
Introduction 
The number of patients surviving critical illness 

caused by exposure to a significant damaging factor 
is steadily rising due to advancements in medical 
care, the development of new technologies and 
equipment, as well as manipulations and therapies. 
Unfortunately, the prevalence of late complications 
and prolonged critical illness (PCI), which is linked 
to a lower quality of life and a less effective rehabil-
itation, is also rising [1]. 

The most frequent side effects of prolonged 
ICU stays are muscular and neurological deficits, 
which increase the risk of chronic critical illness 
and poor outcomes in this patient population [2]. 

Many patients with intact consciousness still 
experience respiratory problems, muscle weakness, 
and decreased exercise tolerance years after being 
discharged from the intensive care unit. Psychological 
issues like depression, sexual dysfunction, and social 

isolation frequently coexist with the medical con-
ditions in these patients [3, 4]. 

This extensive list of symptoms and conditions 
is known as post-intensive care (PIC) syndrome [5]. 

As a result, many patients leave the unit for 
only a brief time because of commonly required 
readmission [6]. 

Further investigation is needed into the pre-
dictors, treatment, and, most importantly, prevention 
of PIC syndrome and chronic critical illness. 

Adequate nutritional support is one of the 
most important aspects of therapy. Unfortunately, 
the optimal nutritional support strategy in the ICU 
remains an unsolved issue. There are numerous 
guidelines on nutritional support for patients written 
by ESPEN (European Society of Parenteral and 
Enteral Nutrition), ASPEN (American Society of Par-
enteral and Enteral Nutrition), RSPEN (Russian Na-
tional Association of Clinical Nutrition and Metab-
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Summary 
Objective: to assess the nutritional status of patients with chronic critical illness. 
Material and methods. We examined 23 patients with chronic critical illness who were in a minimally con-

scious state (MCS) with 10.9±2.5 scores on the FOUR (Full Outline of Unresponsiveness) Score Coma Scale. 
Indicators of carbohydrate, lipid, protein and energy exchange metabolism were evaluated using specimens 
sampled in the morning hours. Nutritional support was provided by isocaloric isonitrogenic mixtures. 

Results. Blood biochemistry showed decreases in total protein and albumin levels in 86.9% and 91.3% of 
patients, respectively. The tests also revealed decreased concentrations of several amino acids, including es-
sential amino acids: histidine (38.3±13.07 µmol/L), methionine (12.68±3.81 µmol/L), threonine (61.6 [58.5; 
87.7]  µmol/L), tryptophan (33.06±15.95 µmol/L), and non-essential amino acids: arginine (40.50  [22.2; 
46.9] µmol/L), glutamic acid (124.5±39.29 µmol/L), tyrosine (37.97±10.12 µmol/L). Some correlations between 
the concentrations of individual amino acids and other indicators were revealed, such as histidine and CRP 
(r=–0.68, P=0.043), tryptophan and CRP (r=–0.86, P=0.002), histidine and leukocyte count (r=–0.76, P=0.015), 
methionine and lysine (r=0.88, P=0.008), methionine and patient's weight (r=–0.68, P=0.042). A relationship 
between threonine concentration and the level of consciousness on the FOUR scale (r=–0.73, P=0.037) was 
also found. All patients demonstrated significant alterations of carbohydrate and lipid metabolism. 

Conclusion. Alteration of adequate protein metabolism seems to be the most affected constituent in the 
nutritional status of patients with chronic critical illness. It is manifested by a decrease in the concentration of 
total protein and a number of essential and non-essential amino acids, which implies the importance of high-
protein nutritional support and correction of the amino acid profile.  

Keywords: nutritional status; critical illness; protein metabolism; amino acid profile; amino acids; pro-
longed disturbance of consciousness 
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olism), and other national organizations, but their 
implementation in clinical practice remains diffi-
cult [7–9]. The choice of the proper nutritional sup-
port is further complicated by the quantitative and 
qualitative variations in metabolite levels that 
depend on the type of prolonged disorders of con-
sciousness and circadian phases [10]. 

Current international clinical guidelines favor 
enteral nutrition (EN) for critically ill patients when 
feasible. The physiological benefits, side effects of 
parenteral nutrition (PN), and increased cost of PN 
have led to the dominance of the EN concept. Often, 
EN alone is not sufficient to provide adequate 
energy and substrate to the patient, especially in 
the critically ill, due to the severity of illness and 
energy cost, marked catabolism, and gastrointestinal 
dysfunction [11–13]. 

It is important to maintain adequate levels 
of precursors of large molecules other than 
macronutrients, such as proteins, fats, and car-
bohydrates, which play an equally important role 
in ensuring adequate levels of metabolism, tran-
sition from catabolism to anabolism, and im-
proved outcomes. In particular, an adequate sup-
ply of amino acids, which are components of 
protein structures, helps to reduce inflammation 
and loss of muscle mass, and increases resistance 
to oxidative stress [14].  

In addition to macronutrients, micronutrients 
are also important in correcting protein-energy de-
ficiencies. The necessity of micronutrient adminis-
tration is determined by their participation in the 
normal functioning of cells and molecular structures. 
The presence of antioxidant properties in some mi-
cronutrients is extremely important, as their defi-
ciency can provoke oxidative stress, especially in 
critical illness [15]. Oxidative stress, in turn, plays a 
crucial role in the pathophysiology of critical illnesses 
such as acute respiratory distress syndrome, reper-
fusion syndrome, and multiorgan failure [16].  

It is important to emphasize that there are 
still problems in formulating a fully balanced amino 
acid solution for parenteral nutrition. In particular, 
all parenteral nutrition formulations do not contain 
sufficient concentrations of cysteine because it is 
not stable in solution [17]. Providing adequate con-
centrations of tyrosine and glutamine is also chal-
lenging due to their poor solubility. N-acetylated 
tyrosine, a water-soluble derivative of tyrosine, is 
used in some amino acid solutions, but this is as-
sociated with side effects because it takes a long 
time to convert to tyrosine in humans and is poorly 
reabsorbed by the kidneys [18]. 

At present, solutions containing some amino 
acids are unbalanced due to the unique characterstics 
of their metabolism. Thus, the adequate maintenance 
and supply of protein to a critically ill patient 
remains both a scientific and clinical problem. 

In this regard, the dynamic control of macro- 
and micronutrients in patients throughout all stages 
of treatment may represent a necessary approach 
to adequate nutritional support.  

The aim of this study was to evaluate the nu-
tritional status of chronically critically ill patients. 

Materials and Methods 
An observational, prospective, single-center 

study included chronically critically ill patients after 
severe brain injury treated in the intensive care 
units of the Federal Research and Clinical Center of 
Intensive Care Medicine and Rehabilitology (FRC-
CICMR) in 2022. The patients' condition was assessed 
during the first 3 days after admission for treatment 
and rehabilitation. 

The study was approved by the Ethics Com-
mittee of the FRCCICMR, protocol 4/21/9 dated 
29.09.2021.  

The study included 23 chronically critically ill 
patients with a mean age of 46.91±15.09 years, rang-
ing from 24 to 79 years. The age of most patients 
ranged from 30 to 60 years.  

Among the patients, 12 were male (52%) and 
11 were female (48%). 

The level of consciousness according to the 
FOUR (Full Outline of Unresponsiveness) scale was 
10.9±2.5 points. 

Inclusion criteria were 
• time from exposure to the initial damaging 

factor to admission to the FRCCICMR units more 
than 30 days; 

• minimal consciousness; 
• breathing through a tracheostomy tube. 
Exclusion criteria were: 
• vasopressor or intravenous support; 
• drug sedation; 
• hepatic or renal failure; 
• diabetes mellitus. 
All patients received isocaloric isonitrogenous 

formulas. The mean caloric intake was 
1673.91±243.49 kcal/day, with protein 
1.2±0.12 g/kg/day, carbohydrate 3.1±0.38 g/kg/day, 
and fat 1.01±0.12 g/kg/day. 

Patient assessment protocol:  
1. Anthropometric measurements (height, 

weight, body mass index calculation). 
2. Complete blood count parameters (hemo-

globin, red blood cells, white blood cells, WBC 
differential, platelets). 

3. Serum biochemistry (total protein, albumin, 
glucose, cholesterol, triglycerides, C-reactive protein). 

4. Amino acid profile: alanine (Ala), alpha-
aminobutyric acid (Aba), arginine (Arg), asparagic acid 
(Asp), asparagine (Asn), citrulline (Cit), gamma-aminobu-
tyric acid (GABA), glutamic acid (Glu), glutamine (Gln), 
glycine (Gly), histidine (His), hydroxyproline (Hyp), 
isoleucine (Ile), leucine (Leu), lysine (Lys), methionine 
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(Met), ornithine (Orn), phenylalanine (Phe), pipecolic 
acid (PA), proline (Pro), sarcosine (Sar), threonine (Thr), 
tryptophan (Trp), tyrosine (Tyr), valine (Val).  

Calculation of Glu/Gln index. 
5. Daily urinary nitrogen losses and nitrogen 

balance. 
Biochemical parameters were measured by 

AU480 biochemical analyzer (Beckman Coulter, 
USA), blood was taken from patients at 6:00 am. 

Blood amino acid concentration was measured 
by AB Sciex QTRAP 5500 (AB Sciex, Concord, ON, 
Canada).  

Indirect calorimetry was performed using a 
Medgraphics Ultima CPX gas exchange analyzer 
(MGC Diagnostics Corporation, USA). 

Daily urinalysis to determine nitrogen losses 
was performed on an AU480 analyzer (Beckman Coul-
ter, USA). Due to the presence of non-urea nitrogen 
losses with urine, its excretion with stool and through 
the skin, 4 g were added to the obtained values [19]. 

The data obtained were analyzed using Sta-
tistica 12.5 software (TIBCO Software, USA).  

Normality of the distribution was checked 
using the Shapiro-Wilk criterion. For data with nor-

mal distribution, values were presented as 
mean±standard deviation, otherwise median and 
1 and 3 quartiles were reported. 

Correlations with normal distribution were eval-
uated by Pearson's test. For non-normal distribution, 
Spearman's criterion was used. The results of statistical 
analysis were considered significant at P�0.05. 

Results  

A decrease in the levels of total protein and al-
bumin was found in almost 90% of the studied pa-
tients (Table 1). Abnormal triglyceride, cholesterol 
and glucose levels were observed in almost 30% of 
patients. 

According to indirect calorimetry, the level of 
resting energy expenditure was 1400.5±370.0 kcal/day, 
with a positive nitrogen balance of 4.25±2.05 g/day. 

The amino acid profile indicated a reduction 
in the levels of several essential amino acids, in-
cluding histidine, methionine, threonine, and tryp-
tophan. Moreover, there was a decrease in the levels 
of non-essential amino acids, with arginine, glutamic 
acid, and tyrosine being notably affected (Table 2). 

Parameter                                                                      Values                                   Reference range                            Number of patients  
                                                                             M±m /                min–max                                                                              with values outside  
                                                                       Ме [Q1; Q3]                                                                                                       the reference range, N (%)  
Total protein, g/L                                 54.61±7.77           40.3–70.7                    66.0–83.0                                             20 (86.9) 
Albumin, g/L                                           29.88±5.2             22.3–38.8                     35.0–52.0                                             21 (91.3) 
Glucose, mmol/L                               5.87 [5.3; 6.4]          3.56–9.0                        4.1–5.9                                                5 (21.7) 
Triglycerides, mmol/L                         1.46±0.73              0.66–2.6                        0.0–1.7                                                7 (30.4) 
Total cholesterol, mmol/L                 3.61±0.94             1.62–5.28                       0.0–5.2                                                  1 (4.3) 

Table 1. Biochemical parameters of patients

Parameter                                                                                                    Values                     Reference range                   Number of patients  
                                                                                                             M±m /               min–max       значения                          with values outside  
                                                                                                       Ме [Q1; Q3]                                                                              the reference range, N (%)   
Alanine, µmol/L                                                                210.4±82.88        80.3–344.1    160.0–530.0                                   5 (21.7) 
Alpha–aminobutyric acid, µmol/L                         17.80 [8.6;18.5]       6.6–19.9         10.2–40.1                                     10 (43.5) 
Arginine, µmol/L                                                          40.50 [22.2;46.9]    16.0–107.2      35.0–125.0                                   10 (43.5) 
Asparagic acid, µmol/L                                              16.10 [14.3; 16.4]    10.6–28.4            �15.0                                         8 (34.8) 
Asparagine, µmol/L                                                          36.4±12.83          19.7–61.2        20.0–80.0                                        3 (13) 
Citrulline, µmol/L                                                               15.8±5.93             8.9–26.3         21.4–48.8                                     18 (78.3) 
Gamma–aminobutyric acid, µmol/L                             0.4±0.2                0.0–0.6             0.0–5.0                                           0 (0) 
Glutamic acid, µmol/L                                                   124.5±39.29        72.6–178.2      15.0–130.0                                   10 (43.5) 
Glutamine, µmol/L                                                        515.78±127.96    337.0–703.0   311.6–732.2                                      0 (0) 
Glycine, µmol/L                                                               260.76±45.47    199.80–348.5  140.0–420.0                                      0 (0) 
Histidine, µmol/L                                                              38.3±13.07          22.1–56.5        52.8–88.5                                     20 (86.9) 
Hydroxyproline, µmol/L                                               9.40 [7.5; 9.6]         2.5–24.2          5.0–40.0                                         3 (13) 
Isoleucine, µmol/L                                                           55.36±17.23         32.0–84.4       30.0–120.0                                         0 () 
Leucine, µmol/L                                                                92.46±22.06        58.9–117.7      60.0–180.0                                      3 (13) 
Lysine, µmol/L                                                                  131.87±42.81       80.0–220.8      85.0–230.0                                     5 (21.7) 
Methionine, µmol/L                                                         12.68±3.81           7.5–19.3         15.0–40.0                                     18 (78.3) 
Ornithine, µmol/L                                                            56.48±22.02        33.9–100.6      25.0–110.0                                        0 (0) 
Phenylalanine, µmol/L                                                   47.96±15.21         30.1–73.0        25.0–80.0                                         0 (0) 
Pipecolic acid, µmol/L                                                  0.60 [0.5; 1.3]          0.5–5.3               �3.1                                            3 (13) 
Proline, µmol/L                                                                116.63±33.54       74.7–182.4      90.0–350.0                                     5 (21.7) 
Sarcosine, µmol/L                                                               8.92±1.63             5.7–11.1          2.0–19.4                                          0 (0) 
Serine, µmol/L                                                                   98.06±27.47        50.2–130.3      60.0–170.0                                     5 (21.7) 
Threonine, µmol/L                                                       61.6 [58.5; 87.7]    53.5–243.6      67.2–211.1                                   15 (65.2) 
Tryptophan, µmol/L                                                        33.06±15.95         10.5–52.5        25.0–80.0                                     10 (43.5) 
Tyrosine, µmol/L                                                              37.97±10.12         22.7–53.7       35.0–110.0                                   13 (56.5) 
Valine, µmol/L                                                                  155.91±36.71      102.2–206.2   120.0–320.0                                   5 (21.7) 
Glutamic acid / Glutamine                                              0.25±0.1          0.141–0.466      0.22–0.88                                     10 (43.5)

Table 2. Amino acid profile of patients
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We identified correlations between the lowest 
amino acid levels and other patient data. We observed 
a negative relationship between histidine levels and 
CRP concentration (r=–0.68, P=0.043), as well as 
with WBC count (r=–0.76, P=0.015). There was a 
strong association between methionine and lysine 
(r=0.88, P=0.008), and between methionine and pa-
tient weight (r=0.68, P=0.042). Furthermore, we ob-
served a weaker negative association between thre-
onine and the level of consciousness on the FOUR 
scale (r=–0.73, P=0.037). Additionally, a negative re-
lationship was found between tryptophan and CRP 
levels (r=–0.86, P=0.002). 

Discussion 
We found significant abnormalities in the 

amino acid profile, indicating a predominant dis-
turbance in protein metabolism in chronically crit-
ically ill (CCI) patients.  

We would like to pay special attention to the 
amino acids whose levels were reduced more than 
others. 

Citrulline is almost entirely produced by in-
testinal cells and its plasma level is regarded as a 
biomarker of the functional capacity of small in-
testinal enterocytes. Given the existing protein-
energy deficiency in CCI patients and the inability 
to correct it through adequate enteral administration 
of both micro- and macronutrients, the decrease 
in citrulline concentration suggests impaired ab-
sorption of these elements. Because citrulline is 
converted into arginine in the kidneys, which play 
a crucial role in the regulation of citrulline metab-
olism, an increase in citrulline may also be a sign of 
renal failure. There was no evidence of renal failure 
in the patients studied [20, 21]. 

The kidneys metabolize 83 percent of all cit-
rulline absorbed from the intestine, «consuming» 
about 1.5 g of citrulline from the blood per day, or 
about 35 percent of total circulating citrulline [22]. 
The kidneys can provide all the arginine the body 
needs, given adequate renal function and citrulline 
intake. An increase in muscle protein synthesis was 
observed in a study of aged mice given citrulline, 
suggesting that it may directly stimulate protein 
synthesis in myofibrils and sarcoplasm [23]. Fur-
thermore, oral citrulline supplementation of healthy 
subjects increased muscle protein synthesis even 
when they were consuming a low protein diet com-
pared to an isonitrogenic diet group [24]. Therefore, 
supplementation with this amino acid appears 
promising in CCI patients. 

Another deficient amino acid was histidine, 
which plays an important role in nutritional status 
by participating in iron binding to hemoglobin 
and myoglobin and by being an active regulatory 
component of metalloenzymes (anhydrase, cy-
tochromes, etc.). The histidine-rich glycoprotein 

present in the plasma of vertebrates is essential 
for the immune function [25]. 

Histidine deficiency does not involve a sudden 
development of negative nitrogen balance. Instead, 
the body compensates for histidine deficiency by 
activating the catabolism of hemoglobin and muscle 
tissue resulting in their decrease [26]. In earlier 
studies conducted at FRCCICMR, a decrease in iron 
levels and also a severe reduction in muscle mass 
in patients with severe brain injury were noted, 
which may also be due to low histidine levels [27]. 

Histidine has an important role in maintaining 
a positive nitrogen balance, but after a longer period 
of time, which has been demonstrated in both mice 
and humans. For example, a prolonged deficiency 
followed by a histidine-rich diet has been shown to 
increase nitrogen balance parameters even with a 
low-protein diet [28]. 

Methionine is an essential amino acid and al-
though it is essential for survival, its limited intake 
in mammals results in beneficial effects such as re-
duced likelihood of obesity, increased insulin sen-
sitivity, decreased inflammation and oxidative stress, 
and ultimately increased survival [29].  

Protein-bound methionine and its oxidized 
form, methionine sulfoxide, play an important role 
in regulating the antioxidant system as a buffer, al-
though elevated methionine sulfoxide is considered 
undesirable and associated with decreased survival. 
Activation of sulfoxidation upregulates various tran-
scription factors in response to a stimulus, modu-
lating the activity of signaling protein kinases and 
cytoskeletal changes. Mutual conversion of me-
thionine and methionine sulfoxide provides stability 
of proteins and their interactions [30, 31]. 

The observed decrease in methionine levels 
in CCI patients may reflect the characteristic severe 
dysfunction of many organs and systems. 

Threonine is necessary to ensure optimal de-
velopment and function of the animal's immune 
system. The function of the intestinal wall, its ability 
to digest and absorb nutrients, and the normal per-
formance of the intestinal cell barrier are critically 
dependent on an adequate intake of threonine. 
Both deficiency and excess of threonine can have 
negative effects on the immune and digestive sys-
tems. In addition, threonine plays an important 
role in neuropsychiatric health, adequate response 
to physiological stress, and anti-inflammatory re-
sponse [32]. The observed decrease in threonine, 
as well as citrulline, in CCI patients may indicate 
digestive disorders.  

Tryptophan is also important for nutritional 
status, and both its elevation and depletion can have 
negative consequences due to the production of 
toxic metabolites from excessive tryptophan oxidation. 
Tryptophan is one of three aromatic amino acids, 
along with phenylalanine and tyrosine. These amino 
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acids have potent antioxidant effects [33]. According 
to some studies, when tryptophan metabolism is 
activated through the kynurenine pathway, the activity 
of chronic inflammation increases [34, 35]. 

The kynurenine/tryptophan ratio is a biomarker 
of age-related changes. It is known to increase with 
age, with tryptophan decreasing and kynurenine 
increasing [36]. Given the observed low tryptophan 
level, we can assume the activation of chronic in-
flammation in the studied patients, which is also 
evidenced by the increased CRP concentration 
(55.6± 39.5 mg/l) and WBC count (8.8±4.7 thousand) 
compared to reference values. 

Arginine turnover depends on citrulline me-
tabolism and their concentrations are closely cor-
related. Arginine is implicated in the regulation of 
vascular tone and is a metabolite involved in the 
production of nitric oxide by the vascular endothe-
lium [37]. Prolonged plasma arginine deficiency 
leads to oxidative stress, degradation of intracellular 
arginine and inhibition of its production from the 
precursor citrulline, resulting in vasospasm due to 
insufficient nitric oxide formation [38]. In addition, 
arginine plays an important protective role in am-
monia metabolite intoxication and participates in 
muscle development [39]. Correction of low citrulline 
levels in CCI patients may be required before restor-
ing arginine levels. 

Glutamate (glutamic acid) is essential for mam-
malian brain function. It is both an excitatory neu-
rotransmitter and a precursor of the inhibitory neu-
rotransmitter gamma-aminobutyric acid, an im-
portant structural component of proteins, an energy 
substrate, and can also be a neurotoxin [40]. It ap-
pears that the decrease in the concentration of this 
amino acid is due to impaired neurotransmitter 
metabolism and nervous system regulation. 

Tyrosine is produced from phenylalanine. 
Due to its special structure, it is able to be both 
an electron and proton donor in the reactions of 

enzyme metabolism and therefore can be found 
in the active part of many enzymes, both oxidases 
and reductases [41]. Studies have found that ad-
ditional tyrosine supplementation reduces the 
risk of developing type 2 diabetes and also affects 
the functioning of neurotransmitters such as 
dopamine [42]. Reduced tyrosine level with no 
decrease in phenylalanine in CCI patients could 
indicate a greater expenditure of tyrosine for the 
formation and functioning of enzymes, and their 
greater loss is due to the existing chronic inflam-
mation and dysregulation of organs and systems 
resulting from brain disorders. 

High plasma glutamate concentrations and el-
evated glutamate-to-glutamine ratios are associated 
with an increased risk of heart failure, cancer, im-
munodeficiency virus infection, and indicate a risk 
of loss of cell mass in healthy individuals [43, 44]. 
Glutamate potentiates oxidative stress and induces 
apoptosis, whereas glutamine is involved in my-
ocardial metabolism and exerts potent antioxidant 
and anti-inflammatory effects by inducing the ex-
pression of hemoxygenase-1, heat shock proteins 
(HSP) and glutathione [45, 46]. Glutamate and glut-
amine are also involved in energy metabolism. Low 
values of their ratio indicate the possibility of hy-
perammonemia or vitamin B1 deficiency [47, 48].  

Lack of predetermined sample size was the 
limitation of our study. 

Conclusion 
The study found that the most common defect 

in the nutritional status of chronically critically ill 
patients is inadequate protein metabolism. No sig-
nificant disturbances in carbohydrate or lipid me-
tabolism were observed.  

Abnormal levels of both essential and non-es-
sential amino acids were also revealed, suggesting 
the importance of protein-rich nutritional support 
and correction of the amino acid profile.
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