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Abstract

Exclusive enteral nutrition involves the use of a complete liquid diet, with the exclusion of normal dietary components for a defined period of time, as a therapeutic measure to induce remission in active Crohn’s disease (CD). This very efficacious approach leads to high rates of remission, especially in children and adolescents newly diagnosed with CD. This intervention also results in mucosal healing, nutritional improvements and enhanced bone health. Whilst several recent studies have provided further elaboration of the roles of exclusive enteral nutrition in the management of CD, other reports have provided new understanding of the mechanisms by which this intervention acts. 
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Core tip: Exclusive enteral nutrition is well-established as a key therapy in children with active Crohn’s disease. Recent studies increasingly support this role, whilst other data has illustrated key mechanisms of action.

INTRODUCTION

Crohn’s disease (CD), one of the inflammatory bowel diseases (IBD), is a chronic inflammatory condition that may involve any part of the gastrointestinal tract (GIT) commonly leading to symptoms such as abdominal pain, diarrhoea and nutritional impair​ments[1]. CD may present at any age, with up to one quarter of cases being diagnosed during childhood. In recent years, rates of CD have been increasing in many countries. Recent Australian data, for instance, shows a ten-fold increase in the incidence of CD over the first decade of the 21st century[2]. Other reports also demonstrate increasing incidence of CD in various countries and indicate that this condition is often presenting at younger ages[3]. 

The best accepted hypothesis for the pathogenesis of CD is that uncontrolled inflammation in the GIT follows a dysregulated immune response to environmental triggers in individuals with a genetic susceptibility[1]. Environmental factors implicated include diet and the intestinal microflora. Some dietary factors, such as breast-feeding in infancy are protective, whilst others (for example, a high fat diet) are associated with increased risk. 

Onset of CD in children and adolescents is commonly associated with weight loss, and may also lead to impaired linear growth and pubertal delay. Consequently, the management of CD in this age group requires close attention to nutrition, with frequent assessment of weight, height and weight for height measurements[1,4]. Exclusive enteral nutrition (EEN) provides a way to induce remission and optimise nutrition following diagnosis. EEN involves the administration of a liquid diet formulation for a defined period of time as the sole intervention to induce remission[4]. EEN has essentially no side-effects and is associated with high rates of mucosal healing. However, similar to all other currently-available therapies for CD, EEN is not curative. This article focuses upon the roles of EEN in paediatric CD, with particular regards to new understandings of the role of EEN as well as the mechanisms of this therapy. 

CD AND NUTRITIONAL CONSEQUENCES

CD is characterised by the finding of acute and chronic inflammatory changes in any section of the GIT. CD can be distinguished from ulcerative colitis (another form of IBD) by disease location, extent of involvement through the bowel wall, its patchy nature and the finding of non-caseating granuloma[5]. CD in childhood is typically extensive with pan-enteric involvement commonly seen; more than half of children have disease involvement proximal to the terminal ileum[1,6]. The initial features of CD also may include perianal, perioral or extra-intestinal features.

Many children diagnosed with CD present with classical symptoms of diarrhoea, abdominal pain and weight loss. Others, however, may present with less obvious symptoms such as lethargy, isolated joint symptoms, or oral findings. 

Many reports indicate that almost all children presenting with CD have a history of either weight loss or plateauing of weight gain: in some studies more than 85% of children have these features[1,7]. This likely reflects early satiety or post-prandial abdominal discomfort. Circulating pro-inflammatory cytokines [for example, tumour necrosis factor (TNF)-] also contribute to anorexia[8]. Consequent to changes in weight, a number of children may also have impaired linear growth. These changes in normal growth patterns may exist for many months prior to diagnosis, sometimes preceding any specific gastrointestinal symptoms[9].  Measurement of weight, height and weight for height assessments is essential at diagnosis. Review of historical growth patterns and interpretation of linear growth in the context of familial growth patterns are also important. Subsequent to diagnosis close attention to growth patterns and to the velocity of linear growth is required to ensure that adequate growth is attained and then maintained. 

In addition to altered weight and height, impaired nutrition and uncontrolled inflammation also leads to delayed pubertal development[8]. In past generations, the combined effects of these growth impairments commonly resulted in reduced final adult height. Consequently, assessment of pubertal status in adolescents and calculation of bone age are important aspects of the ongoing care of children with CD, from diagnosis onwards.

Micronutrient deficiencies are also seen in children with CD. Although deficiencies of iron and vitamin D are seen most commonly, vitamin B12, zinc and selenium may also be low[10]. Although the nutritional impacts of CD may be most pronounced at diagnosis (when inflammation is uncontrolled prior to the commencement of therapy), these adverse effects also can occur at any subsequent stage. 

Given that CD can have adverse nutritional consequences in children, it is not surprising that close ongoing attention to nutrition is a critical aspect of patient management. The use of EEN provides an important and vital role in managing many of the negative nutritional impacts of CD in children as well as inducing remission[4]. Although the main focus of EEN is upon the induction of remission and initial control of disease, further benefits may follow. Additionally, ongoing maintenance enteral nutrition (MEN) after initial EEN may assist in the maintenance of remission[11,12]. 
EFFICACY OF EEN IN INDUCTION OF REMISSION

A number of studies published over the last 15 years have demonstrated the efficacy of EEN in children with active CD. Generally EEN leads to the induction of remission in approximately 85% of patients. A meta-analysis of paediatric studies indicated that EEN had equivalent response to corticosteroids in children with active CD[13]. Although still involving relatively small cohorts, studies published in the last year or so confirm and build upon previous data.

A prospective Australian study involving 34 children demonstrated clinical remission in 84% and biochemical remission in 76%, whilst 58% had early endoscopic response[14]. A subset of this group also had small bowel imaging (magnetic resonance enterography) before and after EEN: 3 of these 14 children had complete transmural healing.

A recent Spanish study evaluated the outcomes of 40 children treated with EEN[15]. On an intention to treat basis, 80% entered remission after 6-8 wk of EEN. When the investigators evaluated the outcomes in the 34 children who had completed the full period of EEN, 32 (92.1%) entered remission. 

A retrospective study conducted in the Netherlands assessed the outcomes of EEN in 77 children[16]. Of the children who completed a course of EEN, 71% had complete remission whilst 26% had partial remission. The investigators noted that ileal or ileo-colonic disease location and poor nutritional status at baseline were important determinants of outcome in this series. 

The impact of disease location upon outcomes has been variable in reported studies. 

One study conducted in the United Kingdom showed a marked disparity between colonic disease (50% response rate) and ileal or ileo-colonic disease (remission rate between 92% and 83% respectively)[17]. In contrast, a subsequent report from Scotland involving 114 children showed that those with isolated terminal ileal disease had a lower remission rate, but that location did not otherwise influence outcome[18]. When evaluated in a Cochrane analysis, there was felt to be insufficient evidence to clearly elucidate the impact of location upon outcome[19]. 

Exclusivity is an important determinant of efficacy for EEN as illustrated in two separate reports. Johnson et al[20] demonstrated that almost three times as many children managed with EEN entered remission compared to a group of children managed with Partial EN (half of daily calories provided with normal diet and half as formula). More recently, Gupta et al[21] reported that 65% of 23 children entered remission when managed with a novel Partial EN regimen (comprising 90% of intake as overnight enteral feeds and 10% as normal diet during the day). 

To date there has been little consideration of how factors such as disease location or disease severity might influence outcomes in an individual patient. One study demonstrates that an early fall in faecal calprotectin levels corresponded with response to EEN one month later[22]. Further evaluation of faecal markers or other specific indicators might permit the development of predictive algorithms that lead to a more individualised application of EEN in children. 

EEN may have roles in the perioperative period in children with CD. Preoperative nutritional support may enhance weight and improve nutritional parameters (e.g., serum albumin) leading to enhanced operative outcomes. Extensive data from clinical trials conducted in Japan also show the benefits of enhanced nutritional support post-operatively. These studies demonstrated that the use of maintenance enteral nutrition to provide up to 50% of caloric requirements in adults with surgically-induced remission delayed recurrence in these individuals[23,24]. 

SIDE-EFFECTS OF EEN

Few significant side-effects are seen with EEN[4]. Whilst some children may have nausea or loose motions initially, others may have constipation. Transient elevation of hepatic transaminases were noted in one case series[25], but was not observed in a second series[26]. Refeeding syndrome has also been reported following EEN[27,28]. The three children reported in these reports had moderate/severe malnutrition, placing them at increased risk of refeeding syndrome. Consequently, when commencing EEN in children with significant malnutrition, a routine approach should be utilised to identify those at greater risk and to commence enteral nutrition slowly and carefully along with close monitoring of electrolytes.

EEN AND MUCOSAL HEALING

Evidence in recent years has emphasised the importance of mucosal healing as a primary outcome measure in children with CD. The disconnect between clinical improvement in patients with active CD and lack of endoscopic change, particularly following corticosteroid treatment, has been shown in a number of studies[14,29,30]. While improved patient well-being is a useful and satisfying marker of disease control, the role of mucosal healing as a predictor for long-term CD burden has become very clear[14,31]. 

The inherent difficulty in documenting mucosal response to therapy is the need to repeat endoscopy, often times in patients who have noted a significant clinical improvement in their symptoms following treatment. A few studies in recent years have managed to document important endoscopic, histologic and biological findings before and after treatment with EEN in children with CD - invaluable evidence to further encourage this therapy as the mainstay towards achieving disease remission.

An English case-controlled study documented a 79% rate of clinical remission in children with CD following an eight-week course of EEN[31]. Further to that, they showed improvements in median endoscopic and histologic scores in both ileal and colonic disease following treatment. Of particular significance, this study showed a fall in ileal interferon (INF)- mRNA and a rise in transforming growth factor (TGF) 1 mRNA, whereas in the colon interleukin (IL)-8 mRNA fell following treatment.

A number of studies have shown early mucosal healing with EEN at 8-10 wk following commence​ment of therapy[14,29,30]. In addition, EEN has con​sistently outperformed corticosteroids in achieving mucosal healing in cases of active CD when the two different therapies have been directly compared. Perhaps most encouragingly, early mucosal healing as a result of EEN has been shown to result in improved outcomes at one year - specifically, in terms of reduced rates of endoscopic relapse, hospitalisation and need for anti-TNF agents[14]. As a corollary however, poor initial, mucosal response following a course of EEN can be viewed as an indicator of more severe disease course, which may warrant earlier introduction of other medical therapies.

Grover et al[14] extended the impact of EEN on mucosal healing to further demonstrate that EEN is also able to lead to resolution of transmural inflammation. Follow-up magnetic resonance imaging was utilised to demonstrate improvements and resolution of inflammatory changes in this series of children with newly diagnosed CD.

What is clear is that EEN is the superior therapy for inducing mucosal healing - the gold standard for disease remission. Achievement of this standard is likely to result in improved disease control for children with IBD - a cohort in whom disease phenotype is typically more aggressive.

EEN ENHANCES GROWTH AND NUTRITION

In addition to anti-inflammatory benefits, EEN also leads to important improvements in nutritional parameters. Early changes after starting EEN include rapid improvement in circulating levels of Insulin-like Growth Factor (IGF)-1, with prompt return to control values[32]. Weight is enhanced, with weight gain typically corresponding with efficacy. Some reports have also shown early height catch up during the full period of EEN. 

Gerasimidis et al[33] recently evaluated the influence of EEN upon body composition parameters in 17 children. Body impedance analysis demonstrated marked improvement in lean mass (p = 0.0001) but not fat mass (p > 0.05) during eight weeks of EEN. During this period, levels of a number of micronutrients also improved. 

An earlier report showed improved weight, lean body mass, and skin fold thickness measurements after 3 and 6 wk of EEN[34]. Similarly, a subsequent study from Toronto, Canada, showed improvements in weight and lean body mass subsequent to EEN[35]. Interestingly, this report also showed improved linear growth in comparison to height gains seen in ten children treated with corticosteroids over the same period of time.

EEN AND BONE HEALTH

It is well established that active CD negatively impacts upon bone health. Reduced bone mineral density and increased fracture risk are known complications of poorly-controlled CD[36]. Future fracture risk is associated with peak bone mass, which is acquired primarily during childhood and adolescence[37]. Among the factors leading to reduced bone mass in children with IBD are vitamin D deficiency, corticosteroid therapy, reduced sunlight exposure, decreased physical activity and uncontrolled intestinal inflammation, which directly and indirectly contributes to malnutrition[36-39]. 

Vitamin D deficiency is a prevalent issue amongst children with IBD. Levin et al[37] found that the majority of their cohort of Australian children with IBD were either vitamin D deficient (< 51 nmol/l) or insufficient (51-75 nmol/l). This report also showed that children with vitamin D deficiency had greater corticosteroid exposure than those with normal vitamin D levels. As may have been expected however, the mean serum vitamin D concentration was higher in the group treated with EEN after diagnosis compared to the group treated with corticosteroids.

An eight-week course of EEN in children newly-diagnosed with IBD has been shown to result in normalisation of bone markers indicating more new bone formation and less bone resorption[38]. Further​more, a six-week course of EEN (followed immediately by a two-week course of partial EN) resulted in better improvements in z-scores (on DEXA scans) when compared to a group of Canadian children treated with corticosteroids[39]. 

EEN has also been shown to have more direct benefits on bone mineral density. A German study elegantly demonstrated that bone metabolism and muscle mass improved within 12 wk of com​mencement with EEN in children with CD[36]. The peripheral quantitative computed tomography method used in this study demonstrated improved trabecular density z-scores, normalisation of initially high cortical density z-scores and improved muscle cross-sectional area.

VARIATIONS IN EEN PRACTICE AND PROTOCOLS

Although EEN is well established as a standard and safe therapy to induce remission in active CD, there are marked differences in the application of EEN, as well as variations in individual protocols. 

A trans-Atlantic study published in 2003 reported that EEN was used regularly by 62% of European paediatric gastroenterologists, whilst only 5% of practitioners in the United States used this therapy[40]. Subsequent studies have indicated that EEN was used regularly by 12% of North American and 38% of Australian paediatric gastroenterologists[41,42]. A recent Swedish report found that 96% of paediatric units in Sweden used EEN as a treatment option in active CD, whilst 68% of those respondents routinely used EEN as initial therapy in newly-diagnosed CD[43]. 

The reasons for these marked differences in the routine application of EEN are not fully characterised. Two studies shed some light on what influences the choice of EEN as a preferred option to treat CD in childhood. The routine use of EEN by Australian paediatric gastroenterologists appeared to be closely related to their awareness of this therapy during their training[42]. Those who were not routinely using EEN reported concerns about adherence, cost and resource requirements. When asked similar questions, North American respondents reported similar concerns[43]. Again the routine recommendation of EEN was associated with the practitioners’ previous experience with EEN. 

In addition, EEN protocols vary in many regards between units and countries[44]. Variations include the duration of EEN course, the type or brand of formu​lation used, and the inclusion of other oral intake (such as other fluids or boiled lollies) during EEN. A number of studies demonstrate no differences between outcomes seen with elemental or polymeric enteral formulae[4], and indicate that polymeric formulae have superior taste and acceptability[45]. However, the impact of any other differences upon comparative outcomes has not yet been evaluated. 

A typical regimen involves the use of a polymeric formula administered exclusively over eight weeks[4,44,46]. Formula is introduced gradually over the first three days of the course of therapy, until required daily amounts are reached (specific details of calculating caloric requirements and further practical aspects of EEN are included in reference[4]). Whilst most children are able to take the required volumes orally, some will require placement of a nasogastric tube to facilitate compliance. During the period of EEN, children are encouraged to take additional water orally and to chew small amounts of sugar-less chewing gum. At the completion of the eight week period of EEN, one small meal would typically be reintroduced every three days, whilst reducing the daily volume of formula with each added meal. 

MECHANISMS OF EEN IN CD

Although EEN has been used for many years, it is only in the last few years that an understanding of the mechanisms of this therapy has emerged. Evidence now indicates three primary components to the actions of EEN: alteration of the intestinal microflora, enhancement of barrier function and direct anti-inflam​matory effects. However, the relationships between these events and the triggers for these changes have yet to be elucidated.

EEN and the intestinal microbiota

Initial support for modulation of the intestinal flora by EEN came from three earlier studies, using molecular tools[47-49]. The most comprehensive of these studies used denaturing gel gradient electrophoresis to examine changes in the flora during and following a course of EEN in children[49]. In this report, EEN resulted in a marked and prolonged reduction of bacterial diversity across all bacterial groups. In particular, variations in the composition of the Bacteroides group correlated closely with reducing disease activity and inflammatory proteins. 

A more recent study used a similar molecular technique (temperature gradient gel electrophoresis) to ascertain changes during and following EEN[50]. The results arising from this work again showed a reduction in diversity during EEN, with a divergence from the control setting seen in the children with CD. Interestingly, the concentrations of the putative protective Faecalibacterium prausnitzii species fell after 1 mo of EEN. This study also demonstrated an increase in faecal pH and a reduction in butyrate levels during EEN. In contrast, an increase in faecal butyrate levels was seen in a Swedish study of 18 children managed with EEN[51]. In these patients the induction of remission was associated with increased butyrate and decreased acetic acid in faecal samples. 

A new report has employed high-throughput sequencing to delineate changes in the flora during and following EEN[52]. The number of operational taxonomic units (OTU) reduced markedly upon commencing EEN, and this correlated closely with the successful induction of remission. Furthermore, subsequent disease exacerbations occurred in conjunction with an increase in OTUs. A particular finding was that families within the Firmicutes correlated with disease activity. 

Together these reports indicate that EEN leads to pronounced changes in the intestinal flora, and variations in faecal metabolic activity. The relationships between these changes and coincident improvements in mucosal inflammation are yet to be ascertained.

EEN and barrier function

The intestinal mucosa provides an essential barrier to the outside world: intestinal permeability is a central component of this activity. Increased permeability occurs secondary to active inflammation in the gut and may also be present in preclinical CD. 

In elegant in vitro studies Nahidi et al[53] showed that a polymeric formula (as used in EEN) resulted in normalisation of altered permeability and migration of key tight junction proteins back to the cell membrane. This report was further supported by studies employing a murine model of gut inflammation[54]. In this model, the administration of a polymeric formula in animals with gut inflammation reversed impaired intestinal permeability and altered tight junction protein locali​sation, in conjunction with normalisation of inflamma​tory changes. Although this work is consistent and clear, these findings have not yet been complemented by in vivo studies in individuals with CD.

Direct anti-inflammatory effects of EEN

Numerous studies have demonstrated that the use of EEN results in reductions in mucosal levels of pro-inflammatory cytokines. Meister et al[55] used ex vivo mucosal biopsies to demonstrate that an elemental formula resulted in an increased ratio of IL-1Ra to IL-1 compared to the ratio in control samples. Using an in vitro model of inflammation de Jong et al[56] showed that polymeric formula led to a reduction in cellular production of IL-8 following stimulation with TNF-. Preliminary data indicated that this anti-inflammatory effect of the polymeric formula was mediated by disruption of intracellular nuclear factor (NF)-B signalling. Subsequent experiments have demonstrated that the administration of polymeric formula results in inhibition of specific kinases in the NF-B signal transduction pathway (unpublished observations). These findings suggest that as yet unidentified active elements within formulae used for EEN interact directly with epithelial cells leading to anti-inflammatory effects. Again, further work is required to definitively elucidate these processes.

CONCLUSION

EEN is now firmly established as a first line therapy for the induction of remission in children with active CD. Recent studies further support and clearly substantiate the added benefits of EEN. However, additional collaborative studies are now required to further progress the use and application of EEN. Hopefully, ways to optimise and individualise EEN protocols should arise from such endeavours. 

A number of investigators have provided intriguing data on the mechanisms by which EEN exerts its clinical benefits. Although these include in vitro and animal methods, the clear implication is that EEN interacts directly with the inflamed gut. The relevant importance of the various mechanisms is not yet clarified - further elaboration of these aspects may prompt the development of novel enteral nutrition formulations for EEN that enhance outcomes. In addition, these data should further enhance our understanding of the roles that these mucosal events play in the pathogenesis of CD. In turn, these avenues of research promise to result in novel approaches that may lead to better outcomes for children with CD. 
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