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Intestinal failure-associated liver disease (IFALD) is a progressive liver disease complicating intestinal failure (IF). It is a preventable and reversible condition, but at the same time, a potential cause of liver cirrhosis and an indication to combined or non-combined liver and small bowel transplantation. The diagnostic criteria are not yet standardized, so that its prevalence varies widely in the literature. Pathophysiology seems to be multifactorial, related to different aspects of intestinal failure and not only to the long-term parenteral nutrition treatment. The survival rates of children with IF have increased, so that the main problems today are preventing complications and ensuring a good quality of life. IFALD is one of the most important factors that limit long-term survival of patients with IF. For this reason, more and more interest is developing around it and the number of published articles is increasing rapidly. The purpose of this narrative review was to focus on the main aspects of the etiology, pathophysiology, management, prevention, and treatment of IFALD, based on what has been published mainly in the last 10 years. Controversies and current research gaps will be highlighted with the aim to pave the way for new project and high-quality clinical trials.
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Introduction

Intestinal failure-associated liver disease (IFALD) refers to liver injury due to intestinal failure (IF) and parenteral nutrition (PN) occurring in the absence of any other primary parenchymal liver diseases (1). As recently reported by the American Society for Parenteral and Enteral Nutrition (ASPEN), “pediatric IF is the reduction of functional intestinal mass below that which can sustain life, so that the patient depends from supplemental parenteral support for a minimum of 60 days within a 74-consecutive day interval” (2). IFALD is one of the most common and serious complications of IF and consequently of long-term PN (3, 4). The term IFALD replaces the old terminology of “PN-associated liver disease/cholestasis (PNALD, PNAC)”; this condition can be stabilized or reversed with the modifications of nutritional strategies and promotion of intestinal adaptation or it can progress up to end-stage liver disease (2). It is difficult to define the exact prevalence of the disease in childhood due to the limited number of studies, the different criteria used to define IFALD, and the heterogeneity of the populations studied. In the recent years, a better understanding of its pathogenesis has made it possible to know that not only long-term PN, but also IF and its etiology are involved in the development of the disease, even if more is to discover (3). IFALD can present with a wide spectrum of hepatic manifestations, from cholestasis usually in neonates and young children to steatosis and fibrosis in older children and adults. Moreover, it can progress to cirrhosis complicated with portal hypertension and be indication to liver transplantation (4). IFALD is one of the most important determinants of long-term survival in pediatric patients with IF, and for this reason, more and more interest is developing around it. The aim of this narrative review was to focus on the main aspects of the etiology, pathophysiology, management, prevention, and treatment of IFALD in children, based on what has been published mainly in the last 10 years. Controversies and current research gaps will be highlighted with the aim to pave the way for new project and high-quality clinical trials.



Prevalence, etiology, and risk factors

The true prevalence of IFALD is difficult to estimate due to the heterogeneity in its definition in different studies (5). It is even more difficult to define IFALD prevalence in the various subgroups of patients according to IF etiology. IFALD occurs in 20%−60% of pediatric patients receiving prolonged PN and manifests as cholestasis in 25%−60% of cases (3, 6–10). In neonatal population, the rates are increased, particularly in patients with necrotizing enterocolitis (NEC). When PN is required for more than 60 days, IFALD occurs in more than 75% of cases (11). Although IFALD has a multifactorial origin, it is widely accepted that soy-based lipid emulsions (SO-LEs), used for parenteral nutrition, play a primary pathogenic role due to their high phytosterol content, high ω-6 to ω-3 long-chain polyunsaturated fatty acid ratio, and low levels of α-tocopherol (12). Whereas IFALD was initially considered as a PN complication, an increasing number of evidence suggests that liver disease is not solely due to PN administration but strongly related to IF factors (13). In addition to the components of PN, prematurity, history of multiple surgical procedures, recurrent sepsis, and the lack of enteral feeding are further known risk factors for the development of IFALD (14) (Figure 1).
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FIGURE 1
 Risk factors for IFALD. PN, parenteral nutrition; LBW, low birth weight; IF, intestinal failure.


Intestinal failure results from obstruction, neuromuscular intestinal disorder, surgical resection, congenital defect, or severe protracted diarrhea due to different diseases. In all these cases, the gut is unable to assure the sufficient energetic, macro- and micronutrient, fluid, and electrolyte requirement, and PN represents a life-saving treatment (15, 16). The most common condition of IF necessitating PN is short bowel syndrome (SBS) characterized by significant loss of absorptive surface area usually due to congenital abnormalities such as intestinal atresia, or acquired abnormalities including NEC, volvulus, and mesenteric thrombosis (13).

Neonates, particularly those born preterm, are at greatest risk of IFALD, and it is reported in 28–60% of infants requiring PN for more than 14 days up to 72% when PN is longer than 56 days (15, 17). Prematurity and low birth weight represent the main risk factors for IFALD, with the highest reported incidence in infants born at <34 weeks of gestation and who weigh <2 kg (13). Premature infants who develop NEC are at particular risk for IFALD because, in addition to liver immaturity, they are exposed to multiple risk factors such as higher rate of sepsis, short bowel, disrupted enterohepatic bile acid circulation, enteral feed intolerance, and longer duration of PN (3, 18). Actually, both factors related to IF and PN play a key role in the development of IFALD. Among IF-related factors, NEC with subsequent SBS, multiple surgeries, the lack of enteral feeding, disturbed enterohepatic bile flow, the presence of inflammation, oxidative stress, immaturity of the liver, bacterial overgrowth, catheter-related blood stream infection, and sepsis are the main determinants (3, 5, 15, 17–19). On the other side, imbalance (deficiency/excess) of parenteral nutrients and their composition may contribute to the development of IFALD (5). It is known that type and dose of amino acid solution affect the development of IFALD not only in older children and adults, but especially in neonates. Intravenous lipid emulsions, particularly when administered at high dose and based on soybean or safflower oil, are implicated in IFALD development (3, 20). PN mode of administration and its duration also play a role (14). Although many risk factors are known, the identification of patients at heightened risk for IFALD progression still poses a considerable challenge due to possible evolution to liver cirrhosis of patients with normal liver enzymes and bilirubin values (21). In patients with established IFALD, progression to end-stage liver disease has been described in 4% of patients, and mortality as high as 40% has been reported, representing that severe IFALD is the main indication for intestinal transplant in children (3).

Desirable future studies: Prospective observational studies in well-defined setting are desirable to estimate the exact prevalence of IFALD in infants treated with PN as well as older children with long-term PN dependence. National and international networks could also help to define the prevalence of IFALD based on different IF etiologies in long-term PN-treated patients.



Pathophysiology

Intestinal failure-associated liver disease pathogenesis is dependent on a variety of host- and PN-related factors (15). Host factors include an immature bile secretory mechanism, bile stasis due to fasting, disruption of the enterohepatic circulation, alterations in the gut microbiome, and repeated septic episodes resulting in endotoxemia (13, 15). Liver immaturity and major susceptibility to damage from lipid peroxidation explain higher risk of IFALD during the first months of life (3). The lack of enteral feeding can be responsible for mucosal atrophy and increased intestinal permeability. The latter can promote the translocation of bacterial lipopolysaccharide promoting inflammation and fibrogenesis (13). Ileum inflammation likely results in dysfunction of farnesoid X receptor (FXR)/fibroblast growth factor (FGF) 19 signaling. FGF19 mediates bile acid homeostasis through a negative feedback on their synthesis, and it is secreted in response to FXR activation which is a BA receptor (13). Xiao et al. (22) showed that children with IF have increased levels of primary BA in blood and liver and lower serum FGF19 concentration compared to controls. Authors suggested that ileum inflammation could cause an impaired intestinal expression of FGF19 and consequent increasing synthesis of BA leading to liver damages. FGF19 correlation with hepatic inflammation and fibrosis was also confirmed by Mutanen et al. (23) in 2015, suggesting its role in IFALD pathogenesis.

The secretion of cholecystokinin can also be reduced, promoting biliary sludging, acalculous cholecystitis, and sometimes bile duct obstruction with consequent liver toxicity (13).

As for PN-related factors, the composition of the used mixtures has a key role in IFALD development. Excess of macronutrients, deficiency of micronutrients, and the different types of lipid emulsions are all important determinants in IFALD pathogenesis (13). Excessive glucose may result in increased plasma insulin, hepatic lipogenesis, fatty liver, and fibrosis, whereas excessive protein may reduce the bile flow (13, 15). Other influencing factors are as follows: excess vitamin A, methionine and manganese, aluminum contamination and deficiencies in taurine, choline, and glutamine (24).

Liver steatosis may also be caused by a deficiency in choline, carnitine, and essential fatty acids (EFAs) (13). EFA deficiency can be related to the amount and different types of lipid emulsions administered. SO-LEs have high concentrations of proinflammatory ω-6 polyunsaturated fatty acids and phytosterols and have been implicated in decreased bile flow and increased bilirubin and serum bile acid levels (25). In fact, the ω-6 polyunsaturated fatty acids lead to Kupffer cell activation and are prone to the oxidation causing liver toxicity (3). Oxidative damage is more evident in SO-LEs even because of their low concentration of the antioxidant α-tocopherol. Phytosterols may produce direct oxidant damage to the liver or may compromise bile acid synthesis and transport probably due to the interference with the FXR (3, 13, 15). Isaac et al. in 2019 (26) demonstrated that lower hepatic phytosterol is hepatoprotective explaining the reduced prevalence of cholestasis observed in piglets receiving fish-oil containing lipid emulsions. Serum and hepatic phytosterol concentrations correlate with cholestasis, inflammation, and fibrosis on liver biopsy in children with IFALD (27). In particular, in vitro and in vivo studies have identified stigmasterol, present in SO-LE, as playing an important role. Stigmasterol appears to correlate with disease severity and early change in its concentrations predicts later changes in bilirubin values (28).

Fish oil has been considered able to increase anti-inflammatory eicosanoids and reduce triglycerides and inflammation (25). Whether these emulsions allow to avoid or reverse IFALD in children will be discussed in the prevention and treatment section. However, type of lipidic emulsion, molecular alteration of bile acid metabolism, and fecal microbiota seem to play a key role in the development of IFALD, so that in the recent years, many studies have focused on the gut–lipid–liver axis (4). It is assumed that intestinal injury resulting from different conditions induces bacterial overgrowth and abnormal mucosal permeability that leads to increased absorption of proinflammatory substances inducing cholestasis and hepatic fibrosis (29).

Desirable future studies: Although the number of studies on the gut–liver axis in different liver diseases is constantly increasing, it is desirable a further research effort in the context of IFALD, a peculiar model in which the gut–lipid–liver axis plays a key role, to improve both the understanding of pathogenesis and to identify new therapeutic strategies.



Clinical and histological manifestations

Intestinal failure-associated liver disease can manifest with several abnormalities from steatosis, cholestasis, cholelithiasis to fibrosis up to biliary cirrhosis with portal hypertension, liver failure, and rare case of hepatocellular carcinoma (16, 30). At liver histology, infants usually show canalicular cholestasis with biliary obstructive features, ductular reaction, and portal fibrous expansion. Perivenular fibrosis and ductopenia may also be seen in IFALD (13). While the active IFALD may rapidly progress to biliary cirrhosis, the fate of the chronic fibro-steatotic phase is still not precisely known. Progression to end-stage liver disease is uncommon, but not rare in infants and neonates (13, 16). IFALD is a poor prognostic factor for pediatric patients. An increased mortality is reported in patients with IFALD compared to those without it and in children with a more advanced disease. The 3-year survival rate reported is 86% even if Torres et al. have recently reported an overall survival of 97% with 81% of patients achieving enteral autonomy in SBS children on low dose of SO-LEs (31–33).

Usually, cholestasis is prominent in infants and children whereas steatosis and steatohepatitis are more common in older children and adults (13). Not always biochemical enzyme levels correlate with the degree of fibrosis and they can also be normal during disease progression, whereas an association between the severity of the liver injury and the duration of PN is documented (18, 34). In 2021, Mutanen et al. (10) analyzed liver histology in 77 children with IF at a median age of 1.7 years and in 48 of them after almost 3 years. Patients were divided into subjects with active, chronic, or no IFALD, which were present in initial biopsy in 48, 21, and 31% of patients, respectively. In the follow-up biopsy, 52% of patients normalized histology, 23% evolved to a chronic stage, 19% remained stable, and 6.3% progressed to active IFALD (10). In patients with active IFALD, cholestasis and portal inflammation were found in 76 and 70%, respectively; fibrosis or steatosis was observed in 81 and 32% of patients, respectively. The authors observed that older age and PN weaning off predicted chronic IFALD, whereas active IFALD was predicted by PN dependency (10). It is to note that abnormal values of liver enzymes were also found in patients with chronic and no IFALD (10). Other papers showed that in adults, intestinal remnant length, in addition to underlying disease, composition of PN, and patient age, is a risk factor for the development of fibrosis evaluated by FibroScan (35). Other studies were published by Naini et al. and Zambrano et al., and the first one described the histopathologic changes in 89 patients who underwent liver biopsy or transplantation while on PN. It showed perivenular fibrosis as a peculiar hepatic feature of IFALD, while there was no correlation between hepatic biochemical enzymes, duration of PN, and the degree of fibrosis or hepatocellular injury (34). Zambrano et al. (36) analyzed 24 autopsies performed in neonates with history of PN finding a significant correlation between PN duration and liver disease. Finally, Mullick et al. (37) had already suggested a correlation between hepatic histologic findings and duration of PN, even if this relationship remains unclear. Regarding the relationship between the etiology of IF and hepatic histology, Gunnar et al. recently described the development of early steatosis in patients with SBS. While steatosis appears to be more common in older children, it seems to develop in an early phase in infants with SBS, likely related to high glucose and amino acid intakes. Early steatosis may contribute to the development of chronic IFALD and more severe long-term consequences on patients with SBS (38).

Not much data are available about the clinical features of patients with IFALD. In particular, no studies investigated the percentage of patients with pruritus, jaundice, or anicteric cholestasis, and how these symptoms make worse their already poor quality of life.

Desirable future studies: Since scant information is available on how many patients with IFALD have signs of portal hypertension and its complications, observational studies on these aspects should be carried out.



Diagnosis

There is no consensus on the criteria for diagnosing IFALD. Mild conjugated hyperbilirubinemia may represent the only initial sign and a red flag for disease progression if persistent. Patients with IF without IFALD can also have an isolated mild-to-moderate increase of liver enzymes (3, 39). The presence and severity of the disease is evaluated by combining clinical, biochemical, and imaging findings. Accepted criteria for IFALD include a persistent elevation of transaminases and γ-glutamyl transferase ≥1.5 above the upper limit of normal and hyperbilirubinemia below 3 mg/dl for early IFALD, and persistent hyperbilirubinemia >6 mg/dl and the prolongation of prothrombin time for severe IFALD (39). How long biochemical alterations should persist to define the disease is also debated. Some authors define IFALD as bilirubin > 2 mg/dl after 14 days of PN; others suggest a persistence of biochemical alterations for more than 6 weeks or at least 2–4 weeks (1, 3). Patients with advanced stages of IFALD may have end-stage liver disease complications such as portal hypertension, varices, and hypersplenism. In this case, liver ultrasound can be useful to evaluate spleen size, liver echostructure, and signs of portal hypertension, whereas liver biopsy is not routinely required for diagnosis (1, 3). No clear recommendation is available on the timing and needing of liver biopsy for IFALD diagnosis. Given the lack of consensus diagnostic criteria, it remains a relevant procedure to diagnose IFALD, even if, because of its invasive nature, it is currently limited to individuals with unclear diagnosis or necessity of exact definition of fibrosis stage. Since liver fibrosis is the most important histologic factor conditioning long-term outcome among individuals with different liver diseases, non-invasive markers for the detection of liver fibrosis have developed significantly. Evaluation of non-invasive markers of liver disease in the population at risk for IFALD has the potential to improve our understanding of the development and diagnosis of IFALD. Due to the absence of correlation between histological and biochemical data as reported above, new markers capable of predicting the risk of IFALD progression are desirable. FibroScan (TE) and multiparameter magnetic resonance imaging (MRI) have been studied in adults to assess the severity of steatosis and fibrosis and the correlation with biochemical parameters. TE has been considered a promising method for monitoring the liver injury in adults on long-term PN due to its correlation with biochemical scores (35). Biochemical scores such as aspartate transaminase to platelet ratio index, fibrosis-4 index, gamma-glutamyl transferase to platelet ratio index, and fibrosis index may be useful to assess liver steatosis in adults with IFALD (40).

Recently, Bluthner et al. carried out a prospective study on adults affected by IF to evaluate the ability of non-invasive tests to assess liver function and fibrosis. Patients were grouped in “stable PN” (SPN) and “reduced PN” (RPN) based on their dependence from PN. Due to impaired nutritional status and short remnant bowel length, nine patients were dependent on total parenteral nutrition (SPN) whereas 11 patients were able to halve their parenteral caloric intake over time (RPN). Over time, authors detected a progressive reduction of liver maximum capacity test (LiMax) values in SPN group from baseline to 6, 12, and then 24 months of follow-up (18). LiMax test is a non-invasive diagnostic method for determining enzymatic liver function, based on the 13C-labeled metacetin substrate which is metabolized exclusively by cytochrome P450 1A2 to 13CO2 and acetaminophen (41). Transaminases showed mild reduction in RPN group, while were stable in patients with SPN after 12 months and increased after 24 months. LiMax anticipated the deterioration of the other liver function tests appearing more sensitive in detecting early changes in liver function in comparison with other liver function tests, laboratory-based scores, or imaging-based liver function tests (18). It could be useful to detect early hepatic dysfunction in patients with IF receiving PN. The inefficacy of laboratory-based scores, such as aspartate aminotransferase to platelet ratio index and Fibrosis-4 scores, is due to their correlation with the severity of histological cholestasis more than fibrosis, and the same evidence is reported for the FibroScan, which instead showed encouraging results in children with IFALD (42). However, recently, Micic et al. in their retrospective cohort study found a positive correlation between the FIB-4 index and the liver fibrosis stage as characterized by the Brunt classification. This evaluation of the FIB-4 index against liver biopsies supports the use of the FIB-4 index in the detection of liver fibrosis in IF (43). Few studies have been published on non-invasive tools for assessing liver involvement in IFALD children and the results are reported in Table 1 (10, 42, 44–48).


TABLE 1 Non-invasive tests for diagnosis and monitoring of IFALD in children.
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Desirable future studies: Given the invasiveness of liver biopsy and the impact that this procedure can have on patients' quality of life, it is highly desirable to increase studies aimed at validating the use of non-invasive tests for the assessment of liver fibrosis. However, the current trend not to perform liver biopsy commonly compromises an adequate comparison between invasive and non-invasive methods.



Prevention and treatment

The main interventions to prevent IFALD are based on early recognition and timely medical management of NEC, aseptic central venous catheter (CVC) care protocols, and early enteral feeding. As for parenteral nutrients, excessive energy intake, dextrose, and amino acids high doses should be avoided because they are related to increased prevalence of IFALD (3).

One of the most important factors to prevent or reverse IFALD is the enteral nutrition and this supports the importance of gut–liver axis in disease pathogenesis. The presence of food in gut promotes mucosal hyperplasia, absorbing surface increase, intestinal motility improvement, and gallbladder contractility. For these reasons, the European Society for Pediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) recommends to start enteral feeding as soon as possible after surgery (3). Earlier introduction of enteral feeding may improve intestinal function reducing IFALD risk and improving overall nutrition status and growth. Shakeel et al. compared 167 infants managed in the period of 2013–2018 in units that followed the guidelines on postoperative feeding and 242 historical controls, observed in the period of 2007–2013. Their study showed that the implementation of guidelines focused on postoperative feeding has a favorable impact on many parameters such as the timing of onset of postoperative enteral feeding, the time to achieve enteral autonomy, the incidence rates of IFALD, the peak of direct bilirubin, the overall use of PN, and the length of hospitalization. Furthermore, faster feeding advancement is associated with significantly decreased IFALD severity, lower peak of direct bilirubin, and higher percentage of IFALD resolution by discharge (11). Breast milk and amino acid-based formula seem to be the best options to re-feed infants with IF. Intermittent feeding is physiological and promotes hormone secretion and cycling gallbladder emptying, but in case of SBS, continuous infusion during the night is suggested with oral bolus to add as soon as possible (3).

Recently, interest in the use of pre- and probiotics for the prevention and treatment of IFALD is increasing, but no randomized clinical trials are available; furthermore, a risk of bacteremia with such supplements has been hypothesized (49). For these reasons, until now, probiotics are not recommended to prevent or treat IFALD (3). Likewise, there is no evidence to support the role of non-absorbable cyclic antibiotic therapy for small intestine bacterial overgrowth to prevent IFALD (29).

On the other hand, avoiding recurrent central line infections has an accepted role in the prevention of IFALD. Parental education and use of taurolidine locks are equally well-accepted prevention strategies (24).

Even the timing of PN infusion plays a role in the prevention of IFALD. Cyclic infusion in patients on long-term PN may reduce the risk of liver disease and reduce liver enzymes and conjugated bilirubin when compared to continuous PN. It has favorable metabolic effects in children younger than 3 years and can revert IFALD, so that nowadays, cyclic PN in stable patients receiving prolonged PN is recommended (3, 50).


Role of lipid emulsions in IFALD prevention and treatment

Various strategies are used in practice to minimize the incidence of IFALD and development of EFA deficiency, which include reducing lipid dosage, PN cycling, and increasing enteral nutrition in addition to the use of PN (25). The goal of lipid therapy was to ensure adequate nutritional goals by maintaining triglyceride levels <200–400 mg/dl. Many studies and several different formulations have been developed to achieve nutritional aims that minimize the adverse effects.


Soybean lipid emulsions (SO-LEs)

It is known that SO-LEs, particularly when administered at high doses, are a risk factor for IFALD. This is due to their high content of ω-6 fatty acids and phytosterols (14). For this reason, its dose has been reduced from ~3 to 1 g/kg/day slowing IFALD progression and ensuring growth and adequate lipid intake. Recently, Gupta et al. carried out a prospective single-center double-blinded randomized controlled trial in infants with gastrointestinal surgical disorders and treated with SO-LE intake of 2 or 1 g/kg/day for 6 weeks. They showed that reducing SO-LE intake is not associated with reduced incidence of IFALD among late-preterm and term infants even if there is a possible risk of earlier development of IFALD with SO-LE intake of 2 g/kg/day. They hypothesized that if PN was continued beyond the study period of 6 weeks in both groups, infants receiving 2 g/kg/day of SO-LEs developed IFALD 1 week earlier than infants receiving 1 g/kg/day of SO-LE intake (51). Baker et al. (20) demonstrated that PN-dependent infants with IFALD receiving low dose of SO-LEs had sufficient EFA without occurrence of EFA deficiency.



Mixed oil-based lipid emulsions (MO-LEs)

Later, MO-LEs have been introduced in clinical practice to prevent and treat IFALD. They contain a more balanced ratio of ω-6 to ω-3 fatty acids providing immunomodulatory benefits and might reduce the incidence of cholestasis, hepatic steatosis, and IFALD (14, 18). In 2021, Ferguson et al. (14) evaluated the incidence and severity of IFALD in a highly surgical neonatal population who received MO-LEs and SO-LEs and required long-term PN. A total of 107 patients were included in the study and IFALD occurred in 44.8% of patients receiving SO-LEs compared with 30% of patients receiving MO-LEs. However, the type of lipids was not a significant predictor for the development of IFALD, whereas the duration of PN and duration of lipids administration were the significant risk factors for IFALD, regardless of type of lipid emulsion. No significant differences about the peak of direct bilirubin and hypertriglyceridemia were found (14). The HOME study is a prospective, randomized, controlled, double-blinded, multicenter, international clinical trial ongoing in Europe on adult patients. They will be randomly assigned to receive the n-3 PUFA-enriched medium- or long-chain triglyceride LE or the MCT/LCT LE for a period of 8 weeks. The aim of the study which will end in 2023 was to assess the change in liver function parameters from baseline to final visit and to evaluate the safety and tolerability as well as the efficacy of the LEs (52).



Soybean, medium-chain triglycerides, olive oil, and fish oil lipid emulsions (SMOF-LEs)

More recently, the composite SMOF-LE has become available and appears to be well tolerated by infants and children (3). A total of four different lipid sources are present: 30% soybean provides ω-3 and ω-6 for essential fatty acid supply; 30% medium-chain triglycerides have a faster metabolic clearance; 25% olive oil contains monounsaturated fatty acids that are less susceptible to lipid peroxidation; and 15% fish oil supplies the ω-3 long-chain polyunsaturated fatty acids EPA and DHA, which are capable of improving growth, mental and psychomotor development scores, and visual acuity (14).

Daniel et al. found a higher incidence of IFALD with SO-LE compared to SMOF-LE without difference in the time of development. Moreover, in the IFALD group of patients, they showed higher AST and bilirubin values in patients with SO-LE without other difference in liver function tests. This study showed that there was a 20% higher incidence of IFALD for patients receiving SO-LE than for patients who received SMOF-LE. It is to note that patients with SO-LE appeared to be younger with a higher risk of developing IFALD; moreover, the role of different etiologies and the small sample size could have influenced the high rates of IFALD in the SO-LE group (25). A large prospective randomized study showed lower bilirubin values in infants treated with SMOF-LE compared to patients on SO-LEs, demonstrating protective effects of SMOF-LE on the liver (53). Other studies have compared SMOF-LEs and SO-LEs for safety, efficacy, and tolerability in premature neonates, infants, and children with discordant results showing on the one side no difference in serious adverse events, lipid profile, growth parameters, and total bilirubin and on the other side beneficial effects of SMOF-LEs on cholestasis prevention. A meta-analysis showed that there was no difference in the rate of cholestasis or bilirubin levels with short-term use between different LEs, but the use of SMOF-LEs might be beneficial when PN is expected to be longer than 2 weeks (54). However, guidelines advice against the SO-LEs use in preterm infants, newborns, and older children on short-term PN because of less balanced nutrition, suggesting composite LEs with or without fish oil in case of PN lasting longer than a few days (19).



Fish oil lipid emulsions (FO-LEs)

It has been reported that fish oil is able to improve biliary flow in animal models and reduce de novo lipogenesis, stimulate beta-oxidation, and decrease hepatic steatosis (3). In fish oil, there is a high concentration of α-tocopherol and the absence of phytosterols; it contains low amount of EFA and high dose of ω-3 fatty acids (3). It should be noted that the composition of these emulsions raises the concerns about the deficiency of EFA whose risk is greater in infants with IF as a consequence of their malabsorption and if an adequate parenteral supply of EFA is not offered. For these reasons, especially for long-term treatment, mixed LEs are preferred giving adequate linoleic acid and α-linolenic acid and a more moderate balance of ω-3:ω-6 fatty acids (17).

Two systematic reviews were produced in 2019 to compare the safety and efficacy of all LEs for PN in all preterm and term infants. In preterm infants, meta-analysis found no difference in the incidence of PNALD/cholestasis between FO-LEs and all non-FO-LEs. In preterm infants with PNALD/cholestasis, the meta-analysis showed significantly less cholestasis with the use of FO-LE compared to SO-LE. However, these were studies with a small number of patients and with methodological differences. In conclusion, there is no particular advantage using LEs with or without fish oil for the prevention of PNALD/cholestasis, growth, mortality, retinopathy of prematurity, bronchopulmonary dysplasia, and other neonatal outcomes in preterm infants (55). In term and late preterm infants with surgical condition, no difference was found in incidence of PNALD/cholestasis, whereas in infants with PNALD, FO-LEs were associated with better weight gain (56). In both the papers, there were no differences in death or sepsis between FO-LEs and SO-LEs with very low-quality evidence grade (55, 56).

Considering the importance of lipids for infant growth and development, several studies evaluated the impact of lipid restriction or different formulations on somatic growth in infants and children. Raphael et al. in 2020 (57) compared the natural history of growth in infants treated with FO-LE with published growth standards as well as with a historical cohort of infants treated with SO-LE. They observed that FO-LE subjects were more likely to achieve enteral autonomy and less likely to experience liver/bowel transplantation or death compared with the SO-LE group. Furthermore, suboptimal growth patterns were registered until 11 months postmenstrual age in both FO-LE and SO-LE groups; the FO-LE group showed a greater catchup gain in weight, length, and head circumference, so that an adequate somatic growth can be obtained with FO-LE treatment (57).

As reported above, children with IF have also higher risk of gallstones. Mixed LEs are also associated with a lower incidence of biliary sludge and gallstones in comparison with children on SO-LEs (58).




Role of vitamin K supplementation

Children with IFALD are at risk for vitamin K deficiency during cholestasis. In particular, during reversal phase, close monitoring and quantified supplementation of vitamin K may be warranted (59). However, Ghirardello et al. in 2020 (60) showed that preterm newborns with IFALD do not show coagulation impairment when receiving oral vitamin K supplementation by fortified milk or formula.



Treatment of IFALD

A retrospective analysis of 31 children with irreversible IF referred for intestinal transplantation showed that IFALD improvement was achieved with the changes in patient management such as reduction in SO intake, implementation of cyclical PN infusion, addition of α-tocopherol to PN solutions, managing of bacterial overgrowth, and promotion of enteral nutrition (61).

Currently, ESPEN/ESPGHAN/ESPR/CSPEN guidelines on pediatric PN suggest to suspend SO-LEs or reduce other LE doses or use composite LEs containing fish oil to treat children with IFALD (19). Even if an increasing number of evidence is available about the possible reversion of cholestasis after discontinuation of PN or following changes in lipid management, it is to note that Mercer et al. in 2013 (62) showed that the reversal of hyperbilirubinemia with FO-LEs does not reflect a similar histologic regression of fibrosis. Portal fibrosis and steatosis persist in 45 and 55% of the patients, respectively, as showed by Mutanen et al. (63). Several studies indicate that reduction in SO-LE to ≤ 1 g/kg/day can reverse IFALD, and the reversion in 3–6 months has been documented in 75% children after switching to FO-LE at 1 g/kg/day when compared to SO-LE at 2–3 g/kg/day (64, 65). Pure FO-LEs are considered a treatment that can reverse IFALD, increase survival, and avoid the need for transplantation, so that they are considered a rescue therapy (17, 19, 66). In particular, mixed LEs with fish oil are considered the first-line treatment in patients with cholestasis, whereas the switch to the pure FO-LEs should be considered as rescue therapy in case of persistent hyperbilirubinemia (66). In 2021, a retrospective study on predictors of cholestasis or IFALD response to SMOF-LE therapy in patients with IFALD showed that 38% of the patients treated with SMOF had cholestasis resolution, 7% improvement, and 45% no response. The responders were older at the beginning of SMOF use, treated with it for longer time, with higher corrected gestational age and lower direct bilirubin levels at the start of treatment (12). Previous studies had already demonstrated that younger age, increased direct bilirubin, and signs of liver disease were associated with an increased risk of therapy failure. This work suggested that early initiation of SMOF therapy, when cholestasis is less severe, improves the likelihood of resolution (12). Regarding use of FO-LEs for IFALD treatment, Nandivada et al. demonstrated that most PN-dependent infants with IFALD respond to FO therapy with the resolution of biochemical cholestasis and avoidance of liver transplantation. In their study, 86% achieved resolution of cholestasis and 14% failed therapy; the latter were older, with median lower birth weight and advanced liver disease. They stated that a PELD score >15, history of gastrointestinal bleeding, age at FO initiation >16 weeks, the presence of non-gastrointestinal comorbidities, and mechanical ventilation at FO initiation were the independent predictors of treatment failure (67).


Pharmacological Treatment

Between the commercially available drugs, oral erythromycin showed to reduce the incidence of IFALD in premature infants due to its effect on gastrointestinal motility and intestinal microbiome. Obeticholic acid, a semisynthetic bile acid, has been proposed as IFALD treatment for its role as an FXR agonist (29). Another oral bile acid, ursodeoxycholic acid (UDCA), has been used in the prevention and treatment of IFALD since the early 90s. UDCA is a bile acid which appears to have a direct cytoprotective effect and immunomodulatory properties and to reduce the hydrophobic bile acids in the hepatobiliary system to lessen the potential for hepatotoxicity. However, there is still less data to recommend its prophylactic use to prevent IFALD (68). As for IFALD treatment, UDCA showed to improve liver function tests first in adults (69). Later, its safety and efficacy in decreasing bilirubin and liver enzymes values were also confirmed in children and then in premature newborns undergoing prolonged PN and very-low-birth-weight infants (70–72). The efficacy of the drug has been questioned because of intestinal ability to absorb it in patients with IF (68). In 2020, Mouillot et al. addressed the topic again. They carried on a pilot study in five patients with SBS with normal liver function tests showing how, in these patients, UDCA decreases ALT values and the hepatic synthesis of triglycerides and cholesterol with consequent prevention of IFALD onset (73). In conclusion, UDCA may improve the biochemical and clinical symptoms of IFALD even if optimal dosing, duration of therapy, and long-term outcomes require further studies to recommend its routinary use.



New drugs for IFALD

Several new molecules are under investigation to assess their possible role for the treatment of IFALD. GW4064 has showed to prevent PNAC in mice through the restoration of hepatic FXR signaling, supporting the hypothesis that augmenting FXR activity may be a therapeutic strategy to alleviate or prevent PNAC. When added to PN, it prevented hepatic injury and cholestasis and normalized serum bile acids. Treated mice also showed significantly reduced serum AST, ALT, total serum bile acids, and bilirubin (74). Other potential therapeutic approaches are the administration of GLP-2 analogs which stimulate intestinal adaption and absorption and thereby lead to reduced reliance on parenteral support and cholestasis (75, 76). A phase III study evaluated the safety and efficacy of teduglutide, a recombinant human GLP-2 analog, in pediatric patients with short bowel syndrome-associated intestinal failure (SBS-IF). The trial included two randomized, double-blinded teduglutide dose groups and a non-blinded standard of care (SOC) group. The safety profile of teduglutide was similar to that reported previously in children and adults. Treatment with teduglutide was associated with significant reductions in parenteral support for pediatric patients with SBS-IF over 24 weeks. Significantly more patients with SBS-IF treated with teduglutide than those on SOC achieved the primary end point of a 20% reduction in parenteral support volume at week 24 (75). Bioletto et al. (77) in their meta-analysis showed a response rate of 64% at 6 months, 77% at 1 year, and 82% at ≥2 years in adult patients with SBS whereas the weaning rate was estimated as 11% at 6 months, 17% at 1 year, and 21% at ≥2 years. Intestinal anatomy was identified as a significant predictor of outcomes. The pediatric network for IF of the Italian Society for Pediatric Gastroenterology Hepatology and Nutrition has provided a position paper on the use of Teduglutide in pediatric IF with the main aim to identify the best candidates from a cost-effective perspective. It has been hypothesized that in children, as compared to adult patients, the changes determined by teduglutide could persist after discontinuation due to continuous growth processes of the intestine (78).

Hepatocyte growth factor effect was studied in a rat model of PNALD. It showed to reduce lipid droplets at histological evaluation of the liver when administered intravenous at low and high dosage in rats (79). IFALD may also benefit from free fatty acid receptor-targeted therapies; ω-3 fatty acids are highly concentrated in fish, seafood, nuts, and plant oils and have been used successfully in treating liver disease contributing to the reduction in liver transplantation and mortality for pediatric patients with IFALD (80).



Surgery treatment

Surgery should be considered with the caution especially in children with advanced IFALD because of the high risk of bleeding in case of portal hypertension. The main therapeutic options are restoration of bowel continuity and isolated or combined liver and/or gut transplantation. Liver transplantation seems to be effective in improving gut function, and bowel operations may have effects on liver disease especially if they allow the switch from PN to enteral nutrition improving enteral tolerance, bowel stasis, and the enterohepatic circulation (24). Before surgery, the medical team should consider that the greatest growing potential of the gut is in the first year of life and the optimal timing of lengthening procedure is still unknown. Data to support non-transplant surgery for preventing or improving IFALD are few (3). In 2020, a review by Capriati et al. assessed the efficacy of reconstructive surgery on weaning off PN, survival, development of IFALD, and need for transplantation. As for IFALD, the authors found development of liver disease extremely variable between 2.7 and 67%. Concerning the outcome of surgery, IFALD appeared to be more frequent in the group treated with PN alone than in the groups receiving PN associated with any surgery (5).

Guidelines suggest recurring to bowel reconstruction when there is limited enteral feed tolerance, progressive IFALD, and recurrent sepsis. About isolated small bowel transplant, it should be considered in the absence of severe IFALD when combined transplantation is considered. However, the requirement for significant immunosuppression and the risk of graft rejection still make the transplant a challenging procedure even if the patients' survival has increased (81). The isolated small bowel transplant still represents a challenging procedure, and it is considered less and less. The main reason is that children with intestinal failure have 85% chance of survival on PN and those with SBS who survive the first 3 years of life have a >75% chance of weaning off PN. In fact, recently, it has been reported that 64% of patients with SBS successfully weaned from PN after a median period of 11 months and the percentages increase at 78 and 93% within 3 and 5 years, respectively. In the same work, the survival rate was 84% over 20 years in patients with chronic IF managed with long-term PN with reduced mortality related to the reduction in the volume of lipid administered and the use of FO-LEs. The authors found that IFALD was the main predictor of poor outcome, so that patients with severe and refractory IFALD represent the group in which intestinal transplantation may offer benefit (82). There is evidence about liver fibrosis regression after intestinal transplantation, probably due to the intestinal permeability and gut–liver axis improvement (29). Regarding isolated liver transplantation, some criteria were established to predict its success: established severe IFALD, at least 50 cm of functional small bowel without ileocecal valve or 30 cm with the valve, at least 50% of estimated daily intake tolerated as enteral nutrition and weight gain, and the absence of recurrent line infections (3). The outcome of isolated liver transplantation in patients with intestinal failure and IFALD is better than the outcome of patients who undergo either isolated intestinal transplantation or combined liver and small bowel transplantation. Furthermore, isolated liver transplantation may improve intestinal adaptation reducing the need for small bowel transplantation (83). Because of the good survival rate and overall results in children with IF due to SBS managed with home PN, isolated liver transplantation should not become the SOC, should be considered with extreme caution, and proposed when liver disease with portal hypertension is considered the major obstacle to the enteral autonomy (3, 84, 85). In fact, Taha et al. in 2012 (84) reported the outcome of isolated liver transplantation in eight survivors of 14 liver transplanted children for IFALD. The overall 5-year survival in the whole cohort was 57%. In this study, only one-third of the cohort could be weaned from PN and only three of the five survivors switched from EN to full oral feeding. Authors underline the necessity for these patients of intermittent PN, close follow-up, and the risk of complications. Also, the catch-up growth of the children was no satisfactory in the long term (84). Moreover, the use of FO-LEs has also been associated with lower short-term mortality and decreased need for organ transplantation (86). However, in the rare circumstances that it needs to be exercised as an option, liver transplant should be performed in experienced intestinal failure/rehabilitation centers with close links to intestinal transplant teams (84). Combined liver and intestine or multivisceral transplantation is considered in case of complete intestinal aganglionosis, intestinal pseudo-obstruction, or severe portal hypertension. Unfortunately, intestinal transplantation outcomes are not optimal. In a study by Norsa et al., survival in pediatric patients with SBS was 78%, with mortality occurring only following intestinal transplant, as compared to 100% survival in those on long-term home PN with no life-threatening complications requiring transplantation. The study confirms that long-term PN is the first-line treatment for SBS children with good long-term prognosis compared to intestinal transplantation. A multidisciplinary intestinal rehabilitation team composed by gastroenterologists, dieticians, pharmacists, PN-specialized nurses, and both transplant and non-transplant surgeons may be beneficial in the management of these children (87).

Desirable future studies: Much has been done but much remains to be done in the field of IFALD treatment. If teduglutide appears to be a new and effective therapeutic tool for these patients, long-term data are lacking. Multicenter randomized studies are also desirable to evaluate the role of UDCA in the prevention and treatment of IFALD. Finally, it would be desirable to have a greater quantity of published data relating to the indications and outcome for intestinal, hepatic, or combined transplantation of patients with IFALD, evaluating any likely prognostic factor in this regard.





Conclusion

In the recent years, more attention has been paid to the outcome and management of IFALD in children. There is still controversy over various aspects of IFALD, including its definition. Well-defined and widely accepted diagnostic criteria are the key to obtaining more accurate data on disease prevalence and complications and to planning reproducible and comparable studies. Pending high-quality clinical studies aimed to clarify the efficacy of different short- and long-term therapeutic strategies, appropriate management of lipid mixtures, early initiation of enteral nutrition, reduction of catheter-induced sepsis, and parenteral cycling programs are improving our ability to prevent and manage this potentially serious complication of bowel failure and are enabling us to move patients as far away from the bowel transplant spectrum as possible.



Author contributions

All authors conceptualized this narrative review, analyzed current literature, drafted the initial manuscript and revised the final version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Lal S, Pironi L, Wanten G, Arends J, Bozzetti F, Cuerda C, et al. Clinical approach to the management of Intestinal Failure Associated Liver Disease (IFALD) in adults: a position paper from the Home Artificial Nutrition and Chronic Intestinal Failure Special Interest Group of ESPEN. Clin Nutr. (2018) 37(6 Pt A):1794–7. doi: 10.1016/j.clnu.2018.07.006

 2. Modi BP, Galloway DP, Gura K, Nucci A, Plogsted S, Tucker A, et al. ASPEN definitions in pediatric intestinal failure. JPEN J Parenter Enteral Nutr. (2022) 46:42–59. doi: 10.1002/jpen.2232

 3. Lacaille F, Gupte G, Colomb V, D'Antiga L, Hartman C, Hojsak I, et al. Intestinal failure-associated liver disease: a position paper of the ESPGHAN Working Group of Intestinal Failure and Intestinal Transplantation. J Pediatr Gastroenterol Nutr. (2015) 60:272–83. doi: 10.1097/MPG.0000000000000586

 4. Fousekis FS, Mitselos IV, Christodoulou DK. New insights into intestinal failure-associated liver disease in adults: a comprehensive review of the literature. Saudi J Gastroenterol. (2021) 27:3–12. doi: 10.4103/sjg.sjg_551_20

 5. Capriati T, Mosca A, Alterio T, Spagnuolo MI, Gandullia P, Lezo A, et al. To wean or not to wean: the role of autologous reconstructive surgery in the natural history of pediatric short bowel syndrome on Behalf of Italian Society for Gastroenterology, Hepatology and Nutrition (SIGENP). Nutrients. (2020) 12:2136. doi: 10.3390/nu12072136

 6. Abi Nader E, Lambe C, Talbotec C, Pigneur B, Lacaille F, Garnier-Lengline H, et al. Outcome of home parenteral nutrition in 251 children over a 14-y period: report of a single center. Am J Clin Nutr. (2016) 103:1327–36. doi: 10.3945/ajcn.115.121756

 7. Lauriti G, Zani A, Aufieri R, Cananzi M, Chiesa PL, Eaton S, et al. Incidence, prevention, and treatment of parenteral nutrition-associated cholestasis and intestinal failure-associated liver disease in infants and children: a systematic review. JPEN J Parenter Enteral Nutr. (2014) 38:70–85. doi: 10.1177/0148607113496280

 8. Goldani HAS, Ceza MR, Godoy LL, Giesta JM, Beier S, Oliveira JG, et al. Outcomes of the first 54 pediatric patients on long term home parenteral nutrition from a single Brazilian Center. J Pediatr Gastroenterol Nutr. (2022) 75:104–109. doi: 10.1097/MPG.0000000000003473

 9. Wang J, Yan W, Lu L, Tao Y, Huang L, Cai W, et al. Intestinal Continuity Alleviates Pediatric Intestinal Failure-Associated Liver Disease. Front Surg. (2022) 9:881782. doi: 10.3389/fsurg.2022.881782

 10. Mutanen A, Lohi J, Merras-Salmio L, Koivusalo A, Pakarinen MP. Prediction, identification and progression of histopathological liver disease activity in children with intestinal failure. J Hepatol. (2021) 74:593–602. doi: 10.1016/j.jhep.2020.09.023

 11. Shakeel F, Newkirk M, Sellers A, Shores DR. Postoperative feeding guidelines improve outcomes in surgical infants. JPEN J Parenter Enteral Nutr. (2020) 44:1047–56. doi: 10.1002/jpen.1726

 12. Huff KA, Breckler F, Cruse W, Szeszycki E, Vanderpool C. Pediatric smoflipid therapy: patient response and safety concerns. JPEN J Parenter Enteral Nutr. (2021) 45:792–9. doi: 10.1002/jpen.1929

 13. Meyerson C, Naini BV. Something old, something new: liver injury associated with total parenteral nutrition therapy and immune checkpoint inhibitors. Hum Pathol. (2020) 96:39–47. doi: 10.1016/j.humpath.2019.10.007

 14. Ferguson CL, Perry C, Subramanian M, Gillette C, Ayers K, Welch C. Mixed oil-based lipid emulsions vs soybean oil-based lipid emulsions on incidence and severity of intestinal failure-associated liver disease in a neonatal intensive care unit. JPEN J Parenter Enteral Nutr. (2021) 45:303–8. doi: 10.1002/jpen.1831

 15. Wessel JJ, Kocoshis SA. Nutritional management of infants with short bowel syndrome. Semin Perinatol. (2007) 31:104–11. doi: 10.1053/j.semperi.2007.02.009

 16. Diamanti A, Basso MS, Castro M, Calce A, Pietrobattista A, Gambarara M. Prevalence of life-threatening complications in pediatric patients affected by intestinal failure. Transplant Proc. (2007) 39:1632–3. doi: 10.1016/j.transproceed.2007.02.083

 17. Silverman JA, Turner JM, Wales PW. Composite lipid emulsion for the infant at risk of intestinal failure-associated liver disease: the Canadian perspective. J Pediatr Gastroenterol Nutr. (2020) 71:283–7. doi: 10.1097/MPG.0000000000002794

 18. Bluthner E, Pape UF, Stockmann M, Karber M, Maasberg S, Pevny S, et al. Assessing non-invasive liver function in patients with intestinal failure receiving total parenteral nutrition-results from the prospective PNLiver trial. Nutrients. (2020) 12:1217. doi: 10.3390/nu12051217

 19. Lapillonne A, Fidler Mis N, Goulet O, van den Akker CHP, Wu J, Koletzko B, et al. ESPGHAN/ESPEN/ESPR/CSPEN guidelines on pediatric parenteral nutrition: lipids. Clin Nutr. (2018) 37(6 Pt B):2324–36. doi: 10.1016/j.clnu.2018.06.946

 20. Baker MA, Mitchell PD, O'Loughlin AA, Potemkin AK, Anez-Bustillos L, Dao DT, et al. Characterization of fatty acid profiles in infants with intestinal failure-associated liver disease. JPEN J Parenter Enteral Nutr. (2018) 42:71–7. doi: 10.1002/jpen.1026

 21. Fitzgibbons SC, Jones BA, Hull MA, Zurakowski D, Duro D, Duggan C, et al. Relationship between biopsy-proven parenteralnutrition-associated liver fibrosis and biochemical cholestasis in children with short bowel syndrome. J Pediatr Surg. (2010) 45:95–9. discussion 99. doi: 10.1016/j.jpedsurg.2009.10.020

 22. Xiao YT, Cao Y, Zhou KJ, Lu LN, Cai W. Altered systemic bile acid homeostasis contributes to liver disease in pediatric patients with intestinal failure. Sci Rep. (2016) 6:39264. doi: 10.1038/srep39264

 23. Mutanen A, Lohi J, Heikkila P, Jalanko H, Pakarinen MP. Loss of ileum decreases serum fibroblast growth factor 19 in relation to liver inflammation and fibrosis in pediatric onset intestinal failure. J Hepatol. (2015) 62:1391–7. doi: 10.1016/j.jhep.2015.01.004

 24. Khalaf RT, Sokol RJ. New insights into intestinal failure-associated liver disease in children. Hepatology. (2020) 71:1486–98. doi: 10.1002/hep.31152

 25. Daniel S, Svoboda L, Chen J. Liver function in pediatric recipients: a comparison of intralipid and smoflipid. J Pediatr Pharmacol Ther. (2021) 26:258–64. doi: 10.5863/1551-6776-26.3.258

 26. Isaac DM, Alzaben AS, Mazurak VC, Yap J, Wizzard PR, Nation PN, et al. Mixed lipid, fish oil, and soybean oil parenteral lipids impact cholestasis, hepatic phytosterol, and lipid composition. J Pediatr Gastroenterol Nutr. (2019) 68:861–7. doi: 10.1097/MPG.0000000000002313

 27. Mutanen A, Nissinen MJ, Lohi J, Heikkila P, Gylling H, Pakarinen MP. Serum plant sterols, cholestanol, and cholesterol precursors associate with histological liver injury in pediatric onset intestinal failure. Am J Clin Nutr. (2014) 100:1085–94. doi: 10.3945/ajcn.114.088781

 28. Calkins KL, DeBarber A, Steiner RD, Flores MJ, Grogan TR, Henning SM, et al. Intravenous fish oil and pediatric intestinal failure-associated liver disease: changes in plasma phytosterols, cytokines, and bile acids and erythrocyte fatty acids. JPEN J Parenter Enteral Nutr. (2018) 42:633–41. doi: 10.1177/0148607117709196

 29. Lee WS, Chew KS, Ng RT, Kasmi KE, Sokol RJ. Intestinal failure-associated liver disease (IFALD): insights into pathogenesis and advances in management. Hepatol Int. (2020) 14:305–16. doi: 10.1007/s12072-020-10048-8

 30. Yeop I, Taylor CJ, Narula P, Johnson L, Bowen C, Gupte GL. Hepatocellular carcinoma in a child with intestinal failure-associated liver disease. J Pediatr Gastroenterol Nutr. (2012) 54:695–7. doi: 10.1097/MPG.0b013e31822cde6a

 31. Javid PJ, Oron AP, Duggan CP, Squires RH, Horslen SP, Pediatric Intestinal Failure Consortium. The extent of intestinal failure-associated liver disease in patients referred for intestinal rehabilitation is associated with increased mortality: an analysis of the Pediatric Intestinal Failure Consortium database. J Pediatr Surg. (2018) 53:1399–402. doi: 10.1016/j.jpedsurg.2017.08.049

 32. Ueno T, Wada M, Hoshino K, Matsuura T, Ida S, Okuyama H. Three-year prospective follow-up of potential pediatric candidate for intestinal transplantation. Transplant Proc. (2018) 50:2779–82. doi: 10.1016/j.transproceed.2018.03.067

 33. Torres C, Badalyan V, Mohan P. Twelve-year outcomes of intestinal failure-associated liver disease in children with short-bowel syndrome: 97% transplant-free survival and 81% enteral autonomy. JPEN J Parenter Enteral Nutr. (2022) 46:197–206. doi: 10.1002/jpen.2112

 34. Naini BV, Lassman CR. Total parenteral nutrition therapy and liver injury: a histopathologic study with clinical correlation. Hum Pathol. (2012) 43:826–33. doi: 10.1016/j.humpath.2011.07.008

 35. Knop V, Neuberger SC, Marienfeld S, Bojunga J, Herrmann E, Poynard T, et al. Intestinal failure-associated liver disease in patients with short bowel syndrome: evaluation by transient elastography. Nutrition. (2019) 63–64:134–40. doi: 10.1016/j.nut.2019.02.001

 36. Zambrano E, El-Hennawy M, Ehrenkranz RA, Zelterman D, Reyes-Mugica M. Total parenteral nutrition induced liver pathology: an autopsy series of 24 newborn cases. Pediatr Dev Pathol. (2004) 7:425–32. doi: 10.1007/s10024-001-0154-7

 37. Mullick FG, Moran CA, Ishak KG. Total parenteral nutrition: a histopathologic analysis of the liver changes in 20 children. Mod Pathol. (1994) 7:190–4.

 38. Gunnar R, Mutanen A, Merras-Salmio L, Pakarinen MP. Histopathological liver steatosis linked with high parenteral glucose and amino acid supply in infants with short bowel syndrome. JPEN J Parenter Enteral Nutr. (2022). doi: 10.1002/jpen.2416

 39. Norsa L, Nicastro E, Di Giorgio A, Lacaille F, D'Antiga L. Prevention and treatment of intestinal failure-associated liver disease in children. Nutrients. (2018) 10:664. doi: 10.3390/nu10060664

 40. Fragkos KC, Picasso Bouroncle MC, Kumar S, Caselton L, Menys A, Bainbridge A, et al. Serum scoring and quantitative magnetic resonance imaging in intestinal failure-associated liver disease: a feasibility study. Nutrients. (2020) 12:2151. doi: 10.3390/nu12072151

 41. Jara M, Bednarsch J, Valle E, Lock JF, Malinowski M, Schulz A, et al. Reliable assessment of liver function using LiMAx. J Surg Res. (2015) 193:184–9. doi: 10.1016/j.jss.2014.07.041

 42. Hukkinen M, Kivisaari R, Lohi J, Heikkila P, Mutanen A, Merras-Salmio L, et al. Transient elastography and aspartate aminotransferase to platelet ratio predict liver injury in paediatric intestinal failure. Liver Int. (2016) 36:361–9. doi: 10.1111/liv.12887

 43. Micic D, Huard G, Lee SM, Fiel MI, Moon J, Schiano TD, et al. Evaluation of the fibrosis-4 index for detection of advanced fibrosis among individuals at risk for intestinal failure-associated liver disease. JPEN J Parenter Enteral Nutr. (2022) 46:678–84. doi: 10.1002/jpen.2135

 44. Lawrence AE, Dienhart M, Cooper JN, Lodwick D, Lopez JJ, Fung B, et al. Ultrasound elastography as a non-invasive method to monitor liver disease in children with short bowel syndrome: updated results. J Pediatr Surg. (2019) 54:1179–83. doi: 10.1016/j.jpedsurg.2019.02.039

 45. Rumbo C, Martinez MI, Cabanne A, Trentadue J, Fernandez A, Gondolesi G. Utility of aminotransferase/platelet ratio index to predict liver fibrosis in intestinal failure-associated liver disease in pediatric patients. JPEN J Parenter Enteral Nutr. (2017) 41:884–9. doi: 10.1177/0148607115625779

 46. Diaz JJ, Gura KM, Roda J, Perez-Atayde AR, Duggan C, Jaksic T, et al. Aspartate aminotransferase to platelet ratio index correlates with hepatic cirrhosis but not with fibrosis in pediatric patients with intestinal failure. J Pediatr Gastroenterol Nutr. (2013) 57:367–71. doi: 10.1097/MPG.0b013e318299fdbd

 47. Hong CR, Han SM, Staffa SJ, Carey AN, Lee CK, Modi BP. Noninvasive assessment of liver fibrosis in pediatric intestinal failure patients using liver stiffness measurement by Vibration-Controlled Transient Elastography. J Pediatr Surg. (2019) 54:1174–8. doi: 10.1016/j.jpedsurg.2019.02.038

 48. Nagelkerke SCJ, Draijer LG, Benninga MA, Koot BGP, Tabbers MM. The prevalence of liver fibrosis according to non-invasive tools in a pediatric home parenteral nutrition cohort. Clin Nutr. (2021) 40:460–6. doi: 10.1016/j.clnu.2020.05.039

 49. Kunz AN, Noel JM, Fairchok MP. Two cases of Lactobacillus bacteremia during probiotic treatment of short gut syndrome. J Pediatr Gastroenterol Nutr. (2004) 38:457–8. doi: 10.1097/00005176-200404000-00017

 50. Bae HJ, Shin SH, Kim EK, Kim HS, Cho YS, Gwak HS. Effects of cyclic parenteral nutrition on parenteral nutrition-associated cholestasis in newborns. Asia Pac J Clin Nutr. (2019) 28:42–8. doi: 10.6133/apjcn.201903_28(1).0007

 51. Gupta K, Wang H, Amin SB. Soybean-oil lipid minimization for prevention of intestinal failure-associated liver disease in late-preterm and term infants with gastrointestinal surgical disorders. JPEN J Parenter Enteral Nutr. (2021) 45:1239–48. doi: 10.1002/jpen.2004

 52. Klek S, Chambrier C, Cooper SC, Gabe S, Kunecki M, Pironi L, et al. Home parenteral nutrition with an omega-3-fatty-acid-enriched MCT/LCT lipid emulsion in patients with chronic intestinal failure (the HOME study): study protocol for a randomized, controlled, multicenter, international clinical trial. Trials. (2019) 20:808. doi: 10.1186/s13063-019-3994-z

 53. Diamond IR, Grant RC, Pencharz PB, de Silva N, Feldman BM, Fitzgerald P, et al. Preventing the progression of intestinal failure-associated liver disease in infants using a composite lipid emulsion: a pilot randomized controlled trial of SMOFlipid. JPEN J Parenter Enteral Nutr. (2017) 41:866–77. doi: 10.1177/0148607115626921

 54. Hojsak I, Colomb V, Braegger C, Bronsky J, Campoy C, Domellof M, et al. ESPGHAN Committee on Nutrition Position Paper. Intravenous lipid emulsions and risk of hepatotoxicity in infants and children: a systematic review and meta-analysis. J Pediatr Gastroenterol Nutr. (2016) 62:776–92. doi: 10.1097/MPG.0000000000001121

 55. Kapoor V, Malviya MN, Soll R. Lipid emulsions for parenterally fed preterm infants. Cochrane Database Syst Rev. (2019) 6:CD013163. doi: 10.1002/14651858.CD013163.pub2

 56. Kapoor V, Malviya MN, Soll R. Lipid emulsions for parenterally fed term and late preterm infants. Cochrane Database Syst Rev. (2019) 6:CD013171.

 57. Raphael BP, Mitchell PD, Gura KM, Potemkin AK, Squires RH, Puder M, et al. Growth in infants and children with intestinal failure-associated liver disease treated with intravenous fish oil. J Pediatr Gastroenterol Nutr. (2020) 70:261–8. doi: 10.1097/MPG.0000000000002551

 58. Pichler J, Watson T, McHugh K, Hill S. Prevalence of gallstones compared in children with different intravenous lipids. J Pediatr Gastroenterol Nutr. (2015) 61:253–9. doi: 10.1097/MPG.0000000000000761

 59. Dao DT, Anez-Bustillos L, Finkelstein AM, Mitchell PD, O'Loughlin AA, Fell GL, et al. Trends of INR and fecal excretion of vitamin k during cholestasis reversal: implications in the treatment of neonates with intestinal failure-associated liver disease. JPEN J Parenter Enteral Nutr. (2020) 44:951–8. doi: 10.1002/jpen.1677

 60. Ghirardello S, Raffaeli G, Scalambrino E, Cortesi V, Roggero P, Peyvandi F, et al. Thrombin generation in preterm newborns with intestinal failure-associated liver disease. Front Pediatr. (2020) 8:510. doi: 10.3389/fped.2020.00510

 61. Ganousse-Mazeron S, Lacaille F, Colomb-Jung V, Talbotec C, Ruemmele F, Sauvat F, et al. Assessment and outcome of children with intestinal failure referred for intestinal transplantation. Clin Nutr. (2015) 34:428–35. doi: 10.1016/j.clnu.2014.04.015

 62. Mercer DF, Hobson BD, Fischer RT, Talmon GA, Perry DA, Gerhardt BK, et al. Hepatic fibrosis persists and progresses despite biochemical improvement in children treated with intravenous fish oil emulsion. J Pediatr Gastroenterol Nutr. (2013) 56:364–9. doi: 10.1097/MPG.0b013e31827e208c

 63. Mutanen A, Lohi J, Heikkila P, Koivusalo AI, Rintala RJ, Pakarinen MP. Persistent abnormal liver fibrosis after weaning off parenteral nutrition in pediatric intestinal failure. Hepatology. (2013) 58:729–38. doi: 10.1002/hep.26360

 64. Colomb V, Jobert-Giraud A, Lacaille F, Goulet O, Fournet JC, Ricour C. Role of lipid emulsions in cholestasis associated with long-term parenteral nutrition in children. JPEN J Parenter Enteral Nutr. (2000) 24:345–50. doi: 10.1177/0148607100024006345

 65. Goulet O, Lambe C. Intravenous lipid emulsions in pediatric patients with intestinal failure. Curr Opin Organ Transplant. (2017) 22:142–8. doi: 10.1097/MOT.0000000000000396

 66. Goulet OJ, Cai W, Seo JM. Lipid emulsion use in pediatric patients requiring long-term parenteral nutrition. JPEN J Parenter Enteral Nutr. (2020) 44(Suppl 1):S55–67. doi: 10.1002/jpen.1762

 67. Nandivada P, Baker MA, Mitchell PD, O'Loughlin AA, Potemkin AK, Anez-Bustillos L, et al. Predictors of failure of fish-oil therapy for intestinal failure-associated liver disease in children. Am J Clin Nutr. (2016) 104:663–70. doi: 10.3945/ajcn.116.137083

 68. Orso G, Mandato C, Veropalumbo C, Cecchi N, Garzi A, Vajro P. Pediatric parenteral nutrition-associated liver disease and cholestasis: novel advances in pathomechanisms-based prevention and treatment. Dig Liver Dis. (2016) 48:215–22. doi: 10.1016/j.dld.2015.11.003

 69. Beau P, Labat-Labourdette J, Ingrand P, Beauchant M. Is ursodeoxycholic acid an effective therapy for total parenteral nutrition-related liver disease? J Hepatol. (1994) 20:240–4. doi: 10.1016/S0168-8278(05)80064-9

 70. Spagnuolo MI, Iorio R, Vegnente A, Guarino A. Ursodeoxycholic acid for treatment of cholestasis in children on long-term total parenteral nutrition: a pilot study. Gastroenterology. (1996) 111:716–9. doi: 10.1053/gast.1996.v111.pm8780577

 71. Levine A, Maayan A, Shamir R, Dinari G, Sulkes J, Sirotta L. Parenteral nutrition-associated cholestasis in preterm neonates: evaluation of ursodeoxycholic acid treatment. J Pediatr Endocrinol Metab. (1999) 12:549–53. doi: 10.1515/JPEM.1999.12.4.549

 72. Chen CY, Tsao PN, Chen HL, Chou HC, Hsieh WS, Chang MH. Ursodeoxycholic acid (UDCA) therapy in very-low-birth-weight infants with parenteral nutrition-associated cholestasis. J Pediatr. (2004) 145:317–21. doi: 10.1016/j.jpeds.2004.05.038

 73. Mouillot T, Beylot M, Drai J, Hillon P, Gelas P, Lauverjat M, et al. Effect of bile acid supplementation on endogenous lipid synthesis in patients with short bowel syndrome: a pilot study. Clin Nutr. (2020) 39:928–34. doi: 10.1016/j.clnu.2019.03.037

 74. El Kasmi KC, Ghosh S, Anderson AL, Devereaux MW, Balasubramaniyan N, D'Alessandro A, et al. Pharmacologic activation of hepatic farnesoid X receptor prevents parenteral nutrition-associated cholestasis in mice. Hepatology. (2022) 75:252–65. doi: 10.1002/hep.32101

 75. Kocoshis SA, Merritt RJ, Hill S, Protheroe S, Carter BA, Horslen S, et al. Safety and Efficacy of teduglutide in pediatric patients with intestinal failure due to short bowel syndrome: a 24-week, phase III study. JPEN J Parenter Enteral Nutr. (2020) 44:621–31. doi: 10.1002/jpen.1690

 76. Lim DW, Wales PW, Josephson JK, Nation PN, Wizzard PR, Sergi CM, et al. Glucagon-like peptide 2 improves cholestasis in parenteral nutrition–associated liver disease. JPEN J Parenter Enteral Nutr. (2016) 40:14–21. doi: 10.1177/0148607114551968

 77. Bioletto F, D'Eusebio C, Merlo FD, Aimasso U, Ossola M, Pellegrini M, et al. Efficacy of teduglutide for parenteral support reduction in patients with short bowel syndrome: a systematic review and meta-analysis. Nutrients. (2022) 14:796. doi: 10.3390/nu14040796

 78. Diamanti A, Lezo A, D'Antiga L, Gandullia P, Spagnuolo MI, Roggero P, et al. Teduglutide in pediatric intestinal failure: a position statement of the Italian society of pediatric gastroenterology, hepatology and nutrition (SIGENP). Dig Liver Dis. (2022) S1590-8658(22)00497-2. doi: 10.1016/j.dld.2022.04.028

 79. Matsukubo M, Yano K, Kaji T, Sugita K, Onishi S, Harumatsu T, et al. The administration of hepatocyte growth factor prevents total parenteral nutrition-induced hepatocellular injury in a rat model. Pediatr Surg Int. (2021) 37:353–61. doi: 10.1007/s00383-020-04823-9

 80. Secor JD, Fligor SC, Tsikis ST, Yu LJ, Puder M. Free fatty acid receptors as mediators and therapeutic targets in liver disease. Front Physiol. (2021) 12:656441. doi: 10.3389/fphys.2021.656441

 81. Grant D, Abu-Elmagd K, Mazariegos G, Vianna R, Langnas A, Mangus R, et al. Intestinal transplant registry report: global activity and trends. Am J Transplant. (2015) 15:210–9. doi: 10.1111/ajt.12979

 82. Jo SC, McCallum Z, Shalley H, Peterkin M, Rogers E, Paxton G, et al. Outcomes of children with chronic intestinal failure: experience over 2 decades at a tertiary paediatric hospital. J Pediatr Gastroenterol Nutr. (2019) 69:e79–87. doi: 10.1097/MPG.0000000000002384

 83. Spagnuolo MI, Iorio R, Vajro P. Isolated liver transplantation in children with intestinal failure-associated liver disease: a still-debated matter. J Pediatr Gastroenterol Nutr. (2009) 48:271–3. doi: 10.1097/MPG.0b013e31818c60c1

 84. Taha AMI, Sharif K, Johnson T, Clarke S, Murphy MS, Gupte GL. Long-term outcomes of isolated liver transplantation for short bowel syndrome and intestinal failure-associated liver disease. J Pediatr Gastroenterol Nutr. (2012) 54:547–51. doi: 10.1097/MPG.0b013e31823f42e7

 85. Diamanti A, Conforti A, Panetta F, Torre G, Candusso M, Bagolan P, et al. Long-term outcome of home parenteral nutrition in patients with ultra-short bowel syndrome. J Pediatr Gastroenterol Nutr. (2014) 58:438–42. doi: 10.1097/MPG.0000000000000242

 86. Puder M, Valim C, Meisel JA, Le HD, de Meijer VE, Robinson EM, et al. Parenteral fish oil improves outcomes in patients with parenteral nutrition-associated liver injury. Ann Surg. (2009) 250:395–402. doi: 10.1097/SLA.0b013e3181b36657

 87. Norsa L, Artru S, Lambe C, Talbotec C, Pigneur B, Ruemmele F, et al. Long term outcomes of intestinal rehabilitation in children with neonatal very short bowel syndrome: Parenteral nutrition or intestinal transplantation. Clin Nutr. (2019) 38:926–33. doi: 10.1016/j.clnu.2018.02.004



OPS/xhtml/Nav.xhtml




Contents





		Cover



		IFALD in children: What's new? A narrative review



		Introduction



		Prevalence, etiology, and risk factors



		Pathophysiology



		Clinical and histological manifestations



		Diagnosis



		Prevention and treatment



		Role of lipid emulsions in IFALD prevention and treatment



		Soybean lipid emulsions (SO-LEs)



		Mixed oil-based lipid emulsions (MO-LEs)



		Soybean, medium-chain triglycerides, olive oil, and fish oil lipid emulsions (SMOF-LEs)



		Fish oil lipid emulsions (FO-LEs)









		Role of vitamin K supplementation



		Treatment of IFALD



		Pharmacological Treatment



		New drugs for IFALD



		Surgery treatment













		Conclusion



		Author contributions



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

IFALD in children: What's new? A
narrative review





OPS/images/fnut-09-928371-g001.gif
Related to PN
- unbalanced composiion
 type and dose ofipidic xmlsions
 typeand dose of amine acd solution
 cabetrselsted bood steam nfections
~ duraion.

mode of sdminisrion

contamiasts

Related to the patient

E‘

-Law
+ muliple sugeries

sl bowe remaiingleaght
 etilogy o I

- disturbed cateo hepati il e
+ bactral overgronth.

[

sk of entersl feing.
+ use of antibiotics.





OPS/images/fnut-09-928371-t001.jpg
Author Patients number Non-invasive Results

(reference) test

Mutanen etal. (10) 77 TE/GGT/citrulline GGT, liver stiffness, and citrulline together had the highest accuracy for detecting
active IFALD

Hukkinen etal. (42) 57 APRITE The TE cutoff point was 4.25 kPa for discrimination of any fibrosis and 4.75 kPa
for the detection of significant fibrosis. APRI was able to discriminate the
presence of histological cholestasis, but was unable to predict any degree of
fibrosis

Lawrence etal. (44) 37 Ultrasound Positive correlation between stage of fibrosis and mean SWS

Elastography
Rumbo etal. (45) 36 APRI APRI score > 1.6 predicts advanced fibrosis
18 APRI APRI could significantly predict cirrhosis, but not fibrosis
Hongetal. (47) 6 VCTE The optimal cutoff to predict moderate/severe liver fibrosis was liver stiffness >6

kPa. APRI failed to discriminate mild from moderate to severe fibrosis
Nagelkerke et al. (48) 32 TE/APRI/ ELF ‘TE measurement correlated positively with age at inclusion, PN duration, weight
for age, and AST, while negatively with the amount of infused lipid emulsion
APRI moderately correlated with the number of septic episodes, PN duration,
and the percentage of calories delivered via enteral nutrition. APRI strongly
correlated with AST and ALT and moderately with GGT, total bilirubin, and
conjugated bilirubin. ELF score did not correlate with any of the evaluated
risk factors. TE measurement moderately correlated with APRI. ELF score did

not correlate with TE measurement or APRI

E, transient elastography; ibration-controlled transient elastography; APRI, aspartate aminotransferase to platelet ratio ind

E enhanced liver fibrosis; SWS, shear wave speed.
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