of circulating T3 is made 
peripherally in the liver and kidney by 5′-deio-
dination of T4, and the remainder is secreted by 
the thyroid [75, 99]. This is performed by D1 
and D2 5′-monodeiodinases [75]. T4 may also 
be converted to rT3, which is hormonally inac-
tive, by the D3 5′-deiodinase. The mechanisms 
that are believed to lead to the lab findings in 
NTIS include (1) low T3 level due to inhibition 
of 5′-monodeiodination, (2) elevated rT3 due to 
inhibition of 5′-monodeiodinase activity result-
ing in less rT3 to diiodothyronine (T2) conver-
sion (less clearance), and (3) low T4 level due to 
decreased T4 binding and transient central hypo-
thyroidism [75, 100–102]. The mechanisms that 
lead to inhibition of 5′-monodeiodinase activity 
leading to low T3 include (1) exogenous gluco-
corticoids or elevated endogenous serum cortisol 
levels, (2) free fatty acids, (3) cytokines (e.g., 
IFN-α, TNF, IL-6, NF-kB), and (4) drugs such 
as amiodarone, propranolol, and propylthiouracil 
[101, 103–107].

In the recovery phase of illness, patients with 
NTIS may develop a transient rise in their TSH, 
but this typically normalizes within 1–2 months 
[75]. Treatment of patients with NTIS is contro-
versial, but there is no evidence that treatment 
of NTIS patients with thyroid supplementa-
tion is beneficial [108, 109]. Thus, in acutely ill 
patients, thyroid function tests are not generally 
recommended unless the patient’s clinical pre-
sentation is felt to be due to hypothyroidism or 
thyrotoxicosis.

 Calcium Disorders

 Serum Calcium in Normal Conditions
Careful regulation of calcium balance in the body 
is essential because calcium is the main mineral 
component of the skeleton; calcium plays impor-

tant roles in neuronal transmission, muscle con-
traction, and blood clotting; and calcium is a key 
intracellular signal that controls numerous pro-
cesses throughout the body.

A typical normal range for serum total cal-
cium concentration is between 8.8 and 10.2 mg/
dL.  Of this calcium, 50–60% of the calcium is 
bound to plasma proteins or is complexed with 
anions such as citrate and phosphate. The remain-
ing ionized or “free” calcium is responsible for 
its physiologic actions. The concentration of ion-
ized calcium is normally maintained in a very 
tight range: 4.5–5.3 mg/dL.

The body maintains normal serum calcium 
by regulating its entry through the intestine, its 
exit via the kidney, and its storage in bone. These 
processes are controlled by parathyroid hormone 
(PTH) and 1,25-dihydroxyvitamin D3 [1,25-
(OH)2D3]. PTH is produced by the parathyroid 
glands. 1,25-(OH)2D3 is made by a sequence of 
events beginning when cholecalciferol (vitamin 
D3) is produced by exposure of the skin to UV 
light; it is also derived from dietary sources or 
supplements. In the liver, vitamin D3 is converted 
to 25-(OH) vitamin D3, which in turn is hydrox-
ylated in the kidney to produce the active form, 
1,25-(OH)2D3 (calcitriol). The effect of PTH and 
1,25-(OH)2D3 is to keep plasma-ionized calcium 
concentration under tight control, despite varia-
tions in calcium supply.

Fluctuations in plasma-ionized calcium con-
centration are monitored by parathyroid cells 
via the cell membrane calcium-sensing recep-
tor (CaSR) [110]. Binding of calcium ions to 
the extracellular domain of the CaSR activates a 
series of intracellular signaling events, ultimately 
controlling PTH secretion. Plasma-ionized cal-
cium levels above normal lead to downregula-
tion of PTH secretion, while low-ionized calcium 
causes an increase in PTH secretion. PTH acti-
vates bone resorption and distal nephron calcium 
resorption. PTH also increases renal production 
of calcitriol, which stimulates calcium absorption 
by the small intestine.

 Hypercalcemia
Hypercalcemia is a frequently encountered meta-
bolic abnormality. Presenting signs and symp-
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toms may be absent or subtle, except in cases 
where calcium is significantly elevated or has 
risen rapidly. The diagnostic work-up of hyper-
calcemia is straightforward [111]. Identifying the 
cause of hypercalcemia requires a complete his-
tory, physical examination, laboratory tests, and 
diagnostic imaging studies.

History and Physical Examination
Most patients with mild hypercalcemia (serum 
calcium level <11.0 mg/dL) do not have symp-
toms, although they may have mild fatigue, 
changes in cognition, depressed mood, or con-
stipation. In individuals with serum calcium 
values between 12 and 14 mg/dL, there may be 
anorexia, nausea, abdominal pain, constipation, 
muscle weakness, and depressed mental status. 
Dehydration may be seen caused by decreased 
urine concentrating ability due to high urinary 
calcium levels. At calcium levels above 14 mg/
dL, there may be progressive lethargy and coma.

A review of the medical record may help 
determine the duration of the hypercalcemia and 
its cause. Prescription medications, food, and 
dietary supplements should be considered pos-
sible causative agents. A family history should 
be performed to identify evidence of any related 
endocrinopathies. Patients who have hyperpara-
thyroidism associated with multiple endocrine 
neoplasia (MEN) may show evidence of the 
other conditions that make up these syndromes. 
Patients with sarcoidosis may have fever, lymph-
adenopathy, rashes, or pulmonary manifestations. 
Hypercalcemia of malignancy typically develops 
only when a significant tumor burden is present; 
thus, most of these patients have an established 
cancer diagnosis.

On physical exam, evidence for dehydration 
should be sought. Aside from depressed mental 
status and signs of dehydration, physical exam 
findings are generally normal in hypercalcemic 
patients, particularly if calcium levels are only 
modestly elevated.

Laboratory Studies
The first step in evaluating hypercalcemia is to 
rule out spurious hypercalcemia caused by an 
increase in concentrations of the plasma proteins 

that bind calcium. This may be seen in HIV infec-
tion, chronic hepatitis, and multiple myeloma. 
The ionized calcium concentration in these situ-
ations remains normal. To correct the measured 
serum calcium for elevations in plasma protein, 
the serum calcium level should be lowered by 
0.8  mg/dL for every 1  g/dL of albumin above 
the normal range. When performed under opti-
mal conditions, ionized calcium measurement is 
more accurate than adjusted total serum calcium.

Once hypercalcemia is confirmed, the next 
step is measurement of the serum PTH concen-
tration [112]. The results of PTH measurement 
indicate whether hypercalcemia is mediated by 
PTH and thus help identify the cause of hyper-
calcemia. The hypercalcemia is considered PTH 
mediated if serum calcium is high and the PTH 
level is elevated or inappropriately normal. When 
PTH levels are low in the face of high serum cal-
cium, the hypercalcemia is said to be non-PTH 
mediated, or PTH independent.

Serum creatinine should be measured as 
hypercalcemia may be seen in the setting of renal 
failure, and renal function may be impaired in 
the setting of dehydration or nephrocalcinosis. 
Levels of 25-(OH) vitamin D should be measured 
to rule out supplemental vitamin D intoxication. 
High 1,25-(OH)2D levels may be seen in granulo-
matous disease and some lymphomas. Inorganic 
phosphorus measurement may be helpful as 
low serum phosphate is often seen in primary 
 hyperparathyroidism, while high phosphate may 
occur in vitamin D intoxication.

Other diagnostic studies may be dictated by 
clinical circumstances. Electrocardiography is 
recommended for patients with severe hypercal-
cemia to detect shortening of the QTc interval or 
atrioventricular block.

Causes of Hypercalcemia
Primary Hyperparathyroidism High serum cal-
cium and PTH concentrations [in the absence of 
lithium use or familial hypocalciuric hypercalce-
mia (FHH)] is evidence of primary hyperparathy-
roidism. PTH levels are usually increased to no 
more than five times the upper limit of normal. 
More significant hypercalcemia and PTH eleva-
tions should raise suspicion for parathyroid carci-
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noma. In 75–80% of patients, a solitary 
parathyroid adenoma is present, hyperplasia 
involving multiple parathyroid glands is found in 
15–20% of patients, and parathyroid carcinoma 
is present in less than 1%. On occasion, double 
adenomas are found [113]. Patients with multiple 
endocrine neoplasia type I (MEN I) or MEN II 
typically have parathyroid hyperplasia involving 
all parathyroid glands [114].

Familial Hypocalciuric Hypercalcemia FHH, 
also referred to as benign familial hypercalcemia, 
is a rare genetic condition caused by inactivating 
mutations in the CaSR. This results in insensitiv-
ity of the parathyroid cell to serum calcium, a 
higher set point for the extracellular ionized cal-
cium concentration and inappropriately normal 
to mildly elevated PTH levels. Patients with FHH 
have chronic asymptomatic hypercalcemia asso-
ciated with relatively low urinary calcium excre-
tion. This is usually a benign condition requiring 
no treatment.

Tertiary Hyperparathyroidism Diseases that 
result in a low serum calcium or a high serum 
phosphate typically will be associated with an 
elevation in PTH as a compensatory measure. 
This increase of PTH is termed secondary hyper-
parathyroidism. Common causes of secondary 
hyperparathyroidism include vitamin D defi-
ciency, intestinal malabsorption of calcium or 
vitamin D, renal calcium wasting, severe dietary 
calcium insufficiency, and hyperphosphatemia 
from chronic renal insufficiency.

In patients with long-term secondary hyper-
parathyroidism, hyperplasia or neoplasia of the 
parathyroid glands may develop. This results in 
autonomous parathyroid function, with the pro-
duction of excess PTH at all times, resulting in 
hypercalcemia. This is most often seen in patients 
with chronic kidney disease. More than one para-
thyroid gland is usually affected.

Once the diagnosis of primary hyperparathy-
roidism is made, additional testing may be neces-
sary to determine whether the condition is severe 
enough to warrant parathyroidectomy [115]. If 
MEN II is in the differential diagnosis, medul-

lary thyroid cancer should be excluded, and 
pheochromocytoma must be ruled out before the 
patient can safely go to surgery.

Malignancy-Associated Hypercalcemia If the 
serum calcium is elevated and the PTH is low, the 
patient has PTH-independent hypercalcemia. 
Malignancy is the most common cause of PTH- 
independent hypercalcemia and is usually to 
blame when an acutely elevated calcium level is 
discovered. When the PTH is low and the patient is 
not known to have a malignancy, other diagnostic 
options should include thyrotoxicosis, vitamin D 
intoxication, sarcoidosis, immobilization, certain 
endocrine disorders, and drugs and supplements.

Hypercalcemia of malignancy has two forms: 
humoral hypercalcemia of malignancy (HHM) 
and local osteolytic hypercalcemia (LOH). HHM 
results from production by the tumor of a cir-
culating factor that affects calcium metabolism, 
either at the level of skeletal calcium release, 
renal calcium handling, or intestinal calcium 
absorption. Occasionally it can be caused by the 
unregulated production of calcitriol (usually by B 
cell lymphomas) or other mediators that interfere 
with calcium homeostasis. The best-recognized 
cause of HHM is parathyroid hormone-related 
protein (PTHrP) [106]. The PTHrP peptide is 
homologous with PTH, and they share a common 
receptor. When PTHrP circulates at supraphysi-
ologic concentrations, it causes similar metabolic 
effects to PTH, inducing osteoclasts to resorb 
bone, reducing renal calcium output, and increas-
ing renal phosphate clearance [116].

Tumors that produce HHM by secreting PTHrP 
are typically squamous carcinomas, adenocar-
cinoma of the breast or ovary, renal carcinoma, 
transitional cell carcinoma of the bladder, islet 
cell tumors of the pancreas, T cell lymphomas, 
and pheochromocytoma [117]. HHM typically 
develops in patients with a large tumor burden, 
so it is uncommon for HHM to be the presenting 
feature of a cancer. A high serum PTHrP level 
will confirm the diagnosis of HHM.

LOH occurs when a bony metastasis causes 
release of calcium through the elaboration of 
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cytokines or other factors that activate bone 
resorption by osteoclasts. In LOH there is evi-
dence of bone metastases by symptoms and/or 
imaging studies. Multiple myeloma, adenocarci-
nomas of the breast, and certain lymphomas may 
cause LOH.

PTH-independent hypercalcemia may occur in 
sarcoidosis, tuberculosis, and other granulomatous 
diseases, when granulomas release excessive cal-
citriol. Elevation of serum 25-hydroxyvitamin D 
indicates excessive vitamin D intake, while eleva-
tion of serum 1,25- dihydroxyvitamin D occurs in 
granulomatous diseases. Endocrine disorders that 
may occasionally lead to hypercalcemia include 
severe hyperthyroidism (which activates bone 
resorption) and Addison’s disease (where volume 
depletion causes hypercalcemia). Immobilization 
stimulates bone resorption and can result in ele-
vated serum calcium levels, particularly in bed-
bound hospitalized patients. Thiazide diuretics 
may cause hypercalcemia due to enhanced reten-
tion of calcium by the kidney. In many cases this 
develops in individuals with underlying mild pri-
mary hyperparathyroidism [118].

Treatment of Hypercalcemia
A malignancy is often the cause of acute hyper-
calcemia. When the serum calcium level is sig-
nificantly elevated, treatment should include 
intravenous hydration, along with measures to 
enhance renal calcium excretion and reduce 
bone resorption and/or intestinal calcium absorp-
tion, depending on which is the cause of calcium 
excess.

Saline Hydration
Most individuals with acute hypercalcemia have 
some degree of hypovolemia, which worsens 
their ability to excrete calcium. Thus, the first 
intervention should be fluid resuscitation with 
normal saline. The use of normal saline is impor-
tant, as arrival of sodium at the distal nephron 
will enhance urinary calcium excretion. When the 
intravascular volume is repleted, a loop diuretic 
such as furosemide may be started to allow addi-
tional saline hydration and to enhance calcium 
excretion. A serum calcium·phosphate product 
above 70 indicates the patient is at risk for cal-

ciphylaxis, so reduction of the serum phosphate 
level with phosphate binders should be under-
taken along with efforts to lower serum calcium.

Bisphosphonate Therapy
If the serum calcium does not return to an accept-
able level with intravenous saline and diuresis, 
then pharmacologic therapy is required [119]. 
Most causes of severe hypercalcemia involve 
increased osteoclast-mediated bone resorption, 
so drugs that inhibit this process are helpful. 
The drug of choice is a bisphosphonate, such as 
pamidronate or zoledronic acid, both of which 
are given intravenously. Pamidronate 60–90 mg 
is given intravenously over a few hours and is 
generally well tolerated. Serum calcium levels 
will typically begin to decline within 24–48  h 
following the infusion, although the peak effect 
may take several days. The actions of pamidro-
nate may last several weeks, but retreatment 
may be undertaken if renal function will allow. 
Zoledronic acid is given at 4  mg intravenously 
over at least 15 min [120]. It has a greater potency 
and a longer duration of action than pamidronate. 
A repeat dose may be provided after 7  days if 
renal function allows.

Other Treatments for Hypercalcemia
In cancer patients with hypercalcemia refractory 
to bisphosphonate therapy, denosumab may be 
used [121]. Denosumab is a RANK ligand inhibi-
tor that reduces osteoclast-mediated bone resorp-
tion, thus lowering serum calcium.

When a more rapid decline in serum calcium 
is desired, subcutaneous injections of calcito-
nin can be employed. Calcitonin is adminis-
tered at a starting dosage of 4 U/kg every 12 h. 
Tachyphylaxis to the actions of calcitonin usually 
limits its effects to a few days. In severe or refrac-
tory hypercalcemia, hemodialysis against a low- 
calcium bath may be necessary.

Glucocorticoid therapy has an important role 
when hypercalcemia results from an increase in 
intestinal calcium absorption, as occurs in vita-
min D intoxication or granulomatous diseases. 
Glucocorticoids inhibit the renal or granulo-
matous 1α-hydroxylase activity resulting in a 
decrease in production of calcitriol, and they also 
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directly impair intestinal calcium transport. In 
hypercalcemia due to lymphoma, treatment with 
steroids may also indirectly reduce hypercalce-
mia due to their antineoplastic effect.

In malignancy-associated hypercalcemia, 
chemotherapy, surgery, or radiation therapy tar-
geted at the tumor itself may also reduce the 
hypercalcemia.

Management of a patient with primary hyper-
parathyroidism is based upon the degree of hyper-
calcemia, the severity of symptoms or end- organ 
effects, and the risk of future complications [122]. 
Guidelines for surgical intervention in patients 
with asymptomatic primary hyperparathyroid-
ism were most recently updated at a National 
Institutes of Health workshop in 2014 [115].

In patients who are very hypercalcemic but 
cannot or will not have surgery, the calcimimetic 
agent cinacalcet has been used to control hyper-
calcemia. Calcimimetic agents such as cinacal-
cet activate the CaSR and thus diminish PTH 
production, ultimately leading to reduced serum 
calcium.

 Hypocalcemia
Chronic, mild, or moderate hypocalcemia is 
often asymptomatic. However, when the serum 
calcium level falls below 7.5–8 mg/dL (in the set-
ting of normal albumin), individuals may develop 
symptoms of neuromuscular irritability, includ-
ing tremor, muscle spasms, and paresthesias.

The cause of hypocalcemia can usually be 
elucidated after a careful history. Dietary cal-
cium and vitamin D intake, sun exposure, and 
alcohol intake should be evaluated. Head and 
neck surgery or irradiation can lead to hypopara-
thyroidism. Rare conditions, such as autoimmune 
disease and iron overload disorders, should be 
considered. Other conditions, such as pancre-
atitis, rhabdomyolysis, tumor lysis syndrome, 
or transfusion therapy, are possible causes for 
hypocalcemia.

On physical exam, Chvostek and Trousseau 
signs may be elicited. With more severe hypo-
calcemia, tetany or seizures may appear. 
Prolongation of the QTc interval may be evident 
on electrocardiogram, indicating the patient is at 
risk for cardiac arrhythmias.

Hypocalcemia is often caused by vitamin 
D deficiency or hypoparathyroidism. Injury or 
removal of the parathyroid glands during thy-
roidectomy or other head and neck surgeries can 
lead to hypoparathyroidism, which is manifested 
by hypocalcemia and a low serum PTH. Patients 
who have parathyroidectomy for primary hyper-
parathyroidism may have transient postoperative 
hypocalcemia due to deposition of large quanti-
ties of calcium into the unmineralized matrix 
of the skeleton. This is known as “hungry bone 
syndrome.”

Autoimmune destruction of the parathyroid 
glands may occur in certain conditions [123]. 
Infiltrative diseases, such as hemochromatosis, 
may impair parathyroid function, as can external 
beam irradiation to the neck. Congenital absence 
of the parathyroid glands is seen in DiGeorge 
syndrome. Hypomagnesemia may cause hypo-
parathyroidism because magnesium is needed 
for both PTH release and PTH action. This is 
commonly seen in alcoholic patients who are fre-
quently hypomagnesemic and malnourished.

Disorders of vitamin D supply, production, or 
activation may lead to hypocalcemia. In vitamin 
D deficiency, serum calcium concentrations are 
usually not severely affected, due to compensa-
tory increases in PTH and its downstream effects 
to keep serum calcium normal.

Hypocalcemia can be seen in acute pancreati-
tis, when fatty acids released through the action 
of pancreatic enzymes complex with calcium. 
Hypocalcemia due to the formation of calcium 
phosphate complexes takes place in severe hyper-
phosphatemic states, such as renal failure, rhab-
domyolysis, and tumor lysis syndrome. In these 
conditions, formation of calcium phosphate com-
plexes results in a decrease in ionized calcium 
concentrations. Hypocalcemia may also be seen 
in patients given multiple red blood cell transfu-
sions with cells to which calcium chelators have 
been added to prevent clotting.

Treatment of Hypocalcemia
In patients with symptoms of severe hypocalce-
mia (e.g., those with neuromuscular irritability or 
QTc prolongation), calcium (as calcium gluco-
nate) should be administered by slow intravenous 
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infusion to increase the serum calcium level until 
symptoms resolve. Bolus administration of intra-
venous calcium will have only a transient effect 
on serum calcium. An example of a calcium infu-
sion is 10 ampules (total 100 mL) of 10% calcium 
gluconate in 1 L of D5W, infused at 50 cc/h. Serum 
calcium should be monitored frequently and the 
rate of infusion adjusted to maintain levels at the 
low end of the normal range. Simultaneously, 
any deficiency of magnesium and/or vitamin D 
should be corrected. Hypocalcemia may recur 
rapidly after discontinuation of the calcium infu-
sion, so oral calcium should be administered prior 
to tapering the infusion. In patients with milder 
hypocalcemia, calcium infusion is not necessary, 
and calcium can be administered orally as cal-
cium carbonate or calcium citrate in doses starting 
at 1000–1500 mg of elemental calcium daily in 
divided doses with meals. If appropriate, calcitriol 
also should be provided.

In chronic hypoparathyroidism, treatment 
with calcitriol is necessary because renal produc-
tion of calcitriol will not occur in the absence 
of PTH.  Serum calcium should be kept at the 
lower end of the normal range, sufficient to 
relieve symptoms and reverse tetanic signs (e.g., 
Chvostek sign).
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 Introduction

The microbiome represents a very complex 
system and experimentally emerging biology 
which drives not only infection but also biologic 
mechanisms affecting surgical outcomes previ-
ously thought to be noninfectious. This chapter 
provides an introduction to the microbiome for 
surgeons. Work around the biome and in particu-
lar its relationship to surgery are a very rapidly 
evolving science with seemingly unlimited com-
plexity despite extremely immature and limited 
data and understanding. Despite this, much is 
known, and even the early data and its frame-
work can guide our understanding of surgical dis-
ease and treatment. In doing so we will provide 
essential definitions, followed by a discussion of 
what perturbs the biome, how the biome and per-
turbations affect infection, what other biologic 
mechanisms are affected by the biome and its 
perturbations, and finally a discussion of future 
clinical and research endeavors on this topic.

 Definitions

The microbiome is a biologic community of all 
microbial taxa which reside in a specific loca-
tion or host. In short it is a community of organ-
isms which contribute to the microbial health 
and function of a host [1–3]. While many will 
suggest that the microbiome is technically the 
genome of the microbes which inhabit the host 
(in this case a human), we will use microbiome 
interchangeably defined as the genome (how this 
is surveyed) and/or the actual microbial com-
munity. The host for the microbiome can be a 
large population, a single organism such as a 
single person or a single location within that 
organism such as the colon or lung. The organ-
specific definition is perhaps the most common 
conception used in medicine or surgery, e.g., the 
gut microbiome, the colon microbiome, or the 
lung microbiome. The defining characteristic of 
a biome is not however limited to a collection of 
individual microbes (bacteria, viruses, fungi) or 
taxa but rather that this collection has evolved 
temporally and locally to behave synergistically 
as a community with incumbent function in rela-
tion to the host and environment. This then is 
perhaps the most important descriptor for surgi-
cal disease and medicine, namely, that the biome 
functions as a complex biological unit with a 
role in health and function of the human it inhab-
its [4]. From this it makes sense that a perturba-
tion of the biome through an unbalancing from 
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changed anatomy, inflammatory or physiologic 
stress, disease, antibiotics, or injury would result 
in disease [5].

 Surveying the Biome

The microbiome is surveyed through sequencing 
of the nucleic acids of the taxa in the population. 
This is most commonly done through 16srRNA 
sequencing which uses a highly conserved 
region of ribosomal DNA among all bacterial 
taxa as binding targets for primers. Sequencing 
of approximately 200 base pairs then allows for 
identification of highly variable regions which 
are unique to each organism. Through identi-
fication of the number and frequency of each 
sequence in a biological sample, the biome can 
be determined. These are represented in opera-
tional taxonomic units or OTUs [6].

While characterization of the microbiome rep-
resents a rapidly evolving science, a few terms 
are important to understand. The diversity within 
a biome is described in measuring the alpha and 
beta diversity. Most simply the alpha diversity is 
a measure of the total number of different taxa in 
a single sample as well as its inter-sample diver-
sity. This is a count of the total number of different 
OTUs within the sample. Beta diversity is a mea-
sure of the intra sample diversity or more simply 
the differences between samples. Beta diversity is 
further described using several different metrics. 
The most commonly used are UniFrac and Bray-
Curtis and the Jaccard distance. The UniFrac 
accounts for the distances between sequences in 
a phylogenetic tree. The Bray-Curtis dissimilar-
ity index measures the difference between sam-
ples by abundance of individual species. Finally, 
the Jaccard distance is based on the presence of 
species without accounting for the abundance (as 
in the Bray-Curtis dissimilarity index). While a 
basic understanding of these concepts is essen-
tial to being able to interpret the emerging litera-
ture on the biome in human health and surgical 
disease, it is important to remember that bioin-
formatic and machine learning techniques are 
continually being developed and reapplied to 
increasingly large and complex datasets.

 Differences and Changes 
in the Biome

There has been considerable advancement in 
the ability to survey the biome. Indeed, faster 
sequencing, shorter reading frames, and improve-
ments in informatics approaches to handling the 
huge datasets which are generated have allowed 
a rapidly growing literature over the past 5 years 
[1, 7]. These advances have in turn allowed faster 
more economical non-culture-based quantifica-
tion of microbial populations and have resulted 
in an enhanced understanding in the relation-
ship between commensal organisms and human 
health across a number of injury and disease 
states. Perhaps the best known, most clinically 
understood and resultant clinical application 
has centered around Clostridium difficile infec-
tion. It is widely understood that perturbation of 
the gut microbiome (generally through antibiot-
ics) results in a narrowed diversity allowing for 
opportunistic Clostridium difficile overgrowth 
and infection [8]. From this understanding and 
an increasing clinical incidence and virulence, 
the promise of rapid diagnostics and therapeu-
tics such as fecal transplants aims to restore bal-
ance across taxa which is discussed below. This 
approach which stems from basic control systems 
engineering theory suggests that the best way to 
modulate a deleterious response is through a con-
troller (in this case restoration of the complexity 
of the biome) rather than reducing or eliminating 
the signal (through the more traditional use of 
oral and intravenous antibiotics). A vast literature 
and clinical protocols which are discussed later 
in this chapter have been developed and imple-
mented with promising but varying success.

 Perturbations of the Biome: 
Trauma, Burn, and Sterile 
Inflammation

Many interventions and biological and physi-
ological perturbations can change microbial 
composition of the host. Sterile inflammation 
in the form of trauma, shock, or burn injury can 
directly affect the biome in the gut and lung [5, 
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9–11]. While acute changes do indeed change 
the biome, there is a large body of literature 
that has established slower chronic changes. 
These changes in microbial composition occur 
throughout the body and across different sys-
tems (lung, sinus, GI track) and are affected by 
living situation, cohabitation, socioeconomic 
status, diet, and acute and chronic health. This 
of course makes the effectors of acute changes 
difficult as the baseline for an individual, cohort, 
or population can be difficult to define. Despite 
this several groups have reported on changes in 
the biome resulting from exposure to antibiotics, 
sterile and non-sterile (infectious) inflammation, 
surgery (both sterile inflammation and anatomic 
changes), and medications.

Studies of burn injury in both animal and 
human demonstrate a narrowing of alpha diver-
sity and a propensity toward infectious compli-
cations as well as intestinal leak. Within hours 
of traumatic injury (sterile inflammation) and 
prior to any direct insult on microbial species 
from antibiotics, multiple groups have reported 
changes in phylogenetic composition and taxa 
relationship in the GI track of severely injured 
and shock patients [10, 12–14]. In particular 
trauma and burn injury both result in changes 
alpha and beta diversity thereby making the gut 
biome narrower and less diverse and hypotheti-
cally more virulent [10]. Polytrauma results in 
alterations in beta diversity with changes in par-
ticular communities including Lachnospiraceae 
and Mogibacteriaceae which were increased 
shortly after injury and Barnesiellaceae and 
Bacteroidaceae which were similarly decreased. 
Other species reduced after sterile trauma 
include Bacteroidales, Fusobacteriales, and 
Verrucomicrobiales, while enrichment was seen 
in Clostridales and Enterococcus [10].

Effects on the diversity of the biome do not 
seem to be necessarily located in the injured 
region. Moderate traumatic brain injury in a con-
trolled cortical impact model in rodents results 
in changes in alpha and beta diversity in the gut 
microbiome despite no direct injury to the GI 
tract. These changes persisted throughout the 
7-day course of the model and were directly 
correlated with the size of the injury. Of note 

this group reported that the usually beneficial 
bacteria species were reduced in the injured 
animals which also showed a compensatory 
increase in virulent species of Bacteroidaceae, 
Enterobacteriaceae, and Pseudomonadaceae 
[14]. Other groups have shown similar results in 
animal models of stroke and blood-brain barrier 
breakdown [15, 16]. Even chronic changes can 
result in susceptibility to poor outcome and per-
turbed biology after different insults. One group 
has described an association between both active 
and passive smoke exposure which results in an 
altered lung microbiome which makes patients 
more likely to develop ARDS after blunt injury 
[17]. While trauma and other sterile inflamma-
tion might be expected to be “big” physiologic 
perturbations to the biome, even straightforward 
surgical manipulation and preparation which has 
been considered safe and beneficial surgical prac-
tice can deleteriously affect the biome and poten-
tially have problems for outcome. Independent 
of direct anatomic changes, the stress of surgery 
can directly affect the biome. Catecholamine 
release has been shown to directly affect the 
biome balance including P. aeruginosa, E. coli, 
and Campylobacter jejuni. Abundance of phyla 
has other effects outside the gut as well. Gut 
bacteria have been associated with changes in 
the acute stress response, and in keeping with 
this, a US group has studied the microbiome of 
patients with PTSD and showed that while there 
was no difference in total alpha or beta diver-
sity between patients with and without PTSD, 
three phyla Actinobacteria, Lentisphaerae, and 
Verrucomicrobia were enriched in patients with 
higher PTSD scores [18]. All of these are con-
sistent with elevated stress and consistent with 
other studies quantifying maternal stress and a 
pro-inflammatory milieu.

 Bowel Preparation

For decades surgeons have been taught and 
largely adhered to the ideals of mechanically and 
chemically preparing the bowel before surgery. 
This has been largely based on the principal that 
sterilizing the colon before surgery through anti-
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biotics and mechanical cleansing would elimi-
nate bacteria which would contribute to infection 
and anastomotic breakdown especially in the set-
ting of both direct (to tissues from manipulation) 
and physiologic (from overall surgical stress). 
Whether these bowel preps are beneficial and 
more specifically what is the best prep (mechani-
cal vs. chemical vs. both) has remained a topic of 
considerable debate and conflicting data, and the 
practice of whether and how to prep the bowel 
before surgery has swung along a continual 
pendulum [4, 19, 20]. That said little attention 
has been paid until recently about the effects of 
bowel preparation on the biome and the effect 
of any changes on the biome on success and 
complication rates from bowel surgery. This of 
course has been because it has been impossible, 
difficult, or extremely expensive to survey the 
biome and the effect of bowel prep; however, the 
changing ability to evaluate the microbiome has 
revealed much about our hardened surgical prac-
tices. Several studies have attempted to deter-
mine whether mechanical prep, antibiotic prep, 
and NPO status prior to surgery affect the species 
composition in the gut. Some older data exists 
suggesting that mechanical prep does change the 
gut biome, specifically changing the abundance 
of Lactobacillus (reduced) and Staphylococcus 
and E. coli (increased). Unfortunately, most of 
these have been performed using culture technol-
ogy. Newer sequencing-based data has allowed 
survey of the biome after mechanical- and antibi-
otic-based preparations and as would be expected 
has shown an imbalance of the biome from the 
cleansing. Recent data has once again questioned 
the benefit of bowel prep. Whether it is beneficial 
or deleterious and what effects the change on the 
biome has on anastomotic, functional, and over-
all outcome remains an open scientific question 
with several groups working to evaluate mecha-
nism and effect.

 Anatomic Changes

Along with surgical stress and bowel prepara-
tion, anatomic changes as a result of surgery 
can fundamentally alter the biome. Several sur-

veys of microbial diversity after Roux-en-Y 
gastric bypass have suggested that the biome 
altered as a result of this operation [4, 21, 22]. 
How these changes in the biome result from 
the change in anatomy and how much of this 
results from changes in diet and metabolism as 
a result of weight loss remains an open scien-
tific question. There is increasing data that the 
anatomic changes themselves affect the biome. 
Newer understandings in the importance of the 
biome in digestion and metabolism suggest that 
the altering effects of weight loss surgery affect 
the biome in uncharacterized ways. In addition, 
other data has shown that bowel resections also 
directly affect the biome.

 The Biome and Cancer

Other emerging issues include the relationship 
of the biome to cancer. Abundant evidence sug-
gests that there exists a bidirectional relationship 
between chemotherapeutic regimens and the 
biome. Chemotherapy and radiation for multiple 
hematologic and solid organ tumors both directly 
and indirectly affect both beta and alpha diver-
sity [23–25]. Animal models have suggested that 
restoration of the biome through supplementa-
tion of probiotics can modulate these effects. The 
prevalence of cancer and breast cancer metastasis 
has been associated with changes in the biome. 
Whether these correlations are just that or rep-
resent functional relationships remains an open 
experimental question. Unfortunately there has 
to date been no comprehensive characterization 
of the multiple taxa and their various relation-
ships with disease states. Despite this, taken 
together, there are multiple relationships between 
the microbiome and disease and considerable 
work being done to better characterize these 
relationships.

 Function

The human biome especially in the gut has 
multiple described functions which have been 
and are continually being elucidated. The first 
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is barrier function and protection against inva-
sion by virulent taxa. The balance from an intact 
biome helps prevent against more opportunistic 
taxa from gaining hold and resulting in disease. 
This occurs from balance and also from a form 
of barrier function in the GI track and lung. The 
gut biome participates in metabolism augment-
ing carbohydrate and fat metabolism which is 
thought to encourage healthy weight. Indeed, 
several investigators have shown that an imbal-
ance in the gut biome is correlated with obesity. 
Consumption of a fat diet results in an increased 
ratio of Firmicutes to Bacteroidetes resulting in a 
changed biome associated with obesity. Perhaps 
because it is the most studied or perhaps because 
it is the most important, much understanding 
centers around Bacteroides. From Physical and 
Biologic of the gut biome have to do with protec-
tion both physical (from enhanced barrier func-
tion as well as balancing more virulent and taxa.

 Effects of Changing the Biome 
on Outcome

The biome changes based on social and environ-
mental factors as well as the stress of surgery and 
trauma, antibiotics and changes in postsurgical 
diet. In addition, the changes in anatomy from 
GI procedures result in an altered biome [4]. As 
described in the introduction to this chapter, per-
haps the best described is opportunistic infections 
such as C. difficile colitis. It is well described that 
the changes in the biome cause a shift toward 
opportunistic taxa resulting in an imbalance and 
infection. The effects of Clostridium difficile 
colitis are well described including diarrhea, 
fluid and electrolyte imbalance, impaired absorp-
tion and nutrition, toxic megacolon, necrosis, 
perforation, and even death. For decades, the 
goal has been to fight the infection with a regi-
men that targets the Clostridium difficile includ-
ing metronidazole and vancomycin. Others have 
suggested cleaning the toxin and bacterial load 
with colonic lavage. Overall these have met with 
varying results. With additional understanding of 
the biome, the idea of stool transplants has taken 
off. Indeed, restoring the biome with healthy taxa 

of stool from a healthy donor has excellent clini-
cal and scientific plausibility [8, 26–28]. Even the 
American Association of Blood Banks sees their 
role as a provider of stool samples (as well as 
other cellular therapeutics) as their future.

 Anastomotic Breakdown

There is emerging evidence that the biome can 
contribute to the strength and healing of anasto-
moses after surgery [19, 29, 30]. Several studies 
have correlated changes in the biome particularly 
an unbalance in the biome in higher rates of anas-
tomotic disruption after foregut and colon sur-
gery. Several animal studies have provided insight 
on putative mechanisms for these anastomotic 
breakdowns. Investigators using both radiation 
injury and ischemia have suggested that the radi-
ation and ischemia are not sufficient alone, but 
rather resulting anastomotic breakdown results 
from infectious changes either exogenous or 
endogenous. In the ischemia model, the ischemia 
from surgically devascularized bowel resulted in 
an overgrowth of E. faecalis and in particular a 
strain of E. faecalis with high collagenase activ-
ity which was correlated with anastomotic break-
down. Similarly, the radiation model showed that 
the combination of radiation and inoculation with 
Pseudomonas aeruginosa resulted in anastomotic 
breakdown at higher rates than sham or radiation 
only rats [29]. In addition to anastomotic healing, 
the biome affects intestinal motility, long known 
to be affected by a complex balance of sympa-
thetic and parasympathetic activation, anatomic 
structure, hormonal control, and infection. More 
recently however the ability to survey the biome 
has suggested that taxa imbalances are associated 
with other direct changes in GI mobility [31–34].

 The Future

The microbiome represents a previously 
unrecognized complex system which has bidi-
rectional on surgical disease and physiologi-
cal function and outcome. As the ability to 
sequence and therefore surveil the microbiome 
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becomes faster and more economical, its sci-
ence is rapidly evolving. Much is known about 
the effects of surgery and disease on the biome 
and the effects of the biome on surgical disease, 
healing, and outcome; however, this work is 
extremely preliminary. Many large character-
ization efforts as well as reductionist mechanis-
tic studies are underway to understand specific 
drivers of biome effects on surgical disease, and 
these findings will no doubt revolutionize our 
concepts of surgical treatment. To date the data 
suggests that we should understand the biome 
as a complex system, and it is no longer accept-
able to ignore it or treat it as an infectious threat 
to be treated through antibiotics and steriliza-
tion. It is easy to foresee a day where the biome 
is quickly sequenced and characterized and 
manipulated through a variety of means as a pri-
mary treatment or adjunct for broad-based sur-
gical treatment of multiple diseases from trauma 
to obesity to cancer.
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Special Considerations 
at the Extremes of Age

Timothy J. Harrison, Robert D. Barraco, 
Ryan A. Lawless, and Michael D. Pasquale

 Introduction

 The Current State

According to the Federal Interagency Forum on 
Aging document Older Americans 2016: Key 
Indicators of Well-Being, the American popula-
tion continues to get older at an exponential pace 
[1]. In 2014, 46 million people over the age of 65 
lived in the USA, accounting for 15% of the total 
population. The “baby boomers” (people born 
between 1946 and 1964) started turning 65  in 
2011, and the number of older people will 
increase dramatically during the 2014–2030 
period. The older population in 2030 is projected 
to be twice as large as their counterparts in 2000, 
growing from 35 million to 74 million and repre-
senting approximately 21% of the total US popu-
lation. The population of people over 85 could 
see growth from 6 million in 2014 to nearly 20 
million by 2060 [1]. So, it is obvious that we are 
getting older, but are we truly improving [2]? In 
the USA, life expectancy is actually down from 

78.7 years to 78.6 years, a trend not seen since 
1915–1918, a 4-year period that saw the end of 
World War I and a flu pandemic that killed nearly 
700,000 people [3]. A possible reason for this is 
the opioid epidemic causing a steady increase in 
overdoses and deaths due to suicide. While the 
statistics don’t show an increase in life expec-
tancy overall, our aging population is still faced 
with a growing number of chronic health condi-
tions leading to a decline in functionality. In 
2013, 44% of people age 65 and over enrolled in 
Medicare reported limitations in activities of 
daily living (ADL), instrumental activities of 
daily living (IADL), or living in a long-term care 
facility. ADL include bathing, getting dressed, 
eating, getting in and out of chairs, and using the 
toilet. IADLs include using the telephone, doing 
housework, meal preparation, shopping, and 
managing finances. Many of the chronic condi-
tions reported by our older population may be 
attributed to a poor-quality diet. The Healthy 
Eating Index (HEI) was originally developed in 
1995 as a tool to evaluate the extent to which 
Americans are following the dietary recommen-
dations. The HEI-2015 (the latest revision) is 
composed of 13 components and provides a com-
prehensive analytic approach to characterizing 
complex diets which allows researchers to make 
comparisons between total diet and health out-
comes [4]. The HEI uses a scoring system to 
evaluate a set of foods, with scores ranging from 
0 to 100. An ideal overall HEI score of 100 
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reflects that the set of foods aligns with key 
dietary recommendations. The total HEI-2015 
score for Americans is 59 out of 100 which indi-
cates that the average diets of Americans do not 
conform to dietary recommendations [4]. This 
especially holds true in our elderly population. It 
is estimated up to 16% of the elderly population 
living in the community have protein-deficient 
malnutrition, and this number increases by four- 
to fivefold when this population is admitted to the 
hospital. These numbers translate to nearly 51.3 
billion dollars per year in health-care costs [1]. 
To counteract our aging population, providing 
nutritional support and assisting in activities of 
daily living must be a priority in our ongoing 
health reform.

 Metabolic Requirements

 Physiologic Changes of Aging

Aging decreases the human basal metabolic rate 
(BMR); however, physiologic aging does not 
progress at the same rate in each individual. From 
the ages of 30 to 70, the BMR decreases by 16%. 
There is a concomitant body composition change 
toward increased fat and decreased protein con-
tent [5, 6]. Lean body mass changes dramatically 
on average, from 45% of total body weight 
(TBW) for a 30-year-old to 27% for a 70-year- 
old. There is a doubling of the total body fat, 
from 14% of TBW at 30 years of age to 30% of 
TBW at 70 years of age [7].

Appetite changes with age as well. Among the 
factors contributing to this change are changes in 
the senses of taste and smell. These changes are 
secondary to decreasing number of taste buds, 
peripheral olfactory atrophy, and decreasing 
saliva production. Sweet and salt quality change 
first due to loss of taste buds in those areas, lead-
ing to food tasting bitter with an unappetizing 
odor. Bitter and sour taste buds are lost later [5, 7, 
8]. The physiologic regulation of appetite is a 
complex neural and hormonal network involving 
the autonomic nervous system, enteric nervous 
system, and hypothalamic-pituitary-adrenal axis 
in homeostatic balance. This balance is disrupted 

with chronic diseases, cancers, inflammatory 
processes, and polypharmacy resulting in an 
overall decrease in appetite [9].

Gastrointestinal tract changes affect geriatric 
nutrition. Age-related changes include esopha-
geal dysmotility from a change in peristalsis, 
chronic atrophic gastritis, intestinal bacterial 
overgrowth, and chronic constipation. These fac-
tors in addition to laxative abuse, which occurs 
more commonly in the elderly population, impact 
the intake and absorption of nutrients [5, 6]. 
Dyspepsia, a frequent symptom among elderly 
patients, is most commonly related to peptic 
ulcer disease, gastroesophageal reflux, or gastric 
cancer [10]. Lactose intolerance develops in the 
elderly population as the quantity of lactase, an 
essential enzyme involved in dairy product diges-
tion, decreases leading to stomach cramping and 
diarrhea. The result is malnutrition and vitamin/
mineral deficiencies in the geriatric population 
[8]. When combined with age-related reductions 
in skin integrity and immunocompetence, malnu-
trition increases the incidence of complications 
such as wound failure/infection and nosocomial 
infections. These complications in the critically 
ill geriatric patient lead to negative outcomes, 
even death [5, 6].

Changes in the renal system also influence 
nutritional requirements. Nephrosclerosis 
increases with age leading to a decline in renal 
function. Up to 40% of available nephrons are 
sclerotic by age 85. Patients with diabetes, hyper-
tension, dyslipidemia, and/or atherosclerosis 
exhibit even higher rates of sclerosis. As a result, 
the ability to regulate fluid balance and acid-base 
status deteriorates. This in turn predisposes the 
elderly to dehydration as the kidney is unable to 
respond to renal sodium and water losses. 
Decreased responsiveness to ADH, decreased 
renin-angiotensin system activity, and dimin-
ished thirst are likely causes [8, 10].

 Vitamin Deficiencies

The risk for deficiencies in many vitamins and 
nutrients increases as we age. These deficiencies 
are caused in part by diminished appetite, the 
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inability to masticate certain foods (e.g., fresh 
fruits and vegetables), and the increased inci-
dence of lactose intolerance. This section will 
discuss the most common vitamin deficiencies in 
the aging population.

Vitamin D deficiency is one such deficiency. 
The cause is multifactorial, with decreased con-
sumption of vitamin D-fortified dairy products 
secondary to an increased incidence of lactose 
intolerance. In institutionalized patients, limited 
exposure to direct sunlight disrupts the conver-
sion of vitamin D to its active form. Lastly, as the 
kidney ages, the ability to convert vitamin D to 
the active form decreases in addition to the occur-
rence of nephrosclerosis. Therefore, to prevent 
deficiency, vitamin D should be supplemented 
(600 IU daily) in the diet, and efforts should be 
directed at providing the elderly with more expo-
sure to sunlight [7, 10].

The next most common vitamin deficiency is 
vitamin B12 or cobalamin. Vitamin B12 is 
obtained through the digestion of red meat. 
Deficiency is often related to food costs, dietary 
caloric restrictions, or difficulty with mastication 
due to poor dentition. Twenty percent of the geri-
atric population is deficient in vitamin B12 [10]. 
Gastric atrophy is a condition caused by decreased 
gastric acid secretion related to aging and/or the 
use of acid-reducing medications diminishing 
intrinsic factor production. Intrinsic factor is 
essential for the release of vitamin B12 from its 
carrier protein as well as absorption. Signs of 
vitamin B12 deficiency include anemia, neuropa-
thy, and dementia [7, 10].

Vitamin K deficiency is not common in 
healthy adults; however, certain medications may 
lead to a deficiency such as anticoagulants, anti-
biotics, and sulfa drugs. Poor vitamin K intake 
may be related to fractures, osteoporosis, osteo-
arthritis, and atherosclerosis [11, 12]. Increasing 
intake of vitamin K is not recommended in those 
taking warfarin due to it counteracting the antico-
agulant effect of the drug. This vitamin should be 
kept in mind when starting medications in the 
intensive care or general medical setting (e.g., 
warfarin) [7]. A few years ago, a new class of oral 
anticoagulants came out to rival warfarin. The 
novel oral anticoagulants (NOACs) include dabi-

gatran, a direct thrombin inhibitor, and rivaroxa-
ban and apixaban, which act on factor Xa. These 
medications have revolutionized oral anticoagu-
lation because they are at least as effective as 
warfarin, but are more convenient to administer 
as they are given in fixed doses and do not require 
routine coagulation monitoring. The downfall of 
the NOACs is that the reversal agents are expen-
sive and, as result, are not carried on all 
formularies.

 Nutritional Monitoring

A single standard assessment of nutritional status 
in the elderly population has not been agreed 
upon. Multiple screening tools assist in the iden-
tification of “at-risk” individuals within the pop-
ulation. Identification of the “at-risk” individual, 
as well as the malnourished patient, is important 
due to the impact nutrition has on outcomes in 
the intensive care and hospital setting. 
Malnourished patients have increased hospital 
length of stay, higher complication rate, and 
higher mortality rate overall. A discussion about 
risk factors, screening tools, and biochemical 
markers of malnutrition follows.

 Diagnosis of Malnutrition

Defining malnutrition has changed slightly over 
the past few years and continues to remain a chal-
lenge. In 2012, the Academy of Nutrition and 
Diabetics and the American Society for Parenteral 
and Enteral Nutrition (ASPEN) published criteria 
for the diagnosis of malnutrition, defining it as 
“undernutrition.” Although for a time, widely 
accepted by the nutrition community, the ASPEN 
criteria had its share of inconsistencies. In 2018, 
a new worldwide consensus definition was pub-
lished by the Global Leadership Initiative on 
Malnutrition (GLIM). The purpose of GLIM was 
to reach a global consensus on the identification 
and endorsement of criteria for the diagnosis of 
malnutrition in clinical settings. The GLIM defi-
nition is based on five diagnostic criteria, three 
which are phenotypic (clinical) and two of which 
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are etiologic (causes). The diagnosis of malnutri-
tion requires at least one phenotypic criterion and 
one etiologic criterion, while the severity of mal-
nutrition is based solely on phenotypic criterion. 
Phenotypic criteria are unintended weight loss 
>5% in less than or equal to 6 months, or >10% 
in >6  months, low body mass index <20 if 
<70  years or <22 if greater than or equal to 
70 years, and reduced muscle mass according to 
objective measures and/or physical exam. 
Etiologic criteria are less than or equal to 50% of 
the caloric requirement for >1  week, or any 
reduction for >2 weeks, or chronic gastrointesti-
nal disorders with adverse nutritional impact, and 
an inflammatory component such as chronic dis-
ease, or acute disease/injury with severe systemic 
inflammation, or socioeconomic/environmental 
starvation.

The severity of malnutrition is broken down 
into two stages.

• Stage I: 5–10% unintended weight loss in less 
than or equal to 6 months, or 10–20% weight 
loss in >6 months, low BMI <20 if <70 years, 
or <22 if greater than or equal to 70  years, 
mild to moderate deficit (validated per assess-
ment methods).

• Stage II: weight loss >10% in less than or 
equal to 6 months, or >20% in >6 months, low 
BMI <18.5 if <70 years, or <20 if greater than 
or equal to 70  years, and reduced muscle 
mass, severe deficit (validated per assessment 
method).

The GLIM criteria are less subjective, and 
more clinically relevant, and they include param-
eters that are more consistent with traditional con-
cepts of nonsevere and severe malnutrition [13].

 Risk Factors for Malnutrition

There are many risk factors related to malnutri-
tion in the elderly population. These factors can 
be broken down into age-related and age- 
unrelated [14]. Age-unrelated risk factors include 
cancer, chronic and severe organ failure, gastro-
intestinal diseases, alcoholism, chronic infec-

tious and/or inflammatory diseases, as well as all 
factors likely to cause one or more of the follow-
ing: a reduction in food intake, an increase in 
energy requirements, and malabsorption.

Age-related risk factors include psychologi-
cal, social, and environmental factors such as 
depression, grieving, financial hardship, and 
admission to long-term care facilities. Oral, den-
tal, and swallowing disorders also put the elderly 
at increased risk.

Dementia, other neurologic diseases, and 
acute issues that result from trauma, such as pain, 
fractures, and surgery increase the risk of malnu-
trition as well. These factors lead to decreased 
oral intake, loss of appetite, and decompensation 
of stable medical comorbidities.

 Screening Tools

Today, there are several screening tools utilized 
throughout the country. Screening for malnutri-
tion is comprised of several components such as 
evaluation for risk factors, appetite and caloric 
intake, comparison of weights, and calculation 
of body mass index (BMI). When choosing a 
screening tool for your facility, it is important to 
consider whether or not the screening tool is 
validated for the right population. If the screen-
ing tool requires calculations, or is lengthy with 
many parameters, it may be time-consuming 
and subject to error. As screening is only the 
first step to identify those that require nutritional 
assessment, a screening tool needs to achieve a 
high sensitivity, even if this is at the expense of 
a high specificity (or false positives). [15]. 
According to the most recent published ASPEN 
guidelines, it is suggested that a determination 
of nutrition risk (i.e., nutritional risk screening 
[NRS 2002], Nutrition Risk in Critically Ill 
[NUTRIC] score) be performed on all patients 
admitted to the ICU for whom volitional intake 
is expected to be insufficient [16]. A high nutri-
tion risk will then identify those patients most 
likely to benefit from early enteral nutrition 
(EN). In 2018, a review of several nutrition 
screening tools was performed on different 
patient populations, including  in- hospital, 
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 community, residential care, and rehabilitation 
[17]. The biggest difficulty with validation stud-
ies is the criterion against which the tool is com-
pared. In the absence of a true gold standard, the 
Subjective Global Assessment (SGA) and Mini-
Nutritional Assessment-Full Form (MNA-FF) 
were used. The tools with the greatest evidence 
of validity were the Malnutrition Universal 
Screening Tool (MUST) and the Malnutrition 
Screening Tool (MST) for in- hospital, Seniors 
in the Community: Risk Evaluation for Eating 
and Nutrition Questionnaire (SCREEN-II) for 
those in the community, the Short Nutritional 
Assessment Questionnaire- Residential Care 
(SNAQ-RC) for those in residential care, and 
the Nutritional Form for the Elderly (NUFFE) 
for those in rehabilitation. The SGA includes 
medical history and a physical examination. The 
MNA-FF and MNA-SF (short form) had a sen-
sitivity of 97.9% and a sensitivity closer to 
100% when compared to the SGA. The MST 
has a sensitivity of approximately 93%, while 
the MUST score was used to predict mortality 
as well as length of stay and discharge destina-
tion in acute patients. Although a large number 
of screening tools are available, due to poor 
validation study design and results, it is not pos-
sible to make recommendations for one univer-
sal screening tool [17].

 Biochemical Markers

Historically, serum proteins such as albumin and 
prealbumin have been used to help determine the 
nutritional status of patients. Other markers such 
as transferrin, retinol-binding protein (RBP), and 
indicators of inflammation such as C-reactive 
protein (CRP) and total lymphocyte count (TLC) 
have been used. These biochemical markers and 
their roles in the assessment of nutrition are dis-
cussed in this section.

Serum albumin concentration can help assess 
visceral protein stores in the nonacute care set-
ting. Albumin is a plasma protein that maintains 
plasma oncotic pressure and is a carrier protein 
for multiple elements and medications. Testing 
serum levels is routinely available and the normal 

range is between 3.5 and 5 g/dl. The half-life of 
serum albumin is approximately 20–21  days. 
Therefore, albumin levels are not useful in the 
short term. Serum albumin is a reliable marker in 
the absence of liver disease, renal disease, pro-
longed bed rest, infection/sepsis, and cancer. 
However, many of these conditions are present in 
the hospitalized elderly [18, 19].

Measurement of C-reactive protein may help 
in interpreting albumin levels in the presence of 
an inflammatory process. An elevated C-reactive 
protein indicates an active inflammatory 
response, which calls into question the serum 
albumin level in the assessment of nutritional sta-
tus. Serum albumin may distinguish between two 
forms of malnutrition: that due to a deficiency in 
food intake (albumin may be normal) and that 
due to inflammation and a catabolic state (a rapid 
fall in albumin) [14].

Retinol-binding protein is a part of the retinol- 
circulation complex, which utilizes vitamin A 
and zinc in order to function properly. It has been 
concluded that RBP and prealbumin are better 
tools for evaluating the short-term effects of 
nutrition based on their rapid turnover. RBP may 
not be as accurate in patients with renal insuffi-
ciency as the RBP complex is degraded by the 
kidneys [20].

Transferrin is an iron-binding plasma glyco-
protein that binds iron for transport to the bone. 
Levels are affected by total body iron storage 
[19]. Normal serum levels are from 200 to 
400 mg/dl [19]. Body tissue iron stores increase 
with aging, which leads to a decrease in transfer-
rin levels in healthy individuals. If elderly patients 
are malnourished with decreased protein and low 
iron stores, they may express a falsely normal 
transferrin level. In younger patients, the 
8–10  day half-life makes transferrin a good 
choice to assess the nutritional status, but should 
not be used in the geriatric population due to the 
changes with aging [6].

Prealbumin is a protein made in the liver and 
functions as a carrier, binding thyroxine, and 
retinol- binding protein. Normal serum levels are 
between 18 and 40 mg/dl [7, 19]. Its short half- 
life of 2 days makes it a promising marker of pro-
tein storage and short-term nutritional status.
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The TLC is a marker of immunocompetence. 
Normal TLC is greater than 1500 cells per cubic 
millimeter [7]. Depression of this count may be 
associated with malnutrition, but can be altered 
by a host of other factors. These factors include 
hypoalbuminemia, infection, chronic comorbid 
conditions, and malignancy. For this reason, the 
TLC is not an adequate indicator of nutritional 
status and should not be used in the geriatric pop-
ulation [21].

 Nitrogen Balance

Historically, nitrogen balance has been the gold 
standard in measuring protein intake. It is calcu-
lated as nitrogen intake minus nitrogen loss from 
the body. A negative nitrogen balance means 
there is more protein loss, than intake, which can 
help assess for malnutrition. Nitrogen balance 
can be evaluated by measuring the concentration 
of urea in the urine and by calculating the urinary 
creatinine/height index. Values of 60–80% and 
40% indicate mild and severe protein malnutri-
tion, respectively. One drawback of this tech-
nique is collecting the 24-hour urine sample 
which can be burdensome [20].

 Nutritional Requirements

 Carbohydrates
Carbohydrates comprise half of the calories con-
sumed in the Western diet. The human body can 
store approximately 1200 calories in the liver and 
muscle in the form of glycogen. During stress 
and starvation, these stores are immediately 
available. If the stressor is not removed, these 
stores are depleted within 3  days. The storage 
process begins between 8 and 16  h postprandi-
ally. Glycogenolysis occurs as insulin levels 
decrease, mobilizing glucose from hepatic stores. 
Alanine is essential for this process in muscle and 
is used for gluconeogenesis since muscle cannot 
mobilize glucose from glycogen due to its lack of 
glucose-6-phosphatase [9]. Age-related changes 
in the ability to metabolize glucose lead to chron-

ically elevated blood glucose levels and advanced 
glycosylation end products. These end products 
promote fibrosis, decrease connective tissue flex-
ibility, and change the extracellular matrices of 
the heart, kidney, skin, and central nervous sys-
tem. Many of the common comorbid conditions 
in the geriatric population stem from these 
advanced glycosylation end products: neuropa-
thy, nephropathy, cardiomyopathy, atherosclero-
sis, etc. [9] Based on these facts, it is recommended 
that elderly individuals consume more complex 
carbohydrates and less simple sugars [7].

 Proteins
The protein requirement in the average adult is 
0.8 g of protein per kilogram body weight daily. 
Large amounts of protein can be stored in the 
human body, but only 50% can be utilized with-
out serious consequences [9]. The body may 
require up to 1.5 g/kg/day in the stressed state to 
support wound healing, immune function, etc. 
Patients who are bedbound or institutionalized 
require more than average protein to maintain 
nitrogen balance. One may incorrectly draw the 
conclusion that since lean muscle mass decreases 
in the elderly population, protein requirements 
would follow suit. This is not the case. The 
amount of nitrogen retained by the body decreases 
with decreased caloric intake, and additional pro-
tein must be provided in order to maintain posi-
tive nitrogen balance. The average elderly person 
requires 1.0  g/kg/day of protein. Promotion of 
skeletal muscle protein metabolism requires a 
larger amount of essential amino acids [7, 22]. 
By day 4 of their hospitalization, only 25% of 
undernourished patients achieve protein and 
energy requirements [16]. Protein intake is essen-
tial and should not be overlooked or 
under-recognized.

 Lipids
Fats comprise up to 40% of the calories that make 
up the average Western diet. A fair amount of 
these calories (10%) are in excess amounting to 
at least 600 unnecessary kilocalories each day. 
The greatest amount of energy storage in the 
body is in the form of fat. Free fatty acids are 
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released during starvation. However, the mobili-
zation of fat does not occur as readily in the 
elderly population, leading to mobilization of 
protein stores, protein breakdown, and sarcope-
nia [7, 22]. Although fat is a requirement in every 
diet, it should not exceed 30% of total caloric 
intake. If fats are being administered via total 
parenteral nutrition, triglyceride levels should be 
monitored, and infusion should be reduced if lev-
els become elevated.

 Vitamins and Minerals
Certain vitamins and minerals have been shown 
to improve outcomes in critically ill surgical 
patients receiving nutritional support. They 
include vitamin E, vitamin C, zinc, copper, and 
selenium. The addition of selenium to the nutri-
tion source being given has been shown to reduce 
mortality in patients with sepsis and septic shock 
[23, 24].

 Calcium
Total body calcium content is affected by multi-
ple factors. Osteoporosis is aggravated by age- 
related hormonal changes leading to decreased 
total body calcium, particularly in women. Total 
bone mass decreases with age and inadequate 
intake of calcium leads to hip, lower vertebral, 
femoral, and cervical spine fractures. Due to 
gender- specific hormonal changes, dieting, child-
bearing, breastfeeding, and longevity, women are 
more affected than men. Calcium requirements 
increase with age. Therefore, the recommended 
intake is 800–1200 mg per day. Supplementation 
is necessary if levels cannot be maintained with 
diet [5, 10].

 Fluids
The recommended fluid intake is 30 mL of fluid 
per kilogram of body weight. Cellular dehydra-
tion and hypovolemia are the two main factors 
involved in thirst regulation. Thirst sensitivity 
decreases with age, increasing the risk of dehy-
dration. Thus, dehydration is a major concern in 
the geriatric population. In the presence of vomit-
ing or diarrhea, fluid requirements increase and 
should be based on clinical findings, such as skin 
turgor, urine output, laboratory values, etc. [7].

 Glutamine
Glutamine is a conditionally essential amino acid 
used by intestinal epithelium for maintenance of 
function. During catabolic states of injury and 
critical illness, increased glutamine is necessary. 
Enterocytes, lymphocytes, and macrophages uti-
lize glutamine to maintain intracellular levels of 
ATP.  In critical illness, the gut is susceptible to 
loss of mucosal integrity secondary to decreased 
blood flow and disuse. This increases the risk of 
bacterial translocation which can lead to sepsis 
and death. The new ASPEN guidelines suggest 
that supplemental enteral glutamine not be added 
to an EN regimen routinely in critically ill 
patients [23]. Looking at data from 5 randomized 
controlled trials, involving 558 patients from 
burn, trauma, and mixed ICU populations, there 
was no significant difference in mortality, infec-
tions, or hospital length of stay [23].

 Indications for Nutritional Support

A malnutrition screen should be performed on 
every patient that is admitted to the hospital, as 
there is an increased complication rate, mortality 
rate, and length of stay in malnourished patients. 
The maintenance of immunological integrity, 
preservation of lean body mass, and aversion of 
metabolic complications are the goals of early 
aggressive nutritional support [23, 25]. High 
nutrition risk can help identify patients most 
likely to benefit from early enteral nutrition.

Patients with loss of appetite, depression, 
decreased metabolism with aging, and decreased 
colonic motility lose the desire to eat. Patients 
with oral/esophageal obstructions, dysphagia, 
psychomotor diseases (Parkinson’s disease, 
Huntington’s disease, multiple sclerosis, demen-
tia), polytrauma, poor dentition, and xerostomia 
have difficulty consuming nutrients orally. Even 
though patients may eat, their caloric intake may 
be inadequate. Infections (e.g., urinary tract), 
polypharmacy, and electrolyte imbalances con-
tribute to this risk [7, 23, 26].

Patients deemed to be “at risk” by initial 
screening should then have their nutritional status 
assessed. The traditional nutritional assessment 
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should include evaluation of comorbid condi-
tions, functionality of the GI tract, and risk of 
aspiration. Most recent guidelines suggest not 
using traditional nutrition indicators or surrogate 
markers, as they are not validated in critical care.

Anthropometric data obtained should include 
height (cm), weight (kg), body mass index (kg/
cm2), and skinfold measurements to determine 
fat and protein stores. The accuracy of these mea-
surements has been questioned due to a great deal 
of variability between testers and even when 
repeated by the same tester. These measurements 
should be obtained by a trained technician or 
physician, with validity testing performed often. 
The measurements obtained are more useful in 
the outpatient setting assessing long-term nutri-
tional status in serial fashion [7]. Specific labora-
tory values are discussed within the nutritional 
monitoring section of this chapter. The values are 
more applicable for nutritional monitoring rather 
than determination of nutritional status. Most of 
the substances are acute-phase reactants affected 
by a patient’s metabolic state. Once a patient is 
identified as being malnourished, interventions 
should be made in the form of enteral nutrition, 
parenteral nutrition, or supplementation [23].

 Enteral Nutrition
“If the gut works, use it.” This simple dogmatic 
statement has been backed by many studies 
throughout the literature [2]. Using the patients’ 
intestinal tract as the primary means of nutri-
tional administration is preferred for multiple 
reasons. A decreased rate of infectious comor-
bidities including pneumonia, central venous 
catheter infection, and abdominal abscess in 
trauma has been shown with enteral nutrition ver-
sus parenteral nutrition. Decreases in length of 
stay and cost have also been shown. Other bene-
fits include the preservation of intestinal mucosal 
integrity [23]. Feeding the enterocytes promotes 
the release of endogenous hormones, intestinal 
blood flow, and secretory IgA immunocytes. By 
not feeding the gut, these three factors decrease, 
leading to increasing gut permeability, break-
down of the mucosal defense system, and the 
theoretical risk of bacterial translocation, sys-
temic infection, and multiorgan system failure 

[23]. Means of delivering enteral nutrition 
include nasogastric and nasojejunal tubes or gas-
trostomy and jejunostomy tubes.

When should enteral nutrition be initiated? 
The general answer to this is the earlier the better. 
However, the practical answer has to do with the 
patient’s nutritional status, timing of presentation 
to the hospital, and the procedure to be per-
formed. If the patient is determined to be protein 
malnourished prior to elective surgery, nutritional 
support should begin 10 days preoperatively [27]. 
In the case of emergent/unplanned admissions, 
extensive preoperative planning is not possible. 
The answer as to when to begin then becomes the 
point at which the patient is hemodynamically 
stable and fully resuscitated. Patients who are 
unable to maintain volitional intake should have 
enteral nutrition initiated within 24–48 hours of 
admission to the hospital [24]. If the patient is 
hemodynamically unstable or under-resuscitated, 
or being started on vasopressor agents, feedings 
should not be started and should be held due to 
the risk of ischemic bowel. In patients requiring 
vasopressors to maintain adequate perfusion, 
reinitiating enteral nutrition may be started with 
caution once the vasopressor requirement has at 
least been stable or decreasing [24]. This requires 
close monitoring for intolerance as evidenced by 
high gastric residuals, abdominal pain/distention, 
and regurgitation of tube feeds if administered 
through a postpyloric feeding tube [23].

In the past, the presence of bowel sounds was 
used as criteria for the initiation of enteral nutri-
tion. The absence of bowel sounds has not been 
shown to be associated with intolerance to enteral 
nutrition. Therefore, bowel sounds should not be 
used as criteria for initiation. During the infusion 
of tube feedings, gastric residuals are often 
checked as an indicator of tolerance. The litera-
ture has shown the range of aspirates in the litera-
ture is quite wide, with 200 and 500 cm3 being 
elevated [8, 23]. Unless the patient is showing 
other signs of intolerance (pain, distention, absent 
flatus), tube feedings should not be held, and 
interventions to promote gastric emptying and 
decrease aspiration risk should be initiated in 
response to residuals in this range. These include 
administration of a prokinetic agent, elevation of 
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the head of the bed, and possibly inserting a small 
bowel feeding tube. Gastric residuals >500 cm3 
should prompt cessation of enteric feeding with 
the intent of reinitiating in the near future after 
the aforementioned interventions are performed 
[17]. Complications of enteral nutrition arise 
from the formulation, infection, or route of deliv-
ery. Formulation complications include diarrhea, 
vomiting, constipation, aspiration, hyperglyce-
mia, and electrolyte imbalance. Patients may 
have diarrhea secondary to an infectious etiology 
while on tube feedings. Therefore, if a patient 
develops loose stools, an investigation into the 
cause is prudent. During the investigation into the 
etiology of the diarrhea, enteral nutrition should 
not be automatically stopped, but rather contin-
ued until the source has been found [24]. Diarrhea 
may be caused by hyperosmolar substances/for-
mulation, recent broad-spectrum antibiotic usage, 
and Clostridium difficile colitis, to name a few. 
Workup should include physical exam, fecal 
white blood cell count, stool quantification, and a 
basic metabolic profile [17].

Aspiration is a serious complication and the 
most common cause of death after percutaneous 
gastrostomy tube insertion [8]. Patients who 
develop chronic cough with enteral access may 
have subclinical aspiration. Changing the naso-
gastric tube to a nasoenteric tube may decrease 
the incidence of aspiration.

The mechanics of the route of delivery can 
also lead to complications. The feeding tube may 
get clogged with inspissated tube feedings. This 
occurs in 18–45% of tubes placed. Attempts are 
made at flushing the tube or dissolving the tube 
feeds with warm water, cola, pancreatic enzyme, 
or meat tenderizer [28]. With percutaneous endo-
scopically or surgically placed tubes, mechanical 
obstructions can occur. The bowel may volvulize 
around the tube, or the balloon may cause a lead 
point of obstruction at the pylorus or within the 
small bowel lumen by migration [28, 29]. Also, 
patients may inadvertently pull the tube out. 
Reinsertion should only be attempted if the tube 
has been present long enough for a tract to form 
between the lumen of the bowel and the exit site 
(approximately 2  weeks). Reinsertion should 
then occur in a timely fashion as the gastro- 

cutaneous tract may be lost if enough time passes. 
If dislodgement occurs shortly after placement, 
the tract has not had enough time to form. 
Leakage of gastric or small bowel contents is 
then likely to occur, which is a surgical 
emergency.

 Parenteral Nutrition
Parenteral nutrition dates back to the work of 
Dudrick and Rhoads in the late 1960s. Research 
showed that infusion of hypertonic solution with 
nitrogen and nutrients could sustain nitrogen bal-
ance and stimulate growth and development [30, 
31]. In patients who are unable to tolerate oral or 
enteral feedings, parenteral nutrition should be 
considered. The ideal time for the initiation of 
parenteral nutrition in the specific subset of 
patients that require it continues to be debated. 
The initiation of parenteral nutrition preopera-
tively in a patient with protein malnutrition and 
continuation postoperatively is beneficial in elec-
tive general surgery. However, in patients who 
are well-nourished preoperatively or prior to 
admission to the intensive care unit for those who 
cannot receive enteral nutrition, parenteral nutri-
tion should be initiated only after 7 days without 
enteral nutrition [23, 27]. In patients determined 
to be at high risk for malnutrition (NRS 2002 >5, 
NUTRIC >5), or patients who are severely mal-
nourished and enteral nutrition is not feasible, 
parenteral nutrition should be started as soon as 
possible following ICU admission [24].

Restoration of nitrogen balance and creation 
of an anabolic state are the goals of parenteral 
nutrition. Energy requirements are calculated by 
the equations that are beyond the scope of this 
chapter. Permissive underfeeding or hypocaloric 
alimentation is beneficial in the critical care set-
ting. It is recommended that 80% of calculated 
energy expenditure be used as a goal for this. 
Benefits include avoidance of insulin resistance, 
decreased infectious morbidity, less time requir-
ing mechanical ventilation, and decreased length 
of stay. Much literature has been written about 
tight glucose control. Maintenance of a blood 
glucose between 140 and 150–180  mg/dL has 
been shown to decrease rates of sepsis, ICU 
length of stay, and in-hospital mortality [17].
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The administration of parenteral nutrition 
containing hypertonic solutions must be done 
through a central venous catheter. The complica-
tion rate of insertion of a central venous catheter 
is between 5% and 19%. Pneumothorax is one of 
the more frequent complications with a range of 
1–1.5% and is also considered a “never event.” 
The incidence of pneumothorax increases with 
multiple passes of the access needle, insertion of 
larger catheters, and emergent placement. Venous 
thrombosis, toxicity, and venous perforation can 
result from malpositioning of the catheter. 
Potential vascular injuries include arterial punc-
ture and hematoma, hemothorax, cannulation of 
the artery leading to stroke or neurologic deficits 
with infusion, pseudoaneurysms, and arteriove-
nous fistulas. Cardiac arrhythmias may result 
from insertion of the guidewire. A small number 
of the arrhythmias become symptomatic, while 
most subside with removal of the guidewire. 
However, complete heart block and sudden death 
can occur. Infection is a major complication that 
can lead to a catheter-associated bloodstream 
infection/sepsis with a mortality rate of 18%. 
Thrombosis increases the rate of infectious com-
plications as well. Measures have been taken to 
prevent catheter-associated bloodstream infec-
tions. These include strict hand hygiene, surgical 
preparation with chlorhexidine, full sterile pre-
cautions during insertion, and catheter removal 
when it is no longer required. The central venous 
thrombosis rate related to indwelling central 
venous catheters ranges between 33% and 59%. 
However, only a small percentage is symptom-
atic. Over time, mechanical forces on the catheter 
can lead to fracture and embolization of the cath-
eter, which is a rare complication. This can also 
occur during removal of the catheter making it 
imperative to inspect the catheter integrity upon 
removal. Other catheter removal complications 
include air embolism and hemorrhage [32].

A popular technique for administration of 
TPN is via a peripherally inserted central catheter 
(PICC). This form of venous access does not 
come with some of the significant risks for cen-
tral venous catheters, such as pneumothorax, 
hemothorax, etc. Though low risk, complications 
such as bleeding, infection, arrhythmia, catheter 

malposition, and venous thrombosis are still pos-
sible. PICC lines can be used for prolonged peri-
ods and commonly come in single-lumen and 
double-lumen forms. They can be inserted in a 
number of environments. The risk-benefit profile 
makes them very attractive for the administration 
of TPN.

 Nutrition in Palliative Care 
and the Terminally Ill

Nutrition can still be used in palliative care. This 
should only occur when the goals of nutrition in 
palliative care are consistent with palliative care 
principles. Therefore, the use of nutrition must 
palliate symptoms and improve the quality of 
life. Nutrition may be indicated for the malnour-
ished or those who may become malnourished 
during the remaining course of their disease.

 Psychosocial Aspects
Loss of appetite can be quite distressing to 
patients and loved ones. Meals are often social 
events. Anorexia and cachexia near the end of life 
can be subject to many fears and misconceptions. 
Care can be refocused through education and 
reassurance. Eating will not reverse terminal ill-
ness. The body will only take what it needs in 
cases of terminal illness. The illness alters the 
body’s needs and the ability to metabolize food. 
This manifests by decreased intake. This is sim-
ply a part of the natural process of terminal ill-
ness and does not shorten life.

 Anorexia
Reversible causes should be looked for in cases 
of reduced intake. These include xerostomia, 
nausea, constipation, electrolyte disturbances, 
and psychological issues such as depression. 
Altering the temperature or presentation of the 
food can compensate for altered taste sensation. 
Using different types of food that are lower in 
urea and spicing or marinating foods may also 
help. Commercial supplements may in reality 
contribute to appetite suppression. The best appe-
tite stimulant is the patient’s preferred foods 
themselves, when feasible. Pharmacologic 
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 appetite stimulants do not affect prognosis but 
may improve quality of life [28]. The American 
Geriatrics Society recommends not using pre-
scription appetite stimulants or high-calorie sup-
plements for treatment of anorexia or cachexia in 
older adults; instead, optimize social supporters, 
discontinue medications that may interfere with 
eating, provide appealing meals and feeding 
assistance, and clarify patient goals and expecta-
tions. Megestrol acetate and dexamethasone are 
among the stimulants used.

Giving permission to the patient to eat less 
may be the most important and effective inter-
vention providers can offer. Intake can be 
improved by reducing the stigma of loss of appe-
tite and altering the way in which food is avail-
able and meals are offered. Smaller, more 
frequent meals, having food available at all times 
whenever the patient is hungry, and having 
patients take part in meal planning are some 
interventions that may help [33].

 Cachexia
Wasting of protein and energy stores is an effect 
of disease called cachexia (Table  18.1 [34]). 
Hyper-caloric feedings do not help in these cases. 
Protein and energy deficiency that is not part of a 
disease process is called starvation [34]. In 
cachexia related to terminal illness, the process is 
mediated by cytokines, such as tumor necrosis 
factor, IL-1, and IL-6 [35–37]. This is most 
widely studied in cancer patients. Appetite is sup-
pressed early, and hunger pains generally are not 

part of the clinical picture. Functionality or sur-
vival is not improved by refeeding. This may not 
be true of certain subsets of AIDS patients [38].

 Ethical Decision-Making Regarding 
Artificial Nutrition

Controversy surrounds the use of artificial nutri-
tion. Very few of the terminal illnesses most com-
monly encountered in the geriatric population 
show favorable response to artificial feeding. No 
improvement in outcomes is seen in patients with 
dementia and most patients with advanced cancer 
[34]. Patients with head and neck or esophageal 
cancer may show improvement in outcomes [39]. 
The National Institute for Health and Clinical 
Excellence in Britain recommended the follow-
ing in their clinical guidelines with regard to 
patients with dementia [40]:

• Encourage people with dementia to eat and 
drink by mouth for as long as possible.

• Do not generally use tube feeding in severe 
dementia if dysphagia or disinclination to eat 
is a manifestation of disease severity.

• Consider nutritional support, including tube 
feeding, if dysphagia is thought to be 
transient.

• Apply ethical and legal principles to decisions 
to withhold or withdraw nutritional support.

Quality of life and the dying process may actu-
ally worsen with feeding. By-products of the mal-
nourished state, mainly ketones, can produce a 
euphoric feeling and reduce hunger pains. Tube 
feed aspiration can lead to pneumonia. Patients 
with feeding tubes may require use of restraints 
and complications can result from their use [37].

In 2008, the Cochrane Collaborative review 
did not find enough good quality trials to make 
any recommendations with regard to the use of 
medically assisted nutrition in palliative care 
patients [41]. More recently in 2016, the ASPEN 
guidelines suggest that artificial nutrition and 
hydration is not obligatory in cases of futile care 
or end-of-life situations. The decision to provide 
artificial nutrition and hydration should be based 

Table 18.1 Differences between starvation and cachexia 
of terminal illness [2]

Starvation
Cachexia of 
terminal illness

Appetite Suppressed late Suppressed early
BMI Not predictive 

of mortality
Predictive of 
mortality

Albumin Low late Low early
Cholesterol May be normal Low
Total 
lymphocyte 
count

Low, responds 
to refeeding

Low, no response 
to refeeding

Cytokines N/A Elevated
Response to 
refeeding

Reversible Resistant
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on evidence, best practices, clinical experience, 
and judgment: effective communication with the 
patient, patient’s family, and/or an authorized 
surrogate decision-maker and respect for the 
patient’s autonomy and dignity [24].

 Conclusion

Our population is aging at a tremendous rate. The 
risk of malnutrition in our elderly population 
increases dramatically and costs our health-care 
systems billions of dollars per year. A stated ear-
lier in this chapter, it is important to recognize the 
physiologic aspects of aging. Nutritional assess-
ment should be performed on all patients admit-
ted into the hospital. Patients determined to be at 
high risk of malnutrition should be started on 
enteral nutrition within 24–48  hours of admis-
sion. Although still frequently used throughout 
the ICU, nutritional assessment should focus 
more on comorbid conditions, functionality of 
the GI tract, and assessing the risk for aspiration 
rather than using traditional biochemical nutri-
tion markers. Utilizing this information can help 
take care of this population effectively, lowering 
health-care costs and allowing these patients to 
not only have autonomy but dignity as well 
toward the end of their lives.
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