Nutrition in
|CU Patients

Andreas Rimelin
Konlrsltin Mayer
Thomas W. Felbinger
Editors

N Springer



Nutrition in ICU Patients



Andreas Rimelin - Konstantin Mayer
Thomas W. Felbinger
Editors

Nutrition in ICU Patients

@ Springer



Editors

Andreas Riimelin Konstantin Mayer

Department of Anesthesiology Department of Pneumology
Hospital “Land Hadeln” Infectiology, and Sleep Medicine,
Otterndorf, Germany ViDia Hospitals

Karlsruhe, Germany
Thomas W. Felbinger
Department of Anesthesiology,
Perioperative and Pain Medicine,
Harlaching and Neuperlach Medical Centers
The Munich Municipal Hospitals Group Ltd
Miinchen, Germany

Faculty of Medicine
University of Giessen
Giessen, Germany

ISBN 978-3-032-00817-6 ISBN 978-3-032-00818-3  (eBook)
https://doi.org/10.1007/978-3-032-00818-3

Translation from the German language edition: “Ernidhrung des Intensivpatienten” by Andreas Riimelin
et al., © Springer-Verlag Berlin Heidelberg 2013. Published by Springer. All Rights Reserved.

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2025

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-3-032-00818-3

Let food be thy medicine and medicine be thy food.
—Hippocrates

In 1883, the Russian poet and physician Anton Chekhov (1860-1904) described
the medical history of a 61-year-old female patient hospitalized with severe lobar
pneumonia, a mostly fatal condition in the pre-antibiotic era. Chekhov prescribed a
low-carbohydrate diet, consisting of soups, milk, eggs, and low amounts of meat.
The patient recovered after 29 days of critical illness [1]. This case vignette points
out the significance of diets as a cornerstone in the treatment of critically ill patients
in the nineteenth century.

Times have changed—but isn’t high-quality, evidence-based nutritional therapy
still one of the cornerstones of therapy for critically ill patients?

Since the evolution of the first modern Critical Care Unit at the University of
Pittsburgh in 1959, intensive care medicine revolutionized the treatment of critical
illness worldwide from the end of the 1980s onwards [2].

Developments in nutritional therapy initially kept pace with this revolution.

In 1968, Dudrick et al. fed beagle puppies with a solution of dextrose, protein
hydrolysate, vitamins, and minerals via a central venous line for up to 256 days.
They were the first to show that normal and comparable growth and development
could be achieved in animals fed entirely intravenously [3]. In 1974, Jurgens et al.
from St. Georg Hospital Hamburg, Germany, designed programmes of parenteral
nutrition with emulsified fat for infants and children [4]. In 1980, Gauterer et al.
described the first endoscopic placement of a gastrostomy tube [5].

To foster research, the American Society for Parenteral and Enteral Nutrition
(ASPEN) was founded in 1975, followed by the establishment of European Society
for Parenteral and Enteral Nutrition (ESPEN) in 1980.

Due to major advances in supportive treatment of acute organ failure, more and
more patients subsequently survived the initial phase of conditions such as septic or
cardiogenic shock, fecal peritonitis, multiple trauma, or extensive burns. About a
quarter, however, enter the chronic phase of critical illness, during which they
require vital organ support often for weeks, sometimes months. The term protracted
critical illness was coined for this condition at the end of the 1990s. Nutrition was
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increasingly considered a potential intervention to attenuate muscle wasting and
improve functional recovery.

Groundbreaking research came from the group of Greet van den Berghe,
Leuven, Belgium, who was able to show that protracted critical illness, charac-
terized by feeding-resistant wasting of protein and reesterification of fatty
acids, is associated with a low-activity status of the somatotropic and thyrotro-
pic axis [6].

Artificial nutrition is nowadays routinely provided to the majority of patients
admitted to the intensive care unit (ICU) with enteral nutrition administered twice
as frequently as parenteral nutrition (48% versus 24%) [7].

Despite this, we still have an incomplete understanding about the optimal route,
timing, and dose to provide. Clinical practice guidelines are largely based on expert
opinion or observational data rather than on evidence. The ASPEN 2016 Ceritical
Care Guidelines provide 95 individual recommendations, of which just 3 are based
on high or moderate-to-high quality evidence (i.e., a high-quality randomized con-
trolled trial (RCT)) and 55 are based on “expert opinion” alone [8].

It is therefore not surprising that many established nutritional therapy practices
that were based on expert consensus or low-quality studies have been refuted by
recent large multicentric randomized trials. A prominent example had been the con-
cept of intensive insulin therapy for the treatment of stress hyperglycaemia, which
was enthusiastically recommended in many clinical practice guidelines since 2001,
but did not take into account the influence of accompanying high-dose parenteral
glucose therapy to avoid severe hypoglycaemia [9].

A recent review article by Arabi et al. highlighted the future intensive care medi-
cine research agenda in nutrition and metabolism [10]. The authors recommend to
initiate RCT’s on the topics of (1) the optimal protein dose combined with standard-
ized active and passive mobilization during different phases of critical illness, (2)
nutritional assessment, (3) nutritional strategies in critically obese patients, and (4)
on the effects of continuous versus intermittent enteral nutrition [10].

As a critical care trialist, I strongly agree with the recommendations made
regarding phase III (efficacy) RCTs trial design in nutritional support.

First, patient-centred outcomes must include long-term functional outcomes.
Surrogate outcomes are misleading in clinical efficacy trials and should not be
used. Second, phase III RCTs must be adequately powered and power calculations
must be performed using realistic event rates and expected effect size. Third, the
time course of critical illness must be taken into account. It is of utmost impor-
tance to distinguish between acute, subacute, and chronic critical illness. Fourth,
the heterogeneity of the critical care population must be taken into account. The
focus should be on patients with organ failure, in which outcomes are likely to be
most influenced by nutritional support. Further, specific phenotypes should be
identified (e.g., patients with previous poor nutrition, postoperative patients, and
those with sepsis).
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The importance of nutrition in critical care is increasingly recognized. However,
the implementation of randomized clinical trials requires public funding, and addi-
tional efforts are required to convince public funding bodies to support these trials
in the future.

The textbook Nutrition in the ICU makes an important contribution to this.

I would like to thank the editors and authors for their efforts to provide an excel-
lent up-to-date overview about what we know and what we don’t in nutritional
therapy for the critically ill.
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Dear reader,

This book is intended to be a helpful guide for you when treating your patients in
the intensive care unit, beyond the treatment of cardiovascular and organ functions.

We editors ultimately decided to provide you with this handbook because we see
major differences in the nutritional tasks of healthy people and patients requiring
intensive care.

The hormonal and consecutive metabolic changes in our patients—together with
any regional perfusion and oxidation disorders that have occurred—may lead to a
complex medical picture.

Metabolic pathways such as gluconeogenesis, lipolysis, and proteolysis, which
are responsible for ensuring sufficient glucose as an energy source for the cell struc-
tures that can only obtain energy from glucose, are excessively stimulated. Radicals,
which can be generated in the context of oxidative phosphorylation, metal ions, the
“respiratory burst” of granulocytes, or the activation of xanthine oxidase, endanger
cell integrity. The immune system of our patients is also impaired, resulting in an
increase or impairment of the immune function.

Individual organ functions of the lungs, liver, or kidneys can be temporarily
impaired, but above all the gastrointestinal tract, which together with the lymphatic
system has the greatest cellular immune competence.

We are increasingly treating the combination of an excessive catabolic metabolic
state, increased radical generation, and altered immune function by using selected
nutrient components.

The selection of fatty acids in the lipid emulsions may be able to influence the
duration and severity of the disease.

Last but not least, the targeted use of insulin to prevent hyperglycaemia is also
important.

We are aware that we can only present you with a snapshot. We are eagerly
awaiting the opportunity to develop our concepts further, for example through bed-
side monitoring of immune function.

We are also eagerly awaiting the question of whether we will ever be able to
make clinical use of the finding that individual nutrients influence hormone secre-
tion in the hypothalamic-pituitary axis.

What we would like to give you for your everyday clinical practice is that nutri-
ent intake in our patients requiring intensive care has a therapeutic approach.
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Elke Roeb

Trailer

In the chapter pathophysiology, the major nutrition-relevant organ structures and
their primary disturbances in ICU patients are discussed. First, a functional descrip-
tion of the esophagus and stomach, and the gastrointestinal motility are presented.
The pharmacological modulation of motility and characteristics of postoperative
motility (disturbances) are discussed in detail. Constipation and intestinal transloca-
tion are among the most common pathophysiological disorders of intensive care
patients, yet the therapeutic options appear limited. Stress bleeding after peptic
lesions, however, can be prevented by careful prophylaxis or at least might be sig-
nificantly reduced. The disturbed intestinal perfusion could be influenced by the diet
of intensive care patients. Still unclear, however, are dietary recommendations in
case of shock liver, as enteral nutrition often is disturbed and parenteral nutrition is
associated with hepatic and cholestatic side effects.

1.1 Pathophysiology of the Intestinal Tract

Esophagus

Hormonal and neural mechanisms control esophageal motility and function of the
lower esophageal sphincter. The proximal esophagus is controlled by the vagus
nerve via nicotinic receptors and the distal esophagus via muscarinic receptors.
Relaxation of smooth circular muscles in the esophagus occurs via nitric oxide
(NO) and vasoactive intestinal peptide (VIP). Reflux is promoted by influences
reducing the pressure of the lower esophageal sphincter. These include p-adrenergic
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agonists, sildenafil, secretin, progesterone, paracrine influences but also pregnancy,
obesity, and high-fat foods (e.g., western diet).

Stomach

The exocrine secretion of the stomach is affected by hydrochloric acid, pepsinogen,
mucosal, and intrinsic factors. Furthermore, gastrin (produced by G-cells) and his-
tamine (mast cells, enterochromaffin cells) as well as somatostatin are secreted
(from D-cells). Any disorder of gastric emptying is reflected by an increased gastric
reflux (can be observed easily by a gastric tube). A reflux of more than 1 L indicates
that the physiological knee-jerk relaxation of the pylorus is disturbed.

Intestinal Motility

The gastrointestinal motor and secretion are regulated by the autonomic and enteric
nervous system, hormones, cytokines, and other transmitters. Every day about 9 L
of fluid pass through the gastrointestinal tract. Two liters come from supplied food
and 7 L from the endogenous gastrointestinal secretion. In jejunum, the reabsorp-
tion of electrolytes occurs along with a large part of the aqueous liquid. In the proxi-
mal small intestine (due to increased mucosal permeability), the exchange of
osmolarity between chyme and blood works faster than in the rest of the intestine.
In the ileum, the reabsorption of water slowly decreases and the intestinal content is
pooled. Water- and fat-soluble dietary components are primarily reabsorbed in the
proximal small intestine, with the exception of vitamin B12, which is absorbed in
the terminal ileum only. A vitamin B12 deficiency can lead to Addison’s anemia and
even to funicular myelosis. A connection with dementia and neuropathy was dis-
cussed. A recently published study demonstrated a high prevalence of subclinical
vitamin B12 deficiency, which represents a possible risk factor for disease burden
among apparently healthy urban adults [23].

Various mucosal diseases, that affect the proximal intestine, therefore lead to dif-
ferent deficiencies. In extensive disease of the distal intestine, any bacterial over-
growth of the small intestine in addition to chronic cholestasis might interfere with
adequate intraluminal bile acid concentration and thus interfere with a proper
absorption of fat and liposoluble vitamins (ADEK). Early stages of vitamin defi-
ciency symptoms are not clinically detectable until they lead to tremendous dis-
eases, e.g., the usually irreversible spinocerebellar degeneration in case of vitamin
E deficiency.

Suggestibility of Pharmacological Motility

A consensus is emerging that the gastric symptoms of functional dyspepsia are
caused mainly by gastric motility abnormalities and gastric hypersensitivity [14,
17]. The commonly used dopamine antagonists metoclopramide (MCP) and dom-
peridone are both able to stimulate esophageal, gastric, as well as duodenal motility.
MCP is a pure dopamine antagonist. In addition to its peripheral action, the accel-
eration of gastric peristalsis and increasing frequency of opening the pylorus, MCP
leads to central, sometimes neuroleptic, side effects, since it partially overcomes the
blood-brain barrier. The effect of MCP in postoperative nausea seems to be
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controversial [30]. Domperidone prevents the binding of dopamine toward the D2
dopamine receptor. Thus, dopamine reduces nausea, retching, and vomiting through
this central effect. The positive impact of that piperidine derivative on motility is not
yet understood. In addition to an increase in prolactin levels, the extension of QT
intervals, especially with risk of ventricular arrhythmia, is a relevant side effect of
domperidone in ICU patients. The numerous hormones that change their concentra-
tions in critically ill patients and affect gastrointestinal motility include ghrelin,
motilin, cholecystokinin, peptide Y'Y, ACTH, and incretins [6, 28]. Figure 1.1 gives
an overview.

Effective substance groups for the symptomatic treatment of diarrhea are still
opiates and opioids (for example, loperamide). Their operation modus takes place
exclusively locally in the gut by inhibiting the peristalsis. By concomitant adminis-
tration of verapamil, ketoconazole, or HIV protease inhibitors, the blood-brain bar-
rier can be overcome and central side effects such as respiratory depression may
occur [3].

Motilin gfm
Enhancas GE
1CLU: not known Esophagus
Ghrelin
Enhancas GE
ICL): reduced
CCK Diaoh
Reduces GE aphrEgm
ICU: enhanced Stomach
i Duodenum
PYY Colon
Raduces GE
ICL: enhanced Small intestine
GLP
Reduces GE Rectum
ICLE: enhanced

Fig. 1.1 Hormones influencing gastric and intestinal motility in healthy subjects and intensive
care (IC1U) patients. Hormonal effects in healthy individuals and in critically ill patients are shown.
Cholecystokinin (CCK) and peptide Y'Y (PYY) are released in response to enteral feeding and play
an important role in gastric emptying. Glucagon-like peptide is released in the distal small intestine
and colon. It acts as enterogastrone [16]. CCK cholecystokinin, GLP glucagon-like peptide, GE
gastric emptying, ICU intensive care unit, PY'Y peptide Y'Y
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At supratherapeutic doses, loperamide causes both QRS and QT prolonga-
tion. Supratherapeutic dosages of loperamide are advertised on several drug
use websites and online forums as a treatment for opioid withdrawal and to
produce euphoric effects. With regard to the current prescription-based opioid
abuse, toxicity of loperamide, an opioid agonist that is readily available with-
out a prescription, is more common [31].

Table 1.1 Substances which act tone-enhancing and tone-reducing

Tone- and motility-enhancing prokinetic

drugs

B-adrenergic receptor antagonists
Choline rezeptor agonists
Dopamine antagonists
Domperidone

Metoclopramide

Itopride
Erythromycin/Azithromycin

Gastrin

Ghrelin agonists

Ulimorelin + TZP-102

Others

Motilin receptor agonist (Camicinal)
Neostigmine

Alternative medicine

Acupuncture

Prostaglandin F,, (PGF,,)
Prostaglandin E,

Serotonin/5-HT ;~agonists
TAK-964

Cisapride

Mosapride

Prucalopride

Tone- and motility-reducing
B,-adrenergic receptor agonists
calcium antagonists
Cholecystokinin

Choline receptor antagonists (tricyclic
antidepressants)

Diazepam

Dopamine

Glucagon

Nitrates

Opiate
Serotonin

Theophylline

According to Arzneimitteltherapie in der Gastroenterologie, Scholmerich, Sewing Hsg. (2003) and

Crone [5] with ongoing studies

Table 1.1 gives an overview of substances that act tonus- or motility enhancing

or tonus- or motility reducing.

Postoperative Gastrointestinal Motility

After abdominal operations, nausea, bloating of the abdomen, lack of bowel sounds,
or obstruction of feces occur. Motoric function of the stomach returns to normal
after 6-12 h; of the colon, on average, not before 3 days. Some of the motility
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disorders are due to impaired coordination and not to absent gastrointestinal activ-
ity. Also, imbalance of electrolytes, hypoxemia, and hyperglycemia have negative
effects on the gastrointestinal motility. Erythromycin, intravenously applied, might
speed up gastric emptying but, however, it has no influence on the postoperative
ileus [6].

Metoclopramide seems to be the most studied prokinetic agent (49% of studies)
followed by erythromycin (31%). But data provided no firm evidence on the bal-
ance between the desirable and undesirable effects of prokinetic agents. Studies
addressing prokinetic agents in hospitalized adults had considerable variations in
indications, drugs, and outcomes assessed, and the certainty of evidence was judged
to be low to very low in a recent review [5].

1.2  Constipation

Constipation is among the most common disorders of the colon. Chronic constipa-
tion of ICU patients is often induced by medication. Important roles herein are
played by, e.g., psychotropics, sedatives, aluminum-containing antacids (aluminum
sulfate), opiates (morphine), iron preparations, diuretics, antihypertensives,
Parkinson disease treatments, and antiepileptics. Other causes include lack of oral
nutrition, lack of hydration, metabolic diseases or disorders of the electrolyte bal-
ance (often a potassium deficiency), and lack of physical exercise acts favoring as
well. The therapeutically applicable substances include osmotic laxatives, hydra-
gogue substances, and motility enhancing laxatives such as agonists of the serotonin
5-HT4 receptor. The subcutaneously administration of methylnaltrexone rapidly
leads to defecation in patients with advanced intensive care abidance or those with
opioid-induced constipation. This substance is approved, however, for the treatment
of opioid-induced constipation in adults only, in a palliative setting that does not
respond adequately to conventional laxatives. Methylnaltrexone does not seem to
affect a central analgesia and does not lead to opioid withdrawal. In 2008, methyln-
altrexone bromide came into the German market as a peripherally acting antagonist
of the p-opioid receptor. The recommended dose of methylnaltrexone bromide is,
depending on body weight, 8§ mg or 12 mg every other day. The rate of fecal evacu-
ation of 48% (placebo 15%) after a single injection according to a study by Thomas
et al. [26] corresponds approximately to our experience. Opioid-induced constipa-
tion is a burdensome clinical problem independent of opioid subtype. Timely inten-
sification of prophylactic laxative treatment, especially when opioid doses increase,
may help to prevent opioid-induced constipation.

In summary, clinically overt opioid-induced constipation requires a more inten-
sive laxative regimen with, for example, methylnaltrexone [18].
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1.3 Bacterial Translocation

* The concept of bacterial translocation (introduced by Berg & Garlington [1])
defines the passage of living enteral bacteria from the intestinal lumen through
the mucosa into mesenteric lymph nodes and other organs: Of the more than 500
enterally detectable bacteria, very few translocate, particularly aerobic and fac-
ultative anaerobic gram-negative bacteria such as E. coli, Enterobacteriaceae,
Pseudomonas aeruginosa, enterococci and streptococci. Three main mecha-
nisms are made responsible for the occurrence of systemic spread of translocated
bacteria following bacterial translocation:

(a) Luminal factors with bacterial overgrowth, collection of non-commensal
bacteria with different virulence and colonization factors;

(b) Disorders of physical and secretory mucosal barrier, changes in bacterial
adherence by different concentrations of IgA, bile acids, mucins, and chlo-
ride: The increase in penetration is facilitated by oxidative stress, mucosal
acidosis, and ATP depletion. Especially, the villi of enteral mucosa are
affected by threatening or overt hypoxia. Here, the oxygen saturation is
lower than in the arterial blood. In the villus region, a decrease in blood cir-
culation quickly results in acidosis with ATP depletion. This affects espe-
cially intensive care patients with hemorrhagic, septic, or cardiogenic shock;

(c) Defects in the immune system: Here locally T-cell activation and the release
of chemokines and cytokines play an important role. The so-called gut asso-
ciated lymphatic tissue (GALT) is one of the most important defense mecha-
nisms of bacterial translocation and represents the largest immune organ in
humans. Systemically, the activation of the reticuloendothelial system in
liver and spleen is of importance.

According to a very recent review article, the microbiota is recognized as one of
the important factors that can worsen the clinical conditions of patients who are
already very frail in the intensive care unit. At the same time, the microbiota also
plays a crucial role in the prevention of ICU-associated complications. By using
probiotics, synbiotics, or fecal microbiota transplantation (FMT), the integrity of
the microbiota and the gut might be preserved, which will later help maintain
homeostasis in ICU patients [32].

As a marker for the integrity of intestinal enterocytes, the biomarker citrulline, a
non-proteinogenic, a-amino acid can be used. Citrulline is synthesized almost
exclusively in enterocytes [20, 21]. The microbiological detection of bacteria in
peripheral blood corresponds to advanced stages of disease. In spontaneous bacte-
rial peritonitis in patients with liver cirrhosis and necrotizing pancreatitis, bacterial
translocation is considered as a proven pathomechanism. In patients with liver cir-
rhosis after spontaneous bacterial peritonitis or acute variceal bleeding, a selective
intestinal decontamination should be done for prophylaxis according to appropriate
guidelines [2, 9].



1 Physiology and Pathophysiology of the Gastrointestinal Tract 9

1.4  Bleeding Out of Peptic Stress Lesions

The protective mechanisms of a healthy stomach are based on a functional balance
between aggressive (acid, pepsin, free oxygen radicals, endogenous mediators) and
protective factors (mucus, bicarbonate, cell regeneration, mucosal blood circula-
tion, radical scavengers). Nowadays, stress bleeding rarely arises by increasing
aggressive factors during intensive care therapy, but rather due to the loss of protec-
tive capabilities of the gastric mucosa. Here, patients are at risk with a ventilation
time of more than 5 days and coagulation disorders. Shock and hypotension repre-
sent significant risk factors of stress bleeding. Stress lesions mostly consist of mul-
tiple erosions in the gastric fundus and corpus. Often, you can find the lesions in
hypoacid patients. An active acid producing stomach is—according to our current
understanding of general intensive care patients—no pathological condition, but
rather an indication of an adequate blood supply and power supply [27]. The key to
prevention of ICU complications in stress bleeding is not the use of specific drugs
but an optimized intensive medical treatment program (early fluid resuscitation,
ensuring oxygenation, prevention of infection, optimization of circulatory regula-
tion, sufficient analgesia) [27]. For an overview of drugs that lead to inhibition of
acid secretion in the stomach, see Table 1.2 below.

Among ICU patients requiring mechanical ventilation, stress ulcer prophylaxis
with use of proton pump inhibitors vs. histamine-2 receptor blockers resulted in
hospital mortality rates of 18.3% vs. 17.5%, respectively, a difference that did not
reach any significance [19]. There were also no different rates of Clostridioides dif-
ficile infection and ICU and hospital lengths of stay. However, the interpretation of
data may be limited by crossover in the use of the assigned medication [19].

Table 1.2 Medications for inhibition of gastric acid secretion

Pharmacological group | Mechanism of action

Antacids Acid neutralization, absorbents for pepsin, and bile acids

Histamin-H,- Competitive and reversible inhibition of histamine to H, receptors of

antagonists parietal cells

Pirenzepine Parasympatholytics, inhibiting M 1—receptors of enterochromaffin
like cells (inhibition of histamine release)

Prostaglandins E1 prostaglandin, stimulates prostaglandin receptors of parietal cells,

(Misoprostol) promotes bicarbonate and mucus production

Proton pump Prodrug, irreversible inhibition of H+/K+-ATPase in parietal cells,

inhibitors (PPIs) neutralization of gastric acid

Alginate-containing Alginate taken on demand is an effective and safe option for the

formulations treatment of breakthrough symptoms in GERD patients on PPI

According and updated with regard to Arzneimitteltherapie in der Gastroenterologie, Scholmerich,
Sewing Hsg. (2003)
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1.5 Disturbed Intestinal Perfusion

A disturbed perfusion of the digestive tract occurs early in the context of critical
diseases [4] and may also exist during normal systemic blood pressure, normal oxy-
gen saturation, and unimpaired cardiac output. The determination of the perfusion
of gastrointestinal mucosa in principle is clinically measurable by tonometry of the
stomach [10, 12], contrast-enhanced or duplex sonography [8], and multislice com-
puted tomography [13, 22]. All of these methods are technically complex, error-
prone, and clinically neither sufficiently validated nor established outside scientific
questions. It remains unclear also whether or which specific therapeutic implica-
tions should draw a disturbed gastrointestinal perfusion. Therefore, in general, sup-
portive measures to improve oxygenation and blood flow are recommended at the
same time as far as waiver of vasopressors—as clinically possible [29]. A rapid
onset of fluid resuscitation is necessary. Supplementation of dobutamine (in septic
patients with norepinephrine) in addition to the early enteral nutrition is the most
important step to improve oxygenation in the splanchnic [8]. In a very recent
Chinese study, high respiratory efforts might decrease perfusion of peripheral tis-
sues and splanchnic organs. This status should therefore be avoided to protect
splanchnic and peripheral organs in mechanically ventilated patients [33]. The so-
called nonocclusive mesenteric ischemia is a detrimental disease associated with
progressive organ failure and a high mortality. Whether local intra-arterial prosta-
glandin application might hold promise as a rescue treatment strategy has to be
evaluated in the future [24].

1.6 Shock Liver and Cholestasis

In more than half of the critically ill patients in the ICU, liver dysfunction is detected
[7]. Presumably, pathogenetically, the complex arterial and venous supply plays an
important role. Both changes in the splanchnic area, right ventricular disorders, and
hypoxia affect the liver cells structurally and functionally. Hepatocyte damage lead
to impaired glucose metabolism with reduced gluconeogenesis and systemic energy
deficiency. The hepatic detoxification function is reduced in addition to further dete-
rioration by resultant cholestasis. Sludge formation in the gallbladder occurs in
critically ill patients typically 5-10 days following the initiation of intensive thera-
peutic interventions. After 6 weeks, 100% of parenterally fed patients reveal biliary
sludge. Stone-free cholecystitis, which can be secured by means of sonography in
up to 90%, is a common cause of fever, leukocytosis, and sepsis [25].

Cholestasis is more common in patients with diarrhea and vice versa.
Diarrhea and cholestasis both occur in approximately one quarter of ICU
patients, with significant proportion manifesting beyond the first week in the
ICU [15]. In addition, the incidence of cholestasis is higher than that of hypoxic
hepatitis but does not increase the 28-day case fatality rate of ICU patients, sug-
gesting that cholestatic liver dysfunction may be an early adaptation of the liver
to critical diseases [11].
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2.1 Assessment of Nutritional Status—General Aspects

Traditional intensive care unit (ICU) scores do not take into account the nutritional
status of patients. Malnutrition is present in up to 80% of critically ill patients on
admission or can develop during their stay in the ICU [1]. As a surrogate of malnu-
trition, international guidelines recommend the assessment of lean body mass
(LBM), especially in underweight, obese and overweight patients. Predictive for-
mulae can provide estimates of LBM, but may differ significantly from actual
LBM. LBM or muscle mass can be better estimated using dual-energy X-ray
absorptiometry or CT (computed tomography)/MRI (magnetic resonance imaging)
scans [2]. ICU research has used various indices or scores, anthropometry, muscle
ultrasound, CT scan and/or bioelectrical impedance analysis (BIA) monitoring to
assess nutritional risk and to identify malnourished patients [3].

The primary diagnostic aim is to identify malnutrition on admission to the ICU;
a secondary aim is to monitor nutritional status during the ICU stay and, if neces-
sary, to adjust nutritional therapy to changes in nutritional status.

2.2 Malnutrition as a Risk Factor for Critical lliness

A retrospective analysis of more than 6000 critically ill patients showed that pro-
tein-energy malnutrition on admission to intensive care—defined as disease-related
weight loss, underweight, loss of muscle mass and reduced energy or protein
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intake—was associated with twice the risk of death compared with non-malnourished
patients [1]. In principle, pre-existing malnutrition associated with acute organ fail-
ure is an independent, significant predictor of poorer prognosis (increased ICU
length of stay, ICU readmission rate, incidence of infection) [4].

2.3 Definition of Malnutrition

The Global Leadership Initiative on Malnutrition (GLIM) definition of malnutri-
tion, agreed by international professional societies in 2019, includes phenotypic and
aetiological criteria that can be applied to critically ill patients. Phenotypic criteria
are as follows: involuntary weight loss, low BMI, reduced muscle mass and a his-
tory of reduced food intake or absorption and severity of underlying disease/inflam-
mation. In each case, one aetiological or phenotypic criterion must be met for a
clinical diagnosis of malnutrition to be made. Biochemically, this corresponds to an
abnormal ratio of total body protein mass (lean body mass, predominantly muscle
mass) to total body weight [5]. The following causes of malnutrition are
distinguished:

* A specific acute illness: acute severe inflammation/infection (sepsis, burns,
trauma).

¢ Reduced caloric intake, e.g. chronic starvation without inflammation or due to
fasting (e.g. socio-economic or prolonged peri-interventional fasting).

* A specific chronic disease: chronic inflammation of mild or moderate severity
(e.g. malabsorption in chronic pancreatitis, chronic inflammatory bowel disease,
pancreatic cancer, theumatoid arthritis, sarcopenic obesity).

24 Nutritional Status and Medical Nutrition Therapy (MNT)

The purpose of determining nutritional status at ICU admission is to improve prog-
nostic confidence and to identify those patients who will benefit from close moni-
toring and guideline-directed nutrition. However, simple control of calorie/protein
intake (especially in the acute phase of critical illness) based on nutritional status
(“the worse, the more”) has now been abandoned. Poorly controlled “aggressive”
caloric intake in the acute phase may actually increase morbidity and mortality.
Individualised MNT based on metabolic and gastrointestinal tolerance is particu-
larly important in this phase [6].

The aim of MNT must be to prevent calorie, protein and micronutrient deficien-
cies or to avoid worsening of pre-existing malnutrition, but not to worsen the prog-
nosis by inappropriate, overly aggressive substrate feeding. These objectives are
particularly relevant for

 Patients at risk who are already primarily malnourished on admission.
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¢ Patients who, because of their underlying condition, are at high risk of develop-
ing malnutrition as an additional risk during their stay in the ICU.

Malnourished patients require particularly careful consideration of the indica-
tions/contraindications and individual metabolic tolerance of MNT. In particular,
MNT also requires appropriate monitoring, which should include follow-up of
nutritional status [1].

2.5 Laboratory and Physical Methods for Determining
Nutritional Status in Critically Ill Patients

2.5.1 Concentrations of Visceral Proteins (Albumin, Prealbumin)

There is an association between inflammation and malnutrition, but not between
malnutrition and concentrations of visceral proteins. In critically ill patients, con-
centrations of these proteins correlate well with patients’ risk of adverse outcomes
rather than with protein-energy malnutrition. Therefore, serum albumin and preal-
bumin should not be used as surrogates for total body protein, total muscle mass or
nutritional status in critically ill patients [7].

2.,5.2 Anthropometry

In critically ill patients, accurate clinical assessment of nutritional status using con-
ventional parameters (especially weight and BMI) at admission (and during the
course of the disease) may be complicated by significant interstitial fluid retention
(“capillary leakage”). The hyperhydration that can be observed depending on the
stage of the disease makes current body weight and BMI calculated from height
unreliable parameters for assessing nutritional status [1].

Another simple anthropometric parameter is mean arm circumference, which
has been shown to predict the risk of major complications and increased mortality
in hospitalised patients with a body weight < 15th percentile. However, in critically
ill patients, fluid retention and capillary leakage also limit the use of this diagnos-
tic tool.

2.5.3 Creatinine/Cystatin C ratio (CCR)

CCR can be calculated as the ratio between creatinine and cystatin-C (serum creati-
nine x 100/serum cystatin-C). This index offers a more objective alternative for
predicting and possibly monitoring the degree of catabolism or muscle mass, also in
conjunction with the imaging techniques discussed below. A low sarcopenia index
is associated with lower muscle mass. However, it is necessary to measure the con-
centration of cystatin C in serum [8].
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According to a recent meta-analysis, CCR in hospitalised adults correlates sig-
nificantly with skeletal muscle mass and handgrip strength as assessed by computed
tomography. CCR is also a reliable predictor of mortality and morbidity. In criti-
cally ill patients, lower CCR is associated with shorter duration of mechanical ven-
tilation and ICU stay. However, there are no cut-off values yet to define an
individually increased risk of mortality or to guide specific nutritional interven-
tions [9].

2.5.4 Handgrip Strength

In cooperative patients without pre-existing or acquired neurological comorbidity
(critical illness polyneuropathy or myopathy), dynamometry with measurement of
hand grip strength is a simple and quantifiable method for functional (progression)
monitoring of muscle strength. Handgrip strength correlates with the length of ICU
stay and with the rate of reintubation after mechanical ventilation. An association
with the sonographic cross-sectional area of the rectus femoris muscle has been
shown in patients with sepsis [1].

A significant increase in handgrip strength was observed in cancer patients
treated with different nutritional strategies, suggesting that this tool could be also
used to guide MNT in these patients [10]. However, according to a recent meta-
analysis in unselected hospitalised patients, intensified nutritional therapy neither
increased handgrip strength nor improved mortality [11]. In contrast, a post hoc
analysis of the EFFORT trial in non-critically ill hospitalised patients at nutritional
risk showed that individualised nutritional support was most effective in reducing
mortality in patients in the <10th percentile compared with those in the >10th per-
centile [12]. It is not currently known whether similar effects would be seen in
appropriate subgroups of critically ill patients.

A prerequisite for reliable measurement is a standardised examination technique
without patient restrictions. As validated cut-off values for critically ill patients are
still lacking, the value of dynamometry lies primarily in intra-individual monitoring
(serial dynamometry) [1].

2.6 Screening Tools for Determining Nutritional Status
in Critically Ill Patients

For screening malnutrition in adults (including critically ill patients), there are no
tools with high validity, reliability and strong supporting evidence. Most tools
achieve only moderate validity, agreement and reliability, and have large variations
in individual results [13]. Nevertheless, their use continues to be recommended by
international guidelines (albeit with low evidence), and their specifics are discussed
below (Table 2.1).
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Table 2.1 Screening tools to assess the prevalence of malnutrition in critically ill patients

Screening tool Parameter

NUTRIC (Nutrition Risk in Critically IlI) | Age
APACHE (Acute Physiology and Chronic Health
Evaluation) II-Score

SOFA (Sepsis-related Organ Failure
Assessment)-Score

Number of comorbidities
Hospital length-of-stay before ICU admission
IL 6 (interleukin-6) (optional)
NRS-2002 (Nutritional Risk Screening) BMI < 20.5 kg/m?
Weight loss of >5% of the body weight within
the last 3 months
Reduced food intake
Severity of the disease
MNA (Mini Nutritional Assessment) Reduced food intake
Extent of weight loss
Mobility
BMI
Psychological stress/problems
SGA (Subjective Global Assessment) Weight
Food intake
Gastrointestinal symptoms
Functional status
mGLIM (modified Global Leadership Nutrition Risk Score 2002 > 3 points
Initiative on Malnutrition) Reduced handgrip strength (cut-off for females
8 kg, for males 16 kg)
Weight loss of >5% of the body weight within
the last 6 months
Reduced food intake (<50% of energy
requirements during the last week)

2.6.1 NRS, MNA, SGA

To identify malnutrition in non-intensive care patients, the European Society for
Clinical Nutrition and Metabolism (ESPEN) recommends a two-step approach
using the well-validated Nutritional Risk Score (NRS). If one of the pre-screening
questions listed in Table 2.1 is answered with “yes”, the main screening is per-
formed, in which the nutritional status and disease severity are quantified more pre-
cisely using a graduated score. Scores >3 indicate a high-risk patient, and scores >5
indicate a high-risk patient with signs of manifest malnutrition [1].

The Mini Nutritional Assessment (MNA) is a screening tool for assessing the
nutritional status of people aged >65 years in home care, hospital or nursing home
settings and also has a two-stage structure: a preliminary medical history of 6 items
(A-F) with a maximum of 14 points (MNA short form) and a medical history of 12
items (G-R)—including two anthropometric measurements (upper arm
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circumference and calf circumference)—with a maximum of 16 points (MNA long
form) [1].

The Subjective Global Assessment (SGA) is a simple, reproducible bedside
method that quantifies a patient’s nutritional status based on history (weight change,
food intake, gastrointestinal symptoms, exercise capacity, underlying medical con-
dition) and clinical examination findings (subcutaneous adipose tissue, muscle
mass, oedema). In critically ill patients, malnutrition diagnosed by SGA is associ-
ated with a higher rate of ICU readmission, longer hospital stay and higher in-
hospital mortality [1].

Compared with the MNA, the NRS has a higher sensitivity in assessing progno-
sis, whereas the NRS specificity is lower compared with the SGA and the MNA
short form. A large meta-analysis found a prevalence of malnutrition in hospitalised
patients of 38-78% using the NRS, SGA and MNA. The SGA was clearly superior
to the MNA in predicting malnutrition. However, the association between screening
and the risk of malnutrition was not very consistent. For all tools, there was an inde-
pendent association between the presence of malnutrition and a worse prognosis.
However, the SGA and MNA were better than the NRS at estimating the prognosis
associated with nutritional status [4].

Limitations

All these scores have limitations for use in critically ill patients because they require
a history that can only be reliably obtained from patients who are awake and able to
provide information. External history is often difficult to obtain or unreliable in
routine clinical practice. A further limiting factor is that the NRS always assigns a
score of three to critical illness, which means that all critically ill patients are at risk
of malnutrition on admission and no further differentiation is possible. In addition
to the medical history, the SGA requires trained assessors. The usefulness of the
MNA is limited by the fact that it was originally developed to assess the nutritional
status of elderly, non-critically ill patients >65 years of age [1].

2.6.2 NUTRIC-Score

The Nutrition Risk in Critically 111 (NUTRIC) score was developed specifically for
intensive care patients to estimate the likelihood of a complicated course of inten-
sive care (“prolonged ICU length-of-stay”) and the associated nutritional risk. The
score is based on the APACHE II and SOFA scores, among others. The starting
point is a predominantly non-malnourished patient, so typical nutritional status
parameters are not included. In addition to the APACHE II and SOFA scores, other
parameters include age, number of comorbidities and length of hospital stay prior to
ICU admission. The variable interleukin (IL)-6 concentration is optional, depending
on availability. A score < 6 points (if IL-6 concentration is not available: <5) indi-
cates a low risk of developing malnutrition; a score of six points or more (if IL-6
concentration is not available: five points or more) indicates an increased risk of a
complicated course with a prolonged stay in the ICU [1].
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Only the 2016 American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.)
guideline recommends the NUTRIC score on admission to the ICU, based on expert
opinion. In principle, the NUTRIC score is not suitable for assessing nutritional
status but only reflects the overall risk influenced by inflammation/infection and
multi-organ dysfunction. Therefore, it is recommended that this score be used in
conjunction with an additional nutritional assessment, such as body composition.
Another limitation is that controlling the intensity of nutritional therapy according
to the level of the NUTRIC score is not associated with specific effects on morbid-
ity/mortality [14-16].

2.6.3 mGLIM (Modified Global Leadership Initiative
on Malnutrition)

The use of mGLIM was evaluated in a post hoc analysis of a multicentre randomised
trial of nutritionally vulnerable hospitalised patients. Of 1917 eligible participants
at nutritional risk, 1181 (61.6%) were diagnosed with malnutrition based on mGLIM
criteria. The incidence of adverse clinical outcomes was significantly higher in
mGLIM-positive participants compared with mGLIM-negative individuals. The
ability of intensified MNT to reduce adverse clinical outcomes was greater in
mGLIM-positive than in mGLIM-negative participants [17]. However, in critically
ill patients, the use of mGLIM criteria to predict adverse clinical outcomes and
responsiveness to a specific type of MNT is still unknown.

2.7  Technical Procedures for Determining Nutritional
Status in Critically Il Patients

In a systematic review of six studies of muscle loss in intensive care patients, a loss
of muscle mass of up to approximately 20% was observed in the first 14 days after
admission. These studies used y-neutron activation, computed tomography (CT) or
ultrasound to quantify muscle mass [1]. However, a definitive evaluation of the use-
fulness and reliability of CT morphological and sonographic methods or bioimped-
ance analysis for assessing body muscle mass in critically ill patients remains to be
performed [18]. Nevertheless, a brief overview of the characteristics of these diag-
nostic techniques is given below.

2.7.1 Muscle Sonography

Muscle sonography is a non-invasive, bedside procedure that can be used to diag-
nose muscle wasting as a sign of malnutrition and to estimate fat-free mass. It also
allows repeated measurements to be made, providing a quantitative assessment of
muscle mass changes. When used correctly, it has high reliability in the study of
muscle thickness and muscle cross-sectional area [19].



20 W. H. Hartl

However, there is no single standardised measurement specification, although
the quadriceps femoris or rectus femoris muscles are usually measured in cross sec-
tion. The measuring point for the rectus femoris muscle is usually on the line from
the anterior superior iliac spine to the proximal edge of the patella (at a distance of
60% of the total length from the anterior superior iliac spine). The cross-sectional
area of the rectus femoris muscle or, technically simpler, the thickness (diameter) of
the quadriceps consisting of the rectus femoris and vastus intermedius muscles is
measured. To date, the reliability of the cross-sectional area measurement has been
best analysed. In healthy people, quadriceps cross-sectional area correlates very
well with total muscle mass on MRI (r = 0.88 for men, r = 0.89 for women) [1].
Serial measurements in critically ill patients showed a high correlation between the
thickness of the quadriceps muscle measured by ultrasound and by computed
tomography (CT) [20]. Serial measurements may also help to track loss of muscle
mass and possibly muscle function, and may be used as a marker of disease severity
and potential adverse outcomes [21].

Several reviews have analysed the value of skeletal muscle ultrasound in criti-
cally ill patients. About 75% of the studies found that skeletal muscle ultrasound
(cross-sectional area, muscle thickness and echo intensity) showed significant asso-
ciations with functional capacity, length of stay, readmission and survival. However,
there was significant heterogeneity in ultrasound technique and outcome measures
among the included studies, which prevented consistency and comparison between
studies. Reporting of ultrasound methodology was not comprehensive and often did
not provide a full understanding of the specific methods used [22-24].

Limitations

The limiting factor for all sonographic methods is that changes in hydration status
can significantly affect the measurement results and that it is not the quadriceps
muscle mass but the lumbar muscle mass that best correlates with total body protein
mass. Furthermore, in critically ill patients, only the sum of muscle thickness at the
mid-upper arm and bilateral thighs (or one thigh if both thighs cannot be imaged)
may be the ultrasound protocol that best relates to CT muscle area at L3 [25].

The muscle US technique is not easy to perform as it has a long learning curve
due to the many errors that can occur in its execution. It provides qualitative rather
than quantitative results and the main difficulty is in interpreting or distinguishing
the contours of the muscle and its adjacent structures. Therefore, this technique is
highly dependent on the skill of the operator [19]. In addition, there is no consensus
on cut-off values to define sarcopenia or an increased risk of mortality, and the rela-
tionship between muscle ultrasound and dietary or physical intervention has yet to
be demonstrated [21].

In 2020, the American Society for Parenteral and Enteral Nutrition Clinical
Guidelines concluded that no recommendations could be made at this time to sup-
port the use of US in clinical practice because of the limited data supporting its
validity in any specific patient population [26]. The use of advanced techniques
such as shear wave elastography (SWE), super microvascular imaging (SMI) and
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contrast-enhanced quadriceps anterior rectus ultrasound (CEUS) remains to be
established.

2.7.2 Computer Tomography (CT)

For clinical reasons, critically ill patients undergo abdominal CT scans not only
before admission to intensive care, but often several times during their hospital stay.
CT morphological findings can therefore be used not only to analyse body composi-
tion but also to monitor changes in skeletal muscle mass. A cadaver validation study
showed that quantitative analysis of the musculature in the lumbar spine area (usu-
ally at L3) in the computed tomographic abdominal cross-section (CSA) correlates
well with the muscle mass of the whole body [27]. CT-derived muscle area has been
validated for the assessment of total skeletal muscle mass in healthy volunteers [28],
and in critically ill patients there is a strong correlation between CT-morphological
muscle mass and patient prognosis (mortality, duration of mechanical ventilation
and intensive care unit/hospital length-of-stay) [29, 30, 31]. The incidence of skel-
etal muscle mass loss diagnosed by serial computed tomographies in intensive care
patients is estimated to be 60-70% [1].

Several software programs are available for mathematical analysis, such as
Imagel, which is freely available from the National Institute of Health (Bethesda,
MD, USA) and Sliceomatic by TomoVision, Montreal, Quebec, Canada. To calcu-
late total body muscle mass, the software extrapolates findings at a single L3 level
to total skeletal muscle mass using the Shen equation and tissue density [28].

Limitations

There are no internationally accepted cut-off values for the diagnosis of sarcopenia
based on CT scan measurements. More recently, sarcopenia has been defined using
the skeletal muscle index (SMI), which estimates the area of total skeletal muscle
(cm?) in relation to height squared (m?). Sarcopenia was assumed if a patient’s SMI
was in the lowest sex-specific SMI quartile. However, in hospitalised medical
patients at nutritional risk, low SMI was not a significant predictor of clinical
response to intensified MNT [32, 33].

CT scans are also affected by hydration status, as muscles can become oedema-
tous. Furthermore, CT scans assess muscle mass indirectly using equations based
on algorithms that are not validated in the critically ill population with altered
hydration, altered membrane capacitance and unreliable body weight.
Disproportionate muscle distribution cannot be assessed by CT analysis at a single
L3 level [28].

For reasons of radiation safety and cost, CT scans should only be used when
there is a clinical indication for such a scan and when appropriate expertise in body
composition assessment is available locally.
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2.7.3 Bioelectrical Impedance Analysis (BIA)

Non-invasive BIA focuses on the electrical conductivity of the body, which is deter-
mined by measuring the total body resistance (impedance) when an alternating cur-
rent (50 kHz at 0.8 mA) is applied through electrodes placed on the back of the hand
and foot. The body impedance is inversely proportional to the body water content
(ohmic resistance) and depends on the body proportions (i.e. the cross-sectional
area of the conductor). When an alternating current is applied, the cell membranes
act like a capacitor and determine the capacitive resistance. This capacitor-like
effect of the cell membranes leads to a shift in the phase angle [1].

Body weight, which is entered into the software along with height as the basis for
calculating the variables, should ideally be measured at the time of the BIA exami-
nation. In addition, when using the extracellular water (ECW) parameter, a reduc-
tion in the albumin level should also be taken into account. Fat-free mass, body cell
mass and fat mass can then be calculated using different algorithms [1].

Limitations

The measurement of fat-free mass and body cell mass by BIA must be considered
very unreliable, especially in the case of extreme shifts in hydration status.
Comparative studies in critically ill patients with an abdominal CT scan have shown
poor agreement between BIA and CT-derived muscle mass [28].

Another methodological limitation is that the BIA devices on the market use dif-
ferent equations to calculate body composition based on the measured resistance
(R) and/or reactance (Xc). Equations for muscle mass have been developed by
Talluri, Janssen and Kyle. In critically ill patients, the Talluri equations may be
superior to other equations [28].

Phase Angle

In intensive care patients, calculations of fat-free mass are much less informative
than phase angle, which is independent of weight but dependent on age and sex.
However, because phase angle must be considered as a sum parameter of tissue
quality, which in turn depends on hydration status, the extent of capillary leakage
and lean body mass, its correlation with nutritional status is limited.

The decrease in phase angle measured by BIA or bioelectrical impedance vector
analysis (BIVA) is probably associated with increased morbidity and mortality,
although many studies have a high risk of bias and consequently the quality of evi-
dence is low or very low [34]. The benefits of controlling MNT based on phase
angle have not been demonstrated.

There are currently too many uncertainties (including standardisation and cut-off
values) and discrepancies in the interpretation of BIA measurements in critical ill-
ness to justify major therapeutic consequences [35]. No recommendations can be
made at this time to support the use of BIA in the clinical setting, as data to support
its validity in any specific patient population is limited by the proprietary nature of
the manufacturer-specific BIA regression models used to generate body composi-
tion data [26].
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2.8 Current Guideline Recommendations for Assessing
the Nutritional Status of Critically Ill Patients

Due to the generally weak evidence base, current international guidelines do not
provide clear recommendations on the precise methodology or level of human
resources that should be available to assess nutritional status. A recent survey anal-
ysed 18 national clinical practice guidelines. All mention heterogeneous criteria for
assessing nutritional status. The most commonly mentioned criteria are reduced
food intake, loss of muscle mass, weight loss and low BMI. The most frequently
mentioned tool was the SGA. None of the guidelines provided a clear rationale for
the use of specific criteria or tools for nutritional assessment [36]. To establish a
standardised process for assessing nutritional status in critically ill patients, there is
a need for validation studies of bedside methods and the development of globally
standardised assessment protocols [37].

Table 2.2 shows recommendation by German, North American and European
guidelines for assessing the nutritional status of critically ill patients.

Table 2.2 Guideline recommendations for assessing the nutritional status of critically ill patients
(according to [1])

Society Parameter
DGEM Guideline “Intensive Subjective Global Assessment (SGA) or
Care Medicine” BMI < 18.5 kg/m? or

Involuntary weight loss of >10% of the body weight within
the last 3—6 months or

BMI < 20 kg/m? and involuntary weight loss of >5% of the
body weight within the last 3—-6 months or

Fasting > 7 days

Non-invasive serial measurements of skeletal muscle mass
using sonography/MRI/CT on admission and during
intensive care unit stay

A.S.PE.N. Guideline Risk assessment by validated scores, Nutritional Risk Score
“Intensive Care Medicine” (NRS), Nutrition Risk in the Critically 11l (NUTRIC)
Inappropriate energy intake
Loss of body weight

Loss of muscle mass and subcutaneous fat tissue
Oedema
Reduced functional status

ESPEN Guideline “Intensive History and clinical examination

Care Medicine” Reduced BMI
Involuntary weight loss
If possible: Determination of body composition including
muscle mass and strength

A.S.P.E.N. American Society for Parenteral and Enteral Nutrition, BMI body mass index, CT com-
puterised tomography, DGEM German Society for Medical Nutrition Therapy, ESPEN European
Society for Clinical Nutrition and Metabolism, MRI magnetic resonance imaging
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3.1 Biochemical Structure and Classification of Amino Acids
and Proteins

Amino acids are organic compounds characterized by four key elements: amino
group (—NH,), carboxylic acid group (—COOH), hydrogen atom (H), and variable
amino acid chain (Fig. 3.1).

Amino acids represent the building blocks of proteins, which are each character-
ized by an individual sequence of single amino acids linked together via peptide
bonds. A total of 20 amino acids are needed to build up all the proteins present in
the human body, which are required to preserve its structure and function.

Based on the human body’s capacity to endogenously synthesize the amino acids
needed to build up body proteins by using carbon and nitrogen precursors and spe-
cific enzymatic pathways, the amino acids are differentiated into dispensable amino
acids (endogenous synthesis) and indispensable amino acids (no endogenous syn-
thesis). Besides, under certain conditions (e.g., critical illness), specific amino acids
cannot be synthesized by endogenous mechanisms in adequate amounts—e.g., due
to increased requirements and/or impaired enzymatic synthesis—and, thus, become
conditionally indispensable [25, 49]. Table 3.1 shows the classification of all 20
amino acids required to build up body proteins.

Proteins can be divided into:

» Fibrous proteins in supporting and protective tissues, e.g., keratin (hair), colla-
gen (connective tissue), fibrin (blood), myosin (muscle)
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Fig. 3.1 Basic structure of

amino acids. COOH COOH
carboxylic acid group, H

hydrogen atom, H,N amino HN—C—H
group, R variable amino

acid chain R

Table 3.1 Classification of indispensable, dispensable, and conditionally indispensable amino
acids, according to [25, 49]

Indispensable amino acids| Dispensable amino acids | Conditionally indispensable amino acids

Isoleucine Alanine Arginine
Leucine Asparagine Cysteine
Lysine Aspartic acid Glutamine
Methionine Glutamic acid Histidine
Phenylalanine Glycine Tyrosine
Threonine Proline

Tryptophan Serine

Valine

* Globular proteins in tissue fluids and secretions, e.g., albumins and globulins
(blood), caseinogen (milk)

» Plant proteins such as glutelins (e.g., glutenin in wheat, hordenin in barley) and
prolamines (e.g., gliadin in wheat, zein in maize)

Further, based on their chemical structure, proteins are divided into enzymes,
receptor proteins, immunoglobulins, structural proteins, contractile proteins, and
carrier proteins [12].

3.2  Physiological Functions of Amino Acids and Proteins

In general, central functions of amino acids and proteins include provision of nitro-
gen and (conditionally) indispensable substrates (amino acids), synthesis of endog-
enous proteins (e.g., enzymes, carrier proteins, hormones, immune proteins),
synthesis of body tissues (e.g., muscle, organ, and connective tissues), and synthesis
of signaling substances (e.g., adrenaline, noradrenaline, serotonin), and biogenic
amins (e.g., dopamine, histamine). By providing 4 kcal/g protein, the contribution
as energy source is of minor significance during nutrition in physiological condi-
tions. However, in fasting/starvation and stress metabolism, proteins may deliver
glucoplastic amino acids (e.g., alanine, glycine, serin, glutamine) for the synthesis
of glucose via gluconeogenesis [12, 57]. Specific functions of single amino acids
further comprise protection from free radicals, synthesis of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA), transportation of oxygen, and involvement in
diverse processes in carbohydrate and fat metabolism [48].
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3.3 Protein and Amino Acid Metabolism in Health
and Critical lliness

In healthy people, there exists balance between protein degradation (catabolism)
and synthesis (anabolism), which is called protein turnover. Protein intake by nutri-
tion, de novo synthesis of amino acids, and amino acids becoming available through
degradation of body protein (e.g., from muscle, intestine, liver, kidney, and skin)
contribute to a pool of free amino acids. These free amino acids are used for further
metabolism of precursors of diverse metabolic mechanisms, degraded and excreted
as nitrogen components via urine and skin, or used as energy substrates. Further,
there is a loss of indigestible components via faeces (Fig. 3.2).

However, in critical illness there occur extensive alterations—among others—in
protein metabolism leading to imbalances. In detail, critical conditions such as
acute/chronic inflammation, tumors, sepsis, trauma, and burn injuries are accompa-
nied by a disease-induced release of hormones (e.g., cortisol, glucagon, adrenalin,
noradrenalin) and cytokines (e.g., tumor necrosis factor-alpha [TNF-«], interleu-
kine-1 [IL-1] and IL-6). These factors trigger an increase in protein catabolism,
which is characterized by the following:

» Decreased protein synthesis due to inhibition of activated protein kinase B (Akt)/
mechanistic target of rapamycin in complex 1 (mMTORC1) pathway [2, 13]

* Increased protein degradation due to enhancement in proteolytic cascades of
ubiquitin-proteasome pathway [1]

* Increased synthesis of acute phase proteins [44]

* Use of glucoplastic amino acids as energy sources [4]

Furthermore, protein catabolism is additionally boosted by bed rest/immobility

and the patients” individual nutrition status. In consequence, intensified protein

De novo synthesis

Muscle

Protein intake Intestine

l 4 Liver
Loss of indigestible

components, Kidney
(via faeces)

Skin
Degradation Metabolism )

|

Excretion of nitrogen Amino acids as

f:Om[.)OllﬂdS: precursors of TR e
(via urine, skin) metabolites T :

|

Amino acids as cnergy

Fig. 3.2 Protein and amino acid metabolism in health, modified according to [12]
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Fig. 3.3 Alterations in protein metabolism during critical illness. TNF-o tumor necrosis factor-
alpha, ICUAW intensive care unit acquired weakness, IL-1 interleukine-1, IL-6 interleukine-6

catabolism during critical illness may lead to loss of skeletal muscle mass and func-
tion, depletion in single amino acids, and negative nitrogen balance. In addition,
critical illness-associated medical treatments such as sedation, medication (i.e.,
administration of corticosteroids and muscle relaxants), and (prolonged) mechanical
ventilation may further increase the risk for the development of iatrogenic muscle
weakness, so-called intensive care unit acquired weakness (ICUAW) [29, 42, 43, 54].
Figure 3.3 summarizes the alterations in protein metabolism during critical illness.

3.4  Protein/Amino Acid Supply in Critically lll ICU Patients

In routine clinical practice, appropriate provision of proteins/amino acids within a
balanced medical nutrition therapy approach is an essential element of medical care.
However, the optimal dosing and timing of protein supply in critically ill patients in
general and in specific sub-cohorts is controversially discussed since years. On the
one hand, this fact is also reflected by current recommendations on protein/amino
acid supply of international critical care nutrition guidelines [3, 10, 31, 46, 47]. On
the other hand, heterogeneity in methods and results of clinical trials evaluating the
effects of different protein dosages on diverse clinical outcome measures published
over time and also very recently, further fuel the controversial discussions on
the topic.

3.4.1 CurrentInternational Guideline Recommendations
on Protein/Amino Acid Supply

Current international critical care nutrition guidelines differ markedly in recom-
mendations on protein dosage and intake timing in critically ill patients (Table 3.2).
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Table 3.2 Current international critical care nutrition guideline recommendations on protein/
amino acid supply in critically ill patients

Guideline | Recommendation

ASPEN
2016
[31]

ESPEN
2019
[46]

1.2-2.0 g protein/kg BW/d (higher dosage may be indicated in
burn or multi-trauma patients)

High risk/severely malnourished patients:

>1.2 g protein/kg BW/d when requiring PN (over first week of
ICU admission)

Obese patients:

2.0 g/kg iBW/d (BMI 3040 kg/m?) up to 2.5 g/kg iBW/d (BMI
>40 kg/m?)

Patients with acute renal failure/acute kidney injury:

1.2-2.0 g protein/kg BW/d

Patients receiving hemodialysis or CRRT:

2.5 g protein/kg BW/d

Patients with open abdomen:

Additional 15.0-30.0 g protein/L of exudate loss

Patients with burn injury:

1.5-2.0 g protein/kg BW/d

Septic patients:

1.2-2.0 g/protein/kg BW/d

Immune-modulating enteral formulations containing arginine
and glutamine:

Should not be used routinely

Immune-modulating formulas containing arginine:

To be considered in patients with severe trauma, traumatic brain
injury, and major surgery (postoperatively)

Supplemental enteral glutamine:

Not to be added to EN routinely

Supplemental parenteral glutamine:

Not to be used routinely

1.3 g/kg protein equivalents/d (to be increased progressively)

Obese patients:
Protein delivery to be guided by urinary nitrogen losses or lean
body mass determination (e.g., via CT); if not available, 1.3 g
protein/kg aBW/d
Additional EN doses of glutamine:
Patients with burns >20% body surface area: 0.3-0.5 g/kg
BW/d for 10-15 days
Patients with trauma: 0.2-0.3 g/kg BW/d for the first 5 days

Patients with complicated wound healing: 0.2-0.3 g/kg BW/d
up to 15 days
No indication in patients except those with burn injury and trauma

Parenteral glutamine-dipeptide:
Not to be given in unstable and complex ICU patients
(especially not in those suffering from liver/renal failure)

Grade of
recommendation/
quality of evidence/
consensus

QoE: Very low

QoE: Very low

QoE: N/A

QoE: N/A
QoE: Very low
QoE: N/A
QoE: N/A
QoE: N/A

QoE: Very low

QoE: Very low

QoE: Moderate
QoE: Moderate

GoR: 0 strong
consensus (91%)
GoR: GPP—
consensus (89%)

GoR: B—strong
consensus (95%)
GoR: 0—strong
consensus (91%)
GoR: 0—strong
consensus (91%)
GoR: B—strong
consensus
(92.31%)

GoR: A—strong
consensus
(92.31%)

(continued)
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Table 3.2 (continued)

Guideline | Recommendation

DGEM
2019
[10]

ASPEN
2022
[3]

Acute phase of critical illness:
1.0 g protein/kg BW/d and 1.2 g amino acids’kg BW/d
respectively as target
To be initiated with 75% of target and progressively increased
according to individual metabolic tolerance to reach 100% of
target until the end of acute phase (approx. 4—7 days after
onset of critical illness)
Post-acute/convalescence/rehabilitation phase of critical illness:
1.0 g protein/kg BW/d and 1.2 g amino acids/kg BW/d to be
covered by 100% or higher
Chronic phase of critical illness:
1.0 g protein/kg BW/d and 1.2 g amino acids/kg BW/d to be
covered by 100%
Protein loss via drainages/bandages:
Shall be balanced in case of open abdomen
Immune-modulating enteral nutrition (e.g., containing arginine
and glutamine)
Shall not be used in critically ill patients
Enteral glutamine pharmacotherapy:
Shall not be used in critically ill patients
Enteral arginine pharmacotherapy:
Shall not to be used in critically ill patients
Parenteral glutamine pharmacotherapy:
Can be used in patients receiving parenteral nutrition, who do not
suffer from severe liver, kidney, or multiorgan dysfunction
Amino acid solutions enriched with branched-chain amino acids:
Shall not be used routinely in critically ill patients
Obese patients (BMI > 30 kg/m?):
1.5 g protein/kg iBW/d and 1.8 g amino acids/kg iBW/d,
respectively
No modification compared to the 2016 guideline
recommendation of 1.2-2.0 g protein/kg BW/d

E.Dresen

Grade of
recommendation/
quality of evidence/
consensus

Consensus
(87.5%)
Consensus (82%)

Consensus (88%)

Strong consensus
(91%)

Strong consensus
91%)
Consensus (83%)

Strong consensus
(94%)

Strong consensus
(100%)
Consensus (87%)

Consensus (84%)

Strong consensus
(94%)

EG: low
SoR: weak

(continued)
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Table 3.2 (continued)

Grade of

recommendation/

quality of evidence/
Guideline | Recommendation consensus
ESPEN | 1.3 g protein equivalents/’kg BW/d can be delivered progressively | GoR: 0—strong
2023 consensus (92%)
[47] Obese patients (no modification compared to 2019 guideline GoR: GPP—

recommendation): consensus (89%)

Protein delivery to be guided by urinary nitrogen losses or lean

body mass determination (e.g., via CT); if not available, 1.3 g

protein/kg aBW/d

Additional enteral doses of glutamine (no modifications

compared to 2019 guideline recommendations):
Patients with burns >20% body surface area: 0.3-0.5 g/kg GoR: B—strong
BW/d for 10-15 days consensus (95%)
Patients with trauma: 0.2-0.3 g/kg BW/d for the first 5 days GoR: 0—strong

consensus (91%)

Patients with complicated wound healing: 0.2-0.3 g/lkg BW/d | GoR: O—strong

up to 15 days consensus (91%)
No indication in patients except those with burn injury and GoR: B—strong
trauma consensus (92%)
Parenteral glutamine-dipeptide (no modification compared to GoR: A—strong
2019 guideline recommendation): consensus (92%)

Not to be given in unstable and complex ICU patients (especially
not in those suffering from liver/renal failure)

aBW adjusted body weight, ASPEN American Society for Parenteral and Enteral Nutrition, BW
body weight, CRRT continuous renal replacement therapy, CT computed tomography, DGEM
German Society for Clinical Nutrition and Metabolism, EG evidence grade, EN enteral nutrition,
ESPEN European Society for Clinical Nutrition and Metabolism, GoR grade of recommendation,
GPP good practice point, iBW ideal body weight, N/A not applicable, PN parenteral nutrition, QoE
quality of evidence, SoG strength of GRADE
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3.4.2 Current Evidence on Protein/Amino Acid Supply
from Clinical Trials

3.4.2.1 Total Protein/Amino Acid Supply

Determining protein/amino acid requirements in critically ill patients and defining
optimal dosing and timing of supply strategies are ongoing subject of debate [9].
However, due to great methodological differences (e.g., target population/inclusion
criteria, intervention/protein targets, concomitant nutrition therapy, study duration,
outcome measures) resulting in conflicting results, overall evidence from clinical
trials is low.

A large international, observational data-base study (n = 16,489 critically ill
patients) showed an association of late (day 5-11) standard protein diet (median,
0.99 g/kg BW/d; interquartile range [IQR], 0.89-1.09 g/kg BW/d) and reduced in-
hospital mortality and increased discharges alive from hospital [17]. However, both
early (day 1-4) standard (median, 0.99 g/kg BW/d; IQR, 0.27-0.66 g’kg BW/d) and
high protein intake (median, 1.41 g/kg BW/d; IQR, 1.29-1.6 g/kg BW/d) had no
effect on the patient outcomes in the acute phase of critical illness [17].

In addition, observational data from the EuroPN study (n = 1,172 ICU patients)
emphasized an association of daily moderate protein intake of 0.8—1.2 g/kg BW/day
(median, 1.0 g/kg BW/d; confidence interval [CI], 0.9, 1.11 g/kg BW/d) initiated
early within 48 h after ICU admission and fewer days of mechanical ventilation
compared with higher (>1.2 g/kg BW/d; median, 1.51 g/kg BW/d; CI, 1.36, 1.76) or
lower intakes (<0.8 g/kg BW/d; median, 0.28 g/kg BW/d; CI, 0.0, 0.55 g/kg
BW7/d) [30].

Data from a retrospective cohort study (n = 2,618 ICU patients) indicated that
early high protein supply of >1.2 g/kg BW/d at day 4 was associated with lower
rates of ICU and hospital mortality compared to early low protein supply of <1.2 g/
kg BW/d at day 4 [56].

In recent years, few randomized controlled trials (RCT) evaluating the effects of
various dosages of protein supply on diverse clinical and functional outcome param-
eters have been published.

In a prospective, monocentric RCT (n = 42 adult ICU patients), higher protein
intake of 1.5 + 0.5 g/kg BW/day (mean + standard deviation) compared to lower
protein intake (1.0 £ 0.5 g/kg BW/day) within a balanced medical nutrition approach
initiated on day >10 after ICU admission did not show a statistically significant
effect on skeletal muscle mass changes (A quadriceps muscle layer thickness
[QMLT]) [7]. Moreover, the different dosages of protein supply did not result in any
differences regarding severity of illness, biochemical markers of clinical routine,
duration of mechanical ventilation, ICU LOS, and episodes of pneumonia, sepsis,
and infected wounds [7].

A prospective single-center RCT (rn = 41 ICU patients) showed improved dia-
phragm atrophy and muscle mass after high protein intake (1.70 + 0.2 g/kg BW/d)
compared to standard protein intake (1.06 + 0.1 g/kg BW/d), both started within
2448 h after ICU admission [64]. However, dosage of protein intake had no effect
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on the duration of mechanical ventilation and ICU LOS, weaning from mechanical
ventilation, and ICU mortality [64].

The results of the EFFORT Protein trial, an international, multicenter, pragmatic,
registry-based randomized trial (n = 1,301 ICU patients) indicated that high protein
(=2.2 g/kg BW/day) compared to usual protein (<1.2 g/lkg BW/day) supply initi-
ated within 96 h of ICU admission and continued for up to 28 days did not result in
shorter time to discharge alive from hospital [21]. But, a subgroup analysis revealed
that in patients with acute kidney injury and high organ failure scores, high protein
intake was associated with prolonged time to discharge alive and increased 60-day
mortality [21].

Findings from the pragmatic, multicenter, open-label RCT NUTRIREA-3, which
evaluated the effects of low protein supply (0.2-0.4 g/lkg BW/d) compared to stan-
dard protein supply (1.0-1.3 g/kg BW/d) both initiated within 24 h after intubation
in patients with shock indicated an association of initial lower protein supply and
faster recovery and fewer complications, while no effects on mortality could be
observed [41].

A systematic review and meta analyses (SRMA) including 19 RCTs confirmed
that higher protein supply (1.31 + 0.48 g/kg BW/d) compared to lower protein sup-
ply (0.90 = 0.30 g/kg BW/d) did not improve clinical and functional outcome mea-
sures (e.g., mortality, infectious complications, ICU and hospital LOS, duration of
mechanical ventilation, muscle mass changes, hand grip strength, quality of life)
[26]. But, achieving a protein supply of >1 g/kg BW/d within 4-10 days after ICU
admission may preserve skeletal muscle mass and improve activities of daily living,
as shown in an SRMA including 14 RCTs [36]. However, a recent updated SRMA
with trial sequential analysis (TSA) reveals the previously observed finding of pres-
ervation of skeletal muscle mass by higher protein supply as type-1 error.
Furthermore, especially in patients with acute kidney injury, high protein intake
(1.49 £ 0.48 g/kg BW/d) compared to lower protein intake (0.92 + 0.30 g/kg BW/d)
may be harmful [27].

In summary, based on current evidence from recent clinical trials, a medical
nutrition therapy approach following early initiation of protein/amino acid
supply at moderate dosages being progressively increased to reach individual
targets (e.g., 1.3 g protein equivalents/kg BW/d as recommended by the
European Society for Clinical Nutrition and Metabolism [ESPEN]) until the
end of the acute phase of critical illness should be implemented in routine
clinical practice.

3.4.2.2 Supply of Single/Specific Amino Acids and Combinations
Besides quantitative dosage of protein and amino acids provided via EN and PN,
respectively, the protein quality (amino acid pattern) within balanced nutrition
approaches as well as targeted supply of single amino acids and specific combina-
tions are subject of research since years.



36 E.Dresen

In this context, a secondary analysis of an RCT (n = 42 ICU patients) could not
show any associations between protein quality as represented by the amino acid
pattern provided via EN + PN and skeletal muscle mass changes in long-term
immobilized ICU patients [8].

Results of a single-center, double-blind RCT (n = 35 critically ill patients with
sepsis or acute respiratory distress syndrome) evaluating the effects of a specific
combination of five amino acids (threonine, proline, serine, cysteine and leucine) or
placebo within an EN feeding regimen for 21 days indicated that amino acid supple-
mentation increased plasma citrulline levels, reduced alanine aminotransferase and
alkaline phosphatase levels, and improved twitch airway pressure and anterior
quadriceps volume [18].

With regard to glutamine supplementation in critically ill patients in general,
evidence from large scale clinical trials (e.g., [19, 60]) and SRMAs (e.g., [32, 37,
50, 51]) is still controversial. This is reflected in current international critical care
nutrition guidelines by the fact that, at present, glutamine supplementation cannot
be recommended for critically ill patients in general—only few recommendations
are defined for specific sub-populations of critically ill patients such as patients with
burn injuries. However, in this context, the results of an international, multicenter
RCT—the RE-ENERGIZE trial—indicated that enteral glutamine supplementation
(0.5 g/kg BW/d) compared to placebo provided to patients with second- or third-
degree burn injury (n = 1,209) did not reduce time to discharge alive from hospital
and mortality [20]. In addition, a SRMA further strengthened the evidence that
enteral or parenteral glutamine supplementation (monosubstrates) does not improve
patient outcomes (e.g., mortality, infectious complications) [37]. Based on these
most recent data, revision of the guideline recommendation regarding glutamine
supplementation in patients with burn injuries may be indicated.

Furthermore, with regard to muscle protein metabolism and preservation of skel-
etal muscle mass, the branched-chain amino acids valine, leucine, and isoleucine
provided in a ratio of 1: 2: 1, beta-hydroxy-beta-methylbutyrate (HMB), taurine,
and creatine are of special interest in clinical research, but overall evidence is still
limited [28, 33, 34, 40, 45, 58, 59, 63].

Irrespective of the current evidence on (high-dose) supplementation of spe-
cific amino acids (e.g., glutamine), all indispensable, conditionally indispens-
able, and dispensable amino acids are an essential element of adequate
medical nutrition therapy in the critical care setting. Thus, until more valid
data regarding specific requirements for single amino acids in this specific
patient cohort are available, the quality of protein supply should comprise all
these amino acids in physiological dosages.



3 Nutrition in ICU Proteins and Amino Acids 37

3.4.3 The Role of Amino Acid/Protein Supply and Exercise
in the Critical Care Setting

Besides individualized, phase- and disease-specific medical nutrition therapy pro-
viding adequate amounts of protein, physical rehabilitation by targeted mobilization
and exercise training during the ICU stay is an essential element of medical care to
preserve muscle mass and, thereby, to improve the patients’ functional recovery and
overall outcome. Therefore, combined interventions (targeted protein/amino acid
supply and physical rehabilitation) are increasingly subject of research in the field
of critical care nutrition [14, 24, 39, 52].

In this context, a RCT evaluating the effects of a 6-week intervention of enhanced
physiotherapy and structured exercise and provision of a supplement drink contain-
ing glutamine and essential amino acids (2 x 2 factorial design) showed improved
6-minute walk distance test in patients receiving the combined nutrition and reha-
bilitation intervention [22].

A monocenter RCT (rn = 117 ICU patients) evaluating the effects of different
protein dosages with and without targeted rehabilitation showed that high protein
intake of around 1.5 g/kg BW/day compared to medium protein intake of 0.8 g/kg
BW/day by day 10 of ICU admission resulted in decreased femoral muscle volume
loss, but only when combined with active early exercise (belt-type electrical muscle
stimulation) [35]. Results of another monocenter RCT (n = 181 ICU patients)
emphasized that higher amounts of protein (median, 1.48 g/kg BW/d; IQR,
1.25-1.64 g/kg BW/d) compared to lower protein intake (median, 1.19 g/kg BW/d;
IQR, 0.96-1.26 g/kg BW/d) in combination with early exercise (cycle ergometry)
improved quality of life (physical component sum score) and mortality [5].

A single-center, open-label pilot trial (n = 62 ICU patients) comparing EN
(16.7% protein calories) with conventional physiotherapy (control, group 1), EN
(16.7% protein calories) with cycle ergometry (group 2), and protein-enriched EN
(25% protein calories) with cycle ergometry (group 3) showed no differences in
clinical endpoints such as length of mechanical ventilation, ICU mortality, ICU and
hospital length of stay, and re-intubation rate [23]. However, it must be mentioned
that no functional measures have been evaluated in this trial and that no data on
actual protein intake are provided.

Further, a recent SRMA with TSA confirms that higher protein supply combined
with early physical rehabilitation may improve quality of life and functional out-
come measures, but requires further investigations [27].

The promising effects of combined targeted protein/amino acid and rehabilita-
tion interventions demonstrated by recent clinical trials may further be supported by
the results of currently running RCTs (e.g., NEXIS: NCT03021902; EFFORT-X:
NCT04261543).
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3.5 Methods to Evaluate Amino Acid/Protein/
Muscle Metabolism

In the context of determining protein/amino requirements, defining targets for ade-
quate protein/amino acid supply, and assessing the efficiency of actual protein/
amino acid intake, appropriate methods for use in research and clinical practice
must be implemented. However, due to certain difficulties in performance in ICU
patients and inaccuracies in clinical practice, the methods should be selected care-
fully according to the technical and personnel availability and feasibility at indi-
vidual institutions, performed in line with standardized protocols, and obtained
results should be interpreted under consideration of the individual patients” whole
clinical picture [61]. The implementation of a mixture of different methods to assess
protein/amino acid metabolism might be advantageous.

Table 3.3 provides an overview of various methods to evaluate protein/amino
acid metabolism for use in clinical practice.

Table 3.3 Methods to evaluate protein/amino acid metabolism in clinical practice [6, 11, 15, 16,
38, 45, 53, 55, 61, 62]

Methods Practical guidance

Nitrogen balance Traditional parameter to evaluate protein metabolism
Measurement of nutritional nitrogen intake and nitrogen excretion via
24-h urine samples — Aim: Nitrogen balance defined as +/—4 g/d
Indicator of protein catabolism and anabolism
Influenced by, e.g., energy intake, growth, injuries, postoperative stress,
microbiota
Limitations: only expression of net nitrogen exchange, losses via drains
and wounds not considered, risk of overestimation especially in case of
(critical) illness, imprecise in kidney diseases, high effort in routine
clinical practice

Urea-to-creatinine (Muscle) protein catabolism goes along with increased urea production

ratio and a decrease in creatinine resulting from loss of muscle mass
Increased urea-to-creatinine ratio as marker of (muscle) protein
catabolism

Easy to conduct in routine clinical practice — promising parameter for

catabolic signature and potential interventional target

Influenced by, e.g., medication, protein intake, gastrointestinal

bleeding, hypovolemia, acute kidney injury

Limitations: values might be invalid in critically ill patients
3-methylhistidine Measure of (muscle) protein degradation

Component of muscle cells (actin and myosin), released during muscle

protein catabolism

Adjustment with regard to muscle mass — 3-methylhistidin/creatinine

ratio

Influenced by, e.g., meat consumption in case of normal oral nutrition

Limitations: High individual variance, only applicable in case of

artificial nutrition (enteral and/or parenteral nutrition), measurement in

serum/urine not part of routine diagnostics

(continued)
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Table 3.3 (continued)

Methods Practical guidance

Ultrasound Evaluation of skeletal muscle mass: quadriceps muscle layer thickness

or cross-sectional area

Easy and quick to conduct in routine clinical practice — ensure
consistence in measurement point, compression, and position of patient
during measurement

Influenced by, e.g., water retention

Limitations: no cut-offs defined yet

Computed Analysis of body composition
tomography Evaluation of skeletal muscle mass at third lumbar spine vertebra (L3)

via abdominal computed tomography scan — strong correlation with
whole body muscle mass

Influenced by, e.g., water retention

Limitations: high costs, exposure to radiation — only applicable if
computed tomography scans obtained for medical reasons

Bioelectrical Traditionally used for evaluation of nutrition status via phase angle —
impedance analysis valuable tool to predict mortality

In stable patients without large water retention/fluid shifts, evaluation
of fat mass and fat free mass possible

Influenced by, e.g., water retention, feeding state, body weight
Limitations: different equations to calculate body composition used in
available devices
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Christian von Loeffelholz and Gunnar Elke

4.1 Glucose as Standard Carbohydrate in Clinical Nutrition
of Critically Ill Patients

Carbohydrates in general are important precursor molecules for glycation of endog-
enously synthesized lipids, mucopolysaccharides, and protein derivates, while spe-
cifically, glucose is the central energy source for maintenance of cellular metabolism
[1]. In fact, several cell systems in the human body are more or less completely
reliant on this substance, such as erythrocytes, some immunocompetent cells, or
cells of the central nervous system. Probably because of this fundamental role, glu-
cose is not an essential metabolite for the human body, since it can be sufficiently
synthesized under physiologic conditions. By maintaining a dynamic equilibrium
between glucose utilization and endogenous glucose production (EGP), glucose
homeostasis is constantly kept at concentrations of ~3.9—5.6 mmol/l [2]. These pro-
cesses are mainly regulated by insulin and glucagon, and by intermediate metabo-
lites such as glucose, free fatty acids, and carbon-3 compounds (e.g., glycerol,
lactate, alanine). Within the human body under in vivo conditions, the liver, and, to
a minor extent, the kidney contribute to EGP. Therefore, the liver remains the organ,
which is considered mainly responsible for glucose homeostasis, ensuring EGP
rates of ~1.8-2.0 mg/kg/min. (7-10 g/h) [2]. However, reciprocally one important
exception from the principal nonessential role of glucose in human metabolism
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needs to be considered by intensivists, which is critically ill patients suffering from
functional liver failure [3]. In this specific group, glucose needs to be constantly
supplied, which is routinely realized by the parenteral route.

In the past, attempts have been made to introduce several glucose substitutes
(e.g., xylitol, fructose, sorbitol) in clinical nutrition. However, in particular, xylitol
could exert significant side effects as it is not reabsorbed in the kidney at higher
intakes and may thereby cause osmotic diuresis, and oxalate crystals could originate
in individual organs [4]. Therefore, sugar substitutes are no longer recommended.
Otherwise, glucose can be easily monitored and is nowadays considered the carbo-
hydrate of choice, particularly for parenteral nutrition [4].

Due to its non-essential role under physiologic conditions, it is not trivial to rec-
ommend a minimum or maximum intake for glucose. Regarding the abovemen-
tioned EGP of ~1.8-2.0 mg/kg/min (7-10 g/h), an 80 kg patient would synthesize
144-160 mg/min. Under fasted conditions, corresponding to ~2.6-2.9 g/kg/24 h.
This could be interpreted as a physiological minimum for maintaining basic cell
metabolism. However, a large percentage of critically ill patients suffer from stress
hyperglycemia. Stress hyperglycemia is reported “to generally refer to transient
hyperglycemia during illness” [5]. The American Diabetes Association (ADA) and
the American Association of Clinical Endocrinologists consensus on inpatient
hyperglycemia define stress hyperglycemia or hospital related hyperglycemia as
any blood glucose concentration exceeding 7.8 mmol/l [6-9]. Stress hyperglycemia
does not only impact the prognosis of critically ill patients (see subsequent sec-
tions), but primarily reflects a condition of severely impaired carbohydrate metabo-
lism during critical illness, which needs to be regarded, when discussing glucose
requirements of patients.

Except for critically ill patients suffering from functional liver failure, glucose
is basically not an essential macronutrient, as endogenous glucose production
ensures a glucose supply of ~3 g/kg/24 h under physiological conditions.

4.2 The Pathophysiology of Stress Hyperglycemia

In nonobese healthy subjects, ~65% of insulin stimulated systemic glucose uptake
are utilized by the skeletal muscle, while adipose tissue accounts for only ~4% of
peripheral glucose uptake [10]. On a molecular level, insulin-stimulated glucose
transporter (GLUT) 4 translocation is the main responsible mechanism for this phe-
nomenon [11]. Considering that glucose uptake of the central nervous system (CNS)
via GLUT1 (insulin independent) lays in a range of ~1 mg/kg/min, the CNS accounts
for the majority of the remaining fraction of systemic glucose uptake [10, 12].
Importantly, postprandial insulin concentrations needed for sufficient stimulation of
peripheral glucose uptake at the same time effectively suppress EGP and thereby
help to keep blood glucose in a physiological range. However, this homeostasis of
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carbohydrate metabolism becomes severely disturbed by the onset or during critical
illness, respectively, resulting in acute stress hyperglycemia.

The pathophysiology of stress hyperglycemia is complex [13, 14]. From a clini-
cian’s viewpoint, it remains essential to recognize that stress induced hyperglyce-
miaduring the acute phase of critical illness is mainly elicited by inflammation-related
insulin resistance (see Fig. 4.1).

Insulin-dependent peripheral glucose uptake is significantly impaired during
critical illness, which, due to the central role of skeletal muscle mass, markedly
contributes to the phenomenon of stress hyperglycemia. Likewise, insulin-dependent
suppression of lipolysis and ketogenesis is affected by insulin resistance, and com-
promised insulin signaling and secretion capacity are also pertinent in terms of skel-
etal muscle catabolism, inducing a net release of amino acids along with
compromised anticatabolic insulin effects under conditions of systemic inflamma-
tion [16-22].

Insulin resistance induces whole body catabolism via stimulation of endogenous
energy substrate mobilization. By using in vivo techniques, it was shown in human
septic patients that gluconeogenesis can be elevated by more than 90% and appears
to be largely non-suppressible, at least with physiological insulin concentrations
[18, 20, 22-24]. Thereby, the liver plays a key role and acts as a linchpin mediating
metabolic signals between the gut (diet/nutritional intake, microbiota and complex
endocrine and autonomic signaling) and the rest of the body [25].

Thus, critically ill patients can generate more than 50% of their energy substrate
requirements during the acute phase endogenously, and hyperglycemia, in alliance
with insulin requirements, can therefore be viewed as routinely monitored clinical
surrogate measures of insulin resistance [4, 15, 26]. The latter has not only
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Fig. 4.1 Main pathophysiological traits of stress hyperglycemia. (Adapted according to [15, 16])
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consequences in terms of insulin therapy, but also in terms of medical nutrition
management during critical illness.

The main pathophysiologic features of stress hyperglycemia are hepatic (cen-
tral) and peripheral insulin resistance, eliciting substantial endogenous energy
substrate mobilization. During the acute phase of critical illness, patients with
stress hyperglycemia can meet a major percentage of their substrate require-
ments by endogenous sources, which has impact on nutrition management.

4.3 Exogenous Glucose Supply Under Conditions
of Stress Hyperglycemia

As for the estimated minimum demand, there are currently no reliable clinical data
suggesting a maximum for carbohydrate supply in critically ill subjects [4]. In vivo
studies in septic patients indicate that, during systemic inflammation, basal glucose
oxidation rates are ~30% lower when compared to healthy controls [27]. Otherwise,
under conditions of hyperinsulinemic clamping, maximum glucose oxidation rates
of 4.1 mg/kg/min fat free mass were observed in septic collectives, which is almost
+100% as compared to control conditions [2, 27]. However, glucose storage capac-
ity remains severely impaired in patients suffering from systemic inflammation,
even with hyperinsulinemia. Thus, providing glucose to critically ill patients in
excess of 4 mg/kg/min fat free mass is very likely to result in substantial hypergly-
cemia, even under conditions of high dose continuous insulin infusion for mainte-
nance of blood glucose targets.

Of note, in septic patients without catecholamine support and in absence of sep-
tic shock, gluconeogenesis can be suppressed by continuous infusion of supraphysi-
ological insulin doses [20]. By contrast, exclusive infusion of glucose at a rate of
4 mg/kg/min, which, due to related endogenous insulin release, is capable of abol-
ishing gluconeogenesis in healthy volunteers, suppresses EGP in sepsis by only
~50% [21]. Gluconeogenesis from protein sources is unproportionally induced
under such conditions, contributing to the well-known catabolic consequences,
resulting in a substantial loss of skeletal muscle mass [21-23]. Therefore, the guide-
line of the German Society for Nutritional Medicine (DGEM) suggests an upper
level of 4 g glucose supply/kg/24 h. Moreover, they propose that it is reasonable to
interrupt glucose supply completely in patients with insulin requirements of >4 U/h,
indicating pronounced insulin resistance with non-suppressible EGP and exclusive
provision of substrate requirements by endogenous sources [4].

Intensivists should further regard that glucose is a potentially lipogenic substrate,
which can exert unfavorable effects when being excessively consumed. This phe-
nomenon either depends on macronutrient composition or acute dyslipidemia can
even be observed in healthy volunteers as a consequence of very low-fat diets
enriched in carbohydrates [28]. Therefore, except for the treatment of hypoglycemia,
substantial amounts of glucose should not be administered as an exclusive energy
substrate over longer periods of time, and particularly not by the parenteral route.
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Furthermore, the lipogenic potential of glucose could be predominantly harmful
in subjects with a history of disturbed glucose metabolism [29]. Prevalences and
incidences of diabetes mellitus are continuously on the rise and a large number of
patients admitting to the ICU can be expected to suffer from unknown glucose
metabolism disorders [9, 29-31]. Metabolic-associated fatty liver disease (MAFLD)
affects >50% of diabetic patients and > 30% of the common population in industri-
alized countries [32, 33]. MAFLD meanwhile became an indication for liver trans-
plantation, and patients are at increased risk of septic and cardiovascular
complications [34, 35]. Moreover, a small postmortem study suggests high preva-
lences of fatty liver in critically ill patients, and hepatic lipogenesis is known to be
significantly upregulated in insulin resistant perioperative fatty liver subjects [36,
37]. Overfeeding with glucose can not only contribute to the onset of MAFLD, but
also to a proinflammatory microenvironment [38]. Finally, overnutrition during the
acute phase of critical illness and in particular high macronutrient loads by the par-
enteral route are associated with fatty liver disease and liver dysfunction not only in
adults but also in infants [39, 40].

Therefore, it appears reasonable to propose an upper limit of glucose intake of
~4 g/kg/24 h. Furthermore, caloric and macronutrient intake should be strictly man-
aged according to the patient’s individual metabolic tolerance, as reflected by blood
glucose level and insulin demand, in order to avoid relative overfeeding, particularly
in the acute phase of illness, and unfavorable impact on clinical endpoints (see fol-
lowing sections).

A glucose supply of ~4 g/kg/24 h is considered as upper limit. Glucose should
not be administered as an exclusive caloric source over longer periods of time.
Caloric and macronutrient supply should be strictly aligned in relation to
insulin requirements and blood glucose levels.

4.4  Prevalence of Stress Hyperglycemia and Evidence
on Intensive Insulin Therapy in Nondiabetic
ICU Patients

Stress hyperglycemia is common in critically ill populations. In a large prospective
monocentric observational study, Plummer et al. in 1000 consecutive ICU patients
detected dysglycemia to be present in almost 50% of admissions [41]. This is in
alliance with findings in, e.g., severe sepsis and perioperative trauma, while in car-
diac surgery stress, hyperglycemia can be observed in up to 80% of patients [42—44].
Furthermore, data from pro- and retrospective observational studies indicate a
strong association of various measures of stress hyperglycemia with clinical out-
comes [42-47]. Not to forget, stress hyperglycemia is associated with an increased
risk of incident diabetes after ICU stay [48]. Thus, from a practical viewpoint, stress
hyperglycemia is frequently observed in critically ill subjects and related to out-
comes in medical and surgical ICU collectives.

The era of targeted blood glucose control in critically ill patients started in the
field of cardiovascular surgery, suggesting a reduction in mortality and the number of
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infections under circumstances of perioperative insulin therapy (reviewed in [47]).
Consequently, several large intervention trials on intensive insulin therapy (IIT) were
initiated in the following decade. In 2001, the first large randomized controlled trial
(RCT) on IIT was published, the LEUVEN I study including mainly cardiac surgery
patients. LEUVEN 1 provided evidence for reduced morbidity and mortality as a
consequence of IIT [49]. The results were confirmed in a subgroup of LEUVEN II,
particularly in patients receiving critical care for three or more days, but the study
failed to prove benefit in the total cohort [50]. Two subsequent multicenter random-
ized controlled studies on IIT, however, were then prematurely terminated without
showing benefit, and the NICE sugar-trial finally provided evidence for elevated
90-day mortality under IIT [47, 51]. Numerous reasons for the observed discrepan-
cies between study results were discussed, a lower rate of achievement of targeted
blood glucose range and higher percentage of clinically relevant hypoglycemia
among them (reviewed in [47]). Just recently, the largest RCT to date, TGC-Fast, was
published in 9230 critically ill adults (45.2% after cardiac surgery, 50% with an ICU
length-of-stay <3 days) [52]. Patients were either assigned to liberal glucose control
(insulin initiated only when the blood glucose level was >11.9 mmol/l) or to tight
glucose control (blood glucose level targeted with the use of the LOGIC-Insulin
algorithm at 4.4-6.1 mmol/l). Parenteral nutrition was withheld in both groups for
1 week. No in-between group differences were found regarding the primary endpoint
ICU length of stay. Further, eight prespecified secondary outcomes suggested that
the incidence of new infections, the duration of respiratory and hemodynamic sup-
port, the time to discharge alive from the hospital, and mortality in the ICU and
hospital were comparable in the two groups, whereas severe acute kidney injury and
cholestatic liver dysfunction appeared less prevalent with tight glucose control.

In fact, specifically some nondiabetic ICU collectives with longer ICU stay could
benefit from IIT, as evidenced by reduced mortality and lower risk of new kidney
injury, critical illness polyneuropathy/myopathy, or surgical site infections [49, 50,
52-55]. However, the risk of symptomatic hypoglycemia under IIT appears to equi-
poise any potential benefits. Therefore, mainly driven by the results of NICE sugar,
a change in ICU blood glucose management toward moderate control was the
broadly consented therapeutical consequence, targeting a range of ~7.8—10 mmol/l
in critically ill patients [47]. This may represent the best compromise for prevention
of clinically relevant hypoglycemia and consequences of exaggerating stress hyper-
glycemia. Many modern ICU treatment guidelines follow this consideration of risk
and benefit (e.g., [4, 6, 56-58]), whereby levels of up to 11 mmol/l can be tolerated
in most ICU patients.

Blood glucose targets of 4.4—6.1 mmol/l could provide benefit for some non-
diabetic critically ill subjects with longer ICU stay, which are however com-
pensated by the risk of severe hypoglycemia. Therefore, a target range of
~7.8=10 (—11) mmol/l is broadly accepted for the majority of critically ill
patients and represents a compromise between the risk of hypoglycemia and
the consequences of exaggerating hyperglycemia.
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4,5  Stress Hyperglycemia in Subjects with a Prehospital
History of Dysglycemia

Results of RCTs indicate that critically ill patients with preexisting diabetes melli-
tus have no benefit from IIT, but are exposed to a comparable risk of severe hypo-
glycemia as nondiabetic patients. The NICE sugar-trial included a predefined group
of more than 1200 diabetic subjects and it was shown that in the control arm with
less intensive glucose care, severe hypoglycemia (defined as blood glucose levels
<2.2 mmol/l) was still recorded in 0.5% of patients, without reported differences
between diabetic and nondiabetic subjects [51]. Analogous circumstances were
observed in the combined evaluation of the LEUVEN studies, and in a meta-analysis
of randomized controlled trials on blood glucose control for the prevention of surgi-
cal site infections [54, 55]. In support of the latter, the recent TGC-Fast RCT even
reported no benefit regarding the time of discharge alive from the ICU for the tight
glucose control protocol in the substantial subgroup of diabetic patients. However,
regarding the safety issue, there was a trend toward a better outcome with liberal
glucose control in this subgroup [52].

Therefore, it appears reasonable to question, whether critically ill patients with
preexisting diabetes mellitus should be managed according to the same criteria as
nondiabetic subjects. Early studies on mainly medical patients suggest that diabetic
patients with moderate hyperglycemia (9—-11 mmol/l) had the lowest mortality,
while not alone severe hyperglycemia (>11 mmol/l), but also euglycemia
(<7 mmol/l) were related to higher mortality [59]. There is an ongoing debate on
this issue and meanwhile first prospective studies evaluated liberal targets of up to
14 mmol/l. They provide early evidence that this could be without major risk of
harm, while significantly reducing hypoglycemic episodes [60—63]. The recent
LUCID trial was a multicenter RCT including 419 patients with type 2 diabetes. In
the intervention group, insulin therapy started at blood glucose levels >14 mmol/l,
targeting 10—-14 mmol/l. In control subjects, insulin started at >10 mmol/l with a
target of 6-10 mmol/l [62]. The primary outcome was incident hypoglycemia
(defined as <4 mmol/l). At least one hypoglycemic event was observed in ~5% of
the intervention arm, and in 18% of the comparator group (p < 0.05). No major
adverse effects were observed, although 90-day mortality tended to increase (29.5%
intervention, 24.9% comparator, p = 0.29). Yet, the LUCID trial was not powered
for this endpoint, and future studies need to evaluate a potential risk of harm for
liberal blood glucose targets up to 14 mmol/l in diabetic ICU patients. The latter
results are largely in accordance with the study of Rau et al., who retrospectively
defined stress hyperglycemia in diabetic patients at blood glucose levels
>13.9 mmol/l [64], and with data from observational studies [47, 63]. According to
these findings, blood glucose levels exceeding 14 mmol/l appear to be harmful for
diabetic subjects and should be generally avoided. Otherwise, blood glucose con-
centrations >13.9 mmol/l can be tolerated in terminally ill patients who are consid-
ered to have short life expectancy.

While 14 mmol/I could be defined as upper blood glucose limit for critically ill
diabetic patients, there is currently no broadly consented target range regarding
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liberal blood glucose control. The landmark study of Egi et al. showed rising mor-
tality with more strict glucose control for ICU patients with pathologic glycated
hemoglobin Alc (HbAlc) [65]. This observation has been attributed to rising hypo-
glycemia risk [47]. In the aforementioned meta-analysis on glycemic control for the
prevention of surgical site infections, which included 2836 diabetic and nondiabetic
patients, the lowest hypoglycemia rate was observed with blood glucose targets
<12.2 mmol/1 [54]. This is supported by findings of a recent network meta-analysis
[66]. However, increased numbers of surgical site infections were detected with
such a more liberal blood glucose control strategy.

Currently there is no evidence for an individualized therapy in diabetic critically
ill patients, based upon blood glucose targets delineated from admission HbAlc
[67]. Nevertheless, potential benefits of glucose control could depend upon meta-
bolic preadmission condition [14, 61, 65]. At least in patients with controlled glyce-
mia (e.g., admission HbAlc < 7%/53 mmol/mol), some data support blood glucose
targets of ~7.8—10 mmol/l [54, 67-69]. For patients with less well controlled pread-
mission glycemia (e.g., admission HbAlc > 7%/53 mmol/mol), an appropriate
blood glucose target remains unclear and further studies are needed to clarify this
important question [47]. However, keeping this group <12.2 mmol/l could at least
help to minimize the risk of (relative) hypoglycemic events [68].

Except for those with short life expectancy, blood glucose levels >14 mmol/l
should be generally avoided in diabetic critically ill ICU patients, even under
conditions of poor preadmission metabolic control (HbAlc > 7%/53 mmol/
mol). Under circumstances of well controlled preadmission glycemia
(HbAlc < 7%/53 mmol/mol), a target range of ~7.8—10 mmol/l could posi-
tively impact clinical endpoints as, e.g., the risk of surgical site infections.

4.6 Hypoglycemia

Regardless of whether hypoglycemia occurs spontaneously or is associated with
insulin treatment, low blood glucose levels are independently related to increased
mortality in critically ill patients [47]. Targeting of euglycemia (e.g., 4.4—-6.1 mmol/l)
has been related to substantial increases in the risk of iatrogenic hypoglycemia,
although in the recent TGC-Fast RCT, severe hypoglycemia occurred in 31 patients
(0.7%) in the liberal control group and 47 patients (1.0%) in the tight control group
[52]. Otherwise, the TGC-Fast RCT supports previous results, indicating that nor-
malization of blood glucose does not alter ICU, hospital, or postdischarge mortality
and, therefore, avoidance of hypoglycemia remains critically important in the
ICU. To minimize the risk of hypoglycemic complications, guidelines on the clini-
cal management of diabetes mellitus in hospital indeed suggest not to fall
<6.1 mmol/1 [7, 70].

Due to the phenomenon of relative hypoglycemia, definition of hypoglycemia is
not trivial, particularly in patients with a history of diabetes mellitus [68]. Indeed,
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definitions of hypoglycemia in randomized studies on critically ill patients vary
from <2.2 to <4.4 mmol/l. We suggest to follow the current definition of the ADA
(Table 4.1).

Level 2 hypoglycemia is considered the threshold where neuroglycopenic symp-
toms begin to occur and require immediate reaction. Detecting symptomatic level 2
and 3 hypoglycemia, however, is not trivial in sedated and ventilated ICU patients.
This requires structured blood glucose surveillance protocols (see below). To strictly
minimize hypoglycemia risk, we suggest to immediately treat level 1 hypoglycemia
by using i.v. glucose, and to closely monitor blood glucose and adapt nutritional
therapy in case of blood glucose levels <6.1 mmol/l. Furthermore, an ADA consen-
sus report suggested that a patient’s overall treatment regimen (e.g., insulin, nutri-
tion, etc.) should be reviewed when a blood glucose value of 3.9 mmol/l is identified,
because such readings often predict imminent level 3 hypoglycemia [70]. Finally,
episodes of hypoglycemia should be documented in medical records.

Level 2 hypoglycemia (<3.0 mmol/l) is considered as threshold for neurogly-
copenic symptoms. Therefore, level 1 hypoglycemia <3.9 mmol/l should be
immediately treated using i.v. glucose, and the patient’s overall treatment
regimen (e.g., insulin, nutrition, etc.) should be reviewed. Blood glucose lev-
els <6.1 mmol/l should be closely monitored and nutrition therapy should be
adapted.

4.7  Surveillance Protocols, Insulin Treatment, and Nutrition
Therapy: Cornerstones of Glycemic Management
in the ICU

In order to treat hyperglycemia and limit hypoglycemic episodes, intensivists need
to monitor blood glucose. A consensus recommendation on the measurement of
blood glucose in critically ill stated: “All patients whose severity of illness justifies
the presence of invasive vascular monitoring (an indwelling arterial and/or central
venous catheter) should have all samples for measurement of the blood glucose
concentration taken from the arterial catheter as the first option. If blood cannot be
sampled from an arterial catheter or an arterial catheter is temporarily or perma-
nently unavailable, blood may be sampled from a venous catheter as a second
option” [71]. In fact, arterial blood gas sampling is close to laboratory analytic

Table 4.1 Definition of hypoglycemia [70]

Level of

hypoglycemia Glycemic criteria (mmol/l)/description

Level 1 <3.9and >3.0

Level 2 <3.0

Level 3 A severe event characterized by altered mental and/or physical status

requiring assistance from another person for recovery
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standards, feasible to perform, with quick reports of critical results, and provides
additional information on electrolyte status. This is imperative, since hypokalemia
is frequently observed during treatment of hyperglycemic episodes with insulin, and
severe hypokalemia is associated with increased mortality [6].

Monitoring via intermittent testing of capillary blood using point of care meth-
odologies is not recommended for critically ill collectives [6]. Continuous blood
glucose monitoring meets several of the criteria of ideal blood glucose measurement
[72]. Meanwhile, the FDA approved two continuous monitoring systems for the
hospital setting. However, concerns regarding the accuracy of continuous glucose
monitoring persist, particularly under conditions of acutely disturbed homeostasis
(e.g., vasoconstriction, severe dehydration, hypoxemia, rapidly changing glucose
concentrations), which are frequently observed in critically ill subjects. Moreover,
devices need to be removed for diagnostic procedures like MRI [6]. Therefore, con-
tinuous blood glucose monitoring can currently not be recommended for the critical
care setting routine.

Blood glucose monitoring in critically ill subjects should be realized by using
blood gas analysis, ideally taken from an arterial line.

Management of blood glucose surveillance and therapy in critically ill subjects
requires structured treatment protocols. Figure 4.2 provides an exemplary schedule
including an optional treatment path for liberal glucose control of stress hypergly-
cemia in patients with poorly controlled preadmission diabetes mellitus.

< Admission blood glucose Optional
< 3.9 mmol/I ’ ’ ‘
. 56178  >7.810 >10 - T;AIC > |7/% / ,
! mmol/| mmol/I mmol/I mMmoYmo
’ Y y >12.2
’ (015_@ @ T insulin > mmol/I?
> < 3.9 mmol/|
>6.1-7.8  >7.8-10 h D
’ th >« o
- - mmol/I? mmol/I? © |
immediately
i.v. glucose and ! ! adapt 5 1'2 2
eonte T > > Stable mmol/l
_ >7.810 Noj
no ) yes mmol/I? Ny =
>6.1 mmol/l" 7= | Stable Stable v insulin._>
>6.1-7.8 >7.8-10 =
mmol/| mmol/I \
Enteral nutrition? / yes - Stable < 12.2

arenteral nutrition? / oral = ' v mmol/I?
—nutrition? / causal analysis < Glucose control every 2-4 (-6)h

Fig. 4.2 Structured blood glucose management protocol for critically ill subjects. (Modified
according to [73])
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Prevention and forwarded treatment of hypoglycemic episodes remain a central
issue in the ICU. Application with i.v. glucose is the method of choice for level 1 or
higher level hypoglycemia. However, blood glucose >3.9 and <6.1 mmol/I are also
in need of intervention, preferentially by means of adapted nutrition therapy.
Moreover, causal analysis should routinely follow any hypoglycemic episode (e.g.,
did the patient use high risk hypoglycemic oral antidiabetics shortly before ICU
admission?). It is further imperative that if nutritional therapy is interrupted or ter-
minated for any reason, bedside intensivists should pay specific attention to ongoing
insulin therapy. In order to minimize the risk of hypoglycemia, insulin therapy
should be concomitantly interrupted after nutrition cessation, and blood glucose
levels should be closely monitored.

Stress hyperglycemia >10 mmol/l is primarily treated by means of continuous
insulin infusion. Bolus applications should not be part of the treatment routine. The
rate of insulin infusion needs to be closely adjusted upon the patient’s current glu-
cose concentration and the absolute change in blood glucose compared to the last
reading. Blood glucose should initially be measured at 1-2 h intervals, depending
on the patient’s status. During the acute phase, glucose monitoring intervals can
then individually be extended to 4-6 h intervals, and after return to homeostasis,
even to 8—12 h intervals in order to minimize blood loss.

However, as with hypoglycemia, hyperglycemia treatment is not alone a matter
of insulin management, but also of an accurately adapted nutritional therapy includ-
ing glucose supply. As shown in Fig. 4.1, stress hyperglycemia is closely related to
endogenous substrate mobilization during critical illness. Therefore, intensivists
should attempt to focus on closely matching nutritional therapy to the patient’s situ-
ative needs. As stated above, glucose supply can be completely cessated in patients
with insulin infusion of >4 U/h for maintenance of blood glucose targets, which
indicate that the patient’s current substrate requirements are completely met by
endogenous sources [4]. However, not only glucose intake, but also application of
parenteral lipid emulsions and amino acids should be questioned under such cir-
cumstances, as rising free fatty acid levels may further aggravate insulin resistance
and EGP [2, 74, 75]. This could result in acceleration of stress hyperglycemia. Data
from the first TICACOS trial, where critically ill patients were fully fed by com-
bined enteral and parenteral nutrition during the acute phase of critical illness
according to measured resting energy expenditure, showed a longer ICU stay and
increased infectious complications [76]. Very recent results of large observational
trials and RCTs support the hypothesis that enforced macronutrient intake including
glucose during the acute phase of critical illness could negatively impact clinical
endpoints [39, 77-81]. In summary, stress hyperglycemia during the acute phase of
critical illness should not be accentuated by an excessive nutrition strategy beyond
the patient’s individual metabolic tolerance.

An empiric clinical protocol for controlling the substrate supply depending on
the caloric target was recently published by the German Interdisciplinary Association
for Intensive Care and Emergency Medicine (DIVI), which is presented in Fig. 4.3.



56 C.von Loeffelholz and G. Elke

Admission Blood glucose management according to Figure 2
No nutrition
Day 1 Blood glucose management according to Figure 2

Nutrition: Start with 75% of resting energy expediture (REE)

Day 2 Maximal insulin requirements (continous i.v.-application) for targeting blood glucose
range according to Figure 2 on day 1
0-1U/h 2-4 U/h >4 U/h
Nutrition: 100% REE 50% REE 25% REE

Maximal insulin requirements (continous i.v.-application) for targeting blood glucose

Day 3 and range according to Figure 2 on previous day
following days 0-1Uth 2-4Uh >4 Ul
Nutrition rate Nutrition rate Nutrition rate
Nutrition: previous day previous day previous day
+15-20% - 15-20% - 50%
(max. 100% REE) (min. 0 keal) (min. 0 kcal)

Fig. 4.3 Protocol of integrated insulin and nutrition therapy in critically ill patients according to
the degree of estimated insulin resistance and reciprocal endogenous substrate mobilization.
(Adapted according to [26])

Monitoring and therapy of blood glucose in critically ill subjects should fol-
low structured protocols. Management of stress hyperglycemia and hypogly-
cemia risk are not alone a matter of insulin treatment, but also of management
of medical nutrition therapy. Provision of energy substrates should be closely
matched to endogenous mobilization as estimated by current insulin demand
for reaching blood glucose targets.
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5.1 Basics About Fats
5.1.1 Fats (Triglycerides)

Fats are just one type of lipid, a category of compounds that do not easily mix with
water because of their chemical properties. Fats have 9 kcal/g (38 kJ/g), which is the
most important energy reserve of the human organism. The majority (90-95%) of
fats in a typical Western pattern are triglycerides (TGs) [1], which are esters derived
from a single molecule of glycerol and three fatty acids (FAs). Since TGs cannot be
absorbed, they must be hydrolyzed. Simple triglycerides are those in which each
molecule of glycerol is combined with three molecules of one acid. Only a few
glycerides occurring in nature are of the simple type; in most TGs, one molecule of
glycerol is combined with two or three different FAs. Depending on the carbon
chain length, number and position of double bonds, and linearity (stereospecificity
or cis vs. trans), lipids have different physical and chemical properties. FAs in TGs
carry between 2 and 24 carbon atoms [2]. Short-chain triglycerides (SCTs) include
FAs that range in length from 2 to 4 carbons, medium-chain triglycerides (MCTs)
contain FAs ranging from 6 to 12 carbons, and LCTs are composed of FAs with
chain length >12 carbons [2, 3]. Fats containing LCTs, which are usually derived
from vegetable oils, and MCTs are derived from palm kernel oils, palm oils, and
coconut oils [2]. Fibers fermented by bacteria in the colon are the most important
source of short-chain fatty acids (SCFAs) [4]. Compared with LCTs, neither SCT
nor MCTs require bile salt for absorption or promote chylomicron formation or bile
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salts for absorption. Given their hydrophilic properties, short- and medium-chain
FAs can directly enter the portal venous system [2].

Each lipid class possesses unique biological activity and is therapeutically sig-
nificant [5]. TG molecules serve as a primary storage form of energy, offer insula-
tion to cells, facilitate the absorption of fat-soluble vitamins [6], and transport FAs
within cells and plasma. Lipid metabolism plays a crucial role in maintaining cel-
lular homeostasis by influencing various essential processes such as membrane syn-
thesis and the use of lipids as an energy store. Dietary TG is crucial for lipid
metabolism homeostasis [7].

Exogenous TGs originate from food sources, whereas endogenous TGs are gen-
erated in the liver. In adipose tissue and the liver, the endogenous pathway predomi-
nates, whereas the exogenous pathway is more prominent in the intestine (see Sect.
1.5) [8]. Lipid metabolism encompasses catabolic processes that generate energy
and anabolic processes that produce various lipid species. Typically, lipids possess
a head group with a distinct chemical composition that binds to hydrophobic tails
composed of fatty acyl chains or sphingoid bases [9]. The function and structure of
lipids are determined by their uptake, synthesis, storage, and consumption across
different cellular organelles.

Daily TGs intake is 60-150 g/day [10]. Dietary fats also include cholesterol,
phospholipids (PLs), and many other lipids (e.g., vitamins) [1].

5.1.2 Fatty Acids

Fatty acids (FAs) are carboxylic acids with aliphatic chains. They are the main com-
ponents of triglycerides (TGs) and are classified as saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs)
based on the presence and number of double bonds in their molecular structure [11].
The n — x (n minus x) nomenclature provides names for individual compounds and
classifies them according to their likely biosynthetic properties in humans. A double
bond is located on the xth carbon-carbon bond, originating from the methyl end of
the molecular backbone. For instance, linoleic acid is categorized as an n — 6 acid
and is expected to follow the same biosynthetic pathway as other members of this
family because it holds a similar position in the FAs classification system. If all
carbon-to-carbon bonds are singular, the acid is considered saturated. However, if
any of the bonds are double or triple, the acid is unsaturated and exhibits increased
reactivity. The degree of unsaturation and chain length play vital roles in regulating
the metabolic stage of FAs, affecting the functionality of cells, tissues, and lipid
mediators produced. Each double bond is identified through Ax in the nomenclature
of Ax (or delta-x). This represents the xth carbon-carbon bond, originating from the
carboxylic end of the molecular backbone.

FAs are the second most important source of energy in humans and are necessary
for cellular tissues and membranes [11]. FAs serve as the primary energy source via
mitochondria-mediated B-oxidation and tricarboxylic acid (citric acid cycle, TCA)
cycle catabolism (Fig. 5.1).
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Lipids enter cells via transporters such as CD36 and FATPs. After Once inside,
FAs are directed to mitochondria by specific membrane proteins, where they under-
gos oxidation to produce acetyl-CoA, a key substrate for ATP generation.
Glucose transported into the cell also contributes to acteyl-CoA formation, support-
ing the TCA cycle. The uptake of acetate through MCT provides an additional source
of acetyl-CoA. Acetyl-CoA can modulate histone and protein acetylation, influenc-
ing epigenetic regulation. VLCFAs and BRCFAs are partially metabolized in per-
oxisomes, feeding into TCA cycle intermediates. Citrate genrated in the TCA cycle
can exit mitochondria to serve as a building block for de novo lipogenesis, includ-
ing FAs and cholesterol. Palmitate is formed from malonyl-CoA by FA synthase
and can be elongated into MUFAs and PUFAs. LCFA are esterified into TGs and
stored in lipid droplets. Palmitate can also be converted into CDP-DAG and DAG,
which serve as precursors for membrane phospholipids such as PC, PE, PI, and
PS. BRCFA, branched-chain fatty acid; CDP-DAG, cytidine diphosphate diacylg-
lycerol; DAG, diacylglycerol; ETC, electron transport chain; FAs, fatty acids; FATP,
fatty acid transport protein; MUFA, monounsaturated fatty acid; PA, phosphatidic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylino-
sitol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acid; TCA, tricarboxylic
acid; VLCFA, very long-chain fatty acid. Image used with kind permission of Anna
Greka, Department of Medicine, Brigham and Women’s Hospital and Harvard
Medical School, Boston, USA [12].
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FAs are the primary components of lipids (Yoon et al.). Free fatty acids (FFAs)
are lipids released from certain cell types and adipose tissue via lipolysis. FFAs are
known to be active players in several biological processes, apart from their activities
in the energy supply or as structural elements [13].

5.1.2.1 Lipotoxicity

High levels of circulating lipids have been associated with metabolic disorders [14]
and cancer [15]. Exposure to an abundance of lipids over an extended period may
result in “lipotoxicity”, which is harmful [16]. The molecular pathways
involved in lipotoxicity (Fig. 5.2) include inflammation, oxidative stress, endoplas-
mic reticulum (ER) stress, impaired autophagy, and mitochondrial dysfunction [16].
Efficiently directing free fatty acids (FFAs) toward lipid droplets (LDs), structural
lipids, or mitochondria for beta-oxidation could reduce the detrimental effects of
lipid accumulation. Growing proof indicates that the fatty acid (FA) composition of
lipids and specific (FA) fatty acid concentrations (e.g., odd or even chain saturated
fatty acids, ratio of saturated to unsaturated, monounsaturated versus polyunsatu-
rated, omega position, etc.) have unique cellular effects on metabolism [12].

5.1.2.2 Essential Fatty Acids

Polyunsaturated fatty acids (PUFAs) can be obtained through multiple biological
pathways. In humans, PUFAs are generated through desaturation of the correspond-
ing alkanoic acid, as they possess a A9-desaturase enzyme that introduces a cis
double bond into a saturated fatty acid (FA) [17]. PUFAs can be categorized into
n — 3 FAs and n — 6 FAs. In Westernized diets, n — 6 FAs are the most preva-

lent PUFAs.
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Fig. 5.2 Lipids are beneficial or lipotoxic. (Adapted with kind permission of Anna Greka,
Department of Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston,
USA [12])
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FAs such as linoleic acid (n — 6) (LA) (a long-chain, 18-carbon atom fatty acid
with two double bonds) and alpha-linolenic acid (n — 3) (ALA) (a long-chain,
18-carbon atom FA with three double bonds) are essential for humans because their
bodies are unable to synthesize them [17]. This inability arises from the absence of
an enzyme that can add a double bond (desaturate) beyond the omega-9 carbon situ-
ated at the alpha end of the FAs (i.e., beyond the n — 6 and n — 3 positions). However,
human enzymes can elongate and desaturate essential FAs by adding two carbon
atoms and double bonds, respectively, resulting in the formation of other omega-6
and omega-3 FAs. As a result, the majority of polyunsaturated FAs belong to two
different families.

The elongation and desaturation of these FAs result in long-chain PUFAs such as
eicosapentaenoic acid (EPA) (long-chain PUFAs of 20 carbon atoms and five dou-
ble bonds), docosahexaenoic acid (DHA) (22 carbon atoms and 6 double bonds),
and arachidonic acid (AA) [18]. The conversion of LA into EPA is in the range of
0.2-8%, whereas ALA is converted into DHA in the range of 0—4% of ALA [19].
Hence, it is more effective to consume a diet enriched in n — 3 PUFAs, including
marine products, to directly obtain the longer-chain FAs EPA and DHA [17].

However, human enzymes can elongate and desaturate essential FAs by adding
two carbons and double bonds, respectively, resulting in the formation of other
omega-6 and omega-3 FAs. As a result, the majority of polyunsaturated FAs belong
to two different families.

5.1.3 Eicosanoids

Polyunsaturated fatty acids (PUFAs) (Fig. 5.3), particularly the n — 6 family of
linoleic acid (18:2 n — 6, LA), gamma-linolenic acid (18:3 n — 6, y-GLA), arachi-
donic acid (n — 6, AA), n — 3 family of alpha-linolenic acid (18:3 n — 3, ALA),
eicosapentaenoic acid (20:5 n — 3, EPA), and docosahexaenoic acid (22:6 n — 3,
DHA), serve as substrates for the synthesis of bioactive lipid mediators, such as
eicosanoids (Fig. 5.3), which play a role in inflammatory responses [20].
Eicosanoids are synthesized from omega-3 FAs, including EPA, as well as
omega-6 FAs such as dihomo-gamma-linolenic acid and AA. Substrate PUFAs are
released from phospholipids within the cell membrane and subsequently metabo-
lized by enzymes such as lipoxygenase (LOX), cyclooxygenase (COX), and cyto-
chrome P450 oxidase (cytP450) [21]. COX pathways produce prostaglandins (PGs)
and thromboxanes (TXs), whereas LOX pathways synthesize leukotrienes (LTs)
and lipoxins (LXs) and resolvins. Additionally, the cytP450 pathway produces vari-
ous hydroxy, epoxy, and dihydroxy derivatives [21] that exhibit significant biologi-
cal activities. However, eicosanoids primarily act locally at their production sites
owing to their rapid catabolism. AA is the primary substrate of eicosanoid synthesis.
Eicosanoids are bioactive and operate through cell membrane G protein-linked
receptors in various cell types. Some eicosanoids act as ligands for nuclear recep-
tors. Owing to their rapid metabolism, eicosanoids primarily act locally at their
production sites. Many eicosanoids are involved in the regulation of female
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Fig. 5.3 Metabolism of omega-3 and omega-6 fatty acids (FAs). The pathway of omega-3 FAs
results in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), while the pathway of
omega-6 FAs concludes with aracidonic acid (AA). Eicosanoids, including prostaglandins (PGs),
thromboxanes (TXs), and leukotrienes (LTs), are derived from both ARA and EPA. Lipoxins pro-
duced from ARA and resolvins produced from EPA are additional members of the eicosanoid
family. Docosanoids derived from DHA also form resolvins. It should be emphasized that each FA
does not possess a singular, unique functional property, and therefore members of the FA family
do not exhibit identical properties. DHA docosahexaenoic acid, EPA eicosapentaenoic acid, TXs
thromboxanes, LTs leukotrienes, PGs prostaglandins, LXs lipoxins, Rvs resolvins [20]
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reproductive, vascular, gastrointestinal, and renal systems [21], and exhibit various
effects on immunity and inflammation [22].

Certain eicosanoids have a significant impact on key indicators of inflammation
such as fever, pain, redness, and swelling. However, it is worth noting that while
some eicosanoids may be described as pro-inflammatory, they also possess anti-
inflammatory functions, and some eicosanoids are involved in resolving inflamma-
tion. These activities are linked to the exact signaling mechanisms induced by
different eicosanoid receptors and the timing of eicosanoid production. The compo-
sition of eicosanoids produced during an inflammatory response is determined by
the nature of the stimulus and cell types present. As a result, the effects of PGs on
inflammation are complex and involve both pro- and anti-inflammatory actions as
well as its role in initiating inflammation resolution.

The main factors that determine the effects and outcomes of omega-6 and
omega-3 FA intake are the eicosanoids they produce. There is competition between
the n — 3 and n — 6 FA families for metabolism because they share the same set of
enzymes [23]. Omega-6 FA-derived eicosanoids are more inflammatory than
omega-3 FA-derived eicosanoids. DHA- and EPA-derived eicosanoids counteract
the pro-inflammatory effects of n — 6 FAs. However, the ratio of n — 3/n — 6 PUFA
in cell and organelle membranes, as well as membrane microdomains, strongly
influences membrane function and numerous cellular processes, such as cell death
and survival [23]. The recommended dietary ratio of n — 6/n — 3 FAs for health
benefits is 1:1-2:1 [20].

5.1.4 Cholesterol

Cholesterol (cholest-5-en-3-ol (3-beta) cholesterol), cholesterol metabolites, and
esters are the major components of the plasma membrane and different cell organ-
elles [24]. Cholesterol consists of a sterol backbone, a hydroxy group, a double
bond, and a side chain that includes eight carbon atoms. Technical abbreviations
will be clearly defined upon first use. The steroid backbone of cholesterol functions
is the basic structure of bile acids, with cholic acid and chenodeoxycholic acid as
the primary bile acids. Additionally, cholesterol is a precursor of fat-soluble vita-
mins, including vitamin D3, steroid hormones such as cortisone and aldosterone,
and sex hormones such as estradiol and testosterone [25].

Cholesterol in the body emerges from two sources: endogenous sources, which
are produced in the peripheral tissues and liver, and dietary sources [26]. Cholesterol
can be absorbed into the blood through the digestion of dietary fat via
chylomicrons.

The daily cholesterol intake in the Western diet varies from approximately
100-400 mg/day; however, a higher intake of up to 800 mg/day has been investi-
gated [27]. The limitation of cholesterol intake reduces the increase in daily intes-
tinal cholesterol flow, which is 2—4 times larger than the flow of dietary cholesterol
[10]. Plant sterols account for approximately 25% of dietary sterol intake or
approximately 100—-150 mg/day [28]. Compared to omnivores, vegans have a 90%



70 A. Edel and K. Scholtz

lower cholesterol intake, which results in a 13% lower serum low density lipopro-
tein (LDL)-cholesterol concentration [29]. Approximately 50% of cholesterol
absorption in the intestine is incomplete, with the remaining amount excreted in
feces [30].

5.1.5 Phospholipids

Phospholipids (PLs) are amphipathic lipids that play crucial roles in cell mem-
branes. They are structured as a lipid double layer and are derived from glycerol,
which is similar in structure to triglycerides (TGs). They are competent in integrat-
ing fatty acids into the cell membrane, as they display better absorption and usage
than TGs [31]. In addition to their structural functions, PLs regulate cellular pro-
cesses. The digestion of PLs is primarily performed by pancreatic phospholipase A2
(pPLA2) and other lipases secreted by the pancreas after food intake [1]. The pre-
dominant PL in the intestinal lumen is phosphatidylcholine (PC), which originates
from the bile (10-20 g/day in humans) and diet (~1-2 g/day) [1].

5.1.6 Lipoproteins

Owing to the hydrophobic nature of lipids, such as cholesterol and triglycer-
ides (TGs), they must be transported in conjunction with proteins, such as lipopro-
teins, in circulation [28]. Many fatty acids from daily food intake are transferred as
TGs to prevent toxicity [12]. These lipoproteins play major roles in the absorption
and transport of dietary lipids by the small intestine, transport of lipids from the
liver to peripheral tissues, and transport of lipids from peripheral tissues to the liver
and intestine. This process is known as reverse cholesterol transport [28]. A second-
ary function is to transport bacterial endotoxins from the invaded and infected body
parts [32]. Plasma lipoproteins can be classified based on size, lipid composition,
and apolipoproteins (Table 5.1).

5.1.7 Lipid Transport System

Lipid transportation involves two separate pathways: an exogenous route for the
transport of cholesterol and triglycerides (TGs) absorbed from dietary fat in the
intestine and an endogenous system through which cholesterol and TGs gain plasma
from the liver and other non-intestinal tissues [33].

5.1.7.1 Exogenous Pathway

The exogenous pathway begins with intestinal absorption of cholesterol and TGs
from food sources [33]. The action of gastric enzymes in the stomach ensures that
digestion continues. The fat emulsion enters the duodenum in the form of lipid
droplets, which are subsequently solubilized through the action of bile acids. Fatty
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Table 5.1 Lipoprotein classes [28]
Density (g/ Size

Lipoprotein mL) (nm) Major lipids Major apoproteins
Chylomicrons <0.930 75-1200 | Triglycerides Apo B-48, Apo C, Apo E,
Apo A-1, A-I1, A-IV
Chylomicron 0.930-1.006 | 30-80 Triglycerides Apo B-48, Apo E
remnants cholesterol
VLDL 0.930-1.006 | 30-80 Triglycerides Apo B-100, Apo E, Apo
C
IDL 1.006-1.019 | 25-35 Triglycerides Apo B-100, Apo E, Apo
cholesterol C
LDL 1.019-1.063 | 18-25 Cholesterol Apo B-100
HDL 1.063-1.210 | 5-12 Cholesterol Apo A-1, Apo A-1I, Apo
phospholipids C,ApoE
Lp (a) 1.055-1.085 | ~30 Cholesterol Apo B-100, Apo (a)

acids (FAs) in the intestine are mainly dietary, cholesterol in the intestinal lumen is
predominantly sourced from bile (around 200-500 mg of cholesterol from diet and
800-1200 mg from bile) [28].

Dietary TGs are further hydrolyzed in the intestinal lumen by pancreatic
lipases to produce 2-monoacylglycerol (2-MAG) and long chain fatty acid
(LCFA). Pancreatic lipases can hydrolyze 50-70% of total dietary fats [34].
Co-lipase is a necessary cofactor for the full function of the enzyme [35]. The
enterocytes absorb the products of digestion and transport them into the endoplas-
mic reticulum (ER). TG is resynthesized by 2-MAG and LCFA in the ER [7]. This
lipid is then coupled with phospholipids, apoproteins and unestrified cholesterol into
TG-rich lipoprotein particles called chylomicrons (CMs) for subsequent delivery to
peripheral circulation [33]. CMs are shed directly into the lymph before entering the
blood stream. In the circulatory system, the triglycerides transported in CMs are
metabolized in muscle and adipose tissues by lipoprotein lipase, resulting in the
release of free fatty acids (FFAs). These FFAs are subsequently metabolized by
adipose and muscle tissues, leading to the formation of CM remnants. These rem-
nants are then taken up by the liver [33]. Nearly 95% of dietary TGs can be absorbed
and undergo digestion, uptake, resynthesis, and secretion into circulation in CMs
[33, 36, 37].

CMs appear in the plasma following a meal, typically lasting 1-5 h, and giving
it a milky appearance. They are usually eliminated from circulation within 12 h of
fasting [33].

5.1.7.2 Endogenous Pathway

The endogenous lipoprotein pathway begins in the liver with the formation of very
low-density lipoprotein (VLDL) [28]. The remaining TGs present in the CM rem-
nants is transported to the liver [38]. In the liver, TG hydrolysis provides FAs for
[-oxidation, signaling, and substrates for the assembly of VLDL TGs within hepa-
tocytes [38]. The TGs transported in VLDL are broken down into free FAs by



72 A. Edel and K. Scholtz

lipoprotein lipase in both the muscle and adipose tissue, resulting in the formation
of intermediate density lipoprotein (IDL). These IDL particles are relatively
enriched in cholesterol esters and acquire Apolipoprotein E (Apo E) from high-
density lipoprotein (HDL) particles. IDL particles can be removed from circulation
by the liver through the binding of Apo E to low-density lipoprotein (LDL) and
Low-density lipoprotein receptor-related protein (LRP) receptors. However, while
the majority of CM remnants are swiftly cleared by the liver, only a fraction of IDL
particles (approximately 50%, though this may vary) undergo clearance. The
remaining TGs within IDL particles are hydrolyzed by hepatic lipase, resulting in a
further reduction of TG content. Additionally, exchangeable apolipoproteins are
transferred from IDL particles to other lipoproteins, culminating in the formation of
LDL. Consequently, LDL is considered a product of VLDL metabolism. In indi-
viduals with normal metabolism, this pathway can handle substantial amounts of fat
(=100 g/day) without significant increases in plasma TG levels [28].

Recent studies have shown that enterocytes secrete cholesterol, phospholipids,
and vitamin E as part of high-density apoB-free/apoAl-containing lipoproteins [1].

5.1.8 Level and Composition of Fat Intake

Daily fat intake should be greater than 10% (as this does not meet the daily require-
ment of essential FAs) and less than 65-70% (as this would prevent the theoretical
minimum daily carbohydrate intake) [39]. Therefore, a middle-ground 30% is rec-
ommended as the ideal proportion of daily fat, which should maintain a respiratory
quotient in the range of 0.85-0.90. Therefore, the mass of the daily lipid require-
ment is approximately 1 g/kg/day, or 70 g for a normal-sized person. A direct rela-
tionship exists between the amount of fat ingested and the corresponding increase
in circulating [28].

According to kinetic studies [40], monounsaturated fatty acids (MUFAs) are
preferentially and more rapidly absorbed at the intestinal level than other types of
fats. Regarding the FA composition of lipid emulsions, recent expert recommenda-
tions [41] indicate that a blend of FAs should be considered, including a source of
medium-chain saturated fatty acids, usually from coconut oil (MCTs), omega-9
monounsaturated FAs, and omega-3 polyunsaturated FAs. Soya bean oil contains
large quantities of essential FAs (linoleic acid and a-linolenic acid) and is, there-
fore, a frequently used constituent of parenteral nutrition.

The type of fat consumed depends on the dietary sources, typically including
saturated fat from animals and tropical plant oils (coconut, palm), polyunsaturated
fat from vegetable oils (such as olive oil for monounsaturated fat, sunflower oil, and
corn oil for n — 6 polyunsaturated fatty acids [PUFAs], flaxseed oil for n — 3 PUFA),
and marine sources (algae and fish oils for LC n — 3 PUFAs) [18]. Increased con-
sumption of saturated animal fat, in particular, and lower intake of unsaturated fat
may have a great effect on the FA composition of human tissues and affect metabo-
lism and health.
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Moreover, proteins may interfere with the secretion of intestinal TGs by slowing
the gastric emptying rate and consequently reducing fat absorption in the intestine
[42]. Similarly, polyphenols have been shown to inhibit pancreatic lipase, thus
reducing trigacylglyceride digestion and absorption in the intestine [35].

Key Messages

¢ Fatty acids are the main components of triglycerides and are classified into three
types: saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and
polyunsaturated fatty acids (PUFAs).

* Polyunsaturated fatty acids (PUFAs) can be derived from multiple biological
pathways.

* Lipotoxicity is linked to immunometabolic pathways and cancer.

¢ Due to their hydrophobic nature, lipids such as cholesterol and triglycerides must
be transported in the bloodstream in association with proteins (e.g.,
lipoproteins).

It is recommended that 30% of the daily caloric intake should come from fat.

5.2 Fat in the Intensive Care Medicine
5.2.1 Metabolic and Immune Effect in ICU Patients

Patients admitted to the intensive care unit (ICU) often have conditions related to
dyslipidemia. In a study group by Stamler and colleagues in 1986, it was estimated
that 46% of all coronary heart disease-related deaths were linked to hypercholes-
terinemia in a cohort of 356,222 patients [43]. The negative impact of hypercholes-
terolemia and high low density lipoprotein (LDL) levels on health outcomes has
been further confirmed by impressive supporting evidence from clinical and genetic
studies, as demonstrated by the European Atherosclerosis Society Consensus Panel
[44]. Dyslipoproteinemia-related atherosclerosis, which is the underlying
pathomechanism, also contributes to the development of conditions, such as isch-
emic stroke requiring ICU treatment. However, hypertriglyceridemia itsself can
lead to critical conditions, such as severe pancreatitis with organ failure. Dyslipidemia
can also occur during critical illness, increasing the risk of ICU admission.

In contrast, acute critical illnesses have several direct effects on fat metabolism.
Initially, triglyceride and very low-density lipoprotein (VLDL) levels increase dur-
ing the early stage of the disease because of various pathways, such as accelerated
lipolysis and pro-inflammatory cytokine-induced fatty acid (FA) synthesis, com-
bined with suppressed FA oxidation [45, 46]. The potential advantage of these
altered lipid components may be the enhanced binding of VLDL to lipopolysaccha-
ride (LPS) of gram-negative bacteria in hypertriglyceridemia serum [47]. However,
the levels of cholesterol, high-density lipoproteins (HDL), and LDL are reduced in
critically ill patients [48-50].
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The decreased cholesterol level is a combined effect, including delayed and low-
effect LPS-induced cholesterol synthesis and excretion, as well as changes in meta-
bolic pathways that lead to increased production of non-sterol metabolites [45] such
as dolichols, an enzyme required for glycosylation of proteins during acute inflam-
mation [51]. Not only the HDL level decreases during critical illness, but also the
composition of HDL shifts to acute-phase HDL, which contains more free choles-
terol, triglycerides (TGs), free FAs, and less cholesteryl ester. The underlying
pathomechanism of HDL reduction is not yet fully understood but involves different
metabolic pathways [45]. Increased consumption of pulmonary surfactants, cell
regeneration, and pro-inflammatory mediators have been proposed as potential con-
tributing factors [52, 53]. Pro-inflammatory cytokines can directly inhibit choles-
terol synthesis and secretion, although the precise mechanism remains unclear [45].
Furthermore, the impaired function of transporters and receptors has been linked to
direct pathogenic effects that influence lipid metabolism [53, 54]. HDL has anti-
inflammatory properties and can decrease cytokine release [55]. HDL can bind LPS
and the gram-positive bacterial component, lipoteichoic acid (LTA) [56]. On one
hand, HDL lipoproteins are assumed to possess anti-apoptotic, antithrombotic, anti-
inflammatory, and anti-infectious properties [57], on the other hand, increased lev-
els of TGs-rich lipoproteins, such as VLDL or alternated LDL, have proatherogenic
properties, which may lead to an increased risk for critical illness [45]. A systematic
review and meta-analysis by Hofmaenner et al. revealed a contradictory finding,
demonstrating a significantly lower ICU mortality in patients with lower concentra-
tions of total cholesterol, HDL, and LDL [48]. Furthermore, a meta-analysis of 22
studies with 10,122 COVID-19 patients revealed a significant reduction in total cho-
lesterol, LDL, and HDL concentrations in severely ill patients and those with a
non-survivor status [50]. The inflammatory effect of omega-3 and omega-6 FAs,
along with their metabolic end products, are illustrated in Fig. 5.3.

5.2.2 Fatin Parenteral Nutrition

Parenteral nutrition solutions are a essential therapy option for ICU patients and are
endorsed by the ESPEN and ASPEN guidelines. These solutions include all three
primary macronutrients: carbohydrates, proteins, and fats. Fat composition has
always been a topic of discussion, as FAs play a significant role in providing non-
protein and non-carbohydrate calories, particularly during the acute phase of insulin
resistance following post-aggression metabolism. Several FAs are used in paren-
teral lipid emulsions. FAs can be divided into either saturated and unsaturated, with
unsaturated further categorized by the number of double-bonds. Monounsaturated
fatty acids (MUFA) have one bond, while polyunsaturated fatty acids (PUFA) two
or more bonds. The ideal FA balance remains unknown due to inconsistent evi-
dence. Traditionally, parenteral fat emulsions are made from soybean oil containing
LCT in a 7:1 ratio of n — 6 to n — 3 PUFAs. n — 6 linoleic acid may have pro-
inflammatory properties by converting it to arachidonic acid and eicosanoids such
as prostaglandins, thromboxanes, and leukotrienes [58]. In contrast, n — 3 linolenic
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acid may exhibit anti-inflammatory and antioxidant effects when metabolized to
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) [59]. To enhance the
concentration of n — 3 FAs, the soybean oil-based emulsion is partly replaced by
fish or olive oil, and EPA and DHA at a rate of 0.6-1 g. The consequences of this
omega-6 FA-reducing technique were assessed through a meta-analysis, which
demonstrated no impact on overall mortality compared to the use of LCT or LCT/
MCT (RR: 0.91; 95% CI 0.76-1.10; p = 0.34) but a considerably shorter hospital
length of stay (LOS) (WMD —6.88; 95% CI —11.27, —2.49; p = 0.002). In the sub-
group analysis, incorporating eight studies studying fish oil in parenteral nutrition,
it was found that there was a more noticeable effect on ICU LOS (WMD -3.53;
95% CI —6.16 to —0.90; p = 0.009) and reduction in nosocomial infections (RR
0.65; 95% CI 0.44-0.95; p = 0.03), which aligns with the findings of the meta-
analysis by Pradelli et al. [60]. Subgroup analysis of three studies employing stand-
alone fish-oil-based nutrition revealed a significant reduction in 28-day mortality
(n=237;RR, 0.60; 95% CI, 0.36, 0.99; p = 0.04) [61].

In such cases, FAs can serve as an effective energy source. Fat metabolism
involves the transport of long-chain triglycerides into the mitochondria through car-
nitine, where LCT is then oxidized to acetyl-CoA, which subsequently enters either
the tricarboxylic acid cycle or the ketone pathway. In contrast, medium-chain tri-
glycerides (MCT) can pass through the mitochondrial membrane without requiring
active transport [62], making them an essential substrate for critically ill patients,
where carnitine depletion may occur [63]. Although only a limited number of stud-
ies have explored the metabolism of MCTs, soybean oil-based lipid emulsions
mostly consist of n — 6 fatty acids. The partial replacement of these emulsions with
olive, coconut, or fish oil may increase the amount of MCTs, which is believed to
have immune-supporting properties [64, 65]. These findings suggest that the ratio of
T-helper (CD4+) to T-suppressor (CD8+) cells was maintained in the MCT soybean
oil group compared with that in the soybean group alone [64].

As previously mentioned, omega-3 PUFAs have beneficial properties and are
promising components of parenteral nutrition. In the most recent meta-analysis of
49 studies, involving 3641 patients who were electively admitted to either the ICU
or non-ICU, the Pradelli study group demonstrated that the use of omega-3 FAs in
comparison to standard non-enriched lipid emulsions resulted in a 40% reduction in
infection rates (relative risk [RR] 0.61; 95% confidence interval [CI], 0.45-0.84;
p = 0.002), shorter hospital stay by an average of 2.14 days (95% CI 1.36-2.93;
p < 0.00001), and an ICU stay that was approximately 2 days shorter (—1.95 days;
95% CI 0.42-3.49; p = 0.01). The use of omega-3 FAs in parenteral solutions also
has an impact on mortality risk [60]. In a cost-effectiveness analysis that considered
results comparable to those of a prior meta-analysis, Pradelli et al. revealed a favor-
able economic benefit that fully offset therapy costs [66].

In addition to long-chain fatty acids, medium-chain fatty acids (MCFAs) have
also been introduced into commercial parenteral solutions. Sandstrom et al. investi-
gated the safety of chemically produced structured lipids (SL), where MCFAs and
LCFAs are related to the glycerol backbone compared to the former standard long-
chain triglycerides (LCTs) fat solution. In this small RCT with 20 participants, the
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authors did not find a significant difference between the groups regarding the
observed side effects after receiving one of the solutions for 5-7 days [67]. In a
subsequent RCT, Sandstrom et al. investigated the proposed properties of MCFAs,
such as a higher oxidation rate and partly carnitine-independent metabolic path-
ways. In this study, the researcher investigated whether SL with medium-chain tri-
glycerides (MCTs) and LCTs were metabolized faster than the standard LCT
solution. Both patient groups received SLs or LCTs on alternating days, and ran-
domization was used to determine which group started with SLs. The basal rates of
intravenous glucose and amino acids were equal in both groups. Energy expenditure
was measured using indirect calorimetry each day before and after lipid application.
Sandstrom and colleagues demonstrated that SLs with MCFAs and LCFAs were
associated with an increased rate of fat oxidation compared with LCTs [68]. These
parenteral lipids were compared with the unique LCTs parenteral solution in 20
postoperative patients. The historical progression of parenteral fat solution use is
shown in Fig. 5.4.

Fig. 5.4 Development of
lipid emulsions in
parenteral nutrition [69]
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5.2.3 Fatin Enteral Nutrition

Fat is one of the three macronutrients found in all commercial enteral solutions. The
optimal FA composition is still a matter of debate. Unlike parenteral administration,
enteral administration requires proper absorption of fat. However, maldigestion can
occur in critically ill patients and can be problematic in enteral nutrition therapy. In a
study conducted by Abdelmhamid et al. involving both healthy volunteers and ICU
patients, duodenal fat absorption was found to be impaired in critically ill group [70].

FAs can be classified based on a variety of factors, such as chain length, satura-
tion, omega classification, and biological origin (see Sect. 2.2). In a single-center
study by Qui et al., fat-modified enteral nutrition, including MCFAs, carnitine, and
taurine, was found to have positive effects on feeding tolerance in critically ill
patients. Specifically, the intervention group experienced a reduction in complica-
tions such as diarrhea, vomiting, and gastric retention by approximately 20% [71].
Similar results were obtained in a pilot trial by Tihista et al. [72]. As previously
mentioned, omega-3 FAs have been shown to exert positive anti-inflammatory
effects. These immunomodulatory properties were demonstrated in a perioperative
cohort where patients were randomly assigned to receive either an enteral formula
with arginine, omega-3 FAs, and nucleotides, a standard formula; or a low-fat/low-
calorie intravenous solution. After analyzing the 31 study patients, those treated
with the immunomodulating solution had lower C-reactive protein (CRP) and leu-
kocytes level as weill as infection rate in surgical patients but not in ICU patients.
However, no mortality effect for immunonutrition has been demonstrated, as
Heyland et al. found no reduction in mortality with immunonutrition (RR, 1.10;
95% CI, 0.93-1.31).

The classification of immunonutrients encompasses a wide range of substances,
beginning with arginine and ending with omega-3 FAs, which makes it difficult to
differentiate them with clarity. In contrast to the reduced infection rate in all patients,
the mortality was increased in the study cohorts with higher methodical standards
(RR, 1.46; 95% CI, 1.01-2.11). These results raise questions regarding whether
immunonutrients cause more harm [73]. Regarding the classification of omega FAs,
the optimail ratio of omega-3 to omega-6 remains uncertain. The increasing amount
of omega-6 FAs over the past century, due to dietary habits and industrial changes,
has shifted omega-6 to omega-3 ratio in Western population from 1-2:1 to 20-30:1
[74]. Given this, a higher omega-6 to omega-3 FA ratio disrupts the balance of ara-
chidonic acid (AA), thereby enhancing the production of AA-derived pro-
inflammatory eicosanoids. In a small RCT involving 41 postoperative patients,
three different nutrition formulas were tested for their effects on the immune
response and inflammation. The study included a mixed immunonutrient formula
with arginine, omega-3 FAs, and nucleotides (designated as “A”, n = 14), a standard
enteral formula (designated as “B”, n = 14), and a low-calorie and low-fat IV solu-
tion (designated as “C”, n = 13). The results indicated that enteral mixed
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immunonutrients were associated with a reduced number of leukocytes compared to
both standard enteral and intravenous solutions. (A, 9.0 = 2.9; B, 8.0 + 2.4; C,
11.1 £3.5 x 106 cells/mL; A versus C, B versus C; p < 0.05). The median CRP level
was significantly lower in the immunonutrient (A) and enteral standard nutrition (B)
groups (A, 80.4 [69.9] mg/L; B, 70 [74] mg/L; C, 88.5 [142] mg/L; A versus C,
p <0.05; B) [75].

In addition to omega-3 FAs, gamma-linolenic acid (GLA), an omega-6 deriva-
tive, can modulate cellular lipid composition, resulting in anti-inflammatory effects.
In a RCT of patients with acute respiratory distress syndrome (ARDS), the use of
fish oil eicosapentaenoic acid (EPA) and borage oil-derived GLA significantly
reduced levels of the pro-inflammatory interleukin-8 (IL-8) in the bronchoalveolar
lavage fluid [76]. However, a meta-analysis of eight studies cited in the ESPEN
guideline, examining supplementation with EPA (with or without GLA), found
no significant differences in mortality (RR 0.9, 95% CI [0.61-1.33]; p = 0.6), length
of ICU stay (mean difference, —0.82; 95% CI [-7.73-1.08] p = 0.4), or length of
ventilation (mean difference, —0.58; 95% [—3.71-2.56]; p = 0.72) [77, 78]. Due to
these mixed findings, the current ESPEN guideline does not recommend routine use
of high-dose omega-3 enriched formulas. However, they emphasize that omega-3-
containing solutions may be used if they provide the recommended daily require-
ment of 500 mg EPA [78].

Structured lipids (SLs) have been developed for industrial production of
improved fat molecules in enteral feeding solutions. Unlike natural triglycerides,
which contain a random distribution of LCFAs and MCFAs based on their natural
soureces, SLs are designed to position specific proportion of SCFAs, MCFAs, and
LCFAs on a glycerol backbone through esterification. This rearrangement may
lead to improved fat adsorption, FA profile, and pharmacological properties. Tso
et al. compared the adsorption of fish 0il-MCT structured lipids with that of a
physical mixture of the same components in an animal model, evaluating how the
different molecular arrangements on the glycerol backbone affected fat uptake.
After inducing intestinal ischemia with temporary arterial clamping, lymph com-
position was analyzed. Rats fed SLs displayed significantly better fat adsorption
than those fed a physical mixture of FAs [79]. In an early RCT by Kenler et al. in
1995, patients receiving fish 0il-SLs experienced 31% fewer gastrointestinal com-
plications, without adverse effects, compared with those receiving a standard solu-
tion lacking structured omega-3 FAs. Furthermore, the fish oil group showed a
higher level of erythrocyte incorporation of omega-3 FAs after 7 days (%; standard
vs. fish 0il; 5.78 £ 0.66 vs. 8.64 £ 0.78; p < 0.01) and a significantly lower number
of infections (5/18 vs. 1/17; p = 0.090). However, it should be noted that the stan-
dard enteral solution in this trial contained 16% less omega-3 FAs (1.54% vs.
17.68%) [80]. Encouraging results were also observed in a small RCT (n = 20) on
postoperative patients by Swails et al. In this study, patients received either fish
0il-SLs or a standard solution without SLs. On day 7, peripheral blood
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mononuclear cells (PBMC) were collected, and a radioimmune assay for eico-
sanoid products (prostaglandin E, [PGE,], 6-keto PGF,; and thromboxane B,) was
performed to determine prostaglandin concentrations in stimulated and unstimu-
lated PBMCs. Apart from good tolerability and no significant side effects, the
authors found a significant reduction in PGE, (p < 0.03) and 6-6-keto PGF,,
(p <0.01) in patients receiving FOSL-HN [81].

The use of SLs enables the combination of SCFAs and LCFAs, thereby integrat-
ing their respective properties. In a mouse model, Yue et al. examined the effects of
combined SLs on lipid distribution compared to high-fat-diet. Mice in the study
were assigned to either a low- or high-fat diet, with the high-fat groups supple-
mented with 0% SLs, 10% SLs, or 50% SLs. After a 10-week feeding period, the
authors reported an improvement in dyslipidemia in the high-fat group supple-
mented with 50% SLs. Additionally, increasing proprotions of SLs were associated
with smaller lipid droplets in adipocytes. Beneficial effects were also observed on
hepatic lipid accumulation, liver injury, and inflammation in obese mice [82]. In an
early animal study, Swenson et al. fed two groups of rats either SLs or omega-6 FAs,
including safflower oil, for 42 days. Following experimentally induced dorsal
scald burns, the authors observed beneficial effects in the SL group, including
reduced level of pro-inflammatory arachidonic acid metabolites and increased
omega-3 FA levels [83].

SLs have several beneficial physicochemical properties compared to non-
structured lipids. For instance, SLs have a reduced caloric value. Zhow et al. reported
a 21.41% decrease in total calorie load (p < 0.05). The glycerol backbone of SL
allows different FAs to be esterified at three distinct carbon atoms, resulting in four
possible configurations: medium—long—medium (MLM), medium-medium—long
(MML), long—medium—long (LML), and long—long-medium (LLM). According to
a review of SLs by Lopes et al., the MLM configuration appears to be the most
health-promoting among these arrangements [84].

MCTs are triglycerides composed of MCFAs esterified to a glycerol backbone.
They are industrially produced and, like SCFAs, are rapidly and easily absorbed.
Because they can be directly absorbed into the lymphatic system without prior
enzymatic splitting. MCTs are commonly used in critical care for conditions involv-
ing intestinal fat malabsorption, such as chronic pancreatitis with pancreatic insuf-
ficiency, lymphatic drainage disorders, such as fistula and leaks, short bowel
syndrome, and biliary atresia. Despite their reputation for promoting weight
loss, robust scientific evidence is lacking and remains debated [85]. Some authors
have suggested that MCTs may serve as a rapid source of energy [84, 85], but these
claims have not been consistently confirmed. While several studies reported no ben-
efit, a small RCT (n = 19) by Tsjui et al. found that a mixture of SLs with EPA and
MCTs enhanced endurance in healthy volunteers compared to the group receiving
the same components in physically mixed oil.
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5.3  Special Casesin the ICU
5.3.1 Fat-Overload Syndrome

In light of the emergence of intravenous fat emulsions for nutritional purposes, case
of fat overload syndrome have been documented, particularly in pediatric patients
[86, 87]. This syndrome arises from the rapid infusion of soya-based or fish oil-
containing solutions [88], leading to various symptoms that, in severe cases, result
in multiorgan failure or even death. A group of researchers led by Hayes systemati-
cally reviewed different case reports and studies to identify adverse events associ-
ated with fat emulsions used for therapeutic or nutritional purposes. They identified
87 articles on human studies and grouped the key features of fat overload syndrome
according to the affected organs. The researchers reported cardiovascular, respira-
tory, renal, neurological, pancreatic, allergic, and haemato-immunological side
effects, as well as issues with medical devices, such as obstruction of the extracor-
poreal circuits. The qualitys of evidence from studies ranged from low to moderate,
which may explain the variability in symptoms. For instance, cardiovascular mani-
festations included increased or decreased cardiac output, with different theories
proposed to explain the underlying pathophysiology. In patients with ARDS, the
findings ranged from elevated pulmonary resistance and cardiogenic output to
reduced pulmonary and systemic vascular resistance. It has been hypothesized that
metabolites of arachidonic acids, such as prostaglandins and thromboxanes, may
contribute to ARDS by promoting thromboembolic and inflammatory events [89].
In addition to these pulmonary adverse events, liver failure with coagulopathy and
impaired hepatic function has also been described. Studies have identified fat drop-
lets not only in the liver but also in the brain, spleen, kidney, and lung [89, 90].
Neurological symptoms such as seizures may also occur [89]. Laboratory tests have
revealed increased triglyceride levels and fat droplets in white blood cells [86] and
platelets [91], which resolve once infusion is stopped. If discontinuation of the infu-
sion is unsuccessful, plasmapheresis may be a potential treatment, as described in
patients with hypertriglyceridemia-induced pancreatitis [92]. These findings sug-
gest that the infusion rate should not exceed the daily dosage of >1.5 g/kg [93].

5.3.2 Carnitine Depletion

Carnitine plays a crucial role in transporting long-chain fatty acids across the mito-
chondrial membrane through esterification. In addition to enzyme deficiencies,
severe malnourishment, and significant weight loss can lead to low carnitine levels.
However, small prevalence studies in critically ill patients reported a carnitine defi-
ciency rate of approximately 20% in this population [63, 94]. Several factors, such
as unexplained hypertriglyceridemia, fatty liver, hyperlactatemia, severe cardiomy-
opathy, myopathy, or hyperammonemia in patients with risk factors, including
chronic parenteral nutrition, renal replacement therapy, concurrent renal and hepatic
insufficiency, and valproic acid use, can indicate carnitine deficiency. In such cases,
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carnitine supplementation can be considered after confirming the diagnosis through
a complete laboratory carnitine assessment [62]. Although evidence of reduced
inflammatory biomarkers [95] had suggested limited benefit, an RCT by Yahaypoor
et al. investigated the effect of a 7-day supplementation of 3 g/day compared with
placebo in ICU patients. In addition to a reduction in inflammatory biomarkers, this
study also showed reduced 28-day mortality as a secondary outcome [96].

5.3.3 Lung Dysfunction—Acute Respiratory Distress
Syndrome (ARDS)

The causes of ARDS can be classified as direct, such as pneumonia or trauma, or
indirect, such as sepsis or pancreatitis. Additionally, lipid metabolites may influence
ARDS pathology. In 1987, Deby-Dupont et al. discovered that an imbalance of
thromboxane and prostacyclin exists in ARDS patients, implying that pro-
inflammatory and thrombocyte-activating thromboxanes may play a crucial role in
ARDS development [97]. Conversely, the omega-3 fatty acids (FAs) eicosapentae-
noic acid (EPA) and doxosahexaenoic acid (DHA), with their anti-inflammatory
properties, could benefit the adult ARDS population with respiratory distress. In a
landmark study by Gadek et al. in 1999, the anti-inflammatory properties of EPA
and gamma-linolenic acid (GLA) were investigated in ARDS patients. The authors
examined the inhibitory effect of dihomo-gamma-linolenic acid (DGLA), a meta-
bolic product of GLA, on thrombocyte aggregation [98] and oxygen radical release
[99]. During the 4-year recruitment period, 146 ARDS patients were randomly
assigned to receive an enteral formula enriched with EPA and GLA or a standard
formula. The results showed a significantly decreased number of neutrophils in the
bronchial alveolar lavage, improved oxygenation with a decreased need for mechan-
ical ventilation, and reduced ICU days [100]. In the first meta-analysis in 2009,
which included only three RCTs, the risk of mortality was reduced in patients who
received omega-3 polyunsaturated fatty acids (PUFA) (odds ratio [OR] = 0.40; 95%
confidence interval [CI] = 0.24-0.68; p = 0.001) [101]. However, subsequent RCTs
did not demonstrate these positive effects [102, 103]. A possible explanation for
these contradictory results could be the use of outdated, non-standard nutritional
solutions. Li et al. conducted an updated meta-analysis that included six RCTs and
did not show a reduced mortality risk (RR, 0.81; 95% CI, 0.50-1.31; p = 0.38; 6
trials, n = 717) [104]. In 2021, Singer and colleagues conducted an single-cen-
ter RCT to examine the effects of omega-3 PUFA supplementation. After enrolling
128 mechanically ventilated patients, the authors did not find any significant
improvement in blood oxygenation. However, patients receiving omega-3 FAs
could were able to wean off catecholamines significantly earlier than controls [105].
The meta-analysis by Dushinanthan et al. detected a significantly improved PO,/
FiO, at day 4 (mean difference 38.88 mmHg; 95% CI [10.75, 67.02], p =0.01) and
day 7 (MD 23.44 mmHg; 95% CI [1.73, 45.15]; p = 0.03). However, due to the high
heterogeneity among the included studies, the authors cautioned against overinter-
preting this positive effect [106]. This uncertainty is also reflected in the guideline
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recommendations, where the widespread use of omega-3 enriched formula in
patients with ARDS is not recommended by ASPEN [107] or ESPEN [78].

Furthermore, the use of lipid components may influence ARDS onset. In a pro-
spective randomized crossover study, Suchner et al. demonstrated that the infusion
rate of soybean-based fat emulsions modulates thromboxane production. This
occurs because soybean-based fat emulsions contain a high proportion of linoleic
acid, which increases arachidonic acids availability, leading to higher levels of
thromboxane and prostacyclin. The authors investigated the effect of different infu-
sion rates and found that elevated linoleic acid intake was associated with
increased thromboxane production, particularly in patients with ARDS. As the
lungs can directly absorb thromboxane, these findings underscore the importance of
carefully administrating lipid emulsions [108]. Based on current evidence, interna-
tional guidelines do not recommend omega-3-enriched formulas as the sole lipid
source. However, formulas containing moderate amounts of omega-3-lipids at
appropriate nutritional doses are considered acceptable [41].

5.3.4 Cardiovascular Dysfunction

Nutritional habits have a significant impact on the development of cardiovascular
diseases, particularly coronary heart disease (CHD). Fish containing n — 3-PUFAs
have shown positive effects in this regard. n — 3-PUFAs have been extensively stud-
ied for their beneficial effects on cardiovascular health. In a study by Burr et al., a
29% reduction in 2-year all-cause mortality was observed in 2,033 randomized men
after myocardial infarcts through a specialized diet that included a reduction in fat
intake, increased fatty fish consumption, and high-fiber products [109]. A recent
meta-analysis of 47 studies with a total of approximately one million participants
demonstrated that higher fish consumption was significantly associated with a
lower incidence of CHD [RR: 0.91, 95% CI: 0.84, 0.97; 12 = 47.4%] and reduced
mortality [RR: 0.85, 95% CI: 0.77, 0.94; 12 = 51.3%] [110]. However, the effect of
n — 6 PUFAs on cardiovascular diseases remains unclear. Ouchi et al. investigated
the association of omega-6 PUFA with outcome parameters in a cohort of 417
patients with acute cardiovascular diseases treated in the ICU. In this study, the
concentrations of dihomo-gamma-linolenic acid (DGLA), arachidonic acid (AA),
and the DGLA/AA ratio were measured in blood samples. The authors observed
higher levels of DGLA and AA in the survivor group. Additionally, DGLA and
DGLA/ASS were associated with decreased mortality (DGLA: HR, 0.94; 95% CI,
0.89-0.99; p = 0.03; DGLA/AA: HR, 0.87; 95% CI, 0.78-0.98; p = 0.02) [111].
Despite the potential benefits of omega-3 fatty acids in preventing cardiovascular
diseases, there is a lack of studies investigating their use in ICU patients.
Consequently, recommendations for nutrition therapy in this special patient group
are limited. At the same time, concerns have been raised about a possible increased
risk of atrial fibrillation, prompting meta-analysis to assess the association between
n — 3 PUFA supplements, in the form of “fish o0il,” and atrial fibrillation. It is impor-
tant to note that these omega-3 FAs in supplements are purified by synthesis in the
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ester form from fish oil [112]. In a meta-analysis conducted in 2021, seven RCTs
with 81,210 patients revealed a higher risk of AF in those receiving fish oil supple-
ments (HR 1.25, 95% CI 1.07-1.46; p = 0.013). This hazard ratio was even higher
in trials providing a dosage >1 g/day (HR 1.49, 95% CI, 1.04-2.15; p = 0.042) than
in those with a dosage <1 g/day (HR 1.12, 95% CI, 1.03-1.22; p = 0.024). In a sub-
sequent meta-analysis by Lombardi et al., five RCTs were analyzed again showing
an increased risk of AF in patients receiving n — 3 PUFA supplements [IRR 1.37,
95% CI 1.22-1.54; p < 0.001] [113]. Comparable findings have recently
been reported in meta-analyses, including the five latest large RCTs on n — 3 PUFA
fish oil supplements. According to these studies fish oil supplementation can, on the
one hand, significantly reduce the risk of myocardial infarction (RR 0.85, 95% CI
0.72-0.99; p = 0.04), but on the other hand, is associated with an increased risk for
AF (RR 1.32, 95% CI 1.11-1.58; p = 0.002) [114]. Based on these findings, the
Pharmacovigilance Risk Assessment Committee (PRAC) of the European Medicines
Agency (EMA) announced in September 2023 that the increased risk of AF is a
potential side effect of omega-3 PUFA supplements, with the highest risk occurring
when the dosage exceeds 4 g/day [115]. However, it should be noted that in these
studies the omega-3 FAs were given in the form of fish oil-synthesized ethyl esters,
and not in the natural triglyceride form of fish oil. In ICUS, fish oil is typically
administered intravenously or enteraly. Therefore, the EMA safety warning initially
applies only to supplements containing ethyl ester omega-3 FAs. Further investiga-
tions into the effects of fish oil are still required.

5.3.5 Brain Dysfunction—Delirium

The brain can be affected in the ICU in various ways. Direct damage to brain tis-
sue may occur, for example through stroke and traumatic injury. Additionally, indi-
rect damage can result from metabolic or inflammatory disturbances. The role of
FAs in these pathologies is multifaceted.

The primary causes of direct cell damage are ischemia and reperfusion, which
occur after an interruption in blood supply. This leads to the activation of death sig-
nals such as necrosis, necroptosis, apoptosis, and autophagy, which interact with
each other. Apoptosis can be divided into two pathways, extrinsic and intrinsic. In the
extrinsic pathway, activated “death” receptors activate proteases and subsequent cell
protein proteolysis. In contrast, the intrinsic pathway is activated by cytotoxic stim-
uli, leading to the insertion of pro-death proteins into the outer mitochondrial mem-
brane, causing the it to become permeable [116]. Here, the potential beneficial effects
of omega-3 FAs have been investigated in several animal models. King et al. demon-
strated a neuroprotective effect in traumatic brain injury in rats. After applying a
bolus of DHA 30 min after injury, a reduction in apoptosis, and consequently, in the
loss of oligodendrocytes, was obeserved [117]. Other animal studies have demon-
strated similar neuroprotective effects thourgh the modulation of autophagy [118].

In addition to cell death that occurs following ischemic circumstances,
poorly defined structural alterations, such as delirium an acute and fluctuating brain
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dysfunction, are highly prevalent in ICUs and are associated with poor outcomes
[119, 120]. Mouse models have demonstrated that nutritional factors may play a
crucial role in the pathology of delirium. Farr et al. showed in their animal model
that leptin, produced by adipose tissue, improved cognitive function [121]. However,
hypertriglyceridemia is associated with cognitive impairment in mice and this nega-
tive effect can be reversed by gemfibrozil [122]. High triglyceride levels inhibit
leptin transport across the blood-brain barrier and impair brain function [123].
There is a possible association between hypertriglyceridemia and cognitive function
in humans [124], and patients with hypertriglyceridemia display a decline in mem-
ory function over 10 years [125]. Based on this evidence, an RCT was conducted to
investigate the nutritional effects on delirium in the ICU setting. Naghibi et al. con-
ducted a trial with 161 mechanically ventilated ICU patients, showing a signifi-
cantly decreased number of delirium episodes by approximately 2 days
(2.71 = 2.01 days; mean + SD) in the cohort receiving 2 g of omega-FAs syrup
compared to the placebo group (4.72 + 2.19 days; mean = SD; p = 0.032) [126].
However, due to an insufficient description of the study cohorts and the small sam-
ple size, these optimistic results should be interpreted with caution. There is cur-
rently a lack of evidence concerning delirium and additional supplementation with
omega-3 fatty acids. In contrast, in a RCT by Burkhart et al., 50 patients were ran-
domized to receive either a parenteral omega 3-FAs or placebo. In addition to non-
significant findings in inflammatory markers, no significant difference in septic
encephalopathy was found between the two groups [127]. For patients who have
experienced a stroke, the available evidence does not allow for the determination of
the superior effectiveness of any treatment. A meta-analysis of both prospective
cohort studies and RCTs has produced inconclusive results. While prospective
cohorts indicated a modest-to-moderate risk reduction for cerebrovascular diseases,
RCTs were unable to confirm these findings due to design limitation [128].

5.3.6 Sepsis

Since the Third International Consensus Conference in 2016, definitions of sepsis
and septic shock have undergone further refinement. To diagnose sepsis, it is essen-
tial to differentiate between sepsis and simple infection by identifying organ dys-
function resulting from a systemic infection [129]. Sepsis is a complex syndrome
involving various contributing factors that can lead to organ failure. The inflamma-
tory stress response triggers the breakdown of lipid stores for glucose production
(Wischmeyer). Although certain FAs have a specific effects on the immune system,
the overall scientific picture of this issue remains inconsistent. In an RCT involving
165 patients with severe sepsis and septic shock in Brazil, Pontes-Arruda et al. dem-
onstrated that enteral nutrition with EPA, GLA, and other antioxidants resulted in a
19.4% reduction in mortality and improved oxygenation [130]. Despite this positive
example, the current sepsis guideline from the Surviving Sepsis Campaign does not
recommend a special lipid-modified therapy. However, evidence from a meta-
analysis showed a reduced infection risk and shorter length of stay with the
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application of fish oil-containing parenteral solutions. According to the ASPEN and
ESPEN guidelines, these solutions can be prescribed to critically ill patients, includ-
ing those with sepsis [78, 107].

Key Messages

Dyslipidemia, including hypercholesterolemia and hypertriglyceridemia, is
common in ICU patients and is associated with critical illness requiring inten-
sive care.

Acute critical illnesses disrupt fat metabolism, alter lipid components and path-
ways, and thereby affect outcomes through the inflammatory response.
Parenteral and enteral nutrition solutions containing fats are essentialin ICU nutri-
ent therapy. The optimal fatty acid composition remains debated. Fat-modified
enteral solutions may improve feeding tolerance and reduce complications.
While omega-3 fatty acids show anti-inflammatory potential, their effect on mor-
tality remains uncertain.

Fat overload syndrome from intravenous fat emulsions can lead to multiorgan
failure, underscoring the importance of cautious administration.

Omega-3 fatty acids may exert neuroprotective effects, but their role in delirium
and cognitive function is inconclusive.

Due to the anti-inflammatory properties of omega-3 fatty acids, fish oil-containing
solutions can be used, provided that recommended daily dosages are carefully
observed.
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During the early post-traumatic phase or in the early phase after ICU admission, it
is of utmost importance to avoid overfeeding as hyperalimentation is associated
with worsened outcome [1-3]. Overfeeding increases hyperglycemia, hyperlipid-
emia, and hypercarbia which may lead to liver dysfunction, electrolyte disturbances,
and immune dysfunction. The so-called full energy- and protein-goal of nutritional
therapy in critically ill patients should only be reached after about 1 week after
admission to the ICU. For many critically ill patients, the goal of 70% of protein and
energy goal during the first week in the ICU is sufficient.

On the other side, providing no or insufficient nutrients in the metabolic stable
patients also must be avoided for the long-term ICU patient as prolonged energy
deficit also might be associated with negative effects. Prolonged weaning from the
ventilator, prolonged immobilization, and longer stay in the ICU and the hospital
might be the negative consequences of prolonged energy deficit in the metabolically
stable long-term ICU patient. An inadequate supply of nutrients exacerbates an
already catabolic metabolic state. Nutrient deficiencies that accumulate over the
course of days represent an independent parameter for worsened outcome [4, 5].
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Because of the heterogeneity of the critically ill patients in our ICUs, no convinc-
ing study has demonstrated a single superior strategy for nutritional adjustment that
fits all patient subpopulations for improving patients’ outcome. Therefore, an ideal
strategy for the nutritional adjustment depends on the metabolic condition of the
treated patients.

In relatively stable conditions, a straightforward adjustment of calories and pro-
tein as recommended by the DGEM (German Society for Nutritional Medicine)
might be preferable (see Fig. 6.1). In those patients, the caloric and protein goal may
be reached within few days.

For more metabolically compromised patients, a slower increase in calories and
protein may be more suited to fit patients’ needs and to avoid early hyperalimenta-
tion. Many similar protocols have been recommended. Figure 6.2 shows one pos-
sible algorithm as recommended by Zanten et al. It must be taken into account that
adjustment is an increase in calories and protein based on clinical improvements of
patients’ status, but also a decrease of calories and protein if patients’ clinical status
deteriorates. This is, in particular, true for patients with complicated abdominal sep-
sis. These patients often present with ups and downs in their clinical course.

In case of severe gastro-intestinal dysfunction, an even more slowed-down
approach of adjustment of enteral nutrition may be preferable. Lacking prospective
randomized controlled trials, many clinicians use a daily increase of 10 mL/h in this
high-risk ICU subpopulation, if no side effects such as increase in lactic acid,
increase in renal retention parameters as a sign of hyperalimentation, or deteriora-
tion of abdominal discomfort will occur. Using this approach, severe regurgitation
or even small bowel ischemia may be avoided.

Finally, one must always adapt the published algorithms to one’s own patient
subpopulations, local conditions, and the clinical experience within the team.
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Individual control of the substrate supply based on the degree of insulin resistance

| Day 0 substrate supply 0 kcal/kg day ‘
| Day 1 substrate supply 16 kcal/kg day; of which 0.75 g protein/kg day ~ 3kcal/kg day ‘
Day 2 maximum (max.) insulin requirement on day 1
|
max. 1 IE/h max. 4 |[E/h >4 1E/h
substrate supply 24 kcal/kg day 12 kcal/kg day 6 kecal/kg day
Following days maximum (max.) insulin requirement on the day before
|
max. 1 IE/h max. 4 |[E/h >4 1E/h
feed rate the day before feed rate the day before feed rate the day before
substrate supply plus 4 kcal/kg day minus 4 kcal/kg day minus 12 kcal/kg day
(max. 24 kcal/kg day) (max. 0 kcal/kg day) (max. 0 kcal/kg day)

Day 0 refers to the day of the homeostasis disorder. The goal is to maintain a blood glucose concentration < 180 mg/dl.

Individual control of the substrate supply based on the phosphate concentration

| Day 0 substrate supply 0 |
| Day 1 substrate supply 16 kecal/kg day; of which 0.75 g protein/kg day ~ 3kcal/kg day |
Day 2 phosphate concentration in the morning of the day
|
> 0.65mmol/l < 0.65 mmol/I
substrate supply 24 kcal/kg day 6 kcal/kg day + phosphate substitution
Following days phosphate concentration in the morning of the day
|
> 0.65 mmol/l < 0.65 mmol/I
feed rate the day before feed rate the day before
substrate supply plus 4 kcal/kg day 6 kcal/kg day + phosphate sustitution
(max. 24 kcal/kg day)

Day 0 refers to the day of the homeostasis disorder. This scheme is not applicable to patients undergoing renal replacement
therapy.

Fig. 6.1 Algorithms for nutritional composition taking into account the glucose and phosphate
concentration. (Adapted from Elke et al. [6])
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proteins (g/kg/day)

Substrate Supply for the Critically Il

T. W. Felbinger et al.

Calories 7F
Set at 70% of Increase to 125% of predictive Increase to 150% of predictive ;;
predictive equations or equations or 125% of indirect equations or 150% of indirect £
100% of indirect calorimetry or 30 kcal/kg/day  calorimetry or 35 kcal/kg/day | ¢
calorimetry Target 3 TSU
8
Target 2 Convalescence Target
calories
Target 1 Post ICU Target
proteins
Day 4 - 100%
Proteins

Minimum protein intake 1.3
gar/kg/day. NB: During enteral
nutrition target achieved is
lower (80-85%) consider 1.5
grams/kg/day

Increase protein intake to
1.5-2.0 grams of
protein/kg/day. Consider
prolonged enteral nutrition, oral
nutrition supplements or
protein supplements

Increase to 2.0-2.5 grams of
protein/kg/day. Consider
prolonged enteral nutrition,
oral nutrition supplements or
protein supplements

Fig. 6.2 Substrate supply for the critically ill. (Proposed scheme of gradual increase in substrate
supply as proposed by Zanten el al [7])
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As a basic principle, nutritional therapy in the critically ill is aiming on avoidance
of malnutrition in primarily well-nourished patients and at least further deteriora-
tion in malnourished patients at the time of admission to the ICU.

However, there is currently limited high-quality evidence to clearly define the
association between energy and/or protein delivery and skeletal muscle mass
changes in acute critical illness [1]. In a recent multicentric observational study in
1172 patients staying in ICU >5 days, early moderate daily calorie and protein
intakes were associated with improved clinical outcomes [2].

7.1 The Gastro-Intestinal Barrier

According to a classical concept, the gut is considered to be “the origin of multior-
gan failure,” which is also the rationale for early enteral nutrition [3].

Plenty of experimental data have established the concept that enteral nutrition is
pivotal for the gut-associated immune system, and protective against shock-induced
gut dysfunction as a “starter” of subsequent distant organ injury. A new dimension
for our understanding of sepsis in the critically ill is the emerging role of the colo-
nizing physiological intestinal microbiome and its interaction with the intestinal
immune cells [4]. Under healthy conditions, the commensal microbiome has a
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colonizing and symbiotic relationship with the host maintaining gut homeostasis.
An intact microbiome in crosstalk with the host may also govern the immune
response after injury. Short-chain fatty acids are produced by microbes and are con-
sidered a key mediator. However, stress and catabolism, as well as prolonged admin-
istration of antibiotics lead to a change of bacteria colonization and metabolism
while decreased host resilience and cytokines as well as signals from the surround-
ing bacteria microenvironment (“sensing”) induce a selected increase of virulence
in special bacteria. This shift of the physiological microbiome to a pathobiome is
accompanied by a loss of diversification of bacteria. Virulent bacteria may interact
with a loss of function of the intestinal barrier with subsequent maladaptation of the
immune response. Focusing on the microbiome, the shift to a dysbiome and the loss
of bacteria diversification have become an important mechanism for disruption of
the intestinal barrier with bacterial translocation inducing inflammatory mediators
in the bowel wall leading to sepsis [4—6]. Therefore, the maintenance of the micro-
biome and the integrity of the intestinal barrier is a strong argument for early enteral
nutrition in the critically ill. Many clinical studies and meta-analyses have con-
firmed the feasibility and the benefits of enteral feeding in the critically ill as well.

7.2 s Enteral Nutrition Really Better than
Parenteral Nutrition?

For a long time, the issue of “enteral or parenteral” has been controversially dis-
cussed with a lot of emotions [7]. The traditional argument for the physiological
enteral route has been “Use the gut or lose it.” Furthermore, enteral nutrition is less
expensive.

Recent evidence has come up from a large multicenter randomized clinical trial
(Calories) from the UK which raised some questions about the superiority of enteral
over parenteral nutrition and the concept of early gut feeding in any case of critical
illness. Almost 2400 critically ill patients were randomized for early enteral or par-
enteral nutrition. Regarding 30-day mortality as the primary end point, no signifi-
cant difference could be found [parenteral 393/1188 (33.1%) vs. enteral 409/1195
(34.2%), p = 0.57]. ICU mortality, length of stay in acute care, and mortality by
90 days were also without significant difference [8]. Unless the study had some
considerable limitations, it reflected the real-life situation and defused the discus-
sion about early enteral vs. parenteral. In a retrospective analysis of 2270 critically
ill septic patients from an international database, Elke et al. [9] demonstrated that
the amount of calorie and protein intake close to the recommendations may signifi-
cantly improve outcome.

Comparing (early) enteral and parenteral nutrition, four recent meta-analyses
[10-13] including 16 up to 25 studies with 3325 up to 3816 patients provide these
results:
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* In general, early enteral nutrition has no significant impact on mortality, but this
may be considered in high-risk subgroups.

e FEarly enteral nutrition significantly decreases the risk for infectious
complications.

It has been pointed out by Elke et al. [10] that the reduced infection rate may be
related even more to a lesser provision of calories than by the enteral route itself.

A recent randomized multicenter trial (Nutrirea-2) in 2410 ventilated adults with
shock did not reveal benefits of early isocaloric enteral (n = 1202) versus parenteral
(n = 1208) nutrition regarding mortality or secondary complications. On day 28,
443 (37%) of the enterally fed patients and 422 (35%) of the parenterally fed
patients had died (absolute difference estimate 2% (95% CI —1.9 to 5.8); p = 0.33.
The cumulative incidence of ICU-acquired infections was not different (enteral: 174
—14%, parenteral: 194 —16%) HR 0.89 (95% CI1 0.72-1.09); p = 0.25. However, the
enteral group had significantly higher cumulative incidences of vomiting, diarrhea,
bowel ischemia, and pseudo-obstruction [14].

The recent ASPEN guideline states: “Because similar energy intake provided as
PN is not superior to EN and no differences in harm were identified, we recommend
that either PN or EN is acceptable” [15].

Although clear benefits are lacking regarding the optimal nutritional route,
there is still some consensus among experts about a cautious individualized
approach with “trophic feeding” in high-risk patients without absolute contrain-
dication [16] aiming on prevention of mucosal atrophy in the gut. While severe
critical illness is frequently associated with considerable gastrointestinal dys-
function, even severe sepsis or septic shock have not been considered clear con-
traindications [17-19].

Contraindications for enteral nutrition according to the ESICM Clinical Practice
Guidelines [17].

In the absence of evidence, delaying enteral nutrition in critically ill patients is
suggested under certain conditions—see Table 7.1.

Table 7.1 Contraindications  Upcontrolled shock
for enteral nutrition according

. Uncontrolled hypoxemia and acidosis
to Reintam-Blaser et al. [17]

Uncontrolled upper GI bleeding

Gastric aspirate >500 mL/6 h

Bowel ischemia

Bowel obstruction

Abdominal compartment syndrome

High-output fistula without distal feeding access.
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7.3  How Early s Early?

Bearing in mind that the gut may be the “motor” for multi-organ failure, enteral
feeding should be started within 24—48 h with a low feeding rate (5—10 mL) adopted
to haemodynamic stability.

The ESPEN guideline states as a B recommendation: If oral intake is not possi-
ble, early enteral nutrition (within 48 h) in critically ill adult patients should be
performed/initiated rather than delaying enteral nutrition [19].

7.4  GlIntolerance and Dysfunction
7.4.1 Feeding Intolerance

Motility disorders include delayed passage with slow gastric emptying and consti-
pation and accelerated passage with impaired small intestinal nutrient absorption or
nutrition-related diarrhea [20]. There are no clear definitions regarding gastrointes-
tinal dysfunction, gastric dysmotility, and feeding intolerance. Feeding intolerance
can be considered as a sign of gastrointestinal dysfunction [21].

Recently, an international expert consensus has defined intestinal failure as the

reduction of gut function below the minimum necessary for the absorption of macronutri-
ents and/or water and electrolytes, such that intravenous supplementation is required to
maintain health and/or growth [22].

Functionally, acute (type I) and prolonged acute intestinal failure (type II) can be
differentiated [22].

In a review of 72 studies, the authors found 43 definitions of feeding intolerance,
which were classified into three main categories: increased gastric residual vol-
umes, presence of abnormal clinical gastrointestinal symptoms, and inadequate
high delivery of enteral nutrition. The prevalence of gastrointestinal dysfunction in
that study was in a range of 2—75% and also in association with adverse outcome. In
a retrospective observational study from the same authors, a definition of feeding
intolerance based on the presence of at least three out of five gastrointestinal symp-
toms was strongly related to ICU mortality (6.3% prevalence in survivors vs. 23.5%
in non-survivors, P < 0.001, odds ratio [95% confidence interval (CI) 3.39
(2.23-5.14)]), whereas enteral underfeeding less than 23% of caloric target was the
strongest predictor for mortality 90 days after admission [50.7% prevalence among
survivors vs. 75.2% in non-survivors, P < 0.001, odds ratio (95% CI) 2.34
(1.80-3.04)] (Reintam Blaser et al. 2014). Martinez et al. [23] reviewed the litera-
ture in critically ill children with gastric dysmotility, which was observed in up to
50% of all cases, associated with feeding intolerance, aspiration, ventilator-
associated pneumonia, and a risk for poor patient outcome. Slower gastric emptying
leading to larger gastric residual volume appears to be associated with increased
secretion of hormonal and neural mediators in response to nutrients and reduced
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capacity to absorb nutrients in the small bowel [10]. Prolonged gastric palsy may
occur in surgical and trauma patients secondary to stress metabolism, the surgical
procedure, or the use of opioids or sedatives, which often can be overcome by jeju-
nal application.

The underlying mechanism of gastric motility disorders are not fully understood
and the pharmacological options are limited. A relevant upper GI motility disorder
can be defined in case of gastric reflux exceeding more than 2 L/d. The most simple
and pragmatic approach during gastrointestinal dysmotility is to withhold any
enteral supply of nutrients. A locally tailored feeding protocol is recommended.

The impact of the measurement of gastric residual volume has been assessed
controversial. In two controlled studies (one multicenter), non-monitoring gastric
residual volume was without significant effect on the risk of ventilator-associated
pneumonia in adults receiving mechanical ventilation and early enteral feeding [24,
25]. According to the experience of the working group in intensive care patients
after abdominal surgery, a gastric residual volume of more than 500 mL/6 h may be
considered critical [26]. According to the gastrointestinal dysfunction score (GIDS)
[27], an increased risk has to be considered if:

¢ No oral intake

* Absent bowel sounds

¢ Vomiting

* GRV >200 mL

* GI paralysis/dynamic ileus

¢ Abdominal distension

¢ Diarrhea (not severe)

* GI bleeding without transfusion

* Intraabdominal pressure (IAP) 12-20 mmHg.

7.5 Practical Considerations

Many studies have shown the benefits and feasibility of enteral feeding in the criti-
cally ill [17].

The presence of bowel sounds is not a necessary condition for the start of enteral
feeding. A clearly defined feeding protocol has shown to decrease the rate of patients
who cannot be enterally fed at all [28-30]. Heyland et al. [28] could demonstrate
that an enhanced protein-energy provision via the enteral route feeding protocol will
increase the delivery of calories. Protocols should be locally tailored according to
expertise, local barriers, facilities, and patient subpopulation in the ICU [31].

In a lot of patients, interruption of enteral nutrition may be avoidable to prevent
a cumulative caloric deficit [29]. According to a meta-analysis of 13 randomized
trials comparing intermittent and continuous enteral feeding, continuous feeding
may be more favorable regarding the mortality rate bearing a higher risk of consti-
pation [32].
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A locally tailored feeding protocol has proven benefits and is recommended [28].
In anecdotal reports, too rapid administration of feed may lead to the development
of small bowel ischemia [33-35].

Tolerance of tube feeding has to be monitored closely in patients with impaired gastrointes-
tinal function. [36]

7.6  Enteral Feeding and Prone Position

Early enteral nutrition should be performed in patients managed in prone posi-
tion [19].

7.7  Enteral Feeding and an Open Abdomen

Based on expert consensus, the ASPEN guidelines suggest early EN (24—48 h
postinjury) in patients treated with an open abdomen in the absence of a bowel
injury [37]. An algorithm was proposed by Friese [38] and Moore and Burlew [39].

7.8  Early Enteral Nutrition Is Feasible And May Be
Performed in Patients [19]

* Receiving ECMO

¢ With traumatic brain injury

¢ With stroke (ischemic or hemorrhagic)

e With spinal cord injury

* With severe acute pancreatitis

» After GI surgery

¢ After abdominal aortic surgery

* With abdominal trauma when the continuity of the GI tract is confirmed/restored

¢ Receiving neuromuscular blocking agents

¢ Managed in prone position

¢ With open abdomen

¢ Regardless of the presence of bowel sounds unless bowel ischemia or obstruction
is suspected in patients with diarrhea.

7.9  Enteral Nutrition During Hemodynamic Instability

Cautious enteral feeding in patients with the need for catecholamines or vasopres-
sors may be considered feasible and tolerated [40]. A retrospective propensity
score-matched study in patients with hemodynamic instability (n = 357 in each
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group) revealed a significantly improved survival in the group with early enteral
feeding [41].

However, in a prospective observational study in 60 critically ill patients receiv-
ing catecholamines, plasma intestinal fatty-acid-binding protein, which is a marker
of enterocyte damage, was higher than in controls not receiving catecholamines
[42]. Nevertheless, the need for vasopressors and low cardiac output requiring
dobutamine are risk factors for acute mesenteric ischemia [43].

There is still a risk for nonocclusive bowel disease and a lack of data from con-
trolled randomized trials [44].

A prospective observational study from Spain investigated the feasibility and
safety of early enteral nutrition in a high-risk group of feeding intolerance with
multiple organ dysfunction and a high risk for mortality. There were 37 patients
after cardiac surgery with hemodynamic failure (two or more vasoactive drugs and/
or mechanical circulatory support) requiring more than 24 h of mechanical ventila-
tion [45]. In total, 25 patients (68.0%) had multiple organ dysfunction with a result-
ing mortality of 13.5%. Mean duration of enteral nutrition was 12.3 days. The
energy target was achieved in 15 patients (40.4%). Most gastrointestinal complica-
tions seen were constipation (46%). No case of mesenteric bowel necrosis occurred.
This study clearly pointed out the feasibility of enteral nutrition in hemodynami-
cally compromised patients taking into account that careful clinical examination of
the abdomen is required and the caloric target cannot be achieved in such patients
via the enteral route in the majority of cases. In a retrospective study, 339 critically
ill children receiving vasoactive agents were categorized whether they had received
any enteral nutrition or not during any of the first 4 days in the pediatric ICU. No
significant difference was observed in the frequency of adverse gastrointestinal out-
comes with a tendency to lower mortality in the enterally fed group [46]. Regarding
the effect of enterally administered caloric intake, Tian et al. [47] performed a meta-
analysis of eight randomized controlled trials with 1895 patients. In a subgroup of
patients with low energy intake of 33.3-66.6% of goal energy, a significantly
decreased lower rate of mortality (relative risk 0.68; 95% CI, 0.51-0.92; Pp< 0.01)
and gastrointestinal intolerance (relative risk 0.65; 95% CI 0.43-0.99; Pp<0.05)
was observed. However, gastrointestinal intolerance was only reported in three
studies, including 452 patients. One of these studies was a recent Australian multi-
center double-blind randomized trial, which showed that the substitution of a 1.0
compared to a 1.5 kcal/mL enteral nutrition with fiber resulted in a 46% greater
calorie delivery without adverse effects regarding gastric residual volume and diar-
rhea [48]. One hundred and twelve patients were critically ill with Acute Physiology
and Chronic Health Evaluation Score more than 20 in both groups. The volume of
enteral nutrition was 1221 mL/d (95% CI: 1120, 1322 mL/d) vs. 1259 mL/d (95%
CI: 1143, 1374 mL/d), the increase of daily calories 1832 kcal/d (95% CI: 1681,
1984) vs. 1259 kcal (95% CI: 1143, 1374 kcal/d) (Pp < 0.001). However, concerns
about the higher delivery by energy-dense formulae arise from a retrospective com-
parison in 40 patients (energy-dense vs. standard). In comparison with the standard,
this study showed significantly slower gastric emptying in the group of patients with
the energy-dense diet [49].
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Therefore, it is recommended to start tube feeding with a low flow rate (e.g.,
10-max. 20 mL/h) according to intestinal tolerance. It may therefore take 5-7 days
before nutritional requirements can be achieved by the enteral route. In case of
hemodynamic instability and the administration of catecholamines, limited enteral
tolerance should be anticipated, and the flow rate may be reduced even to 5 mL/h.
Close observation of the abdomen is mandatory. In the concept of “minimal trophic
nutrition,” complete stop of enteral supply should be avoided whenever possi-
ble [50].

Enteral nutrition should be administered very cautiously (5-10 mL/h) in case of
clinical signs of compromised enteral tolerance:

¢ Abdominal pain, distension

¢ Increased reflux, increased GRYV, persistent emesis
¢ Diminished bowel sounds, flatus, stool

e Metabolic acidosis and/or deficit

¢ X-ray with distended bowel loops.

Enteral nutrition should even be stopped in case of new onset of increased serum
lactate and/or procalcitonin as a warning for threatening bowel ischemia.

If CT scan shows bowel loops with intramural air accumulation (“Pneumatosis
intestinalis”), bowel ischemia has to be considered.

See also proposed algorithm according to [51]—Fig. 7.2.

7.10 Enteral-Feeding Monitor

The so-called enteral-feeding monitor was developed by the American surgeon
Gerald Moss [52]. The concept is a special tube device combining enteral feeding
with intermittent suction in order to avoid any bowel distension at the tip of the tube
by accumulation of enteral diet, bowel secretion, and gas. Decompression is
achieved by a double lumen tube with a thin feeding lumen which has a distal open-
ing separate from the suction lumen. After filtration and degassing of the aspirate,
cyclic refeeding can be performed according to intestinal tolerance. A large lumen
feeding tube and good flow properties of the enteral diet are essential requirements.
While this device may provide additional safety in the early phase of enterally fed
critically ill patients it has not been established in clinical routine. Furthermore, an
appropriate jejunal feeding device is not available on the European market.

7.11  Energy-Dense Versus Standard Formula

Taking into account impaired gastrointestinal tolerance, the question arises whether
more energy-dense enteral nutrition may achieve an increase in calorie intake.

A multicenter double-blind randomized trial has shown that the substitution of a
1.0 with 1.5 kcal/mL enteral nutrition with fiber resulted in a 46% greater calorie
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delivery without adverse effects regarding gastric residual volume and diarrhea
[48]. Slowed gastric emptying should be taken into account [49]. In a single-center
PRCT, volume-based feeding has been proven to be safe and to meet caloric require-
ments better than the standard hourly based rate strategy [30].

In order to investigate the impact of an energy-dense enteral diet on outcome, a
recent multicenter double-blind randomized trial was performed in critically ill ven-
tilated patients with the majority from internal medicine [53]. Enteral nutrition was
started within 12 h after admission and continued up to 28 days. Three thousand
nine hundred and fifty seven patients could be analyzed on an intention-to-treat
basis. The use of the high-density enteral nutrition (1.5 kcal/mL) led to higher
energy supply (1863 + 478 kcal/d vs. 1262 + 313 kcal/d) without an increased rate
of adverse gastrointestinal events. However, the need for insulin was higher in the
1.5 kcal group (55.8 vs. 49.0%) (RR 1.14; 95% CI, 1.07-1.21). Finally, the rate of
survival at 90 days was not significantly different in the group with the energy-dense
formulation (26.8% vs. 25.7%; relative risk, 1.05: 95% CI, 0.94-1.16; p = 0.41). It
has to be discussed critically that on admission to the ICU, only 2% were malnour-
ished according to BMI <18.5 kg/m?. Therefore, potential benefits of an energy-
dense formula in primarily malnourished patients remain a matter of discussion.
Because adverse gastrointestinal events had not been observed, the results may
serve as an argument for the use of an energy-dense diet in primarily malnourished
patients taking into account the need for an intensified blood sugar monitoring.

In severely malnourished patients, the start and increase of nutritional support
have to be performed very carefully under close monitoring of potassium, phos-
phate, and magnesium in order to avoid Refeeding Syndrome (see guidelines
monitoring).

7.12 Enteral Tube Access
7.12.1 Gastric Tubes

According to the number of lumens, gastric tubes can be divided into one- or two-
lumen tubes, whereas the second lumen acts as a vent. There are different sizes
classified into the outer diameter in Charriere (Ch). Whereas 14—18Ch are used in
adults, smaller sizes (8—14Ch) are predominately used in children. One lumen tubes
are used during short interventions (e.g., operating theatre), they should have a great
diameter, as their main function is draining of gastric content. These (often) low-
priced tubes are usually made of polyvinylchloride (PVC), losing their elasticity
after 24-72 h, depending on the manufacturer. A longer use could lead to mucosal
lesions going from superficial ulcerations to bleedings or even perforations, hence
these tubes should be removed as soon as possible.

If a gastric tube is applied for a longer period as it is required for enteral nutri-
tion, it should be made of silicone or polyurethane. Due to the softener “phthalate,”
these tubes can be utilized over a period of several weeks. Gastric tubes with a small
diameter are eligible for enteral nutrition and are usually well (or better) tolerated
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although the risk of occlusion is much higher in a thinner tube. If the gastric residual
volume has to be measured, the diameter should be greater. The type of tube should
be chosen according to the clinical indication.

Placement of a gastric tube is a routine procedure. Holding the tube against the
patient’s chest and measuring the distance between mandibular angle and epigas-
trium offers a good estimation of the tube’s length needed for insertion. Even if the
patient is not awake, topical anaesthesia is needed. Topical anaesthesia like lido-
caine spray or gel are often used because of the anaesthetic and vasoconstrictive
effects. Inclination of the head or active swallowing when the tip of the tube touches
the posterior pharyngeal wall are appropriate methods that ease application of the
tube in the awake patient. If anesthetised, tube application can be challenging, as the
voluntary act of swallow is missing. Sometimes a laryngoscope and/or a Magill
forceps can be helpful for placement at sight.

There are different bedside methods to monitor the tube placement: throat inspec-
tion and palpation of the tube on the posterior pharyngeal wall, instillation of
30-50 mL air through the tube with consequent auscultation of the epigastrium or
aspiration of gastric contents with subsequent pH measurement. However, these
methods are not very accurate concerning gastric localisation, although they are
very common. Misplaced tubes can build up loops in the laryngopharyngeal area, or
in the oesophagus, which may lead to pain, ulcers, or bleeding. Placement of the
tube inside the lung is associated with high morbidity and mortality if it remains
undetected and enteral nutrition is delivered endotracheal. The gold standard for
checking the tube position, and the only method that is recommended, is a chest
x-ray, deep enough so that the tube can be followed along its entire length. However,
such radiographs are associated with x-ray exposure, so it is advisable to perform
them as part of a routine radiological workup of the chest. For daily practice, if
instillation of air fails to produce an audible sound above the epigastrium, one
should always double check tube placement by an x-ray before starting enteral
nutrition.

IRIS-technology (“integrated realtime imaging system”) is a fairly innovative technique
which uses a single lumen tube with an integrated 3 mm-camera attached to a monitor, fol-
lowing the placement in real time. While guided placement is associated with lower com-
plications it still requires some expertise [54].

In case of anticipated long-lasting enteral nutrition (>4 weeks), e.g., brain injury,
percutaneous endoscopic gastrostomy should be considered.

7.12.2 Nasojejunal (Postpyloric) Tubes

Certain clinical scenarios—for example, severe gastroparesis due to complicating
pancreatitis or shock states, or just the need to put a new intestinal anastomosis at
rest—require postpyloric feeding. These tubes are made mostly of polyurethane and
have one to three lumen. One lumen tubes do not allow aspiration of the stomach
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content, an additional gastric tube being required, inducing extra discomfort to the
patient. Two lumen tubes solved this problem and the three lumen ones have an
extra vent. As the calibre is smaller than in gastric tubes (8—9Ch), they are at higher
risk of occlusion. Tube nursing is extremely important, a flush with 30-50 mL non-
carbonated water is recommended after usage of the tube for medication, nutrition
etc. The most common way to insert such tubes is endoscopically or guided by
ultrasound.

If the patient has to undergo surgery, e.g., in case of severe acute pancreatitis,
placement of a jejunal tube should be considered intraoperatively. In order to create
safe enteral access, (fine) needle catheter jejunostomy (FNCJ) has proven to be
most appropriate [52], feasible, and safe in those patients, as it is advisable to avoid
later manipulations in the anastomotic area.

Other bedside modalities for insertion include magnet tracking tubes (a small
magnet attached permanently to the tip of the tube, so that its placement can be
visualised in real time using an external sensor array connected to a computer) or
the so-called self-advancing tubes (they are placed in the stomach, then left to
advance by themselves through the pylorus using the gastric motility). All these
methods are time-consuming and sometimes require patient sedation. Thus, once in
place, a good fixation of the tube is recommended, and a high degree of alertness
against possible tube displacements should be taken (see also Fig. 7.1).

Tube feeding in the critically ill

NG - tube

Gastric residual volume >500ml

!

jejunal tube
orale nutrition not possible

within 3 days
<> urgently endoscopical
placement

\

In case of laparotomy In case of EN > 4 weeks
FNCJ intraop. tube placement PEG
into the jejunum

Fig. 7.1 Tube feeding in the critically ill
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7.12.3 Prokinetics

The pharmacological options to treat gastrointestinal dysmotility are still limited
[56]. In critically ill patients receiving gastric feeding, prokinetic agents may reduce
the ICU length of stay (MD —2.03, 95% CI —3.96, —0.10; Pp = 0.04; low certainty)
and the hospital length of stay [57]. During the past few years, the number of avail-
able prokinetic drugs has not increased. In our own daily practice, metoclopramide,
erythromycin, and pyridostigmin, a cholinesterase inhibitor, are routinely used.
Erythromycin is the medication of choice in case of persisting gastric paralysis.
Comparing metoclopramide and erythromycin in a prospective RCT, MacLaren
et al. [58] had proven that erythromycin is more effective on gastric motility.
Continuing administration (>3 days) does not provide additional benefit.
Furthermore, the risk to promote bacterial resistance has to be taken into account. In
a meta-analysis, the effect of erythromycin in feeding intolerance remained incon-
clusive [59], while other authors more recently recommended the combination of
erythromycin with metoclopramide [60]. To avoid adverse neurological reactions
like dyskinesia and convulsions, warnings about the use of metoclopramide have
been brought up by the regulatory agencies, and a restricted use was recommended
by the European Medicines Agency in December 2013: short-term use up to 5 days
only with a reduced dosage for adults up to 30 mg/d or 0.5 mg/kg body weight/day
unrelated to the route of administration, no long-term use for patients with chronic
disease like gastroparesis. An expert group reviewed the evidence for safety, effec-
tiveness, and dosing of metoclopramide in critically ill patients as well as for alter-
natives. Some promising substances like the opioid antagonist alvimopan or the
motilin agonist mitemcinal have not been sufficiently studied in critically ill patients
[32]. Rhubarb derives from Chinese herbal medicine and has proven its feasibility
as a prokinetic agent in comparison with metoclopramide and erythromycin for the
successful placement of nasojejunal tubes in the critically ill [61]. Summarizing the
recent data, van der Meer et al. [62] recommended not to abandon the use of meto-
clopramide in ICU patients, because metoclopramide is considered effective in
enhancing gastric emptying and facilitating early enteral nutrition. This opinion is
shared by the experts in the American Society for Parenteral and Enteral Nutrition
guidelines [37].

7.13 Parenteral Nutrition

During the past years, the indication for parenteral nutrition in the critically ill has
become more and more critical and individualized [63].
The recent ESPEN guideline recommends as good practice point.

Parenteral nutrition should not be started until all strategies to maximize enteral nutrition
tolerance have been attempted and

In patients who do not tolerate full dose enteral nutrition during the first week in the ICU,
the safety and benefits of initiating should be weighed on a case-by-case basis. [19]
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The optimal amount of calories in the critically ill has been an ongoing matter of
debate [2, 64-66]. To avoid a cumulative caloric deficit with negative impact on
hospital outcome and rate of discharge to home, an improved energy and protein
supply [67, 68] are the main objectives for combining enteral and parenteral
nutrition.

In a meta-analysis [69] of these studies, no advantage was found of combined
nutrition regarding mortality, infection, LOS, and length of artificial ventilation.
Therefore, Heyland et al. [70] traditionally recommended not to begin with com-
bined enteral and parental nutrition in critically ill patients without signs of malnu-
trition. They further recommended to decide on parenteral substrate intake on an
individual basis in case of poor tolerance to enteral nutrition [70]. This should
include consideration of the underlying pathology and the expected length of stay in
the ICU.

The definition of enteral feeding intolerance may be a matter of debate. A recent
meta-analysis has shown that the combination of GRV >250 mL combined with any
other gastrointestinal symptom may be highly predictive for mortality, the incidence
of pneumonia, and prolonged hospital length of stay [71].

In order to provide more evidence, during the past years, three large-scale multi-
center studies investigated whether, in the case of impaired enteral tolerance, paren-
teral nutrition should be supplemented ‘“early” (within 4 days) or “late” (after
7 days) [72-74]. The results were intensively discussed regarding a start of paren-
teral nutrition in malnourished patients and those with special risks on day 4 latest
[73, 75]. So far, according to a recent meta-analysis, combination of EN with PN
may improve nutrition intake in the acute phase. There is no clear evidence regard-
ing benefits for patient outcomes [76].

The ESPEN guideline surgery recommendation states:

If the energy and nutrient requirements cannot be met by oral and enteral intake alone
(>50% of caloric requirement) for more than seven days, a combination of enteral and par-
enteral nutrition is recommended. [50]

See also proposed algorithm Fig. 7.2.

In most patients, individualized parenteral nutrition compounding is unneces-
sary. Special attention has to be attributed to patients with serious comorbidity (see
chapters). Standardization may follow a protocol, and “All-In-One solutions” (AIO)
(two-chamber bag with glucose and amino acids and an additional lipid emulsion,
or three-chamber bag with glucose, amino acids, and lipids) may be used. The
advantages of AIO solutions had been shown with regard to feasibility, time and
cost saving, and the lower risk of contamination [77, 78].
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Fig. 7.2 Medical nutrition therapy in GI dysmotility [50]

7.14 Complications

Due to the fact that parenteral nutrition is applied very easily compared to the enteral
route, there is always a great risk of hyperalimentation which could lead to a delete-
rious worsening of the clinical course with an increase of morbidity and mortality
[2, 66, 72].

Related to central venous access, catheter-related complications with special
regard to blood stream infections and thrombosis are the most frequent complica-
tions and a traditional argument against parenteral nutrition [79].

In severely malnourished patients, and with special regard to those with a long
starving period, refeeding syndrome may occur within the first few days after start-
ing nutritional therapy. Parenteral but also enteral (or oral) supply of carbohydrates
and fluid will stimulate insulin secretion and intracellular shift of glucose and elec-
trolytes. The decrease of serum potassium, magnesium, and phosphate levels will
lead to impaired neuromuscular transmission causing life-threatening arrhythmias
and convulsions. The ASPEN experts (2020) [80] propose that RS diagnostic
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criteria be stratified as follows: a decrease in any 1, 2, or 3 of serum phosphorus,
potassium, and/or magnesium levels by 10-20% (mild), 20-30% (moderate), or
>30% and/or organ dysfunction resulting from a decrease in any of these and/or due
to thiamin deficiency (severe), occurring within 5 days of reintroduction of calories.
There is a special risk in the frail elderly [81]. In high-risk patients, thiamine should
be administered before the first feeding and continued with 200 mg once daily for
2 days. Calories and fluid administration should be started very carefully increasing
slowly for several days.

Critically low levels which may be considered for parenteral supplementation
are potassium 2.5, phosphate 0.35, and magnesium 0.4 mmol/L (CNSG East
Cheshire NHS Trust Guidelines). In the author’s own unit in high-risk patients,
medical nutrition therapy will be initiated with intermediate care setting including
ECG monitoring.

7.14.1 Refeeding Syndrome: Risk Patients According to NICE
2006 [82]

Moderate:
* Very little or no nutrition for over 5 days
High—have one of the following

¢ BMI less than 16 kg/m?

* Unintentional weight loss greater than 15% in last 3-6 months

* Very little or no nutritional intake for more than 10 days

¢ Low levels potassium, phosphate or magnesium prior to feeding

Or two or more of the following:
¢ BMIl less than 18.5 kg/m?
Unintentional weight loss more than 10% in the last 3—6 months

* Very little or no nutritional intake for more than 5 days
e History of alcohol abuse, or drugs including chemotherapy, antacids, and
diuretics.

Extremely High

¢ BMI under 14 kg/m?
Or negligible intake for greater than 15 days
Septic blood stream infection

Hyperglycemia may be due either to hyperalimentation in a phase of insulin resis-
tance or to underlying subclinical diabetes. Hyperglycemia is associated with increased
mortality which has been the rationale for intensified insulin therapy [83]. In order to
avoid any life-threatening hypoglycaemia, nowadays, glucose levels up to 180 mg/dL
(10 mmol/L) are well tolerated. Reduction of glucose calories should be considered
first, before insulin may be administered in nondiabetic patients with moderate dosages
of 0—4 IU/h. Otherwise, reversible liver steatosis will develop within a few days.
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7.14.2 Hypertriglyceridemia

Bolus application of lipids should be avoided. During continuous lipid infusion,
serum triglyceride levels should not exceed 400 mg/dL [26]. Otherwise, hypertri-
glyceridemia is associated with low-grade inflammation and higher risk of acute
pancreatitis [84].

7.14.3 Monitoring

Consensus exists that early full feeding may be harmful during the first few days
[85]. Using clinical features on day 1-2, machine learning has shown predictive for
enteral nutrition failure a large GRV on day 2, after BMI, followed by SOFA on day
1 [86]. Higher enteral calorie supply has been shown in a meta-analysis to be associ-
ated with higher GRV and use of prokinetics but not vomiting/regurgitation, diar-
rhea, or abdominal distension [87].

A new ICU care platform (smARTt+) has recently proven value to guide clinical
nutrition in the critically ill in order to achieve caloric targets derived from calorim-
etry and to reduce GRYV, length of stay, and mechanical ventilation [87]. Therefore,
clinical observation of the patient’s abdomen, bowel motility, and gastric reflux is
mandatory. Gastric residual volume (GRV) measurement may be critically dis-
cussed [89]. It is not standardized, and the optimal threshold (<500 mL) is uncertain
[16], the impact of the measurement of gastric residual volume has been controver-
sial. In an important multicentric study in critically ill medical patients receiving
mechanical ventilation and early enteral feeding, residual gastric volume had no
significant effect on the risk of ventilator-associated pneumonia [24]. In the conclu-
sion of a review of the literature [20] the monitoring of GRV may be still relevant in
surgical ICU patients and severely critically ill patients with a high risk for gastro-
intestinal dysfunction. This has been emphasized in those patients with goal-directed
enteral nutrition and volume-based feeding strategy.

For monitoring substrate supply, blood chemistry includes serum glucose, tri-
glycerides, lactate, and procalcitonin [90], as well as phosphate levels to avoid a
refeeding syndrome.

In order to avoid measurement of nitrogen balance, urea excretion rate per 24 h
will help to estimate the extent of catabolism. Intramucosal pHi tonometry as a tool
for the measurement of splanchnic perfusion has not been used frequently in clini-
cal practice. It is the problem that sensitivity of the jejunal blood perfusion is not
well represented by the more robust gastric perfusion [91].

7.15 Post-acute Phase: Post-extubation and Rehabilitation

It has been shown that after extubation, many patients will receive no more than
700 kcal/d [92]. Reasons to be discussed may be: in favour of oral feeding, medical
nutrition therapy is stopped too early, especially in case of discharge from the ICU
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to the normal ward. Frequently, in many patients, oral intake from the normal hos-
pital diet is rather limited due to post-critical weakness and fatigue. These patients
have to be intensively encouraged and observed for oral food intake. Documentation
of the amount of oral intake is mandatory. Supplementation with oral nutritional
supplements may be reasonable; in some cases, enteral or even parenteral support
has to be reconsidered.

During this phase of recovery from catabolic critical illness, substrate tolerance
has been normalized with a metabolic shift to anabolism. From a nutritional point
of view, insufficient caloric supply in this period has to be considered a “catastro-
phe.” The amount of administered calories should be 1.2—1.5 fold higher than the
calculated energy requirement. Because these patients are weaned from ventilation
and able to eat, it will be frequently assumed that they will manage to cover these
requirements by the oral route. It has been recently shown that this may be achieved
only by a combination of oral and enteral feeding [93].

After critical illness, the anabolic energy requirements will be covered most
likely by a combination of oral and enteral or even parenteral nutrition.

Keeping in mind post-intensive care syndrome (PICS), these patients should be
monitored for adequate caloric intake and nutritional status even after hospital dis-
charge in an integrated and holistic approach [94, 95].

7.16 Conclusion

Due to very low-quality evidence, there is still uncertainty whether early enteral
nutrition, compared with delayed enteral nutrition, affects the risk of mortality
within 30 days, feed intolerance or gastrointestinal complications, or pneumonia.
There is currently also insufficient evidence regarding parenteral supplementation.
There is still need for large, multicentric studies with rigorous methodology, which
measure important clinical outcomes [96].

From a practical point for nutritional therapy, start of enteral nutrition is rec-
ommended within the first days of critical illness. In primarily malnourished
patients and those with severe illness bearing the risk for an accumulating
caloric and protein debt, parenteral supplementation should be considered in
case of inappropriate enteral intake on day 4 at the latest. Taking into account
local process-related barriers, a standard operative procedure (SOP) or feeding
protocol is recommended.
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8.1 Introduction

Micronutrients have numerous essential functions in the human biology, such as
support of metabolism, maintenance of an adequate immune activity, defence
against oxidative stress, for DNA synthesis and diverse cell signalling processes.
For these reasons, micronutrients should be considered as an integral part of the
daily medical nutrition therapy in critically ill patients.

Several observational studies demonstrated a significant deficiency of micronu-
trients during critical illness, which correlated with severity of illness in concerning
patients [1-3]. Besides, a prolonged use of technical assist devices such as extracor-
poreal life support (ECLS, ECMO) or dialysis can trigger or aggravate pre-existing
micronutrient deficiencies [4]. Given their role as essential cofactors of many anti-
oxidant or anti-inflammatory enzymes (e.g., glutathione peroxidase (GPX) or
superoxide dismutase (SOD)), the need to compensate a significant deficiency of
micronutrients to maintain an adequate immune response is urgent, especially in
critically ill patients. Furthermore, it becomes obvious why in the past, clinicians
repeatedly attempted to substitute micronutrients to further optimize the critically ill
patients’ antioxidant and anti-inflammatory defence mechanisms.

In fact, several experimental studies demonstrated that an application of, for
example, antioxidant trace elements result in a significant increase of the dependent
anti-oxidant enzyme activity [5]. Yet, based on heterogeneous data received from
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adequately designed multicentre trials, the resulting meta-analyses could not dem-
onstrate clinically relevant effects of micronutrients, which questions the role of
their supplementation during the daily routine in the clinical practice. The available
evidence for the most relevant micronutrients will be outlined in the following
chapter.

8.2 Targeting the Inflammatory Response

Patients with critical illness frequently experience a complex systemic inflamma-
tory response syndrome (SIRS). As part of this, reactive oxidative and nitrogen
species, as well as pro-inflammatory cytokines such as TNFa, IL-1-f, IL-6 and
IL-8, are repeatedly released, triggering leukocyte extravasation, intravascular leu-
kostasis, lipid peroxidation, cell death, vasodilation, capillary fluid leakage in the
tissues. To mitigate the effects of the pro-inflammatory mechanisms, a compensa-
tory anti-inflammatory response syndrome (CARS) is activated in parallel [6]. The
balance within the organism between enough inflammation to heal and defend
against secondary infection on the one side, and too much damage to the body
through the inflammation cascades on the other hand, is crucial for the outcome of
the patient. The consequences of these mechanisms include mild adverse effects,
such as fever and tissue edema, moderate adverse effects, for example, hemody-
namic instability and coagulopathy, as well severe complications, such as acute
organ injury requiring mechanical support and death [7].

The antioxidant micronutrients copper, selenium, zinc, and vitamins A, E and C
belong to the body’ first line of antioxidant defences mechanisms. Several observa-
tional clinical studies demonstrated that blood levels of these antioxidants fre-
quently decrease below reference ranges during critical illness, which may further
aggravate the inflammatory response [8—10], which illuminates a clinical scenario
to compensate the occurring deficiencies to enable an optimal immune response. In
fact, based on these studies, several interventional trials followed, which investi-
gated if supplementation with antioxidant trace elements or vitamins may influence
the outcomes of critically ill patients. The aggregated data of 34 studies including
4678 patients were meta-analysed [11] and indicated that a supplementation of
combined antioxidants may reduce the mortality relative risk [RR], 0.89 [95% CI
0.79-0.99], whereas the certainty of the received evidence remained questionable,
as eight studies with low risk of bias (RR, 1.08; 95% CI 0.95-1.23; TSA CI,
0.64-1.82; moderate QOE) did not show mortality reduction with antioxidants
supplementation.

8.3 Supplementation Recommendations

While general ICU patients receiving full enteral nutrition support might not need
an additional supplementation of micronutrients, these should be given daily in
patients receiving parenteral nutrition (PN) exclusively or as combined or
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supplemental PN, as commercial PN solutions do not contain micronutrients for
stability reasons. Therefore, micronutrients should be added to the PN shortly
before it is administered to the patient.

Based on the existing heterogeneous evidence and conflicting studies, until today
neither the European nor American Society of Parenteral and Enteral Nutrition
(ESPEN or ASPEN) can give recommendations above the compensation of defi-
ciencies for when regarding the supplementation of selenium, zinc or vitamins in
critically ill patients [12, 13]. Until now, guideline recommendations are limited to
the supplementation of these micronutrients in case of supposed, ideally measured
deficiencies, whereas the latter is known to be cumbersome. Therefore, efforts
should be increased to establish a monitoring of these micronutrients, which should
be integrated into the clinical routine in critically ill patients on medical nutrition
therapy to avoid deficiency as well as overdosage.

The recent ESPEN micronutrient guidelines provide a clear guidance for all
micronutrients [14].

8.4  Micronutrients of Special Interest
8.4.1 Selenium

Selenium belongs to the most studied micronutrient in the field of critical care medi-
cine. A significant decrease of circulating selenium levels has repeatedly been
shown in several observational studies in different settings of critical illness, whereas
the extend of decrease was closely related to the severity of illness and demon-
strated to be independently associated with the development of organ dysfunctions
[15—18]. An increase of selenium was shown to correlate with an increase of the
powerful antioxidant glutathione peroxidase activity [15, 19], which itself may neu-
tralize either reactive oxygen or nitrogen species. Clinicians and researchers fol-
lowed this exciting idea to further optimize the patient’s antioxidant defence by an
exogenous supplementation with selenium.

Notably, a meta-analysis of 9 trials by Huang et al. found a significant reduction
in mortality (RR = 0.83; 95% CI, 0.70-0.099; P = 0.04) with the use of higher doses
of selenium in critical illness [20]. Yet, two recent large-scale studies could not
confirm clinically significant effects of selenium on the mortality in general criti-
cally ill patients, regardless of whether it was given as combination therapy or
monotherapy [21, 22], while a previous study demonstrated a significant reduction
in mortality in severely ill ICU patients receiving a high-dose selenium monother-
apy [23]. Based on the two most recent studies about selenium supplementation in
critically ill patients, a following meta-analysis could not anymore demonstrate a
clinically meaningful effect of selenium in these patients [24].

Recently, a large-scale RCT evaluated the potential clinical significance of a
high-dose selenium supplementation, which was given perioperatively in patients
scheduled to undergo cardiac surgery with increased risk for postoperative compli-
cations. Despite the demonstrated efficacy to compensate the well-known
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preoperative selenium deficiencies and the frequently observed significant decrease
of intraoperative selenium levels, no difference could be detected between the treat-
ment groups with respect to the development of postoperative organ dysfunctions.
Yet, based on an embedded lab study, it could be demonstrated that potential con-
founding factors, such as the patients’ comorbidities and co-medications inhibited
the translation of high selenium levels in an increase of the antioxidant acting glu-
tathione peroxidase, so that more investigations are needed to further carefully
observe such factors. Based on the currently existing evidence, the dietary-
recommended intake (DRI) of 55 pg/day [20-90 pg/day] should be considered, but
no recommendations can be given for dosages beyond these. In situation of acute
inflammation or sepsis, alone or associated with increased intake of copper and zinc
according to previous European and American nutrition society recommendations,
however, higher doses might be worth to be considered [25].

8.4.2 Zinc

In a comparable manner, observational studies demonstrated a significant decrease
of the essential trace element zinc, whereas the extend of inflammation inversely
correlated with the measured blood levels of this mineral. Furthermore, previous
studies demonstrated that circulating zinc levels were closely related to markers of
inflammation, and low zinc levels were associated with the development of organ
dysfunctions and ultimately mortality [26, 27]. Yet, it still remains controversial
whether a decrease of zinc levels results from the acute-phase response, or if the
zinc is bound to the endothelium, transporter enzymes or simply re-distributed into
different body components. Although a compensation of such deficiency would
obviously be desirable to prevent a further suppression of the immune competence
and prevent the development of secondary infections, current guidelines cannot give
recommendations about zinc supplementation in septic patients due to absence of
adequately designed interventional studies.

An RCT of 100 patients with severe head trauma demonstrated a remarkable
increase in zinc plasma concentrations and urinary excretion [28], which was in
accordance with another RCT of 68 patients with severe head trauma, where no
statistically relevant differences could be demonstrated between both groups with
respect to the clinical outcomes [29].

A recent meta-analysis reported no difference in mortality with zinc supplemen-
tation when combining these trials with limited confidence in the results (n = 168,
relative risk 0.73 (95% confidence intervals 0.41-1.28)) [30]. In a meta-analysis of
four RCTs and four non-randomized studies of patients with severe burn injury
(n = 398), intravenous combined zinc, selenium and copper after burn injury
decrease infectious complications (95% CI: —1.70, —0.80, P < 0.00001). There was
no evidence to support an effect of combined supplementation on overall mortality
or LOS in patients with severe burn injury [31].
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8.4.3 VitaminC

Vitamin C is an essential, water-soluble micronutrient, which acts as electron donor
in multiple reactions and thus exerts many crucial functions in the human body.
Vitamin C is required for more than 60 enzymatic reactions, restores vascular
responsiveness to vasoconstrictors, ameliorates microcirculatory blood flow, pre-
serves endothelial barriers, prevents apoptosis and augments the bacterial defence
[32-34]. Based on its redox-potential and powerful antioxidant capacity, vitamin C
has been called the most important antioxidant, scavenging free radicals and thereby
preventing damage to macromolecules, such as lipids or DNA [35]. Vitamin C
showed organo-protective effects in the nervous, cardiovascular, respiratory, gastro-
intestinal, coagulation and immune systems in preclinical and clinical trials [36].

Vitamin C concentrations are lowered in severe illness, in patients recovering
from surgery, in patients after cardiac surgery and in patients developing multi-
organ failure as shown by observational studies. Supplementation of vitamin C in
the general ICU population was not associated with an overall reduced risk of mor-
tality, infection, or hospital length-of-stay, but a different meta-analysis showed
decrease in duration of mechanical ventilation and ICU stay [37—40].

Notably, Marik et al. introduced the concept that an adjuvant treatment with
corticosteroids alone [41], or in combination with intravenous vitamin C and thia-
mine, may improve outcomes of critically ill patients with septic shock [42]. These
so-called metabolic resuscitation strategies therefore may expand the current man-
agement of sepsis by a combined application of hydrocortisone, ascorbate, and thia-
mine, which should be started timely together with early initiation of antibiotics,
fluids and norepinephrine. A published retrospective before-after study provided the
first evidence of the beneficial effects of this concept by a significantly reduced
SOFA score and mortality in this group [42]. However, following systematic reviews
could not confirm any significant effects of combined vitamin C strategies, whereas
strong beneficial effects were detected when vitamin C was given as high-dose sin-
gle strategy [43].

Building up on the following vitamin C pioneer trial, which demonstrated a sur-
vival benefit of high-dose vitamin C in patients with ARDS [44], the so-called
LOVIT trial was conducted to evaluate the clinical significance of high-dose vita-
min C in patients with sepsis. The primary endpoint of this study was a composite
endpoint of death or persistent organ dysfunction, which was significantly higher in
patients who received high-dose vitamin C at 50 mg/kg/6 h [45]. Potential explana-
tions for this surprising finding were discussed extensively and could be due to the
imbalances in the baseline characteristics (sicker patients in treatment group) or
heterogeneity in the application strategy [46] and fact that a high number of patients
were transferred from other ICUs, so that the treatment might have been initiated
too late to translate into a clinically meaningful difference [47]. Furthermore, a
recently published study highlighted the importance of a prolonged treatment dura-
tion, so the used treatment period (mostly 4 days) may have been too short to trans-
late into clinically meaningful results. Importantly, the most recent SRMA including
the LOVIT trial still demonstrated a significant reduction of 30-day or hospital
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mortality in the intravenous vitamin C monotherapy subgroup [48], whereas a high
statistical heterogeneity reduces the certainty of this finding.

Overall, given the unique pleiotropic functions of vitamin C, it still has to be
evaluated if other risk patient populations who are exposed to inflammation, isch-
emia/reperfusion or oxidative stress, such as patients after cardiac arrest, cardiac
surgery, polytrauma and burn trauma, ischemic stroke, or undergoing major surgical
procedures, benefit from this intervention [49-52].

8.4.4 VitaminD

Vitamin D3 (cholecalciferol), a precursor of a potent steroid hormone, is absorbed
from food sources or produced by the skin in the presence of sunlight. Vitamin D
insufficiency defined as 25-hydroxy-vitamin-D [25(OH)D] serum levels <20 ng/
mL (equals 50 nmol/L) is reported in 40—70% of all ICU patients and is associated
with an increased risk of mortality, organ dysfunctions, infections, prolonged ICU
and hospital stay as well as expanded duration of mechanical ventilation [53]. While
the largest prospective interventional trial including 492 critically ill patients failed
to show beneficial effects of high-dose (540.000 IU) oral cholecalciferol supple-
mentation in the general ICU population, a significantly reduced risk of 28-day
mortality has been observed in a subgroup of patients with severe 25(OH)D deficit
<12 ng/mL (equals 30 nmol/L) [54]. An earlier meta-analysis showed incongruent
results regarding the effect of vitamin D supplementation on mortality in ICU
patients [53, 55] possibly due to small sample sizes (less than 750 patients analysed)
and a heterogeneous study procedure with respect to vitamin D deficiency, study
drug (active vs. inactive vitamin D), dosage (200.000-540.000 IU) and timing (up
to 72 h after ICU admission). In contrast, patients receiving prehospital vitamin D
supplements had significantly shorter ICU stay, days of mechanical ventilation and
rates of mortality [56], supporting the importance of the availability of biological
active vitamin D at the time of acute illness.

A recent multicentre, randomized, double-blind, placebo-controlled phase III
trial of 1360 patients at high risk for ARDS and mortality showed no benefit from
high-dose vitamin D3 supplementation [57]. A following meta-analysis aggregated
currently available evidence and included 16 RCTs with 2449 patients [58]. The
received data demonstrated that vitamin D administration was associated with lower
overall mortality rates, reduced intensive care unit length of stay and shorter dura-
tion of mechanical ventilation. Notably, it was further demonstrated that the paren-
teral administration of vitamin D was associated with a greater effect on overall
mortality than enteral administration [58]. Another large ongoing vitamin D trial in
ICU patients (NCT 03188796) will provide more evidence in this field.

Therefore, although being inexpensive, but effective to raise 25(OH)D serum
levels, it still needs to be clarified if supplementation leads to improved clinical
outcomes in vitamin D deficient ICU patients [53]. The evidence to date does not
support the use of single high-dose vitamin D in all critically ill patients, whereas a
deficit should be treated with daily doses.
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8.4.5 Glutamine

The several potent immune modulating properties of glutamine resulted in many
clinical studies, testing its relevance in different clinical settings. Plasma glutamine
levels have repeatedly been shown to be low during critical illness, and low values
were associated with poor outcome. In fact, older studies demonstrated the clinical
significance of glutamine supplementations if given enterally or parenterally in
smaller groups of critically ill patients [59-61].

Yet, based on current evidence, influenced by the REDOX study that demon-
strated significantly higher mortality in those patients who received glutamine com-
pared with those who did not [22], led to meta-analysis demonstrating no overall
significant benefits on mortality, infections or hospital length of stay in patients
suffering from burn, trauma, and in mixed ICU populations [12]. Therefore, the
additional application of glutamine is not anymore recommended in the routine of
critically ill patients.

Notably, based on the results received from few smaller studies, indicating sig-
nificant benefits of glutamine in patients with burn injuries and trauma [62], current
guidelines still emphasized the potential role of glutamine for these patients if given
enterally as low dose [13]. Yet, most recent data could not provide evidence for its
use: the Re-Energize study was a double-blind, randomized, placebo-controlled
trial, which assigned patients with deep second- or third-degree burns to receive
enterally delivered glutamine or placebo to evaluate its clinical significance [63].
No effect on the primary endpoint, the time to discharge alive from the hospital or
any secondary endpoint could be demonstrated. A following meta-analysis, which
included the data received from the Re-Energize study, showed that glutamine sup-
plementation, regardless of administration, does not appear to improve clinical out-
comes in patients with severe burn injuries, so that actual recommendations for its
use have to be adapted to consider this evidence [64].

8.5 Special Groups of Critically Ill Patients

While most interventional studies were conducted in ICU-patients with sepsis or
septic shock, the hitherto received results cannot be easily transferred to other
groups of critically ill patients. For example, although recent meta-analyses could
not demonstrate a positive effect of selenium supplementation in patients with sep-
sis, a subgroup analysis revealed that there was a positive effect of parenteral sele-
nium supplementation on the reduction of infectious complications in RCTS of
non-septic patients [24]. Based on these results, further studies in specific subgroups
of critical illness need to evaluate if a high-dose micronutrient supplementation may
lead to clinically meaningful effects. In this context, Berger et al. reported earlier
that this strategy might be of special relevance in patients with trauma or burn inju-
ries [18]. In this context, the recent ASPEN guidelines further noted that, based on
their own meta-analysis, the administration of antioxidants and trace elements can
be considered in critically ill patients with burns and trauma requiring mechanical
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ventilation, as it was demonstrated to be associated with a significant reduction in
overall mortality (RR = 0.8; 95% CI 0.7-0.92; P = 0.001), whereas infectious com-
plications, ICU or hospital length of stay, and duration of mechanical ventilation
were not significantly different between patients groups. Based on these results,
further studies in critically ill patients, others than septic patients, are still required.

8.6  Why Did Several Studies in the Past Fail to Demonstrate
Beneficial Effects?

Although inflammation and oxidative stress represent attractive therapeutic targets
in critical illness so that antioxidants have been tested in critically ill patients for
decades, overall results remain inconsistent without clear clinical meaningful
effects. The reasons for this are matter of ongoing debates and remain speculative.
Some might argue, the heterogeneity in trials regarding patients, diseases and sup-
plementation makes it difficult to aggregate the resulting evidence. Attempts to
carefully identify these patients who may benefit most from pharmaconutrient sup-
plementation are still missing. Further, the heterogeneity in dosing, timing, combi-
nation, or delivery of antioxidants remains problematic. Last, the timing of initiating
an anti-inflammatory and anti-oxidant strategy seems of high importance, as it often
may simply be too late for a specific intervention to translate into clinically mean-
ingful effects. This might be of special relevance in patients with sepsis, as the time
point of onset of sepsis often occurred several hours to day before admission to an
ICU, so that the accompanying inflammatory response in such patients might be too
advanced to be a target for an inflammatory strategy. Further, Jain et al. speculated
that adverse off-target effects may have contributed to their failure, as ROS are criti-
cal signalling molecules for cell homeostasis and adaptation to stress (e.g., hypoxia)
processes and that their positive effects may be neutralized with antioxidants [65].
Patients with sepsis commonly show a period of relative immunosuppression after
the initial cytokine storm, during which they are at increased risk of nosocomial
infection or viral reactivation. Regarding the important role of ROS in activating
lymphocytes and monocytes, it remains speculative if the ROS production contrib-
utes to the variability in inflammatory responses and immune competence.
Therefore, the timing of pharmaconutrient-supplementation seems to play a crucial
role and may have been too late in recent studies performed in critically ill patients.
Here, the use of antioxidants may be beneficial during the initial acute phase of
exaggerated inflammatory responses but may be detrimental during periods of rela-
tive immunosuppression [6]. In contrast, patients undergoing major surgical proce-
dures are known to be exposed to an intense inflammatory response as part of the
perioperative inflammatory response. The scheduled setting of some surgeries may
thus open the chance for a preoperative optimization strategy to restore endogenous
antioxidants by supplementing vitamins or trace elements alone or in various com-
binations in these patients.
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9.1 Properties of the Excel Worksheet

In generally, an Excel worksheet enables a quick calculation of the dosage of enteral
and parenteral solutions in the context of artificial nutrition. The user is supported
in determining the requirements for water, carbohydrates, amino acids, and fat, and
the infusion volumes are calculated after selecting the solutions to be used. Mixed
enteral/parenteral nutrition is taken into account, as is the supply of fat-containing
medication via syringe pumps.

Discontinuous regimes with night breaks can be taken into account when calcu-
lating the infusion rates. Calculated requirements and intake via the determined
nutritional regime are shown in tabular form for the main ingredients. The names
and compositions of the solutions used can be freely selected. The structure of the
calculations is open so that the functionality of the file can be changed and extended
by the user if required.

9.2  Structure and Functional Principle of the File

The calculations are simple and easy to understand based on the shapes visible in
the file. They are carried out in the following steps:
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Steps for Calculating the Dosage of Enteral and Parenteral Solutions

 Input of anthropometric data (user).

¢ Determination of the need for water and energy-supplying substances.

¢ Determining the proportion of enteral intake (user).

¢ Determining the supply of other relevant solutions (electrolyte solutions, syringe
pumps, fat-containing medication, e.g., propofol; hemofiltration with citrate-
buffered replacement solution) (user).

* Calculation of the ingredients to be supplemented by parenteral means until
required.

* Calculation of the dosage of infusion solutions to cover the parenteral portion.

¢ Rounding the calculated infusion volumes to the desired values.

* Calculation of the infusion rates for the parenteral solutions.

Before use on the patient, the names and compositions of the solutions must be
defined in the “Solutions” sheet. Like the other spreadsheets, the sheet is protected
without a password when the file is delivered. The Excel function “Unprotect sheet”
removes the write protection of the sheet. After entering the data, it is essential to set
write protection with a password again to prevent accidental changes by the user.
All entries, calculations, and outputs in the context of the nutrition calculation are
made in the “Plan” worksheet. The required steps are processed in the table from
top to bottom. Only fields that require or allow an entry can be changed (after setting
the sheet protection). All other fields are locked. Selectable fields have the colors
green and blue. The fields for selecting solutions and some infusion rates can alter-
natively be set via slide switches positioned to the right of the input field. Some
fields have a comment (red triangle at the top right of the field), which is displayed
when the cursor is moved over the field. The locked fields can also be selected so
that the stored formulas are visible.

9.3 Possibilities and Limitations of the Procedure,
Practical Experience

The file should enable simple calculation of water and nutrient requirements as well
as dosing of the enteral and parenteral solutions required to cover requirements.

In principle, all calculations can also be carried out on a pocket calculator.
However, the time required would not be feasible in the routine operation of an
averagely staffed intensive care unit.

Despite these limitations, the Excel sheet has been in use in various intensive
care units for many years and has proven to be a simple, time-saving, and suffi-
ciently accurate tool to support the creation of nutrition plans. In particular, the
routine use of the method avoids overly crude artificial feeding based solely on
bottles and bag volumes, as can occasionally be observed when staffing levels
are tight.
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9.4  Further Development of the Method

The procedure is based on simple balancing calculations and the functions provided
in Excel. With the version presented, the possibilities of this methodological
approach are largely exhausted. The consideration of further parenteral components
of the patient’s therapy (e.g., citrate solution for hemofiltration) may appear desir-
able. However, it must be remembered that the approach presented here for plan-
ning artificial nutrition can only ever be a relatively rough estimate. We do not know
the actual requirements of the individual patient, nor the metabolic utilization of the
solutions that we administer. In the author’s opinion, the consideration of further
special cases (beyond propofol sedation) feigns a “pseudo-accuracy” of the calcu-
lated nutritional regime that does not stand up to critical assessment.

Al-based approaches are conceivable in principle, but they would require a bidi-
rectional interface between Excel and the Al software used.

It should also be considered to what extent extended functionalities overlap with
the functions of patient data management systems (PDMS). These systems cover
the majority of conceivable time-dependent functions and process the data within a
single system. An Excel-based program can only ever represent a stand-alone solu-
tion for special applications, and creating interfaces to the database of a PDMS is
unlikely to be trivial.



®

Check for
updates

Frank Jochum, Antonia Nomayo, Harry Nomayo,
and Hanna Petersen

10.1 Introduction

Clinical nutrition strategies in children and adolescents differ significantly
from those used in adults. This is due to the specific physiology of the matur-
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Pediatric patients are also very different physically: body weight alone ranges from
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cents. Healthcare professionals must be aware that children have less developed com-
pensatory mechanisms than adults due to lower body reserves and functionally
immature metabolic processes. A qualified prescribing practice for an age-adapted
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birth to late adolescence and can largely fluctuate depending on life situation.
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The nutritional supply to children should not only provide the energy needed to
maintain body functions, but also the quality and quantity of nutrients needed for
age-appropriate growth and proper organ development must also be met. An unbal-
anced diet can compromise the maturation and differentiation of organs and cause
irreversible functional impairments (e.g., of the central nervous system).
Consequently, fluid, energy, and nutrient intake must be adjusted to the age-specific
needs in all developmental stages from early childhood to adolescence. And as in
any treatment strategy in pediatric intensive care, nutrition therapy should be tai-
lored to the individual patient.

Physiological principles, nutritional needs for children of various age groups,
and practical implementation will be briefly addressed below.

10.2 Physiological Principles

10.2.1 Fluid Balance

Body water content varies with age, decreasing from about 90% in a premature
infant born at 24 weeks gestation to about 55-60% in adolescents or adults. Fluid
turnover is higher in neonates than in older children due to renal immaturity, higher
energy expenditure, greater body surface area as compared to body volume, imma-
ture epidermal layer resulting in high insensible perspiration, and rapid body growth
(see Fig. 10.1). Likewise, compared to adults, children exhibit reduced water and
electrolyte balance regulation mechanisms with lower concentration capacity, lower
glomerular filtration capacity, decreased tubular reabsorption, and H+ ion excretion.

In the newborn infant, the very dynamic postnatal adaptation processes pose
particular challenges for an adequate fluid and nutrients supply, especially in prema-
ture infants. Due to the activation of metabolic and renal functions, the fluid require-
ment initially increases day by day after birth. Therefore, daily adjustments and
specific intake recommendations are crucial during the immediate postnatal period
(see Table 10.1).

10.2.2 Energy and Nutrient Requirements

In relation to body weight, children have higher energy and nutrient require-
ments than older patients. These increased needs are due to higher (metabolic)
activity and body growth. Childhood is characterized by recurring periods of
accelerated growth (e.g., the pubertal growth spurt), during which exception-
ally high substrate requirements must be met to ensure unimpaired growth
and development.

It should also be noted that, unlike adults, premature infants and newborns are
unable to synthesize various nutrient substrates from precursors in sufficient
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Fig. 10.1 Fluid losses in infants, young children, adolescents, and adults. (Modified after Fusch
and Jochum [1])

quantities due to the immaturity of certain enzyme systems. In this specific patient
group, these substrates become “conditionally essential” and therefore must be
externally supplemented, until a sufficient intrinsic production is ensured upon
reaching metabolic maturity.

10.2.3 Food Programming

In addition to the well-known short-term nutritional effects of food intake, there is
clear evidence of long-term nutrition-induced metabolic changes during early child-
hood (“food programming”/Koletzko et al. [2]). During the period from fetal life to
late infancy, there appears to be a particular vulnerability to nutrition-related adverse
long-term effects, which are not observed in other phases of life, in older children
or adults. To prevent unfavorable metabolic imprinting due to imbalanced nutrient
intake in early life, which may subsequently increase disease risk in adulthood,



F.Jochum et al.

144

Kep 1od pue JySromApoq weirdory Jod INI[IW p/MION/ T
[#1] ‘Te 32 winyoo[ woiy paydepy

091-0%1 0LT-0v1 0r1-001 001-09 0809 0.0 09-0t SUIOQMOU WL,
8 00S 1< ySrom
091-0%1 091-0%1 091-0%1 0b1-0TT 021001 001-08 08-09 UIIq SOJEUOIU USRI
8 00ST> 1ySom
091-0%1 091-0%1 081-091 0ST-0€T 0ET1-011 011-06 06-0L I SOJEUOIU U1
50001>JUSToM
091-0%1 091-0%1 081-091 091-0%1 0r1-0T1 0Z1-001 001-08 I SO)EUOIU ULISIAI]
[moI3 uoneidepe o o o o o

J[qels Jo aseyd | jo aseyd ojerpaurIau] JoAepyyry | jo Aep yunog Jo Aep piyy, | Jo Aep puodoog Jo Aep s11,y
91 JO sAep 1s1y Ay} SuLINp SAJeUOAU UI0q W) pue wrdald ut (p/p gO S/ Tw ur) Ajddns ping papuowoddy L'l djqeL



10 Children and Adolescents 145

clinical nutrition strategies should focus on an age-appropriate nutrient composition
and quantity to avoid both malnutrition and overfeeding.

10.3 Practical Approach to Nutritional Therapy
in Pediatric Patients

For the reasons mentioned above, a need-oriented nutrient supply is even
more important for the younger pediatric patient. With increasing age,
improved compensatory and regulatory mechanisms are available to maintain
body homeostasis.

Therefore, nutritional recommendations intended for older patient groups, with
mere interpolation based on the body weight or body surface, are insufficient to
meet the fundamentally differing nutritional needs of the pediatric patient (see
above). If available, nutritional products with age-adapted composition (e.g., pedi-
atric infusion solutions) should be used.

In pediatric patients the choice of the preferred nutritional route (oral, enteral,
partially parenteral, or totally parenteral) should always be based on the medi-
cal indication and guided by the principle of “as minimally invasive as
possible.”

This strategic approach is associated with the lowest complication rate. Therefore,
oral feeding should be preferred to the greatest possible extent, and whenever pos-
sible, the enteral route should be chosen over parenteral access. Total or partial
parenteral nutrition should be implemented if the first two options are considered
inadequate and should be accompanied by (minimal) enteral nutrition whenever
there are no contraindications.

However, in preterm infants below 35 weeks of gestation, full enteral nutrient
supply cannot be established immediately after birth due to immaturity of the gas-
trointestinal system. For these children, (partial) parenteral nutrition will be neces-
sary at least during the first days of life while enteral feeding is introduced gradually.

Standardized formulations and structured prescription processes in (partial) par-
enteral nutrition therapy have the potential to minimize errors in everyday clinical
practice and improve patient safety, especially when feeding premature babies. It is
more and more common to use specialized nutrition-calculating software for pre-
scription of (parenteral) nutrition, e.g., in the neonatal intensive care setting.
Standardized prescription sheets or nutrient calculators should consider both paren-
teral and enteral nutrient supply, and respective absorption rates of different
nutrients.
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10.3.1 Short- or Long-Term Parenteral Nutrition

If sufficient nutrient intake via the natural enteral route cannot be established, par-
enteral nutrient supply must be initiated to prevent catabolic metabolism. Depending
on the current nutritional status, to some extent, the body’s electrolyte and micronu-
trient reserves can be considered, when determining the type of nutritional support.
A basic distinction can be made between short- and long-term parenteral nutrition.

In practice, the infusion of a glucose solution with an adapted potassium and
sodium supplementation is sufficient for short-term parenteral nutrition in
children with adequate nutritional status and with a low risk of malnutrition.
However, if parenteral nutrition is expected to be required for more than
3-7 days, total parenteral nutrition should be provided, including adequate
amounts of all macronutrients, electrolytes, minerals (including magnesium,
calcium, and phosphate), trace elements, and vitamins. This approach should
be considered whenever parenteral nutrition provides >50% of the age-
appropriate energy requirements.

10.3.2 Nutritional Support in Critically Ill Children

Although high-level evidence on optimal nutrition practice in pediatric intensive
care medicine is scarce, guideline recommendations on basis of expert consensus
methodology are available [3, 4]. There is evidence that it may be beneficial to with-
hold total parenteral nutrition in critically ill children during the early-acute phase
of intensive care (approx. first 1-3 days after admission) to prevent a “nutri-trauma,”
which can be caused by excessive macronutrient intake in the situation of an
impaired post-aggression metabolism. On the other hand, malnourishment and
macronutrient deficiencies during critical illness have been shown to increase
patient morbidity and mortality [5, 6].

In critically ill term neonates and children, it is therefore suggested to initiate
nutritional support at (N)ICU admission carefully, starting at the range of or just
below predicted resting energy expenditure, while providing micronutrients (trace
elements, vitamins, minerals, and electrolytes)—withholding total parenteral nutri-
tion (including the provision of amino acids) can be considered in critically ill chil-
dren for up to 7 days—while accepting the risk of temporary undernutrition [4].

In order to avoid growth faltering, loss of body mass, and functional impair-
ments, premature babies on parenteral nutrition should receive at least the
basic requirements of macronutrients (protein, carbohydrates, and fat). The
clinical phase of critical illness should be carefully monitored and nutrient
supply adjusted accordingly depending on the stage of the disease (e.g.,
increased nutrient supply for tissue repair in the late-acute or convalescence
phase may be considered) [7].
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Enteral nutrition is also the preferred form of nutrient intake for critically ill
children. In the absence of any contraindications, early enteral nutrition should be
commenced within 24-48 h of admission to the (N)ICU and be gradually increased
according to institutional policy, if necessary accompanied by (partial) parenteral
nutrient supply [4, 7].

10.3.3 Monitoring

In principle, assessment of the nutritional status is recommended in all pediatric
patients, e.g., by routinely performing and evaluating anthropometric measure-
ments, both on admission to the NICU or PICU, and throughout the clinical
course [4].

Close monitoring of fluid balance is particularly important in pediatric patients,
as their high fluid turnover is accompanied by immature regulatory mechanisms and
a higher risk for clinically relevant imbalances (see above). Regular (if necessary,
several times a day) clinical assessments, including measurement of body weight
and urine output, fluid balance, as well as acid—base status, serum electrolytes, and
blood glucose monitoring, are required, especially when starting parenteral nutrition.

In the case of medium- and long-term enteral or parenteral nutrition therapy, in
addition to routine clinical examinations, weight, length, and head circumference
gain should be documented in growth charts.

Moreover, the following laboratory parameters should be measured at regular
intervals (e.g., initially weekly) in adaptation to the clinical situation: acid—base
status, blood glucose, electrolytes, hematocrit, blood count with mean corpuscular
volume (MCV) and mean corpuscular hemoglobin (MCH), urea, creatinine, trans-
aminases, y-GT, alkaline phosphatase (AP), urine osmolarity, or specific weight.
Once stable conditions have been achieved, the control intervals can be extended.
To monitor adequacy in long-term parenteral nutrition therapy for substrates outside
of routine diagnostics, relevant surrogate parameters rather than actual serum levels
can be determined: low body stores of vitamin B12, folic acid, vitamin B6, copper,
or iron may be indicated by deviations in MCV, and serum levels of AP might be an
indicator for insufficient calcium intake (elevated AP), or severe zinc deficiency
(decreased AP), low vitamin K uptake manifests in abnormal clotting tests, etc.
Those routine parameters can be included into regular monitoring in order to avoid
specialized laboratory testing, which may require high blood volumes, are expen-
sive, and are often more difficult to interpret. Diagnostics should be expanded to
include specific testing (e.g., plasma concentration of vitamins, trace elements,
etc.), if clinical signs of deficiencies or excessive intakes are suspected and the use
of the above-mentioned indicator tests fails to clarify the clinical situation.

Cave The following information should be considered when monitoring newborn
infants:
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¢ In neonates during the first few weeks of life, urine specific weight or osmolarity
is of diagnostic significance only if the results show elevated values. Due to renal
immaturity, low (or normal) values may be caused by low renal concentrating
ability in preterm and term neonates and do not provide reliable information
about the fluid balance.

¢ When treating preterm and term neonates as well as young infants, healthcare
professionals must have access to laboratory testing that is equipped with micro-
blood volume methods, having in mind that only small sample quantities are
attainable.

10.3.4 Methods of Venous Access

The type of access for parenteral nutrition should be chosen individually, taking into
account the feasibility, underlying disease, osmolarity of the nutritional solution
used, as well as the expected duration of parenteral nutrition. In neonates, the use of
peripheral intravenous catheters (PIVCs) is associated with fewer serious complica-
tions (e.g., central line—associated bloodstream infections, thrombosis, etc.) in com-
parison to central venous catheters (CVCs). This advantage must be weighed against
various limitations in the use of peripheral venous access: restrictions in the osmo-
larity of the nutrition solutions used, higher risk of extravasations with possible
tissue necrosis, and the need for repetitive venipunctures. In newborns and children
on prolonged parenteral nutrition, peripherally inserted central venous catheters
(PICCs) or tunneled CVCs should be used. However, in older pediatric patients, and
in children requiring long-term parenteral nutrition or home parenteral nutrition, a
tunneled CVC is recommended for PN access.

Implanted central venous access devices for long-term parenteral nutrition (e.g.,
Broviac catheters) must be handled with particular caution to prevent infection and
thrombosis. Blood samplings and unnecessary manipulations should, if possible, be
avoided with this type of access. A catheter with the minimum number of lumens
and ports required for individualized treatment should be selected. Preferable mate-
rials for catheters in long-term PN are silicone and polyurethane, whereas antimi-
crobial coating for CVCs does not seem to provide any benefit and is therefore not
recommended. In the absence of any signs for catheter-related complications, CVCs
and PICCs should not be replaced routinely [8].

For enteral nutrition in preterm infants, gastric tube feeding is common practice
until adequate nutritional intake is achieved through oral feeding. In this setting,
enteral nutrition is provided via nasogastric or orogastric tubes. It should be noted
that nasogastric tubes, especially in the case of a large tube diameter and low body
weight, may impair airflow and thus lead to respiratory distress [9], whereas orogas-
tric tubes may be associated with an increased risk of displacement. Currently, there
are no clinical guidelines for the choice of the feeding tube access, and the practice
of feeding tube placement is largely based on the subjective experience and prefer-
ence of the different neonatal centers.
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Long-term oro- or nasogastric tube feeding is not recommended in older children
for reasons of comfort and due to the risk of tube displacement. Should there be a
foreseeable need for long-term enteral nutrition therapy, the option of a percutane-
ous endoscopic gastro- or jejunostomy should be considered.

10.4 Clinical Nutrition in Preterm and Term Neonates

From a physiological point of view, and in line with the gradual development of the
digestive capacity of the gastrointestinal tract, the newborn baby goes through a
period of considerable fasting from birth until the start of adequate breast milk
secretion of the mother. This is approximately during the first 3—4 days after birth.
However, postnatal fasting does not usually result in a nutritional gap, as the healthy
newborn uses its existing energy reserves from glycogen and fat stores, together
with the small amounts of colostrum ingested during the first few days of life.
Furthermore, energy requirements are low in the immediate postnatal period
because energy metabolism is reduced at the initial stages. This balanced situation
predisposes that the newborn has adequate body stores with neither a decrease in
available body reserves nor additional pathologies preventing the proper mobiliza-
tion of required energy reserves.

Preterm infants <35 completed weeks of gestation and sick term infants are
unlikely to be able to mobilize the required energy either from sufficient enteral
nutrition or body reserves due to various reasons (e.g., immaturity of the gastroin-
testinal tract, muscular and neurological functional limitations, or reduced adipose
tissue mass). In this group of patients, total or partial parenteral nutrition is gener-
ally required to meet the generally higher nutrient requirements for accelerated
growth and the possibly increased disease-related energy needs.

Despite concerns that an early exposure to enteral feedings in very immature new-
borns may lead to complications due to food intolerance and an increased risk of
necrotizing enterocolitis (NEC), the early initiation of trophic feeds (small nonnutri-
tive feeding volumes) and a gradual increase in milk volumes soon after birth instead
of enteral fasting did not result in these adverse effects [10]. Similarly, earlier and
faster progression in enteral feeding volumes did not lead to higher incidence of NEC
or mortality, whereas a faster increment of enteral feedings had the potential to
reduce the time on parenteral nutrition, length of hospital stay, and possibly the inci-
dence of invasive infections [11, 12]. Therefore, an early enteral nutrition manage-
ment strategy should also be implemented in small preterm infants in order to achieve
full enteral nutrition as quickly as possible while carefully monitoring possible feed-
ing-related complications, such as regurgitation, reflux, and NEC.

Taking into account the different nutritional requirements, it is generally useful
to distinguish between recommendations for the first 5-7 days of life and recom-
mendations for the subsequent period of stable growth (beginning from the second
week of life), as well as to differentiate between the fluid and nutrient requirements
of preterm infants and term newborns, based on their body weight.
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A subdivision based on birth weight and gestational age is therefore advisable,
resulting in the following frequently used classification:

* Preterm infants birth weight <1000 g (extremely low birth weight, ELBW).

e Preterm infants birth weight between 1000 and 1500 g (very low birth
weight, VLBW).

* Preterm infants birth weight >1500 g.

e Term infants >37 + 0 weeks of gestation at birth.

10.4.1 Nutrition in Newborns During the Phase
of Postnatal Adaptation

The transition from intrauterine to extrauterine life involves major changes, particu-
larly in the metabolism of water and electrolytes. During the early postnatal period,
various adaptation phases can be distinguished. The highly dynamic initial “transi-
tion phase,” which lasts the first hours to days after birth, defines a period of oliguria
followed by a phase of increased urine production, as well as relatively high sodium
excretion, leading to a redistribution of body fluid compartments. This transitional
phase usually ends when the nadir of postnatal weight loss has been reached and the
high insensitive water losses then gradually decrease again with increasing renal
function and progressive epidermal cornification processes. The early adaptation
phase is followed by a period of stabilization (“intermediate” adaptation phase) of
fluid and electrolyte balance, until the newborn enters the phase of continuous and
stable growth.

In preterm infants, a “restrictive” fluid management from the beginning of life
has been shown to favorably impact clinical outcome by decreasing the risk for
persistent ductus arteriosus (PDA) and NEC [13].

An overview of the recommended fluid supply during the first days of life,
according to birth weight, is provided in Table 10.1.

Despite the importance of a strict fluid management, an optimal energy supply
should be ensured from the first day of life to prevent energy deficiency and to meet
the requirements for an appropriate growth trajectory according to birth
percentiles.

It is suggested that the level of energy and protein provided even in the first week
of life may have a significant impact on later neurological outcome in very imma-
ture preterm infants, with each additional gram of nutrients and energy sources
provided having a beneficial effect on later neurological development [15].

Early life nutrition therapy in preterm or sick infants usually involves parenteral
nutrition. The initiation of parenteral nutrition with target nutrient doses in the
sense of an “aggressive” parenteral nutrition regimen has been shown to be well
tolerated in stable infants [16]. However, it is common practice to initiate paren-
teral nutrition more cautiously with macronutrient doses that initially meet basal
requirements and then gradually increase nutrient delivery while monitoring meta-
bolic tolerance.
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In VLBW preterm infants, the initiation of parenteral lipid and protein supple-
mentation from the first day of life has proven to enable a positive nitrogen balance
and an increased protein synthesis from the onset, which improves short-term
growth and is recommended. A positive nitrogen balance can be achieved with an
intake of at least 1.5 g protein per kilogram bodyweight from the first day of life on,
and maintained by a promptly increased protein supply up to a maximum of
2.5-3.5 g/KGBW/d within 2-3 days after birth, thus preventing a net loss of body
mass or growth faltering during the early postnatal period. Moreover, early paren-
teral protein substitution may result in a lower incidence of hyperkalemia in preterm
infants and possibly in improved insulin sensitivity (with fewer episodes of neonatal
hyperglycemia).

Higher overall energy supply, with low fluid volumes, can be achieved using
parenteral lipids from the first days of life. In VLBW infants, it is recommended that
intravenous lipid supply be started as soon as possible after birth (no later than the
second day of life) with a lipid emulsion dosage at least providing an adequate
intake of essential fatty acids (e.g., minimum intake of 0.25 g/KGBW?/d of linoleic
acid). Lipid supply should not exceed amounts of 4 g/KGBW/d in neonates.

With carbohydrates being the main energy source in parenteral nutrition, the
amount of parenteral carbohydrate intake should be balanced between the effort to
meet the high energy needs and the prevention of excessive glucose load resulting
in hyperglycemia and hepatic steatosis. Blood glucose levels repeatedly exceeding
145 mg/dL (180 mg/dL in preterm infants) or falling below 45 mg/dL are associated
with increased morbidity and mortality, as well as poorer outcome, and should be
avoided. In principle, the only appropriate carbohydrate-containing basic infusion
solutions are glucose solutions, with the possibility of using high-concentrated
(10-15% glucose solution) or low-concentrated (7.5% or 5% glucose solution) glu-
cose solutions depending on metabolic monitoring (blood glucose control). The
recommended parenteral glucose supply for neonates is based on intrinsic rates for
gluconeogenesis and glucose oxidation and should also take into account the age
(postnatal days), actual metabolic situation, and phase of illness, starting with
5.8-11.5 g/KGBW/d in stable preterm infants on the first day of life (3.6-7.2 g/
KGBW/d in term infants) and gradually increasing to a target intake of around
11.5-14.4 g/KGBW/d (term infants 7.2-14.4 g/KGBW/d) [17, 18, 19].

It should be noted that mineral and electrolytes homeostasis must be closely
monitored and sufficient supplies of sodium, potassium, and phosphate must be
provided under the currently recommended high macronutrient (e.g., protein)
intakes, especially in very immature and growth-retarded preterm infants. This is to
prevent the occurrence of a “refeeding-like syndrome,” a potentially life-threatening
condition caused by severe micronutrient imbalances [20, 21]!

In critically ill neonates with an impaired metabolic regulation, e.g., due to
severe infection or surgical stress, the tolerance of parenteral nutrition therapy must
be monitored, and the intakes adjusted accordingly [7]. In this situation, it is com-
mon practice to reduce the macronutrient intake to basic requirements and an energy
supply in the area of resting energy expenditure, similar to the conditions on the first
day of life.
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10.4.2 Initiating Enteral Nutrition in Very Premature Neonates

Studies in both animals and humans have shown that enteral nutrition is essential to
facilitate intestinal maturation [22], while providing energy and nutrients to intesti-
nal cells from the intraluminal space. Early enteral administration of nutrient-rich
solutions is thus advisable in extremely premature infants. The fear that early enteral
nutrition might increase the risk of NEC, a dreaded complication associated with
nutrition therapy in preterm infants, was not supported by recent research. On the
contrary, an earlier start with progressive enteral feeds seemed to be advantageously
associated with a lower risk of invasive infections, probably due to a shorter dura-
tion on PN with fewer (central) venous catheter-days [10, 11]. Initiating enteral
nutrition with very low nutrition volumes (“minimal” or “trophic feeding”) soon
after birth followed by a gradual increase of enteral feeding volumes under continu-
ous monitoring of gastrointestinal tolerance (“progressive enteral feeding”) is now
common practice in most neonatal centers.

To ensure safe and effective practice, it should be mandatory to prescribe enteral
and parenteral nutrition therapy for preterm and term neonates on the basis of stan-
dardized, well-informed prescription guidelines. Through implementation of a stan-
dardized feeding regimen alone, the risk for severe complications, e.g., NEC, can be
decreased [23].

Meta-analysis data suggest that the incidence of NEC can be further reduced
through prophylactic enteral administration of specific probiotic bacteria [24].
Depending on the prevalence of NEC in the respective perinatal center, routine pro-
phylactic administration of a probiotic strain (combination) with proven effective-
ness in NEC prevention should be considered for infants at risk. However, certainty
about the optimal strains, doses, and timing of this preventive strategy still remains
to be determined.

10.4.3 Nutrition in Newborns After the Adaptation Phase

Implementing enteral nutrition is usually completed in the phase of stable growth
(from the second week of life) in premature neonates and sick term infants. Should
parenteral nutrition still be required in this phase, treatable reasons for the delayed
implementation of enteral feeding should be sought. In most cases, nutrient supply
via the enteral route is provided by administration of mothers’ own milk, donor
breast milk, infant formula, or specialized preterm formula.

Daily fluid requirements vary widely in neonates and infants, depending on age,
maturity, and activity. Generally, enteral fluid requirements around 150-180 mL/
KGBW, or around 140-160 mL/KGBW parenterally supplied fluid volumes can be
considered adequate in most stable term and preterm newborns during the phase of
stable growth [14, 25]. Yet, in order to provide adequate amounts of nutrients in
preterm infants’ fluid, demands may increase to up to 200 mL/KGBW/d. In addi-
tion, special circumstances associated with altered fluid requirements must be con-
sidered, such as the increased fluid requirements associated with fever, increased
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gastrointestinal losses or tachypnea, as well as decreased fluid requirements due to
respiratory therapy with humidified breathing gas.

Protein requirements in relation to body weight, which depend on growth rate
and body stores, are significantly higher in growth-restricted preterm infants and
very premature infants with catch-up growth than in eutrophic term neonates.
Recommendations for enteral protein intake for preterm infants, classified by birth
weight, are in the range of 3.5-4.5 g/KGBW/d (see Table 10.2; Embleton et al.
[25], s.0.). Recommendations for lower protein intake apply to term infants and
should principally mimic those of healthy, breastfed newborns. These are esti-
mated at approximately 2.5 g/KGBW/d (website DGE [26]) for term-born neo-
nates by means of enteral nutrition, and at approximately 1.5-3.0 g/KGBW/d via
parenteral nutrition [17]. After the neonatal period, the enteral protein requirement
in healthy infants decreases from approximately 2.5-1.3 g/KGBW/d throughout
the first year of life [26], and a minimum amino acid intake of 1.0 g/KGBW should
be provided via parenteral nutrition to infants and children from 1 month to 3 years
of age [17].

A separate supplementation of individual amino acids, such as glutamine, argi-
nine, or taurine to reduce neonatal morbidities (e.g., reduce the incidence of NEC),
is not recommended for routine clinical practice because there is insufficient evi-
dence for clinical benefit.

Energy requirements in this phase of life also vary widely, ranging from approx-
imately 115-160 kcal/KGBW/d for VLBW preterm infants on enteral nutrition
[25], while the parenteral energy supply in principal may be somewhat lower
(approx. 90-120 kcal/KGBW/d) due to the lack of gastrointestinal losses [27]. In
clinical practice, however, individual energy and nutrient requirements can be esti-
mated by relating the weight gain achieved to the targeted (intrauterine)
growth curves.

If other etiologies for failure to achieve “percentile-parallel growth” can be ruled
out, insufficient energy supply results in a drop, whereas excessive energy supply
results in a recovery of weight in comparison to intrauterine percentiles. The opti-
mal growth rate for premature infants is still a matter of debate. There is some evi-
dence indicating that growth exceeding the intrauterine development could lead to
obesity at adult age [28]. In addition to the quantity of nutrient intake, the effect of
nutrient quality is also the subject of ongoing research. For example, it is suggested
that the quality and composition of lipid emulsions used for PN, such as solutions
rich in long-chained-polyunsaturated fatty acids, may be beneficial in the preven-
tion or resolution of parenteral nutrition—associated cholestasis.

Table 10.2 Recommendations for enteral protein intake in neonates with different birth weight
(on basis of Embleton et al. [25] and DGE [26])

Birth weight (g) <1000 g 1000-1800 g >1800 g
Daily protein requirements (g) 4.0-4.5 3.5-4.0(-4.5) ca.2.5
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10.4.4 Preferred Food for Newborns

Breast milk is the best form of physiological nutrition for premature and term neo-
nates and is thus considered the gold standard. For very small preterm infants, spe-
cific substrate and energy requirements are indicated due to their higher energy and
nutrient needs. Milk fortification, e.g., with protein, and energy or specific preterm
formula is generally prescribed for this population. To avoid typical diseases of the
preterm infant and because of the immaturity of various metabolic systems, a sepa-
rate supplementation of vitamins, calcium, phosphorus, and iron is also often
advisable.

10.5 Clinical Nutrition in Older Infants, School Children,
and Adolescents

The principles of nutritional therapy for older children are similar to those described
for neonates. It is easier to make recommendations for this population because there
is no adaptation or stabilization phase and the metabolic and regulatory mechanisms
are more mature than in neonates. However, nutrient requirements should be
assessed in relation to body weight and age, particularly in relation to total energy,
protein, and fluid requirements.

An age-matched nutritional substrate intake is also required for older pediatric
patients (see Table 10.3); however, with increasing age, better compensation mecha-
nisms for balancing fluctuations in nutrient intake are more readily available. In
general, a short-term phase of reduced nutrient intake, which is associated with
depletion of body stores, can be tolerated for a maximum of 1 week in children
beyond infancy, depending on the preexisting nutritional status. During this period,
partial parenteral nutrition may be sufficient, while mobilizing available body
stores. If requirement- and age-adequate enteral nutrition intake cannot be guaran-
teed, thereafter, the implementation of complete parenteral nutrition therapy must
be considered (see above).

Certain specific metabolic functions in childhood and adolescence differ from
those in adulthood. For this reason, clinical nutrition therapy requires specific and
age-appropriate sources of nutrition. Both enteral and parenteral nutrition therapies
should always be performed, relying on products tailored to the specific needs of

Table 10.3 Approximated daily energy, protein, and fluid intake for children at different ages (per
kilogram of body weight and day) (on basis of ESPGHAN/ESPEN Guidelines 2018) and DGE
2024 [14, 17, 26, 27]

Unit Age
Substrate | Years 2nd month to >1 year |1-3 3-7 7-12 12-18
Energy kcal/KGBW/d | 90-100 75-90 | 75-90 | 60-75 30-60
Protein g/KGBW/d 1.0-2.5 1.0-2.0 109-2.0 0.9-20 | 0.9-2.0
Fluid mL/KGBW/d | 120-150 80-120 | 80-100 | 60-80 50-70

KGBW/d Kilogram body weight per day
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either children or adolescents, such as pediatric amino acid solutions and tube feed-
ing formulas for children of different ages, containing different amounts of protein
and energy. The use of fiber-rich nutrition must also be considered in children, if
there are no contraindications.

10.6 Perioperative Nutrition in Children and Adolescents

The risk of catabolism from prolonged perioperative fasting periods is higher in
children and adolescents than in adults. Patients with preexisting nutritional defi-
ciencies, toddlers, and infants are at particular risk. Establishing a structured periop-
erative nutritional approach when planning surgery can help to prevent the
development of deficits and improve the postoperative outcome. If possible, an age-
appropriate nutritional status should be attained prior to (elective) surgery to reduce
the risk of postoperative complications.

10.6.1 Preoperative Planning

The scheduled preoperative fasting period should be as short as possible, and the
time limits should be strictly adhered to. Children should, for example, be requested
to eat and drink until the mandatory fasting period. If adequate enteral nutrition
until that time is not possible, partial parenteral fluid and nutrient supply appear
indicated, with the aim of limiting catabolism while providing energy and basic
structural elements. Should there be a state of malnutrition prior to performing sur-
gery, preoperative nutrition therapy should be implemented. While this strategy
aims to improve nutritional status, it has also been shown to improve postoperative
outcome.

Examples of recommended fasting periods for elective surgery are as fol-
lows [29]:

* Age <12 months: 4 h of formula milk fasting, 3 h of breast milk fasting, 1 h of
clear fluid fasting.
e Age >12 months: 6-h fasting for solid food, 4 h for nonclear fluids.

10.6.2 Intraoperative Infusion Therapy

Intraoperative infusion requirements include preoperative deficits (such as fasting
periods, enhanced losses, as well as nutritional deficits on account of prior medical
history), basic water and electrolyte requirements for the operative period, along
with intraoperative correction requirement that are dependent on the duration of the
intervention as well as on the severity of surgical trauma. In principle, when choos-
ing perioperative infusion solutions for children, it must be taken into account that
large amounts of hypotonic infusion solutions reduce serum osmolality and can
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cause unforeseen electrolyte and fluid shifts. Intraoperative hyponatremia, which
has been shown to be associated with poor postoperative outcome, increases the risk
of cerebral edema and encephalopathy occurrence, particularly in critically ill chil-
dren [30]. Isotonic and physiological infusion solutions must be administered peri-
operatively whenever possible. Intraoperative parenteral glucose administration
must be considered in specific settings only, when the risk of hypoglycemia is par-
ticularly increased, as in any condition leading to an impaired fasting tolerance.
This includes neonates, as well as critically ill children with sepsis or SIRS, children
with preoperative malnutrition, preexisting parenteral nutrition therapy, diabetes
mellitus or other metabolic disorders, and children with an impaired liver function.
In otherwise healthy children, the risk of intraoperative hypoglycemia occurrence
remains low, whereas severe hyperglycemia may be associated with numerous
adverse complications, such as osmotic diuresis, increased infection rate, or wound
healing disorders [31]. In critically ill children or patients with enhanced cerebral
vulnerability, hyperglycemia can result in increased perioperative mortality. The
occurrence of intraoperative hypo- and hyperglycemia episodes must therefore be
prevented with utmost attention.

Using balanced electrolyte solutions with minimal glucose and additional meta-
bolic anions designed to prevent hyperchloremic acidosis (for example, Ringer-
Lactate with 1-2.5% glucose) represents a potential compromise [32].

10.6.3 Postoperative Planning

In the absence of contraindications, early initiation of enteral nutrition following
surgery appears to be the optimal solution for children (“fast track” concept). Rapid
physiological re-alimentation, whenever possible, was shown to promote recovery
while enhancing the child’s satisfaction, decreasing infection rates, and shortening
hospital stay. Healthy children may already be able to start drinking in the recovery
room, after minor surgery without intestinal involvement, after protective reflexes
have been restored. The indication for partial parenteral or enteral nutrition therapy
following surgery depends on the preexisting nutritional status and feeding ability
that must be individually assessed. Catabolism should be avoided so as not to impair
the healing process. If from a surgical perspective, the postoperative fasting period
exceeds 2-3 days (below 50% of the age-related energy needs), parenteral nutrition
therapy should be applied.
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The nutritional status is a critical factor for the clinical course of the seriously ill.
This holds for obesity as well as for cachexia. Both nutrition disorders may be
accompanied by an unfavorable outcome regarding complication rate, wound heal-
ing, duration of mechanical ventilation, length of ICU stay, and mortality. Even
though the predictive importance of the nutritional status is already well docu-
mented for many diseases, an adequate nutritional therapy receives most often only
minor attention during daily routine. Therefore, the screening for malnutrition in
hospitals is still an exemption in many countries. For intensive care patients, an
especially high risk exists that an underlying nutritional problem may be unrecog-
nized. They are often admitted as emergencies where the severity of disease forces
a prioritization during which nutrition may easily be regarded circumstantial. The
particularities of nutrition for obese and cachectic intensive care patients will be
addressed in the following chapter.

11.1 Definitions

For intensive care patients, the same definitions of obesity and cachexia apply as for
other patients (see also Chap. 4). Obesity is quantified by BMI according to the
WHO criteria (Table 11.1).
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Tablg 11.1 Classification of Obesity class I: | BMI 30-34.9 kg/m?
obesity according to Obesity class II: | BMI 35-39.9 kg/m?
WHO [22]

Obesity class III: | BMI >40 kg/m?

Table 11.2 Thresholds for severity grading of malnutrition into stage 1 (moderate) and stage 2
(severe) malnutrition according to the recent GLIM recommendations

Phenotypic criteria

Low body
mass index
Weight loss (%) (kg/m?) Reduced muscle mass

Stage 1 moderate 5-10% within the | <20 if Mild to moderate deficit
malnutrition (requires 1 past 6 mo, or <70 yr (per validated assessment
phenotypic criterion that 10-20% beyond 6 | <22 if methods, see EWGSOP2)
meets this grade) mo >70 yr
Stage 2 severe malnutrition >10% within the <18.5if Severe deficit (per
(requires 1 phenotypic past 6 mo, <70 yr validated assessment
criterion that meets this or >20% beyond 6 | <20 if methods)
grade) mo >70 yr

The term cachexia is synonymous to disease-related malnutrition with inflamma-
tion [4]. Modern cachexia definitions are based on the combination of weight loss
and disease activity/inflammation. In 2011, an international consensus group gave
the following definition for tumor cachexia [7], which is also applicable for other
diseases:

*  Weight loss >5% in the past 6 months (as long as no starving is present) or
* BMI <20 kg/m? and weight loss >2% or
* Diminished skeletal muscle mass (<5 percentile) and weight loss >2%

More recently, the Global Leadership Initiative on Malnutrition (GLIM), an
international consensus group covering all major national and umbrella scientific
societies in the field of clinical nutrition, has proposed a concept for diagnosing
malnutrition based on three phenotypic (weight loss, low BMI, low muscle mass)
and two etiologic (decreased food intake, disease burden/inflammation) criteria [5].
The grading of malnutrition into moderate and severe malnutrition is based on the
three etiologic criteria (Table 11.2).

With intensive care patients, however, the sometimes-significant water deposits
following, e.g., multi-organ failure, make all weight-related quantities hard to inter-
pret. This adds further importance to an assessment of the nutritional status right at
the beginning of a disease. A meticulous (third-party) history regarding earlier usual
body weight, weight loss and recent nutrition intake, as well as a qualified physical
examination, allows in most cases an evaluation of the nutritional status.
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Independent from the above, validated screening instruments such as the
NRS-2002 assume that the seriously ill are always in a catabolic situation and thus
carry a high nutritional risk [9]. The 2023 ESPEN practical guidelines on clinical
nutrition in the intensive care unit states: “Every critically ill patient staying for
more than 48 h in the ICU should be considered at risk for malnutrition [19].”

11.2 Prevalence

In most countries, the prevalence of overweight and obesity is increasing in the
general population. The German Health Interview and Examination Survey for
Adults [13] demonstrated an increase of the prevalence of overweight (BMI >25 kg/
m?) with rising age in men up to 80% until the age of 60 (including 25-30% obese)
with a stagnation until higher age. For women, the prevalence of overweight
increases almost continually with rising age. The prevalence of obesity for women
above 55 years was 25-35%. Regarding obesity in intensive care unit patients, the
big database of the nutrition Day project allows a more global perspective and
shows a large variability between continents (summary of these data in [18]):
Prevalence rates of obesity (BMI >30 kg/m?) in the ICU were 39% in the United
States, 22% in Europe, 17% in South America, and 10% in the Asian/Pacific region.

The prevalence of cachexia/disease-related malnutrition differs between differ-
ent regions and countries, but also according to the different screening or diagnostic
instruments used. On admission to the hospital, about 25-30% of all adult patients
show a clinically manifest malnutrition in European studies [14] with a higher prev-
alence in geriatric and cancer patients and in patients with gastrointestinal diseases
[16]. A systematic review of 66 studies from 12 countries in Latin America, how-
ever, showed an even higher prevalence of 40-60% [6].

Cachexia is a risk factor for morbidity, complications, loss of functionality, pro-
longed hospital and ICU stay, and mortality. This has been impressively shown in a
meta-analysis including 12 studies on malnutrition in adults with COVID-19 [3]:
patients with malnutrition had a more than threefold higher in-hospital mortality
compared to well-nourished subjects. Similar strong associations between malnutri-
tion and mortality have also been observed in severely or critically ill COVID-19
patients [23].

11.3 Special Aspects in Obesity Class | and Il

Obesity increases the risk for insulin resistance, diabetes mellitus, high blood pres-
sure, cardiovascular diseases, hepatic cirrhosis, deep venous thrombosis, degenera-
tive joint disorders, pulmonary dysfunctions, and several tumor entities. Therefore,
obese intensive care patients commonly suffer from several chronic comorbidities
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with impact on the prognosis. The problem of insulin resistance deserves prior
attention when dealing with the nutrition of the patient.

Note: Beside glucose monitoring for manifested diabetes mellitus, patients
with mild obesity do not seem to require special adaptations for the medical
nutrition on the ICU.

The obese seriously ill patient is not protected by his excess of energy reserves
from falling into an acute state of malnutrition via catabolism. Insulin resistance,
reduced utilization of energy substrates, increased mobilization of fatty acids, and
hyperlipidemia even produce an increased vulnerability for the reduction of fat-free
mass through increasing protein degradation during insufficient nutrition intake.
During the course of severe diseases, this may lead to sarcopenic obesity, which is
associated with worsened outcome and increased mortality.

Therefore, the fundamental principles of nutrition for intensive care patients also
apply for mild obesity. Alike lean patients, they benefit from an early low-dose
enteral nutrition (avoiding overfeeding!) if there is no contraindication. The energy
and protein goal (defined as >70% but not exceeding 100% of the resting energy
expenditure) should be achieved progressively, but not before the first 48—72 h.
According to the ESPEN guidelines [19], an iso-caloric high-protein diet can be
administered. The energy intake should preferentially be guided by indirect calorim-
etry, and the protein intake by measurement of urinary nitrogen losses. If these mea-
sures are not available it is recommended to provide energy based on the calculation
of ideal body weight (0.9 x (height in cm—100 (male) or -106 (female))). Under the
assumption that about 10% of excess weight of obese individuals are muscle mass
(with higher energy utilization than fat mass), it is recommended to add 20-25% of
the excess weight (actual body weight — ideal body weight) to the ideal body weight
(=adjusted body weight) for calculations of energy requirements [19].

The protein intake can be calculated as 1.3 g/kg adjusted body weight/d if esti-
mation of nitrogen balance is not available.

11.4 Specific Recommendations for Nutrition
in Class Ill Obesity

11.4.1 Access Route

Patients with class III obesity (BMI >40 kg/m?) have an increased intra-abdominal
pressure which fosters gastroesophageal reflux und aspiration. It is hence recom-
mended to place enteral feeding tubes postpyloric, ideally behind the ligament of
Treitz. The use of a PEG being quite rare is most often technically unproblematic
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with class III obesity but may, however, come along with a higher complication rate.
The risk of a tube dislocation is increased as the massive fat storage thickens the
large net [17]. Thus, it is recommended by some authors to additionally fix the
stomach at the anterior abdominal wall through either surgically or endoscopically
placed sutures.

11.4.2 Energy and Protein Demand

The ESPEN guideline on clinical nutrition in the intensive care unit does not spe-
cifically address the nutrition in the class III obese patient, but mention the concept
of controlled undernutrition with relatively larger dose of protein in this patient group.

Some stratification of the energy and protein targets was suggested in the ASPEN
guidelines with a high-protein and hypocaloric nutrition for class III obese intensive
care patients in order to preserve the fat-free mass and to reduce the amount of fat
mass and improve insulin sensitivity [11].

In accordance with the ESPEN guidelines, it is recommended to determine the
energy demand by indirect calorimetry and the protein demand by nitrogen balance
studies. Alternatively, if this is not available, it is proposed to use predictive equa-
tions, which, however, are considered as less accurate in patients with obesity. A
simple approach is based on the actual or ideal body weight [11]:

Recommended caloric intake for obese:

¢ 65-70% of the calorimetric or calculated demand (all class of obesity) or
o 11-14 kcal/kg actual body weight for patients with BMI 30-50 kg/m? and
o 22-25 kcal/kg ideal body weight for patients with BMI >50 kg/m?

The recommended protein intake is depending on the degree of obesity and is
oriented at the ideal body weight (IBW):

Obesity degree I >2 g/kg IBW/d
Obesity degree 11 >2 g/kg IBW/d
Obesity degree 111 >2.5 g/lkg IBW/d

11.4.3 Types of Tube Feeding Formulae

The daily demand of liquid of class III obese patients is often increased. Therefore,
it is recommended by some authors that the energy density of food should not
exceed 1.0 kcal/mL [10]. However, tube feeding formulae closely adapted to the
previously mentioned requirements of obese intensive care patients are not easy to
find. While the protein calorie to total calorie ratio should be >30%, the standard
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tube feeding formulae available on the market contain 15-20% and the high-protein
versions do not exceed 20-25% showing a calorie density >1 kcal/mL.

Note: The proposed concept of high-protein, hypocaloric nutrition in class III
obesity is therefore only feasible through a combination of industrial manu-
factured enteral formula and an enteral or parenteral addition of protein resp.
amino acid solutions.

As obesity may come along with a chronic systemic inflammation, the impor-
tance of immune-modulating substrates resp. fatty acids with anti-inflammatory
properties has been discussed. Because of the absence of specific studies, it is not
possible to give recommendations, which exceeds the general statements for criti-
cally ill patients.

11.4.4 Monitoring of Nutrition Therapy for Obese

Obesity is associated with insulin resistance and alterations of metabolism, and
thus, a close monitoring of glucose, triglyceride, and cholesterol levels is necessary.
Also, the substrate and insulin supply must be adapted correspondingly. Insulin
administration is recommended when glucose levels exceed 10 mmol/L [19]. Based
on an increased risk for nonalcoholic steatohepatitis, a regular determination of the
liver function tests is required twice weekly [2]. Ideally, the efficiency of protein
intake is tested by the nitrogen balance [protein supply (g/d)/6.25 — (24 h urinary
nitrogen excretion + 4 g)].

11.5 Specific Nutritional Recommendation for Cachexia

Advanced cachexia comes along with an increased mortality rate for critically ill
patients with best survival for patients with BMI 30-39.9 kg/m? in this meta-analysis
[1]. The existing deficits of macro- and micronutrients as well as the concept of an
increased demand through stress metabolism lead to the concept of hyperalimenta-
tion which is nowadays regarded dangerous and obsolete. Especially during the
early phase of severe illness, the decisive limitation of the nutrition supply lies in the
limited nutrient utilization. Hence, a phase-adapted nutrient supply is required for
cachexia (see Chap. 2). Furthermore, a deficiency of macronutrients is frequently
associated with a deficiency of micronutrients, which promotes the potentially life-
threatening refeeding-syndrome (see Sect. 11.6), and thus provides another reason
for a hypocaloric nutrition.
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11.5.1 Access Route

In general, the enteral route should be chosen whenever possible which is also true
for cachexia. The same considerations as for other intensive care patients apply for
the choice of the type of tube. The gastrointestinal tolerance is, however, often lim-
ited with extreme cachexia, and therefore, a combined enteral and parental nutrition
might be needed in individual cases to cover the nutrient demand (see Chap. 12).

11.5.2 Energy and Protein Demand

The energy demand in preexisting cachexia varies between patients and during dis-
ease according to nutritional status, body composition, severity of disease, endoge-
nous nutrient production, medical treatment, and several other factors. Therefore,
the best way to assess the energy demand is indirect calorimetry. If this technique is
not available, one might use the oxygen consumption (VO,) from pulmonary cath-
eter or carbon dioxide production (VCO,) measured from the ventilator (e.g., calcu-
lation of resting energy expenditure = VCO, x 8.19, according to [21]) with the
limitation in patients treated with FiO, >0.6 (lower reliability).

Predictive equations are also commonly used, but they are considered as less
accurate. As a very pragmatic approach, the calorie demand after the early phase of
acute illness can be estimated based on body weight (20-25 kcal/kg body weight/d)
[19]. During the recovery phase of the disease, however, an increased energy
demand of >25 kcal/kg body weight/d must be assumed.

Note: For cachectic intensive care patients, a hyperalimentation during early
phase and a hypoalimentation in recovery phase must be avoided.

The normal protein demand of healthy subjects is about 0.8 g/kg body weight/d,
but it is higher at higher age and in disease and malnutrition. The general recom-
mendation regarding the protein intake of intensive care patients is 1.3 g/kg body
weight/d according to the 2023 ESPEN guidelines [19]. Although no specific rec-
ommendations exist for preexisting cachexia, it can be assumed that this applies
also for these patients.

It is important to mention that cachectic patients in the postacute or recovery
phase require special attention and careful monitoring of their food intake to supply
sufficient macronutrients [8]. Peterson et al. [15] demonstrated that 1 week after
extubation many patients received no more than 700 kcal/d, probably because of the
false assumption that patients who were able to eat will automatically manage to
cover their energy and protein demands. In this situation, dietary advice, fortified
food, the use of protein- and energy-rich oral nutritional supplements, and supple-
mentary enteral or even parenteral nutrition might be necessary to achieve anabolism.
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11.5.3 Types of Tube Feeding

To cover the increased demand associated with cachexia, a high-protein for-
mula with a protein contend of 20-25% of the total energy is recommended.

Concerning the use of immune modulating or other specific diets in cachexia, the
same recommendations apply as for other intensive care patients.

11.6 The Refeeding Syndrome

The refeeding syndrome was observed for the first time in cachectic Japanese pris-
oners of war during the 1950s. After resuming normal nutrition intake, they surpris-
ingly died from cardiac arrhythmia and cardiac insufficiency. By now it is well
known that all diseases and clinical situations associated with a pronounced micro-
nutrient deficiency, pose a risk for the refeeding syndrome (Table 11.3). This may
also concern obese patients with malabsorption or severe weight loss, especially
after bariatric surgery [12].

The cause is primarily a deficiency of thiamine, phosphate, and other micronutri-
ents, which becomes evident through “physiological” substrate intake where espe-
cially the glucose-induced insulin release causes a shift of potassium, phosphate,
and magnesium toward the intracellular compartment. This may cause severe neu-
romuscular dysfunctions. Typical findings are also hypomagnesemia, hypokalemia,
lactic acidosis, and fluid retention. Clinically, the patients often demonstrate neuro-
muscular dysfunctions, Wernicke’s encephalopathy, hypoventilation, cardiac
arrhythmia, and cardiac and renal insufficiency. The prevention of the refeeding
syndrome consists primarily of an extremely careful substrate intake of <50% of the
calculated demand (Benchmark: initial 10 kcal/kg bodyweight/d), with a gradual
increase closely monitored over 7-10 days. Additionally, to the normal intake of
dietary minerals and trace elements, all patients who have an increased risk should
receive 200-300 mg/d thiamine and 200% of RDI of other vitamins during the first

Table 11.3 Risk groups for refeeding syndrome

Chronic under- and malnutrition | Anorexia nervosa
Chronic alcohol abuse
Cachexia of any origin
Severe weight loss in morbid obesity, after bariatric surgery
High metabolic stress or fasting >7 days

Elderly patients Comorbidities
Reduced physiologic capacities
Malabsorption Celiac disease, Whipple disease

Chronic inflammatory bowel disease
Chronic pancreatitis
Short bowel syndrome
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3-5 days [20]. Besides the normal monitoring, phosphate, calcium, potassium,
sodium, chloride, magnesium, and the blood gas analysis have to be determined at
least once daily, and if necessary substituted.

In patients with manifest hypophosphatemia (<0.65 mmol/L or drop of

>(0.16 mmol/L), electrolytes should be measured two to three times per day and
supplemented [19].

Note: The prevention of the refeeding syndrome is based mainly on a very
careful increase of the amount of food given (initially 10 kcal/kg body
weight/d) together with a careful monitoring and the supplementation of thia-
mine, phosphate, and other micronutrients.
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12.1 Introduction

When examining healthy individuals, gastric emptying is a complex process that
varies significantly from person to person and is influenced by numerous factors
such as food composition or comorbidities. Typically, the gastric emptying process
is more pulsatile than continuous. The usual rate of emptying ranges between 1 and
4 kcal/min (4 and 17 kJ/min) [1].

Nutrition for critically ill patients is a constant challenge due to different phases
of illness accompanied by varying metabolic changes, necessitating individual
adjustments in nutrient intake. In this context, the caloric goal plays a crucial role,
as both insufficient and excessive caloric intake can adversely affect mortality. Due
to motility disorders, a purely enteral approach often leads to undernutrition, with
the rate of emptying significantly delayed compared to healthy individuals.

To ensure adequate substrate supply, it may be necessary to initiate supplemental
parenteral therapy in cases of inadequate enteral absorption but adequate utilization.
In this context, measuring gastric clearance is of immense importance, as it serves
as an indicator of nutrient transport and thus a predictor of adequate nutrient intake.

Scintigraphy is considered the gold standard for monitoring gastric emptying [2].
However, the method’s drawbacks include the need for specific equipment and the
radiation exposure to the patient. This technique is particularly impractical in an
intensive care setting, as it cannot be seamlessly integrated into daily routines.
Likewise, the alternative method of isotope breath testing, which involves adminis-
tering carbon-13 labelled isotopes in food, is impractical for daily use in an inten-
sive care unit due to the required equipment.
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In daily practice in intensive care units, gastric reflux testing has become estab-
lished. However, this method is controversial, showing little correlation with the
actual volume of gastric contents and is even considered obsolete by some [3].

In recent years, sonography has gained popularity in daily routines due to
improvements in ultrasound devices and the introduction of handheld units. A vari-
ety of point-of-care methods have been established, offering the ability to make
quick, reliable, bedside assessments with low interobserver variability, thus enabling
ad hoc planning of further therapy.

While sonography has not yet been fully established in the nutritional therapy of
intensive care patients, it has proven to be a valuable diagnostic tool for evaluating
gastric residual volume with reliable predictability in perioperative medicine. For
this reason, gastric sonography is viewed with high confidence for nutritional
management.

12.2 Sonographic Evaluation of the Stomach

Sonography of the stomach is an essential skill that has been integrated into the
educational curricula of various medical training programs across Europe, includ-
ing Germany. This aspect of medical education emphasizes the importance of
understanding and applying different transducer placements to obtain optimal imag-
ing results for diagnostic purposes.

For standard sonographic examination of the stomach, two types of transducers
are commonly used: the curved-array transducer and the sector transducer. Each of
these transducers offers specific advantages in visualizing abdominal structures,
allowing for detailed examination of the stomach and surrounding areas.

The stomach is anatomically located near the distal esophagus and the cardia,
close to where the aorta passes through the diaphragm at the aortic hiatus, with the
esophageal hiatus also in close proximity. By visualizing the descending aorta and
following it to its passage below the diaphragm, sonographers can identify the car-
dia of the stomach. This area is crucial for evaluating various gastrointestinal (GI)
conditions and assessing the stomach’s anatomy and function (Fig. 12.1).

A significant aspect of gastric sonography is the ability to observe the typical
five-layer structure of the intestinal wall, which is evident in sonographic imaging.
This layered structure is crucial for diagnosing various gastrointestinal diseases and
conditions, as alterations in the appearance of these layers can indicate pathology.
The five layers, from the outermost to the innermost, include the serosa, muscularis,
submucosa, mucosa, and the luminal interface, each with its distinctive sonographic
appearance.

Incorporating sonography of the stomach into medical training programs is a
critical step toward ensuring that future healthcare professionals are well prepared
to conduct thorough abdominal examinations. This preparation is essential for the
accurate diagnosis and effective management of patients with gastrointestinal con-
ditions. Sonographic examination of the stomach, with its ability to provide
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3 - portal vein, confluens
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Fig. 12.1 Subcostal view showing cardia and antral section of stomach

real-time imaging, offers a noninvasive and immediate method to assess various
gastric and surrounding anatomical structures.

When performing a sonographic examination of the stomach, one of the tech-
niques involves visualizing the stomach laterally, in relation to the spleen (Fig. 12.2).
To achieve this, the sonographer locates the spleen along the middle to posterior
axillary line. The transducer is then moved ventrally (toward the front of the body)
until the fundus and corpus of the stomach become visible. This approach helps in
assessing the upper portion of the stomach, providing valuable insights into its size,
shape, and any pathological changes.

However, it’s important to note that when the stomach is empty, its visualization
might be challenging. The empty stomach may not display sufficiently in sono-
graphic images and can be obscured by the left colic flexure (the bend of the colon
near the spleen). This highlights the necessity for healthcare professionals to be
adept at maneuvering the transducer and applying various imaging techniques to
adequately visualize and assess the stomach (Figs. 12.1 and 12.2). Mastery of these
skills allows for a more comprehensive examination, facilitating the identification
of abnormalities and guiding appropriate patient management strategies.

The corpus can also be displayed in the middle clavicular line as a left upper
abdomen cross-section. The lower edge of the rib cage can serve as a point of orien-
tation for this. Visualization may be hindered by overlaps with gas-filled colon.

The visualization of the antrum has become the standard procedure. Due to its
anatomical relationship to the left liver lobe, the antrum is easily identifiable and
accessible for sonography (Fig. 12.1). Visualization is possible in both supine and
right lateral decubitus positions. The right lateral decubitus position is ideal for
assessment, as the stomach contents move toward the pylorus. To avoid confusion
with the pylorus or duodenum, the sonographic window should display the abdomi-
nal aorta. The aorta is shown dorsal to the stomach. Depending on the anatomical
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position, the superior mesenteric artery may also be visible, appearing dorsal to the
stomach (Fig. 12.1, no. 1).

The identification of the stomach via sonography is facilitated by its distinctive
reflection pattern, characterized by a classical five-layer stratification. This stratifi-
cation is a hallmark of gastrointestinal tract imaging and serves as a key diagnostic
feature for sonographers. Understanding and recognizing these layers are crucial for
assessing the integrity and pathology of the stomach wall. Here’s a breakdown of
these layers from the outermost to the innermost:

1. Serosa: This is the outermost layer of the stomach, appearing as a thin hyper-
echoic (bright on ultrasound) line. The serosa acts as a protective lining for the
stomach.

2. Submucosa: Just beneath the serosa, this hyperechoic segment is slightly thicker
and provides support to the mucosa. Its echogenicity is due to the presence of
connective tissue and vessels within this layer.

3. Muscularis propria: Located between the submucosa and the muscularis muco-
sae, this structure appears hypoechoic (darker on ultrasound) and is composed of
the smooth muscle layers of the stomach wall. It is responsible for the stomach’s
motility and mixing actions.

4. Muscularis mucosae: This thin hypoechoic layer follows the submucosa and
serves as a boundary between the submucosa and the mucosa. It provides struc-
tural support to the mucosa and contributes to the stomach’s flexibility.

5. Mucosa: The innermost layer, directly adjacent to the stomach lumen, appears as
a very thin hyperechoic line. It becomes hyperechoic due to the transition from
the solid tissue of the mucosa to the intraluminal air or fluid, creating a signifi-
cant impedance mismatch, which results in a bright reflection.

This layered structure is not unique to the stomach and can be observed in vari-
ous parts of the gastrointestinal tract, although the thickness and appearance of
these layers can vary depending on the specific organ and its functional state.
Accurate identification and assessment of these layers are essential in diagnosing
conditions such as gastritis, tumors, and ulcers, making sonography an invaluable
tool in gastrointestinal imaging.

12.3 Gastric Residual Volume

Determining the gastric residual volume is essential in clinical settings, especially
for managing nutrition in critically ill or hospitalized patients. The cross-sectional
area (CSA) in the antral region serves as a crucial measure for this purpose, with the
area being calculated by measuring the transverse and longitudinal diameters around
the antrum’s outer edges.

Two primary methods have emerged for calculating gastric residual volume from
the CSA: the Bouvet method and the Perlas method [4]. Each has its unique approach
and considerations:
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12.3.1 Bouvet Method [5]

This method is noted for its complexity, integrating multiple variables into its calcu-
lation, including patient height, ASA (American Society of Anesthesiologists) clas-
sification, body weight, and age. This comprehensive approach aims to account for
various physiological factors that could influence gastric residual volume, making
the Bouvet method thorough but also more complex to apply.

GV =-215+57log CSA (mm’ ) - 0.78 xage(y) - 0.16 x Grife (em) — 0.25
xweight (kg)— 0.8 x ASA +16 mL (emergency ) +10mL (PPI )

Calculation of GRV considering Bouvet

12.3.2 Perlas Method [6]

Designed for simplicity, the formula proposed by Perlas et al. focuses solely on the
patient’s age as the variable in the calculation. Its simplicity is considered an advan-
tage, making it more accessible and quicker to apply in clinical settings. Notably,
the Perlas method has been validated for use in patients with a BMI (body mass
index) above 35, demonstrating its applicability to a wide range of individuals,
including the morbidly obese [7]. In one study, it accurately predicted gastric resid-
ual volume in 53 out of 60 cases, underscoring its reliability. The method sets the
threshold for predicting gastric residual volume at 500 mL, higher than the 250 mL
threshold of the Bouvet method, and shows a high correlation with the actual resid-
ual volume across a broad measurement range.

GV =27+14.6xRLACSA (cm”)-1.28 xage(y)

Calculation of GRV considering Perlas

The choice between these methods depends on the clinical context, the patient
population, and the specific needs of the healthcare provider. While the Bouvet
method offers a comprehensive analysis by considering multiple variables, its com-
plexity may limit its utility in fast-paced or resource-constrained environments.
Conversely, the Perlas method, with its simplicity and broad applicability, provides
a practical alternative for quickly assessing gastric residual volume, particularly in
settings where rapid decision-making is crucial.

Incorporating these methods into clinical practice enhances the ability of health-
care professionals to manage enteral nutrition effectively, reducing the risk of com-
plications associated with improper feeding volumes and contributing to better
patient care outcomes.

The acknowledgment of gastric juice’s lethal dose in pulmonary aspiration,
quantified at 1.5 mL/kg body weight, underscores the critical importance of accu-
rately determining gastric residual volume (GRV) in both emergency situations and
routine healthcare operations. This measurement not only aids in assessing the risk
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of significant pulmonary damage due to aspiration but also plays a pivotal role in the
management of enteral nutrition.

Despite the current lack of extensive data in adult medicine concerning the regu-
lation of enteral nutrition based on GRV assessments, the rationale for incorporating
such evaluations into clinical practice is strong. Visualizing the gastric antrum,
along with measuring the diameters and assessing the peristalsis and wall thickness
of the small and large intestines, offers a comprehensive approach to understanding
the functional status of the gastrointestinal (GI) tract. This methodological approach
enables healthcare professionals to gauge the patient’s capacity to safely receive
enteral nutrition, thereby reducing the risk of aspiration and optimizing nutritional
support.

While direct control over nutrition through GRV determination may not be
immediately achievable, such evaluations are instrumental in making informed
decisions about the initiation or continuation of enteral feeding. By determining a
patient’s readiness for enteral nutrition and identifying any severe GI tract disor-
ders, clinicians can tailor nutritional interventions to each patient’s specific needs
and conditions. This not only enhances the safety and effectiveness of enteral nutri-
tion strategies but also contributes to the overall well-being and recovery of patients.

Given the significant implications of GRV for patient care, further research and
data collection in this area are essential. Advancing our understanding of GRV’s
impact on enteral nutrition and aspiration risk will undoubtedly improve clinical
practices and patient outcomes in the realm of nutrition management. For the pur-
pose of evaluating gastrointestinal function and readiness for enteral nutrition in
critically ill patients, a sonographic assessment adhering to the criteria established
by the European Society of Intensive Care Medicine (ESICM) working group on
abdominal problems can be conducted [8]. The gastrointestinal ultrasound (GUTS)
protocol, which has emerged from this initiative, offers a comprehensive framework
for such evaluations. Despite its complexity and the inclusion of 11 distinct param-
eters, which may pose challenges even for experienced point-of-care sonographers,
the GUTS protocol is noted for its high accuracy and predictive capability regarding
gastrointestinal function and potential complications.

However, the detailed nature and breadth of the GUTS protocol can limit its
feasibility for daily application in an intensive care setting, where time and resources
are often constrained. This recognition has led to discussions and efforts to modify
the protocol, aiming to retain its diagnostic and predictive strengths while simplify-
ing its application to suit the fast-paced environment of intensive care units.

The modified form of the GUTS protocol could focus on a subset of the original
parameters that are most indicative of gastrointestinal dysfunction or readiness for
enteral nutrition, thus streamlining the evaluation process. Such an adaptation
would allow healthcare providers to quickly and effectively assess the gastrointesti-
nal status of critically ill patients, facilitating timely and appropriate nutritional
interventions while minimizing the risk of complications associated with enteral
feeding.
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Table 12.1 Acute gastric injury score [8]

AGI grade 0 AGI grade I AGI grade II AGI grade 111

Risk of GI Gastrointestinal Gastrointestinal Gastrointestinal failure

dysfunction dysfunction failure with severe impact on

Known cause No ability for GI tract | Loss of GI function organ function

Function is to perform digestion | despite interventions | Life-threatening

partially impaired | Therapeutic Diagnosis of MODS and shock with

No therapeutic interventions or drugs | intraabdominal possibility of GI necrosis

interventions needed problems or ischemia

needed Laparotomy or other
interventions

This approach underscores the importance of flexibility and adaptation in the
application of diagnostic protocols, ensuring that they meet the practical demands
of clinical settings without compromising the quality of patient care (Table 12.1).

Based on the AGI (abdominal gastrointestinal) score, the GUTS (gastrointestinal
ultrasound) protocol assigns specific sonographic measurements [9]. The AGI Score
is a grading system designed to assess the gastrointestinal function and potential
dysfunction in critically ill patients using ultrasound. While the specific measure-
ments and criteria can vary depending on the version of the protocol and the patient’s
condition, generally, the AGI Score incorporates a range of sonographic evalua-
tions, including:

1. Gastric antrum size and volume: Assessing the cross-sectional area (CSA) of the
gastric antrum to estimate the gastric residual volume. This involves measuring
the anteroposterior and longitudinal diameters of the antrum.

2. Small and large intestine diameters: Measuring the diameters of the small and
large intestines to evaluate for distension, which may indicate ileus or obstruction.

3. Peristalsis: Observing the peristaltic movements of the intestines to assess their
functionality. A lack of peristalsis may indicate a severe gastrointestinal
dysfunction.

4. Bowel wall thickness: Measuring the thickness of the bowel walls of the small
and large intestines. Increased wall thickness can be a sign of inflammation,
infection, or other pathologies.

5. Presence of free fluid: Checking for the presence of free fluid in the abdominal
cavity, which can be a sign of inflammation, infection, or injury.

6. Ascites: Evaluating for the presence and amount of ascites, which may indicate
liver disease, heart failure, or peritoneal carcinomatosis, among other conditions.

7. Extra-intestinal findings: Identifying any abnormalities outside the intestines
that may affect gastrointestinal function, such as enlarged lymph nodes, masses,
or organomegaly.

These measurements are used to grade the gastrointestinal function on a scale
(e.g., AGI 0 to AGI 3), with higher scores indicating greater dysfunction. The AGI
Score helps in the clinical assessment of patients, guiding therapeutic decisions
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Table 12.2 GUTS Score equivalent to AGI Score

AGI grade 0 AGI grade I AGI grade II AGI grade 111
gCSA <200 mL gCSA 200-500 or >500 mL | gCSA > 500 gCSA > 500
SBD < 20 mm SBD >20 < 30 mm SBD > 30 mm SBD > 30 mm
LBD < 50 mm LBD 60 mm LBD > 60 mm LBD > 60 mm
MT < 5 mm MT <5 mm MT > 5 mm MT > 5 mm
Peristalsis absent or | Peristalsis absent augmented | Peristalsis absent | Peristalsis absent
noneffective or non-effective Blood flow Blood flow absent
Blood flow resent Blood flow present altered No doppler
RI>06<1.2 RI>0.6<1.2 MBEF > 200 detectable signal
Bladde full MBF < 200 TAP 15-20 mm IAP > 20 mm Hg
MBF < 200 IAP 12-15 mm Hg Hg APP < 60 mm Hg

APP <60 mmHg RI>1.2

RI>1.2 Bladder empty

Bladder with low

volume

such as the readiness for enteral nutrition or the need for further diagnostic evalua-
tions and interventions (Table 12.2).

The AGIUS (abdominal gastrointestinal ultrasound) protocol represents a modi-
fication and simplification of the original GUTS protocol but is equipped with a
similar predictive power [10, 11]. It focuses specifically on three key sonographic
measurements: intestinal diameter, bowel wall thickness, and peristalsis. From
these measurements, a score is derived, which can predict enteral feeding intoler-
ance if any of the parameters show abnormalities. Here’s a closer look at each
component:

12.3.3 Intestinal Diameter

The measurement of the diameter of the intestines (both small and large) is crucial
in identifying distension that may be indicative of ileus, obstruction, or other condi-
tions affecting the normal flow and processing of intestinal contents.

12.3.4 Bowel Wall Thickness

This parameter assesses the thickness of the intestinal walls. Increased thickness
can be a marker of inflammation, infection, ischemia, or other pathological pro-
cesses that might contraindicate the initiation or continuation of enteral nutrition
due to the risk of intolerance or exacerbation of the underlying condition.
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12.3.5 Peristalsis

Observing the peristaltic activity of the intestines provides insight into the func-
tional state of the gastrointestinal tract. Normal peristalsis indicates a likely toler-
ance to enteral feeding, while reduced or absent peristaltic waves suggest
dysfunction or paralysis, which may lead to feeding intolerance.

The AGIUS Score [11] simplifies the evaluation of gastrointestinal function and
the risk of enteral feeding intolerance by focusing on these three parameters. A dis-
turbance in any one of these measurements may indicate a potential intolerance to
enteral nutrition, thereby guiding clinicians in their decision-making process regard-
ing the initiation or adjustment of nutritional support in critically ill patients. This
streamlined approach aims to facilitate quicker and more efficient bedside assess-
ments, allowing for timely interventions tailored to the patient’s current gastrointes-
tinal functional status.

A further study by Lai et al. also focused on similar parameters [12]. In this pro-
spective analysis, the gastric residual volume was assessed through the absolute
cross-sectional area of the gastric antrum (CSA), alongside stomach peristalsis and
the diameter of the colon frame. The findings revealed that the absence of peristal-
sis, combined with one other parameter, could predict enteral feeding intolerance
with a sensitivity of over 88% and a specificity of over 84%. These results are com-
parably predictive to those obtained using the GUTS protocol, reinforcing the valid-
ity and utility of ultrasound-based assessments in predicting enteral feeding
intolerance.

The study underscores the importance of evaluating both structural and func-
tional aspects of the gastrointestinal system in critically ill patients. The combined
assessment of gastric antrum size (as a proxy for residual volume), peristaltic activ-
ity, and colon diameter provides a comprehensive view of the gastrointestinal tract’s
capacity to handle enteral nutrition. The high sensitivity and specificity demon-
strated in this study highlight the potential of ultrasound as a noninvasive, bedside
tool for guiding nutritional management decisions in the intensive care setting,
offering a practical alternative to more invasive or less readily available methods.

Indeed, the specific score or protocol used is not as crucial as the implementation
of a method to assess gastrointestinal tract dysfunction and readiness for enteral
nutrition. The key is to have a systematic approach in place that allows healthcare
providers to evaluate the gastrointestinal (GI) system’s status efficiently and accu-
rately. Whether it’s the GUTS protocol, AGIUS algorithm, or the approach described
by Lai et al., each provides valuable insights into the GI tract’s functional capacity,
helping to predict enteral feeding tolerance.

The overarching goal is to ensure that critically ill patients receive the most
appropriate nutritional support at the right time. Enteral nutrition, when feasible, is
preferred for its benefits in maintaining gut integrity and function. However, it’s
essential to identify patients who may not tolerate this form of nutrition due to GI
dysfunction, to avoid complications like aspiration pneumonia or exacerbation of
GI symptoms.
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Implementing a protocol for evaluating GI function and readiness for enteral
feeding into the routine assessment of critically ill patients can help guide nutri-
tional management decisions, potentially improving outcomes. It allows for a more
personalized approach to nutrition, considering the patient’s current physiological
state and reducing the risks associated with inappropriate feeding.

12.4 Sonographic Assessment of Nasogastric
Tubes Positioning

The gold standard for verifying the correct placement of a nasogastric tube is tho-
racic radiography. However, this method can lead to increased radiation exposure,
especially since patients may unintentionally or intentionally remove their nasogas-
tric tubes, necessitating repeated checks. Moreover, while X-ray equipment is often
available in intensive care units, its use requires significant personnel resources.

As an alternative, ultrasound can be employed to ensure the correct placement of
nasogastric tubes. This can be achieved through a stepwise protocol, allowing for
the direct visualization of the tube or the identification of indirect signs, such as the
presence of administered air or fluid.

According to Zatelli and Vezzali [13], during the placement of the tube, the ultra-
sound transducer can be positioned on the left lateral side of the neck to visualize
the esophagus posterior to the trachea (Fig. 12.3). In both intubated and nonintu-
bated patients, as the nasogastric tube is advanced, it can be visualized within the
esophagus by a sonographic reflection similar to that of the trachea (Fig. 12.3, no.
1, 2). This ultrasound artifact serves as direct evidence of the nasogastric tube’s
presence, helping to prevent the tube from coiling in the mouth since its

transversal view on neck
numbers indicate

1—trachea

2 — esophagus with feeding tube
3 —thyroid isthmus

4 —thyroid gland, left lobe

Fig. 12.3 Transversal view of ventral neck, esophagus is visualized with intraluminal fluid and
double reflex of gastric tube
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cranial caudal

subcostal view — cranio-caudal orientation
numbers idicate

1 - liver, left lobe

2 — pancreas

3 - stomach, filled with air and solid content
4 - kardia, gastric tube inside

Fig. 12.4 Subcostal view at level of left liver lobe and aortic hiatus, aorta is not seen due to visu-
alization of cardia of the stomach where the feeding tube as double lined artefact inside the stomach

cranial

subcostal view — cranio-caudal orientation
numbers idicate

1 - liver, left lobe

2 — stomach with gastric tube

3 — portal vein

4 — lobus caudatus

Fig. 12.5 Subcostal visualization of stomach corpus, arrows indicate gastric tube within solid
gastric content

advancement can be visualized. This technique is recommended not only in cases of
difficult insertion but as a general practice to enhance safety and accuracy in naso-
gastric tube placement.

Further along, the distal esophagus and the cardia can be visualized (Fig. 12.4).
At this position, it is also possible to display the nasogastric tube as a double con-
tour, distinguishing it from the gastric wall layers (Fig. 12.4, no. 3).

By using a lateral view of the fundus (Fig. 12.5), the nasogastric tube can be
visualized in either cross-section or longitudinal section. If this proves challenging,
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which may occur due to the presence of gastric air, visualization can sometimes be
achieved through indirect signs. Applying gentle pressure to the stomach area to
allow the air to escape below the transducer is one method.

If the stomach is filled with air and this air can be displaced, the introduction of
fluid can help in visualization. The phenomenon of a swarm of echoes caused by the
inflowing fluid through the nasogastric tube can also be observed.

If the gastric content is solid or liquid, the introduction of air or fluid can help
visualize it. It is advisable to insufflate amounts between 20 and 50 mL to achieve
clear visualization.

These sonographic techniques offer a noninvasive, immediate way to confirm the
correct placement of nasogastric tubes and assess gastric contents, providing valu-
able information for managing patient care effectively.
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Acute kidney injury (AKI) is a heterogenous syndrome, a systemic disease process
which induces an inflammatory, pro-oxidative, and hypercatabolic state which
exerts profound effects on the course of disease and on short- /long-term outcome
[1]. AKI is defined by three distinct stages (AKI-1, AKI-2; AKI-3). The metabolic
care and nutrition therapy must be adapted meticulously to these distinctly different
stages with fundamentally differing metabolic environment and requirements.

It is of fundamental importance that there is no uniform “Nutrition for AKI”: In
patients with normal kidney function and risk stadium AKI-1, it is all about preven-
tion, in AKI stadium 2 and 3 without renal replacement therapy (RRT) to moderate
nutrition to avoid aggravation of renal injury and in AKI 3b and RRT to enable
adequate nutrition support by taking into consideration the therapy-associated nutri-
ent losses, but also potential increased intake of energy substrates (lactate,
citrate) [2, 3],

Patients with chronic kidney disease (CKD) and patients on regular hemodialysis
(HD) therapy, respectively, who acquire an acute intermittent disease process—
from a nutritional and metabolic point of view—share many similarities to patients
with AKI-3b. In these patients, nutrition support also has to be adapted to the rele-
vant stages of CKD (CKD-3 to CKD-5), but should follow analog principles to
those with AKI in comparable kidney dysfunction groups.

High-quality, systematic investigations on nutrition support in patients with AKI
or critically ill patients with CKD/HD mostly are lacking. Thus, many statements
and recommendations for nutrition in patients with AKI are based on expert
opinion [4].
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13.1 Common Metabolic Alterations in Patients with Renal
Insufficiency (AKI/CKD)

The metabolic environment and the nutrient requirements in acutely ill patients with
renal insufficiency (AKI/CKD) are not only determined by the kidney dysfunction
per se and by the type and intensity of renal replacement therapy (RRT) but also by
intermittent acute disease process and associated complications and other organ
dysfunctions [5].

Nevertheless, it should be noted that AKI/CKD share a specific pattern of altera-
tions of metabolism which become relevant when glomerular filtration falls below
60 ml/min and thus, have to be regarded when designing a nutrition regimen
(Table 13.1).

13.2 Metabolic Factors in the Prevention of AKI and Therapy
of Risk Stage AKI-1

Considering its profound impact on the evolution of complications and impairment
of short- and long-term outcome, the prevention of AKI must present a continued
effort. In the absence of effective pharmacological interventions, the general man-
agement of the patient, the optimization of hemodynamics, of the volume state, of
respiratory function, the avoidance of nephrotoxic drugs, are of outmost importance
to preserve or restore kidney function [5]. In this context, the metabolic manage-
ment and nutrition support play a (often overlooked) major role.

The relevant factors are summarized in Table 13.2. Electrolyte dysbalances and
acidosis have been shown to promote kidney injury. Chloride-rich infusion regi-
mens (especially when using (ab)normal saline) may increase the risk of
AKI. Avoidance or therapy of hyperglycemia is included into the KDIGO AKI-
prevention bundle [6]. An excessive energy or protein intake in the acute phase of
disease may increase the risk of kidney breakdown [7]. Preexisting deficiency states,
such as of thiamine should be corrected.

A large number of randomized controlled trial have demonstrated that an early
high nutrient intake, in an unstable phase of disease, which is characterized by an
increased mobilization of endogenous substrates (amino acids, glucose, fatty acids),

Table 13.1 Common metabolic alterations in AKI and CKD

Induction/ augmentation of an inflammatory state

Activation of protein catabolism

Peripheral insulin resistance

Inhibition of lipolysis

Depletion of antioxidative systems

Impairment of immunocompetence

Impairment of potassium disposal

Hormonal derangements: hyperparathyroidism, increased FGF-23, insulin resistance, EPO
resistance, GH resistance, etc.
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Table 13.2 Metabolic Avoidance of a chloride overload
factors in prevention and

Maintenance of electrolyte balance
therapy of AKI

(phosphate, potassium, magnesium)
Avoidance/correction of severe
acidosis

Preference of enteral nutrition
Avoidance/therapy of hyperglycemia
Avoidance of excessive energy
intake

Avoidance of a high protein intake in
presence of AKI-1-2

Prevention by a higher amino acid or
protein intake (?)

Correction of potential nutrient
deficiencies (thiamine, antioxidants)

is associated with a series of complications and especially AKI and potentially
worse outcome [8, 9]. Thus, there is a broad agreement that nutrition intake in the
acute phase of disease should be restricted [10].

There is an ongoing discussion whether a higher protein intake exerts a nephro-
protective effect by increasing renal perfusion and function (activation of “renal
reserve capacity”). This certainly should not be done in the early acute phase of
disease when a high protein intake is associated with serious side effects but could
be effective in a further stable course of disease.

Resent reports have suggested that an isolated high amino acid load (2 g/kg/day
for up to 3 days) during surgery may prevent the evolution of AKI [11]. However,
this certainly is not a nutritional intervention and may be effective in specific patient
groups only.

Taken together we have learned that an early full nutrition, all a high protein, or
energy intake any hyperglycemia actually can aggravate renal injury, increase the
risk of AKI and the need and duration of RRT and worsen prognosis [8].

Beyond giving attention to these points, the nutrition and metabolic management
of the ICU patient should follow the general recommendations for nutrition in the
ICU patient [12]. No specific enteral diets or parenteral nutrition preparations
should be used in these patients.

13.3 Nutrition Support in AKI Stages 2 and 3 Without
the Need of Kidney Replacement Therapy (RRT)

The more severe stages of AKI, AKI-2, and AKI-3 without need of RRT are by defi-
nition unstable phases of diseases. The primary goal must be the preservation or
better, the restoration of kidney function, and avoidance of further kidney injury and
progression to the need of RRT.
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The factors listed in Table 13.1 must be meticulously observed also in this stage.
Actually, these measures do not fundamentally differ from those followed in the
management of other unstable critically ill patients.

Volume management is crucial in this phase, the avoidance of too little or too
much of balanced cristalloid solutions and the avoidance of chloride rich solutions.
Nevertheless, the risk of overhydration is much higher in these patients, which
increases the risk of kidney injury and actually has become a leading cause of initia-
tion of RRT, factors closely associated with a worse outcome.

Any “metabolic overload” should also be avoided in this unstable stage of
AKI. Again, energy intake should start or kept below the calculated or measured
energy expenditure. However, most interest has received the problem of optimal
protein intake. A high protein intake (>1.g kg/BW/day?) during ongoing renal
injury aggravates kidney injury and increases the need for RRT and mortality [8,
13]. Individually adapting energy and protein intake and avoiding hyperglycemia
must be strictly observed to prevent further kidney damage [8].

One must stress that the long-held dogma to further a full nutrition and accept an
increased need for RRT is absolutely wrong. We have learned that RRT is associated
with a complex pattern of untoward side effects. Initiation of an otherwise unneces-
sary RRT can exert profound negative side effects on the further course of disease
and prognosis [8].

The novel implication of these recent findings is that nutrition support in this
unstable phase of disease must also avoid “overnutrition,” should also take into
account the kidney function, and should be individually adapted to the grade of
renal injury [8]. Any inadequate high nutrition intake in a period where endogenous
mobilization of endogenous substrates (glucose, amino acids, fatty acids) will cause
a metabolic overload and an aggravation of renal injury (for nutrient requirements,
see Table 13.3).

Giving attention to these points should be integrated into the general recommen-
dations for nutrition in the ICU patient. No kidney-specific enteral diets or paren-
teral nutrition preparations are recommended in these patients.

13.4 Nutrition Support in AKI Stages 3b with the Need
Replacement Therapy (RRT) and CKD-5b with the Need
of Chronic HD

In these advanced stages of kidney injury, RRT is needed to compensate the sys-
temic consequences of uremia, to maintain volume and electrolyte balances, to sup-
port hemodynamics and respiratory functions. In these patients, the specific
consequences of kidney dysfunction and of the type and intensity of RRT on metab-
olism and nutrient requirements have to be taken into consideration.

All modalities of RRT exert a profound impact on metabolism and nutrient bal-
ances (Table 13.3) [14]. On one side, this presents unspecific effects of any extracor-
poreal circulation per se as obligatory consequences of bioincompatibility and the
induction of a (low-grade) inflammatory reaction. On the other side, various
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Table 13.3 Metabolic effects of renal replacement therapies

Intermittent hemodialysis (iHD)
Loss of water-soluble molecules:
Amino acids, water-soluble vitamins, L-carnitine, etc.
Stimulation of low-grade inflammation/ protein catabolism:
Loss of amino acids, proteins, blood
Secretion of cytokines (TNF-a, etc.)
Inhibition of protein synthesis
Loss of antioxidants
Increased production of reactive oxygen species (ROS)
Continuous renal replacement therapies (CRRT)
Loss of heat (= energy)
Excessive uptake of substrates
Lactate, citrate, glucose
Loss of nutrients
Amino acids, vitamins, selenium, etc.
Loss of albumin
Loss of electrolyte (phosphate, magnesium, potassium)
Elimination of peptides
Hormones, cytokines
Elimination of electrolytes (phosphate, magnesium, calcium)
Elimination of antibiotics

Metabolic consequences of bioincompatibility (Induction of a “low-grade” inflammation,
stimulation of protein catabolism, formation of ROS, etc.)

modalities are associated with specific effects, most importantly, the loss of various
nutrients, electrolytes but also an increased infusion of energy substrates (lactate,
citrate). Especially, continuous RRTs (CRRTs)—because of the prolonged therapy
and the associated high fluid turnover—have relevant implications for electrolyte
(observe phosphate) and nutrient requirements (Table 13.3).

In these stages, an adequate nutrition is more or less similar to other ICU patients,
but design of nutrition solutions must take into consideration the therapy-induced
electrolyte and nutrient losses, especially of amino acids/protein and water-soluble
vitamins, and the higher energy intake from lactate and citrate.

13.5 Nutritional Requirements

Nutritional requirements in these patient groups are determined by the stage of renal
dysfunction and the modality and the dose of RRT but also by the type and severity
of underlying acute disease process and further associated complications and organ
dysfunctions [15].

It should be stressed that patients with AKI/ CKD—from a metabolic and nutri-
tional point of view—present an extremely heterogenous group of subjects. Nutrient
requirements can vary considerably between the patients but also in the same patient
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during the often dynamic course of disease. Much more than in other patients, nutri-
tion support must be tailored to the individual needs of the patient assessed on a
day-to-day basis (Table 13.4).

13.6 Enteral Nutrition (EN)

Even when most studies on nutrition support in patients with AKI have been per-
formed using PN, there can be no doubt that also in this patient group enteral nutri-
tion presents the route of choice, which should be aimed at whenever possible [16].
Besides the many well-described beneficial effects in various patient groups, enteral
nutrition is associated with specific effects in patients with renal dysfunction, i.e., an
increase in renal perfusion and function.

One limitation to enteral nutrition in patients with AKI/CKD, however, is the fact
that renal insufficiency augments the impairment of gastrointestinal motility. In
order to improve the tolerance to EN, the use of prokinetics should be considered
early (or even prophylactically). Drugs that stimulate both gastric emptying and
intestinal motility should be preferred.

In the case that prokinetics are insufficient to stimulate gastrointestinal motility
and tolerance, placement of a jejunal tube should be considered. Modern tubes can
be placed rapidly and safely also without the need of endoscopy.

Table 13.4 Nutrition requirements for patients with AKI and acutely ill patients with CKD*

Energy intake 18—max. 24 kcal/kg/day
Glucose 3-max. 4 g/kg/day
Lipids® 0.8-1.0 (max. 1.2) g/kg/day

Amino acids/protein
AKI-1-AKI-3a¢ 0.6-0.8 g/kg/day

+ RRT (AKI-3b, CKD-5b) 1.2-1.4 g/kg/day
+ hypercatabolism (max. 1.57) g/kg/day
Vitamins (combination products containing RDA)
Water soluble 2 x RDA/ day
(higher for thiamine??)
Lipid soluble 1-2 x RDA/day

(higher for vitamin D?)
Trace elements (combination products containing RDA)
1 x RDA/day
(higher for selenium 200-500 pg/day?)
Electrolytes (must be adapted individually)
(Cave: refeeding hypophosphatemia also in AKI-3b; CKD-5))
RRT renal replacement therapy, RDA recommended dietary allowances
*Please note: These are (and can only be) approximate values; requirements can fundamentally
vary between the stages of AKI/CKD, between individual patients but also within a patient during
the mostly dynamic course of disease! Consider the stage of kidney dysfunction, observe a lower
intake during ongoing renal injury!
*Consider lipid intake by propofol infusion
“Initial of unstable phases of disease
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EN should be started at a low rate (about 30% of the final target), and infusion
rate should be increased slowly to ensure gastrointestinal tolerance and to avoid the
evolution of metabolic complications, but should be avoided in the presence of a
dysfunctional gut (risk of nonocclusive bowel ischemia).

Even when provision of a quantitatively sufficient enteral nutrition is not possi-
ble (and also during parenteral nutrition), “trophic nutrition” (covering ca. 15% of
requirements) should be provided whenever possible to support intestinal functions
and barrier.

Enteral diets

Standard high molecular diets as for other ICU patients are recommended also for
patients with AKI/CKD. Specific diets adapted to the needs of CKD/HD patients are
available but are not indicated in acute phases of disease. These preparations may be
used in more chronic phases of diseases and advanced stages of renal dysfunction
where these specific diets may facilitate the metabolic management of patients but
are not associated with outcome-relevant advantages.

13.7 Parenteral Nutrition

When a (quantitatively sufficient) enteral nutrition is not possible and tolerance can-
not be increased by provision of prokinetics and/or placement of a jejunal tube, a
supplementary or total parenteral nutrition should be provided.

When enteral nutrition is not desired or possible at all, parenteral nutrition should
be started early (within 24 h). It should be kept in mind that many renal patients
have preexisting malnutrition. Moreover, in AKI-3b and CKD-5b, several nutrients
are eliminated during RRT in relevant amounts. Thus, when buildup of enteral nutri-
tion is retarded, supplementary parenteral nutrition should started at day 3.

When the energy intake due to citrate anticoagulation is increased and the infu-
sion rate of the all-in-one solution must be reduced, an extra infusion may become
necessary to compensate the therapy induced losses.

Parenteral nutrition should be started at a low rate (i.e., 30% of the final infusion
rate), and infusion rate should be increased individually in order to monitor the
utilization of the nutrients provided and to avoid the development of metabolic and
organ complications.

Parenteral Nutrition Solutions

For parenteral nutrition, the use of commercially available standard nutrition solu-
tions is recommended [15]. These usually are three-chamber bags containing the
macronutrients glucose, amino acids, and a lipid emulsion. Some solutions also
contain basic requirements of electrolytes. Water-soluble vitamins, lipid-soluble
vitamins, trace elements, and electrolytes (Note: phosphate!) must be added to these
basal solutions as required. For patients on RRT, the double dose of water-soluble
vitamins should be added and phosphate containing replacement fluids should
be used.
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13.8 Monitoring and Complications of Nutrition Support

Because of the reduced tolerance to volume and electrolyte infusions and the impair-
ment of the utilization of several substrates, metabolic disturbances, such as electro-
lyte imbalances, hyperglycemia, hypertriglyceridemia, or excessive rises in BUN,
can develop in patients with impaired renal function much more often and faster
than in other patient groups.

It has become clear that an inadequate nutrition during unstable phases of AKI
can aggravate renal injury and increase the requirement of RRT. Thus, nutrition sup-
port of patients with AKI/CKD requires a much closer clinical and metabolic moni-
toring than other patient groups and individual adaptation of nutrition accordingly [8].

Moreover, because of the interference of renal dysfunction with gastrointestinal
motility, also enteral nutrition may be associated with a higher complication rate in
these patients with AKI/CKD.

Most side effects and complications can be prevented when infusion of the nutri-
tion solution is started at a low rate and gradually increased according to the “renal
tolerance.” This practice facilitates the monitoring of nutrition support and the adap-
tation to needs of the individual patient and avoid aggravation of renal injury.
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14.1 Nutrition in ICU-Nutrition in Liver Disease
1. What It’s About—the Liver’s Central Role in Nutrition and Metabolism

The liver plays a vital role in metabolism and detoxification (Fig. 14.1). Besides
synthesizing and storing macronutrients, it also serves as a depot for several micro-
nutrients. One of its crucial functions is maintaining glucose homeostasis by provid-
ing glycogen. Over 90% of plasma proteins are synthesized in the liver. The
production and excretion of bile salts ensures the absorption of dietary fat and fat-
soluble vitamins. Another essential task is the detoxification of substances that are
ingested as side effects of a normal diet. The liver exerts a significant role in inflam-
matory response, as it synthesizes numerous cytokines and chemokines [1].

2. What to Face: Liver Disease in Critically Ill Patients

In the intensive care setting, it is crucial to distinguish the different types of hepa-
topathy including acute decompensation (AD) in advanced or end-staged liver dis-
ease, acute-on-chronic liver failure (ACLF), or acute liver failure (ALF). An early
and correct diagnosis allows an adjusted therapy to patients’ needs and hereby
improves the overall outcome. In the field of nutritional therapy, liver injury or
impaired liver function are accompanied by similar metabolic challenges.
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Fig. 14.1 Overview of production, storage, metabolism, and regulation of essential nutrients in
the liver [1]. (Created using biorender.com)

14.2 Acute Decompensation of Cirrhosis and Acute-on-
Chronic Liver Failure

The acute decompensation in advanced or end-staged liver disease is defined as the
acute development of overt clinical symptoms. At this stage, patients typically pres-
ent with ascites, bleedings, encephalopathy, and jaundice as consequence of com-
plex pathophysiological processes [2]. Intravasal hypovolemia due to
hypoalbuminemia, portal hypertension, and peripheral arterial vasodilation activate
mechanisms of fluid and sodium retention and contribute to extravasal fluid over-
load (e.g., anasarca and ascites) as well as hepatorenal syndrome (HRS), a specific
type of prerenal acute kidney failure.

Besides hemodynamic dysfunction, decompensated cirrhosis is understood as a
proinflammatory syndrome and immune dysfunction. Accompanied by changes in
the microbiome and increased intestinal permeability, it is characterized by a high
susceptibility for infections such as spontaneous bacterial peritonitis (SBP) and sep-
sis, commonly due to pneumonia and urogenital infections [3].

Intestinal bleedings, mainly esophageal variceal bleeding, and hepatic encepha-
lopathy due to ammonium accumulation are further important clinical signs of
decompensation. Once cirrhosis is classified as decompensated, a notable prognos-
tic deterioration can be observed. For example, ascites in patients with cirrhosis has
been associated with a median survival of 1.1 years [4].

In case of ACLF, the acute hepatic decompensation is resulting in multi-organ
failure [2]. There are a variety of potential triggers (hepatic and extrahepatic) for
AD and ACLF. Bacterial infections, active alcohol intake, or use of new medication
are the major precipitating events in Western countries, while the exacerbation of
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Table 14.1 The CLIF-C-(Chronic Liver Failure-Consortium)-organ failure score system for the
calculation of the CLIF-C- ACLF-Score [6].

Organ system| Biomarker Score =1 | Score =2 Score =3
Liver Bilirubin (mg/dL) <6 6to <12 >12
Kidney Creatinine (mg/dL) <2 2to <3.5 >3.5 or RRT
Brain Encephalopathy grade 0 12 34

(West-Haven)
Coagulation | INR <2 2t0 <25 >2.5
Circulation | MAP (mmHg) >70 <70 Vasopressors
Respiratory | PaO,/FiO, or SpO./FiO, >300 <300 <200

and >200

FiO, fraction of inspired oxygen, PaO; partial pressure of arterial oxygen, SpO, pulse oximetric
saturation, RRT renal replacement therapy

hepatitis B also plays an important role in Eastern countries. Other possible trigger
factors are viral or fungal infections, hemorrhage, or surgery [2].

In general, ACLF is causing a mortality rate up to 50% [5]. The CLIF-C-ACLF
score (modified from the well-established Sequential Organ Failure Assessment
score, SOFA) is used to classify different severity levels of ACLF and to predict the
probability of death within 28 days. For the calculation of the CLIF-C-ACLF score,
the CLIF-organ failure score system (Table 14.1) as well as white blood cell count
and patients’ age are used [6].

14.3 Acute Liver Failure

Acute (primary) liver failure is defined as a severe hepatopathy with an acute
onset of jaundice, coagulopathy (INR >1,5) and hepatic encephalopathy (HE).
The definition requires the exclusion of preexisting chronic liver disease, as well
as secondary causes such as sepsis or cardiogenic shock. The interval from jaun-
dice to HE appearance helps to differentiate between hyperacute (7 days), acute
(8-28 days), and subacute (5-12 weeks) ALF [7]. Due to a lack of epidemiologi-
cal data, incidence is estimated with 200-500 cases per year in Germany [8].
Major causes are acetaminophen toxicity, other drugs (e.g., antibiotics), or acute
viral infections with a variance in distribution depending on the geographic area
(Table 14.2). ALF is associated with a high in-hospital mortality of 23-59% [8].
As prognostic tools for estimating the need of a high-urgency liver transplanta-
tion, the Kings’ college criteria and the Clichy criteria (for viral hepatitis) are
clinically used.

In acute manifestation of autoimmune hepatitis, Morbus Wilson, or Budd-
Chiari syndrome, although they are related to chronic preexisting disease, high-
urgency liver transplantation is also therapeutic option. Secondary acute liver
failure can occur due to conditions like lymphoma infiltration, sepsis, or hypoxic
hepatitis (e.g., in cardiogenic shock), where high-urgency transplantation is not
feasible [9].
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Table 14.2 Primary and secondary causes of ALF [9]

Primary ALF Secondary ALF
Acute liver failure Drug toxicity Hypoxic hepatitis
Acute viral hepatitis A, B, | Hemophagocytic syndrome
E Sepsis
Mushroom poisoning Lymphoma infiltration

Budd-Chiari syndrome
Pregnancy-associated liver

disease

Preexisting liver disease Morbus Wilson Liver metastasis

presenting as acute liver failure Autoimmune hepatitis Status post liver resection
Budd-Chiari syndrome Alcoholic hepatitis
Hepatitis-B reactivation Acute-on-chronic liver failure
High-urgency High-urgency

transplantation possible transplantation not possible

Table 14.3 Laboratory parameters and the formula used for the MELD score [13]

Laboratory

parameters MELD formula

Bilirubin 9.57 x log, (creatinine) + 3.78 x log, (total bilirubin) + 11.2 x log,
Creatinine (INR) + 6.43

INR

14.4 Liver Transplantation

Liver transplantation is considered as the definitive treatment option for end-stage
liver disease. Whether a patient is eligible for it depends on several criteria that need
to be carefully assessed beforehand. The Model of End-Stage Liver Disease
(MELD) score is used to prioritize the patients depending on their clinical condition
and to simplify the organ allocation (Table 14.3). The MELD score is updated regu-
larly to ensure any dynamic in course of the disease is reflected [10, 11]. In Germany,
780 liver transplants were performed in 2021 [12].

14.5 Metabolic Consequences of Liver Disease

Impaired liver function leads to a variety of changes in metabolism. Particularly,
patients with chronic liver disease have a high risk of malnutrition and sarcopenia
(Fig. 14.2). A recent meta-analysis points out that 37.5% of patients with liver cir-
rhosis suffer from sarcopenia, with higher prevalence in males, patients with alco-
hol-related liver disease, and higher severity of cirrhosis, as expressed by MELD [14].

Reduced dietary intake results, among other factors, from early satiety, anorexia
of chronic disease, and nausea. Impaired production and secretion of bile salts lead
to malabsorption of fat and fat-soluble vitamins [15]. The early transition from
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Fig. 14.2 Pathophysiological processes leading to malnutrition and sarcopenia in end-stage liver
disease [15]. (Created using biorender.com)

glycogenolysis to gluconeogenesis from amino acids and fatty acid oxidation in the
postprandial state goes along with heightened rates of whole-body protein break-
down and is termed “accelerated starvation” [15]. Changes in protein metabolism
and decreased levels of branched-chain amino acids cause a reduction in ammonia
detoxification and elevated systemic levels of myotoxic ammonia. Moreover,
chronic systemic inflammation is not only associated with chronic liver disease but
is likely to negatively impact muscle protein synthesis. Lowered testosterone and
growth hormone levels also potentially promote the development of sarcopenia [15,
16]. In the intensive care setting, significantly reduced physical activity and possible
difficulties occurring in terms of enteral nutrition, for example, in case of HE epi-
sodes or gastrointestinal bleeding, should also be taken into consideration. Besides
areduced intake, impaired absorption can also cause micronutrient deficiencies and
affect patients’ outcome. An overview of micronutrients with likely lowered levels
in liver disease is given in Fig. 14.1.

3. What to Address—Impact of Malnutrition and Sarcopenia in Liver Disease

The pathophysiological mechanisms and clinical consequences of liver disease
cause several challenges in the treatment of liver patients in general and particularly
in critical ill patients. While acute liver injury can result in multi-organ failure
reducing resilience within a short period of time, chronic liver disease is highly
associated with permanently limited physical reserves. The severity of liver
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dysfunction directly correlates with the level of nutrition risk. Patients with cirrho-
sis simultaneously suffering from sarcopenia are more likely to develop AD and
ACLF and have a significantly increased risk of death, approximately doubling their
mortality rate [14].

Still malnutrition and sarcopenia are often overlooked or not sufficiently
addressed in the clinical routine. Patients with ALF do not have prior liver injury, so
that the chronic condition of malnutrition and sarcopenia can be missing. But like in
patients with a predamaged liver, metabolic derangements causing acidosis or alka-
losis and affecting glucose levels and electrolyte balance are common complica-
tions [17]. In the intensive care treatment of acute or chronic liver disease, it is
imperative to assess the nutritional condition of every patient and address the indi-
vidual nutritional need to optimize the overall outcome.

4. How to Assess—Nutritional Assessment in Liver Patients

To assess sarcopenia beyond physical examination, quantifying skeletal muscle
mass can be useful. The psoas muscle and potentially the paraspinal and abdominal
wall muscles are classified as core skeletal muscles that are relatively independent
by activity and water retention, but consistently affected by the metabolic and
molecular dysfunctions caused by cirrhosis.

Computed tomography (CT) is an often-used imaging tool in the intensive care
setting, and whenever a CT scan has been performed, its data can also be used for
nutritional assessment. CT-assessed skeletal muscle mass has a predictive value in
terms of mortality risk for patients with liver cirrhosis, although cutoff values still
require further validation [15].

Other tools for body mass assessment suggested by the EASL guideline on nutri-
tion in chronic liver disease are mid-arm circumference (MAMC, defined as mid-
arm circumference minus [triceps skinfold (TSF) x 0.314]), mid-arm muscle area
[MAMA = MAMC)¥4 x 0.314] and triceps skinfold. Anthropometric measure-
ments are low-cost, rapid, and are not affected by fluid retention. Current studies
suggest that mortality prediction by these tools is more accurately in men than in
women. Another simple way to quantify sarcopenia, but less relevant in the ICU
setting, is measuring the handgrip strength [15].

An increasing number of obese patients with metabolic dysfunction-associated
steatotic liver disease (MASLD), formerly known as nonalcoholic fatty liver disease
(NAFLD) [18], related cirrhosis are treated on ICU. It is important to consider
potential presence of sarcopenic obesity as it is a common phenomenon in patients
with advanced liver disease. The term sarcopenic obesity describes the increase of
adipose tissue combined with a loss of skeletal muscle. It is important to note that a
BMI equal or higher than 30 kg/m? does not rule out malnutrition or sarcopenia [15].

Besides that, fluid retention can affect BMI so that the estimated patient’s dry
weight instead of the measured bodyweight should be used. For this purpose, the
post-paracentesis weight, the weight before decompensation or subtracting a per-
centage of weight depending on the degree of ascites (mild 5%, moderate 10%,
severe 15%) can be referred to. If bilateral pedal edema is present, it is
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recommended to subtract an additional 5%. Although this method is not yet vali-
dated, it is part of the EASL practice guidelines on nutrition in liver disease [15].

Monitoring of macro- and micronutrient levels as well as vitamin levels should
be part of a comprehensive nutritional assessment. Decreased levels of serum albu-
min imply an impaired liver synthesis in patients with advanced or end-stage liver
disease. With an elimination half-life of 14-20 days, albumin has limited value for
reflecting rapid changes in nutritional status. As an acute phase protein, albumin
levels can be furthermore influenced by sepsis or trauma.

Since patients with advanced liver disease often present with a deficiency of fat-
soluble vitamins, vitamin A, D, E, and K levels should be monitored and substituted
if needed. In patients with chronic alcohol abuse, lowered thiamine (vitamin B1)
levels are common. An early substitution of thiamine is crucial to prevent severe
complications like Wernicke’s encephalopathy or Korsakoff syndrome. Thiamine
should be administered intravenously at a daily dosage of 300 mg. In case of low-
ered micronutrient levels such as zinc, selenium, vitamin B12, and folic acid, a
substitution can improve the patients’ outcome [19].

Both patients with chronical alcohol abuse and patients with critical illness are at
elevated risk for refeeding syndrome. After nutrition (enteral or parenteral) is rein-
troduced in malnourished patients, refeeding syndrome can cause life-threatening
conditions such as cardiac arrythmia and decompensation, severe mental deteriora-
tion, seizures, electrolyte disturbances, and volume overload, up to a fatal outcome.
Refeeding syndrome is defined as the decrease of magnesium, phosphorus, or
potassium levels and/or organ dysfunction resulting from a decrease in any of the
three micronutrients and/or due to thiamin deficiency. First clinical symptoms or
changes in micronutrient levels usually occur within the first 5 days after reinitiating
or significantly increasing energy intake. To reduce the risk of refeeding syndrome,
the energy intake should be increased slowly or on the other hand reduced if neces-
sary. Micronutrients like magnesium, phosphorus, and potassium should be ade-
quately substituted [20].

5. How to Treat—Practice of Clinical Nutrition

In general, critically ill patients with acute, chronic, or acute-on-chronic liver
disease pose a challenge in clinical management. In the field of nutritional medi-
cine, concrete evidence-based recommendations for this specific patient group are
often missing. In the following, recommendations from current guidelines are sum-
marized and provide an overview of the key pillars of nutritional medicine in inten-
sive care patients with liver disease.

In the clinical course of critically ill patients, different stages of disease with
specific nutritional needs have been defined. The early acute phase of a critical dis-
ease (1-3 days) comprises a catabolic state including metabolic instability, followed
by a late acute phase (2—4 days) with protein catabolism. The postacute phase
includes a convalescence (>7 days) and a rehabilitation phase (several months) or
results in a prolonged inflammatory and catabolic syndrome (PICS) as a possible
long-term complication of critical illness [21]. Depending on the respective
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guideline, recommendations for medical nutrition therapy may vary. In the absence
of indirect calorimetry, the Germany Society of Nutrition Medicine (DGEM) pro-
poses a daily caloric need of 24 kcal/kg/d. In consideration of the individual meta-
bolic tolerance, it is advised to start with 75% of the calculated daily caloric need
(to prevent hyperalimentation) and reach the full caloric intake at the end of the
acute phase (100% on days 4-7). After overcoming the acute stage of disease, the
daily calory intake can be increased up to 36 kcal/kg/d [21]. The American Society
for Parenteral and Enteral Nutrition (ASPEN) guideline proposes feeding with a
caloric target of 12-25 kcal/kg/d in the first 7-10 days of ICU treatment without
considering different clinical phases [22]. The recommendations for critically ill
patients also apply to patients with acute and chronic liver failure under the condi-
tion of using dry weight for calculations [23].

To quantify the metabolic dynamic in critically ill patients, the resting energy
expenditure (REE) can be assessed by indirect calorimetry (IC). Its primary usage
for objectifying the individual caloric needs is recommended by several nutrition
guidelines [15, 21, 23, 24].

Until recently, its standardization was limited by lacking commercially available
IC devices that were accurate and convenient enough in the clinical setting. Recent
innovations are promising and could help to prevent under- or overfeeding [25].
Limitations regarding the use in patients with continuous renal replacement therapy
(CRRT) or on extracorporeal membrane oxygenation (ECMO) have to be consid-
ered [21, 25]. Up-to-date investigations on the validity of indirect calorimetry in
critically ill patients with liver disease are lacking and urgently needed in future.

Different guidelines show consensus on providing high-dose protein (1.2-2.0 g/
kg) in critically ill patients with liver disease based on the patient’s dry weight
[23, 26].

Protein restriction as a strategy to reduce hepatic encephalopathy showed no
benefit or even harm [13, 23]. A recent double-blind RCT on nutrition in nonhospi-
talized patients with liver cirrhosis confirms previous study results [27-29]. Patients
with history of overt HE, receiving a diet including 1-1.5 g/kg protein per day for
6 months, showed a significant reversal of mild hepatic encephalopathy and were
less likely to develop overt HE in comparison to patients without nutritional therapy
[30]. Only for patients with severe overt HE (ammonia levels >150 pmol/l), a short-
time (2448 h) reduction of protein feeding may be beneficial to lower the risk of
cerebral edema [31].

In a recently published, multicentered RCT (NUTRIREA-3), early calorie and
protein restriction had no impact on mortality, but was associated with faster recov-
ery and fewer complications, such as bowl ischemia and liver dysfunction, in criti-
cal ill patients receiving invasive mechanical ventilation and vasopressor therapy for
shock [32]. In conclusion, in the early acute phase of critical disease, overfeeding
has to be avoided, but in patients with predominant hepatic disorders, protein targets
should be adjusted to high-protein delivery after initial stabilization and overcoming
the (early) acute phase.

The data and recommendations on the oral and intravenous use of branched-
chain amino acids (BCAA) remain controversial. A Cochrane systemic review
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analyzing 16 RCTs and comparing oral and intravenous BCAA supplementation in
noncritically ill patients with HE with a control intervention showed no significant
impact on mortality or nutritional status, while having positive effects on the men-
tal status [33]. The EASL guideline on nutrition in patients with chronic liver dis-
ease recommends BCAA-enriched nutrition in treatment of HE and sarcopenia
[15]. Since more data on BCAA-supplementation in critically ill patients is needed,
most guidelines recommend against its standardized use in the ICU setting [15,
23, 24].

Regarding the question of the most appropriate way for nutrition delivery, the
main principles in liver patients do not differ from other critically ill patients. Even
if evidence is low, there is an expert consensus on using “enteral over parenteral
nutrition” in critically ill patients [23, 24]. As soon as potentially fatal disruptions in
metabolic function and other possible contraindications are clinically controlled,
low-dose EN should be implemented also in liver patients and standard enteral for-
mulations can be used [26]. For patients with oral food intake without need for
enteral nutrition, it is essential to ensure they receive a “late evening snack” to
reduce the duration of nocturnal fasting which contributes to muscular wasting and
sarcopenia [15].

The regular assessment and adjustment of fluid management is crucial. Patients
with liver disease often experience ascites and edema, while their intravascular vol-
ume is depleted due to hypalbuminemia and portal hypertension.

While an improved overall survival in nonhospitalized patients with cirrhosis
and long-term albumin administration [34] has been shown, there is conflicting
data on albumin replacement in critically ill patients or patients with septic
shock. Nevertheless, albumin substitution can be considered in critically ill
patients with liver failure based on its antioxidant, immunological, and osmotic
effects [26].

Due to accelerated starvation, patients with advanced hepatic disorders are
highly susceptible for hypoglycemia. Owing to that, their blood glucose levels
should be monitored regularly [15]. The Critical Care Medical Guidelines for the
Management of Adult Acute and Acute-on-Chronic Liver Failure in the ICU sug-
gests targeting serum blood glucose levels between 110-180 mg/dL [26]. A meta-
analysis of blood glucose management in critically ill patients did not show a
mortality benefit of tight glycemic control in critically ill patients, but fivefold
increase rate of hypoglycemia [35]. Accordingly, ESPEN guideline recommends
starting insulin therapy as soon as glucose levels exceed 180 mg/dl [24].

14.6 Special Situations
14.6.1 Esophageal Bleeding
Gastrointestinal bleeding and specifically variceal bleeding are common complica-

tions of liver cirrhosis and a potential trigger event for ACLF. In hemodynamically
stable patients, it is generally recommended to wait for a minimum of 48—72 h after
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an episode of acute variceal bleeding before reintroducing enteral nutrition. The
presence of nonbleeding esophageal varices does not contraindicate feeding via a
gastric tube [15].

14.6.2 Parenteral Nutrition-Associated Liver Disease (PNALD)

Especially long-term parenteral nutrition (PN) can cause liver disease, occurring
more often in newborns and children than in adults. PNALD is difficult to diagnose
due to varying clinical presentation and unspecific elevations of liver enzymes. In
general, liver injury through PN is reversible but can also result in cirrhosis or long-
term liver injury. The early implementation of enteral feeding plays a crucial role in
the prevention of PNALD [36].

14.6.3 Liver Transplantation

In the pre- and postoperative setting in the ICU, parenteral and enteral nutrition
should be implemented to reduce complication rates, time on mechanical venti-
lation, and ICU stay. Both, enteral and parenteral nutrition, are combined in
most of the centers [37]. Chronical dilutional hyponatremia is a frequent phe-
nomenon in patients with liver cirrhosis, so that tight monitoring of natrium
levels in the perioperative setting should ensure the prevention of a rapid altera-
tions and cerebral pontine myelinolysis. Regular measurements of serum mag-
nesium levels enable an early detection of immunosuppression-induced
hypomagnesemia [15].

6. What’s important?—conclusion

The main principles of nutritional therapy in critically ill patients with liver dis-
ease do not differ from the general ICU population. Currently, there is no evidence
for different caloric or protein needs. Nevertheless, liver disease or impaired liver
function are often accompanied by metabolic derangements, nutritional deficien-
cies, and a heightened risk of malnutrition and sarcopenia. Typical signs of acute
decompensation such as hepatic encephalopathy, hydropic decompensation, and
infections as consequence of immune dysfunction potentially complicate the nutri-
tional management. A detailed assessment is crucial to address individual nutri-
tional needs and prevent patients from further complications (Fig. 14.3). More data
on critically ill patients with liver disease is urgently needed to adapt nutritional
therapy and improve the overall outcome for this specific patient population in
the ICU.
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Acute or chronic respiratory insufficiency is a major cause of morbidity and mortal-
ity in patients on intensive care units (ICU) worldwide. Especially against the back-
ground of the recent COVID-19 pandemic situation, the importance to respiratory
critical care medicine gained attention to a larger audience. Besides respiratory and
hemodynamic support, the early establishment of an adequate nutritional regime is
an integral component of supportive care for these patients. The acute respiratory
distress syndrome (ARDS) and exacerbations of chronic obstructive pulmonary dis-
ease (COPD) are two major respiratory disorders with relevance for intensivists,
which should be addressed in the following concerning disease-specific nutritional
support.

15.1 Acute Respiratory Distress Syndrome (ARDS)

ARDS is characterized by the uncontrolled formation of a noncardiogenic pulmo-
nary edema leading to severe hypoxemia due to an impaired integrity of the alveolo-
capillary integrity [1]. Another pathophysiological hallmark of ARDS is a
progressive ventilation-perfusion mismatch with the development of intrapulmo-
nary shunting as a consequence [2]. Main causes for the development of ARDS are
severe pneumonia, aspiration, or sepsis. Lung-protective ventilation, prone posi-
tioning, and in individual cases the establishment of an extracorporeal membrane
oxygenation (ECMO) are essential life-saving therapeutic options for ARDS
patients [2, 3]. The nutritional and metabolic aspects of ARDS pathophysiology are
an hyperinflammatory state associated with hypercatabolism and increases energy
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expenditure. As a consequence, ARDS patients are at major risk of malnutrition and
sarcopenia. Thus, ARDS patients should be considered for malnutrition upon admis-
sion on ICU and assessed by a nutritional evaluation. As in other intensive care
patients, the determination of the energy requirements for ARDS patients is chal-
lenging. To define the energy expenditure of intensive care patients, most guidelines
recommend the use of indirect calorimetry [4, 5]. If indirect calorimetry is not avail-
able, calculation of resting energy expenditure (REE) from VCO2 (carbon dioxide
production) obtained from ventilators, VO2 (oxygen consumption) assessed by pul-
monary arterial catheter, or the simple weight-based equations (such as 20-25 kcal/
kg/day) are recommended [4, 5]. Although malnutrition is a constant threat to
ARDS patient, rather hypocaloric nutrition (up to 70% estimated needs) should be
administered in the early phase of acute illness due to the decreased metabolism in
the initial phase of stress response [4, 6]. Entering the catabolic phase, caloric deliv-
ery should likely match expended energy (LL) to avoid malnutrition and muscle
wasting. Concerning the route of administration, the same principles applied to a
general intensive care patient are valid in case of ARDS: If possible, early enteral
nutrition (EN), starting within 48 h after ICU admission, should be preferred over
delayed EN due to a reduction of infectious complications [4]. In case of contrain-
dications for EN the implementation of nutritional regime based on parenteral nutri-
tion (PN) should be performed within the first 3—7 days after ICU admission. Early
and progressive PN is reserved for severely malnourished patients with contraindi-
cation for EN [4]. For all routes of administration, the following principle is essen-
tial: Avoid full EN or PN in the first 3 days after admission to prevent overfeeding
but try to achieve the individual energy goal thereafter!

Concerning the composition of macronutrients, the upper limit for carbohydrates
should be 5 g/kg body weight/day. For intravenous lipids, the upper recommenda-
tion is 1 g/kg body weight/day with a tolerance up to 1.5 g/kg/day [7, 8]. Parenteral
lipid emulsions enriched omega-3 fatty acids (fish oil dose 0.1-0.2 g/kg/day) can be
provided in patients receiving PN [4, 8]. When applying PN, micronutrients (i.e.,
trace elements and vitamins) should be provided daily with PN. Nevertheless, the
use of antioxidant micronutrients (e.g., vitamins C + E, selenium, zinc), high-dose
omega-3-enriched formulars, or glutamine supplementation in terms of an immuno-
nutrition is generally not recommended in ARDS patients [4].

15.2 Exacerbated COPD

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of mor-
bidity and mortality affecting an increasing number of patients worldwide. Besides
other environmental factors, the major risk factor for the development of COPD is
former or current tobacco smoking, leading to a chronic inflammation of the small
airways [9]. In the progression to the disease, airway remodeling with narrowing of
the peripheral airways can lead to airflow limitations and emphysema formation,
thus causing severe dyspnea and finally an impaired gas exchange [9, 10]. Shortness
of breath is often associated with a progressive loss of physical activity in the cause
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of the disease leading in combination with increased resting metabolic rate due to
respiratory insufficiency, tissue hypoxia and a chronic inflammatory state to malnu-
trition, unintentional weight loss, and pronounced cachexia [9, 11]. Several studies
revealed that between 25% and 40% of patients with advanced COPD are malnour-
ished [12, 13]. In addition, underweight and low fat-free mass are independently
associated with a poor prognosis in patients with COPD, especially when suffering
from an exacerbation [11, 12].

An acute exacerbation of COPD is regarded as an acute worsening of symptoms
characterized clinically by increased dyspnea, cough, sputum production, and spu-
tum purulence [14]. Pharmacologic management includes bronchodilators, cortico-
steroids, and in some cases antibiotics. Supplemental oxygen, physical therapy, and
mucolytics may be useful in selected patients [14]. In severe cases, treatment on
intensive care units for invasive or noninvasive ventilatory support might be neces-
sary. In general, nutritional guidelines for ICU patients are also valid for critically
ill COPD patients [4]. Nevertheless, as mentioned above, COPD patients are espe-
cially at-risk for suffering from malnutrition and muscle wasting having a signifi-
cant prognostic impact. For this reason, exacerbated COPD patients should be
assessed by a nutritional evaluation upon ICU admission in order to adequately treat
malnutrition and sarcopenia especially in an intensive care setting.
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Diseases of the pancreas are among the most common diseases in everyday clinical
practice. Essentially, a distinction is made between acute and chronic pancreatitis.

Nutritional care requirements of patients with acute or chronic pancreatitis differ
significantly. While the patient with acute pancreatitis suffers from a highly acute
clinical picture up to severe SIRS or sepsis, which is treated in hospital or in an
intensive care unit, chronic pancreatitis is a disease that drags on for years or
decades, which predominantly takes place in an outpatient setting. An acute flare-up
of a chronic pancreatitis may be handled like an acute pancreatitis, which is the
topic of this chapter.

The incidence of acute pancreatitis varies between 5 and 80 per 100,000 inhabit-
ants per year. In parallel with increasing alcohol consumption and changing life
circumstances, there is a trend toward an increasing incidence of acute pancreatitis
over the last 40 years. A certain lack of clarity in the available data is due, among
other things, to the fact that there is usually no histological diagnosis, but the diag-
nosis is made on the basis of clinical, laboratory, and radiological criteria, which
have limits in their sensitivity and specificity.

In the sex distribution, males slightly dominate over females with 1.4:1. This
difference increases when alcoholic pancreatitis is present. The peak in age distribu-
tion is between 35 and 45 years [9, 27].

In the western world, gallstone disease (including microlithiasis) with 35%—-40%
and alcohol abuse with 30—40% are the main causes of acute pancreatitis. In addi-
tion, there are a variety of other rare causes of acute pancreatitis responsible for
another 10%—-20% [27].
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In approximately 20% of patients with acute pancreatitis, a severe course devel-
ops. While interstitial, edematous pancreatitis usually progresses rapidly and with-
out complications, hemorrhagic, necrotizing pancreatitis is linked to substantial
morbidity and mortality. The Ranson score and APACHE II score have been estab-
lished for assessing the severity of acute pancreatitis. Imaging by computed tomog-
raphy and ultrasound has an important role in detecting pancreatic necrosis, which
is of prognostic importance [19]. Especially, necrotizing pancreatitis requires spe-
cial nutritional attention due to its relevant morbidity and mortality.

16.1 Nutrition Strategy

For a long time, nutritional therapy in patients with acute pancreatitis was deter-
mined by the dogma that oral or enteral nutrition worsened the course of the disease.
This recommendation was based on the assumption that enteral nutrition is an
excretory stimulus for pancreatic acinar cells. This would result in increased release
of intracellular pancreatic enzymes, thereby exacerbating pancreatitis. Additionally,
there was a fear of inducing increased pain in patients by early enteral feeding.
Based on these seemingly plausible considerations, the recommendation was made
to exclusively feed patients with acute pancreatitis parenterally. However, until the
early 1990s, there were no appropriately designed randomized trials to substantiate
this dogma with clinical data. On the contrary, as early as 1987, Sax et al. published
a study in the American Journal of Surgery that showed no benefit for early total
parenteral nutrition in patients with acute pancreatitis [22]. In this nonrandomized
retrospective study, a delayed oral diet and longer hospital stay were found in
patients receiving early parenteral nutrition compared with a control group receiv-
ing only fluid and electrolyte replacement initially.

Approximately 80%—90% of patients hospitalized for acute pancreatitis present
with edematous pancreatitis, which usually resolves without major complications
after 5-7 days. These patients usually do not require an admission to an intensive
care unit and no specific nutritional therapy [2]. The possibilities of resuming oral
nutrition will be discussed again later in the text.

In the remaining 10%—20%, a severe course develops often accompanied with
necrosis of the pancreatic tissue or in the retroperitoneum, resulting in a much worse
course of the disease with prolonged hospitalization and intensive care unit stay [7].
A feared complication of these patients is secondary infection of the necrosis areas
with bacteria from the gastrointestinal tract [19]. The larger the necrosis area, the
greater the risk of this feared complication is [23]. In this group of critical ill
patients, nutrition is part of the multimodal intensive care therapy [2].

It is well known from studies of critically ill patients that early enteral nutrition
has a favorable effect on the course of the disease (see Chap. 7). Therefore, it seemed
conclusive to test this concept also in patients with acute pancreatitis; also
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considering the hypothesis that early enteral nutrition is favorable for the gastroin-
testinal barrier and may prevent secondary infection of necrotic parts. Since the
early 1990s, several studies have been published comparing enteral versus paren-
teral nutrition in acute pancreatitis [1].

The main findings of these studies are that enteral nutrition is associated with (i)
a reduction in risk of infectious complications, (ii) a reduction in hospital length of
stay, (iii) a reduction in the risk of organ failure compared to parenteral nutrition. An
effect on mortality could not be shown in the individual studies, but is evident in the
meta-analysis of eight studies (see Table 16.1) [1]. In the initial studies, results indi-
cated that the beneficial effect occurred particularly with early enteral feeding com-
mencing within 48 h of disease progression [18]. In contrast, a prospective Dutch
multicenter study showed that in moderate to severe acute pancreatitis, it is also
possible to wait up to 72 h before starting enteral nutrition [4]. Among other things,
this study showed that in a relevant proportion of patients, oral nutrition was already
possible again on day 3, although this population did not show such a severe course.
As shown in a recent meta-analysis, especially severe acute pancreatitis may benefit
from early enteral nutrition [20].

Opverall, therefore, the dogma that enteral nutrition is not feasible in patients with
acute pancreatitis has changed to the clear recommendation that when nutritional
therapy is indicated, enteral nutrition is primarily indicated in patients with severe
acute pancreatitis.

In the European guideline on nutrition in pancreatic disease published by ESPEN
(European Society for Enteral, Parenteral Nutrition and Metabolism) [2], as well as
in the accompanying German Guideline published by DGEM (Deutsche Gesellschaft
fiir Erndhrungsmedizin) [15], it is recommended that parenteral nutrition should
only be given if enteral nutrition to meet requirements is not possible within
5-7 days in ICU. However, if the patient present already at onset of the acute pan-
creatitis with severe malnutrition and/or adequate enteral nutrition is not feasible,
early parenteral nutrition or a combination of enteral and parenteral nutrition may
be indicated to reach the nutritional goals [2, 12].

There is no specific guideline for nutritional support in acute pancreatitis from
ASPEN (American Society for Parenteral and Enteral Nutrition), but this approach
is also supported by the general American Guideline on Nutrition in Intensive
Care [12].

Table 16.1 Results of a Cochrane analysis (8 studies, 348 patients) regarding the effect of enteral
nutrition compared to parenteral nutrition in acute pancreatitis [1]

Odds ratio 95% CI
Infection 0.50 0.23-0.65
Surgery 0.44 0.29-0.67
Mortality 0.50 0.28-0.91
Morbidity 0.18 0.06-0.58

(Severe pancreatitis)
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16.2 Nutritional Requirements

In the most recent ESPEN guideline [2], an energy supply of 25-35 kcal/kg/day and
protein supply range over 1.2-1.5 g/kg/day is recommended. A mixed source of
energy from carbohydrates, fat, and protein should be provided. In severe AP,
administration of carbohydrates/day should be 3—-6 g/kg and of lipids/day up to 2 g/
kg. Acute pancreatitis is characterized by an overwhelming inflammation. It pro-
duces increased protein catabolism, characterized by a decremented production of
gluconeogenesis by exogenous glucose. In addition, an increased energy expendi-
ture and insulin resistance, and an augmented dependence of fatty acid oxidation for
energy substrates can be observed. Therefore, energy requirements during the clini-
cal course of AP are changing according to the severity and stage of AP, comorbidi-
ties, as well as complications. Thus, the nutritional goals must be defined on a
daily basis.

Micronutrients should be given at least due to the recommend daily doses to
avoid a shortage. Especially in patients with chronic alcohol consumption or patients
with malnutrition, severe micronutrient deficiency is frequent and includes vitamins
B1, B2, B3, B12, C, A, folic acid, and zinc. In this case, a higher substitution is
necessary.

16.3 Implementation of Enteral Nutrition

Almost all initial studies on enteral nutrition in acute pancreatitis were performed
with jejunal application of a predominantly elementary (low-molecular-weight)
tube diet. The clinical observation that some of the patients received the intended
jejunal nutrition accidental into the stomach without significant disadvantages led to
the approach of primary gastric nutrition. For example, in the work of Kumar et al.,
31 patients with moderate to severe acute pancreatitis (mean APACHE II about 10)
were randomized into a group receiving nasogastric tube feeding (15 patients) and
another intervention group receiving nasojejunal tube feeding (16 patients) [11].
Both groups received an elementary diet. Start of feeding was within 72 h after the
onset of clinical symptoms of pancreatitis. The goal of 1800 kilocalories of enteral
nutrition was achieved within 7 days in all patients. No significant difference in
clinical course (incidence of diarrhea, incidence of pain, infected necrosis, positive
blood cultures, need for surgical necrosectomy, or mortality) was found between the
two groups.

Overall, the authors conclude that enteral feeding in acute pancreatitis is possible
both nasojejunal and nasogastric. Therefore, it makes sense to start with gastric
feeding and switch to a jejunal tube only in cases of high reflux or severe motility
disorders. This conclusion is also supported by a meta-analysis of a total of four
studies and one recent study [17, 24]. This approach has the decisive advantage for
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clinical practice that the placement of a nasogastric tube is significantly easier than
achieving a safe nasojejunal tube position.

In recent years, minimal endoscopic necrosectomy has become a preferred pro-
cedure for the treatment of infected pancreatic necrosis. No systematic studies are
available on the appropriate nutritional approach in these cases. From our own
experience, we can report that these patients usually tolerate oral or enteral nutrition
and that this should be preferred.

Although the vast majority of studies have used low-molecular-weight tube
feeds, new data suggest that a high-molecular-weight tube feed can be used and that
a switch to a low-molecular-weight tube feed should be made only in cases of intol-
erance [5]. There is no indication for the use of immunonutrition based on the data.

In conclusion, enteral nutrition should be the preferred route of nutritional ther-
apy in patients with acute pancreatitis. Certainly, there will always be patients who
cannot be completely fed enterally due to gastrointestinal contraindications (severe
ileus, high reflux, intestinal ischemia, etc.). Then, a combination of enteral and par-
enteral nutrition or complete parenteral nutrition while maintaining metabolic
homeostasis should be pursued. Such a combined approach in patients who cannot
be adequately fed enteral nutrition certainly has the potential to improve the clinical
course of the patients. The optimal timing of initiation of parenteral nutrition and
caloric intake, analogous to critically ill patients, is not yet well defined (see
Table 16.2).

If parenteral nutrition is indicated, it should be provided as total parenteral nutri-
tion with the substrates carbohydrates, lipids, and amino acids and is based on the
known rules for nutrition of critically ill patients (see Chaps. 3, 4, 5). Protein intake
should be estimated at 1.2 g/kg body weight. In case of long-term absence of enteral
nutrition, the supply of parenteral glutamine in a dose of 0.3-0.5 g/kg body weight
alanine—glutamine is recommended. Figure 16.1 provides a summary of this
algorithm.

Table 16.2 Nutritional recommendations for severe acute pancreatitis

Question Recommendation

Enteral vs. parenteral Enteral preferred

nutrition

Timing of feeding Enteral feeding within 24-72 h*

Gastric vs. jejunal route | Start gastral feeding, if intolerance change to jejunal

Oral food Start soft diet with liquid or solid

Enteral formula No general benefit of semi-elemental vs. polymeric formula
Enteral infusion Continuous feeding

Probiotics/ Not recommend with exception of glutamine in long term exclusive
immunonutrition parenteral feeding

aStart early in malnourished patients and in patients who will not be able to be fed oral or enteral
in the next 5 days
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Fig. 16.1 Nutritional algorithm in acute pancreatitis

16.4 Role of Special Substrates

Various specific supplements such as high doses of antioxidants, probiotics, gluta-
mine, and omega-3 fatty acids have been studied. The majority of data shows incon-
clusive results.

In a Cochrane analysis, no clear benefit for pharmacological intervention with
vitamins or antioxidants in acute pancreatitis could be demonstrated [13].

In acute pancreatitis, microbiome alterations and increased intestinal permeabil-
ity have been described and may be one reason for infectious complications such as
superinfection of necrosis [8]. Recovering the intestinal microbiome leads to the
idea of using probiotics.

The hypothesis that administration of probiotics might reduce the rate of infec-
tious complications has been investigated in smaller pilot studies with tendentially
positive results [16]. However, a Dutch multicenter study showed that the use of a
probiotic cocktail together with the administration of prebiotics resulted in a signifi-
cantly worse outcome in patients with severe necrotizing pancreatitis [6]. The extent
to which this represents only a specific effect of the study design or a general effect
of probiotics in severely ill patients is currently the subject of further discussion and
investigation. However, probiotics should currently only be used in controlled stud-
ies in acute pancreatitis.
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Dietary polyunsaturated fatty acids, especially lipoxins, resolvins, and protec-
tins, might have immunomodulatory effects. There are some randomized studies
with enteral formula or parenteral solutions enriched with ®-3 fatty acids in the
treatment of AP, which showed some positive effects on total time of jejunal feeding
and hospital length. A meta-analysis of RCTs showed that omega-3 fatty acids sup-
plementation was beneficial in reduction the risk of new-organ failure in patients
with AP [26]. However, before a clear recommendation can be given, further more
large and well-designed RCTs are required to elucidate the efficacy of omega-3 FA
supplementation.

Glutamine has been discussed as a semi essential amino acid, especially in par-
enteral fed patients. A meta-analysis of 12 RCTs has been shown that glutamine can
be associated with a decrease in infectious complications (RR = 0.58; 95% CI:
0.39-0.87) and mortality (RR = 0.30, 95% CI: 0.15-0.60) among patients who
received total PN but not EN [3]. The above findings were confirmed in another
study that determined the advantages of intravenous glutamine [28]. Therefore,
intravenous glutamine appears to be beneficial in patients with total PN; however,
the beneficial effects of enteral glutamine should be investigated in the future.
Glutamine is recommended as a supplement in the following doses: 0.3-0.5 g/kg/day.

16.5 Increased Abdominal Pressure

In patients with severe AP and intra-abdominal pressure (IAP) >15 mmHg, EN
should be initiated via nasojejunal route starting at 20 mL/h, increasing the rate
according to the tolerance. Temporary reduction or discontinuation of EN should be
considered when IAP values further increase under EN.

When IAP >20 mmHg or in the presence of abdominal compartment syndrome,
EN should be (temporarily) stopped and PN should be initiated according to the
metabolic competence of the patient. In patients with severe AP and open abdomen,
EN should be administered, at least in a small amount. If required for achievement
of nutritional requirements, supplementary or total PN should be added [2].

16.6 Diet After Recovery or in Mild Acute Pancreatitis

As outlined earlier, most patients present with mild or moderate acute pancreatitis
that heals within 5-7 days with restitutio ad integrum. Again, a rather cautious
approach to resumption of oral food intake was previously recommended with the
idea of avoiding stimulation of pancreatic secretion, and food buildup was often
started only after normalization of serum lipase. Complicated diet buildup schemes
with gradual expansion of diet composition were designed and propagated for a
long time. However, prospective data supporting this approach are not available.
Studies have investigated a simplified and patient-centered approach to diet
buildup after pancreatitis [10, 14]. In a German open randomized multicenter trial,
we showed that in mild acute pancreatitis, the patient’s desire to resume oral
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nutrition may play a more important role than previously and that this can be done
independently of normalization of serum lipase [25]. This has been confirmed by a
recent multicenter trial [21].

This leads to the recommendation that in mild acute pancreatitis and after recov-
ery of a severe acute pancreatitis, in addition to parenteral hydration and electrolyte
replacement, a light whole food diet can be started early according to individual
preference and tolerance. Specific dietary regimens are not necessary. However, this
approach may result in some patients to a recurrence of pain exacerbation (approxi-
mately one in six patients), which then delays recovery [7].
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17.1 Introduction

Severe traumatic brain injury (TBI) occurs about 5.5 million times a year world-
wide. Even if survived, it often requires long-term intensive care and long-term
rehabilitation. Nutritional management as an integral part of the treatment strategy
for critically ill patients and in particular for those with TBI and consecutive long-
term stay in the ICU has been neglected for many years. However, many excellent
performed and statistically well-powered studies in the last two decades lead to
publication of very detailed international guidelines as well as an increased under-
standing of the importance of nutrition therapy.

Whereas most studies were performed in a general critically ill population, there are
some studies or post hoc analysis dealing with neurotrauma patients. Therefore, spe-
cific recommendations can be made for these patients after TBI. The following chapter
will summarize our current knowledge in nutritional management in patients with TBL.

17.2 Metabolic Response to TBl and Energy Requirements

The primary local result of TBI to the brain is direct brain tissue damage, impaired
cerebral blood flow and metabolism, vasospasm, edema, oxidative stress, and
release of cytokines.

On a systemic level, activation of the sympathetic nerve system after adrenaline
release from the adrenal medulla, effector hormone production like corticosteroids
after activation of the hypothalamic—pituitary gland system, and proinflammatory
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cytokine production are consequences of TBI. This leads to a high metabolic rate
(75%-200% of REE) with uncontrolled catabolism and resistance to anabolic sig-
nals like insulin, all of which result in increased energy expenditure, changed sub-
strate use and in the long term in a changed body composition due to excessive loss
of energy and protein. Hypermetabolism and therefore a catabolic state after TBI
may persist for several weeks or months and generally plateaus at 2 months.

Protein and energy wasting is worsened with the severity of TBI and in the pres-
ence of high gastric residuals and unsuccessful enteral nutrition. The actual energy
expenditure during the acute phase may be difficult to predict since it is influenced
by multiple concomitant factors (i.e., body temperature, severity of the injury, pos-
sible accompanying injuries, sedation, and ventilation).

Thus, many patients with long-term stay in the ICU due to TBI develop severe
energy and protein deficit. Most patients with severe traumatic brain injury regain
their nutritional independence within the first 6 months after injury, but also most
develop signs of malnutrition. As Krakau et al. have shown, up to 68% of TBI
patients exhibited signs of malnourishment with weight loss of up to 10-29% [1].

Sunderland et al. reported in an older study that estimating energy expenditure in
TBI with predictive formulas often are very inaccurate [2], therefore, especially
during the acute phase indirect calorimetry where available should be used routinely
as recommended by APSEN-SCCM and ESPEN. Nutrient requirement and meta-
bolic rate can vary in particular during the initial phase of TBI due to the above-
mentioned factors. As a result, repetitive measurements using indirect calorimetry
may be necessary.

17.3 Indication for Artificial Nutrition Support After TBI

It is well known that malnutrition (in particular when body mass index <18,5 in
postoperative patients) worsens outcome [3]. Patients with TBI demonstrate a sig-
nificant loss of muscle mass which correlates with length of hospitalization and
3-month function level [4]. Improved nutrient intake may therefore improve out-
come [5].

In a study including nearly 800 patients with TBI, those who were not fed within
5 and 7 days after TBI had a two- and fourfold increased mortality. The amount of
nutrition in the first 5 days correlated with outcome. Every 10-kcal/kg decrease in
caloric intake was associated with a 30-40% increase in mortality rates. This holds
up even after controlling for factors known to affect mortality, including arterial
hypotension, age, pupillary status, initial GCS score, and CT scan findings [6].

Early enhanced enteral nutrition (EN) with reaching nutritional goal at day 1 or
when started within 48 h compared to a later start of EN also resulted in lower mor-
tality and improved neurologic outcome in other studies [7, 8].

As a result of these studies, SCCM and ASPEN recommended in their current
guidelines that, like other critically ill patients, early enteral feeding be initiated in
TBI in the immediate post-trauma period (within 24-48 h of injury) once the patient
is hemodynamically stable [9].
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17.4 Route of Nutritional Support After TBI

A Cochrane review and a meta-analysis by Wang et al. demonstrated no significant
difference in outcome between routes of feeding (EN vs PN) in patients with TBI
[10]. In a prospective clinical trial comparing EN, PN, and EN + PN, the combined
approach EN + PN was able to decrease length of stay, mechanical ventilation, and
mortality [11].

SCCM and ASPEN suggest that EN is the preferred route of feeding in TBI,
alluding to the beneficial effects of EN on immunologic responses and preservation
of gut integrity as seen in other critical ill patient populations [9]. A combined
EN + PN approach is indicated whenever EN alone is insufficient to meet caloric
and protein goals.

Delayed gastric emptying and gastric hypo—/akinesia are a common dysfunction
in patients with TBI [1]. To avoid overfeeding, regurgitation, and aspiration, initial
EN rate should be chosen accordingly and can be increased every 6—8 h until the
target amount is achieved. In certain scenarios, prokinetic agents may be used to
avoid regurgitation. Nevertheless, it must be noted that the use of prokinetic agents
does not automatically result in an improvement of nutrient uptake. Hence, EN rate
should be started slowly and may be increased within the process.

Postpyloric feeding when compared to gastric feeding may be associated with a
decrease of pneumonia and a higher caloric supply [9, 12]. Therefore, a postpyloric
access may be preferred in patients after the acute phase with prolonged gastric
intolerance or those with preexisting malnutrition to avoid a further energy deficit.

However, it must be noted that the placement of a transpyloric tube may be more
difficult compared to a gastric tube. Additionally, it should be taken into consider-
ation that gastric tubes typically have a larger lumen, which reduces the risk of
clogging and dysfunction.

Even after transferal to the general ward, resumption of oral diet can be impaired
due to the use of opioids, facial trauma, or prolonged cervical immobilization,
which can be taken into consideration.

17.5 Macronutrients and Glycemic Control

A meta-analysis of 24 studies revealed that energy expenditure in TBI can result from
75%-200% of baseline-predicted resting energy expenditure (REE), depending on
severity of TBI, level of sedation, delirium, or hyperthermia [ 13]. Therefore, 20-25 kcal/
kgBW/d energy is recommended in the acute phase and 25-30 kcal/kgBW/d in the
stable or chronic phase. Like the recommendations in general critically ill patients,
those after TBI require higher protein supply (1-1.5 g/lkg BW) [14]. Some authors
recommend even higher protein dose due to the excessive losses [15].

One must be aware that despite these recommendations, actual delivery in
patients with TBI often is much lower. Taylor et al. reported the actual delivery of
only 58% of protein and 53% of energy requirements, respectively. Gastric
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intolerance due to the trauma, the use of opioids, sedatives, or vasopressors, the stop
of EN for diagnostic or therapeutic procedures in intubated patients and swallowing
disorders or agitation in extubated patients are common reasons. A stop of enteral
nutrition in TBI patients was found in 63% of days in the ICU [16].

Hyperglycemia and higher glucose variability have long been known to deterio-
rate outcome after TBI [17]. To avoid this, glucose intakes should be applied con-
tinuously and be controlled. Intravenous insulin often is necessary to avoid plasma
glucose levels >180 mg/dL and to therefore exert beneficial effects on neuroprotec-
tion, inflammation, ROS and NO metabolism, polyneuropathy, and coagulation [18].

Intensive insulin treatment is no longer recommended due to a higher incidence
of hypoglycemic events. Moreover, plasma glucose levels do not correlate directly
with brain tissue glucose levels as obtained by microdialysis technique. During
hypoglycemia in the brain, lactate, ketone bodies, and BCAA are being metabolized
to avoid further energetic damage to the brain. However, severe hypoglycemic
events are as deleterious as severe hyperglycemia.

Accordingly, and especially during the initial phase of artificial nourishment,
blood glucose levels should be measured repetitively during the day. Furthermore,
blood lipids (triglycerides, high-density lipoprotein, low-density lipoprotein, and
cholesterol) combined with ammonia should be measured on daily basis to identify
insufficient metabolism as well as overfeeding.

17.6 Immunomodulating Formula

Only one trial in 36 adult patients compared the use of immune-modulating formu-
lations (containing arginine, glutamine, prebiotic fiber, and omega-3 fatty acids)
with standard tube feed in TBI patients. As a result, the use of immune-modulating
formulations led to reduced cytokines and increased antioxidant indices [31].
Another enteral immunonutrition formula reduced in a small study the number of
infections and length of stay [34].

Despite only few data, based on expert consensus, SCCM and ASPEN recom-
mend the use of either arginine-containing immune-modulating formulations or
EPA/DHA supplement with standard enteral formula in patients with TBI [9]. This
stands in contrast to general recommendations by ESPEN and DGEM not to use
immune-modulating formulas in critically ill patients.

17.7 Omega-3-Fatty Acids (Polyunsaturated Fatty Acids
(PUFAs))

Docosahexaenic acid (DHA) but not eicosapentaenic acid (EPA) when applied after
mild TBI decreased cell death under experimental conditions [27] and improved
recovery [28]. DHA may protect neurons by decreasing ROS directly and indirectly
by increased glutathione-mediated antioxidants activity [29]. Clinical studies with
patients after TBI are missing, but PUFA-enriched diet was able to reduce the
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recurrence of ischemic stroke [32, 33]. Whether this was due to changed eicosanoid
synthesis or just due to the antithrombotic effects of PUFA is not clear. Dose
response trials or other clinical studies using this strategy are still missing [30].

17.8 Vitamins

The supply of some vitamins has been proposed to improve outcome after
TBI. Vitamins are essential for the general metabolism and often have antioxidative
effects.

Vitamin D deficiency is associated with worse outcome [19]. Administration of
vitamin D, alone or together with progesterone, has reduced proinflammatory cyto-
kines under experimental conditions [20]. Further effects of vitamin D supplemen-
tation may be the reduction of oxidative stress and modulation of apoptosis.
However, these effects are often deducted from data of patients with vitamin D
deficiency. It remains unclear whether patients without concomitant vitamin D defi-
ciency benefit from vitamin D supplementation likewise [23].

Similarly, vitamin E supplementation reduced reactive oxygen species (ROS)
and improved neurological outcome in an animal model [21]. Similar results have
been shown after vitamin B3 administration [22, 23].

Since large confirming clinical trials are still missing, vitamins can best be seen
today only as adjuvants of nutritional therapy. Further research is necessary to con-
firm the neuroprotective properties of specific vitamin supplementation.

17.9 Minerals

Plasma levels of magnesium often are decreased after TBI, maybe by interacting
with transient receptor potential melastatin (TRPM) resulting in neuronal cell death
[24]. Magnesium supplementation in patients with TBI improved somatic scores [5].

Zink is involved in many neurobiological functions. Low zinc levels after TBI
may be a consequence of low albumin levels after a shift of protein synthesis from
transport proteins like albumin toward acute phase proteins or excessive urinary
losses. Zinc, with its antioxidant properties, has been a promising supplement after
TBI by decreasing oxidative stress, inflammatory parameters, markers of apoptosis
and autophagy, and eventually improved neurologic outcome [14, 35]. Low zinc
levels have been correlated with more depression after TBI, which could be reversed
in an animal model by zinc supplements [25, 26]. In contrast, some data suggest that
an increase in zinc levels may contribute to excitotoxic cell death and should there-
fore be avoided and treated.

However, due to the limited clinical data available, no strong recommendation
for mineral supplementation can be made so far.
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17.10 Summary

Patients after TBI often are prone to undernutrition. Therefore, early nutritional sup-
port is strongly recommended since insufficient nutrition is associated with poor
outcomes for patients with TBI.

If indicated, artificial nutrition should be started within 48 h and adjusted indi-
vidually based on the metabolic rate if necessary. During initial phase, the target
amount may be determined using indirect calorimetry. Enteral nutrition is preferred
due to its physiological properties to the gut. Supplemental parenteral nutrition will
often be necessary due to prolonged gastric intolerance.

Generally, 20-25 kcal/kgBW during the acute phase and 25-30 kcal/kgBW dur-
ing the chronic phase should be provided, while considering that many factors such
as severity of TBI, the level of sedation and catecholamines, the actual requirement
can be increased or decreased. Blood glucose levels above 180 mg/dl should be
avoided by using continuous administration of insulin. Recommended target values
for protein intake are at 1-1.5 g/lkgBW.

Low levels of minerals or vitamins shall be corrected and may improve neuro-
logic function. However high-dose supplementation of these micronutrients or other
immune-modulating substrates like glutamine or omega-3-fatty acids cannot be rec-
ommended at this time due to limited clinical data in patients with TBL.
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In cases of sepsis, metabolic maladaptation occurs, resulting in stress hyperglyce-
mia, acute muscle breakdown, and increased recycling of endogenous amino acids.
These events lead to accelerated hepatic glucose production accompanied by insulin
resistance [1-3].

A known consequence of these changes is the dysfunction of the mitochondria.
This dysfunction manifests as a reduction in oxygen utilization capacity and an
inability to utilize exogenously supplied nutrients. This initial stage of sepsis is
marked by insulin resistance and a significant mobilization of caloric reserves that
can supply up to 50-75% of glucose requirements and up to 500—1400 kcal/d [1-4].

Supplying external nutrition cannot inhibit these catabolic processes and may
even heighten oxidative stress, exacerbating mitochondrial dysfunction and cell
death [5] Furthermore, early nutrition has been demonstrated to inhibit autophagy
[3]. Autophagy is a cellular mechanism that digests and recycles cellular particles
and proteins. Additionally, it can also dispose of viral and bacterial components,
indicating a potential role in resolving infections and sepsis [3].

Autophagy is a highly regulated process that can be manipulated by nutritional
therapy. It is suppressed by feeding and enhanced by starvation.

While these theoretical considerations may support a no-feeding approach in
sepsis, the increased metabolic needs related to stress observed in sepsis outweigh
the massive endogenous mobilization of caloric reserves. As a result, sepsis pro-
motes malnutrition, and withholding exogenous nutrition could exacerbate post-
septic malnutrition, which could potentially lead to an increase in mortality [6].
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The cytokine release in sepsis directly impedes the function of intestinal myo-
cytes, inhibits enteric neuromuscular transmission, resulting in a dysregulation of
gastrointestinal hormones, and disrupts the balance between gut epithelium and
microbiome, promoting intestinal edema and multiple organ dysfunctions [1, 7-10].

The absorption of enteral nutrition in sepsis thus becomes unpredictable. In fact,
enteral nutrition may be a risk factor for worsening sepsis-induced intestinal
dysfunction.

From a pathophysiological standpoint, several questions must be addressed when
prescribing artificial nutrition to septic patients.

1. The first question pertains to the most suitable route of administration. Which is
better, enteral or parenteral feeding?

2. How much should be given, and what should the caloric and protein goals be?
When is the appropriate time to initiate feeding?

3. Are there any specific macronutrient or micronutrient supplements that should
be utilized in the case of sepsis?

18.1 Route of Administration: Enteral or Parenteral?

The debate regarding enteral versus parenteral nutrition for critically ill patients is
thoroughly examined in Part II Clinical Application. However, when addressing this
question in sepsis, special attention must be given to specific details. As stated in the
introduction, the cytokine release in sepsis may lead to gastrointestinal dysfunction,
even if the primary source of infection is not found in the gastrointestinal tract.
While no randomized controlled trial (RCT) has specifically investigated septic
patients, the NUTRIREA-2 trial is the most comparable and therefore warrants fur-
ther attention [11]. The NUTRIREA-2 trial investigated the impact of early paren-
teral versus early enteral nutrition on mortality in adult patients who required
mechanical ventilation for at least 48 h and also required vasoactive support via a
central line. The trial was an open-label, parallel-group, multicenter RCT conducted
in 44 intensive care units (ICUs) throughout France. Patients who had undergone
previous gastrointestinal surgery and/or had gastrointestinal pathologies such as
small bowel syndrome were excluded. Nutritional therapy began within 24 h after
intubation, with a target of 20-25 kcal/kg/d for the initial 7 days and 25-30 kcal/
kg/d thereafter. The parenteral group received pure parenteral nutrition for the first
7 days, while the enteral group received only pure enteral nutrition. After 7 days,
both groups were given enteral nutrition, and parenteral nutrition was supplemented
in the enteral group only if energy targets were not met by pure enteral nutrition.
The primary outcome was 28-day mortality. A total of 1202 individuals were
enrolled in the enteral group and 1208 in the parenteral group. The mean age was
66 years, with an average SOFA-score of 11. Among the participants, 61% in the
enteral group and 64% in the parenteral group had sepsis as their cause of vasoac-
tive therapy. The primary outcome and most secondary outcomes, such as ICU
length of stay, time on vasoactive support, and ventilation days, demonstrated no
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significant difference. Nevertheless, notable discrepancies appeared in gastrointes-
tinal complications. A significantly higher number of patients in the enteral group
experienced vomiting (34% vs. 24%, p < 0.0001), diarrhea (36% vs. 33%, p =0.009),
as well as more concerning complications such as bowel ischemia (2% vs. 1%,
p =0.007) and acute colonic pseudo-obstruction (1% vs. <1%, p = 0.004). While the
numbers are relatively small in this large patient cohort (bowel ischemia in 19
patients and acute colonic pseudo-obstruction in 11 patients), the observed differ-
ences are significant and worrisome due to the severity of both complications and
their high mortality rates [12, 13]. Furthermore, these observations are intriguing
because patients at risk for gastrointestinal complications were excluded, and the
primary sources of infections were ICU-acquired infections, primarily ventilator-
associated pneumonia.

These findings may represent clinical evidence of the previously described sep-
sis-induced gastrointestinal dysfunction and suggest a potential advantage of paren-
teral nutrition in sepsis.

Based on the available evidence, both enteral and parenteral routes can be used
to provide nutritional support in sepsis. In addition, the current ESPEN guidelines
recommend an early and gradual enteral approach as long as there are no contrain-
dications for enteral nutrition [14]. Regardless of which route is selected, the crucial
aspect is to introduce nutrition slowly and in a stepwise manner (see the following
section).

18.2 How Much Should Be Given, and What Should
the Caloric and Protein Goals Be? When Is
the Appropriate Time to Initiate Feeding?

Directly related to the choice of nutritional route, consideration should be given to
the amount of nutrition to be provided. According to a meta-analysis conducted by
Elke et al., the observed benefits and differences between enteral and parenteral
nutrition, such as reduced instances of infectious complications, are more likely
linked to the caloric energy supplied rather than the chosen route of administration.
The meta-analysis revealed notable variations in infectious complications among
the subgroups of RCTs considered. In instances where the parenteral group received
a significantly higher amount of calories than the enteral group, infections were
more prevalent. However, when the caloric intake was similar in both groups, no
difference in infectious complications was observed [15]. Based on the introductory
theoretical considerations and the observed data, it is evident that there exists a cor-
relation between caloric intake and complications with a potential impact on the
outcome. In the context of sepsis, the administration of nutrition necessitates a care-
ful evaluation of the potential risks associated with overfeeding, which can result
from the endogenous energy release during the early phase of sepsis, and the risks
of malnutrition during the later stage of the condition. Beginning enteral feeding
during sepsis is crucial, however, following general nutritional targets and norma-
tive values established for other critically ill patients is not ideal. It is important to
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note that these values should be utilized with discretion and reassessed regularly to
ensure optimal patient care. Elke et al. conducted a secondary analysis using a large
international database consisting of 2,270 patients to investigate calorie and protein
intake by enteral nutrition in patients with sepsis. The mean prescribed energy and
protein amounts were 23.9 kcal/kg/d and 1.2 g/kg/d, respectively. However, the
received calories and protein amounts on average were only 14.5 kcal/kg/d and
0.7 g/kg/d, respectively, which is approximately 60% of the prescribed goals.
Additionally, the majority of patients did not achieve this amount within the first
3 days of ICU admission, and throughout the 12-day observation period, no more
than 80% of the prescribed goals were met [16]. These findings indicate that provid-
ing nutrition in sepsis improves outcomes, but it should likely be delivered gradu-
ally during the first week with lower calorie and protein targets than typically
recommended. One technique that may be effective in achieving these goals is per-
missive underfeeding, which was studied in the PermiT RCT of 894 mechanically
ventilated patients, 30% of whom were diagnosed with severe sepsis on admission.
The group undergoing intervention received 40-60% of their required calories for a
span of 14 days. This was found to be noninferior in the primary outcome of 90-day
mortality when compared to those receiving standard feeding (70-100% of caloric
needs). In fact, the underfed group even exhibited a potential nephroprotective
effect as the need for renal replacement therapy was significantly lower [17]. Unlike
Elke et al.’s analysis, the underfed group in this study received complete protein
support of 1.2-1.5 g/kg/d from the first day.

Similar findings were shown in the EpaNIC trial, which compared early and late
parenteral nutrition in 4,460 patients, 22% of whom had sepsis. A delayed paren-
teral nutrition strategy, which commenced only after 8 days of ICU stay, if enteral
nutrition failed to meet the designated goals, exhibited no mortality difference in
comparison to an early parenteral nutrition strategy, which initially provided for
100% of the nutritional needs from day 3 on. However, the former led to a lesser
incidence of organ dysfunctions (such as the need for renal replacement therapy and
ventilation days), shorter stays in the ICU and hospital, and fewer occurrences of
new infections [18].

These findings have been replicated in numerous other observational and ran-
domized controlled trials within the general ICU population, particularly in those
with acute lung injury. It has been demonstrated that initial underfeeding is safe,
while early full feeding may even result in harm [19-26]. As previously stated, the
inhibition of autophagy, particularly in cases of sepsis, may contribute to the adverse
effects of early full dose nutrition. This phenomenon was demonstrated in a sub-
analysis of the EPaNIC trial that was prospectively planned [18, 21]. Hermans et al.
demonstrated that early implementation of full parenteral nutrition inhibits autoph-
agy, resulting in increased muscle weakness and prolonged muscle recovery time
compared to the late parenteral nutritional protocol. This effect is particularly cru-
cial in septic patients, as 60% of the patients who underwent muscle biopsy for
immunohistochemical investigation for autophagy had sepsis. Moreover, the mark-
ers for autophagy were twice as high in the late parenteral group compared to the
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muscle biopsies from a healthy control group, indicating that underfeeding could
potentially stimulate autophagy.

The significance of protein intake in critical illness and sepsis has become
increasingly evident alongside caloric intake. Early studies suggested that higher
protein intake had a positive impact on critical illness [27-32]; however, recent
retrospective observational studies suggest that this effect might be time-dependent
and may even yield harm from increased protein intake (>0.8 g/kg/day) during the
first 3 days of critical illness [33, 34].

New evidence regarding caloric and protein targets in the early stages of sepsis
has been published in the NUTRIREA-3 trial [35]. This multicenter, open-label,
parallel-group randomized controlled trial was carried out in 61 French intensive
care units. The study examined 3,036 patients who were intubated within the last
24 h and required ventilator support for at least 48 h and vasopressor support. 58%
of patients had sepsis as the cause of circulatory shock. The study compared two
feeding strategies during the first 7 days of ICU hospitalization. In the permissive
underfeeding group, patients were administered 6 kcal/kg/d and 0.2-0.4 g/kg/d pro-
tein while the standard group received 25 kcal/kg/d and 1.0-1.3 g/kg/d protein. On
day 7 or after extubation, whichever came first, both groups were prescribed 30 kcal/
kg/d and 1.2-2.0 g/kg/d. The mean time from intubation to the initiation of nutrition
was 17 h for both groups. Enteral nutrition was received by 60% of patients, while
23% received parenteral nutrition exclusively. Both groups adhered closely to their
prescribed caloric and protein goals. The primary outcome, 90-day mortality, did
not differ significantly, but several secondary outcomes reached statistical signifi-
cance. The permissive group experienced significantly fewer days of mechanical
ventilation, as well as fewer gastrointestinal complications, notably less bowel isch-
emia, and less liver dysfunction. The standard group showed a notable increase in
the occurrence of hypophosphatemia, suggesting a potential refeeding syndrome
and the incapacity of critically ill organisms to metabolize heightened amounts of
energy and protein.

Based on the available evidence, it is suggested that an initial permissive under-
feeding for the first 5-7 days and a stepwise increase in caloric and protein supply
over several days is the safest way to prescribe nutrition in septic patients.

A possible feeding plan is illustrated in Fig. 18.1.

18.2.1 Guideline Statements

The 2021 Surviving Sepsis Campaign (SSC) guidelines weakly recommend early
enteral feeding within 72 h for sepsis or septic shock patients who are able to receive
enteral feeding, backed by low-quality evidence [36]. The guidelines do not address
specific details regarding calorie and protein goals or the timing of parenteral
nutrition.

The latest guidelines from the European Society for Clinical Nutrition and
Metabolism (ESPEN) recommend using early gradual enteral nutrition in septic
patients after hemodynamic stabilization and replacing or supplementing enteral
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Initiate with in 24-48 hrs
once shock is controlled and
vasopressors in weaning

Enteral route is prefered and should

be opened atleast with trophic feeds
If contraindications for enteral feeding

or high risks for Gl-dysfunctions/
-complications are present, parenteral
If inflamation doesn't Increaseto 12-17 kcal/kg/d or 50-70% nutrition can be supplemented early on
diminish or of measured E_E _and
flares up again 0.7-1.0 g/kg/d protein intake for

reduce feeds to the EnCtisuEelicavE
lowest level

Start full feeding after 7 days Adeqaute source control and
with antiinfective therapy achieved
25-30 kcal/kg/d or 80-100% Inflamatory markers in
of measured EE and decline No fever
1.3 g/kg/d protein intake

Fig. 18.1 Gradual feeding chart for patients with sepsis/septic shock. (EE: energy expenditure)

nutrition with parenteral nutrition if enteral nutrition is contraindicated. Enteral
nutrition should not exceed 20-50% of the nutritional requirements, and parenteral
nutrition should be prescribed only after 3 days and should not exceed 50% of the
nutritional needs [14].

The previous guidelines of the American Society for Parenteral and Enteral
Nutrition (ASPEN) indicate that enteral nutrition should be administered to sepsis/
septic shock patients within 24—48 h as soon as resuscitation is completed, and the
patient becomes hemodynamically stable. In the early stages of sepsis or septic
shock, regardless of nutritional risk, parenteral nutrition, either exclusively or as a
supplement to enteral nutrition, should not be utilized. According to expert consen-
sus, it is suggested to implement trophic feeding during the initial phase of sepsis,
which is defined as 10-20 kcal/h or up to 500 kcal/d. After 24—48 h, the feeding can
be advanced as tolerated to reach over 80% of the target energy goal within the first
week. Additionally, it is recommended to intake 1.2-2 g of protein per kilogram of
body weight per day [37].

Although the American Society issued an update recently for the general critical
ill, accepting lower calorie targets of 12—25 kcal/kg/d for 7-10 days and announcing
that early parenteral nutrition was now considered equal to early enteral nutrition,
they made no changes to the protein targets and did not publish any updated recom-
mendations for patients with sepsis and septic shock [38].

Based on the abundance of recent studies and findings that are discussed in this
context, it is necessary to update the American guidelines to ensure they align with
the latest base of knowledge. In this regard, the most accurate reflection of current
evidence is provided by the updated ESPN recommendations.
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18.3 AreThere Any Specific Macronutrient or Micronutrient
Supplements That Should Be Utilized in the Case
of Sepsis?

For further information, please refer to the chapters on macronutrition, micronutri-
tion, and immunonutrition.

Metabolic resuscitation using micronutrients in the treatment of sepsis appears to
be a rational option [39, 40], especially the use of vitamin C, which was widely
heralded as a cure for sepsis in the second half of the 2010s [41-44]. However, sub-
sequent years of extensive clinical research have not demonstrated a clear benefit of
vitamin C supplementation on relevant variables, and in some cases have even
shown the possibility of harm [45-50]. Therefore, the current SSC guidelines
weakly recommend against the use of vitamin C in sepsis and septic shock due to
low-quality evidence [36].

On the contrary, the 2022 ESPEN guidelines on micronutrients suggest a high
daily dose of vitamin C, ranging between 2 and 3 g, for critically ill patients during
the acute phase of inflammation [51].

Out of the macronutrient components, fatty acids have been found to have immu-
nomodulatory effects. Generally, omega-6 fatty acids are considered to be pro-
inflammatory while omega-3 fatty acids are known to be anti-inflammatory [52-54].

Although high-dose omega-3 supplementation is not recommended, current
guidelines suggest enriching enteral and parenteral formulas with omega-3 fatty
acids [14]. Moreover, mounting evidence favors the utilization of parenteral fat
emulsions based on fish oil rather than the traditional soybean oil solutions, which
have been linked to pro-inflammatory effects and liver malfunction. On the other
hand, omega-3 fatty acid-based solutions derived from fish oil have been connected
with reduced mortality rates among sepsis patients [55—-60].

In conclusion, patients with sepsis should receive enteral and parenteral formulas
enriched with omega-3 acids.

For parenteral solutions, it is advisable to use fish oil-based fat emulsions rather
than soybean oil-based emulsions.
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19.1 Introduction

Among acute diseases, major burns are a devastating traumatic condition that is
completely dependent on nutrition therapy for survival and recovery. On admission,
the severity of the injury and outcome depends on three factors: the total body sur-
face area (TBSA) burned, the presence of inhalation injury, and the age of the
patient [31]. According to the surface affected by the injury, the burn injury will be
classified as minor (<20% TBSA), major to severe (20-60% TBSA), or massive
(>60% TBSA).

Critically ill patients with major burns have some specificities distinguish them
from other trauma patients:

* The destruction of the skin barrier causes significant exudative losses of fluids,
proteins, vitamins, and trace elements. It further exposes the patients to thermal
losses and microorganism contamination.

* The skin destruction causes a massive oxidative stress, with a major increase of
lipid peroxidation which contributes to organ dysfunction. The associated inflam-
matory response persists for several weeks after injury.

e The immune depression (humoral and cellular) starts within hours after injury
and will persist for weeks or months. The destruction of the skin barrier further
increases the infectious risk.

e The amount and surface of tissue to repair is enormous: it generally requires
multiple hydrotherapy sessions and several surgical procedures (with associated
fasting periods).
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e Vascular access is difficult due to the limited remaining healthy skin surface:
stitching through burns may be required.

¢ The endocrine and metabolic alterations are the most extreme and long-lasting
observed in critically ill patients.

* The patients generally require ICU treatment for prolonged periods of time
(0.7-1.3 days per % TBSA burned).

Specialized burn centre treatment has been shown to both increase survival and
quality of life, but also to be cost effective. Nutritional therapy is a corner stone of
their management: recommendations have been summarized in the ESPEN guide-
lines [29].

19.2 Nutritional Requirements

Some patients with minor burns <20% BSA suffer inhalation injury and are there-
fore briefly treated in the ICU until respiratory recovery: they can be managed as
any critically ill surgical patient, i.e., fed orally or enterally with standard energy
targets (25-30 kcal/kg/day). The situation is very different with major burns.

19.2.1 Energy

The burn injury releases nearly immediately a host of mediators, starting with his-
tamine, which causes the early massive capillary leak. The massive and prolonged
release of cytokines that follows triggers a hypermetabolic and hypercatabolic
response that will persist until skin closure. The most extreme changes will be
observed during the first 2-3 weeks after injury, with a subsequent progressive fad-
ing: nevertheless the metabolic alterations persist until several months after
injury [16].

In the 1970s, the observation of a hypermetabolic response in major burns, asso-
ciated with a rapid loss of body weight, lean body mass and obvious massive mal-
nutrition, led to the development of the hyper-alimentation concept which prevailed
until the late 1980s. The Curreri formula is a typical example of these excesses
which caused numerous complications (hyperglycemia, fatty liver, septic complica-
tions, respiratory weaning difficulties, etc.). These equations belong to the past and
should be banned from clinical practice due to the automatic overfeeding they cause.

Modern management (see Tables 19.1 and 19.2) has attenuated the magnitude of
the hypermetabolic response measured by indirect calorimetry in the 1970s: in
those years, the increases in resting energy expenditure (EE) could reach 200-240%
of the predicted resting values.
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Table 19.1 ESPEN Recommendations for the nutrition of adult major burns

Topic
Indication

Route
Energy needs and
predictive

equations

Proteins

Glucose and
glycemia control

Lipids

Micronutrients

Metabolic
modulation

Nutritional therapy should be initiated early within 12 h of
injury, preferentially by the enteral route.

We recommend giving priority to the enteral route, parenteral
nutrition being rarely required and indicated.

‘We recommend considering indirect calorimetry as a gold
standard to assess energy requirements. If not available or not
suitable, we recommend using the Toronto equation for burn
adults.

Protein requirements are higher than in other categories of
patients and should be set around 1.5-2.0 g/kg in adults and
1.5-3 g/kg/day in children.

We strongly suggest considering glutamine supplementation (or
ornithine alpha-keto-glutarate) but not arginine.

We strongly suggest limiting carbohydrate delivery (prescribed
for nutritional and drug dilution purpose to 60% of total energy
intake and not to exceed 5 mg/kg/min in both adults and
children.

We strongly suggest keeping glucose levels under 8 mmol/l (and
over 4.5 mmol/l), using continuous intravenous infusion of
insulin.

We suggest monitoring total fat delivery and to keep energy
from fat <35% of total energy intake

We strongly suggest associating, in both adults and children, a
substitution of zinc, copper, and selenium, as well as of vitamin
B1,C, D, and E.

We strongly recommend using non nutritional strategies to
attenuate hypermetabolism and hypercatabolism in both adults
and children (warm ambient temperature, early excision surgery,
non-selective beta-blockers, and oxandrolone).
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Table 19.2 Interventions that attenuate the hypermetabolic response in major burns [4, 37]

Intervention

Early enteral nutrition

Early I.V. trace element repletion

Timing

Within 12 h after injury (as early as possible, but

progressive)

and for 8-21 days according to burned TBSA

Nursing in warm surrounding From admission
(25-30 °C)
Early tangential excision of full Starting within 2—4 days after injury

thickness burns

Beta-blockade (propranolol) End of first week and continue through to the

rehabilitation phase

Insulin therapy: target 6-8(10*) mmol/l | From admission

2 in diabetics

Within 12 h after injury (for doses, see Table 19.3)
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Predicting the EE and the degree of hypermetabolism during the stay is difficult
though because many factors in addition to the classical age, weight and sex modify
it, such as fever, amount of energy ingested the previous day, and time since injury.
Repeated indirect calorimetry is therefore the gold standard in management of the
patients with major burns. But this device is not widely available. In its absence, the
Toronto equation should be used [1]. This equation was developed in a Canadian
burn centre by multiple regression analysis of indirect calorimetry studies in burned
patients. Allard et al. calculated that the measured energy expenditure (MEE) was
best approximated by the equation:

Energy requirement(kcal) =-4343 + (10.5 X %TBSA) + (0.23 X CI)
+(0.84x EBEE ) +(114x Temp(°C))
—(4.5xPostburn days)

where CI is energy intake of the previous day, and EBEE = estimated basal meta-
bolic rate from the Harris Benedict equation. Figure 19.1 shows the results of the
Toronto prediction compared to the indirect calorimetry (40 min measurements) in
two patients with massive burns: the values (black triangles) do not fit exactly with
calorimetry but is a reasonable compromise. The measured values below the Toronto
prediction were the result of the patients being beta-blocked with propranolol.

All other formulas invariably cause overfeeding. The Toronto equation also
shows the important impact of the time elapsed since injury in reducing the early
elevated requirements, largely due to the decrease in lean body mass and decline of
the inflammatory response with progressive healing. In a series of 250 surviving
burned patients, energy delivery beyond 1.1 x resting EE resulted in increased fat
mass without improving in lean body mass [14]: this is a clear disadvantage. Note
that recommendation is to measure EE in fed state [32], thereby including diet-
induced thermogenesis.

Energy delivery should be closely monitored as a recent study including 493
patients on mechanical ventilation has confirmed that a feeding dose of 20-30 kcal/
day may improve survival compared to lower or higher doses [33].

19.2.2 Substrates

19.2.2.1 Carbohydrates

Glucose is the principal energy source for rapidly replicating cells such as the leu-
cocytes and wounds. Glucose should represent about 55-60% of total energy intake.
The body’s glucose oxidation capacity is the limit to increasing the glucose amounts:
this upper limit is around 4-5 mg/kg/min. In an adult 70 kg man, this represents
403 g carbohydrates per day. As dextrose 5% is frequently delivered to treat hyper-
natremia, this limit is easily reached. It is particularly important to monitor the total
doses of glucose delivered both with the enteral feeds and intravenous fluids to
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Fig. 19.1 Nutritional follow up in two patients with massive burns: it shows the evolution of
indirect calorimetry results, of the Toronto predicted requirements, and of the actual feeding (pre-
scribed energy target and real delivery). (a): man 28 years, admission weight 75 kg, burns 72%
TBSA, (b): man 59 years, admission weight 88 kg, burns 90% TBSA. (EE energy expenditure)

avoid causing hepatic de novo lipogenesis and the subsequent fatty liver (hepatic
steatosis).

Blood glucose control with insulin belongs to daily practice in burn centres: the
targets should be reasonable though and aim at keeping blood glucose between 6
and 8 (10 in diabetics) mmol/l: these limits have been proven to be safe [34]. Doses
of insulin required for this control vary between 2 and 6 Ul/h., sometimes for a few
hours up to 10 Ul/h. in diabetics. Increasing doses should trigger a control of the
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energy intakes and target. A reasonable glucose control is associated with a lower
infectious complication rate and a better graft take.

19.2.2.2 Proteins

Catabolism is massively enhanced after major burns, and a daily loss of 250-400 g
of muscles per day is a common finding. The clinically available biomarkers of
protein catabolism are not many: urinary methyl histidine is precise but is not widely
available. Another easily available marker seems promising, the urea to creatinine
ratio, according to preliminary data major burns [30]. In trauma patients, this ratio
is an indicator of protein catabolism and to be correlated with the L4 psoas and L3
muscle cross-sectional areas—the high ratios accompany skeletal muscle wasting
[13]. The urea-to-creatinine ratio has recently been shown to be a good indicator of
catabolism, but data in major burns are still missing (Paulus et al. Critical Care
(2025) 29:175 https://doi.org/10.1186/s13054-025-05396-6).

Protein requirements and attenuation of catabolism should be addressed in mul-
timodal way combining (1) high protein diets, (2) the delivery of glutamine, (3) a
relatively high proportion of carbohydrates (55-60% of total energy supply while
respecting the maxima mentioned previously), (4) attenuation of the catecholamine-
mediated hypermetabolism using the non-selective beta-blocker propranolol, and
finally (5) by promoting early mobilisation and physical exercise.

Since the 1980s, several isotopic studies have shown that protein requirements
are significantly increased, ranging between 1.5 and 2.5 g/kg/day [11, 24, 25]. This
is higher than in any other disease and represents 20-25% of the total energy intake
per day. These elevated requirements imply that standard industrial enteral feeding
solutions do not provide sufficient proteins for this condition, and that solutions
characterized as “high nitrogen energy” must still be supplemented with protein
concentrates or glutamine, the best nitrogen source.

Glutamine (Gln), a conditionally essential amino acid, is of particular importance
in burns whether provided as its precursor (ornithine alpha keto glutarate = OKG)
[8], or as glutamine [20, 38]. As the precursor of puric and pyrimidic bases and of
glutamate (further incorporated into glutathione), glutamine has a key role in immune
defence, protein anabolism, and antioxidant defences. Within 48 h of injury, a rapid
depletion of the skeletal muscle content is observed. The higher needs are in part
caused by the cutaneous losses which are proportional to burn size [5]. Several clini-
cal studies have shown that early Gln supplements reduce infectious complications
and improve wound healing [17, 39]. In burns, both enteral and intravenous route
have proven efficient. There is a minimal dose and duration of supplementation to
respect: 0.3 g/kg/day for at least 10 days, as short-lived (48 h) administration has no
effect. In case of acute renal failure, whatever the cause (crush injury or shock) with-
out renal replacement therapy or with blood urea increasing above 20 mmol/l, or in
acute liver failure, the administration should be discontinued.

The negative trial RE-ENERGIZE [15] has cast doubt about the benefits of glu-
tamine. The many shortcomings of the study should encourage further research and
clinical application:
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1. The 10-year duration of the trial recruitment is problematic (May 2011 to June
2021), as clinical practice changes over such a long time. Moreover, burn treat-
ment varies substantially between countries and was not standardized.

2. The cohort was very heterogeneous with a slightly larger burn BSA% in the Gln
group it includes numerous low severity patients (BSA 10%, SAPS = 3,
APACHEII = 1): the low severity patients have no indication to enteral nutrition
nor to glutamine [29] which is not depleted in minor burns.

3. No nutrition protocol was provided/published because it was not unified—result-
ing in a major heterogeneity: no recommendation was made, not even the use of
the Toronto equation for energy target. Not showing the data reflects this major
problem, as overfeeding with fixed equation targets may have compromised the
outcome by overfeeding.

4. No biological laboratory outwork is available, especially no Gln levels.

5. Once it became clear that the original sample size could not be reached, the pro-
tocol was amended to switch the primary and secondary outcomes.

6. Attrition of participants to the 6-month survivor questionnaires.

Practically, the Gln story is not over considering the well identified biological
effects, such as in the recent study showing that Gln alleviates tissue injury, pro-
motes redox balance, and restores ATP generation in the liver of burn septic mice
[40]. Nevertheless, routine administration of additional Gln in burns affecting <20%
BSA is not warranted, as Gln is present in nutritional quantities in all enteral feeding
solutions, generally representing 8% of the amino acids in the solution.

19.2.2.3 Lipids

Lipid requirements have been little investigated, being considered a practical energy
source. The available data are in favour of a lower proportion of lipids than in
healthy subjects, ideally below 20% of total energy. Garrel et al. showed that deliv-
ering as low as 15% of total energy as lipids was associated with a decrease in infec-
tious complications, particularly pneumonia [9]. In a paediatric burn cohort
including 944 children, retrospective high-quality data confirm the advantages of
low-fat diets, with shorter ICU stay per % TBSA burn and lower incidence of sepsis
[22]. A randomized study in 92 adult patients with mean burns 38% BSA, a low-fat
(18% of energy) omega-3 fatty acid-containing solution was associated with a sig-
nificant reduction of infectious complication and a better digestive tolerance.

The concomitant delivery of lipids with the sedative propofol should be included
in all energy and substrate calculations. Despite not being optimal, during the period
of intense hypermetabolism, delivering up to 30-35% of total energy as fat may be
the only way to avoid glucose overloading.
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19.2.2.4 Micronutrients

Since the 1940s, higher needs for micronutrients have been described in major
burns, especially of ascorbic acid and zinc. Their importance is particularly elevated
in burns where their functions in antioxidation, immunity, and wound healing are
prominent. Also important is to understand that they work as a web.

This was well shown in a Canadian cohort study including 172 patients, aged
49 + 17 years and burned 33 + 13% TBSA, compared and multi-micronutrient anti-
oxidant intervention in 81 patients with 91 controls [26]. In the antioxidant group,
the authors observed a significantly reduction of inflammatory markers at both early
and late time points, (P < 0.05). This treatment was also associated with a reduction
of measured EE (P < 0.05). Morbidity and mortality did not differ significantly
between groups. When adjusted for patient demographics and injury characteristics,
length of hospital stay was significantly shorter in the antioxidant group (risk ratio
(RR), 0.78; 95% confidence interval 0.66-0.92) [26].

19.2.2.4.1 Trace Elements

Early acute trace element deficiencies caused by large exudative losses have been
recurrently demonstrated since the 1970s. Three trace elements are particularly
involved for obvious biological reasons: as shown by balance studies, the losses
persist until wound closer. Copper, which is essential for neurotransmitter synthesis,
neutrophil function, and collagen synthesis (via the cuproenzyme lysyloxidase), is
lost in particularly high amounts: in a 30% TBSA burn, 20—40% of body content
may be lost within 7 days. Selenium is also lost at roughly 10% of body content:
selenium is essential for the activity of the glutathione peroxidase enzymes, the
primary antioxidants both in the extracellular and intracellular compartments. Zinc,
which is involved in nearly any metabolic pathway, the immune system, and wound
healing, is lost in the same quantity, with 10% of the body content being lost within
the first weeks until wound closure.

In randomised trials providing multi-vitamins to both groups of patients, the
early administration of high doses of Cu, Se, and Zn calculated to replete and com-
pensate the exudative losses in the intervention group (Table 19.3) attenuates lipid
peroxidation by restoring endogenous antioxidant defences and metabolic function.

Table 19.3 Proposed daily trace element doses in patients with burns >20% TBSA (to be deliv-
ered in addition to the basal micronutrient requirements)

Micronutrient| Dose/day—route Timing
Copper 4 mg—IL.V. From admission for:

8 days (20-40% TBSA)
Selenium 400-500 mcg—I.V. 15 days (41-60% TBSA), or
Zinc 30 mg—IL.V. 30 days (>60% TBSA)

Vitamin C 1-2 g—IL.V or enteral | From admission and until discharge for the ICU with a
multi-micronutrient preparation

Vitamin Bl | 100 mg—ILV or From admission and until discharge for the ICU with a
enteral multi-micronutrient preparation
Vitamin E 100 mg—enteral From admission and until discharge for the ICU with a

multi-micronutrient preparation

NB: the trace element administration (in 250 ml saline) requires a central venous line for delivery.
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The clinical complications which are caused by the biological alterations associated
with these acute depletions can be prevented by the early repletion from admission
for 8-30 days, depending on burn size [7]. A meta-analysis has confirmed the ben-
efits on infections, reducing the incidence of nosocomial pneumonia [6], length of
stay, and wound healing time [19]. A dose finding study including 131 patients
showed that the procedure is safe and can eventually be conducted without trace
element monitoring [23], as proposed by the Lausanne authors. The proposed doses
adapted to body surface are safe in children [35]. Brazilian data confirm the clinical
benefit of such supplementation combining zinc with vitamins C and E in chil-
dren [2].

19.2.2.4.2 Vitamins

Vitamin status is also seriously altered, and the requirements are increased due to
the elevated metabolic rate required for healing. This is particularly true for the
vitamin B and vitamin C. Low circulating concentrations of antioxidant vitamins,
a-tocopherol and ascorbic acid, have repeatedly been shown.

Vitamin C has even been used at high pharmacological doses during the first 24 h
after major burns to contain the capillary leak and stabilize endothelial function.
Tanaka et al. have shown that 0.6 mg/kg body weight (110 g in a 70 kg patient)
delivered for the first 24 h is associated with a 30% reduction of fluid requirements
during the resuscitation phase [36].

Vitamin D deficiency develops in all burns, becoming clinically relevant from
the second month after injury and contributes with the long bedridden periods to
osteoporosis. It is caused by the reduced synthesis in the skin [18]. Administration
of higher doses is required especially as the patients have increased calcium losses
due to the bed rest. It has been shown that standard doses are not sufficient [28]. In
a randomised trial using doses of 200,000 IU cholecalciferol, this dose was safe and
efficient to correct hypovitaminosis D in burn adults [27]. In the latest ESPEN
micronutrients recommendation, 4000-5000 IU/day should be administered to crit-
ically ill patients during the acute phase [3].

19.3 Feeding Route and Timing

Early enteral nutrition, i.e., within 6—12 h of injury, belongs to resuscitation, as
providing a modest amount of feeds into the gut attracts blood flow in the mesen-
teric arteries [10], while the intestine is threatened by the early shock. Burns rarely
cause direct injury to the gut. Further, its immediate use reduces the occurrence of
ileus and gastrointestinal bleeding and reduces mortality [21]. As in all other acute
conditions, no early full feeding should be attempted [32], but rather a progression
over 3—4 days to the goal determined either by indirect calorimetry or with the
Toronto equation.

The gastric route should be considered first. Nevertheless, in burns >40% TBSA,
the frequent hydrotherapies and surgeries required for their treatment cause fre-
quent fasting periods, which can be reduced if a postpyloric tube is used. In
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intubated patients, it enables stopping feeding just before the intervention and
restarting it immediately at the end. In extubated patients, the agreement with the
anaesthesiologists is a reduction of the fasting period to 3 h before the intervention.

The solutions should be high energy, high protein polymeric fibre containing
solutions completed with glutamine supplements to reach the 2.0-2.5 g/kg/day pro-
tein targets [32]. Fibres should be integrated from the start. There is no hard evi-
dence in this field, only clinical experience. Constipation can become a real problem
in major burns due to the elevated doses of opioids required for pain control and the
important fluid and electrolyte shifts. Early prevention is warranted from day 1,
with fibres, in association with macrogol or similar osmotic agents. Oral opioid-
antagonists is an option in the context of high opioid doses. In our hands, diarrhoea
is rare. Rates up to 180 ml/h are well tolerated, optimal being around 150 ml/h. The
fibre has the advantage of maintaining the microbiome [12].

Parenteral nutrition is required on occasions and may prove essential in case of
gastro-intestinal complications. The same rules and indications prevail as in other
critically ill patients.

19.4 Conclusion

In major burns, medical nutrition therapy is more than just providing energy and is
essential for survival and recovery. As in other critical care conditions, overfeeding
belongs to the past and should be prevented, even in this condition of higher energy
requirements: monitoring of delivery is essential. Rather, the specific requirements
of the burn healing process should be addressed. They start with the intense oxida-
tive stress associated with burn injuries that can be significantly attenuated by the
early intravenous repletion of endogenous antioxidants, particularly of trace ele-
ments Cu, Se, and Zn. Maintenance of the gut integrity is also an early priority,
using enteral nutrition at low dose: the latter should be started immediately within
hours after admission. Energy requirements should ideally be determined by
repeated indirect calorimetry: alternatively, the Toronto equation provides a good
guidance. Glucose and protein requirements are higher than in non-burn trauma
patients, with a specific increased glutamine requirement.
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Focusing on the preservation of the gut microbiome, synbiotics reveal trophic
effects in the colon promoting mucosal regeneration in balance with the microenvi-
ronment. Fiber has prebiotic effects and may be combined with probiotics.
Synbiotics refer to the combination of both probiotics and prebiotics, containing
Lactobacillus organisms alongside fiber. They have been also referred to as “ecoim-
munonutrition” [3].

For formulae containing synbiotics with fiber and Lactobacillus, a significantly
lower incidence of infections was shown in critically ill trauma patients [13], and
after major abdominal surgery, involving pancreatic and hepatobiliary resections, as
well as liver transplantation [10, 11, 22, 23, 26]. No difference was observed
between the effects of living or heat-killed lactobacilli [21-23]. No influence was
shown on the incidence of ventilator associated pneumonia (VAP) [12]. A study in
brain injured patients [8] showed significant advantages of a formulae containing
glutamine and probiotics with regard to infection rate and length of stay in the inten-
sive care unit. In critically ill trauma patients, significantly lower intestinal perme-
ability and infection rate were observed for synbiotics versus fermentable fiber
alone, glutamine, or peptide diet [25].

A plenty of meta-analyses has been published. A meta-analysis of 34 random-
ized clinical trials with 2723 patients revealed for probiotic and symbiotic use in
elective surgical patients a reduction of postoperative sepsis [5]. For trauma patients,
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a meta-analysis from 5 studies with 281 patients showed significant benefits with
regard to a reduction of nosocomial infections, the rate of ventilator associated
pneumonia, and the length of intensive care stay. No difference in mortality was
observed [9]. The authors already pointed out the considerable heterogeneity of the
included studies.

Concerns about giving synbiotics to patients with acute sepsis (APACHE II
score > 15) have been drawn from a multicenter, randomized, double-blind, pla-
cebo-controlled study by [4]. 298 patients with predicted severe acute pancreatitis
(APACHE II score > 8) were given probiotics via the enteral route. The results
showed a significantly higher mortality rate in the probiotic group, in which nine of
the patients also developed bowel ischaemia. The authors have suggested that the
cause for the increased mortality could be due to an increased local oxygen demand
caused by the enteral administration of probiotic bacteria. Together with an already
reduced blood flow, this could have become a trigger for the bowel ischemia. A
second explanation discusses the possibility of local inflammation of the mucosa
caused by the probiotics, which has already been shown to be the case, in experi-
mental studies with enterocytes [4]. It is also conceivable that the probiotics led to
an increase in gas production in the intestine and that this distention caused reduced
bowel perfusion. A combination of which may have led to detrimental bowel
ischemia.

In another randomized controlled study from Spain in 89 patients with multiple
organ failure (exclusion: neutropenia, acute pancreatitis), a synbiotic drink was
enterally administered for 7 days. In the intervention group, lower serum lactate
levels were found on the second day, higher fibrinogen levels on day 5 and 7, and
lower dimer levels. While no difference in microbiological resistance was observed,
the synbiotic group showed mucosa colonization by Candida which resolved after
stopping symbiotic administration. The clinical course in the ICU was without dif-
ference [16].

In a systematic review including 23 randomized controlled trials about the use of
probiotics in the critically ill, the rate of ventilator-associated pneumonia was sig-
nificantly reduced with probiotics (risk ratio 0.75; 95% confidence interval
0.59-0.97; p =0.03). There was a trend toward reduced intensive care unit mortality
(risk ratio 0.75; 95% confidence interval 0.59-1.09; p = 0.16) without any effect on
intensive care unit or hospital length of stay [20].

A meta-analysis of 30 studies including 2972 patients revealed a significantly
decreased rate of infections (RR 0.80, 95% CI 0.68, 0.95, p = 0.009). Furthermore,
a significant reduction of ventilator associated pneumonia was observed (RR 0.74,
95% CI1 0.61, 0.90, p = 0.002). No impact was found on mortality, hospital length of
stay, and rate of diarrhea. Regarding infection rate, the subgroup analysis showed
that the administration of probiotics may be more beneficial than the combination
with prebotics [17]. A meta-analyses including 31 RCTs with 8339 patients con-
firmed the benefits of probiotics-supplemented enteral nutrition regarding the pre-
vention and alleviation of ventilator associated pneumonia. Prebiotic supplementation
was the most effective in preventing diarrhea [15]. In another recent meta-analysis
including 14 studies, the incidence of diarrhea was just slightly reduced by
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probiotics and synbiotics [2]. A recent umbrella review of 30 meta-analyses showed
[1] that probiotics significantly decreased

 Incidence of ventilator-associated pneumonia (VAP)
¢ Incidence of nosocomial infections

* Intensive care unit (ICU) length of stay

* Hospital length of stay

* ICU mortality

¢ Mechanical ventilation duration

¢ Duration of antibiotic use

¢ Diarrhea

Due to the heterogeneity of treatment regimen, no special species of probiotics
can be recommended.

The German guidelines recommend probiotics (Lactobacillus plantarum and
Lactobacillus CG) for patients with severe trauma and those undergoing liver trans-
plantation [7].

The ASPEN guidelines (2016) suggest to consider a commercial mixed fiber
formula if there is evidence for persistent diarrhea. Avoidance of both soluble and
insoluble fiber is recommended in patients with severe dysmotility. A recommenda-
tion for the routine use of probiotics in ICU patients could not be given [19].

A recent meta-analysis of 71 studies with 8551 patients showed the benefits of
probiotics and synbiotics only in lower quality studies [14].

In conclusion, there is limited safety of probiotics in the critically ill patient with
typical side effects sepsis, fungemia, and even bowel ischemia [6].

Despite controversies and open questions, the administration of synbiotics for
the maintenance of the microbiome is a challenging concept with possible impact
on the incidence of ventilator-associated pneumonia infectious complications and
diarrhea [1, 18]. The most appropriate species has not been elucidated yet. Therefore,
more high powered clinical studies will be required.
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21.1 Introduction

Modern intensive care has improved the survival rates of critically ill patients over
the past decade and reduced mortality risk following discharge from the intensive
care unit (ICU) [1-3].

However, patients continue to suffer from long-term decreased functional ability
and a lower physical quality of life after ICU discharge [4]. This includes limita-
tions in exercise ability, ICU-acquired muscle weakness (ICUAW), and physical
and psychological sequelae [2, 5]. These limitations directly affect patients and
have consequences for the socio-economic system, such as increased costs and
greater utilisation of the social health system [2].
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To address these long-term challenges, clinical practice guidelines recommend
the implementation of early mobilisation in the ICU [6, 7]. Early mobilisation is a
crucial component of the rehabilitation process. It has been proven to be an effective
and safe intervention for enhancing the long-term quality of life and functional out-
comes of critically ill patients [8—10].

21.2 Definition of Early Mobilisation

Even though early mobilisation is used worldwide, there is still no universal agree-
ment on the definition, the optimal time for initiation or form of mobilisation [8,
11]. This lack of consensus hinders a standardised and widespread clinical imple-
mentation [8]. Early mobilisation is an exercise intervention that initiates and sup-
ports passive or active movements in patients to promote and maintain their mobility.
It is based on a reproducible and physiological approach [8, 12]. The goal is to initi-
ate early mobilisation as soon as it is deemed safe, typically when patients are phys-
iologically stable enough to be mobilised [11]. For example, the patient mobilised
into the chair in Fig. 21.1. He had a temporary external ventricular drainage due to
a ventricular shunt defect and was first passively and later actively mobilised to a
chair as soon as it was deemed safe. Currently, the timing of early mobilisation

Fig.21.1 Sitting of a
patient with an external
ventricular drainage
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varies from less than 24 h after mechanical ventilation to more than 1 week after
ICU admission. Researchers have concluded that intervening with early mobilisa-
tion within 48—72 h of mechanical ventilation is optimal for improving clinical out-
comes [8]. The German guideline on “Positioning and Mobilisation of Critically Il
Patients in Intensive Care Units” defines early mobilisation as initiating mobilisa-
tion within 72 h after admission to the ICU [7].

21.3 Types of Mobilisations

Mobilisation can occur in three different ways, depending on the activity level:
passive mobilisation, passive-active mobilisation, and active mobilisation.
Existing mobilisation protocols usually contain passive and active elements in a
graduated approach depending on the patient’s condition [3]. The lowest level is
passive mobilisation, and the highest is independent walking [3, 13]. Figure 21.2
shows an example of a passive transfer of an amputee patient into a chair, assisted
by two physiotherapists and one nurse. Including passive forms of mobilisation
has the advantage that patients can receive mobilisation in every phase of the dis-
ease [14]. Based on this, there are two known mobilisation concepts: (1) passive-
active and (2) active concepts. Passive-active mobilisation concepts combine
passive and active elements regarding mobilisation. One such concept is the
“Surgical Optimal Mobilisation Score” (SOMS), shown in Fig. 21.3 [3, 14]. Every
day, mobilisation goals will be defined by an interprofessional team based on the
clinical condition of the patient and the mobility algorithm of the SOMS. The
clinical team will then work together throughout the day to achieve the patient’s
daily goals [14, 15]. Active mobilisation concepts, such as the one used in the

Fig. 21.2 Passive transfer of a patient into a chair
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Fig.21.3 SOMS (3, 13)
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SOMS Description

0 r‘ No activity
1 3 j!. . Passive range of motion

Sitting

Ambulation

&
3 i Standing
£

ICU-MS

Definion

Passively rolled or passively exercised by staff

Sitting in bed, active bed exercises

Passively moved to chair (no standing)

Sitting over edge of bed

Standing with or without assistance

Transferring bed to chair

Marching on spot (at bedside)

Walking with assistance of two or more people

Walking with assistance of one person

©| O N| o gof M| W| N

Walking independently with a gait aid

-
o

Walking independently with out a gait aid

Fig. 21.4 ICU Mobility Scale (IMS) according to [17]

TEAM Trial, which is based on the ICU mobility scale (IMS), require muscle
activity from the patient [16]. Patients will be assessed daily based on their clini-
cal condition and the IMS level, for details, see Fig. 21.4. Unlike the SOMS, this
approach aims to start with the highest possible mobilisation level, which can be
reduced during the day if necessary. Additionally, only active mobilisations count
to fulfil the protocol [16]. For instance, as shown in Fig. 21.5, passive sitting does
not contribute to the fulfilment of active mobilisation concepts. This requires con-

siderable time and personal effort [3].

In conclusion, early mobilisation should be goal-directed and protocol-based

therapy, which includes passive and active components [12, 13].
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Fig.21.5 Passive
mobilisation into sitting
position of an amputee
patient

21.4 Effects of Early Mobilisation

Early mobilisation demonstrates positive effects that can be observed in the short
and long term. These effects include changes in ventilation, functional ability, and
quality of life. Concerning the short-term effects of respiration, early mobilisation
has been shown to improve outcomes related to weaning and mechanical ventila-
tion. In detail, early mobilisation compared to standard care positively influenced
the duration of ventilation and ICU length of stay, the incidence of ICUAW and
ICU-related complications such as ventilator-associated pneumonia, deep vein
thrombosis and pressure sores, and physical function at hospital discharge, with
conflicting results on hospital length of stay [18, 19]. Early mobilisation reduced the
incidence but showed only minor differences in delirium-free days. However, early
mobilisation does not affect ICU and hospital mortality [18, 19]. Regarding func-
tional ability and muscle strength, potential effects of early mobilisation have been
demonstrated in smaller studies, indicating to enhance patients’ mobility through-
out their ICU admission, improve functional mobility at hospital discharge, and
present promising discharge disposition [10, 13]. Patients who underwent early
mobilisation achieved higher levels of mobilisation during their ICU stay and left
the ICU with a higher level of mobilisation compared to standard care [13].
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Data about the long-term effects of early mobilisation is more challenging to
interpret. On the one hand, it has been demonstrated that early mobilisation might
be the first known intervention to improve long-term cognitive impairment in ICU
survivors after mechanical ventilation. A long-term study comparing the effects of
early mobilisation conducted by occupational therapy and physiotherapy with stan-
dard care revealed a reduction in rates of cognitive impairment after 1 year (24% vs.
43%). Furthermore, the early mobilisation group had fewer cases of ICUAW (0%
vs. 14%) and higher physical health in terms of quality of life. However, there was
no difference in functional independence between the two groups. It is essential to
understand that in the study by Patel et al., the control group received nearly no
mobilisation [20]. Controversially, an increase in early active mobilisation did not
result in a more significant number of survival days or days spent outside the hospi-
tal setting, which was investigated in the TEAM trial, the largest long-term study in
the field. The intervention of early active mobilisation did not significantly change
the number of days alive and out of the hospital at 6 months. There was also no dif-
ference between the groups regarding mortality, number of ventilator-free days,
health-related quality of life, and function. It is essential to understand that the stan-
dard care group received active and passive mobilisation of above-average quality
in the TEAM Trial. The main differences to the intervention group were that active
and passive components were used and some timing differences. Consequently, the
TEAM trial shows a dose-ceiling effect of mobilisation but not the ineffectiveness
of early mobilisation [4].

In summary, the positive effects of mobilisation are not limited to short-term
benefits but also the long-term well-being of critically ill patients.

21.5 Safety, Dosage, and Individualisation

The question of whether early mobilisation can harm patients arises regularly. It can
be asserted that, in general, mobilisation in the ICU is safe and feasible for every
patient. However, rare unwanted effects may occur in isolated cases [21]. To coun-
teract this, there should be clearly defined guidelines for each therapy. Protocol-
based mobilisation enhances feasibility and improves the safety of the mobilisation
treatment itself [22]. It has also been shown that implementing a safety protocol
leads to more automatic initiation of (early) mobilisation, thereby avoiding detri-
mental delays for patients [23, 24]. For example, a traffic-light system has proven
effective. It determines when mobilisation should be withheld (red), when individ-
ual consultation is necessary (yellow), or when it can proceed without consultation
(green) [11]. Furthermore, it has been observed that internal contraindications and
termination criteria within the ICU increase patients’ safety [3]. Other principal fac-
tors for implementing early mobilisation and safety aspects include the expertise of
the treating team. The availability and utilisation of specific mobilisation equipment
might facilitate the mobilisation process. As demonstrated in Fig. 21.6, a specialised
physiotherapist is using a walking frame to provide adequate support to the patient
and to maintain safety. Daily assessment of the patient’s physiological condition
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Fig.21.6 Walking with a
patient with ICUAW

regarding suitability for mobility activities and considerations for concluding a
mobilisation session should be discussed [6, 11].

Literature has shown that when mobilising severely affected patients, the dosage
of mobilisation is crucial to prevent potential unwanted effects. The mobility dosage
comprises duration, intensity (especially level), and frequency of mobilisation. There
is some evidence that increased mobilisation duration and higher mobilisation levels
are associated with overall better treatment outcomes, as opposed to increasing the
frequency of therapy sessions [25-27]. Since the TEAM trial, however, we must be
aware that an upper limit of meaningful intensity must be considered. Furthermore,
recent studies indicate that mobilisation duration lacks a modifying effect on diverse
patients, which is essential for resource allocation [28]. The evidence concerning
mobilisation in the context of neurointensive care with critically ill patients is still
highly limited [3]. However, studies involving patients in stroke units have indicated
that the dosage (duration, frequency, level of mobilisation) may impact the outcome.
Evidence suggests that shorter units distributed throughout the day have a more posi-
tive effect on the outcome than a single prolonged unit [29]. If this can be extrapo-
lated to neurocritical care patients in an ICU is unknown. An additional particular
subgroup consists of patients with aneurysmal subarachnoid haemorrhage and older
patients with functional limitations upon ICU admission. For this group of individu-
als, it is still being determined what extent of mobilisation is appropriate and which
resources need to be allocated to achieve positive results [3]. But in general, all
patients should be mobilised if there are no contraindications [12].

There should be an individualised approach for each patient, considering their
current medical condition [28, 30]. This approach may enable the adjustment of the
personalised mobilisation of critically ill patients, thereby improving outcomes
[28]. Furthermore, it has been shown that a protocol-based approach with integrated
safety criteria enhances the safety of mobilisation treatment. Daily re-evaluation



268 L. Homann and S. J. Schaller

and pre-defined individual daily therapy goals support successful and safe imple-
mentation [12].

21.6 What Else Needs to Be Considered
21.6.1 Barriers and Facilitators of Early Mobilisation

Barriers continue to exist in the early mobilisation of critically ill patients [3, 23].
These barriers can be categorised as patient-related barriers (e.g., physiological
instability and medical devices), structural barriers (e.g., limited staff, financial
resources, and equipment), procedural barriers (e.g., lack of coordination and
delayed screening for eligibility), and cultural barriers (e.g., prior staff experience
and ICU priorities for patient care) [23, 24]. Hospitals are generally encouraged to
create the necessary personnel and material conditions to perform guideline-
compliant early mobilisation [12]. Moreover, institutionalising early mobilisation
can help reduce financial, personnel, and equipment-related barriers [23]. The active
early mobilisation of ICU patients is a remarkably complex task, not only due to the
severity of the patient’s illness but also because these patients require numerous
cables and tubes for monitoring and therapy, which translates into an increased
amount of time for preparation and overall time spent with the patient (example in
Fig. 21.7) [31]. Therefore, early mobilisation is not solely the responsibility of
physiotherapists but the entire critical care team. Tasks should be adjusted and coor-
dinated according to the expertise of each professional group, further highlighting
the importance of optimal internal communication for effective collaboration within
the interprofessional team [12]. It is advisable to use a structure or protocol adapted
to the individual ICU that allows for algorithm-based mobilisation goals, including
an opportunity for all team members to raise concerns and ensure the flow of infor-
mation regarding mobility goals and achievements across staff and over time [13,

Fig.21.7 Preparation of a
Patient for Mobilisation
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23]. It should be ensured that interprofessional team meetings (rounds) and inter-
professional training occur regularly [24].

Other critical factors for successful implementation include the presence of
experts or so-called “champions.” Mobility champions can help develop a culture of
prioritising mobilisation through leadership and communication skills to educate,
train practical skills, coordinate, and promote patient mobilisation [24, 32]. They
can support staff with an emphasis on safety and practical skills to improve the
team’s confidence and capabilities [32].

21.6.2 Additional Therapeutic Approaches in the Mobilisation
and Treatment of Critically Il Patients

The interventions to be considered include active functional mobilisation, in-bed
cycle ergometry, electrical muscle stimulation (with or without passive/active exer-
cises), tilt tables, and various rehabilitation equipment [33]. There is no benefit to
adding in-bed cycling, electrical stimulation, or specific training formats in addition
to a standardised early rehabilitation program [34, 35]. This highlights that func-
tional exercises such as standing, sitting, or walking are the most effective exercises
[6, 36]. However, technical aids such as in-bed cycle ergometry or muscle stimula-
tion can provide alternatives when there are insufficient human resources [3].

21.7 Nutrition and Mobilisation

The combination of protein-rich nutritional therapy and exercise has become a
recent focus in the critically ill, yet evidence remains limited [37]. Although it has
often been studied separately in previous research, it is frequently performed com-
bined in clinical practice. We still need to explore the mutual benefits of combined
interventions of nutrition and exercise, which may augment gains in muscle mass,
strength, and physical function in critical illness [37]. Caution is necessary, as the
publication of the EFFORT trial revealed that providing protein to the acutely criti-
cally ill patient may have unintended negative consequences [38, 39]. The meta-
bolic demands of exercise are poorly understood in the ICU setting. Recent research
has highlighted significant heterogeneity in energy requirements between critically
ill individuals undertaking the same functional activities [40]. Energy requirements
are higher in the critically ill than healthy individuals [40]. Mobilisation and nutri-
tion are interconnected, and the nutrient requirements depend on the activity’s
duration and intensity. It has been demonstrated that protein intake during or
immediately after strength training increases muscle protein synthesis, but contin-
uous protein intake can negate this physiological process due to the “muscle full
effect” [41]. In this regard, intermittent nutrition in conjunction with resistance
training can enhance protein turnover in critically ill patients [42]. The idea is that
the combination of early mobilisation and early nutrition (within 72 h after ICU
admission) may effectively increase muscle mass (or prevent its atrophy), enhance
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physical functioning and independence, and prevent ICUAW [43, 44]. The com-
bined intervention might benefit nutritional status more than standard care and
promote improvement in muscle strength [43]. In a similar approach, they found
better muscle volume maintenance by combining high protein intake, early mobili-
sation, and electrical muscle stimulation. These findings only exist because a high
protein delivery target provided greater benefits for muscle volume maintenance
than medium protein delivery, but only when combined with active early rehabili-
tation and electrical muscle stimulation [45]. Further data from a single-centre
study from Brazil compared high protein intake and resistance training using cycle
ergometry. They suggested a positive impact on the physical quality of life and
reduced mortality rates of critically ill patients [46]. These results will need further
exploration in large multicentre trials.

The ICU population is highly heterogeneous in terms of admission diagnoses
and comorbid health statuses, as well as pre-ICU health factors such as comorbidi-
ties, age, sex, and baseline nutritional status. These aspects impact the response to
exercise and nutrition [47]. Therefore, an individualised approach considering dif-
ferent therapies and dosage levels of nutrition and mobilisation, as well as the over-
all condition of the patient, is sensible [37]. It is unlikely that one strategy alone will
be successful in modifying this, but nutrition and exercise are likely to have an
essential synergistic role [41].

In conclusion, procedural questions regarding the combination of training and
nutrition still need to be answered in critically ill patients: What kind of protein
(combination)? What dose of protein is optimal? Is the timing essential (continuous
vs. bolus; before or after a training session)? What mobilisation and what mobilisa-
tion dose would show the best effectiveness in these combinations?

21.8 Summary

It can be concluded that performing mobilisation early after ICU admission is
essential for successful treatment. Although firm conclusions cannot yet be drawn
regarding the type, timing, or dose of early mobilisation, it is necessary to indi-
vidualise the approach for each patient, considering their current medical condi-
tion and adjusting mobilisation therapy accordingly. Furthermore, goal-oriented
and protocol-based therapy should be implemented, incorporating both passive
and active elements. Including safety criteria for mobilisation in the protocol
enhances the safety and feasibility of the treatment. Interprofessional collabora-
tion is crucial to improve the implementation and safety of patient mobilisation.
Therefore, regular meetings and interprofessional training should be emphasised.
The use of technical aids, such as a bed bicycle or muscle stimulation, is not supe-
rior to functional training but might be helpful to alternatives if functional training
is not possible.

Comment All patients provided written informed consent to use their pictures for this
publication.
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22.1 Introduction

Quite some time ago and almost forgotten, the internationally discussed case of
Terri Schiavo triggered a remarkable amount of medical attention [1, 2] on the issue
of total parenteral nutrition, which is still widely discussed in public—often emo-
tionally and controversially [9]. When it comes to the pros and cons of total paren-
teral nutrition, especially in intensive care, physicians and nurses tend to have strong
opinions that are rooted in moral concepts that reflect on how to deal with the issue
based on everyday morality. The same holds true, however, for other forms of (arti-
ficial) nutrition in intensive care settings.! Nasogastric tubes are often discussed in
the context of discomfort while tubes applied by percutaneous endoscopic gastros-
tomy (PEG-tubes) often trigger debates on the prolongation of life at the actual end
of life o—more general—against the background of medical futility. Neither recent
case law nor legislative acts did so far ameliorate the situation mainly because they
do not help to (and do not intend to) evaluate ongoing individual cases and acute
situated decision-making. The third amendment to the German Betreuungsrecht
(Care Act) from 2009 [5] specifies the decisive role of the will of the patient, which
may also be expressed by an authorized representative, an agent, or a legal proxy as
the linchpin of decisions on therapeutic aims. In this context, the supreme court of
Germany (Bundesgerichtshof, in short BGH) issued several verdicts regarding the
termination of artificial nutrition of a highly dependent and demented patients,

!Artificial or clinical nutrition often also called nutritional therapy includes oral, enteral and par-
enteral ways of artificial feeding.
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starting with a highly controversial case of the transection of the PEG-tube of a
demented mother by her daughter on 25 June 2010 (2 StR 454/09, Karlsruhe). The
legislation of the German Federal Court of Justice (BGH) and subsequent amend-
ments place the weighting of prolonging life and prolonging suffering exclusively
in the hands of patients, their representatives, or their legal proxies. However, the
definition of the medically indicated options for diagnosis and treatment remains
the task of the physician. The question of whether medical expertise or a close per-
sonal relationship is the decisive factor for the prolongation of nutrition is thus
complicated. A ruling by the German Federal Supreme Court (Bundesgerichtshof,
BGH) underlined the fact that medical professions and their indications can play the
leading role in deciding whether or not to prolong the life of a (suffering) patient by
means of artificial nutrition, even for several years. In this case, a son sued his
father’s doctor because his father, who was suffering from dementia, was kept alive
for several years by means of artificial nutrition in a subjectively distressing state.
The Federal Court of Justice (BGH) ruled that the doctor could not be held respon-
sible for the continuation of artificial nutrition, even though the legal representative
had not been involved in the decision-making process. The Federal Court of Justice
stated that the prolongation of life could not be understood as harm to the patient or
to others, such as the patient’s family (Federal Court of Justice judgement of 2 April
2019, VIZR 13/18). This verdict created an uncertainty among medical profession-
als. As a consequence, medical practice has become more “defensive,” neglecting or
hesitating to withdraw life-prolonging measures and particularly forms of nutrition
which are often understood to be “only” caring for the fundamental physical needs,
even in the case of futility. It is precisely at this point that ethical reflection is
on demand.

In light of the legal uncertainty, it is important to emphasize that in situations in
which the patient’s long-term survival can only be ensured through the long-term
use of artificial nutrition, decisions about therapeutic goals are not only based on the
medical indication, but also have to take into account specific ethical dimensions.
These dimensions must be addressed in a participatory process [20] which acknowl-
edges the decisive role of a patient’s will, often communicated by legal proxies,
relatives or in advanced directives. In contrast to questions of everyday morality, a
theoretically and methodologically well-founded clinical ethics must examine legit-
imacy and justifiability because of universal ethical principles and norms [13]
against the background of possible courses of action and taking into account evalu-
ative [19] and normative aspects of each case.

In post-war Anglo-Saxon medical ethics, the principle of patient self-
determination and autonomy became the linchpin of decision-making, overcoming
the now outdated paternalistic doctor-patient relationship [10] in favor of a coopera-
tive doctor-patient relationship, in which the doctor as medical expert is in a sym-
metrical relationship with the patient as expert in life-world goals and values, guided
by a self-determined will. This is now the gold standard in most Western health care
systems. In addition, several constructs of the presumed will of incapacitated
patients have been given considerable scope for interpretation, both ethically and
legally. Of relevance to issues of nutrition in intensive care settings particularly in
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the light of futility are the current expressed will of the patient who has sufficient
capacity, the previously expressed will of incapacitated patients, often recorded in
the patient’s will, the expressed will of an authorized representative or agent, and
the presumed will, often derived from earlier life decisions. In the following, we
will discuss where, from an ethical point of view, the boundaries between different
concepts of the patient’s will in relation to artificial nutrition for intensive care
patients play a significant role. This includes practices of assessing the personal
value systems of a patient and his or her significant others in ensuring the patient’s
best interests. Finally, it needs to be discussed how the physician’s role can be rec-
onciled with the patient’s self-determination in which form ever.

22.2 Forms of Self-Determination and Some Critical Remarks
on the Concept of Autonomy

22.2.1 Definitions

Autonomous will of a patient is ideally based on information and individual (ratio-
nal) deliberation, is related to personal value systems, and is freely formed and
expressed in the context of medical decision-making. It can take many forms (e.g.,
gestural, verbal, or written). In the clinical context, it must always be ensured that
the patient, who is sufficiently capable of reasoning, is able to form his convictions
based on comprehensive and extensive information. This requirement already raises
questions about the concept of autonomy: How autonomous are children and ado-
lescents? Where are the limits of psycho-cognitive competence that are essential for
self-determination (for example, in the case of dementia or intellectual limitations)
[18]? What personal burdens experienced in the course of the illness (fear, despair,
anger) do influence or hamper our free will? What are the intellectual capacities
needed to build an adequate “breadth and depth” of knowledge, medical indications,
and their consequences?

In the context of advance care planning and advance directives, a previously
expressed will formulated in anticipation of a situation that has not yet occurred is
also considered autonomous, if it meets the above criteria. It is often not clear
whether the writer has made the expressed will after rational reflection and in an
informed and independent manner, given the form and content of the patient’s
instructions. Ultimately, an incapacitated patient’s agent or guardian (since the
patient’s incapacity is the precondition for applying the patient’s advance decision
in the first place) decides whether the document is applicable to individual living
and treatment conditions.

The presumed will is an expression of the patient’s beliefs if he or she were able
to do so and is therefore a matter of best judgement. So, the presumed will does not
exist “naturally” but must be investigated. Usually, this exploration is done by refer-
ence to narratives. Narrative accounts of the patient’s life, his or her value system,
previous life decisions (especially regarding health and illness), and reports and
assessments from loved ones form the basis for establishing presumed will. As with
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any interpretation, even a thorough one, there is an inherent danger that the pre-
sumed will projects one’s own or others’ assumptions and beliefs onto the presumed
wishes of the patient.

Especially authorized representatives or agents, who are simultaneously advo-
cating the patient’s wishes and are close to him, frequently face the problem of
overlaying the patient’s presumed will with personal emotions or interests.
Oftentimes it is unascertainable in how far volitions claimed by representatives cor-
respond to the patient’s desires or whether they are biased by the representative’s
value-systems, convictions, emotions, and interests. Therefore, the avoidance of
misuse of warrants plays a decisive ethical and legal role in clinical contexts.

22.2.2 Critical Remarks on the Concept of Autonomy

Aside from these rather structural limitations of the concept of patient autonomy,
some conceptual borders, which are of particular interest in case of questions of
life support and nutrition, need to be discussed. The first difficulty results from the
requirement of knowledgeability when forming a self-determined will. Particularly
those patient’s provisions which have been composed without lived experience
regarding end-of-life situations oftentimes waive unwanted treatments (97.8%)
and explicitly waive parenteral nutrition (98.9%), as studies have shown [16].
Sometimes, however, this decision is triggered by experiences or on reports of
hearsay from the patient’s personal environment. Comprehensive clarification of
the indication of parenteral or otherwise supported nutrition, its different proce-
dures (including the combination of procedures of parenteral nutrition and enteral
nutrition), indication of the adjustment of supported nutrition and so on, does usu-
ally not form the basis of this decision. In contrary, to be nourished is understood
as one of the most natural and often delightful processes in human life and artificial
nutrition is often understood as a significant loss of autonomy and quality of life.
This impact of lay perceptions is not surprising, since according to [16], only 7.3%
in a sample of respondents stated that they had support of a physician in their com-
position of a patient’s provision. Thus, after the commencement of the third amend-
ment to the German National Care Act (Betreuungsrecht) statements such as “I
don’t want to be attached to any tubes at any point” or “I want every available
medical treatment (except parenteral nutrition) as long as there is still hope for me,
otherwise I request to die in a humane and dignified manner” are fully valid in
Germany, despite the fact that they leave much room for interpretation. Therefore,
it needs to be resumed that in dealing with patient’s provisions, legal certainty,
which helps the patient’s will to fully develop, has apparently been established but
the applicability is limited by (a) a lack of knowledge and personal experience with
end-of-life situations, (b) abstinence from professional medical support in formu-
lation advance directives, and (c) relatively reduced statements with regard to val-
ues and beliefs being the driving forces behind the directives. How far this declared
will is attuned to the scope of the decision and based on information and reflection
can still only be assumed. Thus, preference needs to be given to patients’ current



22 Ethical Challenges of Artificial Nutrition in Intensive Care: Navigating the Borders... 279

and informed decisions for or against treatments including nutrition in each indi-
vidual case. Even though in some cases these decisions may not comply with the
ideal of informed, rational decision-making rooted in the concept of autonomy, the
decision’s authenticity can often be established in direct conversations. As has
already been outlined, this may also be one of the central issues in the case of voli-
tion by authorized representatives and/or agents. For this reason, the additional
reconstruction of the patient’s presumed will should always be brought into con-
sideration alongside the representatives’ reports.

A more subtle problem is rooted in the apparent disembodiment of the concept
of autonomy. Particularly, the notion that nutrition is a natural, joyful, and very
individual act of a person does challenge (rationally justified) concepts of autonomy
[6]. Ingestion not only serves to cover our daily physiological need, but is also
related to lust or disgust, pleasure or aversion, and always refers to (possibly new)
experiences pertaining to the life-world and to social participation. Decisions by
patients and/or of authorized representatives and agents are thus always placed
within the context of a subjective corporal-bodily world of experience, which is
rarely explicitly included into clinical-ethical considerations. The reason for this
neglect may lie within the methodological uncertainty of dealing with a phenome-
non, which can only be accessed via narratives—if narratibility is established. This
interpretative access is thus always context-bound and can only be situatively devel-
oped. Nevertheless, especially the thematization of the subjective, bodily dimen-
sion, which for the patient is related to different ways of ingestion, may contribute
to protecting the decisions’ authenticity (see below).

22.3 Authenticity, Best Interest, and Healthcare

As the previous discussion shows, the patient’s expressed will, sometimes through
a proxy, must be accompanied by further ethical considerations to ensure that the
decision for or against parenteral nutrition represents the patient’s best interest, both
in terms of treatment and therapeutic goals. However, medical care should not
define the best interest of the patient in terms of a professional and generalizable
judgement alone. Particularly, weighting the opportunity costs [7] of supported or
parenteral nutrition and the achievable “quality-adjusted life years” (QUALYS)
would inevitably lead to neo-paternalism and an unacceptable asymmetry in the
doctor-patient relationship, resulting in a clear shift within the power of interpreta-
tion to the detriment of the patient. The main reason is a silent shift from an indi-
vidualized approach in appreciation of the person the patient is to a more utilitarian
approach. This has been demonstrated in a case of the Federal Court of Justice
(BHG judgement of 2 April 2019, VI ZR 13/18). From an ethical standpoint, the
process of defining therapeutic aims is adequate, when it is situated, individually
adjusted, based within the patient’s value-system and when patient or representative
adopt the expert role in what pertains to the life world and thus assess the life- and
treatment situation. This position poses the difficulty that accepting the role in the
decision-making process (role-making) is accompanied by basic requirements
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directed at the holder of this position (role-taking). Artificial nutrition and hydration
in clinical settings thus need guidelines. Druml et al. [8] provided a valuable guide-
line for shared decision-making beyond existing consensus papers. Right at the
beginning the authors state that “This guideline provides a critical summary for
caregivers in regard to the ethics of artificial nutrition and hydration therapy”
([8]:546). While this is tremendously helpful, the ethical argumentation hinges
(only) on the four principles of biomedical ethics as championed by Beauchamp
and Childress [3]. From a clinical ethics perspective, therefore, the paper does not
address the limits of autonomy beyond the specific conditions required for informed
decision-making.

This is where the concept of authenticity comes into play. Authenticity has
unfortunately long since been neglected in most approaches to clinical ethics, partly
because decision-making beyond informed consent is often equaled with medico-
legal or forensic risk. From an ethical perspective, though, the authenticity of a
decision can be used as a criterion in an individual case if it is understood norma-
tively and not perceived according to a model of personal conformity, i.e., if a per-
son’s actions or statements are in accordance with his or her intentions. Rather,
authenticity needs to be understood as an epistemological term in this context.
Perceived in such an evaluative manner, authenticity means that a person’s decisions
or intentional actions provide information about the person’s stances and attitudes
toward the overall goal of the decision and/or the therapy—if one will in a herme-
neutical manner. The difficulty lies in the distinction between intentional and unin-
tentional actions. This problem is reflected in the debate about whether the repeated
refusal of food by people with dementia is to be understood as an intentional act,
and thus as a form of natural volition, or as an under reflected, situated aversion. The
problem is exacerbated in the case of patients whose individual intentions are
unknown and whose interests are expressed exclusively by authorized representa-
tives or agents. Typically, this problem arises in the case of neonates and infants and
regularly results in an almost indistinguishable overlap between the intentions of the
parents and the (presumed) best interests of the child. Similarly, decisions supported
by legal proxies of dementia patients may be biased on the one hand by the interests
or emotions of those who are supposed to speak for the patient, or simply by a lack
of knowledge of the patient’s life story in those frequent cases where elderly people
without family or friends become incapacitated and are supported—in most Western
countries—by a professional legal proxy. From the perspective of clinical ethics,
however, the best evaluative approach to this issue is to develop the differences and
similarities between the personal best interest and the best interest of the patient, a
process often based on narrative methods and evaluations. Reconstructive clinical
ethics is based on this kind of “contextual reconstruction” and has been quite suc-
cessful in distinguishing the best interests and presumed will of patients from the
assumptions, interests, and emotions of their (legal) representatives.
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22.4 Nutrition, Prolongation of Life, and Prolongation
of Suffering

One of the most difficult areas of ethics is the moral intuition that often arises in the
context of assisted or artificial nutrition. Not infrequently, relatives or caregivers
express the opinion that the patient would not live a “worthwhile” or “dignified”
life. This position aims to balance the protection of life against the protection of
dignity, which also seems problematic given history of abusive euthanasia during
the Nazi regime in Germany [4]. The extent to which a patient is merely alive but
not a participant in life is often almost impossible to judge from the outside and
should therefore not be the subject of medical or nursing considerations. The assess-
ment of an individual’s quality of life is a highly personal consideration, or at least
an individual’s perception, and can only exceptionally be transferred to a person
familiar with the individual’s values and life choices.

Nevertheless, the extent to which prolonging life primarily means prolonging
suffering, or merely prolonging suffering [12], can and should be critically exam-
ined from the perspective of a physician and/or nurse. It must also be considered
whether the measures taken (e.g., parenteral nutrition) are suitable to make a pre-
ventive, curative, or palliative contribution to the therapeutic goal and the treatment
goal, whether curative or palliative [11]. There are usually three options for such an
indication for artificial nutrition based on the overall therapeutic goal:

1. When artificial nutrition is essential to maintain life in the context of an overrid-
ing curative or palliative therapeutic goal, it is medically indicated and its desir-
ability and applicability assessed in collaboration with the patient or their
representative.

2. The desirability and applicability of artificial nutrition should be assessed in
cooperation with the patient or his representative, weighing the prolongation of
life against the prolongation of suffering, if nutrition is provided solely for the
purpose of maintaining life without any other reason for treatment [17].

3. If measures of artificial nutrition serve to maintain life without achieving addi-
tional curative or palliative therapeutic goals, they can only be justified from a
palliative perspective and should be evaluated for their ability to alleviate suffer-
ing in cooperation with the patient or his representative according to their desir-
ability and applicability.

It would be going too far at this point to explore the concept of dignity in depth.
Suffice to say, though, that in addition to the dignity that is intrinsic to each human
being and is based on their existence and being (ontic dignity), there is also a phe-
nomenological source of dignity that takes the subject and their sense of self, which
even may rest on a minimal cognitive state, as the starting point for ethical reflec-
tion, and a dignity that takes as a reflexive source the continuous “updating” of the
subject on the basis of their values. Therefore, taking into account actualized value
systems and choices, as well as the indication of parenteral nutrition, which, in the
case of cognitive limitations, is linked to a minimal sense of self and capacity to
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suffer, always contributes to the recognition and development of the patient’s dig-
nity. It is the reciprocal, valid realization of the human encounter at the bedside that
ultimately feeds the relational source of dignity in medical and nursing practice.

22.5 Conclusions for Clinical Practice

With regard to the indication of artificial nutrition, medical problem-solving is faced
with the challenge of reflexively incorporating into the decision-making process the
ethical dimensions of physicians’ actions, which are publicly discussed and charged
with personal value systems.

The same applies in the context of the seeming supremacy of the personal or
representative will of the person concerned and the reconstructive, presumptive will
of the person concerned. A constant contextualization and possible re-evaluation of
the patient’s will against the background of the given life and treatment situation is
required due to the pragmatic and systematic limitations of the concept of auton-
omy. The methods of clinical ethics that have now been established for this purpose
have only recently become part of the training of doctors and nurses, and this is not
the case everywhere. Where there is no clear authority for clinical ethics and no
specific authority—such as a theoretically and methodologically well-founded eth-
ics committee—is available, a systematic examination of the following aspects can
be a helpful guide for the layperson in clinical ethics:

1. Reconstruction: The reconstruction of the treatment situation should, in addition
to medical facts, always include the social background and the culturally influ-
enced value-system of a contextualized evaluation.

2. Analysis: The analysis of all treatment options (including those which are imme-
diately declined) should, in addition to the critical assessment of individual com-
petence in the treatment application, also comprise principles and norms to
evaluate courses of action. The following questions are of major interest: Does
the treatment result in additional suffering, which could have been avoided or is
the treatment and its additional strain inevitable in order to prevent greater suf-
fering and harm? Which volition expresses the patient, or by their authorized
representative or agent, with reference to the viable options? Can the procedures
be executed according to need and performance?

3. Critical evaluation: Ultimately, the normative evaluation of treatments of paren-
teral nutrition needs to assess the treatment’s applicability, desirability, and jus-
tifiability against the backdrop of the information gathered in step 1 and 2.

4. Application: Finally, a concept of implementation needs to be developed which,
whether parenteral nutrition is executed or not, includes the patient’s prefer-
ences, the aims and limits of medical care and especially the subjective, cultur-
ally and socially influenced perception of suffering and alleviation, which is also
tied to the body, into the situative evaluation and implementation of the thera-
peutic strategy.
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In conclusion, parenteral nutrition poses specific ethical challenges to medical
and nursing decision-making and performance. Expertise in clinical ethics is there-
fore particularly desirable but is currently not available in all places. This is most
notably true for the availability of clinical ethics services in institutions for the
elderly or in the context of outpatient and ambulatory care. The heuristic developed
from the broad theoretical debate on reconstructive ethics and integrative particular-
ism can help to make a medically reasonable, ethically justifiable, and socially
desirable decision for or against parenteral nutrition in each individual case, with
regard to the ethical dimensions outlined here, namely, the ethical dimensions of
autonomy, authenticity of decisions, best interests of the patient, and medical and
nursing care, which can make a decisive contribution to the endowment of dignity.
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