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        Key Points 

•     Enteral feeding may have a positive (protective) impact upon the gut by promoting both structural and 
functional integrity and by doing so may have an important role in the immune-competence of patients.  

•   Meta-analyses of elective gastrointestinal surgery and surgical critical care patients undergoing a 
major operation have shown that early postoperative EN had a protective effect for development 
of secondary infections.  

•   Trophic feeding may be at least equivalent to full feeding with respect to critically ill patients as a 
whole, but the role trophic feeding has in the septic and critically ill patient remains open to debate.  

•   EN is associated with fewer complications than parenteral nutrition (PN) and is more cost-effec-
tive than PN to deliver nutrition to critically ill patients.  

•   There is unequivocal evidence that patients receiving parenteral nutrition are at increased risk of 
catheter-related blood stream infections (especially fungal).  

•   Timing of commencement of PN has been suggested to be a signifi cant (and modifi able) risk factor 
for the development of sepsis related to PN use, such that early PN may in fact be harmful.  

•   Supplemental PN is not to be recommended. Studies have failed to demonstrate a clinical benefi t.  
•   Questions surrounding safety and infectious sequelae relating to intravenous lipids remain unan-

swered (in particular, the potentially positive benefi ts of omega-3 fatty acids).  
•   Multi-chamber bags have been shown to decrease in infections in patients.  
•   Immunonutrition is a term used to describe enteral feeds that have been supplemented with some 

combination of amino acids, omega-3 oils, and antioxidants in the belief that these components 
may have a benefi cial impact upon immune function. Unfortunately, the evidence to date is con-
fl icting; despite over 30 trials and at least three meta-analyses.  
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•   While many questions remain unanswered there is abundant evidence to suggest that starvation is 
to be avoided, and where possible enteral nutrition should be the fi rst strategy that is implemented.     

    Introduction 

 Each modality of nutrition support (from none through enteral to parenteral nutrition) has its own 
attendant benefi ts and risks, particularly with respect to sepsis. In this chapter we review some basic 
gut immunology as it pertains to sepsis and risk of developing infection in the starved patient, and 
more importantly the sequence of events in patients receiving supplemental artifi cial nutrition. Enteral 
and parenteral nutrition is discussed separately regarding risk of infection, including optimal manage-
ment strategies in septic patients. Lastly, immune-nutrition and other nutritional interventions pur-
ported to have benefi cial impact on outcomes of septic patients are discussed and analyzed. Much of 
what is contained within this chapter has been discussed elsewhere in the book. For example gut 
immunological physiology is described in detail in Chap.   2    . But the information is synthesized here 
as it pertains to both prevention of complications and impact of nourishment in the presence of severe 
infections.  

     Gut Immunology   

  The   gut, as a consequence of its extensive interaction with the external environment, plays an impor-
tant role in host defense, thus making the gut one of the largest components of the immune system [ 1 ]. 
Indeed it has been suggested that mucosal-associated lymphoid tissue ( MALT  ), residing as non-
aggregated immune cells near the basement membrane or as aggregated lymphoid tissue (i.e., Peyer’s 
patches) comprises 50 % of total body immunity and 70 % of total antibody production [ 2 ].    

 The single layer of epithelial cells that makes up the functional surface area of the gut lumen 
(approximately 400 m 2  in area) has a dual role. It provides a semipermeable membrane for absorption 
of nutrients and simultaneously serves as an impermeable barrier to undesirable elements in the intes-
tinal milieu. It achieves this not only by forming a physical barrier but also by maintaining continuous 
controlled infl ammation through a combination of innate and adaptive immunity [ 3 – 5 ]. The gut is the 
only place in the body where activated lymphocytes are present all the time. 

 The innate immune system may be divided into immunologic and non-immunologic.    Non- 
immunologic processes protecting the intestinal mucosa include physicochemical (e.g., digestive 
enzymes, gastric acid), antimicrobial (e.g., secretory immunoglobulin A, lactoferrin, defensins) and 
mechanical (peristalsis, mastication, “tight junctions” between cells).    Immunologic processes are 
based on cells, and are the fi rst to contact invading microorganisms [ 6 ]. These immunologic compo-
nents are a non-selective (but effective) method of defense. They include the complement system, 
phagocytes and recruitment of natural killer cells. This arm of the immune response recognizes 
bacteria mainly via  pathogen associated molecular patterns (PAMPs)     [ 7 ]. Such recognition allows 
immune cells to respond to a wide array of microorganisms using a limited number of receptors. 
A major family of PAMP receptors is toll-like receptors (TLRs), which bind to different bacterial 
products and mediate pro-infl ammatory signals to the cells [ 7 ,  8 ]. 

 Adaptive immunity is mediated through humoral immunity (B cells) and cellular immunity (T 
cells). Humoral immunity leads  to   appropriate production of antibodies, while cellular immunity 
protects against harmful intracellular events that are not amenable to the effects of antibodies. 
Following activation of the innate immune system, antigen presenting cells (APCs), which belong to 
the innate immune system, activate T cells that are part of the adaptive immune system [ 9 ]. T-cells 
may then differentiate into three types of so-called effector cells (Th1, Th2, and Th3) depending on 
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the antigen presented. Each subtype produces its own cytokine milieu, and may be involved in posi-
tive or negative feedback. Th1 cells release IFN-γ, TNF-α and IL-2, up-regulating the infl ammatory 
response. Th2 cells secrete IL-4, IL-5, IL-6, IL-10, and IL-13, which act to down-regulate the immune 
response [ 10 ,  11 ]. Th2 cells also activate B cells to differentiate into plasma cells. These are respon-
sible for most of the total immunoglobulin production, in particular secretory IgA ( sIgA).   sIgA serves 
to prevent bacterial attachment to the mucosa and to inhibit immune system activation. The adaptive 
immune system can respond to specifi c antigens and is capable of immune memory. 

 Another important aspect of controlled intestinal infl ammation in MALT/GALT is the migration of 
immune cells into the infl amed mucosa. Peyer’s patches do not have lymphatic vessels, so alternative 
methods of recruitment are required. This process involves a sequence of rolling, activation, arrest and 
transmigration of the infl ammatory cells. In the fi nal steps of this process the cells are tightly linked to 
the tissue, mediated by cell-surface-expressed integrins (particularly  L -selectin and α4β7-integrin) and 
tissue expressed adhesion molecules (particularly ICAM-1 and MAdCAM-1) [ 12 – 14 ]. Following anti-
genic exposure, activated lymphocytes (i.e., B and T cells) migrate to regional mesenteric lymph nodes. 
Once in the lymph nodes the cells undergo a process of maturation and proliferation. They then migrate 
out through the thoracic duct into the systemic circulation, and return to their tissue of origin. 

  Starvation   may have a negative impact upon the gut by disturbing both structural and functional 
integrity. It is known for instance that starvation may induce villous atrophy. A decrease in mucosal mass 
of up to 15 % in humans has been observed. This decreases absorptive capacity and more importantly 
digestive (protective) brush border enzymes and antimicrobial secretions (pancreatic enzymes, prote-
ases, etc.). Further, there is loss of tight junctions between enterocytes. There is diminished blood fl ow 
[ 15 ,  16 ], which leads to a reduction in the production and release of a variety of agents including chole-
cystokinin, gastrin, bombesin, and bile salts. All of these may have a trophic effect on the intestinal 
epithelium [ 17 ]. These changes further affect gut permeability and so predispose to signifi cant bacterial 
translocation. Some studies have documented presence of microbial DNA from presumed trans-located 
bacteria, or components of bacteria, in septic patients who have negative blood cultures [ 18 ]. 

 Not only can these changes impair the ability to respond to new infectious challenges, they may 
also lead to loss of established antiviral and antibacterial defenses and impair the ability to respond to 
new infectious challenges. For instance, in mice exclusively fed parenterally, as little as 5 days of gut 
disuse resulted in the loss of protection to a respiratory virus and a reduced clearance of that virus 
[ 19 ]. However, once the mice were refed enterally immunologic memory returned. 

 Similarly, absence of enteral nutrition (albeit while being parenterally fed) has been shown to 
decrease MAdCAM-1 expression in Peyer’s patches in animal models within hours [ 20 ]. This leads 
to a 50–60 % reduction in cell counts, with subsequent alteration to CD4/CD8 counts (from a normal 
of 2:1–1:1) with associated reductions in IL-4 and IL-10 [ 21 – 23 ]. The consequences of these observed 
changes are activation of the adaptive immune system by inhibition of counter-regulation (i.e., a shift 
from Th2 to Th1 phenotype). Thus allowing primed or activated neutrophils to pass out of the gut and 
into the systemic circulation thereby (potentially) leading to a heightened and prolonged systemic 
infl ammatory response and all of its negative consequences. 

 Enteral feeding  may   have a positive (protective) impact upon the gut by promoting both structural 
and functional integrity and by doing so may have an important role in the immune-competence of 
patients. This is discussed in more detail later.  

    Enteral Nutrition 

 Early  enteral nutrition   is recognized as an important adjunct in the management of the critically ill 
patient. Both the European Society of Parenteral and Enteral Nutrition (ESPEN) and the American 
Society of Parenteral Nutrition (A.S.P.E.N.) promote early enteral support (i.e., within 24–48 h) in 
these patients [ 24 ,  25 ]. Along with the putative nutritional benefi ts, early EN has been thought to sup-
port the immune and metabolic responses to stress and play a key role in maintaining gut integrity. 

9 Major Infections and Sepsis



144

    Experimental Animal Evidence 

 Kudsk and colleagues reported the fi rst clinical and laboratory evidence to  support   the notion that 
enteral nutrition affects the metabolic response to sepsis and improves host defenses in an animal 
model [ 26 ]. Several authors subsequently demonstrated that disuse of the gut in animals that were 
supported by parenteral nutrition resulted in decreases in GALT lymphocyte cell number. Once enteral 
feed was reinstituted these changes reversed within days [ 21 ,  27 ,  28 ]. Similarly IgA levels were seen 
to drop with an associated decrease in B and T cells in the lamina propria in animals fed exclusively 
by the parenteral route [ 21 ,  27 ,  28 ]. Associated with atrophy of GALT lymphoid tissues, a quantitative 
decrease in adhesion molecules (especially MAdCAM-1) has been observed in animals not fed enter-
ally [ 29 ]. Parenterally fed animals demonstrated decreases in IL-4 and IL-10 levels in the small intes-
tine [ 22 ,  23 ]. In order to establish the functional impact of these changes on immunity, the same 
authors studied the effects of parenteral nutrition on established immunity [ 19 ,  30 ]. Kudsk and King 
were able to establish a loss in established respiratory mucosal immunity for  Pseudomonas aerugi-
nosa ,  Haemophilus infl uenzae , and infl uenza. 

 These animal studies show that lack of enteral feeding has a profoundly negative effect on the 
overall immunological status. Whilst diffi cult to prove this hypothesis in humans, the circumstantial 
evidence in animals is highly suggestive. Inability or other failure to use the gut for nutrition appears 
to cause cytokine imbalances, in turn activating the innate immune system, and contributing thereaf-
ter to an overzealous stress response. At least in theory, this may ultimately lead to systemic infl am-
mation and SIRS [ 31 ]. Early enteral feeding may attenuate this over-response and so lead to improved 
immune tolerance [ 32 ]. The recommendations of the professional societies, supporting the use of 
early enteral nutrition, lean heavily upon this supportive animal data.  

    Postoperative Infections 

 The positive results seen in animal studies have been refl ected in the fi ndings of a large meta-analysis 
of elective gastrointestinal surgery, and surgical critical care patients undergoing a major operation 
who were given early postoperative EN [ 33 ].    Patients receiving early EN demonstrated a signifi cant 
reduction in infections (RR 0.72 CI 0.54–0.98) when compared to a “nil by mouth” approach. 
Decreases in hospital lengths of stay and anastomotic dehiscence were also seen. This benefi cial 
effect is even more pronounced when EN is compared to PN. In all, six different meta-analyses have 
consistently shown the benefi cial effect of EN over PN with respect to infectious sequelae [ 34 – 39 ].  

    Active Sepsis 

 These studies appear to confi rm the benefi t of EN in preventing sepsis as a complication (perhaps) of 
feeding route; but what of patients that are already septic and in septic shock?    

 A recent study from a German group has attempted to address this question [ 40 ]. They performed 
a secondary analysis of a prospective cohort of severely ill and septic ICU patients where the primary 
endpoint was response to intensive insulin therapy with the use of pentastarch resuscitation. In their 
secondary analysis, they found that mortality rates were substantially lower in patients fed using the 
EN as opposed to the use of EN and PN. (26.7 % vs. 41.3 %,  p  = 0.048), with a protective effect 
observed in the EN group alone for development of secondary infections (HR1.89 95 % CI 1.27–
2.81). This data should be interpreted with caution. Patients given PN may have been more severely 

E. Slattery and D.S. Seres



145

ill, given that the study was not randomized to PN vs EN. But even with this caveat, the study lends 
further support to the benefi cial impact of EN in septic patients, and in improving overall outcomes 
from infectious complications.  

    Underfeeding 

 Recently underfeeding in the fi rst week of critical illness has received much attention following the 
publication of three prospective trials designed to address this issue [ 41 – 43 ]. Based on these trials, the 
Surviving Sepsis Campaign guidelines suggested avoiding mandatory full caloric feeding in the fi rst 
week of illness [ 44 ]. This recommendation was surprising, because none of the trials showed any dif-
ference in infectious outcomes, ventilator days or mortality.    Arabi et al. did note a non-signifi cant 
trend towards decreased mortality [ 41 ]. All three groups reported that patients fed less had less GI 
intolerance. 

 There were concerns expressed about the demographics of recruited patients in these studies. All 
patients were reasonably young, largely male, and incorporated both septic and non-septic patients. 
Elke and Heyland published a secondary analysis of their nutrition database to assess outcomes in a 
critically ill septic cohort [ 45 ]. Using a statistical model, they were able to demonstrate a benefi cial 
effect of improved nutrition on mortality in long stay ICU patients. They hypothesize that individual 
patient characteristics may play an important role in how patients respond to various feeding strate-
gies (e.g., older age, low or high BMI may fare worse). But there exists no data to support this theory. 
Moreover, in an observational analysis such as this, one can also conclude that sicker patients are 
harder to feed, and therefore improved nutrition is only a marker for wellness. 

 There remains the possibility that trophic feeding is at least equivalent to full feeding with respect 
to all critically ill patients, but the role of trophic feeding in the septic and critically ill patient remains 
open to debate.  

    EN Formulations 

 The  formulation   of EN has been suggested to play a role in the modulation of sepsis. Much work has 
been carried out on micronutrients and is discussed in detail later. The macronutrient composition of 
EN and in particular the lipid component of EN has been of interest to many. 

 Lipid-rich nutrition has been shown in animal models to attenuate infl ammation and reduce 
organ damage [ 46 – 49 ]. In these studies, deHaan and colleagues were able to demonstrate ameliora-
tion in the initial hyper-infl ammatory response by administration of a lipid-rich enteral formula. 
They used a custom made lipid-rich formula in which 50 % of administered calories were derived 
from fat. The lipids themselves were sourced from lecithin, with less than 5 % of fat derived from 
omega-3 or omega-6 fatty acids. By administering this formula, they were able to demonstrate 
stimulation of the autonomic nervous system via activation of cholecystokinin 1, leading to para-
sympathetic suppression of cytokine release. They showed a decrease in the early infl ammatory 
response mediated by decreases in IL-6 and IL-10, leading to a subsequent increase in IL-12 and 
IFN-γ. Restoration of this IL-12/IL-10 balance has been shown elsewhere to improve defense 
against opportunistic pathogens [ 50 ]. 

 This work has been expanded to preclinical studies, with similarly encouraging results [ 51 ]. 
Lubbers et al. from the same Dutch group demonstrated the potential benefi t of a lipid-rich, protein- 
rich enteral formula in a human model of endotoxemia. Healthy human volunteers were administered 
 E. coli  lipopolysaccharide intravenously. Feeding with a lipid rich formula (analogous to that used in 
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the previously mentioned rodent studies) was shown to lead to a reduction in circulating levels of the 
pro-infl ammatory cytokines, IL-6, TNF-α and IL-1 receptor antagonist. 

 Despite this intriguing research, evidence for a clinical role for enteral immunonutrition, especially 
lipid formulations, remains underwhelming and indeed divisive. Nevertheless, keen interest continues 
about the putative benefi ts of fi sh oils as a source of fat in enteral diets. Meta-analyses initially failed 
to observe any signifi cant effect with the use of immunonutrients (including fi sh oils) despite recog-
nizing a signal towards decreased infectious complications [ 52 ]. However, subsequent reviews (often 
from the same authors) initially suggested signifi cant benefi t and recommended the routine use of 
immune-nutrients (without differentiating between which ones) in critical care populations, only to 
rescind those recommendations with the exception of a benefi t with fi sh oils in later reviews [ 53 ,  54 ]. 

 Legitimate concerns have been raised about the heterogeneity of the studies reported and similarly the 
heterogeneity of interventions included. Put simply, a “well” postoperative patient receiving glutamine is 
not the same as a profoundly septic patient receiving omega-3 enriched enteral feeding formula. 

 Omega-3 fatty acids are predominantly derived from fi sh oils, but may also be obtained from some 
plant oils (walnut, chia, fl axseed etc.). Interest in their use in enteral nutrition has stemmed from the 
suggestive observation that omega-3 has anti-infl ammatory effects. This effect was fi rst observed in 
animal models and has led to several large clinical trials [ 55 – 57 ]. In these trials, omega-3 enriched 
diets appeared to be benefi cial, leading to decreased time on ventilators, decreased length of stay and 
better outcomes in septic patients. However, concerns were subsequently raised about the validity of 
these fi ndings. The concerns related to the use of enteral feeding formulas in the control groups that 
were high in omega-6, relative to the group that was given omega-3 enriched formulas. Omega-3 fats 
are felt to be pro-infl ammatory and alterations in the omega-3/omega-6 ratio are potentially deleteri-
ous. As mentioned above, other elements of immune-nutrition have also been suggested to be benefi -
cial. These are addressed separately. 

 At the present time, there remains insuffi cient evidence to promote one form of enteral nutrition 
(i.e., formula, amount, etc.) over another with respect to prevention of infectious complications.   

    Parenteral Nutrition 

 As described earlier,    EN is associated with fewer complications than parenteral nutrition PN, and is 
more cost-effective to deliver nutrition to critically ill patients [ 58 ]. Consensus guidelines from 
A.S.P.E.N. have recommended that for adequately nourished patients who have contraindications to 
enteral nutrition, PN should be initiated only after 7 days of intensive care unit care [ 24 ]. On the other 
hand, for patients with clinical signs of protein–calorie malnutrition on admission to the ICU, 
A.S.P.E.N. guidelines recommend that it is appropriate to start PN as early as possible, once adequate 
fl uid resuscitation has been completed. In contrast, ESPEN (European Society of Parenteral and 
Enteral Nutrition) have advocated commencing PN in patients within 2 days of ICU admission to 
meet 100 % of estimated calorie and protein needs not met by EN [ 25 ]. The disparity between the 
professional societies can largely be explained by differences of opinion both on the risk of PN and 
the benefi ts of full caloric and protein feeding. 

     Central Line Associated Infections   

 There is unequivocal evidence that patients receiving parenteral nutrition are at increased risk of 
 catheter-related blood stream infections   [ 59 ].    This risk is higher than patients who have central venous 
catheters but do not receive parenteral nutrition [ 60 ]. An observational study demonstrated that PN 
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administration can increase the risk of not only blood stream infection but also pneumonia, surgical 
site infection, and urinary tract infection [ 61 ]. Minimization or reduction of these complications can 
best be achieved by utilizing strategies to reduce the overall use of PN wherever possible. When PN 
is required, best practices to minimize catheter related blood stream infection should be strictly 
observed. Aseptic technique should be used for central catheter placement, and proper hand hygiene 
and maximal barrier precautions should also be used during the procedure. Introduction of care bun-
dles has been shown to be effective in implementing these changes [ 62 ]. The site of central venous 
catheters has been shown to be an independent risk factor for development of blood stream infection 
(BSI). A large retrospective analysis of PN related BSI in a single Irish university hospital suggested 
that use of femoral lines increased the risk of BSI over the use of subclavian or internal jugular lines 
[ 63 ]. In general, single lumen catheters are preferred to multi lumen catheters, and the subclavian 
approach is a preferred location for central catheter placement. After central catheter placement, the 
single lumen of the catheter should be dedicated, and used solely, for parenteral nutrition [ 64 ].  

    Timing of PN 

  Timing of commencement of   PN has been suggested to be a signifi cant (and modifi able) risk factor 
for the development of sepsis related to PN use. A large randomized trial from Australia and New 
Zealand has attempted in part to address this issue [ 65 ]. They found no benefi t to very early PN (<24 
h) in patients with short term relative contraindications to EN, as compared to “standard of care”, who 
received no nutrition. Of the patients in the “standard of care” group, only 51 % ever required 
PN. Interestingly, 40 % of the “standard of care” patients received no supplemental nutrition at all, 
either PN or EN, during their ICU stay (median 3.72 days). No adverse outcomes were observed. A 
post hoc analysis of a subgroup of patients from the EPaNIC study (discussed in more detail below) 
also examined the role of early vs. late initiation of PN in patients who had a contraindication to EN 
(i.e., where calories were derived from PN only, with no enteral component). This analysis found a 
statistically signifi cant reduction in infection and a trend towards early discharge in the late initiation 
arm [ 66 ]. These results, while less reliable by their nature, seem to clarify that at least in the fi rst 48 h 
of critical illness, there is no benefi t to early provision of PN as far as infection is concerned. Indeed, 
the EPaNIC trial suggested that early PN may even be harmful.  

    Supplemental PN 

 Supplemental use of  parenteral nutrition   (in addition to EN) has been suggested as a solution to the 
perceived problem of delivery of inadequate calories, while simultaneously maintaining the benefi t of 
EN with respect to impact on sepsis and other outcomes. A recent large multicenter prospective trial 
from Belgium (EPaNIC) investigated this approach [ 67 ]. In this study, early PN was used to reach 100 
% of calories (within 48 hours) in patients unable to receive all their required calories enterally (for 
whatever reason). The control group did not receive PN until later in their ICU stay (i.e., 7 days). 
There was no associated effect on mortality. On the other hand, there was an observed increase in 
incidence of infection, prolonged mechanical ventilation and prolonged intensive care unit stay in the 
early PN cohort compared to the delayed PN cohort. But in the control group, a majority of patients 
never received PN at all. The data clearly supported the conclusion that if the patient doesn’t need to 
receive PN, it is better not to give it early. A Canadian-led observational study using a similar approach 
documented an improvement in calorie provision but also failed to show any clinical benefi t with the 
adoption of this strategy [ 67 ]. In the face of this data it would appear that supplemental PN is not to 
be recommended. 
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 While it appears relatively clear that avoiding early PN in critically ill patients can reduce occur-
rence of infection, there are other questions that must be addressed. For instance, are there formula-
tions and/or compounding methods of PN that may minimize infectious complications? Does type of 
central access device matter? These questions are further addressed in Chap.   7    .  

    Role of  Lipids   

 As with EN, the role of lipids in PN (with respect to sepsis) has been keenly debated. Joint guidelines 
from A.S.P.E.N. and Society for Critical Care Medicine (SCCM) recommended in their 2009 guide-
lines that soybean oil-based lipids should be omitted from PN in the fi rst week of hospitalization in 
the ICU [ 24 ]. This recommendation was based on the results of a small study that suggested better 
outcomes in patients that did not receive lipids [ 68 ].    

 Early in vitro scientifi c studies demonstrated the ability of intravenous lipids to be used as a growth 
media for such organisms as  Staphylococcus aureus  and  Candida albicans  [ 69 ]. In contrast, PN for-
mulations without added intravenous fat emulsion (IVFE) are quite hypertonic, and do not allow 
growth of microbial colonies ( Staphylococcus ,  Pseudomonas ,  E. coli , and  Candida ) [ 70 ]. 

 Several clinical studies have confi rmed the association of intravenous lipids (in addition to dex-
trose/amino acids PN) with the occurrence of staphylococcal blood stream infections in pediatric 
cohorts. In the larger of the two, a case-control study demonstrated a 5.8-fold increase in staphylococ-
cal bacteremia in pediatric neo-natal intensive care units (NICU) associated with lipid infusions [ 71 ]. 
This association was confi rmed in a similar NICU-based study of very low birth weight infants [ 72 ]. 
This case-control study documented a ninefold increase in staphylococcal bloodstream infections in 
the cohort associated with the use of IVFE infusions. 

 In an analysis of a large database of patients (the Premier Perspective database, containing inpa-
tient data from 45 million discharges from acute care facilities in the US) there was no increase in the 
risk of infectious morbidity when lipids were omitted from PN admixtures when adjusted for com-
plexity and severity of illness [ 73 ]. The questions surrounding safety and infectious sequelae relating 
to intravenous lipids remain unanswered. 

 As with EN, alternative sources of lipid for PN has become of interest. In particular, the potentially 
positive benefi ts of omega-3 (and to a lesser extent omega-9) fatty acids relating to their anti-infl am-
matory properties has led to much work being done to assess their potential impact. It has also been 
suggested that omega-3 enriched PN may also slow or prevent progression of PN-related cholestasis 
and liver disease. Preclinical and small clinical studies have suggested the potential benefi t of omega-3 
fatty acids in reducing infl ammatory burden in postsurgical patients [ 67 ,  74 – 76 ]. The results of these 
studies were summarized by Pradelli in a recently published meta-analysis of 23 studies [ 77 ]. While 
this analysis did not show any difference in mortality, they were able to demonstrate a reduction in 
infection rate (RR = 0.61, CI 0.59–1.33), with associated decreases in ICU and overall hospital length 
of stay. Omega-3 based lipids have been available in Europe for many years but as of yet remain 
unavailable in the US. This is likely to change pending the reporting of several trials to address the 
safety (and effi cacy) of omega-3 lipids (Omegaven ® , Fresenius Kabi, Hamburg, Germany) [ 78 ].  

    PN Compounding 

 PN compounding has been explored as a possible modifi able risk factor in decreasing the rate of 
blood-stream infections.    Broadly speaking, PN may be compounded commercially, using multi- 
chamber bags, or locally, in a dedicated or hospital pharmacy. Turpin et al. were able to demonstrate 
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a decreased rate of blood stream infections with the use of multi-chamber bags compared to pharmacy 
compounded PN in a large retrospective database analysis [ 79 ]. This fi nding was further validated by 
the EPICOS study, a large, multicenter, prospective, open label trial [ 80 ]. In this study, a decrease in 
infections in patients was seen when the multi-chamber bags were used. The difference was small. It 
is likely that pharmacies that compound large amounts of PN solutions and adhere to appropriate 
safety measures will be able to minimize PN-related infections, similarly to manufactured multi- 
chambered PNs. Multi-chambered PNs are more likely to have benefi t in settings where few PNs are 
prescribed. Moreover, the ease of prescribing a pre-manufactured bag may drive inappropriate use of 
PN upward. Further work is warranted with multi-chamber bags to assess their impact.  

    Infection Risk in the Community Setting 

 As discussed above, in the acute setting the type of line may have an important effect on BSI and 
overall risk of infection. What of patients in the home setting?    

 Buchman and colleagues have previously published their data on a large historical cohort of more 
than 500 patients infusing PN in the community [ 81 ]. They reported an overall infection rate of 0.37 
per patient per year. Their study included patients over an 18-year period between 1973 and 1991. 
More recent data has suggested wide variations in incidence in BSI in home PN patients, ranging from 
0.35 to 11 BSI per 1000 catheter-days [ 82 – 84 ]. Zhao and colleagues (who also reported a rate of BSI 
of 11/1000 catheter days) have suggested that the fi rst 4 months of BSI are (not unsurprisingly) the 
time when most of these infections occur. 

 More recently Buchman et al. have reported on independent risk factors for developing BSI [ 85 ]. 
They identifi ed use of subcutaneous ports (over tunneled catheters), multi-lumen catheters, increased 
frequency of lipid infusion, obtaining blood from the CVC and infusion of non-PN medications via 
the CVC as independent risk factors for BSI. Interestingly, increased PN frequency was associated 
with BSI in children but not with adults. All of this suggests that minimizing manipulation of the PN 
line is important in minimizing the risk of sepsis.  

    Central Access Devices 

 Historically, it was felt that tunneled catheters were the safest method to provide long-term PN [ 86 ]. 
This is particularly the case when compared to subcutaneous ports (as demonstrated by Buchman 
et al.) [ 85 ]. However, with the increasing use of  peripherally inserted central catheters (PICC)  ,    this 
question needs to be readdressed. A recent uncontrolled and non-randomized but prospective French 
study compared occurrence of infections in home PN patients receiving their PN via Broviac catheter 
or PICC. The authors reported a signifi cantly lower occurrence of infections in the PICC group when 
compared to the Broviac group (1.87 vs. 1.05 per 1000 catheter days,  p  = 0.01) [ 87 ]. Despite this, 
ESPEN still recommends that PICC be used for no longer than 3 months in the home setting for PN 
administration, acknowledging that the evidence base for this recommendation is weak [ 88 ]. A con-
trolled and randomized study is required to address the issue of appropriate CVC in the home 
setting. 

 A multitude of other interventions have been suggested to reduce the risk of BSI [ 89 – 93 ]. They 
include (but are not limited to): different types of catheters impregnated with antibiotics, chlorhexi-
dine, and a variety of catheter locks (heparin, vancomycin, citrate, ethanol and so on). Although ques-
tions remain over their effi cacy, ethanol locks in particular show promise and are worthy of further 
investigation in an attempt to minimize BSI.   
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    Immunonutrition 

  Immunonutrition   is a term used to describe enteral feeds that have been supplemented with some 
combination of amino acids, omega-3 oils, and antioxidants in the belief that these components may 
have a benefi cial impact upon immune function. Unfortunately, the evidence to date is confl icting; 
despite over 30 trials and at least three meta-analyses.    

 Omega-3 has been discussed in detail above with respect to both enteral and parenteral feeds. Here 
we concentrate on amino acids and antioxidants, both given enterally and parenterally. 

    Glutamine 

  Glutamine   is  the   most abundant nonessential free amino acid in the human body. It plays an important 
role in nitrogen transport and provides the fuel for rapidly dividing cells (immune cells, enterocytes, 
hepatocytes, and others.). Low glutamine levels have been demonstrated in patients with critical illness 
[ 94 ,  95 ]. This observation led to the suggestion that replenishment of this amino acid may be benefi cial in 
critical illness, and may ultimately lead to improved outcomes. A meta- analysis of six randomized trials 
published in 2002 which examined the role of glutamine in critical illness suggested a trend towards bet-
ter outcomes [ 96 ]. While initially encouraging, some concerns were raised about the quality of this data. 

 Recently two large trials have refuted the suggestion that glutamine supplementation may be ben-
efi cial. The fi rst study randomized patients in multiple Scottish centers to receive 20 g of Glutamine 
per day, with and without selenium [ 97 ]. They found no benefi t with respect to mortality or infections. 
The second study, a large multicenter blinded prospective randomized controlled study recruited in 
excess of 1200 patients [ 98 ]. Patients were randomized in a 2 × 2 factorial design to receive glutamine 
(0.35 g/kg/day), a mixture of antioxidants (including selenium, zinc, beta-carotene, vitamin E and 
vitamin C), both glutamine and antioxidants, or placebo. Surprisingly, a statistically signifi cant 
increase in mortality was seen at 6 months in the patients randomized to receive glutamine (with and 
without antioxidant supplementation). 

 Both A.S.P.E.N. and ESPEN recommend consideration of supplementary glutamine in their latest 
consensus guidelines, published prior to this study. However in the light of these new data, these rec-
ommendations are perhaps questionable. Research is ongoing.  

     Arginine   

  Arginine   is a conditionally essential amino acid that has been demonstrated to have potential benefi -
cial effects in improving nitrogen balance, and T-cell immune function [ 99 ]. As a consequence most 
of the commercially available immunonutrition feeds contain Arginine, although at widely ranging 
doses. One of the many meta-analyses performed suggested a dose-dependent benefi t of supplemental 
arginine (i.e., >12 g/1000 kcal) [ 52 ]. Higher dose arginine led to a reduction in infections with no 
signifi cant impact upon mortality. However, the widely different formulas and patient cohorts used to 
achieve this cumulative response means that this data should be interpreted with caution.  

    Selenium 

  Selenium      is an endogenous antioxidant and an essential component of glutathione peroxidases, which 
can reduce free hydrogen peroxide and protect the organism from oxidative damage. Utilization of sele-
nium is thought to increase in critically ill patients because critical illness is associated with generation 
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of oxygen free radicals and decreased selenium plasma concentrations. This has led some to postulate 
an increased requirement for selenium in critical illness. Patients from Europe and parts of Australasia 
are known to be prone to low pre-morbid levels of selenium due to low soil content. It has been sug-
gested that this defi ciency may predispose these patients to increased risk of oxidative damage and thus 
worsen clinical outcomes. This notion has (in part) been supported by animal models of sepsis and brain 
injury that worsen in the selenium defi cient state [ 100 ]. Several investigators have tested the hypothesis 
that outcomes in sepsis could be improved with selenium supplementation with variable results. 

 Earlier smaller studies demonstrated that selenium supplementation may improve clinical out-
comes by reducing illness severity, infectious complications, and decreasing mortality in critically ill 
patients [ 101 – 103 ]. However, a larger subsequent trial using high dose selenium (4000 μg on the fi rst 
day, 1000 μg per day for the 9 following days) failed to show any improvement in clinical outcome 
[ 104 ]. Two more recent studies using lower doses of Selenium (500 μg/day) have shown some con-
fl icting results. A Scottish multicenter prospective randomized control trial in which critically ill 
patients received selenium suggested a decrease in “new” infections if selenium was given for more 
than 5 days [ 97 ]. In contrast, an international multicenter trial found no benefi t to administration of 
selenium [ 98 ]. Both trials were well designed, large multicenter trials using a 2 × 2 factorial design. 
However, the international trial recruited twice as many patients. 

 Unsurprisingly, questions remain about the appropriateness of provision of selenium supplementa-
tion. The European Society for Parenteral and Enteral Nutrition (ESPEN) recommended initiating 
selenium supplements (350–1000 mcg/day) with an initial bolus followed by continuous infusion in 
critically ill conditions in their 2009 guidelines [ 105 ]. A.S.P.E.N., on the other hand, included no such 
recommendation in their subsequent guideline for nutrition support of the critically ill. Expert consen-
sus remains divided [ 106 ,  107 ]. It has been suggested that supplementation of selenium in the defi -
cient state is benefi cial, but potentially harmful for patients with normal/adequate status [ 107 ]. In any 
event, further work is required to clarify the role of selenium supplementation.  

    Vitamin D 

  Vitamin D  ,    and it’s associated endocrine system (calcium, PTH), is known to have effects on innate 
and adaptive immunity as well as lung, muscle, endothelial and mucosal functions. Defi ciency of 
vitamin D is recognized as one of the most common mild medical conditions worldwide. Recent 
reports have demonstrated that vitamin D levels are decreased in patients in the ICU [ 108 ]. It is 
unclear however if low vitamin D levels refl ect a surrogate for disease activity or true functional 
depletion. Given the relative ease and low cost of repletion of vitamin D, supplementation has become 
of interest in the critical care setting. It appears that large doses (100,000 I.U.) are necessary to 
quickly return 1,25 vitamin D levels to normal. Data suggests that such dosing is safe, but little data 
exists at present as to the utility of such an approach. Additionally, decrements in critically ill patients 
may be due entirely to systemic infl ammation-related decreases in vitamin D carrier proteins.  

    Antioxidants (Including Vitamin E and C) 

  Vitamins E and C   serve as important endogenous antioxidants.    Therefore, like other antioxidants, it 
has been proposed that daily requirement of vitamins E and C are increased in critically ill conditions 
due to increased rates of biological oxidation in critical illness. A prior randomized trial revealed that 
early administration of vitamins C and E reduces the incidence of organ failure and shortens ICU 
length of stay in the surgical intensive care unit (1000 U α-tocopherol given enterally every 8 h and 
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1,000 mg ascorbic acid given parenterally daily) [ 109 ]. More recent randomized studies, however, 
have questioned this fi nding [ 97 ,  98 ]. As with other micronutrients the role and effectiveness of rou-
tine supplementation remains unclear.   

    Conclusion 

 Artifi cial nutrition support plays a very real and pervasive role in the management of septic patients. 
Decisions on how best to feed patients when septic or at risk of developing sepsis are complex and not 
without signifi cant risk. While many questions remain unanswered there is abundant evidence to sug-
gest that starvation is to be avoided and where possible enteral nutrition should be the fi rst strategy 
that is implemented. 

 When this is not possible PN remains a viable (and important) option, although recent evidence 
would support an adoption of an under-zealous approach to commencement, specifi cally avoiding the 
use of PN in the early stages of critical illness. While there have been a plethora of suggested strate-
gies with respect to supplements, antioxidants, etc. we appear to be no closer to realizing a strategy 
that may have any benefi cial impact on patient outcomes and in particular with respect to sepsis. 

 There remains much work to be done.     
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