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Abstract:



The feeding of critically ill patients has recently become a controversial issue, as several studies have provided unexpected and contradictory results. Earlier beliefs regarding energy requirements in critical illness—especially during the initial phase—have been challenged. In the current review, we summarize existing evidence about fasting and the impact of early vs. late feeding on the sick organism’s responses. The most important points are the non-nutritional advantages of using the intestine, and recognition that early endogenous energy production as an important player in the response must be integrated in the nutrient prescription. There is as of yet no bedside tool to monitor dynamics in metabolism and the magnitude of the endogenous energy production. Hence, an early “full-feeding strategy” exposes patients to involuntary overfeeding, due to the absence of an objective measure enabling the adjustment of the nutritional therapy. Suggestions for future research and clinical practice are proposed.
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1. Introduction


Over the last decades, nutritional interventions carried out in critically ill patients were characterized by different timings, strategies, and terminologies. Recent randomised trials have brought some new insights in this topic, challenging several earlier beliefs. Early full nutrition—which is achieved more easily with parenteral nutrition (PN)—is associated with negative clinical outcomes, whereas the route itself may be irrelevant [1]. In the case of enteral nutrition (EN), full feeding may actually invalidate its beneficial effects, as shown by two randomised trials—the CALORIES trial [2] and the recent EAT-ICU trial [3]. However, “early nutrition” and “full feeding” have not been uniformly defined. Confusion also results from the enrolment of very heterogeneous patient populations presenting a large scale of severity and diagnostic categories.



After clarifying some important definitions (Table 1), the aim of this narrative review is to summarize the physiological and clinical evidence regarding the consequences of early vs. late feeding, and give suggestions on how to transfer this knowledge to practice.



Table 1. Definitions of the concepts used in the review.







	
Term

	
Definition






	
Energy

	
A property of the matter expressed in calories; 1 Calorie (kcal) is the energy needed to increase the temperature of 1 kg of water by 1 °C.




	
Energy expenditure (EE)

	
Sum of internal heat produced (endogenous energy production) and external work. The internal heat produced is mainly a sum of basal metabolic rate (BMR) and of the thermic effect of food. It is measured by indirect calorimetry.

Importantly, equations used to estimate EE cannot be considered as actual EE.




	
Energy requirement

	
Energy from essential nutrients necessary to maintain energy homeostasis. In health, its magnitude depends mainly on age, gender, and physical activity level; in illness, many other factors influence it.




	
Endogenous energy production

	
Energy that is produced from internal resources (glucose, proteins, and lipids) that are degraded to produce adenosine triphosphate (ATP). The endogenous glucose production (glycogenolysis and gluconeogenesis) is the first to be activated during fasting to provide it to glucose-dependent organs. In acute illness, endogenous glucose production is increased, but the magnitude and duration of this activation is variable.




	
Extrinsic energy provision

	
Includes nutrition and energy-containing medications or fluids administered to patients for non-nutritional purposes.




	
Energy target

	
Target for extrinsic energy provision, prescribed by physicians and expressed in kcal/day. Often the target is set to match actual energy expenditure (full target).




	
Fasting

	
Complete interruption of feeding: different patterns are possible, such as intermittent fasting, which is now considered a promising weight-loss strategy [4].




	
Full feeding

	
Delivery of energy to completely cover equation-estimated target or measured EE: as equations are inexact, only the latter enables a real appreciation of the level of delivery in relation to actual EE.




	
Nutrient restriction

	
Reduction of a particular or total nutrient intake without causing malnutrition or biological changes known to shorten animal life span [5]. The reduction can be relative to the subject’s previous intake before intentionally restricting calories, or relative to an average person of similar body type.




	
Hypocaloric feeding

	
Feeding below target, or feeding to a target that is deliberately below estimated target or measured EE.

Term used to describe feeds with an energy density of ≤1 kcal/mL.




	
Overfeeding

	
Feeding quantities of energy that exceed 110% of measured EE.




	
Timing of feeding interventions




	
- Early

	
48 h after intensive care (ICU) admission




	
- Intermediate

	
Days 3 to 7 after ICU admission




	
- Late

	
Beyond the first week in the ICU











2. Metabolic Response to Fasting


Considering the question of early or late feeding implies that there is a variable period of fasting. Significant misunderstanding regarding consequences may be formed, should the metabolic tolerance and patterns of responses similar in healthy [4] and sick patients be considered: Figure 1 shows some of these differences. The neuroendocrine response that characterizes acute illness deeply modifies metabolism, and tolerance to fasting is therefore altered [6]. However, the exact mechanisms are still poorly understood, and have only partially been investigated. Ideally, precise monitoring of metabolic responses should guide nutrition therapy, including the decision of whether or not to initiate early feeding. Unfortunately, such in-depth monitoring is currently not available.


Figure 1. Conceptual representation of the metabolic consequences of fasting (complete interruption of feeding) in healthy subjects (dotted lines) and critically ill patients (full lines) on the different pathways. Thin horizontal lines represent the normal 100% value. Triangles = physical activity in healthy subjects. EE, energy expenditure.
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In healthy subjects, fasting is considered to have potential beneficial effects, including spiritual benefits [4,7]: multiple patterns of fasting have been described, such as intermittent fasting [5]. During chemotherapy, some studies show that short fasting may be beneficial [8]. In acute severe illness, tolerable duration of fasting and eventual beneficial effects are not clear, whereas the multi-faceted nature of critical illness makes the likelihood of a “one-size-fits-all” correct answer unlikely.



Fasting is the complete interruption of feeding for a variable duration, while nutrient restriction can be defined as the reduction of particular or total nutrient intake without causing malnutrition [5]. In critically ill patients, the situation is rarely an absolute fasting due to the delivery of glucose and fat from fluid (glucose and glucosaline) or drugs—the so called non-nutritional energy sources: these intakes vary between 50 and sometimes 400 kcal/day, and are by definition unbalanced from a nutritional point of view [9]. While all organs need continuous oxygen and energy supply, some of them (e.g., the brain) have greater needs than others [10]. Both healthy subjects and sick patients require a continuous glucose fuelling of the central nervous system and blood cells, and hence need a constant plasma glucose concentration. The integrated adaptation mechanisms to prevent energy insufficiency activate different pathways. In health, fasting can be described as a three-step process [11]: (1) an overnight fasting (defined as 14-h fasting or post-absorptive state); (2) a short term fasting up to 85 hours of starvation in which progressive alterations in lipid and glucose metabolism occur; (3) prolonged fasting beyond 3 days that causes protein catabolism.



In healthy subjects, plasma glucose levels decrease during fasting due to the slowly decreasing endogenous glucose production (EGP) from glycolysis and gluconeogenesis (dotted lines in Figure 1). In resting circumstances, glycogen stores will be reduced to a minimum after approximately 40 h of fasting with a reduced liver size [12], after which EGP primarily relies on gluconeogenesis. The adaptation is maximal within about 3 days. Thereafter, several important changes in energy metabolism occur with persistent hypoinsulinemia, decreased glucose oxidation, increased fatty acid oxidation and lipolysis, increasing ketogenesis, as well as decreased insulin-mediated glucose uptake, glycogenolysis, gluconeogenesis, and proteolysis. Plasma ketone bodies become an important source of energy, covering about a third of the energy needs of the brain and of the heart. In healthy subjects, the use of substrates is largely determined by the composition of the diet and the time elapsed since the last meal. Short-term fasting induces a beneficial insulin resistance in healthy subjects, helping to maintain blood glucose levels and thereby improving survival capacity [13]. When refeeding finally occurs, fat is processed as in the normal fed state, but the liver at first remains in a gluconeogenic mode. As the blood-glucose levels continue to rise, the liver completes the replenishment of its glycogen stores and begins to process the remaining excess glucose for fatty acid synthesis.



In sick patients, the response is modulated by the intensity of the inflammatory response (absent in healthy subjects) and the intensity of the energy expenditure (EE) changes, causing persistent protein catabolism [6]. The magnitude of EE changes will depend on the stage and type of disease, and on the timing point into disease [14]: EE is generally depressed during states of shock and the early stages of severe illness [15] and increases variably thereafter, depending on the intensity of the inflammatory response and the amount of tissue to repair. While considered the gold standard, indirect calorimetry is yet not widely available, which complicates the evaluation of the optimal energy targets and the interpretation of the results. Making indirect calorimetry more available, and evaluating whether and at which time point the measured EE really becomes the target to be prescribed for feeding, is an important issue to consider [14,16].



The neuroendocrine response to injury is a complex response that primarily stimulates protein catabolism [17], and is aggravated by being bed-ridden and immobilized [18]. The immune system and injured tissues become major glucose consumers as insulin resistance develops, reorganizing the distribution of the substrates. Glucose becomes the preferential substrate, with an intense stimulation of the endogenous glucose production (EGP) that may reach 1200 kcal/day [19]. EGP will remain elevated for prolonged periods, and is not directly suppressed by feeding. Ketogenesis is nearly abolished, rendering the body dependent on EGP [19] to fuel the leukocytes and the brain. The magnitude and duration of the described metabolic response is very variable.



A major factor limiting optimal management is the inability to measure the dynamics of the glucose, protein, and lipid turnover at the bedside of an individual patient. Having such monitoring tools would enable targeted nutrition and metabolic therapy to control catabolism and support recovery.




3. Gastrointestinal Dysfunction


While all guidelines favour EN, they do not address the important dysfunctions that affect the gastrointestinal (GI) tract in response to critical illness, and make the use of this route problematic in many patients [20,21]. Multiple factors reduce the efficacy of EN: hypoperfusion, fluid resuscitation, analgo-sedation, vasoactive agents, etc. all contribute to development of GI motility disorders. Large fluid resuscitation volumes result in a generalized intestinal edema [22], leading to impaired absorption, motility, and lymph flow. Transit is frequently slowed, with delayed passage of stools (constipation) in 70% of patients [23], requiring laxative therapy with resultant diarrhoea. When diarrhoea exceeds 350 g/day, malabsorption of nutrients is probable [24]. Intestinal absorption is indeed variable and unpredictable, being influenced by several factors, such as motility, enterocyte function, splanchnic perfusion, properties of the food, etc. When motility is decreased, the absorption is unreliable [25]. Although EN is the best stimulant of GI motility, persisting feeding intolerance (therapy-refractive gastroparesis or bowel paralysis) may preclude its administration. When feeding is delayed, glucose absorption decreases consistently with the reduction in mucosal integrity after nutrient deprivation, as evident in animal models [26].



The advantages of EN include the maintenance of gut integrity and function, and modulation of the stress and immune responses [27]. However, the eventual alterations in absorption are rarely considered and are difficult to monitor, yet may lead to relevant deficiencies of both macro- and micronutrients. The impact of proton pump inhibitors on the digestibility of nutrients, the impact of diet composition on absorption, and the secretion of digestive enzymes during continuous EN are questions that are poorly studied and understood [28].



It is not clear if the systematic and early use of prokinetic agents to stimulate GI motility is beneficial or harmful [29]. In an observational study [30], after implementation of the PepUP protocol, surgical patients received a smaller proportion of prescribed energy (43% vs. 61%, p = 0.004) and protein (38% vs. 57%, p = 0.002) compared to medical patients. Whether an improper protocol implementation (as suggested by the authors) may explain this finding or if the aggressive use of prokinetics played a role remains to be demonstrated.




4. What Do We Know about Early Nutrition?


When feeding resumes after fasting, patients are exposed to the risk of refeeding if full feeding is provided right away. The response cannot be reduced to phosphate and potassium dynamics and plasma concentrations; refeeding also involves less well-known metabolic consequences associated with cardiac, respiratory, and liver dysfunction/failure. Progressive feeding over 3–4 days (so-called restrictive strategy) as realised in the recent trial achieves mortality reduction [31]. After this early refeeding phase, unbalanced regimens with abnormally high proportions of either glucose or fat both lead to de novo lipogenesis [19].



The 2017 ESICM guideline recommends early EN within 48 h [32] based on a meta-analysis of trials showing a significant reduction of infectious complications with this strategy. Early EN may help to preserve gut mucosal integrity and microbiome and also alleviate GI dysfunction/feeding intolerance. At the same time, early EN may be associated with the risk of aspiration, and therefore requires careful monitoring of gastric filling [32] as well as physical precautions to reduce the risk of aspiration, including elevated head-of-bed.



Early parenteral nutrition (PN) allows the provision of macro- and micro-nutrients preventing underfeeding without the potential benefits to the gut. The uncertainties come from the lack of exact determinants of the dose of nutrients required in the acute phase of critical illness. Indeed, enteral feeding intolerance in the early phase of severe illness may possibly be seen as an adaptive process, whereas the use of PN may increase the risk of overfeeding.




5. What Do We Know about Early vs. Late Nutrition?


Studies comparing early PN in adults [33] and children [34] have shown impaired outcome with early supplemental PN (SPN) aiming for full equation-based energy targets during the first two days in the intensive care unit (ICU). The hypothesis of PN being the sole cause was not confirmed in the most recent trial where EN and PN were administered at a similar rate [2]. In an Australian study, early PN in patients with contraindications for EN did not increase infectious complications, but was associated with a significant reduction in mechanical ventilation time [35]. Moreover, the Swiss SPN trial applying supplemental PN from day 4 on in patients not achieving targeted energy delivery with EN showed positive effects of SPN vs. prolonged underfeeding [36]. The hypothesis that it is not PN itself but rather full energy delivery in the early phase (more likely achieved by PN as compared to EN) that explains the adverse outcome is further supported by recent meta-analysis [1]. That feeding below actual energy expenditure during the first days in the ICU does not result in worse outcomes compared to provision of full equation-based target is supported by several studies [37,38,39]. However, different substrate compositions and their relative proportions of total energy target used in these trials [38,39] complicate the interpretation of results. Moreover, possible adverse effects of early full nutrition need to be considered. It cannot be excluded that the adverse effect of early full feeding is balanced with an adverse effect of prolonged underfeeding. The TopUp trial, delivering early SPN without testing feeding tolerance in patients with body mass indexes (BMIs) of either ≤25 or ≥35 kg/m2 and presenting acute respiratory failure requiring mechanical ventilation, did not observe any significant differences [40]. The previously mentioned PepUp protocol was not successful in all patients [29,30]. It is not clear whether trying to overcome feeding intolerance by all means (prokinetics, increased caloric density, etc.) is beneficial.



Based on existing weak evidence, the initiation of nutrition early via the enteral route (whilst not aiming for coverage of full energy expenditure during the first days after ICU admission) is recommended [32]. There is no evidence supporting early PN in the absence of malnutrition, whereas it could be considered in patient groups with obvious contraindications for EN anticipated to persist for prolonged periods.



Importantly, most of these studies have used different equations to calculate “full energy needs”, whereas all these equations have been shown to lead to overfeeding [41]. The “full” needs of these studies are unlikely to represent actual needs, complicating comparisons and the interpretation of results.



During the last decade, we have learned that:

	
Early full nutrition, whatever the route, is harmful and associated with more hyperglycemia, infections, and organ dysfunctions;



	
Early EN is beneficial, mainly due to its non-nutritional advantages, and possibly due to its (nearly systematic) slow progression to full feeding;



	
Early PN does not have positive enteral effects and incurs larger risks of overfeeding, especially when equations are used to determine the energy target;



	
Early low-dose PN may have beneficial outcome effects, particularly in malnourished patients.








Available evidence and open questions are summarized in Table 2.



Table 2. Evidence and questions regarding early vs. late nutrition in the critically ill (non-exhaustive list).







	
Concept

	
Recent Evidence

	
Open Questions






	
Nutrition

	
Essential for survival.

Malnutrition causes complications (infections, delayed wound healing).

	
Is there a phase in critical illness, where nutrition itself might be harmful?

Is there a cut-off for energy and substrate dosage?




	
Timing

	
“Early” = within 48 h.

Rationale: Most of the studies used cut-off of 48 h for “early”. Meta-analyses used either 24 h [48], 48 h [32], or no specified cut-off.

	
Optimal cut-off for the time-point of early?

Optimal time-point for “delayed” in cases “early” was not possible?

Optimal progression rate of feeding (EN and PN)




	
Early vs. delayed EN

	
Early EN is preferred for mainly non-nutritional reasons.

Rationale: Proven benefit of early EN regarding infections in several meta-analyses (low certainty of evidence) [32,49].

	
Influence of the route of application (gastric vs. jejunal)?




	
Early EN vs. early PN

	
Early EN is preferred.

Rationale: Proven benefit of early EN regarding infections in one meta-analysis (low certainty of evidence) [32].

One large RCT with similar dosage in EN vs. PN showed no difference in main outcomes [2].

	
Were the negative effects of early PN observed in studies [1,33] caused solely by dosage and not by route?

Did the absent/insufficient glucose control play a role?




	
Early vs. delayed PN

	
In patients with contraindications for EN for prolonged time, early PN might be considered.

Rationale: One large RCT in patients with relative contraindications to early EN showed shorter MV duration and better strength at 60 days with early PN [35].

	
In which patients should early PN be considered, at which time point and in which dosage?




	
Early full vs. early progressive EN

	
Early EN should be initiated at a rate below actual EE.

Rationale: One small RCT showed increased mortality with early full EN with elevated targets (30 kcal/kg) [50]. In several studies, hypocaloric EN during the first week of the ICU stay resulted in similar outcomes [39].

	
How to determine the optimal extrinsic energy supply in the early phase?

At which time-point should the measured EE be fully covered? (Ideally, based on metabolic stage identified with respective future monitoring tool).




	
Feeding progression (build-up)

	
Progressive feeding (restricted build-up) should be preferred for both early and late feeding to enable progressive reactivation of metabolism.

Rationale: Restricted build-up improved outcome in one RCT in patients developing refeeding syndrome [31]. This is further supported by the above-mentioned INTACT study showing higher mortality with early full feeding [50].

	
Optimal progression (build-up) of early nutrition?

Optimal progression (build-up) of delayed nutrition?








EN, enteral nutrition; PN, parenteral nutrition; RCT, randomized controlled trial; MV, mechanical ventilation; EE energy expenditure, only the most recent studies based on authors’ selection are referenced.









6. Is There a Safe Limit for Underfeeding?


Observational trials conducted with EE measurement by indirect calorimetry [42,43,44] have consistently shown that there is a limited tolerance to the deficit of extrinsic intakes. Increase in malnutrition-related complications starts at −50 kcal/kg body weight (BW) (i.e., about −4000 kcal), and is nearly certain when −100 kcal/kg BW are exceeded [42,43,45] within the first week. Based on these studies, on the physiological considerations of fasting metabolism, and on calorimetry-steered supplemental PN studies [36,46], the limit for a safe tolerance of fasting (absence of nutrition) might be around 3 to 4 days after ICU admission. During underfeeding, cumulative energy deficit seems a useful concept to guide decisions. The latter is calculated as the difference between the measured EE and the sum of provided feeding and non-nutritional energy delivery during the same period.



It is not easy to identify the time point appropriate for advancing to full feeding. While progression over 3–4 days seems beneficial [31], there is no rationale for restricting energy delivery after the first week (criterion used in several studies) in patients entering the recovery phase. It is uncertain whether and for how long this period of extrinsic feeding restriction can or should be maintained in patients staying hemodynamically unstable for more than 72 h, and in those who become chronically critically ill. We know indeed that muscle catabolism results in a massive loss of lean body mass during the first 2 weeks [47], and nutrition therapy may be involved either positively or negatively in its development.



Taken together:

	
Some degree of underfeeding in the early phase is probably safe and possibly beneficial;



	
Underfeeding beyond 7 days is harmful;



	
The limit for safe underfeeding between days 3 and 7 remains unresolved;



	
We suggest that a cumulated extrinsic energy deficit between −50 and −100 kcal/kg could help to identify the increase in risk of malnutrition-related complications.









7. How to Transfer Our Current Knowledge to Practice?


Based on current knowledge, energy provision should be progressive and EN should be preferred in critically ill patients who are not able to eat. The initiation of nutrition early via enteral route, not aiming at coverage of full measured EE during the first days after ICU admission, is recommended [32]. The strategy for the progression of EN proposed in Figure 2 also applies for early PN when the latter is indicated. The figure shows that in the case of non-progressing EN, combination with PN might be considered.


Figure 2. Nutrition strategy to prevent refeeding syndrome and avoid both overfeeding and underfeeding in critical illness (adapted from [14]): dotted black lines represent progressive EN; dotted blue lines represent optional supplemental PN; dotted green lines represent the sum of endogenous energy production and feeding. EN, enteral nutrition; PN, parenteral nutrition.



[image: Nutrients 09 01278 g002]






For metabolic reasons, feeding to cover full measured (or estimated) EE should not be the aim during the acute phase of illness, independent of the route. This statement is supported by the recent analysis of outcome according to the ratio of energy delivery to measured EE [51]. It is noteworthy that there is no data concerning an eventual oral diet restriction in the acute phase. However, critical illness itself limits oral and enteral nutrition with GI dysfunction, anorexia, and feeding intolerance.



Based on the above studies and considerations, we suggest that:

	
Early feeding should always be below the actual energy expenditure.



	
EN should be started within the first 48 h if an oral diet is not possible, and in the absence of contraindications.



	
Full energy requirements should be gradually achieved by day 4 after ICU admission.



	
The period of fasting should be limited to a maximum of 3–4 days after ICU admission.



	
Intentional underfeeding should not be applied beyond 4 days.



	
If EN is not covering 60% of caloric needs by day 4, PN should be considered.



	
The effect of extrinsic energy provision significantly below EE for prolonged duration is not clear. Such underfeeding for up to 7 days may be considered in patients without underlying malnutrition.



	
Clinicians should strive for determination of EE based either on indirect calorimetry or VCO2 measurements [52].









8. How to Improve the Knowledge and Patient Management?


Many processes in critically ill patients go beyond normal physiology. Several recent studies were unsuccessful in improving outcome with increased energy and protein delivery. It is possible that there are narrow individual windows for optimal timing, route, and amount of nutrition. The recent data indicate that the issue also includes the composition of feeds, and particularly of the dose of proteins [51]. Adaptive and maladaptive responses of the body need to be better understood and observed, and accordingly supported or suppressed. Therefore, the most important task for future research is to trace the dynamics of the glucose, protein, and lipid metabolism and the development of tools for metabolic monitoring at the bedside. Only precise monitoring tools will allow meaningful research on targeted interventions. Meanwhile, it needs to be acknowledged that different metabolic states may make the same interventions either harmful or beneficial. Studies should focus on a period between days 3 and 7 in the ICU to refine the recommendations on the route, caloric, macro- and micronutrient delivery for this “intermediate” period.



Many domains remain unexplored: e.g., little is known on the best feeding strategy in patients with very high risk of aspiration (e.g., dysphagia combined with gastroparesis, post-esophageal surgery, non-invasive ventilation). Studies exploring metabolic patterns associated with chronic critical illness (i.e., ICU stays longer than 2 weeks) are warranted. Finally, we suggest that future studies should use clear definitions and carefully plan sub-analyses on patient categories.




9. Conclusions


Energy expenditure and substrate utilisation are deeply modified by critical illness, whereas bedside markers to assess the endogenous energy production and adapt extrinsic feeding are missing. Early EN, started at a slow rate and increased gradually over 3–4 days, should be considered as a routine feeding approach in ICU patients, due to additional non-nutritional benefits compared to PN. Compared to early full feeding by either route, late feeding may have advantages, but this effect is most likely a dose-effect.







Acknowledgments


The authors are grateful to Lynda Mallet for linguistic support.




Conflicts of Interest


M.M.B. is lecturer for the companies Fresenius Kabi, Nestlé, Baxter and Abbott. She has received unrestricted research grants from Fresenius Kabi. A.R.B. received consultancy and speaker fees from Fresenius, Nestlé and Nutricia.




References


	1. 
Elke, G.; van Zanten, A.R.; Lemieux, M.; McCall, M.; Jeejeebhoy, K.N.; Kott, M.; Jiang, X.; Day, A.G.; Heyland, D.K. Enteral vs. parenteral nutrition in critically ill patients: An updated systematic review and meta-analysis of randomized controlled trials. Crit. Care 2016, 20, 117. [Google Scholar] [CrossRef] [PubMed]

	2. 
Harvey, S.E.; Parrott, F.; Harrison, D.A.; Bear, D.E.; Segaran, E.; Beale, R.; Bellingan, G.; Leonard, R.; Mythen, M.G.; Rowan, K.M. Trial of the route of early nutritional support in critically ill adults—Calories trial. N. Engl. J. Med. 2014, 371, 1673–1684. [Google Scholar] [CrossRef] [PubMed]

	3. 
Allingstrup, M.J.; Kondrup, J.; Wiis, J.; Claudius, C.; Pedersen, U.G.; Hein-Rasmussen, R.; Bjerregaard, M.R.; Steensen, M.; Jensen, T.H.; Lange, T.; et al. Early goal-directed nutrition vs. standard of care in adult intensive care patients: The single-centre, randomised, outcome assessor-blinded EAT-ICU trial. Intensive Care Med. 2017, 43, 1637–1647. [Google Scholar] [CrossRef] [PubMed]

	4. 
Patterson, R.E.; Laughlin, G.A.; LaCroix, A.Z.; Hartman, S.J.; Natarajan, L.; Senger, C.M.; Martinez, M.E.; Villasenor, A.; Sears, D.D.; Marinac, C.R.; et al. Intermittent fasting and human metabolic health. J. Acad. Nutr. Diet. 2015, 115, 1203–1212. [Google Scholar] [CrossRef] [PubMed]

	5. 
Katewa, S.D.; Kapahi, P. Dietary restriction and aging, 2009. Aging Cell 2010, 9, 105–112. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wolfe, R.R. Regulation of skeletal muscle protein metabolism in catabolic states. Curr. Opin. Clin. Nutr. Metab. Care 2005, 8, 61–65. [Google Scholar] [CrossRef] [PubMed]

	7. 
Horne, B.D.; Muhlestein, J.B.; Anderson, J.L. Health effects of intermittent fasting: Hormesis or harm? A systematic review. Am. J. Clin. Nutr. 2015, 102, 464–470. [Google Scholar] [CrossRef] [PubMed]

	8. 
O'Flanagan, C.H.; Smith, L.A.; McDonell, S.B.; Hursting, S.D. When less may be more: Calorie restriction and response to cancer therapy. BMC Med. 2017, 15, 106. [Google Scholar] [CrossRef] [PubMed]

	9. 
Charrière, M.; Ridley, E.; Hastings, J.; Bianchet, O.; Scheinkestel, C.; Berger, M.M. Propofol sedation substantially increases the caloric and lipid intake in critically ill patients. Nutrition 2017, in press. [Google Scholar]

	10. 
Peters, A. The selfish brain: Competition for energy resources. Am. J. Hum. Biol. 2011, 23, 29–34. [Google Scholar] [CrossRef] [PubMed]

	11. 
Soeters, M.R.; Soeters, P.B.; Schooneman, M.G.; Houten, S.M.; Romijn, J.A. Adaptive reciprocity of lipid and glucose metabolism in human short-term starvation. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E1397–E1407. [Google Scholar] [CrossRef] [PubMed]

	12. 
Awad, S.; Stephenson, M.C.; Placidi, E.; Marciani, L.; Constantin-Teodosiu, D.; Gowland, P.A.; Spiller, R.C.; Fearon, K.C.; Morris, P.G.; Macdonald, I.A.; et al. The effects of fasting and refeeding with a ‘metabolic preconditioning’ drink on substrate reserves and mononuclear cell mitochondrial function. Clin. Nutr. 2010, 29, 538–544. [Google Scholar] [CrossRef] [PubMed]

	13. 
Soeters, M.R.; Soeters, P.B. The evolutionary benefit of insulin resistance. Clin. Nutr. 2012, 31, 1002–1007. [Google Scholar] [CrossRef] [PubMed]

	14. 
Oshima, T.; Berger, M.M.; De Waele, E.; Guttormsen, A.B.; Heidegger, C.P.; Hiesmayr, M.; Singer, P.; Wernerman, J.; Pichard, C. Indirect calorimetry in nutritional therapy. A position paper by the ICALIC study group. Clin. Nutr. 2017, 36, 651–662. [Google Scholar] [CrossRef] [PubMed]

	15. 
Kreymann, G.; Grosser, S.; Buggisch, P.; Gottschall, C.; Matthaei, S.; Greten, H. Oxygen consumption and resting metabolic rate in sepsis, sepsis syndrome, and septic shock. Crit. Care Med. 1993, 21, 1012–1019. [Google Scholar] [CrossRef] [PubMed]

	16. 
Arabi, Y.M.; Casaer, M.P.; Chapman, M.; Heyland, D.K.; Ichai, C.; Marik, P.E.; Martindale, R.G.; McClave, S.A.; Preiser, J.C.; Reignier, J.; et al. The intensive care medicine research agenda in nutrition and metabolism. Intensive Care Med. 2017, 43, 1239–1256. [Google Scholar] [CrossRef] [PubMed]

	17. 
Rosenthal, M.; Gabrielli, A.; Moore, F. The evolution of nutritional support in long term ICU patients: From multisystem organ failure to persistent inflammation immunosuppression catabolism syndrome. Minerva Anestesiol. 2016, 82, 84–96. [Google Scholar] [PubMed]

	18. 
Biolo, G.; Ciocchi, B.; Stulle, M.; Bosutti, A.; Barazzoni, R.; Zanetti, M.; Antonione, R.; Lebenstedt, M.; Platen, P.; Heer, M.; et al. Calorie restriction accelerates the catabolism of lean body mass during 2 weeks of bed rest. Am. J. Clin. Nutr. 2007, 86, 366–372. [Google Scholar] [PubMed]

	19. 
Tappy, L.; Schwarz, J.M.; Schneiter, P.; Cayeux, C.; Revelly, J.P.; Fagerquist, C.K.; Jéquier, E.; Chioléro, R. Effects of isoenergetic glucose-based or lipid-based parenteral nutrition on glucose metabolism, de novo lipogenesis, and respiratory gas exchanges in critically ill patients. Crit. Care Med. 1998, 26, 860–867. [Google Scholar] [CrossRef] [PubMed]

	20. 
McClave, S.A.; Taylor, B.E.; Martindale, R.G.; Warren, M.M.; Johnson, D.R.; Braunschweig, C.; McCarthy, M.S.; Davanos, E.; Rice, T.W.; Cresci, G.A.; et al. Society of Critical Care Medicine, American Society for Parenteral, Enteral Nutrition. Guidelines for the provision and assessment of nutrition support therapy in the adult critically ill patient: Society of Critical Care Medicine (SCCM) and American Society for Parenteral and Enteral Nutrition (ASPEN). J. Parenter. Enter. Nutr. 2016, 40, 159–211. [Google Scholar]

	21. 
Singer, P.; Berger, M.M.; Van den Berghe, G.; Biolo, G.; Calder, P.; Forbes, A.; Griffiths, R.; Kreyman, G.; Leverve, X.; Pichard, C. ESPEN guidelines on parenteral nutrition: Intensive care. Clin. Nutr. 2009, 28, 387–400. [Google Scholar] [CrossRef] [PubMed]

	22. 
Kinsky, M.P.; Milner, S.M.; Button, B.; Dubick, M.A.; Kramer, G.C. Resuscitation of severe thermal injury with hypertonic saline dextran: Effects on peripheral and visceral edema in sheep. J. Trauma Acute Care Surg. 2000, 49, 844–853. [Google Scholar] [CrossRef]

	23. 
Guerra, T.L.; Mendonca, S.S.; Marshall, N.G. Incidence of constipation in an intensive care unit. Rev. Bras. Ter. Intensiva 2013, 25, 87–92. [Google Scholar] [CrossRef] [PubMed]

	24. 
Wierdsma, N.J.; Peters, J.H.; Weijs, P.J.; Keur, M.B.; Girbes, A.R.; van Bodegraven, A.A.; Beishuizen, A. Malabsorption and nutritional balance in the ICU—Faecal weight as a biomarker: A prospective observational pilot study. Crit. Care 2011, 15, R264. [Google Scholar] [CrossRef] [PubMed]

	25. 
Nguyen, N.Q.; Besanko, L.K.; Burgstad, C.M.; Burnett, J.; Stanley, B.; Butler, R.; Holloway, R.H.; Fraser, R.J. Relationship between altered small intestinal motility and absorption after abdominal aortic aneurysm repair. Intensive Care Med. 2011, 37, 610–618. [Google Scholar] [CrossRef] [PubMed]

	26. 
Nguyen, N.Q.; Besanko, L.K.; Burgstad, C.; Bellon, M.; Holloway, R.H.; Chapman, M.; Horowitz, M.; Fraser, R.J. Delayed enteral feeding impairs intestinal carbohydrate absorption in critically ill patients. Crit. Care Med. 2012, 40, 50–54. [Google Scholar] [CrossRef] [PubMed]

	27. 
Bear, D.E.; Wandrag, L.; Merriweather, J.L.; Connolly, B.; Hart, N.; Grocott, M.P.W. Enhanced Recovery After Critical Illness Programme Group investigators. The role of nutritional support in the physical and functional recovery of critically ill patients: A narrative review. Crit. Care 2017, 21, 226. [Google Scholar] [CrossRef] [PubMed]

	28. 
Savino, P. Knowledge of constituent ingredients in enteral nutrition formulas can make a difference in patient response to enteral feeding. Nutr. Clin. Pract. 2017. [Google Scholar] [CrossRef] [PubMed]

	29. 
Heyland, D.K.; Cahill, N.E.; Dhaliwal, R.; Wang, M.; Day, A.G.; Alenzi, A.; Aris, F.; Muscedere, J.; Drover, J.W.; McClave, S.A. Enhanced protein-energy provision via the enteral route in critically ill patients: A single center feasibility trial of the PEP uP protocol. Crit. Care 2010, 14, R78. [Google Scholar] [CrossRef] [PubMed]

	30. 
Declercq, B.; Deane, A.M.; Wang, M.; Chapman, M.J.; Heyland, D.K. Enhanced Protein-Energy Provision via the Enteral Route Feeding (PEPuP) protocol in critically ill surgical patients: A multicentre prospective evaluation. Anaesth. Intensive Care 2016, 44, 93–98. [Google Scholar] [PubMed]

	31. 
Doig, G.S.; Simpson, F.; Heighes, P.T.; Bellomo, R.; Chesher, D.; Caterson, I.D.; Reade, M.C.; Harrigan, P.W. Refeeding Syndrome Trial Investigators Group. Restricted versus continued standard caloric intake during the management of refeeding syndrome in critically ill adults: A randomised, parallel-group, multicentre, single-blind controlled trial. Lancet Respir. Med. 2015, 3, 943–952. [Google Scholar] [CrossRef]

	32. 
Reintam Blaser, A.; Starkopf, J.; Alhazzani, W.; Berger, M.M.; Casaer, M.P.; Deane, A.M.; Fruhwald, S.; Hiesmayr, M.; Ichai, C.; Jakob, S.M.; et al. Early enteral nutrition in critically ill patients: ESICM clinical practice guidelines. Intensive Care Med. 2017, 43, 380–398. [Google Scholar] [CrossRef] [PubMed]

	33. 
Casaer, M.P.; Mesotten, D.; Hermans, G.; Wouters, P.J.; Schetz, M.; Meyfroidt, G.; Van Cromphaut, S.; Ingels, C.; Meersseman, P.; Muller, J.; et al. Early vs. late parenteral nutrition in critically ill adults. N. Engl. J. Med. 2011, 365, 506–517. [Google Scholar] [CrossRef] [PubMed]

	34. 
Vanhorebeek, I.; Verbruggen, S.; Casaer, M.P.; Gunst, J.; Wouters, P.J.; Hanot, J.; Guerra, G.G.; Vlasselaers, D.; Joosten, K.; Van den Berghe, G. Effect of early supplemental parenteral nutrition in the paediatric ICU: A preplanned observational study of post-randomisation treatments in the PEPaNIC trial. Lancet Respir. Med. 2017, 5, 475–483. [Google Scholar] [CrossRef]

	35. 
Doig, G.S.; Simpson, F. Group Investigators of the Anzics Clinical Trials Early parenteral nutrition in critically ill patients with short-term relative contraindications to early enteral nutrition: A randomized controlled trial. Dovepress 2013, 5, 369–379. [Google Scholar]

	36. 
Heidegger, C.P.; Berger, M.M.; Graf, S.; Zingg, W.; Darmon, P.; Costanza, M.C.; Thibault, R.; Pichard, C. Optimisation of energy provision with supplemental parenteral nutrition in critically ill patients: A randomised controlled clinical trial. Lancet 2013, 381, 385–393. [Google Scholar] [CrossRef]

	37. 
Rice, T.W.; Mogan, S.; Hays, M.A.; Bernard, G.R.; Jensen, G.L.; Wheeler, A.P. Randomized trial of initial trophic vs. full-energy enteral nutrition in mechanically ventilated patients with acute respiratory failure. Crit. Care Med. 2011, 39, 967–974. [Google Scholar] [CrossRef] [PubMed]

	38. 
Arabi, Y.M.; Tamim, H.M.; Dhar, G.S.; Al-Dawood, A.; Al-Sultan, M.; Sakkijha, M.H.; Kahoul, S.H.; Brits, R. Permissive underfeeding and intensive insulin therapy in critically ill patients: A randomized controlled trial. Am. J. Clin. Nutr. 2011, 93, 569–577. [Google Scholar] [CrossRef] [PubMed]

	39. 
Arabi, Y.M.; Aldawood, A.S.; Haddad, S.H.; Al-Dorzi, H.M.; Tamim, H.M.; Jones, G.; Mehta, S.; McIntyre, L.; Solaiman, O.; Sakkijha, M.H.; et al. Permissive underfeeding or standard enteral feeding in critically ill adults. N. Engl. J. Med. 2015, 372, 2398–2408. [Google Scholar] [CrossRef] [PubMed]

	40. 
Wischmeyer, P.E.; Hasselmann, M.; Kummerlen, C.; Kozar, R.; Kutsogiannis, D.J.; Karvellas, C.J.; Besecker, B.; Evans, D.K.; Preiser, J.C.; Gramlich, L.; et al. A randomized trial of supplemental parenteral nutrition in underweight and overweight critically ill patients: The TOP-UP pilot trial. Crit. Care 2017, 21, 142. [Google Scholar] [CrossRef] [PubMed]

	41. 
Berger, M.M.; Pichard, C. Development and current use of parenteral nutrition in critical care—An opinion paper. Crit. Care 2014, 18, 478. [Google Scholar] [CrossRef] [PubMed]

	42. 
Dvir, D.; Cohen, J.; Singer, P. Computerized energy balance and complications in critically ill patients: An observational study. Clin. Nutr. 2006, 25, 37–44. [Google Scholar] [CrossRef] [PubMed]

	43. 
Villet, S.; Chioléro, R.L.; Bollmann, M.D.; Revelly, J.P.; Cayeux, M.C.; Delarue, J.; Berger, M.M. Negative impact of hypocaloric feeding and energy balance on clinical outcome in ICU patients. Clin. Nutr. 2005, 24, 502–509. [Google Scholar] [CrossRef] [PubMed]

	44. 
McClave, S.A.; Lowen, C.C.; Kleber, M.J.; Nicholson, J.F.; Jimmerson, S.C.; McConnel, J.W.; Jung, L.Y. Are patients fed appropriately according to their caloric requirements? J. Parenter. Enter. Nutr. 1998, 22, 375–381. [Google Scholar] [CrossRef] [PubMed]

	45. 
Alberda, C.; Gramlich, L.; Jones, N.; Jeejeebhoy, K.; Day, A.G.; Dhaliwal, R.; Heyland, D.K. The relationship between nutritional intake and clinical outcomes in critically ill patients: Results of an international multicenter observational study. Intensive Care Med. 2009, 35, 1728–1737. [Google Scholar] [CrossRef] [PubMed]

	46. 
Petros, S.; Horbach, M.; Seidel, F.; Weidhase, L. Hypocaloric vs. normocaloric nutrition in critically ill patients: A prospective randomized pilot trial. J. Parenter. Enter. Nutr. 2016, 40, 242–249. [Google Scholar] [CrossRef] [PubMed]

	47. 
Puthucheary, Z.A.; Rawal, J.; McPhail, M.; Connolly, B.; Ratnayake, G.; Chan, P.; Hopkinson, N.S.; Padhke, R.; Dew, T.; Sidhu, P.S.; et al. Acute skeletal muscle wasting in critical illness. JAMA 2013, 310, 1591–1600. [Google Scholar] [CrossRef] [PubMed]

	48. 
Doig, G.S.; Heighes, P.T.; Simpson, F.; Sweetman, E.A.; Davies, A.R. Early enteral nutrition, provided within 24 h of injury or intensive care unit admission, significantly reduces mortality in critically ill patients: A meta-analysis of randomised controlled trials. Intensive Care Med. 2009, 35, 2018–2027. [Google Scholar] [CrossRef] [PubMed]

	49. 
Li, X.; Ma, F.; Jia, K. Early enteral nutrition within 24 h or between 24 and 72 h for acute pancreatitis: Evidence based on 12 RCTs. Med. Sci. Monit. 2014, 20, 2327–2335. [Google Scholar] [PubMed]

	50. 
Braunschweig, C.A.; Sheean, P.M.; Peterson, S.J.; Gomez Perez, S.; Freels, S.; Lateef, O.; Gurka, D.; Fantuzzi, G. Intensive Nutrition in Acute Lung Injury: A Clinical Trial (INTACT). J. Parenter. Enter. Nutr. 2015, 39, 13–20. [Google Scholar] [CrossRef] [PubMed]

	51. 
Zusman, O.; Theilla, M.; Cohen, J.; Kagan, I.; Bendavid, I.; Singer, P. Resting energy expenditure, calorie and protein consumption in critically ill patients: A retrospective cohort study. Crit. Care 2016, 20, 367. [Google Scholar] [CrossRef] [PubMed]

	52. 
Stapel, S.N.; de Grooth, H.J.; Alimohamad, H.; Elbers, P.W.; Girbes, A.R.; Weijs, P.J.; Oudemans-van Straaten, H.M. Ventilator-derived carbon dioxide production to assess energy expenditure in critically ill patients: Proof of concept. Crit. Care 2015, 19, 370. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  nutrients-09-01278


  
    		
      nutrients-09-01278
    


  




  





media/file3.png
Energy

TOTAL energy expenditure

2. Endogenous production
+ exogenous supply

Endogenous
production

&any

i

i

b----------
. .

~: Supplemental PN

Progressive ~
early EN

T mmmedd =

59 >
Time (h) 24 48 72 I I

Indirect calorimetry






media/file1.png
_A_._A.z\
Vs \
! Energy 1

e

Expenditure “

Protein. Catabohsm /’ —————————— . R
‘ N . LN
LIpO|ySIS ] /~ S

Ketogenesis _ _’ absent

7AM  Noon 8PM 24h 48h Il 3-7 days Il 2 weeks
Healthy state \4






media/file0.jpg
FooD3x/day > | Fsting
L Start

STNISNTINGL
Glycogenolysis

- -

\Gluconeogenesi

a4,

o &
fEnergy Y

|
Expenditure | __

si
ogenesi

RACERAAN S

BasalEE

absent

7AM  Noon 8PM
Healthy state v

24h agh U 37days I 2weeks





media/file2.jpg
TOTAL energy expenditure

T Endogenous production
+ exogenous supply

Endogenous
production

e o
-3

Supplemental PN
Progressive

early EN [

Time (h) 2 48 72 I ]

Indirect calorimetry





