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Abstract
Children with intestinal failure suffer from insufficient intestinal length or function, making them
dependent on parenteral nutrition (PN) for growth and survival. PN and its components are associated
with many complications ranging from simple electrolyte abnormalities to life-threatening PN-
associated liver disease, which is also called intestinal failure-associated liver disease (ILALD). From
a nutrition perspective, the ultimate goal is to provide adequate caloric requirements and make the
transition from PN to full enteral Nutrition (EN) successful. Upon review of the literature, we have
summarized the most effective and innovative PN and EN therapies for this patient population.
Antibiotic-coated catheters and antibiotic or ethanol locks can be implemented, as they appear
effective in reducing catheter-related infection and thus further reduce the risk of IFALD. Lipid
emulsions should be given judiciously. The use of an omega-3 fatty acid-based formulation should
be considered in patients who develop IFALD. Trophic feeding is important for intestinal adaptation,
and EN should be initiated early to help wean patients from PN. Long term management of children
with IF continues to be an emerging field. We have entered uncharted territory as more children
survive complications of IF, including IFALD. Careful monitoring and individualized management
to ensure maintenance of growth with avoidance of complications are the keys to successful patient
outcomes.

Introduction
Intestinal failure (IF) is a condition of malabsorption that is due to reduction of functional
intestinal mass necessary for adequate digestion and absorption for nutrient, fluid and growth
requirements. It is often the result of dysmotility, surgical resection, a congenital defect or
disease-associated loss of absorption (1). Insufficient enteral absorption combined with the
metabolic demands of a growing child make most patients with IF dependent on parenteral
nutrition (PN). Management of IF primarily focuses on intestinal rehabilitation using a
multidisciplinary approach including nutritional, pharmacologic and surgical interventions to
achieve the goal of full enteral nutrition (EN) (2). The challenge becomes providing enteral
nutrition to take advantage of the remaining functional intestine, and simultaneously
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monitoring for adequate growth and intestinal adaptation. Extensive research has been done
to make PN and EN therapies more effective and safer. Advances in the understanding of micro-
and macronutrients, prevention of toxicity have been made. However, complications associated
with these treatments are challenging. The purpose of this review is to discuss the newest
methods of optimizing pediatric parenteral and enteral nutrition in patients with IF while
ensuring growth, promoting intestinal adaptation, and reducing associated complications.

Parenteral Nutrition
PN is a life-saving therapy for IF patients. Long-term use of PN, however, is associated with
many complications, including central venous catheter infection and sepsis, vascular
thrombosis, metabolic abnormalities, and organ dysfunction. The most serious complication,
however, is PN-associated liver disease, also called intestinal associated liver disease (IFALD),
with a prevalence of 25–33% in neonates (3,4).The etiology of IFALD remains to be elucidated,
although is likely multi-factorial. Established risk factors of IFALD include prematurity, low
birth weight, duration of PN and number of septic episodes (3,5,6). IFALD is characterized by
hepatic dysfunction ranging from mild elevations of hepatic transaminases to subsequent
hepatic failure (7). These abnormalities are likely to progress while the child remains on PN.
The most effective treatment for IFALD is increasing enteral caloric intake while reducing PN,
but this process is often impossible when intestinal function is poor (8). What follows is a
review of some of the innovative and potentially effective PN and EN approaches to delay and
possibly prevent complications associated with PN-administration.

1. PN Cycling
By definition, cycling of PN involves the provision of total daily PN volume in less than 24
hours. Advantages include disconnection from the intravenous line, improvement in visceral
protein stores, and reduction of the incidence of hyperinsulinemia (8,9). Cycling PN is
recommended for patients who are expected to be on prolonged courses of PN (i.e. >30 days)
and whose cardiac, renal and endocrine function can tolerate shifts in fluid and dextrose
infusion rates. Patients should be metabolically stable on their goal solutions for several days
before attempting to cycle PN. In an attempt to avoid hyper- or hypoglycemia, the infusion
rate is gradually increased over 1–2 hours at the beginning of the infusion and gradually
decreased over the final hour of the infusion. In neonates, cycling should be limited to 6 hrs
off PN due to diminished glycemic reserves (10,11). In a recent retrospective study evaluating
cycling PN in infants with gastroschisis, the cycling PN group was almost 3 times less likely
to develop IFALD compared to the continuous group (12). The difference, however, was not
statistically significant as the sample size was small.

2. Amino Acid Consideration: Taurine
In 1984, taurine deficiency was reported in three children with severe IFALD (13). Subsequent
animal studies have demonstrated that taurine, a sulfonic amino acid and end product of the
transsulfuration pathway, increases tauroconjugated bile acids (14,15). and enhances bile flow
(16). The development of tauroconjugated bile acids has been shown to be important in the
prevention of excessive accumulation of glycine-conjugated secondary bile acids (17). Since
taurine plays a role in many functions in the liver such as osmoregulation, membrane stability
and anti-oxidation, its deficiency can cause liver damage. This is of concern since neonates
receiving long-term PN can develop taurine deficiency (18,19). An early study showed no
effect of taurine supplementation in the first 10 days of life on the development of IFALD
(20). A more recent study, however, demonstrated that taurine supplementation lowered direct
bilirubin level in premature infants and those with necrotizing enterocolitis (21).
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3. Prevention of Catheter-Related Infection
Sepsis is a major risk factor in the development of IFALD of patients with IF (22). Patients
with recurrent episodes of infection have a 30% increased chance of developing IFALD (23).
The source of infection could be catheter-related, bacterial translocation from intestinal stasis,
permeability, or bacterial overgrowth. Prevention of catheter-related infection is crucial in
preventing and reducing the severity of IFALD. Several methods of prevention of catheter-
related infection have been shown to be effective in children with IF.

Ethanol vs. Antibiotic Lock—In the PN dependent child with IF, maintaining the integrity
of the central venous catheter is essential. Incidence of catheter-related infection approaches
60% over the life span of the catheter (24). The increased morbidity and mortality associated
with catheter-related infection has led to the use of various antibiotic and ethanol lock
techniques (25–27).

Anti-infective locks including vancomycin, ciprofloxacin, gentamicin, and amphotericin B
have been studied for the prevention of catheter-related infections, with efficacy ranging
between 30–100% (28). A prospective study using combination lock therapy with vancomycin
and gentamicin demonstrated a significant decrease in bacteremia and clinical sepsis rate
(29). Recently, attention has concentrated on ethanol locks and their effectiveness in decreasing
the rate of catheter-related infections. An advantage of ethanol as compared to antibiotic locks
includes an absence of resistance. Ethanol denatures proteins and is rapidly bactericidal and
fungicidal (30). A prospective pilot study in 2008 documented safety and potential efficacy of
ethanol locks in treating central venous catheter-associated infections (31). A randomized
controlled trial is currently underway to evaluate the effect of ethanol locks on the prevention
of catheter associated bacteremia and subsequent sepsis in children with IF and a history of
multiple catheter-related bloodstream infections (32).

Antibiotic-Coated Catheter—Antibiotic-coated catheters have also been studied in the
prevention of catheter-related infections. Minocycline-rifampin coated central venous
catheters significantly delay the onset of catheter-related infection without an increased
incidence of thrombosis or change in organism type (33), and reduce the incidence of both
femoral and subclavian catheter-related infections (34). These impregnated catheters have not
received generalized acceptance because they are more expensive, and the Centers for Disease
Control and Prevention’s recommendation is for short-term use only (34).

4. Impact of PN Compounding Methods and Materials
In addition to the amino acid provision, other factors have received attention regarding the
prevention of PN-related complications, including protection of amino acids from light,
avoidance of DEHP materials, and minimizing aluminum exposure. Premature infants and
children with IF have immature or diminished antioxidant defenses which renders them more
susceptible to oxidant stress. When PN is exposed to light, lipid peroxides and hydrogen
peroxide are generated (35). There is an approximate 50 percent reduction in amount of
hydrogen peroxide infused with PN when the entire solution and delivery system is protected
from ambient light (i.e., amino acid dextrose bag, lipid syringe, and tubing) (36). However,
results from a study on a large cohort of premature infants demonstrated no beneficial effect
of partial light protection of PN on clinically relevant outcomes (35). This study did not provide
complete protection against ambient light; therefore, further investigation is warranted.

Several avoidable excipients have been linked to IFALD. Di(2-ethylhexyl)phthalate (DEHP)
is an industrial additive plasticizer found in polyvinylchloride (PVC) (37). PN infusion systems
have been shown to be the most important source of DEHP load (38). Although DEHP has a
rapid turnover (half-life less than 24 hours), this phthalate and its metabolites are consistently
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detected in human body fluids such as plasma, urine, amniotic fluid or breast milk (39). In
preterm neonates and infants who receive intensive care, DEHP has shown to increase oxidative
stress and toxicity (43). PN infusion sets and containers containing DEHP have been implicated
increasing this risk. A recent retrospective data from von Rettberg et al showed that changing
to PVC-free infusion system decreased the overall incidence in cholestasis (43). In this
retrospective study, the incidence of cholestasis dropped from 50% to 13%. The use of DEHP
containing infusion sets and bags for the administration of PN increased the risk for cholestasis
by a factor of 5.6. Moreover, the use of polyvinylchloride infusion sets correlated strongly with
the development of IFALD.

Neonates and premature infants receiving long-term PN therapy are at high risk for developing
aluminum toxicity. This metal is found in raw materials, incorporated into products during the
manufacturing process, and leached from glass containers during autoclaving for sterilization
(40). Accumulation of aluminum with subsequent toxicity can commonly occur in these
neonates and infants due to immature kidneys and bones that have yet to mineralize (41).
Specific findings of this toxicity include encephalopathy, impaired neurologic development,
bone pain with development of osteopenia or osteomalacia, microcytic anemia, and cholestasis
(41). In July 2004, the U.S. Food and Drug Administration (FDA) issued a mandate that
required manufacturers to include the aluminum content of additives commonly used in the
compounding of PN solutions (42). The amount of aluminum provided by PN should be less
than 5mCg/kg/day, the threshold deemed “safe” by the FDA. Since that time, it has been
difficult to easily incorporate these guidelines into clinical practice due to limitations in current
product formulations. Low aluminum alternatives, such as organic phosphate salts, are not
currently available in the United States, making it difficult to adhere to the FDA mandate.

Parenteral Lipid Emulsion
PN is typically administered in conjunction with an intravenous lipid emulsion (ILE) to provide
a caloric dense alternative to dextrose as a source of non-protein calories, and to supply essential
omega-3 and omega-6 fatty acids for biologic membranes and the maintenance of immune
function (43). Currently, the only FDA approved lipid emulsions in the United States are
comprised of safflower oil, soybean oil (Intralipid®, Baxter Healthcare, Fresenius Kabi), or a
combination of the two (Liposyn II®, Hospira), which are all rich in omega-6 fatty acids. Other
ILEs that are approved for use in Europe include SMOFLipid® (Fresenius Kabi) and
Omegaven® (Fresenius Kabi). These formulations utilize the potential anti-inflammatory
benefit of omega-3 fatty acids. The composition of the different lipid emulsions can be seen
in Table 1.

1. Types of Lipid
The first safe and effective ILE became available in Europe in 1961 with the introduction of a
soybean oil-based ILE (44). Until today, soybean oil, rich in omega-6 fatty acids, continues to
be the main lipid source in the various ILE on the market. Since the 1970s, however,
experimental reports suggested that soybean oil-based ILE negatively influenced immunologic
cell functions (45). More recently, clinical and experimental evidence suggested a role for
soybean oil-based ILE in the onset of IFALD. As more evidence accumulated against soybean
oil-based lipid emulsion, the development of alternative lipid emulsions, including those
containing fish oil, began (46).

The difference among the ILEs is primarily the composition of the long-chain polyunsaturated
fatty acids. An ILE that is made from fish oil contains high amounts of docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) which have potential for an anti-inflammatory
benefit. This effect is in part due to their interference with the arachidonic acid (AA) pathway
and production of anti-inflammatory eicosanoids (47). These anti-inflammatory cytokines have
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been shown to be hepatoprotective (48,49). On the other hand, pro-inflammatory cytokines
synthesized from the omega-6 family member AA may promote liver inflammation (50).
Altogether, these reports led to the creation of new parenteral ILEs that vary in their fatty acid
content (omega-3/omega-6), their sources of origin (plant, vegetable, or marine) and the
hydrocarbon length: long chain triglycerides (LCT) versus medium chain triglycerides (MCT).

2. Clinical experience with different ILEs
MCT/LCT-based ILEs—With the objective of reducing the high omega-6 content present
in soybean oil, new ILEs based on soybean oil with MCT or olive oil have been developed.
Compared to LCT, oil derived from soybean and/or safflower oils, MCT oils are more easily
metabolized than the conventional soybean oil-LCT, thereby representing a rapid source of
lipid energy (51). In addition, they promote better plasma clearance and do not accumulate in
the liver.

The use of MCT/LCT-based ILE in pediatric surgical patients has been shown to improve
immune response and better spare protein than traditional LCT-based ILE.(52). However, data
on long-term PN use is still lacking.

Olive oil-based ILE—Olive oils, rich in the omega-9 monounsaturated fatty acid, oleic acid,
and the antioxidant alpha-tocopherol, have also emerged as an alternative oil source. These
oils contain sufficient omega-6 essential fatty acids, may preserve immune function (53)., and
protect against lipid peroxidation and oxidative stress (54).

A randomized controlled trial compared the short-term effect of an olive oil-based ILE
(ClinOleic®, Baxter/Clintec Parenteral S.A., Cedex, France) with the traditional soybean oil-
based ILE in critically ill neonates and showed no adverse effects (55). However, long-term
data on the effect of ClinOleic® on IFALD are not available.

Fish oil-based ILEs—More recently, fish oil has been introduced either as a supplement to
soybean-based ILE, as an ingredient in a combination emulsion (soybean, MCT, olive, and
fish oil), or as monotherapy (56). Like olive oil-based ILE, fish oil-based ILE is enriched with
α-tocopherol to efficiently counteract the potential susceptibility to lipid peroxidation. Due to
its high concentration of the anti-inflammatory omega-3 fatty acids EPA and DHA, fish oil
may interfere with the pro-inflammatory omega-6 pathway (56). In addition, increased
clearance of triglycerides and a reduction in lipogenesis may modulate hepatic injury in IFALD
(56).

Fish oil-based ILE as monotherapy has been recently used patients with IF, with promising
results (57). The most recent data of an open-label trial of Omegaven® (Fresenius Kabi
Deutschland GmbH, Bad Homburg v.d.H., Germany) at the authors’ institution showed
subjects receiving fish oil-based ILE experienced mean time to reversal of cholestasis in 81
days versus 492 days (P<0.0001) in a historical control group who received soybean oil-based
ILE (Figure 1). Patients who received the fish oil-based ILE also experienced far greater rate
of reversal of cholestasis compared to the soybean controls (89% vs. 16%, respectively,
P<0.0001). The provision of fish oil-based ILE was not associated with hypertriglyceridemia,
or essential fatty acid deficiency (59). Moreover, recent evidence has shown that the frequency
of hypertriglyceridemic events were more common among controls (58,60). Similar results
have been reported by other centers (61–63). Despite the success, fish oil-based ILE used as
monotherapy is questioned by critics for its lack of the traditionally defined essential fatty acids
(i.e. α-linolenic acid and linoleic acid). However, recent evidence in a murine model suggests
AA and DHA provision alone is sufficient to prevent biochemical and physiologic evidence
of EFAD (64). An ongoing randomized, controlled, double-blind clinical trial comparing the
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soybean-based ILE Intralipid®to the fish oil-based ILE Omegaven® will be imperative in the
current debate about the efficacy and safety of parenteral fish oil-based ILEs (65).

Another lipid emulsion, SMOFLipid®, which contains 30% soybean oil, 30% MCT oil, 25%
olive oil and 15% fish oil, was created to take advantage of the anti-inflammatory effect of
fish-oil and reap benefits of olive oil and MCT as described above, while still providing a
sufficient amount of linoleic acid. To date, SMOFLipid® has shown to be well tolerated in
surgical patients in short-term treatment (66,67). Long-term data of SMOFLipid® are not
available. However, a randomized controlled trial is underway comparing SMOFLipid® to the
soybean-based ILE Intralipid® to investigate the prevention of progression of IFALD in infants
with IF and early liver dysfunction (68).

3. Vitamin E
Oxidative stress has been proposed as the second “hit” leading to the cell injury and death
pathway of hepatocytes with abnormal accumulation of fat (69). Therefore, antioxidant therapy
has been suggested as a therapeutic option in treating IFALD. Results in animal models
demonstrated vitamin E was able to protect hepatic injury (70). Although no benefit has been
demonstrated in humans, high concentration of vitamin E in Omegaven® (Table 1) is probably
one of the factors that contributed to the success of Omegaven® in preventing and reversing
IFALD (71,72).

4. Lipid dose
Feeding beyond the liver’s ability to utilize carbohydrate and fat can cause accumulation of
by-products in the liver and thereby result in IFALD. Although standard guidelines recommend
administering the ILE at a dose <2.5 g.kg−1.day−1, a dose >1 g.kg−1.day−1 has been associated
with the development of IFALD (73,74). Judicious use of ILEs, at a dose ≤1 g.kg−1.day−1, has
been shown effective in preventing IFALD (74,75). In neonates, however, decreasing or
withholding lipids for extended periods may be detrimental due to lack of fat reserves and the
high risk of growth retardation. Unlike older infants, the enzymatic pathways of the premature
infant are not adequately developed and cannot efficiently convert ALA and LA to their active
moieties DHA and AA, thus making supplementation with these downstream active fatty acids
even more crucial (76,77).

Enteral Nutrition
Although many patients with IF depend on PN for survival and growth, enteral nutrition (EN)
should be started as soon as the gut is functional. Enteral feeding is preferred because it is more
economical, easier, and safer than PN. Enteral feeding is also more physiological and can
protect against stress-induced gastropathy and gastrointestinal hemorrhage. In patients with
IF, successful implementation of EN and PN can greatly enhance the intestinal rehabilitation
process and the patient’s quality of life.

1. Trophic feeds
Enteral feeding exposes the gastrointestinal tract to nutrient and hormonal stimuli, which are
not present when the patient is not fed enterally (78). Luminal substrates and intraluminal
nutrients are essential for development of intestinal adaptation (79). Even with minimal enteral
nutrition (e.g. trophic feeds), human intestinal epithelial cell growth, brush-border enzyme
activity and motility are enhanced (80). Initiation of feeding is therefore recommended early
in the postoperative period. In patients where even trophic feedings may not be tolerated, non-
nutritive sucking may be encouraged as it facilitates the development of sucking behavior and
may improve tolerance to enteral feedings and assist in the transition from tube to bottle
feedings (81).
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2. Aggressive vs. gradual transition to enteral feedings
Feedings are typically begun at a low rate and gradually advanced as tolerated. Feedings are
usually slowly advanced until goal volumes are tolerated, and held if stool output exceeds 30–
40 cc .kg−1.day−1. Retrospective reviews have demonstrated the percentage of calories fed
within 6 weeks postoperative and 3 months adjusted age in neonates following intestinal
resection correlated with decreased duration of PN, and subsequently decreased risk of
bacteremia and liver dysfunction (3,82). Another review demonstrated that initiation of EN
and discontinuation of PN resulted in normalization of marked hyperbilirubinemia and
improvement in liver function (83).

3. Pancreatic enzymes
In IF, digestion of fat is not well tolerated as a result of bile salt malabsorption, thereby resulting
in decreased micelle formation and fat digestion. Gastric hypersecretion can additionally occur
after small bowel resection and may reduce nutrient absorption by inactivating pancreatic
enzymes (78). To decrease fat malabsorption, pancreatic enzymes such as Creon® (Solvay,
Marietta, Georgia) or Pancrease® (McNeil Pharmaceutical, Spring House, PA) can be initiated.
Goals of replacement therapy include reduction of abdominal distension and pain, improved
quality and decreased frequency of stool, and objective assessment of weight gain and growth.
Standard dosing does not exist although the proposed doses are lower than what it is typically
used for the treatment of pancreatic insufficiency (84).

4. Role of prokinetic agents
Nausea, vomiting, and abdominal distension are commonly observed signs and symptoms
which can indicate intolerance to EN. Prokinetic agents such as metoclopramide, erythromycin,
and cisapride have been shown to promote gastric motility(85),although their side effect
profiles mandate judicious use. Metoclopramide, a central and peripheral dopamine type II
receptor antagonist, may cause dystonic reactions and extrapyramidal symptoms (2).
Erythromycin, a motilin receptor agonist, is associated with drug interactions, delayed gastric
emptying at high doses, and cardiac complications when administered intravenously (2).
Cisapride, a 5-HT3 agonist, is associated with cardiac arrhythmias and sudden death. Despite
the potential adverse effects, these medications are commonly and effectively used in pediatric
IF patients.

Conclusion
Pediatric IF is a complex and unique problem. A child with IF has distinctive metabolic needs
that must be met by balancing both parenteral and enteral routes, while maintaining adequate
growth and avoiding complications associated with PN. Given the uniqueness of IF, special
attention is required during each phase of growth and adaptation for each patient. Efforts must
be made to deliver a balanced PN solution, avoid catheter related infections, lower the dose of
ILE, possibly the use omega-3-based ILE rather than mainly omega-6 based ILE, and advance
to EN as soon as the patient can tolerate. Additional research is needed to refine the enteral
formulas and parenteral macro- and micronutrients for this emerging patient population.
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Figure 1.
Weekly median trends direct bilirubin levels from baseline until cessation of PN. Mean time
to reversal of cholestasis while receiving PN in the fish oil group (N=56) was 81 days compared
to 492 days (P<0.0001) in the historical control soybean group (N=31). The rate of reversal
while on PN of the fish oil group was 89% compared to 16% of the soybean controls
(P<0.0001). [Black] and (Blue) represent number of subjects in the fish oil group and the
soybean control group, respectively, at specific time points.
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