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           The Metabolic Response to Trauma 

    Ebb and Flow 

 Severe injury and illness results in a complex 
 cascade of metabolic responses that attempt to 
restore physiologic homeostasis in the injured 
organism. Sir David Cuthbertson is credited with 
the original recognition of the stress response in 
patients that suffered limb injuries. In 1942, he 
identifi ed that there are two temporal physiologic 
categories and termed them the “ebb” and “fl ow” 
phases. The ebb phase is initiated immediately 
after the traumatic insult and persists for less than 
24 h. This phase is characterized by decreased 
body temperature, decreased oxygen consump-
tion (VO 2 ), as well as decreased basal metabolic 
rate and glucose tolerance [ 1 ]. The inten ded phys-
iologic responses are aimed at reducing posttrau-
matic energy depletion but this initial response is 
short lived. 

 Thereafter, the “fl ow” phase ensues. This phase 
is characterized by a hypercatabolic condition as 
evidenced by increased consumption of energy 
and oxygen. This results in elevations of cardiac 
output, body temperature, glucose production, 
and increased total body catabolism. Furthermore, 
mobilization and use of substrates such as  glucose, 
fatty acids, and amino acids increase [ 2 ]. This pro-
cess peaks several days after injury and may 
return to baseline in a few weeks. However, if 
homeostasis is not achieved, multiple organ fail-
ure develops. This is perhaps a simplifi ed version 
of the cellular sequence of events that ultimately 
leads to a cascade of complex reactions, each 
inciting further autocrine and paracrine reactions. 

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

    Catabolic Response to Trauma 

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

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

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

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

    Neuroendocrine Response to Trauma 

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

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

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

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

more, the hormonal response to trauma results 
in increased plasma insulin and cortisol 
levels. The meta bolic and hormonal response 
collectively results in trauma patients developing 
hyperglycemia. Although the direct oxidation 
of plasma glucose to CO 2  is lower in trauma 
patients, Cori cycling is enhanced and the net 
result is an ineffi cient use of carbohydrate. The 
liver has a limited ability to suppress glucose 
production which can result in hyperglycemia 
and glycosuria. Moreover, trauma patients 
are additionally relatively resistant to the action 
of insulin [ 11 ]. These combined occurrences 
contribute to hyperglycemia in the injured 
patient. 

 While hyperglycemia has been associated 
with poor outcomes in patients with critical ill-
ness, the ideal goal glucose level is hotly debated 
in the critical care literature. Hyperglycemia 
could refl ect an adaptive, benefi cial response to 
critical illness proportionately to the severity of 
illness, or alternatively, it could induce complica-
tions, as in diabetes mellitus, and therefore con-
tribute to adverse outcomes. In 2001, Van Den 
Berghe et al. found that maintaining a blood 
 glucose level at or below 110 mg/dl reduces 
 mortality amount of critically ill patients in the 
surgical intensive care unit [ 12 ]. Subsequent 
studies revealed that this strict glucose control 
was associated with episodic hypoglycemia, 
which similarly negatively affected patient out-
comes [ 13 ]. The NICE-SUGAR trial found that 
intensive glucose control increased mortality 
among adults in the intensive care unit (ICU). 
Furthermore, this study revealed that a blood glu-
cose target of 180 mg or less per deciliter resulted 
in lower mortality than did a target of 81–108 mg/
dl [ 14 ]. Further randomized controlled trials to 
assess the impact of preventing and/or treating 
hyperglycemia as compared with tolerating 
hyperglycemia in severely injured patients are 
necessary. 

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

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

    The Cytokine Response to Trauma 

 Multiple organ failure is the leading cause of 
morbidity in the ICU following trauma. Injury 
and stress result in a constellation of signs and 
symptoms known as the systemic infl ammatory 
response syndrome (SIRS). The term “SIRS” was 
established to differentiate sepsis from a nonin-
fectious, infl ammatory cause [ 20 ]. SIRS was 
defi ned as two or more of the following condi-
tions: temperature >38 °C or <36 °C, heart rate 
greater than 90 beats/min, respiratory rate greater 
than 20 breaths per minute or paCO 2  lesser than 
32 mm Hg, or white blood cell count > 12,000 
or < 4,000, or > 10 % bands. SIRS could represent 
the symptoms from an infectious or noninfectious 
source. The pattern of changes seen in plasma 
proinfl ammatory and anti-infl ammatory cytokine 
concentrations is similar for sepsis and trauma. 
The remarkably similar metabolic sequelae seen 
in critically ill patients following the onset of 
severe sepsis or major trauma may constitute a 
universal response to the induction of the sys-
temic infl ammatory response syndrome [ 21 ]. 
Multiple Organ Failure (MOF) is defi ned as the 
presence of altered organ function in an acutely ill 
patient such that homeostasis cannot be main-
tained without intervention and is the culmination 
of septic shock and multiple end-organ failure. 
Effectively, MOF is the end of a continuum that 
ranges from SIRS to severe organ dysfunction. 

 The subsequent balance between the proinfl am-
matory (SIRS) and anti-infl ammatory response has 

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

 Genetic factors also play a role in determining 
the severity and progression of organ failure. 
Genetic variants, particularly single-nucleotide 
polymorphisms (SNPs), are critical determinants 
for individual differences in both infl ammatory 
responses as well as clinical outcomes in trauma 
patients. Individuals who possess specifi c genetic 
polymorphisms in genes controlling the synthesis 
of cytokines or toll-like receptors (TLR) may be 
predisposed to excessive infl ammatory response 
to sepsis which increases their risk for the devel-
opment of MODS. For example, 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 leuko-
cytes as well as a higher risk of sepsis and multiple 
organ dysfunction. These functional polymor-
phisms involved in innate immunity predispose 
patients to severe infections and death [ 25 ]. 

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

    The Cytokine Hypothesis of MOF 

 In the cytokine hypothesis, the immune response 
to infection or infl ammation results in excessive 
or prolonged activation or stimulation of media-
tors. These include interactions between poly-
morphonuclear neutrophils (PMNs), endothelial 
cells, and macrophages. PMN stimulation 
results in “priming” of the neutrophil and can 
lead to overzealous production, surface expres-
sion, and liberation of cytokines [ 28 ]. These 
mediators often have an exaggerated response 
and the products of these cascades exert damag-
ing local and systemic effects. Cytokines pre-
dictive of MOF in trauma patients include 
inducible protein (IP)-10, macrophage infl am-
matory protein (MIP)-1B, interleukin (IL) 
IL-10, IL-6, IL-1Ra, and eotaxin [ 29 ]. Several 
lines of evidence support the central role of 
infl ammatory cells in the pathogenesis of lung 
and systemic organ injury. Tumor necrosis fac-
tor (TNF) has been considered one of the most 
potent proinfl ammatory cytokines identifi ed in 
SIRS and sepsis. Administration of TNF to 
experimental animals creates the hemodynamic 
and metabolic observations consistent with 
SIRS. Analysis of cytokine serum biomarkers 
has shown that patients with MOF show a bipha-
sic elevation of IL-6 and signifi cantly higher 
 soluble TNF receptor (sTNF-R) concentrations 
[ 30 ]. Activation of leucocytes and their sub-
sequent inappropriate sequestration in organs 
appears to additionally be one of the key events 
in the development of early MOF. Once acti-
vated, leukocytes have the capacity to release 
their cytotoxic factors including nitric oxide and 
lysosomal granules, which aid in polymicrobial 
killing. These factors can cause necrosis and 
infl ammation of organs, such as the lung, despite 

a lack of an infectious stimulus. Additionally, 
PMN stimulation provokes endothelial and epi-
thelial injury through up-regulation of adhesion 
molecules on these cells. This prompts changes 
in the cell wall leading to increased permeabil-
ity and cell swelling that culminates in cellular 
dysfunction.  

    Gut Hypothesis of MOF 

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

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

    Estimating Nutritional Needs 

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

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

    Nutritional Assessment 

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

    Monitoring the Response 
to Nutritional Supplementation 

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

    Potential Modulators of Metabolism 

    Glutamine 

 Glutamine is a conditionally essential nutrient in 
states of serious illness or injury. It is the pre-
ferred fuel source for the enterocyte and the small 
intestine is the principal site for glutamine 
absorption. In addition to glutamine’s gut protec-
tive effects, glutamine is also important in nucle-
otide synthesis; it is anti-catabolic, has antioxidant 
properties via metabolism to glutathione, and 
may enhance immune responsiveness [ 39 ]. 

 There have been extensive studies on the effect 
of supplemental glutamine added to enteral for-
mulas or as an isolated pharmaconutrient, though 
few specifi cally in trauma patients [ 40 ]. An 
updated meta-analysis examining the results of 
enteral glutamine supplementation in critically ill 
patients noted a modest treatment effect but with 
wide confi dence intervals and the presence of het-
erogeneity across the studies [ 41 ,  42 ]. The largest 
effect on mortality was attributable to one study 
in burn patients [ 43 ], while the decrease in infec-
tious complications was attributed to the study by 
Zhou et al. in burn patients and by Houdijk et al. 

in trauma patients [ 44 ,  45 ]. Recently, Heyland 
et al. in a blinded 2 × 2 factorial trial involving 40 
international ICUs, randomized 1,223 critically 
ill, mechanically ventilated, adult patients with 
multiorgan failure to glutamine supplementation 
or no glutamine and antioxidants or no antioxi-
dants [ 46 ]. There was increased harm associated 
with glutamine supplementation. The authors 
attribute this to two observations. First critical ill-
ness is not necessarily associated with a low 
plasma glutamine level as was believed. They 
actually reported supra-normal levels of plasma 
glutamine in 15 % of patients prior to any treat-
ment. Secondly, previous studies reporting bene-
fi cial effects of glutamine were performed in less 
ill patients. Based on these results it is recom-
mended that any patient in multiorgan failure in 
the ICU should not receive glutamine. For trauma 
and burn patients not in multiorgan failure, con-
sideration can be given to providing enteral gluta-
mine enterally [ 47 ].  

    Arginine 

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

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

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

    Nutritional Challenges 
in the Trauma Patient 

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

 There have now been several studies examin-
ing the potential benefi ts of feeding patients with 
an open abdomen after a damage control laparot-
omy, though results are not consistent. Both fas-
cial closure rates and ventilator-associated 
pneumonia rates have yielded confl icting results 
[ 50 – 52 ]. A recent study by Burlew et al. examined 
feeding practices in 597 patients who required an 
open abdomen after trauma, the vast majority of 
which were following a damage control operation 
[ 53 ]. Less than half the patients received EN initi-
ated before abdominal closure, suggesting an 
opportunity for improvement. When comparing 
patients that received EN to those that were nil per 
os (NPO), logistic regression demonstrated no 
association between EN and complication rates 

but there was an association between EN and 
decreased mortality. In patients without a bowel 
injury, EN was associated with a higher fascial 
closure rate, decreased complication rates, and 
decreased mortality. EN for patients with bowel 
injuries did not affect outcomes in this retrospec-
tive study however this high risk subgroup of 
patients is now being studied prospectively by the 
same group. 

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

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

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

    Nutritional Adequacy 
in the Critically Injured Trauma 
Patient 

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

factors for gut dysfunction and thus underfeeding 
are ideal for the study. 

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

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

5 Metabolism in the Trauma Patient



106

    Critically Injured Elderly 

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

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

 We conducted a study of severely injured 
elderly patients admitted to the ICU and found at 

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

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

      References 

    1.    Hasenboehler E, Williams A, Leinhase I, et al. 
Metabolic changes after polytrauma: an imperative 
for early nutritional support. World J Emerg Surg. 
2006;1:29. doi:  10.1186/1749-7922-1-29    .  

    2.    Joseph B, Hadjizacharia P, Aziz H, et al. Continuous 
noninvasive hemoglobin monitor from pulse ox: 
ready for prime time? World J Surg. 2013;37(3):
525–9. doi:  10.1007/s00268-012-1871-y    .  

S. Gordy and R.A. Kozar

http://dx.doi.org/10.1186/1749-7922-1-29
http://dx.doi.org/10.1007/s00268-012-1871-y


107

    3.   Stahel PF, Flierl MA, Moore EE. “Metabolic staging” 
after major trauma - a guide for clinical decision mak-
ing? Scand J Trauma Resusc Emerg Med. 
2010;18(1):34. doi:  10.1186/1757-7241-18-34    .  

    4.    Blackburn GL. Metabolic considerations in manage-
ment of surgical patients. Surg Clin North Am. 
2011;91(3):467–80. doi:  10.1016/j.suc.2011.03.001    .  

    5.    Cerra F, Blackburn G, Hirsch J, Mullen K, Luther 
W. The effect of stress level, amino acid formula, and 
nitrogen dose on nitrogen retention in traumatic and 
septic stress. Ann Surg. 1987;205(3):282–7.  

      6.    Finnerty CC, Mabvuure NT, Ali A, Kozar RA, 
Herndon DN. The surgically induced stress response. 
JPEN J Parenter Enteral Nutr. 2013;37(5 
Suppl):21S–9S. doi:  10.1177/0148607113496117    .  

    7.    Martindale RG, McClave SA, Vanek VW, McCarthy 
M, Roberts P, Taylor B, et al. Guidelines for the provi-
sion and assessment of nutrition support therapy 
in the adult critically ill patient: Society of 
Critical Care Medicine and American Society for 
Parenteral and Enteral Nutrition: Executive Summary. 
Crit Care Med. 2009;37(5):1757–61. doi:  10.1097/
CCM.0b013e3181a40116    .  

    8.    Block E, Lube M. Nutritional support of the injured. 
In: Trauma, contemporary principles and therapy, vol. 
1. Philadelphia, PA: Lippincott Williams & Wilkins; 
2008. p. 705–15.  

    9.    Kozar R, Schwartz DA. Nutrition in the surgical 
patient. In: Common problems in acute care surgery, 
vol. 1. New York, NY: Springer; 2013. p. 119–29.  

    10.    Shaw JH, Wolfe RR. An integrated analysis of glu-
cose, fat, and protein metabolism in severely trauma-
tized patients. Studies in the basal state and the 
response to total parenteral nutrition. Ann Surg. 
1989;209(1):63.  

    11.    Van den Berghe G, Wouters P, Weekers F, Verwaest C, 
Bruyninckx F, Schetz M. Intensive insulin therapy in 
critically ill patients. N Engl J Med. 2001;345(19): 
1359–67. doi:  10.1056/NEJMoa011300    .  

    12.    Vanhorebeek I, Langouche L, Van den Berghe 
G. Tight blood glucose control: what is the evidence? 
Crit Care Med. 2007;35(9 Suppl):S496–502. 
doi:  10.1097/01.CCM.0000278051.48643.91    .  

    13.   NICE-SUGAR Study Investigators, Finfer S, Chittock 
DR, Su SY, Blair D, Foster D, et al. Intensive versus 
conventional glucose control in critically ill patients. 
N Engl J Med. 2009;360(13):1283–1297.  doi:  10.1056/
NEJMoa0810625    .    

     14.    Liu-DeRyke X, Collingridge DS, Orme J, Roller D, 
Zurasky J, Rhoney DH. Clinical impact of early 
hyperglycemia during acute phase of traumatic 
brain injury. Neurocrit Care. 2009;11(2):151–7. 
doi:  10.1007/s12028-009-9228-6    .  

    15.    Lam AM, Winn HR, Cullen BF, Sundling 
N. Hyperglycemia and neurological outcome in 
patients with head injury. J Neurosurg. 1991;75(4): 
545–51. doi:  10.3171/jns.1991.75.4.0545    .  

   16.    Lee TH, Ryu SJ, Chen ST. The prognostic value of 
blood glucose in patients with acute stroke. J Formos 
Med Assoc Taiwan Yi Zhi. 1991;90(5):465–70.  

   17.    Jeremitsky E, Omert LA, Dunham CM, Wilberger J, 
Rodriguez A. The impact of hyperglycemia on 
patients with severe brain injury. J Trauma. 
2005;58(1):47–50.  

   18.    Levetan CS. Effect of hyperglycemia on stroke out-
comes. Endocr Pr Off J Am Coll Endocrinol Am 
Assoc Clin Endocrinol. 2004;10 Suppl 2:34–9.  

    19.    Salim A, Hadjizacharia P, Dubose J, Hadjizacharia P, 
Dubose J, Brown C, et al. Persistent hyperglycemia in 
severe traumatic brain injury: an independent predic-
tor of outcome. Am Surg. 2009;75(1):25–9.  

    20.    Levy MM, Fink MP, Marshall JC, Abraham E, Angus 
D, Cook D. 2001 SCCM/ESICM/ACCP/ATS/
SIS International Sepsis Defi nitions Conference. 
Intensive Care Med. 2003;29(4):530–8. doi:  10.1007/
s00134-003-1662-x    .  

    21.    Plank LD, Hill GL. Sequential metabolic changes fol-
lowing induction of systemic infl ammatory response 
in patients with severe sepsis or major blunt trauma. 
World J Surg. 2000;24(6):630–8.  

    22.   Balk RA. Pathogenesis and management of multiple 
organ dysfunction or failure in severe sepsis and sep-
tic shock. Crit Care Clin. 2000;16(2):337–352, vii.  

    23.    Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein 
AM, Knaus WA, et al. Defi nitions for sepsis and organ 
failure and guidelines for the use of innovative thera-
pies in sepsis. The ACCP/SCCM Consensus 
Conference Committee. American College of Chest 
Physicians/Society of Critical Care Medicine. Chest. 
1992;101(6):1644–55.  

    24.   Mundy LM, Doherty GM. Infl ammation, infection, & 
antimicrobial therapy. In: Current diagnosis and treat-
ment: surgery. 13th ed. New York, NY: McGraw-Hill; 
2010.  

    25.    Gordy S, Schreiber MA. Common problems in acute 
care surgery: multiple organ failure. Heidelberg: 
Springer; 2013.  

    26.    Moore FA, Sauaia A, Moore EE, Haenel JB, Burch 
JM, Lesotte DC. Postinury multiple organ failure: a 
bimodal phenomenon. J Trauma. 1996;40(4):501–10.  

    27.    Deitch EA. Multiple organ failure. Pathophysiology 
and potential future therapy. Ann Surg. 1992;
216(2):117–34.  

     28.    Deitch EA. Gut-origin sepsis: evolution of a concept. 
Surg J R Coll Surg Edinb Irel. 2012;10(6):350–6. 
doi:  10.1016/j.surge.2012.03.003    .  

    29.   Jastrow KM 3rd, Gonzalez EA, McGuire MF, 
Suliburk JW, Kozar RA, Iyengar S, et al. Early cyto-
kine production risk stratifi es trauma patients for mul-
tiple organ failure. J Am Coll Surg. 2009;209(3): 
320–331. doi:  10.1016/j.jamcollsurg.2009.05.002    .  

    30.    Maier B, Lefering R, Lehnert M, Lefering R, Lehnert 
M, Laurer HL, et al. Early versus late onset of multi-
ple organ failure is associated with differing patterns 
of plasma cytokine biomarker expression and out-
come after severe trauma. Shock Augusta Ga. 
2007;28(6):668–74.  

    31.    Balk RA. Severe sepsis and septic shock. Defi nitions, 
epidemiology, and clinical manifestations. Crit Care 
Clin. 2000;16(2):179–92.  

5 Metabolism in the Trauma Patient

http://dx.doi.org/10.1186/1757-7241-18-34
http://dx.doi.org/10.1016/j.suc.2011.03.001
http://dx.doi.org/10.1177/0148607113496117
http://dx.doi.org/10.1097/CCM.0b013e3181a40116
http://dx.doi.org/10.1097/CCM.0b013e3181a40116
http://dx.doi.org/10.1056/NEJMoa011300
http://dx.doi.org/10.1097/01.CCM.0000278051.48643.91
http://dx.doi.org/10.1007/s12028-009-9228-6
http://dx.doi.org/10.3171/jns.1991.75.4.0545
http://dx.doi.org/10.1007/s00134-003-1662-x
http://dx.doi.org/10.1007/s00134-003-1662-x
http://dx.doi.org/10.1016/j.surge.2012.03.003
http://dx.doi.org/10.1016/j.jamcollsurg.2009.05.002


108

    32.    Todd SR, Kozar RA, Moore FA. Nutrition support in 
adult trauma patients. Nutr Clin Pr Off Publ Am Soc 
Parenter Enter Nutr. 2006;21(5):421–9.  

    33.    Kozar R, McQuiggan M. Nutritional support of 
trauma patients. In: Nutritional considerations in the 
intensive care unit. Dubuque, IA: Kendall Hunt; 2002. 
p. 229–44.  

    34.    Moore EE, Jones TN. Benefi ts of immediate jejunos-
tomy feeding after major abdominal trauma–a pro-
spective, randomized study. J Trauma. 1986;26(10): 
874–81.  

   35.    Alexander JW, MacMillan BG, Stinnett JD, Ogle CK, 
Bozian RC, Fischer JE, et al. Benefi cial effects of 
aggressive protein feeding in severely burned chil-
dren. Ann Surg. 1980;192(4):505–17.  

    36.    Doig GS, Heighes PT, Simpson F, Sweetman 
EA. Early enteral nutrition reduces mortality in 
trauma patients requiring intensive care: a meta- 
analysis of randomised controlled trials. Injury. 
2011;42(1):50–6. doi:  10.1016/j.injury.2010.06.008    .  

     37.    McClave SA, Martindale RG, Vanek VW, McCarthy 
M, Roberts P, Taylor B, et al. Guidelines for the provi-
sion and assessment of nutrition support therapy in 
the adult critically ill patient: Society of Critical Care 
Medicine (SCCM) and American Society for 
Parenteral and Enteral Nutrition (A.S.P.E.N.). JPEN J 
Parenter Enteral Nutr. 2009;33(3):277–316.  

    38.    McClave SA, Chang W-K. Feeding the hypotensive 
patient: does enteral feeding precipitate or protect 
against ischemic bowel? Nutr Clin Pr Off Publ Am 
Soc Parenter Enter Nutr. 2003;18(4):279–84.  

     39.    Santora R, Kozar RA. Molecular mechanisms of 
pharmaconutrients. J Surg Res. 2010;161(2):288–94.  

    40.    McQuigan M, Kozar RA, Moore FA. Enteral gluta-
mine during active shock resuscitation is safe and 
enhances tolerance. JPEN J Parenter Enteral Nutr. 
2008;32(1):28–35.  

     41.   Clinical Evaluation Research Unit. Canadian 
Clinical Practice Guidelines updated in 2013. 
March 2013.   http://criticalcarenutrition.com/index    . 
Accessed October 11, 2013.  

    42.    Novak F, Heyland DK, Avenell A, Novak F, Drover J, 
Su X. Glutamine supplementation in serious illness: a 
systematic review of the evidence. Crit Care Med. 
2002;30:2022–9.  

    43.    Garrel D, Patenaude J, Nedelec B, Samson L, Dorais 
J, Champoux J, D’Elia M, Bernier J. Decreased mor-
tality and infectious morbidity in adult burn patients 
given enteral glutamine supplements: a prospective, 
controlled, randomized clinical trial. Crit Care Med. 
2003;31(10):2444–9.  

    44.    Zhou YP, Jiang ZM, Sun YH, Wang XR, Ma EL, 
Wilmore D. The effect of supplemental enteral gluta-
mine on plasma levels, gut function, and outcome in 
severe burns: a randomized, double-blind, controlled 
clinical trial. JPEN J Parenter Enteral Nutr. 2003; 
27(4):241–5.  

    45.    Houdijk AP, Rijnsburger ER, Jansen J, Wesdorp RI, 
Weiss JK, McCamish MA, Teerlink T, Meuwissen 

SG, Haarman HJ, Thijs LG, van Leeuwen 
PA. Randomised trial of glutamine-enriched enteral 
nutrition on infectious morbidity in patients with mul-
tiple trauma. Lancet. 1998;352(9130):772–6.  

    46.    Heyland D, Muscedere J, Wischmeyer PE, Cook D, 
Jones G, Albert M, et al. A randomized trial of gluta-
mine and antioxidants in critically ill patients. N Engl 
J Med. 2013;368(16):1487–95.  

    47.    Heyland DK, Dhaliwal R. Role of glutamine supple-
mentation in critical illness given the results of the 
REDOXS Study. JPEN J Parent and Enteral Nutr. 
2013;37(4):442–3.  

    48.    Ochoa JB, Bernard AC, O’Brien WE, Griffen MM, 
Griffen MM, Maley ME, Rockich AK, et al. Arginase 
1 expression and activity in human mononuclear cells 
after injury. Ann Surg. 2001;233:393–9.  

    49.    Marik PE, Zaloga GP. Immunonutrition in critically 
ill patients: a systematic review and analysis of the 
literature. Intensive Care Med. 2008;11:1980–90.  

     50.    Dissanaike S, Pham T, Shalhub S, Warner K, Hennessy 
L, Moore EE, Maier RV, O’Keefe GE, Cuschieri 
J. Effect of immediate enteral feeding on trauma 
patients with an open abdomen: protection from noso-
comial infections. J Am Coll Surg. 2008;
207:690–7.  

   51.    Byrnes MC, Reicks P, Irwin E. Early enteral nutrition 
can be successfully implemented in trauma patients 
with an “open abdomen”. Am J Surg. 2010;199:
359–62. discussion 363.  

     52.    Collier B, Guillamondegui O, Cotton B, Donahue R, 
Conrad A, Groh K. Feeding the open abdomen. JPEN 
J Parenter Enteral Nutr. 2007;31:410–5.  

    53.   Burlew CC, Moore EE, MD, Cuschieri J, Jurkovich 
GJ, Codner P, Nirula R, Millar D, Cohen MJ, Kutcher 
ME, Haan J, MacNew HJ, Ochsner G, Rowell SE, 
Truitt MS, Moore FO, Pieracci FM, Kaups KL, and 
the WTA Study Group. Who should we feed? A 
Western Trauma Association multi-institutional study 
of enteral nutrition in the open abdomen after injury. 
J Trauma Acute Care Surg 2012;73(6):1380–7.  

    54.    Osland E, Yunus RM, Khan S, Memon MA. Early 
versus traditional postoperative feeding in patients 
undergoing resectional gastrointestinal surgery: a 
meta-analysis. JPEN J Parenter Enteral Nutr. 2011;35: 
473–87.  

    55.    American Society of Anesthesiologists Committee. 
Practice guidelines for preoperative fasting and the 
use of pharmacologic agents to reduce the risk of pul-
monary aspiration: application to healthy patients 
undergoing elective procedures: a report by the 
American Society of Anesthesiologist Task Force 
on Preoperative Fasting. Anesthesiology. 1999;90: 
896–905.  

    56.    Pousman RM, Pepper C, Pandharipande P, Aers GD, 
Mills B, Diaz J, Collier B, Miller R, Jensen 
G. Feasibility of implementing a reduced fasting pro-
tocol for critically ill trauma patients undergoing 
operative and nonoperative procedures. JPEN J 
Parenter Enteral Nutr. 2009;33:176–80.  

S. Gordy and R.A. Kozar

http://dx.doi.org/10.1016/j.injury.2010.06.008
http://criticalcarenutrition.com/index


109

    57.    Jenkins ME, Gottschlich MM, Warden GD. Enteral 
feeding during operative procedures in thermal inju-
ries. J Burn Care Rehabil. 1994;15:199–205.  

    58.    Barlow R, Price P, Reid TD, Hunt S, Clark GW, 
Havard TJ, et al. Prospective multicentre randomized 
controlled trial of early enteral nutrition for patients 
undergoing major upper gastrointestinal surgical 
resection. Clin Nutr. 2011;30(5):560–6.  

    59.    Caddell KA, Martindale R, McClave SA, Miller 
K. Can the intestinal dysmotility of critical illness be 
differentiated from postoperative ileus? Curr 
Gastroenterol Rep. 2011;13(4):358–67.  

    60.    Cahill NE, Dhaliwal R, Day AG, Jiang X, Heyland 
DK. Nutrition therapy in the critical care setting: what 
is “best achievable” practice? An international multi-
center observational study. Crit Care Med. 
2010;38(2):395–401.  

    61.    Alberda C, Gramlich L, Jones N, Jeejeebhoy K, Day 
AG, Dhaliwal R, Heyland DK. The relationship 
between nutritional intake and clinical outcomes in 
critically ill patients: results of an international multi-
center observational study. Intensive Care Med. 
2009;35:1728–37.  

    62.      Wade CE, Kozar RA, Dyer CB, Bulger EM, 
Mourtzakis M, Heyland DK. Feeding the critically ill 
trauma patient: can we do better? JPEN J Parenter 
Enteral Nutr 2014 Feb 21.  

    63.    Garth AK, Newsome CM, Simmance N, Crowe 
TC. Nutritional status, nutrition practices and post- 
operative complications in patients with gastrointesti-
nal cancer. J Hum Nutr Diet. 2010;23(4):393–401.  

    64.    Windsor A, Braga M, Martindale R, et al. Fit for sur-
gery: an expert panel review on optimising patients 
prior to surgery, with a particular focus on nutrition. 
Surgeon. 2004;2(6):315–9.  

    65.    Delmore G. Assessment of nutritional status in cancer 
patients: widely neglected? Support Care Cancer. 
1997;5(5):376–80.  

    66.   McClave SA, Kozar R, Martindale RG, Heyland DK, 
Braga M, Carli F, Drover JW, Flum D, Gramlich L, 
Herndon DN, Ko C, Kudsk KA, Lawson CM, Miller 
KR, Taylor B, Wischmeyer PE. Summary points and 
consensus recommendations from the North American 
Surgical Nutrition Summit. JPEN J Parenter Enteral 
Nutr 2013;37(5 Suppl):99S–105S.  

    67.    Feldblum I, German L, Castel H, Harman-Boehm I, 
Bilenko N, Eisinger M, et al. Characteristics of under-
nourished older medical patients and the identifi ca-
tion of predictors for undernutrition status. Nutr 
J. 2007;6:37.  

   68.    Guigoz Y, Lauque S, Vellas BJ. Identifying the elderly 
at risk for malnutrition. The Mini Nutritional 
Assessment. Clin Geriatr Med. 2002;18(4):737–57.  

    69.    Saka B, Kaya O, Ozturk GB, Erten N, Karan 
MA. Malnutrition in the elderly and its relationship 
with other geriatric syndromes. Clin Nutr. 2010;29(6): 
745–8.  

    70.    Kozar RA, Dyer C, Bulger E, Mourtzakis M, Wade 
CE, Heyland DK. Elderly trauma patients: highest 

risk, fewest calories. JPEN J Parenter Enteral Nutr. 
2011;35:S26.  

    71.    Englesbe MJ, Patel SP, He K, Lynch RJ, Schaubel DE, 
Harbaugh C, et al. Sarcopenia and mortality after liver 
transplantation. J Am Coll Surg. 2010;211:271–8.  

   72.    Lee JS, He K, Harbaugh CM, Schaubel DE, 
Sonnenday CJ, Wang SC, et al. Frailty, core muscle 
size, and mortality in patients undergoing open 
abdominal aortic aneurysm repair. J Vasc Surg. 
2011;53:912–7.  

    73.    Lieffers JR, Bathe OF, Fassbender K, Winget M, 
Baracos VE. Sarcopenia is associated with postopera-
tive infection and delayed recovery from colorectal 
cancer resection surgery. Br J Cancer. 2012;107: 
931–6.  

    74.    Sheetz KH, Waits SA, Terjimanian MN, Sullivan J, 
Campbell DA, Wang SC, Englesbe MJ. Cost of major 
surgery in the sarcopenic patient. J Am Coll Surg. 
2013;217(5):813–8.  

    75.    Di Sebastiano KM, Mourtzakis M. A critical evalua-
tion of body composition modalities used to assess 
adipose and skeletal muscle tissue in cancer. Appl 
Physiol Nutr Metab. 2012;37(5):811–21.  

    76.    Ahmadinia K, Smucker JB, Nash CL, Vallier 
HA. Radiation exposure has increased in trauma 
patients over time. J Trauma Acute Care Surg. 2012; 
72:410–5.  

    77.    Shen W, Punyanitya M, Wang Z, Gallagher D, 
St-Onge M-P, Albu J, Heymsfi eld SB, Heshka S. Total 
body skeletal muscle and adipose tissue volumes: 
estimation from a single abdominal cross-sectional 
image. J Appl Physiol. 2004;97:2333–8.  

    78.    Mourtzakis M, Prado CMM, Lieffers JR, Reiman T, 
McCargar LJ, Baracos VE. A practical and precise 
approach to quantifi cation of body composition in 
cancer patients using computed tomography images 
acquired during routine care. Appl Physiol Nutr 
Metab. 2008;33:997–1006.  

    79.    Moisey LL, Mourtzakis M, Cotton BA, Premji T, 
Heyland DK, Wade CE, Bulger E, Kozar RA. Skeletal 
muscle predicts ventilator-free days, ICU-free days, 
and mortality in elderly ICU patients. Crit Care. 
2013;17(5):R206.  

    80.    Campbell IT, Watt T, Withers D, England R, Sukumar 
S, Keegan MA, Faragher B, Martin DF. Muscle thick-
ness, measured with ultrasound, may be an indicator of 
lean tissue wasting in multiple organ failure in the pres-
ence of edema. Am J Clin Nutr. 1995;62(3):533–9.  

    81.    Gruther W, Zorn BTC, Paternostro-Sluga T, 
Paternostro-Sluga T, Quittan M, Fialka-Moser V, et al. 
Muscle wasting in intensive care patients: ultrasound 
observation of the M. quadriceps femoris muscle 
layer. J Rehabil Med. 2008;40:185–9.  

    82.    Tilquist M, Leung R, Kutsogiannis J, Wischmeyer P, 
Karvellas D, Preiser JC, Bird N, Kozar R, Heyland 
DK. Bedside ultrasound is a practical and reliable 
measurement tool for assessing quadriceps muscle 
layer thickness in the critically ill. JPEN J Parenter 
Enteral Nutr. 2013;258(4):527–33.      

5 Metabolism in the Trauma Patient


	5: Metabolism in the Trauma Patient
	The Metabolic Response to Trauma
	Ebb and Flow
	 Catabolic Response to Trauma
	 Neuroendocrine Response to Trauma
	 The Cytokine Response to Trauma
	 The Cytokine Hypothesis of MOF
	 Gut Hypothesis of MOF

	 Nutrition in the Trauma Patient
	Estimating Nutritional Needs
	 Nutritional Assessment
	 Monitoring the Response to Nutritional Supplementation

	 Potential Modulators of Metabolism
	Glutamine
	 Arginine

	 Nutritional Challenges in the Trauma Patient
	 Nutritional Adequacy in the Critically Injured Trauma Patient
	Critically Injured Elderly

	References


