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IIpencenarens [TpasuresibcrBa Poccuu M. B. Mu-
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JIUTOJIOTUA MUHHCTEPCTBA HAYKU U BBICIIETO 00-
pasoBanusi Poccuiickoii Peneparuu (PHKIL] PP)
uwieHy-KoppecnoHaenTy PAH A. B. I'peuko IIpemuto
[TpaBuTesnbcTBa Poccutickoii Penepariuy B 06/1aCTH
HAyKU U TEXHUKU.
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CUMCKOU MeIUITMHCKON HayKH, TaK KaK BIIEPBBIE B
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3a KOMIIJIEKCHYIO paboTy B obJiacTy peabusiranyu!
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rpaabl 3a 00JIBIIION BKJIA B Pa3BUTHE POCCUHCKOM
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YeCKOM COCTOSTHIU. BriepBbIe 117151 TaHHOU KaTeropuu
MIOCTPAIABIINX ObLT 0000IIIEH Y CHCTEMATU3UPOBAH
OIIBIT CIIEeIMaIN3UPOBAHHBIX OpraHu3anuii Mu-
HoOpHayku Poccuu, Munsnpasa Poccuu, MuH060-
poHbl Poccun, @®MBA 1 peruoHOB CTPaHBbI.

e PagpaboraHbl ¥ BHEJIpEHBI TEXHOJIOTVIH ITaTI-
HOTO CIIACEHMsI U BOCCTAHOBJICHUA ITAllMEHTOB C
MO3rOBbIMH KaracTpogamu Ha npumepe 10000
KJIMHAYECKUX CIy4aes.

e JlocTUTHYTa 3KOHOMHUYecKasi apPeKTus-
HOCTb BHEJIPEHHBIX OpPraHN3alOHHO-KJINHUYe-
CKUX aJITOPUTMOB.
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Summary

High serum levels of microbial metabolites of aromatic amino acids (AMM) stands as a prognostically un-
favorable factor, indicating the progression of multiple organ dysfunction and an increased risk of death in
patients with sepsis and septic shock. This study is based on a hypothesis that excess of sepsis-associated AMM
in patients with sepsis is caused by metabolic alterations (dysfunction) in the intestinal microbiota.

The aim of this study was to compare the potential of normobiota and pathobiota to bio-transform sep-
sis-associated metabolites of aromatic amino acids tyrosine and phenylalanine, such as phenyllactic acid (PLA)
and 4-hydroxyphenyllactic acid (4-HPLA).

Materials and methods. Samples of intestinal contents of patients with septic shock (N=10, pathobiota)
and healthy volunteers (IN=9, normobiota) were placed in test tubes with the omnipurpose thioglycol medium.
The clinical model of excessive inflow of sepsis-associated AMM into the intestine (for example, from blood
or sites of inflammation) was reproduced in the in vitro experiment by adding PLA or 4-HPLA in clinically sig-
nificant concentrations (25 pM) into each test tube with pathobiota and normobiota. After incubation in a
thermostat (37°, 24 hours), AMM concentrations were measured in the samples with pathobiota and normo-
biota using GC-MS analysis.

Results. Concentration of AMM decreased within 24 hours in the tubes with normobiota after PLA or
4-HPLA were added. In the tubes with pathobiota, no decrease in AMM concentrations was documented after
loading with PLA or 4-HPLA. Concentrations of PLA (P=0.002) and 4-HPLA (P<0.001) were statistically signifi-
cantly higher in pathobiota samples compared to normobiota.

Conclusion. The in vitro experiment demonstrates that after excessive load with sepsis-associated metabo-
lites (PLA, 4-HPLA), the microbiota of healthy people is capable to bio-transform such metabolites to the end
products of microbial metabolism, while pathobiota of septic patients exhibits altered biotransformational
potential. This data demonstrate that microbiota dysfunction may contribute to the pathogenesis of sepsis.

Keywords: sepsis; pathobiota; aromatic microbial metabolites; phenyllactic acid; 4-hydroxyphenyllactic
acid; phenylpropionic acid; microbiota; biomarlkers; aromatic amino acid metabolites
Conflict of interest. The authors declare no conflict of interest.
Read the full-text English version at www.reanimatology.com

Introduction

Sepsis remains a continuing challenge of the
21%t century, and intensive research into new patho-
genetic therapies to reduce its incidence and mor-
tality is ongoing [1-4]. Contemporary studies re-
vealing the impact of the gut microbiota to critical
illness and sepsis development attract special at-
tention [5-7]. In patients with sepsis, severe distur-
bances in the taxonomic composition of the intestinal
microbiota, increased permeability of the intestinal
wall, changes in immunoreactivity, and the devel-
opment of antibiotic resistance in microorganisms
are observed, all of which lead to metabolomic per-
turbations [8, 9]. For example, significant accumu-
lation of metabolites of aromatic amino acids pheny-

lalanine and tyrosine in blood serum has been
found in patients with sepsis of various etiologies,
such as severe pneumonia, abdominal diseases,
postoperative complications of cardiac surgery,
etc. [6, 10]. High serum levels of microbial metabolites
of aromatic amino acids (Aromatic Microbial
Metabolites, AMM [6, 10, 11]) such as phenyllactic
acid (PLA), 4-hydroxyphenyllactic acid (4-HPLA),
and 4-hydroxyphenylacetic acid (4-HPAA) have
been shown to most frequently correlate with disease
severity and mortality. This has led to the introduction
of the term «sepsis-associated metabolites» for these
metabolites [11]. Previous studies have shown that
several aromatic metabolites are predominantly of
microbial origin [12-14]. Biotransformation of aro-
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matic amino acids takes place in the gut, normally
hundreds of bacterial species of healthy microbiota
feed on metabolic intermediates, and as a result,
in a healthy organism, small amounts of the end
products of microbial metabolism, mainly phenyl-
propionic acid (PPA) and phenylacetic acid (PAA),
enter the systemic circulation [15]. In sepsis, mi-
crobial metabolism of aromatic amino acids occurs
both in the gastrointestinal tract and at sites of in-
flammation. Therefore, the intermediates of me-
tabolism enter the bloodstream in excess, leading
to an increase in the levels of circulating sepsis-as-
sociated metabolites, PLA, 4-HPLA, and 4-HPAA.

Metabolomic monitoring of patients with sepsis
has shown that even after surgical treatment of pu-
rulent foci, the high levels of PLA and 4-HPLA often
do not decrease, but even increase, which is asso-
ciated with progression to multiorgan failure and
an unfavorable prognosis. We have proposed that
this may be due to metabolic dysfunction of the
microbiota. When the pool of normal anaerobic
bacteria is depleted in a septic patient, aromatic
amino acids and their intermediates are not fully
biotransformed into end products, contributing to
the accumulation of sepsis-associated microbial
metabolites in the body.

Our study was based on the idea that an im-
portant function of a healthy microbiota consists
in utilizing potentially toxic products by biode-
grading them to metabolic end products under the
conditions of a normal microbial community func-
tioning in the gut of a healthy individual («<normo-
biota»). The working hypothesis of the study was
that the microbiota of a septic patient is unable to
eliminate the excess of sepsis-associated metabolites
that originate from the blood and/or are produced
in the intestinal lumen and do not undergo bio-
transformation. This hypothesis was tested in an
in vitro model experiment by culturing the intestinal
microbiota with the addition of sepsis-associated
metabolites to simulate their excessive entry into
the intestine from the blood or from inflammatory
foci, with subsequent measurement of metabolites.

Thus, the aim of this study was to compare
the ability of normobiota and pathobiotato bio-
transform sepsis-associated metabolites of the aro-
matic amino acids tyrosine and phenylalanine using
PLA and 4-HPLA as examples.

Materials and Methods

The biomaterial for the model experiment
included

* Blood serum from healthy donors (IN=48)
and patients with sepsis (N=10);

* Intestinal contents from healthy volunteers
(N=9) and patients with septic shock (N=10).

Sepsis patients. The study included 10 patients
(9 men and 1 woman) admitted to the Sklifosovsky

Research Institute for Emergency Medicine in De-
cember 2022.

Inclusion criteria were:

* ageolder than 18 and younger than 80 years;

* sepsis;

e septic shock.

Exclusion criterion was terminal condition
with life expectancy less than 24 hours.

Patients were admitted with the diagnosis of
combined trauma (IN=6), closed traumatic brain
injury (NN=1), non-traumatic subarachnoid and
parenchymal intraventricular hemorrhage (IN=1),
and acute abdominal disease (N=2). The mean age
of the patients was 43 (34-60) years. Pulmonary
sepsis predominated in 60% of the patients included
in the study, with abdominal and mixed (cerebral/pul-
monary) sepsis accounting for 20% each. All patients
received mechanical ventilation, intensive therapy
including combinations of antibiotics, inotropic sup-
port and others. Serum samples were collected from
all patients to determine biomarkers of sepsis. For
the in vitro experiment, samples of intestinal contents
were collected once from all patients.

Healthy donors. Blood serum samples from
healthy donors (IN=48) were obtained from the Fed-
eral State Budgetary Institution N.N. Burdenko Main
Military Clinical Hospital (Moscow, Russia). The
age of the donors was 39 (33-45) years, 35 were
men and 13 were women. Healthy donors had no
general clinical signs of acute inflammation and
no chronic liver or kidney disease.

Determination of serum biomarkers of in-
flammation and sepsis. Serum biomarkers of in-
flammation and sepsis, including protein S100,
IL-6, NT-proBNP, and PCT, were measured using
the Cobas e411 electrochemiluminescence analyzer
(Roche, Basel, Switzerland). Elecsys S100/NT-proB-
NP/IL-6/PCT (Roche Diagnostics) reagent kits were
used for the measurement.

Evaluation of microbiota composition in
samples using the Colonoflor-16 (Biocenosis) test
system. Qualitative and quantitative composition
of obligate and opportunistic microorganisms of
the microbiota was evaluated by real-time PCR
with fluorescence detection using the Colonoflor-16
(Biocenosis) test system (AlfaLab, Russia). The sys-
tem allowed to detect 23 parameters, including
21 groups/species of microorganisms and total
bacterial count.

Description of the in vitro experimental
model. Samples of healthy gut microbiota or mi-
crobiota from sepsis patients were placed in nutrient
medium with the addition of one of the sepsis-as-
sociated PLA or 4-HPLA metabolites. After 24 hours
of incubation in a thermostat, the qualitative and
quantitative composition of AMM was measured
and evaluated.

Culturing of intestinal samples in thioglycol
medium with PLA or 4-HPLA addition. Universal
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thioglycol medium (TGM)
was used to create in vitro
growth conditions for facul-
tative anaerobic and anaero-
bic bacteria. The experimental
scheme for each intestinal
content sample is shown in
Fig. 1. AMM composition was
investigated in healthy vol-
unteers (N=9) and sepsis pa-
tients (N=10) before and after
incubation of intestinal con-
tents in TGM supplemented
with sepsis-associated micro-
bial metabolites at clinically
relevant  concentrations
(25 uyM PLA or 4-HPLA) for
24 hours at 37°C. After incu-
bation, the tubes were vor-
texed, centrifuged at 1000 rpm
for 10 minutes, and the su-
pernatant was frozen at-20°C.
The concentration of metabo-
lites in the intestinal contents
of healthy volunteers and sep-

4ml
TG
medium

Control Control by

2-HPLA Control

feces (F)

Control
( by PLA

+4-HPLA |

|
( Vortexing |

| Incubation 24 hours, 37°C |

=~
GC-MS analysis
l y: |

Fig. 1. Scheme of the experiment.

Note. A series of 6 tubes was formed for each sample of intestinal contents (IC), for a total of
19 rows. In each row, four control tubes were assigned: 1) to record the baseline TGM
without added reagents, 2) and 3) to record the addition of sepsis-associated metabolites of
PLA or 4-HPLA after incubation without IC, 4) to record the baseline values of metabolites
in IC without added reagents. Two additional tubes (5 and 6) contained IC and added corre-
sponding sepsis-associated metabolites of PLA or 4-HPLA. After incubation, microbiota

sis patients before and after
incubation in TGM was meas-
ured by GC-MS.

Analysis of metabolites in intestinal contents
and serum using GC-MS. A GC-2010 Plus gas chro-
matograph and a GCMS-QP2020 mass spectrometer
(both from Shimadzu, Japan) were used for metabo-
lite analysis. The test sample was extracted twice
with diethyl ether, then evaporated to dryness and
derivatized with N,O-bis(trimethylsilyl) trifluoroac-
etamide. The resulting solution was diluted with n-
hexane, and 2 pL of the final solution was injected.
For quantitative data analysis, relative signals were
calculated as the ratio of the TMS peak area of the
target compound derivatives to the peak area of
the surrogate internal standard. The concentrations
calculated from the calibration graphs were used
to present the results. To calculate the relative acid
content in percent, the following formula was used:

relative signal

Relative 100x i)fgn acid a]
content, % zrelative signals
'’ of all measured acids

Statistical analysis. Statistical analysis of the
data was performed using Microsoft Excel 2010 and
IBM SPSS Statistic 27. Descriptive statistics were
presented as median (Me) and interquartile range
(IR, 25-75%). The T-Wilcoxon test was used for
comparison between groups of paired samples. The
Mann-Whitney test was used for between-group
comparisons of independent samples. The differ-
ences between groups were considered significant
at two-sided P<0.05, where p is the probability of a
first-order error when testing the null hypothesis.

metabolites in the TGM were measured by GC-MS analysis.

Results

Biomarkers and metabolites. We assessed the
severity of the disease in the patients at the time of
enrollment using several scales. The values were
30 (23-38) points for the APACHE II and 11 (9-15)
points for the SOFA. Markers of inflammation and
bacterial activity, such as IL-6 and procalcitonin,
the heart failure marker NT-proBNP, the brain dam-
age marker S100 (Table 1), and AMM (Table 2), in-
creased multifold.

The sum of concentrations of three metabolites
associated with sepsis, namely PLA, 4-HPLA, and
4-HPAA, was found to be more than six times higher
in sepsis patients compared to healthy individuals.
Such microbial metabolites as phenylpropionic
acid, 4-hydroxyphenylpropionic acid, and hydrox-
ybenzoic acid were not detected above the lower
limit of quantification, except in one case where
the serum concentration of 4-hydroxyphenylpro-
pionic acid was 15.8 uM.

Regarding the microbial metabolites of aro-
matic amino acids found in the intestinal contents,
there was a notable difference between healthy
volunteers (IN=9) and sepsis patients (N=10), as
shown in Fig. 2. The main metabolites observed
in healthy volunteers were PLA and PAA, accounting
for 16-86% of the total determined metabolites.
In contrast, the proportion of sepsis-associated
aromatic metabolites in healthy controls did not
exceed 5%. However, in patients with sepsis, the
proportion of sepsis-associated phenolic metabo-
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Table 1. Biomarkers in patients with sepsis (N=10).

Biomarker Normal value Result

IL-6, pg/L <7 235 (126-3320)
Procalcitonin, ng/mL <0.25 24 (10-49)
NT-proBNP, pg/mL <125 1404 (728-31368)
S$100, pg/mL <0.1 0.47 (0.26-1.42)
Neutrophil to lymphocyte ratio (NLR) <4 16 (7-47)

Table 2. Microbial metabolites of aromatic amino acids in serum of healthy donors and sepsis patients, pM.

Metabolites Concentration, pM P-value
Donors, N=48 Patient with sepsis, N=10

PPA <0.5 (<0.5-0.5) <0.5 —
PLA <0.5 2.0 (1.0-2.3) —
4-HIPPA <0.5 <0.5 —
4-HPAA <0.5 2,1 (1.7-7.0) —
4-HPLA 1.3 (1.0-1.6) 4,6 (2.5-12.3) <0.001
Y (PLA, 4-HPAA, 4-HIPLA) 1.9 (1.4-2.2) 12.9 (5.2-27.8) <0.001
Note. *), (PLA, 4-HPAA, 4-HPLA), sum of three levels of clinically significant sepsis-associated acids, pM.
lites was significantly higher, amounting to 40%
of the total metabolites. 1(%’ a

The taxonomic composition of the intestinal | g,
contents was quantified using real-time PCR. In 80
patients with sepsis, a quantitative increase of so- 70
called «proinflammatory» microorganisms such as | 60
Proteus vulgaris/mirabilis, Staphylococcus aureus, 50
Fusobacterium nucleatum, Enterobacter spp., Kleb- 40
siella pneumoniaewas detected. The anaerobic im- zg
balance coefficient (Bacteroides fragilis group/Fae- 1o
calibacterium prausnitzii ratio) was found to be 0
several times higher, amounting to 3750 (400 — 1 2 3 4 5 6 7 8 9
13750) with reference values lower than 100. The % b
levels of lactobacilli and bifidobacteria were also | 100
reduced compared to the reference values in more gg
than 60% of patients. -0

Changes in the concentrations of AMM in the 60
intestinal contents of healthy volunteers and sepsis 50
patients after incubation 40

The mean concentrations of AMM after incu- 30
bation are shown in Fig. 3. Control measurements 20
of PLA and 4-HPLA levels after incubation in TM 10
were performed without the addltlpn of intestinal o 1 2 3 4 5 6 7 8 9 10
contents. When 25 uM 4-HPLA (Fig. 3, b) or PLA B PAA = 4.HPPA = 4.HBA = PPA
(Fig. 3, b) was added to normobiotic medium, a de- m 4.HPIA ® 4-HPAA = PLA H BA
crease in these metabolites and an increase in PPA

(P=0.028, the T-Wilcoxon criterion) were observed
after 24 hours compared with the control (assays 3
and 2, respectively). Addition of PLA and 4-HPLA
to the pathobiota(Fig. 3, d, e) did not reduce the
levels of these acids after 24 hours, PPA was not
found at levels above the lower limit of quantification,
except in two cases where PPA concentrations were
8 and 15 pM. PLA (P=0.002) and 4-HPLA (P<0.001)
levels were significantly higher and PPA (P=0.003)
levels were significantly lower in pathobiota samples
compared to normobiotic samples.

Discussion

In an in vitro experiment, we observed a de-
crease in the levels of sepsis-associated aromatic
microbial metabolites when «healthy» gut micro-

Fig. 2. Composition of microbial metabolites of aromatic amino
acids in intestinal contents based on relative acid content.
Note. a — in healthy volunteers (N=9); b — in patients with
sepsis (N=10).

biota was present. Conversely, we observed an in-
crease in these metabolites when the medium
contained pathobiota from sepsis patients. These
findings support the hypothesis that the gut mi-
crobiota plays a crucial role in the biotransformation
of microbial metabolites and the maintenance of
homeostasis under normal conditions. Further-
more, our results suggest that this function is im-
paired in sepsis.
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Fig. 3. The levels of microbial metabolites of aromatic amino acids.

Note. Median (IR, 25-75%) in «IGM + normobiota» and «IGM + pathobiota» after 24 h incubation; a and d: normobiota and
pathobiota after incubation without addition of sepsis-associated acids; b and f. normobiota and pathobiota with added 25 pM
4-HPLA; cand f normobiota and pathobiota with added 25 uM PLA.

In addition to the manifold increase in refer-
ence values of markers of inflammation and bacterial
infection (IL-6, procalcitonin), heart failure
(NT-proBNP) and nerve damage (protein S100),
reflecting the severity of the patients' condition
and the risk of complications [16, 17], we found an
almost sevenfold increase in the sum of concen-
trations of three sepsis-associated serum metabo-
lites, namely PLA, 4-HPAA and 4-HPLA. PLA and
4-HPLA have previously been shown to be metabo-
lites of anumber of aerobic and anaerobic bacteria,
including the most common pathogens such as
Gram-negative bacteria of the Enterobacteriaceae
family (e.g., Escherichia coli, Klebsiella pneumoniae,
etc.) and Gram-positive bacteria (e.g., Staphylococcus
aureus) [13]. Experimental and clinical studies con-
firm the biological activity of these metabolites, in
particular the inhibition of mitochondrial, neutrophil

and platelet function, inhibitory effect on Na*/K+*AT-
Pase activity [11, 18, 19]. PLA suppressed cell pro-
liferation in rat pancreas, liver and kidney tissue
culture and bacterial culture proliferation [20]. Ele-
vated levels of 4-HPAA have been associated with
altered bacterial metabolism [21, 22], disruption of
the catecholamine synthesis pathway, and devel-
opment of hemodynamic disturbances in sepsis [10].
The concentration of another metabolite, phenyl-
propionic acid, one of the end products of microbial
metabolism, was significantly reduced or unde-
tectable in the blood of patients with sepsis compared
to healthy subjects. This observation is consistent
with the fact that only Clostridium sporogenes bac-
teria were able to produce PPA in the experiment [11,
23]. A positive correlation of one of the phenylpro-
pionic acid precursors, 4-HPPA, with Gram-positive
bacteria (including the families Christensenellaceae,
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Oscillospiraceae, and the genus Ruminococcus) rep-
resenting a healthy microbiome has also been de-
scribed [6]. The profile of microbial aromatic metabo-
lites in the gut was not identical to that in the serum,
but the following trend persisted: sepsis-associated
metabolites in healthy individuals did not exceed
5%, whereas their proportion increased manifold
and reached 40% in patients with septic shock.

This study was based on the assumption that
impaired microbiota composition in sepsis leads
to microbiota dysfunction, namely the loss of the
ability to utilize excess aromatic metabolites. Indeed,
culturing clinically relevant concentrations of 4-HPLA
or PLA with normal microbiota was associated with
a decrease in the levels of these metabolites and an
increase in PLA levels compared to the baseline
control, while the pathobiotalacked the ability to
biotransform sepsis-associated metabolites. The
biochemistry of aromatic acid catabolism by Es-
cherichia coli has been previously studied in vitro
in sufficient detail [24, 25]. Escherichia coli maintains
its ability to grow under aerobic conditions by en-
zymatic cleavage of phenolic acids to simple com-
pounds in media where aromatic acids are the sole
carbon source. The maximum in vitro production
of PLA and 4-HPLA was observed for Enterobacte-
riaceae and Staphylococcus aureus. For example, a
60-fold accumulation of 4-HPLA and 100-fold ac-
cumulation of PLA occurred in 24-hour nutrient
medium during Klebsiella culture compared with
the control [12]. Apparently, the biotransformation
of metabolites such as PLA and 4-HPLA is performed
by healthy human microbiota under the conditions
of existing microbial biodiversity, when the excess
of metabolites produced as a result of the activity
of some bacterial species can be metabolized by
other bacterial species according to the «pipeline»
principle, resulting in the generation of end products
of microbial metabolism, such as PLA [11, 26].

The inability to further metabolize occurs due
to changes in the composition and forms of mi-
croorganisms under unfavorable conditions and
extensive antibiotic therapy. PCR analysis of the
taxonomic composition of patients' intestinal con-
tents revealed an anaerobic imbalance, an increase
in «proinflammatory», and a decrease in «anti-in-
flammatory» microorganisms. This finding is con-
sistent with previous studies characterizing the in-
testinal microbiota of sepsis patients [6, 27, 28].
The microbiota composition changes rapidly within
hours of the onset of critical illness [29, 30]. The
normal microbiome transforms into an abnormal
one dominated by monotonous communities of

multidrug-resistant microorganisms [31-34]. The
presence of bacterial forms called persisters, which
temporarily lose metabolic activity, may contribute
to metabolic dysfunction and are challenging to
detect using traditional microbiological methods [35,
36]. While a complete transition of the entire pop-
ulation to a persistent state is possible under nutrient
starvation [37, 38], we did not specifically investigate
this phenomenon.

The experiment showed that redundant sep-
sis-associated acids in the intestinal contents of
healthy humans are partially eliminated by the nor-
mobiota, leading to a decrease in the levels (bio-
transformation) of these acids. The results are con-
sistent with the concept of metabolic interaction
potential, based on genomic metabolic reconstruc-
tions, which shows that microbial communities
contain metabolically interdependent groups. Co-
operating groups can efficiently utilize limited re-
sources through metabolite exchange, providing a
survival advantage and allowing coexistence in
different niches compared to smaller microbial
communities [39]. Widespread use of antibiotics
disrupts existing metabolic connections and leads
to dysfunction of the microbial community as a
single organism. Maintaining the biodiversity of
the microbiota is an important task because this
diversity of species provides continuous biotrans-
formation to the final microbial metabolites that
are «useful and safe» for the host.

Conclusion

The accumulation of sepsis-associated metabo-
lites in the blood is not only due to their excessive
entry from bacterial growth sites (purulent and in-
flammatory infection sites), but also largely due to
the inability of the gut microbiota to metabolically
biotransform these compounds. Comparison of the
metabolomic profiles of normobiota and patho-
biotain an in vitro experiment showed that when
loaded with sepsis-associated metabolites of PLA
and 4-HPLA, the microbiota of a healthy individual
biotransforms them into the end products of mi-
crobial metabolism, whereas the pathobiotaof a
septic patient is unable to perform this function.
Thus, in sepsis, along with other signs of decom-
pensation of vital functions such as respiration, cir-
culation, brain function, etc., there is a disturbance
in microbiota metabolism that contributes to the
progression of sepsis and increases the risk of a
fatal outcome. Targeting the gut microbiota to elim-
inate metabolic dysfunction may be a promising
strategy for the prevention and treatment of sepsis.
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Summary

The prognosis for recovery from a vegetative state (VS) remains underdeveloped.

Objective. To determine the feasibility of prognosis for recovery from a vegetative state based on clinical
comparison of 18- fluorodeoxyglucose-PET (18FDGPET) and MRI (SCT) data.

Materials and methods. We compared and analyzed retrospectively cerebral PET and MRI (SCT) scans
and relevant prognostic criteria (including revised coma recovery scale — CRS-R scores) prospectively during
6-84 months of follow-up in a cohort of 39 VS patients. All VS cases were of different etiologies, lasting for
more than 2 months after brain damage (including 18 patients in chronic VS).

Pairwise comparison of groups was used (significance level P<0.05) and multiple comparison for three
groups with a Bonferroni correction at P<0.017 was employed.

Results. Three patterns were identified when comparing 18FDGPET and MRI (SCT) neuro-images: pat-
tern I — the area of functional alterations was larger than the area of structural damage, pattern Il — complete
matching of areas of structural and functional alterations, III — mixed pattern. Pattern I (69% of cases) was
more common than patterns II (18%), and III (13%), P<0.001. There were no differences in VS etiology, VC du-
ration, CRS-R scores, patients’ gender and age between the groups of patients each falling into one of patterns.
The outcome in a group with pattern I patients (all of them recovered from VS) was better than in other two
groups exhibiting patterns I or III, each, P<0.001. In a group of patients with pattern III the recovery was better
than in pattern II (all patients remained in VS), P=0.018. The increases in the total CRS-R score values were as
follows: 12,1+4,46; Me=12 (4-19), N=27 (patients with a pattern I); 0+1,54 (-2-1, Me=0, N=7 (patients with a
pattern II); and 5,20+4,09/ Me=4 (1-10), N=>5 (patients with a pattern III). Significant increases in neurological
improvement were revealed in pattern I patients with non-chronic VS versus chronic VS, P=0.003.

Conclusion. Clinical comparison of PET/MRI (SCT) data showed certain potential to predict patient’s recov-
ery from VS in 87% of cases. A retrospectively confirmed favorable prognosis in patients with pattern I was es-
tablished in 69% cases, unfavorable (pattern II patients) was defined in 18% cases, regardless of other prognostic
criteria, including chronic VS. Therefore, the data confirms the feasibility and clinical relevance of neurophysi-
ological justification as a candidate approach for evaluating the prospect of recovering patients from VS.

Keywords: chronic disorders of consciousness; chronic vegetative state; recovery from a vegetative state;
prediction; potential for recovery of consciousness
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Introduction  ,yyareness, and the minimally conscious state (MCS),

Significant advances in emergency medicine
in the treatment of acute severe brain injury have
been shown to have some drawbacks. With increasing
survival comes increasing disability, including the
most severe and still poorly understood chronic
disorder of consciousness (CDC) [1, 2]. Chronic
disorder of consciousness, diagnosed 4 weeks and
later after brain injury, refers to the first stages of
recovery from coma. It includes the vegetative
state (VS), characterized by wakefulness without

with minimal signs of conscious behavioral re-
sponses, further subdivided into MCS (-) and MCS (+)
based on their manifestations. The next stage, emer-
gence from MCS with recovery of functional com-
munication, is not related to CDC [1, 3, 4].

The VS, as well as any stage of recovery from
coma, may turn out to be the final stage of recovery
of consciousness, although the patient's survival
may last for years and decades, which raises many
medico-social, economic, as well as ethical prob-
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lems [2, 4-6]. In this context, the prediction of out-
come, especially in terms of improvement of con-
sciousness, becomes a crucial issue [4, 6, 7]. Over
the past two decades, significant progress has been
made in diagnosing, predicting, and promoting re-
covery of consciousness in patients with CDC [8].
However, with an arsenal of prognostic factors and
criteria proposed on the basis of virtually all diag-
nostic modalities used in the study of the brain,
many of which are becoming increasingly com-
plex [7-11], there is no reliable pathogenetic and
clinically relevant prognosis, nor is there such a
treatment [3, 4]. The main prognostic criteria remain
clinical and epidemiological [4]. This is largely due
to the lack of a universally accepted neurophysio-
logical concept explaining the mechanisms of VS
development and recovery [12].

Despite the fact that an empirical approach
that does not rely on pathogenesis may undermine
the prognostic component of the obtained data [13],
multicenter studies and an integrated approach,
particularly with the use of non-activation func-
tional neuroimaging [14-16], are expected to provide
a breakthrough in prognostication. Previously [17],
we proposed using the correlation of structural
(MR, spiral CT) and functional (18FDG-PET) brain
abnormalities to determine the potential for re-
covery of consciousness when considering VS from
the perspective of Natalia Bekhtereva's theory of
stable pathological state (SPS) of the brain. Although
this parameter is critical in determining a valid
prognosis [8], the efficacy of such a prediction has
not been proven.

The aim of this study was to assess the utility
of prediction of recovery from VS based on clinical
correlation of 18FDG-PET and MRI (SCT) data.

Materials and Methods

In patients with CDC (VS) admitted for com-
prehensive diagnosis and treatment in the Depart-
ment of Anesthesiology and Intensive Care of the
Clinic of N. P. Bekhtereva Institute of Human Brain
of the Russian Academy of Sciences (IHB RAS)
from 2007 to 2016, we performed a retrospective
analysis and correlation of 18FDG-PET and MRI
(SCT) data, as well as several known prognostic
factors, criteria, and follow-up data. All examinations
and treatments were carried out with the patients'
relatives/guardians' written informed consent. The
Ethics Committee and Academic Council of THB
RAS approved the protocol for comprehensive ex-
amination and treatment.

We evaluated a consecutive sample of 39 pa-
tients with VS who underwent 18FDG-PET and MRI
(or spiral CT if MRI was contraindicated) for a
detailed assessment of neuropsychiatric status during
their first hospitalization at the IHB RAS before spe-
cialized treatment, which served as a baseline.

Unknown follow-up was considered a criterion
for non-inclusion. Follow-up data were evaluated
at 6 months and beyond (up to 7 years) by deter-
mining the maximum level of consciousness
achieved during this period. The duration of a single
hospitalization in the IHB RAS was at least 1 month
(usually 1-3 months). Repeated hospitalizations,
including multiple hospitalizations with the whole
set of examinations, occurred in 26 patients.

Classification of VS according to etiology and
duration into chronic (in traumatic etiology
>12 months from the onset of brain injury, in non-
traumatic etiology >3 months) and non-chronic
types, as well as determination of the level of con-
sciousness and its changes according to the Coma
Recovery Scale-Revised (CRS-R) were performed in
accordance with international guidelines and criteria
approved in the Russian Federation [1, 3, 4, 18].

Traumatic VS (VS) was diagnosed in 23 of 39
patients (13 women, 26 men; age 29.8 10.5 years
(min 14 — max 54, Me=27), and non-traumatic VS
(VS,)) in 16 patients.

Chronic VS was observed in 18 patients (VS 9
and VS, 9). The actual duration ranged from 18
months to 10 years after brain injury in VSt and
from 6 months to 5 years in VS,,..

In the remaining 21 patients (14 VS, and 7
VS,), the actual time of VS was >2 months (up to
12 months for VS, up to 3 months for VSnt) after
the brain injury. For clarity, it was further referred
to as non-chronic VS.

The cause of VSnt was hypoxic-ischemic and
anoxic brain injury in 13 patients, inflammatory in 2
patients, and toxic in 1 patient. TBI was severe in all
23 patients with VSt (severe brain contusion with/with-
out brain compression in 23 patients, diffuse axonal
damage grade II-1II in 20 patients), 17 of whom un-
derwent various neurosurgical procedures. Prior to
admission to the IHB RAS, all 39 patients received
intensive care in specialized hospitals for at least 2
months from the time of the brain injury and were
subsequently hospitalized either for life-threatening
complications or (less frequently) for rehabilitation.
The rest of the time, patients remained at home or
in care facilities. Various complications were recorded
in all patients during the first 6 months of VS (puru-
lent/septic in 39, paroxysmal sympathetic hyperac-
tivity syndrome in 39, hypertensive hydrocephalus
in 17, epileptic syndrome in 18, and others). MRI
(SCT) revealed progressive brain atrophy of varying
degrees in the thalamus, subcortical nuclei, and
cerebellum in all 18 patients with chronic VS; no
change (improvement) in consciousness was docu-
mented from the time of coma recovery. In 11 patients,
abenzodiazepine test [12] was performed. All patients
were in critical condition with compensated vital
functions when admitted to IHB RAS.

MRI was performed on 1.5 Tesla (General Elec-
tric) before 2009 and 3 Tesla (Philips Achieva 3T)
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since 2009. Sequences used: T2VI (weighted images);
T2-FLAIR WI; T1 WI non-contrast and, if necessary,
with contrast enhancement (Gadadiomide from
Omniscan). Spiral CT was performed on a Gemini
TF Base scanner (Philips, Netherlands). 18FDG-
PET was performed with a PC2048-15B (Scanditronix)
or Gemini TF Base (Philips) PET scanner.

The functional status of brain regions was de-
termined using the glucose metabolic rate (GMR)
with evaluation of images in each image acquisition
by visual and semi-quantitative methods. The value
of GMR within the physiological range [19] was de-
fined as «<normal», and the value outside the reference
values (regardless of intensity) was defined as «ab-
normal». The study was performed in a standardized
manner under identical conditions. The correlation
(congruency/non-congruency) of the areas of struc-
tural (MRI, SCT) and functional (PET) abnormalities
in separate brain regions was checked visually. In
particular, areas of functional impairment (PET)
and areas of structural lesions (1.5T MRI or 3T MRI
or SCT) were identified and then matched based
on the topographic anatomy of the brain.

The congruence of functional and structural
abnormalities was confirmed if the anatomical lo-
calization of the lesion coincided (with precision
down to the details of individual structures such as
gyrus, subcortical nuclei, brainstem, determined
by generally accepted known anatomical landmarks)
and if the area of abnormalities differed by no more
than 15-20%. Image fusion using high-end software
was carried out in some cases (when the area of
abnormality was small) for clarification and quan-
titative comparison of lesion areas on PET and
MRI (SCT) images. In cases where it was possible
to perform repeated (multiple) PET scans, changes
in metabolic abnormalities between consecutive
PET scans were identified if the increase/decrease
in metabolism exceeded the physiological variation
of this parameter for the corresponding structure
(usually 7-15% [19]) and/or the change in area of
GMR abnormalities exceeded 20-25%.

Treatment options for patients were not con-
sidered. Treatment was based on clinical need,
which is generally consistent with current guidelines
and protocols [3, 4, 20, 21]. In addition, diagnosis
and treatment of low-grade infection were per-
formed [22], and high-dose multi-pattern botulinum
therapy (IncobotulinumtoxinA) was used to treat
generalized spasticity and dystonia [23].

Clinical data were analyzed with Statistica for
Windows V11.0. Non-parametric methods were
used. Frequency variables were compared using x?
and y? with Yates correction (for small groups),
Fisher's criterion. To evaluate quantitative param-
eters, means, errors of means, standard deviations,
data range (min-max), medians, descriptive statistics
(absolute and relative frequencies, ratios) were cal-
culated. Quantitative parameters were compared

using Mann-Whitney, Wald, median ¥? criteria.
Pairwise comparisons of groups were performed
(differences were considered significant at P<0.05).
For additional confirmation of some correlations,
multiple comparisons of groups were performed
with Bonferroni correction for three groups; differ-
ences at P<0.017 were considered significant. Spear-
man's rank correlation coefficients were calculated.

Results

Clinical correlation of PET and MRI (SCT) data
revealed the following 3 variants of brain damage
(without taking topography into account).

Variant [ was identified when the area of energy
metabolism disturbance exceeded the area of struc-
tural damage. In addition to a gross decrease (up to
absence) of metabolism directly in the areas of
structural damage, perifocal and/or visually pre-
served brain areas also showed varying degrees of
metabolic abnormalities (Fig.)

Variant II was confirmed when the area of en-
ergy metabolism disorder was completely equal to
or smaller than the area of structural damage (Fig.)

Variant III (mixed) was characterized by a com-
bination of variants I and II in different anatomical
structures. This variant was recognized in cases
that did not fall under variants I and II.

The frequency of the three variants of PET/MRI
(SCT) correlations, as well as the characteristics of
VS corresponding to these variants with the follow-
up data on change of consciousness are shown in
the Table.

Variant [ was significantly more frequent than
II (P<0.001) and III (P<0.001). The frequency of
variants II and III did not differ (P=0.54). Patients
classified into the different correlation variants did
not differ in gender (P=0.79 or more), age (P=0.47
or more), duration of VS (non-chronic/chronic)
(P=0.74 or more), occurrence of VS of different eti-
ology (traumatic/non-traumatic) (P=0.29 or more),
total CRS-R score (P=0.88 or more). Inflammatory
epilepsy was characteristic of all patients with
variant III.

The outcome for variant I (all recovered from
VS) was better than for variant II (P<0.001) and
variant III (P<0.001), and for variant III better than
for variant II (all remained in VS) (P=0.018).

The best outcome in terms of increase in total
SRS-R score was also with variant I (vs II, P<0.001,
vs III, P=0.001) and the worst with variant II (less
increase in total score than variant III, P=0.035).
Outcomes were better with variant I (P<0.001) than
with variant II for both chronic and non-chronic
VS, and with variant III for non-chronic VS (P<0.001).

In patients with variant I, the increase in total
CRS-R score at baseline was less in chronic VS than
in non-chronic VS (P=0.003). In variant II, the
increase in score did not differ according to the du-
ration of VS (P=0.84), while in variant III there was
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Fig. Standardized evaluation and comparison of individual 18F-FDG PET images (top row) and MRI/CT (bottom row) for

prognostic purposes.

Note. a — variant I: areas of reduced glucose metabolism (PET) are significantly more extensive than corresponding areas of
structural damage (MRI, T1). b — variant II: areas of reduced glucose metabolism (PET) coincide with areas of structural
damage (CT). At the time of examination, both patients are in chronic traumatic VS.

atrend toward a greater increase in cases of chronic
VS (P=0.052).

In a multiple comparison of groups with Bon-
ferroni correction, all outcome parameters were
better in patients with variant I than in patients
with variant IT and III (P<0.017). The worse outcome
in variant I compared to variant III was observed
only as a trend in «remained in VS/recovered from
VS», which is the key prognostic parameter.

Thus, variant I (69% of patients) was prognos-
tically favorable. In a pairwise comparison of the
groups, the differences in outcome were significant
for variant II (18% of patients) and III (13% of pa-
tients). The differences in the course of neurological
recovery in these patients were indirectly confirmed
by the trend toward worsening of the key index in
multiple comparisons with few observations. This
allowed us to consider variant II as prognostically
unfavorable (Fig.), and variant III as equivocal.
Taking into account the above, the accuracy of
prognosis (favorable/unfavorable) was actually 87%,
of which the prognosis was favorable in 69% of pa-
tients, unfavorable in 18%, and equivocal in 13%.

Changes in PET parameters in combination
with clinical characteristics were analyzed in 26 of
39 patients in VS.

In the variant I group, 21 patients (12 VS,
9VS,) were followed up with improvement of con-
sciousness. In all patients, normalization of energy
metabolism (PET) was observed over time, consisting
of reduction of the area of abnormal metabolism
(usually beyond the area of structural damage)
and/or improvement of GMR. In 18 patients (chronic
and non-chronic VS of various etiologies), PET
changes were recorded before and/or simultaneously
with the appearance of behavioral signs of awareness.
In addition, in one of these patients, clinical and

neuroimaging parameters obtained at the time of
improvement in consciousness were compared with
postmortem morphological data (acute cardiac
death), which has been reported in detail separate-
ly [23]. In the other three patients (all with chronic
VS of different etiology), the initial improvement in
GMR did not exceed the level of physiological vari-
ability, but became evident after clinical changes.
In all patients, GMR improvement did not occur in
all brain regions and was not immediate. Initially,
when the metabolic disorders persisted, the im-
provement of this parameter occurred gradually
with the improvement of consciousness (in our ob-
servations, during repeated courses of treatment).
If patients' consciousness did not change or even
worsened over time (compared to the previous ex-
amination), GMR did not change and sometimes
decreased. Changes in the energy metabolism of
all or some brain regions were manifested in the
evolution of neurological symptoms and/or elec-
trophysiological parameters [23].

In the variant II group, 4 patients who remained
in VS were followed up. In 2 patients (VS), PET
data and level of consciousness did not change
over time. In the third patient (VS)), an episode of
minimal improvement was observed, when incon-
clusive and transient eye fixation occurred without
changes in PET parameters. At the insistence of the
relatives, treatment was discontinued and only
nursing care was provided. One year later, in the
control study, the level of consciousness corre-
sponded to VS. There were negative changes (com-
pared to baseline data) in the CRS-R score with an
increase in the area of structural and functional
damage.

The fourth patient, who had already been in
VS for 5 years at the time of admission to the IHB

www.reanimatology.com

GENERAL REANIMATOLOGY, 2023, 19; 6



For Practitioner

Table. Variants of PET/MRI (CT) correlation: frequency, characteristics, and outcomes of VS.

Parameter, units Values in compared groups, p
I I 111 I/11 I/ 111 11/ 11
Frequency, N (%) 27 (69) 7 (18) 5(13) <0.001; <0.001; >0.05;
<0.017 <0.017 >0.017
Characteristics of VS cases
Sex (female/male), N 9:18 2:5 2:3 >0.05; >0.05; >0.05;
>0.017 >0.017 >0.017
Age, years 30.44+9.85 31.28+13.90 24.40+9.15 >0.05; >0.05; >0.05;
M+o (min—max), [Me] (17-54), [27] (15-54), [26] (14-39), [23] >0.017 >0.017 >0.017
VS,c: VS, N 14:13 4:3 3:2 >0.05; >0.05; >0.05;
>0.017 >0.017 >0.017
VS: VS, N 15:12 4:3 4:1 >0.05; >0.05; >0.05;
>0.017 >0.017 >0.017
CRS-R, total score, 4.11+1.37 4.0+0.82 3.80+1.64 >0.05; >0.05; >0.05;
M+o (min-max), [Me] (1-6), [4] (3-5), [4] (2-6), [3] >0.017 >0.017 >0.017
Follow-up: A CRS-R, M+o (min-max) [Me]
AIl'VS cases 12.1+4.46 0+1.54 5.20+4.09 <0.001; <0.01; <0.05;
(4-19), [12] (=2-1), [0] (1-0), [4] <0.017 <0.017 >0.017
VS,¢ 14.28+4.45 0.25+1.15 4.33+4.93 <0.001; <0.001; >0.05;
(7-9), [15] (=2-1), [0] (1-10), [2] <0.017 <0.017 >0.017
VS, 9.7+£3.19 0.33+0.58 6.50+3.53 <0.001; >0.05; >0.05;
(4-14), [11] (0-1), [0] (4-9), [6.5] <0.017 >0.017 >0.017
P-value for VS, . / VS, <0.01 >0.05 >0.05* — — —
Follow-up: maximal consciousness
Remained in VS: 0:27 7:0 2:3 <0.001; <0.001; <0.05;
Recovered from VS, All VS cases, N <0.017 <0.017 >0.017*
MCS(-) : MCS(+) : EMCS
AIl'VS cases, N 7:14:6 0:0:0 2:1:0 n/p n/p n/p
VS,oo N 1:8:5 0:0:0 1:0:0 n/p n/p n/p
VS, N 6:6:1 0:0:0 1:1:0 n/p n/p n/p

Note. MCS — minimally conscious state; EMCS — emergence from minimally conscious state; VS — vegetative state; VS, — chronic
vegetative state; VS, . — non-chronic vegetative state; VS, — vegetative state of traumatic etiology; VS, — vegetative state of non-trau-
matic etiology; CRS-R— Coma Recovery Scale Revised; ACRS-R — increase in CRS-R score; n/p — not performed. Statistical significance
level (P) for pairwise comparison of groups: <0.001 — strong difference; <0.01 — marked difference; <0.05 — difference; >0.05 — no
difference; >0.05* — trend for difference (P=0.052). Additionally with Bonferroni correction for the three groups: <0.017 — significant
difference; >0.017 — no difference; >0.017* — trend for difference (P=0.018). The exact P-values are shown in the text.

RAS, had brain areas with reduced GMR outside
the structural damage according to the history data
in the stage of non-chronic VS. The result of the
benzodiazepine test suggested a favorable progno-
sis [12], which was the reason for initiating intensive
pharmacotherapy. Brain metabolism recovered to
normal and remained unchanged according to the
results of repeated PET scans. However, the expected
improvement in consciousness never occurred until
the patient's death.

In the variant III, a patient was observed in
chronic VS. Over time, the area of reduced GMR
decreased and consciousness improved to MCS(-).
In the following three years of survival, despite
treatment attempts, the level of consciousness and
PET parameters did not change.

Data on energy metabolism of individual brain
regions were not evaluated in this study.

The results of the application of some prog-
nostic factors and criteria were reported. Only 17%
of 18 patients with chronic VS remained in this
state (1 VS,and 2 VS,)), contrary to expectations. All
(18/18) patients with chronic VS had signs of brain
atrophy, 78% (14/18) had absent or extremely weak
pupillary reaction to light, 44% (8/18) had the «rabbit
snout» sign. No significant differences were found

in the etiology of VS, with 22% (5/23) of patients
with VS,and 25% (5/23) with VSnt remaining in VS,
P=0.87. The mean total CRS-R score remained <6
in all 39 patients, with no significant differences
between those who later remained in VS (3.63+0.74
(3-5, Me=3.5, N=8)) and those who recovered to
MCS (4.16+1.39 (1-6, Me=4, N=31), P=0.21. The
prognosis according to benzodiazepine test results
(accurately determined in 10 of 11 patients) was
poor in 8 but confirmed in only one (for variant II);
favorable in 2 but confirmed in one (for variant I).

Discussion

Most studies on predicting outcome in VS do
not specifically define criteria for functional recovery,
return to normal life (which is the strategic goal of
rehabilitation), and even recovery from VS [4]. We
focused on the latter, i. e., defining the potential to
achieve at least MCS, which expands the possibilities
for further treatment.

The baseline characteristics and medical his-
tories of the patients with VS were generally not
different from those reported in the literature [24].
However, our patients had some specific features
related to the duration and outcome of VS. During
the first 4 weeks after brain injury, the prognosis
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for recovery from VS is considered «cautious» (al-
though the prognosis for VS is less favorable than
for MCS) [3, 4].

In the patients studied, the duration of impaired
consciousness exceeded 2 months, and almost half
of them had chronic VS, which significantly reduced
their chances of improving consciousness [3, 4].
Moreover, cases of chronic VS corresponded to the
so-called permanent VS (no change in chronic VS,
and VS, for more than 6 and 3 months, respectively),
when recovery is highly unlikely, which is a reason
to consider discontinuing life support [4].

Therefore, a rather high percentage of patients
with improved consciousness attracts attention,
which, on the other hand, served as a reference
point for evaluating the accuracy of the proposed
prognostic method. Consciousness improved in 77%
(30/39) of the patients, with 71% (15/21) in non-
chronic VS and 83% (15/18) in chronic VS. These
results, as well as the proportion of patients with a
confirmed favorable prognosis (favorable in 69%,
unfavorable in 18%), are more positive than those
reported by several other investigators. In comparison,
the prognostic significance of the benzodiazepine
test, according to its developers, was confirmed in
76% of VS cases, of which only 28% had a favorable
prognosis [12]. Other data suggest that only 20% of
patients with chronic VS can be expected to improve
their level of consciousness [5].

Traumatic etiology of VS is considered to be
prognostically more favorable than non-traumatic
(the most unfavorable being anoxic) [4, 25]. According
to the literature, the frequency of recovery from VS
was independent of the etiology of the brain injury.
This is consistent with the results of a recent multi-
center study to identify predictors of short-term
outcome [15].

All patients had cerebral and extracerebral
complications in the early and later periods after
brain injury [4, 26]. Most had CRS-R scores
<6 points [18, 27], many, especially in chronic VS,
had the «rabbit snout» phenomenon and absent
pupillary response to light [24], which are considered
negative prognostic signs. While some investigators
believe that clinical assessment of CDC is funda-
mental for prognostication [28], it is worth noting
that even the absence of all brainstem reflexes
during prolonged continuous lung ventilation is
not an obligatory attribute of brain death, nor does
it exclude the presence of awareness (the so-called
«responsive unawakefulness syndrome») [29].

All patients with VS had a variety of structural
brain damage, including damage to the corpus cal-
losum, brainstem (including dorsolateral oral areas),
or corona radiata, and damage to the left (dominant)
or both frontal lobes, all of which have a negative
prognostic value [3]. In chronic VS (regardless of eti-
ology), all patients had marked brain atrophy [30],

sometimes involving the thalamus and cerebel-
lum [25]. All of these structural changes were found
in patients with variant I neuroimaging correlations,
thus reducing their prognostic value. Furthermore,
brain regions known to be uniquely associated with
consciousness have not been identified [11, 29].

A number of factors considered positive, such
as young age [4, 25] and early advanced treat-
ment [31], were only implemented in variant I, al-
though they occurred with equal frequency in all
variants, including variant II. This suggests that
they may be more important in predicting survival
or survival time than neurological recovery.

In line with the notion that disorders of con-
sciousness are mainly determined by functional
rather than structural brain abnormalities [32],
many neurophysiological prognostic criteria based
on electrophysiological parameters, PET and func-
tional MRI data have been proposed [7, 8, 10, 12,
13]. After analyzing the literature data, we conclude
that the detection of patterns more expected in
MCS and emergence from MCS are mostly consid-
ered positive in VS. Their detection may be of diag-
nostic value (given the high risk of erroneous clinical
diagnosis of VS [1, 3, 4, 18]) or may serve as a
predictor of recovery from VS, reflecting the spon-
taneous or induced [33] reorganization of the per-
sistently impaired functional state of the brain [34].

Neurophysiological parameters were recently
found to be generally better predictors of the tran-
sition from VS to MCS than from VS/MCS to emer-
gence from MCS. However, their prognostic value
has often not been confirmed [35]. For example,
P300 (evoked brain potentials) [35, 15] and fMRI
activation patterns, which are classic from a neu-
rological point of view, have not proven their «fa-
vorability» [35]. Electrophysiological parameters,
whose ineffectiveness we have previously shown,
were not evaluated [23], but it should be noted
that the benzodiazepine test [12] had no prognostic
value in patients with variant I.

Although the usual prognostic criteria proved
to be of little value in predicting recovery from VS
in variant I, it should be stressed that they mostly
focus on a rather short period from the time of
brain injury, whereas markers of late recovery have
not yet been identified [7]. On the other hand,
since in variant I the extent of recovery from non-
chronic VS was greater than from chronic VS, it is
possible that all (or some) of the criteria known
from the literature are essential for predicting the
extent of recovery of consciousness and/or function.
This assumption, which is in line with current re-
quirements [4], warrants further investigation with
a data set for pathogenetic therapy.

Most patients, especially in chronic VS, have
only reached MCS levels when consciousness im-
proved. However, the fact of transition from VS to
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MCS increases not only the likelihood of further re-
covery but also the availability of treatment [4, 36].
We believe that the improvement of patients' con-
sciousness (especially in chronic/permanent VS) is
related to the applied therapeutic approaches,
which, as well as the prognosis, are based on Natalia
Bekhtereva's theory of the stable pathological state
(SPS) of the brain. Evidence of the effectiveness of
these methods was reported earlier [22, 23].

From the perspective of the above-mentioned
theory [17, 37], VS seems to be the result of activation
of the brain's protective response, which, after sta-
bilization, is transformed into a new entity, i.e., SPS.
Without going into the underlying mechanisms, we
emphasize that the SPS cannot be destroyed, but
only destabilized and unbalanced, which is clinically
reflected (in VS patients) in the transition to the
next level of consciousness, which in turn represents
anew SPS, and so on. Visualization of brain regions
with impaired functional state outside of structural
lesions (evidence of SPS) means that there is a po-
tential for improvement of consciousness, which is
prognostically positive (variant I), while the absence
of such regions (variant II) corresponds to an unfa-
vorable prognosis. Variant III, which was identified
due to the high sensitivity and low specificity of
PET [1, 19], later transformed into variant I or II, es-
pecially after appropriate treatment.

Confidence in the above concepts is crucial.
In the pairwise comparison of the groups, the differ-
ences in the results in patients with all variants of
the neuroimaging correlations were found to be
significant. However, from a formal point of view, it
is important to identify only the favorable variant [,
which predominates in the patient population. No
significant differences were found for the key pa-
rameter (recovery from VS) for variants II and III in
the intergroup comparison with Bonferroni cor-
rection, but a trend towards differences was revealed,
probably due to the small number of such patients.

Based on the SPS theory of Natalia Bekhtereva,
specific characteristics of the PET method and doc-
umented follow-up data, we concluded that variant
II is prognostically unfavorable and variant III is
equivocal.

In the available literature, we did not find
similar prognostic approaches or results, suggesting
a potential for improvement of consciousness in
most cases of VS. The frequency of the three prog-
nostic variants may change as the number of ob-
servations increases. However, given the available
data on brain energy metabolism in CDC, no fun-
damental changes are expected.

Typically, energy metabolism abnormalities in
VS are described on PET as larger in area and more
severe than those in MCS, and MCS as more extensive
than recovery from MCS [1, 12]. When correlated
with MRI, the area of abnormal metabolism de-

creases to the limits of the structural lesion area as
consciousness improves [38]. In fact, this «common»
description corresponds to variant I, confirming
its frequency (69% according to our data). On the
contrary, there are only a few confirmed cases of
VS in which the cerebral cortex metabolism appears
to be relatively preserved [1, 32]. This corresponds
to the less common variant IT (18%).

«Unusual» cases of VS (in variant II) give reason
to believe that PET does not prove the presence of
consciousness. It can be explained by the unique
characteristics of brain neuroplasticity [32]. However,
there is a lack of information in the literature about
«normal» neuroplasticity (in variant I).

Based on the follow-up of patients classified
as variant I (death upon improvement of conscious-
ness) [23], it can be assumed that «typical» im-
provement of consciousness is associated with ac-
tivation of axonogenesis and so-called functional
neurogenesis with the appearance of scattered
newly formed cells in those brain regions where
functional improvement occurs (clinically and ac-
cording to PET data). In variant II, if activation of
neurogenesis and axonogenesis occurs, it is most
likely aberrant. Further research is needed, but the
structural and functional changes noted above in
variant I do not contradict the theory of SPS, but
only broaden the scope of its application.

From a clinical point of view, the following as-
pects are important A favorable prognosis (potential
for recovery of consciousness) may go unrealized
or even become unfavorable for many reasons, in-
cluding inadequate therapy, as demonstrated by
the history of our patients.

Many patients who recovered from MCS re-
mained severely disabled, especially when recovering
from chronic long-term VS. According to the data
of international studies [24, 39], this was due, among
other things, to «medical neglect».

Patients with CDC frequently experience in-
adequate palliative care, poor rehabilitation, and
even segregation in the treatment of chronic dis-
eases [39, 41], owing to a variety of neurological
complications and comorbidities [40]. This does
not contribute to the improvement of patients'
general condition and consciousness.

Despite the lack of a widely accepted approach
to the treatment of VS, we believe it is reasonable
to classify patients with variants I and III (favorable
and uncertain prognosis, regardless of VS duration)
into a «target group» for adequate observation and
reasonable therapeutic measures.

Given the good prognosis, the inclusion of
variant I in the «target group» is self-explanatory.
Despite the uncertain prognosis, the inclusion of
variant III in this group is also justified. However,
only 5 patients had variant III, according to our
data. Consciousness improved in three of them,
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and they recovered from VS: two reached MCS (-)
and one reached MCS (+).

Unfortunately, only one of these three patients
had follow-up PET scans when their consciousness
improved or stopped improving during their survival
years. All patients with variant III, on the other
hand, had inflammatory epilepsy, which could have
influenced the change in metabolic parameters
during the PET scan [22].

The presented analysis of PET/MRI (SCT)
data demonstrated the ability to predict recovery
from VS in 87% of cases with either a favorable
(69%, variant I) or unfavorable (18%, variant II)
prognosis, regardless of other factors and criteria.
In contrast, the examination of functional and
structural brain abnormalities, unlike several pub-
lished studies [1, 14], was based on the standard
evaluation of individual PET and MRI/SCT images
used for routine diagnostics. The utilization of
scanners of different models to evaluate both struc-
tural and functional changes in the brain of patients
does not impact the accuracy of the semi-quanti-
tative assessment of the correlation between the
volumes of structural and functional brain le-
sions [42-44]. This approach, which takes into ac-
count the variability in localization and volume of
brain lesions in patients with VS [1, 12], greatly fa-
cilitates the translational aspect of research.

Functional neuroimaging is now required in
addition to standardized clinical assessment and
EEG when investigating patients with CDC [18].
18FDG-PET is considered one of the most in-
formative imaging techniques for studying brain
function [1, 12, 14].

Additionally, other factors are important: all
necessary tomographs are readily available, MRI
and SCT can be used interchangeably if there are
contraindications to MRI, and visual comparison
of data is straightforward. However, a model based
on non-activation fMRI, which has a similar accuracy
rate (88%) in predicting the potential for regaining
consciousness within a year, can only be utilized if
there are no contraindications to MRI and if the
structural brain damage is minimal (less than 30%).

Furthermore, this model relies on three key epi-
demiological criteria (etiology, timing, age) [16].

Limitations. Firstly, we cannot guarantee that
the prognostic criteria generated will be relevant
for patients in the earlier stage of VS, specifically
within 2 months after the brain injury. Additionally,
it is uncertain whether the unfavorable prognosis
(variant II) will remain consistent as medical tech-
nology advances.

This study did not evaluate the significance of
criteria based on non-activation fMRI or laboratory
data. The study did not examine the potential timing
of improvement in consciousness due to the in-
volvement of different clinical factors including
complications, treatment, and nutrition.

Conclusion

We determined three prognostic variants of
neuroimaging correlations reflecting the potential
for emerging from VS during the period of more
than 2 months after brain injury based on the results
of standard evaluation and correlation of individual
18FDG PET and MRI (SCT) images of the brain
used in routine diagnostics of CDC and considering
VS from the position of N. P. Bekhtereva's theory of
stable pathological state of the brain. Variant I in-
volves functional abnormalities that outnumber
structural abnormalities and has a favorable prog-
nosis (69% of cases). Variant II has a complete
overlap of these abnormalities and an unfavorable
prognosis (18%), whereas variant III has a «mixed»
presentation and uncertain prognosis (13%).

A retrospective analysis of prognosis based on
neuroimaging correlation variants revealed that it
predicted recovery from VS in 87% of cases (69%
and 18% in variants I and II, respectively) inde-
pendent of other prognostic criteria, including
chronic VS.

Given the pathophysiologic validity, availability,
and ease of assessment, it is reasonable to use
PET/MRI (SCT) prognostication in clinical practice,
with patients in VS with I and III variants assigned
to the «target group» for active monitoring and im-
plementation of relevant therapeutic strategies.
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Summary

Motor disorders are among the most common consequences of severe craniocerebral injury (traumatic
brain injury — TBI). Deeper insight into pathophysiological mechanisms of these disorders is important both
from a theoretical point of view and in terms of improving neurorehabilitation approaches.

The aim of the study was to investigate the correlation of right-sided posttraumatic hemiparesis severity
with composite characteristics of fractional anisotropy (FA) in the segments of the corpus callosum (CC), cor-
ticospinal tract (CST) and the inferior fronto-occipital fasciculus (IFO) at different stages of traumatic disease
(acute, subacute and long-term periods).

Material and methods. Cases of 43 patients with TBI were analyzed (28 men and 15 women aged 13 to 59
years, mean age 2819 years). Forty patients were diagnosed with severe TBI with diffuse axonal damage, three
patients had moderate severity TBI. Long-term follow up included continuous clinical and neurological ex-
amination with evaluation of patient’s level of consciousness using the CRS-R scale, and the degree of motor
deficits in right-sided hemiparesis using a five-point scale. During three post-TBI periods (up to 1 month, from
1 to 6 months, and from 6 to 12 months), patients were examined using diffusion tensor MRI (DTD), tractogra-
phy and FA. Motor, cortico-spinal tracts and IFO were divided by measurement grid, correlations between FA
and scores of right-sided hemiparesis were calculated for each segment.

Results. FA correlations (P<0.05) with the severity of hemiparesis were established not only for CST motor-
specific segments, but also for some CC and IFO segments. In the early period of TBI significant correlations
with hemiparesis severity were found not only in the contralateral CST segments, but also in the ipsilateral
ones. Significant differences in FA in the related CC and CST segments were found between the groups with
good and limited motor recovery: at all stages after TBI, FA was higher in patients with successful recovery.

Conclusion. The results of the study provide better insight into pathophysiological mechanisms of post-
traumatic motor disorders development, therefore favoring optimization of therapeutic strategies.

Keywords: TBI; tractography; hemiparesis; fractional anisotropy
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Introduction i epapilitation. This research is important both from

Severe traumatic brain injury (TBI), which
causes damage to various parts of the brain including
the cortex, subcortical structures and neural path-
ways, is a common type of brain disorder [1, 2]. Ap-
proximately 75% of individuals affected by TBI ex-
perience motor impairments such as reduced muscle
strength (limb paresis), increased muscle tone and
coordination problems. Motor deficits are a major
contributor to post-traumatic disability [3]. It is
therefore important to investigate the underlying
mechanisms of motor impairments after brain
injury and to develop effective strategies for their

a scientific perspective and in terms of improving
neurorehabilitation approaches.

In a series of previous studies fMRI responses
during independent and passive (with the help of
another person) performance of clenching-unclench-
ing of the fingers of the hand in healthy people, as
well as in patients with different severity of right and
left hemiparesis after traumatic brain injury [4-7]
were investigated. A stereotyped and reproducible
motor fMRI response (mainly related to corticospinal
tract activity) was demonstrated when this motor
test was performed in healthy subjects, while its
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variability increased as the severity of the motor
defect (manifested as hemiparesis) worsened. The
analysis of the involvement of cortical and subcortical
brain structures that are not normally active, matched
with the topographical neuroanatomy of the motor
system, allowed to formulate the hypothesis that,
together with the motor cortex of the hemisphere
ipsilateral to the movement [8], non-pyramidal tracts
and subcortical structures comprising the extrapyra-
midal system may act as «functional backup» in
post-traumatic hemiparesis [9, 10]. These ideas
evolved into the study of fMRI connectivity within
the functional motor system, including frontal and
motor cortical areas associated with movement, as
well as a significant number of subcortical nuclei
and the cerebellum as «zones of interest» [11]. It was
found that as the severity of hemiparesis increases,
functional fMRI connectivity in the corticospinal
tract (CST) system weakens [12], but some connectivity
in the frontal-motor network increases. The increase
in the level of bilateral cortical motor and paleostriatal
connections in severe hemiparesis can also be con-
sidered as a possible compensatory mechanism for
motor impairment [11].

However, all the data presented above are
based on the results of the analysis of functional
parameters. At the same time, the crucial role of
brain pathways, and especially the CCT, in ensuring
voluntary human movement is well known [13].
Recent studies using neuroimaging techniques have
consistently demonstrated the relationship between
the integrity of this tract and the presence and
severity of hemiparesis after stroke or severe TBI [14,
15]. Meanwhile, tractography data in recent years
have expanded traditional understanding of im-
portance of the corpus callosum (CC) [16, 17] and
the inferior frontal-occipital tracts (IFOT) [18, 19]
in the execution of voluntary movement in both
normal and pathological conditions.

In this regard, this study aims to clarify the
importance of CST, CCT and IFOT in the severity of
post-traumatic hemiparesis. Considering the current
neurophysiological ideas about the evolution of
neurotrauma [20] and its phases [3], it is reasonable
to evaluate the importance of these tracts at different
time points following traumatic injury.

Literature analysis reveals various approaches
to assessing the state of these tracts. It is possible to
estimate average FA values [21], referred to as trac-
tometry in some publications. Sometimes researchers
examine FA values in individual manually labeled
white matter regions [22]. A more accurate assessment
of white matter status can be obtained by estimating
FA profiles along tracts [23, 24] or by using the TBSS
algorithm [25] and similar methods [26], where tracts
are projected onto the white matter «skeleton» and
then voxel-wise statistics are calculated for the groups
studied. We believe that the method of estimating

profiles along tracts is not suitable for studying the
CC, since this structure has numerous branches in
different parts of the brain, and the concepts of «be-
ginning» and «end» do not apply to it. The TBSS vox-
el-wise method is not appropriate for measuring
patients with severe traumatic brain injury because
they often have serious brain deformities due to sur-
gery, hydrocephalus, and increased intracranial pres-
sure. Edema, hemorrhage, diffuse axonal damage —
all of these make it impossible to construct a correct
white matter «skeleton» in TBI patients and to perform
further group analysis.

The authors [27] created a mask for each
patient that excluded areas of post-stroke edema
when analyzed with the TBSS method. This approach
might allow group analysis of patients with severe
TBI, but it would exclude the most damaged white
matter regions of interest from the statistics.

Therefore, in this study, we decided to use a
non-standard, original, patent-pending algorithm
for segmentation of the tracts under study and their
subsequent analysis.

The aim of the study was to reveal the correla-
tion between the severity of right post-traumatic
hemiparesis and the fractional anisotropy charac-
teristics of CCT, CST and IFOT segments during
different phases (acute, subacute and chronic) of
traumatic disease.

Materials and Methods

The study was conducted in the Department
of Radiology and Radioisotope Diagnostic Methods
of the Burdenko Neurosurgical Center of the Ministry
of Health of the Russian Federation.

It was an observational and retrospective study,
analyzing data collected from September 2011 to
January 2020. Patients were studied in the acute
(up to 1 month), subacute (1 to 6 months), and
chronic (6 to 12 months) phase after TBI.

The main observation group consisted of 43
patients with TBI (28 males and 15 females, aged
13 to 59 years, mean age 28 + 9 years).

All patients had suffered a TBI with variable
brain damage and were treated in the Neurotrau-
matology department of the Burdenko Neurosurgical
Center of the Ministry of Health of the Russian Fed-
eration. Among them, 40 patients were diagnosed
with severe brain injury with diffuse axonal damage
(DAD), while the remaining three had moderate
closed TBI. For more information on specific trau-
matic injuries, see Table 1.

On admission to the hospital, the severity of
the disease was assessed using the Glasgow Coma
Scale (GCS) [28] (Table 2).

The Glasgow Outcome Scale (GOS) [29] was
used to assess the success of recovery six months
after the injury: 10 patients received a score of 5
points, 11 patients were assessed 4 points, 11 patients
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Table 1. Injuries in traumatic brain injury.

Injury Number of patients
DAI 25
DAI+SDH 9
DAI+focal contusion 6
Traumatic brain injury

without MRI-visible brain damage 3

Note. DAI — diffuse axonal injury; SDH — subdural hematoma.

had 3 points, 10 patients scored 2 points, and one
patient received a score of 1 point.

Each patient underwent a thorough repeated
clinical and neurological examination, including
an assessment of current level of consciousness
using the CRS-R scale [30] and the severity of move-
ment impairment using the five-point hemiparesis
scale [31], where the most severe hemiparesis cor-
responds to low points (1-2) and its absence to 5.

The study included patients who either had
no hemiparesis or had right hemiparesis following
a traumatic injury., which can greatly influence a
person's future quality of life.

Exclusion criteria:

1) Refusal of the patient or his/her legal rep-
resentative to sign an informed consent for partic-
ipation in the study,

2) Inability to undergo an MRI study due to
the presence of implants, intracranial pressure sen-
sors, braces, clips, etc,

3) Serious condition including hemodynamic
instability, elevated blood pressure, decompensated
heart failure, acute infection, etc.

4) Patient's death occurring within one year
of the traumatic injury.

Table 3 displays data pertaining to the severity of
right hemiparesis throughout the follow-up period.

Magnetic resonance diffusion tensor imaging
(DTT) was conducted on all patients with traumatic
injuries. In the acute phase, 28 patients underwent
the procedure once. In the subacute phase, 22 pa-
tients were included, with 4 of them being examined
twice. The time interval between examinations
ranged from 8 to 77 days. In the chronic phase,
20 patients were scanned, with 7 of them being
scanned twice and one being scanned three times.

The time intervals between scans ranged from 120
to 511 days. Among the patients, 8 were scanned at
least once in each of the acute, subacute, and
chronic phases. There were 4 patients who were
scanned in the acute and subacute phases only,
6 patients scanned in the subacute and chronic
phases only, and 3 patients scanned in the acute
and chronic phases only. Furthermore, 14 patients
were scanned in the acute phase only, 5 patients
were scanned in the subacute phase only, and 4 pa-
tients were scanned in the chronic phase only.

The control group for the DTI patients consisted
of data from a similar study involving 22 healthy
volunteers (14 men and 8 women) with ages ranging
from 21 to 55 years, and a mean age of 30+10 years.

The scans were conducted using a 3.0 Tesla
magnetic field strength tomograph (3.0 T Signa
HDxt, General Electric USA) with an eight-channel
head coil utilizing a diffusion tensor MRI (DTI) pro-
tocol. The protocol included routine MR imaging
in T1, T2, T2 FLAIR (T2 with water signal suppres-
sion), gradient echo (T2%, 2D, 3D, or SWAN), and
diffusion-weighted imaging (DWI) modes to diagnose
traumatic lesions or intracranial hemorrhage. The
diffusion tensor MRI in the DTI protocol was per-
formed using a spin echo — echo planar imaging
(SE EPI) sequence with the following parameters:
TR=8000 ms, TE;,=96 ms, 33 diffusion gradient di-
rections, diffusion weight b=0, 1000 s/mm?, two
repetitions, reconstruction matrix 256x256; slice
thickness/gap 4/0 mm, field of view 240 mm, voxel
size 1.9x1.9x4 mm?, and a scan duration of 3 minutes
and 40 seconds in one projection.

The original diffusion MR image analysis al-
gorithm used is illustrated in Fig. 1.

Importantly, clinical and DTI correlations took
into account the level of localization of the tract
segment corresponding to the determined correlation
coefficient value, i.e. brainstem, subcortical nuclei,
and cortex (Fig. 2). Correlations of 0.6 and higher
were considered to be the most interesting.

We used the Wilcoxon test and ROC analysis
in Matlab to perform a nonparametric group com-
parison of FA values for individual tract segment
localizations. The severity of right hemiparesis at

Table 2. Severity of patients with traumatic brain injury on admission.

Parameter Values
GCS score, points 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of patients 1 6 3 6 4 1 5 0 1 0 0 0 3
Table 3. Severity of right hemiparesis at different follow-up time points.
Severity, points Number of tests in different phases
Acute Subacute Chronic
1 14 3 4
2 2 9 3
3 2 4 4
4 2 3 4
5 7 5 12

Note. The severity of hemiparesis according to manual muscle testing system [31]: 5 — full range of movement and almost normal
strength with maximal resistance; 4 — mild hemiparesis; 3 — moderate hemiparesis; 2 — severe hemiparesis; 1 — gross hemiparesis

(barely noticeable muscle contractions).
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the end of treatment was used to divide patients
into two groups. Patients with a score of two points
or less were assigned to the first group («non-re-
covered»), while the remainder were assigned to
the second group («recovered»).

DTI data from the control group were used at
various stages of the study, including template cre-
ation and statistical analysis of parameters.

A box-and-whisker plot was generated for se-
lected tract segments that showed a significant cor-

relation between fractional anisotropy (FA) and hemi-
paresis severity. This plot showed the distribution of
FA values between the « recovery « and «non-recovery»
patient groups during the chronic phase of TBI. In
addition, the plot showed the distribution of FA
values in the corresponding tract (or its segment) in
a group of healthy volunteers. Using ROC analysis,
we determined and plotted the optimal FA value
that could discriminate between the «recovered»
and «non-recovered» patient groups.

Results

During the visual matching,

l Paflents | Healthy the tracts analyzed in all patients
volunteers

+ and healthy volunteers closely

1. Correction 5. Commissural alignment aligned with the template image
of diffusion in a T1 image MNI152, used to mark the measurement

MR images application of measurement grid areas. Consequently, no subjects

{' were excluded from the study due
- to errors in the data acquisition

2. Whole brain tractography, 6. Template co-registration algorithm.

computation on MNI152 T1 image using Table 4 sh the hichest

of FA maps the measurement grid a . € 4 shows the highes
correlation values between the
\ severity of right hemiparesis and

: FA of the tract segments studied
3. Construction of tracts, 4. Averaging, 7. Interpolation . TBI Th 8 lati
generating «skeletons» creating of the measure- In acute [El. 1he correlation co-
atlt(enllplate ment grid efficient (r) values for different
b «sd e: ::":{th on the «skeleton» | |  segments of the left corticospinal
oA . ased on healtlly template :

. Averaging FA values volunteers tract (responsible for voluntary
along tracts SegmenttS» / motor activity in the right hand)
saving measurements . i

to the datbase NI TI——— ranged from 0.61 to 0.64, indi

cating a moderate level of con-
gruency between these param-
eters. Furthermore, these seg-
ments included both cortical
(paracentral lobule) and subcor-
tical (thalamus and caudate nu-

«skeletons» onto a template,
+ interpolation of measurement grid

11. Correlation analysis,
comparison
of patient groups

10. Collection of data
on the clinical status of patients

Fig. 1. Stages of DTI data analysis.
Note. The red color indicates steps using patient MRI data, the green color indicates steps using healthy volunteer MRI data only,
the blue color indicates MNI152 template only, and the orange color indicates patient clinical assessment data. Step explanations:

1. Diffusion image correction included removing Gibbs artifacts and thermal noise, and correcting eddy current artifacts with
FSL eddy (http://fmrib.ox.ac.uk/fsl/) and Mrtrix3 (https://www.mrtrix.org/) software.

2. Whole brain tracts were calculated in Mrtrix3 using the HARDI CSD method [32] with default settings and a stopping
criterion of 10 million fibers. Mrtrix3 was also used to compute metric fractional anisotropy maps.

3. Construction of corticospinal (CST), inferior fronto-occipital (IFOT), and corpus callosum (CCT) tracts for each subject in
TrackVis (http://trackvis.org/). The combination of these tracts was dubbed the «skeleton», with the tracts connecting the brain's
margins in three orthogonal directions: interhemispheric, frontal-occipital, and cortical-brainstem. Based on the findings of
previous studies [33, 34], seven leads were conventionally identified in the CCT.

4. The averaged «skeleton» was built using the ANTs software package's script antsMultivariateTemplateConstruction2
(http://stnava.github.io/ANTs/).

5. In MNI152 space, the template T1 image was rotated so that the anterior and posterior commissures were on the same
section in axial projection.

6, 7, 8. The averaged skeleton was co-registered to the template T1 image using affine and nonlinear transformations with the
ANTs software package's antsRegistrationSyN.sh utility. The same utility was used to co-register the patient «skeletons» to the
image averaged over the group of healthy volunteers. The measurement grid used to divide the tracts into segments was made up
of 18x18x18 mm? cells. If one of the CCT's seven leads was analyzed, the central part of the CCT, delimited by a parallelepiped of
5x2x3 cells, was counted as one measurement block.

9, 11. The average FA values for each tract segment were collected and saved, and statistical analysis was carried out using
Matlab R2018b software (http://www.mathworks.com/). For each tract segment, two value vectors were saved, including the
average FA values of that tract segment for each patient and the assessment of right hemiparesis. These vectors were used to
compute the Spearman rank correlation. In the table of final correlations, only values with a multiple value-adjusted significance
level of P<0.05 were included. The total number of segments analyzed for each tract (approximately 100) was included in the
correction. On the template T1 image, the cells of the tract segments with statistically significant correlations were displayed.

www.reanimatology.com GENERAL REANIMATOLOGY, 2023, 19; 6



For Practitioner

Table 4. Correlation of right hemiparesis severity with fractional anisotropy for segments of different tracts in the
acute traumatic brain injury.

Tract FA Hemisphere Level r(p) 95% CI Adjacent
(min-max- of the correlation anatomical
average) (min-max) structure
Splenium of CC 0.22-0.54 left Subcortical 0.86 0.68-0.93 Superior temporal gyrus.
0.37+0.09 nuclei (2x107) Lateral ventricle.
Gyrus supramarginalis
CcC 0.22-0.54 left Subcortical 0.86 0.67-0.93 Superior temporal gyrus.
0.37+0.09 nuclei (4x1077) Lateral ventricle
CC 0.16-0.39 left Cortex 0.69 0.33-0.85 Posterior middle
0.31+0.05 (0.00014) frontal gyrus.
Superior frontal gyrus.
Anterior CC 0.16-0.40 left Cortex 0.68 0.32-0.85 Posterior middle
0.31+0.05 (0.00018) frontal gyrus.
Superior frontal gyrus
Splenium of CC 0.27-0.54 right Subcortical 0.66 0.24-0.87 Superior temporal gyrus.
0.37+0.08 nuclei (0.0005) Lateral ventricle.
Inferior parietal gyrus
Left CST 0.32-0.63 left Cortex 0.64 0.21-0.84 Paracentral lobule.
0.45+0.08 (0.0020) Posterior cingulate gyrus
Left CST 0.36-0.69 left Subcortical 0.62 0.27-0.82 Thalamus
0.58+0.09 nuclei (0.0009)
Left CST 0.31-0.6 left Cortex 0.61 0.23-0.81 Lateral ventricle.
0.47+0.08 (0.0010) Caudate nucleus
Right CST 0.30-0.67 right Subcortical 0.60 0.24-0.82 Amygdala.
0.53+0.10 nuclei (0.0012) Ventral intermediate
medulla.
Hippocampus

cleus) components of the left corticospinal tract
(Fig. 3, D).

However, more significant correlations with
hemiparesis severity (ranging from 0.66 to 0.86)
were found both for the CC as a whole and for its
individual segments (Table 4). Relatively low r values
were found for the right part of the splenium of the
CC (lateral ventricle and inferior parietal gyrus,
r=0.66) and the left anterior CC (superior frontal
gyrus, r=0.68). The most significant correlation
(0.86) was found for the left part of the splenium of

the CClocated near the lateral ventricle and superior
supramarginal gyrus. The highest r values were as-
sociated with subcortical CC areas.

Moreover, we observed a correlation of approx-
imately 0.6 between the severity of right hemiparesis
and the fractional anisotropy (FA) of subcortical seg-
ments of the right corticospinal tract (CST) ipsilateral
to the hemiparesis (Table 4, Fig. 3, III).

In subacute TBI, the number of correlations of
hemiparesis severity with DTI data exceeding 0.6
(Table 5) was significantly lower than in the acute

Fig. 2. Three levels of anatomical location of clinical-DTI correlations: brainstem (red), subcortical nuclei (green), and cortex

(blue).
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Fig. 3. Zones of correlation between severity of right hemiparesis and fractional anisotropy of segments of left CST (I), splenium

of corpus callosum (II), and right CST (III) in acute TBI.

Note. In Figures 3-5, the color scale on the left reflects the values of the correlation coefficient.

phase (Table 4); their values ranged from 0.6 to 0.71.
Meanwhile, only one parameter was related to the
cortical segment of the left CST (Fig. 4, I), while the
other two were associated with the subcortical seg-
ments of the anterior part and especially with the
splenium of the CC. Together with them, we revealed
the previously missing correlation between the sever-
ity of hemiparesis and the status of the central seg-
ment of the left inferior fronto-occipital tract adjacent
to the hippocampus (Fig. 4, II).

In chronic TBI, the correlation of hemiparesis
severity with the status of conduction pathways
was less strong, with maximum r values not exceeding
0.68 and mainly ranging from 0.53 to 0.58 (Table 6).
The CSTs of both hemispheres were absent among
the tracts with significant correlations. However,
the «representation» of cortical projections of the

corpus callosum (mainly its right anterior part) was
preserved (Fig. 5, I). In addition, we found a corre-
lation with FA for the central segment of the right
IFOT, but not for the left one (Fig. 5, II).

The important directions of this study included
the impact of FA of the tracts correlating with hemi-
paresis severity at different phases of traumatic dis-
ease on the recovery of motor function in the chronic
phase.

Fig. 6 shows the plots of FA for splenium of CC
in acute TBI (Fig. 3, II), the cortical segment of the
left CST in subacute phase (Fig. 4, I), and for the FA
of anterior CC in the chronic phase (Fig. 5, I).

According to this correlation, the vast majority
of FA parameters for different tracts were lower
than normal in the examined patients at all stages
of the study. The magnitude of the reduction was
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Fig. 4. Zones of correlation between the severity of right hemiparesis and fractional anisotropy of segments of the left CST (I)

and left IFOT (II) in subacute traumatic brain injury.

Table 5. Correlations of severity of right hemiparesis with fractional anisotropy of segments of different tracts in

chronic TBI.
Tract Hemisphere Level r Adjacent anatomical structures
CCT Right Cortex 0.68 Superior frontal gyrus
Posterior middle frontal gyrus
Posterior cingulate gyrus
Anterior CCT — Subcortical nuclei 0.58 Anterior cingulate cortex
Middle CCT Right Cortex 0.58 Anterior cingulate gyrus
Superior frontal gyrus
Posterior middle frontal gyrus
Right IFOT Right Subcortical nuclei 0.56 Inferior lateral ventricle
Amygdala
Putamen
Insula
Hippocampus
Anterior CCT Right Cortex 0.56 Anterior cingulate gyrus
Superior frontal gyrus
Posterior middle frontal gyrus
Middle CCT — Subcortical nuclei 0.53 Anterior cingulate gyrus

directly related to the severity and persistence of
the motor deficits.

Figures 6 B and C show typical variants of FA
values distribution in the study groups. Thus, in
patients with subacute TBI (from 1 to 6 months),
FA values for the cortical segment of the left CST
less than 0.4 were associated with no further re-
duction of right hemiparesis, whereas higher values
of this parameter were associated with further re-
gression of this motor defect (nonparametric Wilcox-
on test, P=0.02). DTIs performed in the chronic
phase show similar FA ratios for the right anterior

segment of the corpus callosum (P=0.03 when com-
paring groups using the Wilcoxon test) (Fig. 6, C).
The selective comparison of parameters in the study
groups revealed that the average FA values in «non-
recovery» patients were 68-78% of the normal values
of the specific segment at all stages of the study.

In «recovery» patients, the tracts with segmental
FA values within or above the normal range were
found only in the acute phase. These tracts included
subcortical segment of splenium of CC (Fig. 6, A),
as well as cortical and subcortical parts of the left
corticospinal tract.
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Fig. 5. Zones of correlation between the severity of right hemiparesis and fractional anisotropy of the right anterior CCT
segments (I) and right IFOT (II) in the chronic traumatic brain injury.

Table 6. Correlations between right hemiparesis severity and fractional anisotropy of segments of different tracts

in the chronic traumatic brain injury.

Tract FA Hemisphere Level r (P-value) 95% CI Adjacent
(min-max- of the correlation anatomical
average) (min-max) structure
CCT 0.15-0.41 right Cortex 0.68 (0.0002) 0.20-0.86 Superior frontal gyrus.
0.31+0.08 Posterior middle
frontal gyrus.
Posterior cingulate gyrus
Anterior CCT 0.14-0.40 — Subcortical  0.58 (0.0017) 0.04-0.82 Anterior cingulate gyrus
0.32+0.06 nuclei
Middle CCT 0.16-0.45 right Cortex 0.58 (0.003) 0.04-0.85 Anterior cingulate gyrus.
0.32+0.08 Superior frontal gyrus.
Posterior middle
frontal gyrus
Right IFOT 0.22-0.39 right Subcortical ~ 0.56 (0.008) 0.10-0.80 Inferior lateral ventricle.
0.33+0.04 nuclei Amygdala.
Putamen.
Insula.
Hippocampus
Anterior CCT 0.14-0.43 right Cortex 0.56 (0.005) 0.05-0.80 Anterior cingulate gyrus.
0.32+0.07 Superior frontal gyrus.
Posterior middle
frontal gyrus
Middle CCT 0.25-0.49 — Subcortical nuclei0.53 (0.005) 0.07-0.79 Anterior cingulate gyrus
0.36+0.07

Discussion

We used a non-conventional algorithm to
measure cerebral white matter FA in patients with
traumatic brain injury. The MR images of some of
them showed severe brain damage and signs of
cerebral oedema, which made it difficult to mark
the measurement zones. The advantage of the al-

gorithm used was its automation, which minimized
the dependence of the result on the expertise of
the researcher. The successful application of the
developed algorithm suggests its usefulness for the
other studies.

The results of this study demonstrate a dynamic,
time-dependent correlation between the severity
of right post-traumatic hemiparesis and FA of the
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Fig. 6. Fractional anisotropy of segments of individual tracts in patients with different degree of motor function recovery and in

healthy subjects.

Note. a— FA of the subcortical segment of the splenium of CC in the acute phase. b— FA of the subcortical segment of the left CST
in the subacute phase. c— FA of the right anterior CC in chronic traumatic brain injury. 1 — patients with right hemiparesis 1 and
2 points on the manual muscle testing scale [31] in chronic traumatic brain injury («not recovered»); 2 — patients with right

hemiparesis 3, 4 and 5 points in chronic traumatic brain injury

(«recovered»); 3 —healthy subjects. The green dotted line is the

optimal threshold value calculated using ROC-analysis and discriminating between groups of patients.

cerebral tracts, supporting the idea of the staged
development of traumatic brain disease [3].

FA of the corticospinal tract contralateral to
the hemiparesis has been shown to correlate sig-
nificantly with motor deficits in acute and subacute
TBI, which in turn is consistent with classical neu-
roanatomy [13, 35]. However, even in the acute
phase, a similar correlation was found for ipsilateral
hemiparesis and the right corticospinal tract. Fur-
thermore, the correlation between the segments of
different tracts of this hemisphere and the degree
of hemiparesis increased up to the chronic phase
of TBI. This suggests that the hemisphere ipsilateral
to the defect is likely to be involved in neuroplastic
compensatory processes. The active role of the
'healthy' hemisphere in these processes is well
known in stroke, which is usually caused by unilateral
hemispheric damage [36, 15].

In TBI with diffuse, often bilateral brain damage,
our previous studies [10, 5] have shown that the
severity of ipsilateral hemiparesis is most evident
in mild cases of paresis (4 points), where there is
predominantly unilateral hemispheric damage or
no damage at all. This significance cannot be ruled
out in patients with marked hemiparesis but without
focal lesions.

We have found that there is a dynamic rela-
tionship between cerebral structures and the severity
of hemiparesis that changes over time. In the acute
phase of TBI, the correlation is stronger in the
deeper (subcortical) parts of the brain, while in the
chronic phase it shifts to the cortical areas. The
presence of significant correlations in the acute
phase, specifically damage to subcortical structures,
can be attributed to the continuous functional
activity of the extrapyramidal system. This system
is responsible for controlling motor functions and
muscle tone and is in constant functional interaction
with the pyramidal system. These correlations can
be considered as an early compensation for motor

disorders during the post-traumatic depression of
the functional activity of the corticospinal tract
(CST). As the traumatic injury progresses to subacute
and chronic stages, the role of subcortical formations
decreases, and the activity of cortical areas involved
in movement production becomes the main mani-
festation of neuroplastic mechanisms.

Aside from the well-established importance
of movement-specific corticospinal tracts in the
acute phase, significant correlations with the sever-
ity of hemiparesis have also been discovered for
some areas of the corpus callosum, which persist
even in chronic TBI. The importance of interhemi-
spheric interaction of the brain sensorimotor areas
in providing motor function has previously been
demonstrated using both functional methods [37,
12, 38] and DTI data [16, 17]. The hypogenesis of
the corpus callosum and the corresponding de-
crease in FA in children with spastic diplegia have
been found to correlate with the severity of motor
impairments and to be an accurate indicator of
motor deficits [39]. The results of our study directly
confirm this fact in TBI.

Furthermore, our study revealed correlations
between the severity of right hemiparesis and seg-
ments of the inferior fronto-occipital fasciculus
(IFOT), with the left segment being significant in
the subacute phase and the right segment in the
chronic phase. Although this tract is not directly
related to motor function, current ideas about mul-
ticomponent neural networks supporting different
types of activity suggest that it may be involved in
the sensorimotor integration required for movement
execution. A study [40] found that therapeutic
translingual stimulation improved motor functions
as well as increased the initially reduced FA of
several non-motor brain tracts, including the left
inferior frontal-occipital tract, in children with cere-
bral palsy. The authors believe that the IFOT, a
ventral associative pathway that connects the frontal

GENERAL REANIMATOLOGY, 2023, 19; 6

www.reanimatology.com

33



34

For Practitioner

lobe to the occipital and parietal lobes via the tem-
poral lobe and the insula [41], is involved in mixed
sensorimotor integration because of its middle
component. Changes in its FA correlated with hemi-
paresis severity in our study as well, and it is one of
the «areas of interest» of neural networks such as
DMN, relevance, and speech networks [42]. While
the CST's cortical and subcortical segments are
part of the sensorimotor neural network, which en-
sures the direct act of executing a voluntary move-
ment, the DMN, relevance, and speech networks
are associated with more sophisticated components
of movement organization, such as memory, moti-
vation and behavior integration, sensory integration,
spatial navigation, and others.

According to the obtained data, we can assume
that the importance of structural and functional
interactions of sensorimotor neuronal networks is
more obvious in the development of motor disorders
in the acute phase, while in the subacute and espe-
cially in the chronic phase, the persistence and
severity of these disorders depend more on the
preservation of anatomical connections of more
global (integral) neuronal networks.

In general, the results of our study confirm the
literature data on the diagnostic usefulness of trac-
tography (and in particular fractional anisotropy val-
ues) in the development and regression of motor
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Summary

Competent triage of patients with COVID-19 pneumonia is not only about efficient allocation of hospital
resources, but also about making timely decisions that can ultimately save the patient's life. When healthcare
facility is overloaded, computed tomography to assess the severity of COVID-19-associated pneumonia in each
individual case is not always possible. Alternative solutions, however, are opted.

The aim of the study was to develop Lung UltraSound (LUS) protocols with high diagnostic potential for
assessing the severity of pneumonia caused by COVID-19, which can be reliably used instead of CT during
triage in an emergency setting.

Materials and methods. We conducted a retrospective analysis of data on 161 hospitalized patients with
confirmed pneumonia caused by COVID-19, subjected to both CT and LUS within 24 hours after hospitaliza-
tion. Three consecutive LUS protocols, including two LUS developed by the NMHC (National Medical Surgical
Center) authors, were tested to choose the most reliable protocol for assessing the severity of lung damage in
pneumonia caused by COVID-19 (based on correlation with chest CT results). We also checked the applicability
of LUS for the prognosis of the disease.

Results. Moderate (<50% CT) and severe (>50% CT) lung damage can be distinguished when using both —
the 16-zone and 12-zone LUS NMHC scanning protocols. The AUC for the ROC curves was almost identical:
0.83 (95% CI: 0.75-0.90 and 0.81 (95% CI: 0.73-0.88) for the 16-zone and 12-zone LUS NMHC protocols, re-
spectively. The 16-zone LUS NMHC had an optimal threshold of 20 scores with a sensitivity of 67% and a speci-
ficity of 82%, while the 12-zone LUS NMHC provided an optimal threshold of 15 scores with the same sensitivity
but lower specificity — only 73%. Neither the 16-zone nor the 12-zone NMHC LUS protocols could predict the
outcome.

Conclusion. The newly developed 16- and 12-zone LUS NMHC scanning protocols for patients with pneu-
monia caused by COVID-19 proved to be easy to implement, demonstrating a strong correlation with CT re-
sults. The 16-zone LUS NMHC protocol is probably more relevant for triage of patients with more than 50% of
pulmonary tissue involvement based on CT data. Both protocols can be useful in emergency settings and in
medical institutions with limited or no access to CT.

Keywords: lung ultrasound; LUS score; COVID-19; pneumonia
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Introduction ;e in asymptomatic infected patients. However,

Following the first few months of the COVID-
19 pandemic, it has become clear that public
health systems are struggling to allocate limited
resources during an unprecedented increase in
hospitalizations [1]. One of the most difficult tasks
is still triaging and identifying patients who require
hospitalization. Although PCR testing is still the
gold standard for SARS-CoV-2 diagnosis, chest CT
is the preferred diagnostic modality for determining
disease severity in confirmed cases [2, 3]. Several
studies [4, 5] have shown that CT has a diagnostic

limited radiology resources and strict decontam-
ination protocols following COVID-19 examinations
have jeopardized CT's widespread availability and
efficacy [6-8].

Lung ultrasound (LUS) has been proposed as
an effective diagnostic tool [11, 12] and is a feasible
and inexpensive diagnostic option for COVID-19
pneumonia. Despite its controversial diagnostic
value, LUS eventually gained widespread clinical
use [13, 14]. The variability of the LUS protocols
used and the lack of reproducibility for different
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operators [2] undermine the validity of using LUS
in the triage of COVID-19 pneumonia patients.

Another issue with LUS is the lack of stan-
dardized reporting and interpretation systems [15].
The Pirogov National Medical and Surgical Center
discovered early in the pandemic that the standard
descriptive LUS protocol had moderate to low di-
agnostic value and was unacceptably time-con-
suming in triaging patients with COVID-19.

Therefore, the aim of the study was to propose
new LUS protocols with high diagnostic performance
for determining the severity of lung injury in COVID-
19 pneumonia that could be used instead of CT
scanning in patient triage in the acute care setting.

Furthermore, to our knowledge, this is the first
study to report the results of different LUS protocols
performed in the same patients with confirmed
COVID-19.

Materials and Methods

We performed a retrospective study using lung
ultrasound data from 161 patients with COVID-19
hospitalized between March and May 2021.

This study was approved by the Local Ethical
Committee of the Pirogov National Medical and
Surgical Center (Protocol No. 11, dated October 26,
2021) and conducted in accordance with the Dec-
laration of Helsinki. Because the data were collected
retrospectively and processed anonymously, in-
formed consent was not considered

struction was 1.25 mm. The «lung» filter was used.
The extent of lung damage was assessed using a
semiquantitative visual CT scoring system (Table
1) based on the volume and characteristics of lung
tissue damage (ground-glass opacities and/or con-
solidation) [16]:

e (CT-0, no abnormalities
CT-1, lung tissue damage <25%

CT-2, lung tissue damage 25-50%
CT-3, lung tissue damage 50-75%
CT-4, lung tissue damage >75%.

Lung UltraSound scales and interpretation.
Sonosite Edge II (Fujifilm Sonosite, USA) and Logiq
E (GE Healthcare, China) ultrasound devices were
used, and a convex transducer was used in the
study. The basic mode was «abdominal» and the
scan depth was 11-13 cm.

SPSS IBM version 22 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. As appropriate,
demographic, clinical, and endpoint variables were
presented as means and standard deviations (SD),
medians and interquartile ranges (IQR), or numbers
(percentages).

To determine the distribution of data, the
Shapiro-Wilk test was used. Depending on the nor-
mality of the distribution, ANOVA or Mann-Whitney
and Kruskal-Wallis U criteria were used for com-
parative analysis.

Spearman's correlation coefficient was used
to assess the correlation between data obtained by

necessary by the Local Ethics Com-
mittee of the Pirogov National Med-
ical and Surgical Center.

Patients were initially admitted
to the intensive care unit (ICU), and
both chest CT and LUS were per-
formed within 24 h of admission.

The diagnosis of COVID-19
was confirmed either by a positive
PCR test for SARS-CoV-2 or by a
combination of clinical manifesta- 8
tions and radiological signs of in- | POSTERIOR i
fection, even with a negative PCR
test on admission.

The exclusion criteria were sus-
pected bacterial infection based on
laboratory or radiological findings
that developed before admission.

Chest CT evaluation. All en-
rolled patients underwent chest CT
as part of the routine local protocol
for suspected COVID-19 pneumo- :
nia. A 64-channel Brilliance (Philips 1
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GE Revolution Evo CT scanner was

used. The acquisition parameters
were 120 kV and 90 mA (x25%). The
slice thickness for the lung recon-

Fig. 1. Lung scheme for the 16-zone LUS and LUS NMHC protocols (a) and the 12-
zone LUS NMHC protocol (b).

Note. MAL stands for middle axillary line and PAL stands for posterior axillary line.
Author's drawing.

www.reanimatology.com

GENERAL REANIMATOLOGY, 2023, 19; 6



For Practitioner

||
Table 1. Scoring protocols for determining the severity of lung damage in COVID-19-induced pneumonia accord-
ing to LUS results.
Points Protocol Criteria
16-zone LUS 16-zone LUS NMHC 12-zone LUS NMHC
0 Normal lung profile without A-lines occupy 100% of the tested A-lines occupy 100% of the tested area,

pleural deformities.
Single (<3) B-lines are acceptable

area, up to 2 lines per the field of view
are allowed. B-lines cannot be
confluent or bright, A-lines should
be clearly visible against them.

up to 2 lines per the field of view are
allowed. B-lines cannot be confluent

or bright, A-lines should be clearly visible
against them.

1 Moderate interstitial syndrome,
up to 5 B-lines per the field of view.
Deformed pleural line.

A-lines occupy >50% of the
intercostal spaces per the field of view
or

A-lines occupy 100% of the tested
area with multiple B-lines that are
clearly visible against the A-lines

A-lines occupy >50% of the intercostal
spaces per the field of view

or

A-lines occupy 100% of the tested area with
multiple B-lines that are clearly

visible against the A-lines

2 Significant interstitial syndrome,
subpleural consolidations less
than 15 mm*

A-lines occupy <50% of the
intercostal spaces per the field of view.
or

The ratio of B-lines to A-lines is 1:1
with subpleural consolidation less
than 15 mm

A-lines occupy <50% of the intercostal
spaces per the field of view.

or

The ratio of B-lines to A-lines is 1:1 with
subpleural consolidation less than 15 mm

3 Large consolidation
of more than 15 mm*

Large consolidation greater than
15 mm with or without pleural

Large consolidation greater than
15 mm with or without pleural effusion

effusion

Note. * — A threshold value of 15 mm was adopted to differentiate between subpleural and large consolidations [18] detected during

ultrasound examination.

LUS and chest CT protocols (as well as between
different LUS protocols).

ROC curves were used to compare LUS's ability
to discriminate the severity of lung damage detected
by CT and predict outcome.

The optimal threshold was determined using
the Youden index. The feasibility of using LUS and
CT scores for individualized prognosis was evaluated
using multivariable logistic regression.

Availability of data and materials. The data
are not publicly available because they contain sen-
sitive information about the study participants.
Anonymized data supporting the findings of this
study are available from the author, I. S. Shcheparey,
upon request.

Results

A total of 161 patients with COVID-19 who
underwent both chest CT and LUS at hospitalization
were included in the study. Their demographic and
clinical data are presented in Table 2. The mean
duration of symptoms from onset to hospitalization
was 10 days (IQR, 3-10).

Of the 161 patients admitted, 59 (36.6%) ulti-
mately required invasive mechanical ventilation
and 7 (4.3%) required noninvasive mechanical ven-
tilation. A total of 137 patients (85%) spent at least
1 day in the ICU, with a median length of stay of
5 days (IQR, 3-10). The median length of hospital
stay was 8 days (IQR, 3-15).

An example of matched LUS and CT images
of a patient with COVID-19 pneumonia used for
evaluation is presented in Fig. 2.

In May 2020, the 16-zone LUS protocol together
with chest CT was performed in 18 patients (11.1%),

Table 2. Baseline characteristics of hospitalized pa-
tients with COVID-19.

Parameter Value (N=161)
Men, n (%) 67 (41.6)
‘Women, n (%) 94 (58.4)
Age, years 69.2+14.6
SpO,, % 85.0+12.6
Time from onset of symptoms 10 [3-10]

to hospitalization, days
C-reactive protein, mg/L (N=154)

97.5 [42.3; 158.5]

NEWS scale, points (N=137) 4.8+2.9

LUS protocols used, N (%) 161 (100)
16-zone LUS, N (%) 18 (11.1)
16-zone LUS NMHC, N (%) 143 (88.8)
12-zone LUS NMHC, N (%) 143 (88.8)

while the 16-zone LUS NMHC and 12-zone LUS
NMHC protocols were performed sequentially in
the remaining 143 patients (88.8%) between March
and May 2021. The reason for the small number of
patients evaluated by the initially developed de-
scriptive 16-zone LUS was due to several pitfalls of
the protocol that were discovered during its clinical
application. These included:

1. The high heterogeneity of lung damage ob-
served with the ultrasound transducer made it diffi-
cult to count the exact number of B-lines.

2. The presence of areas of intact lung tissue
together with large confluent B-lines, which did
not allow reliable and clear differentiation of Grade
1 or Grade 2 criteria.

3. Personal protective equipment, including
goggles, and their frequent change, which con-
tributed to distractions that interfered with accurate
assessment of the ultrasound result.

LUS scores measured using the 16-zone LUS
NMHC or 12-zone LUS NMHC protocols in patients
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with varying degrees of CT lung damage differed
significantly (P<0.001) (Table 3, Fig. 3), with the me-
dian LUS score for the 12-zone protocol tending to
be several points lower in all patients graded by CT.

A strong positive correlation was found between
16-zone LUS NMHC results and the severity (%) of
lung damage on CT (Spearman correlation coefficient
R=0.79, P<0.001) (Fig. 3, @), and 12-zone LUS and
the severity of lung damage on CT, R=0.78, P<0.001)
(Fig. 3, o).

Both the 16-zone and 12-zone LUS NMHC
protocols showed good performance in discrimi-
nating between moderate (less than 50% of lung
tissue volume on CT) and severe (>50%) lung dam-
age (Figure 4). The AUC of the ROC curves were al-
most identical: 0.83 (95% CI, 0.75-0.90) and 0.81
(95% CI, 0.73-0.88) for the 16-zone LUS NMHC
and 12-zone LUS NMHC protocols, respectively.
The 16-zone LUS NMHC had an optimal threshold
of 20 points with a sensitivity of 67% and a specificity
of 82%, whereas the 12-zone LUS NMHC had an
optimal threshold of 15 points with the same sen-
sitivity but a lower specificity of only 73%.

Seventy-six patients died, 74 (97%) before
day 30, 2 patients (3%) after day 30 of treatment,
64 patients were discharged, and outcome data
were not available for 3 patients. The AUC of the
ROC curves for the 16-zone LUS NMHC (0.67; 95%
CI, 0.58-0.76) and 12-zone LUS (0.68; 95% CI,
0.59-0.77) protocols demonstrated moderate ability
to predict outcome, as did the AUC for CT (0.65;
95% CI, 0.56-0.74) (Fig. 5). The optimal threshold
for 16-zone LUS NMHC and 12-zone LUS NMHC
was 12 and 10 points, respectively, with unaccept-
able specificity of 53 and 55%.

Male sex, older age, and greater percentage of
lung damage detected on CT scan on admission
were predictors of unfavorable prognosis (Table 4).
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Fig. 2. Example of paired LUS and CT images.

Note. LUS image shows (a) multiple confluent B-lines without
clearly visible A-lines («corresponds to grade 2»); CT image
shows (b) a large ground glass-like opacity area.

Discussion

Although LUS cannot be considered the diag-
nostic modality of choice for patients with COVID-19

Table 3. Correspondence of chest CT scores and LUS scores according to protocols used.

CT scale, points

LUS scale, points

Number of patients and protocol options

N 16-zone LUS N 16-zone LUS NMHC 12-zone LUS NMHC
0 5 4 (0-0.4) 54 6 (5.7-8.1) 5 (5.0-7.0)
1 4 11 (4.3-15.7) 21 14 (10.4-15.9) 11 (8.7-12.9)
2 1 — 38 21.5 (20.0-23.0) 17.5 (16.0-18.3)
3 8 26.5 (21.7-31.3) 29 23 (21.0-24.5) 18 (16.3-19.1)
4 0 — 1 — —
0-2% 10 9 (3.0-10.8) 113 12 (11.5-14.5) 10 (9.5-11.8)
3—4** 8 27 (22.6-31.1) 30 22.5(20.7-24.2) 18 (16.1-18.9)

Note. * <50% of lung damage; ** >50% of lung damage. Data presented as median (interquartile range).

Table 4. Analysis of predictors of mortality in patients with COVID-19.

Parameter Odds ratio (95% CI) P-value
Male sex 2.13(1.25-3.62) 0.005
Age 1.05 (1.02-1.08) 0.002
Days before hospitalization 1.03 (0.96-1.11) 0.36
SpO, on admission 0.98 (0.95-1.02) 0.38
Lung damage on CT, % 0.98 (0.96-0.99) 0.04
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Fig. 3. Correlation of lung damage severity (%) based on CT data with 16-zone (a), 12-zone (c) LUS NMHC results; correlation
of lung damage severity (scores) based on CT data with 16-zone (b), 12-zone (d) LUS NMHC results.

pneumonia, it has been shown to be a reliable tool
for patient triage in mass hospitalizations and with
limited CT capacity [19, 20]. LUS is relatively easy to
use [21] and can be performed at the patient's bed-
side, minimizing the number of healthcare providers
in contact with the patient. However, difficulties
can arise in its interpretation in assessing the severity

of lung injury and thus in selecting the best treatment
strategy. Reliable LUS assessment protocols can be
of great value as a diagnostic tool, especially in
acute care settings and healthcare facilities with
limited access to CT scans. The only systematic
review and meta-analysis on this topic concluded
that the diagnostic concordance between LUS and
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Fig. 4. ROC curve comparison for 16-zone and 12-zone LUS
NMHC protocols in patients with >50% lung damage on CT.

Fig. 5. Comparison of ROC curves for 16-zone, 12-zone LUS NMHC
and CT protocols in patients with >50% lung damage on CT.
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CT for the diagnosis of lung injury in COVID-19 is
high [5]. The quality of the evidence reviewed was
considered low; however, LUS has great potential as
an alternative to CT in emergency or critical care
settings.

Three protocols for LUS evaluation of patients
with confirmed COVID-19 were developed and test-
ed. First, a 16-zone LUS protocol was based on the
calculation of B-lines, degree of interstitial changes,
and size of the subpleural consolidations. The other
two protocols, the modified 16-zone LUS NMHC
and 12-zone LUS NMHC, were based on the evalu-
ation of A-lines, and B-lines were of secondary im-
portance. It was found that the first LUS protocol
was associated with several technical problems re-
lated to the evaluation of the results obtained; thus,
its implementation did not provide a reliable eval-
uation and convenience of performance. This pro-
tocol was used in 18 patients, and in this limited
sample, an increase in the score was noted along
with an increase in the CT severity score, which
was consistent with the results of the other two
protocols tested later in 143 patients.

The 16 zone LUS NMHC and 12 zone LUS
NMHC protocols have been proposed as more fea-
sible and reliable scoring systems. Similar LUS pro-
tocols have been described in several studies [22,
23]; however, the ratio of vertical to horizontal arti-
facts was used instead of A-line scoring. In the lit-
erature, visible A-lines are not described as a separate
feature along with B-lines in the field of view of the
ultrasound transducer. We hypothesize that the ap-
pearance of A-lines in front of B-lines is only possible
with a certain amount of intact lung tissue and that
the interpretation of such images does not follow
any known guidelines or evaluation protocols.

Therefore, we hypothesized that the evaluation
of A-lines instead of the ratio of vertical to horizontal
artifacts would be diagnostically significant and
easier to perform than in previously described
protocols [22, 23].

According to known data, many authors tend
to use the 12-zone LUS protocol [23-29]. However,
the present study showed that the modified 16-zone
LUS NMHC protocol was «slightly better» than the
12-zone LUS NMHC protocol. The performance of
the 16-zone LUS NMHC and 12-zone LUS NMHC

protocols had a strong correlation with the severity
of lung damage on CT, which adds to similar findings
from other studies [5, 24, 25, 30-32]. Meanwhile,
LUS NMHC with 16 zones was more accurate in
differentiating less/more than 50% lung injury. This
may support the use of the 16-zone LUS NMHC
protocol in the acute care setting to determine
prognosis and the need for ICU admission.

Both protocols had moderate prognostic per-
formance with a specificity of 53% for the 16-zone
LUS NMHC and 55% for the 12-zone LUS NMHC.
There are conflicting data regarding the prognostic
value of LUS. In two observational studies [26, 28],
a higher LUS score using the 12-zone protocol was
not a predictor of mortality. On the contrary,
Heldeweg et al [27] showed that a higher LUS score
using the 12-zone protocol had a strong association
with mortality and ICU stay of more than 30 days.

In this study, the 12-zone LUS NMHC protocol
scores were recalculated from the 16-zone LUS
NMHC protocol data, which does not allow direct
comparison of the data with previous studies.

The main limitations of the study were its ret-
rospective design and the fact that it was not
designed to test the hypothesis of clinical equivalence
between LUS and CT but rather to test the correlation
between these techniques.

Another difficulty was the initial use of a
16-zone LUS protocol, which «evolved» from a local
descriptive LUS protocol for non-COVID-19 pneu-
monia, the continued use of which was abandoned
due to a number of technical problems; hence, the
small patient sample size. However, the total sample
size (161 patients) was larger than that in most
published papers, and the two developed LUS eval-
uation protocols were tested in the same patients.

Conclusion

The developed 16-zone and 12-zone NMHC
LUS protocols in patients with COVID-19-associated
pneumonia proved to be feasible and strongly corre-
lated with CT findings. The results of the 16-zone
and 12-zone NMHC LUS protocols were not predictive
of the outcome. Both protocols can probably be
adapted for the triage of patients with confirmed
COVID-19, especially in the acute care setting and in
healthcare facilities with limited or no access to CT.
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Summary

Sepsis is one of the leading causes of death in kidney transplant recipients.

We present our experience of effective removal of bacterial endotoxins and endogenous inflammatory
mediators using a multimodal hemosorbent in sepsis, caused by gram-negative polyresistant Klebsiella spp.
including K. pneumoniae. The device was used in a 15 y.o. patient after treatment failure of graft-bed abscess

and removal of kidney transplant.

Results. Two 24-hour sorption procedures on Days 3 and 5 post- transplantectomy in combination with
renal replacement therapy resulted in consistent decrease of pro-inflammatory markers concentrations (pro-
calcitonin — 15.1—11.4—7.2 ng/ml; C-reactive protein — 234—199—90 mg/l), preventing therefore further

progression of multiple organ dysfunctions.

Conclusion. Inclusion of selective adsorption of cytokines and/or lipopolysaccharides into multimodal in-
tensive therapy in an immunosuppressed pediatric patient with sepsis caused by resistant microorganisms

improved treatment outcomes.

Keywords: sepsis; endotoxins; extracorporeal therapy; cytokine sorption; Efferon
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Introduction

Sepsis in children is a high-risk condition that
requires timely diagnosis and treatment. Delayed
initiation of treatment is associated with increased
mortality [1, 2]. According to Weiss et al, refractory
shock is the major cause of death in one-third of
children with sepsis who die within the first 72 hours,
while multiple organ dysfunction syndrome, respi-
ratory failure, and neurologic complications are the
major causes of death after 72 hours [3].

In kidney transplant recipients, sepsis is the
main indication for intensive care unit (ICU) ad-
mission and a major cause of high in-hospital mor-
tality, which can reach up to 30% [4-6].

Extracorporeal blood purification can be used
in the management of patients with sepsis. Devices
for the removal of endotoxins and cytokines have
great potential, and their use in sepsis caused by
Gram-negative pathogens can improve treatment
outcomes [7].

Case Report

A 15-year-old patient was admitted to the renal
transplant unit with a body temperature of 38°C

and discharge from the fistulous tract in the post-
operative wound area.

The patient was diagnosed with autosomal
recessive polycystic kidney disease at the age of
4 years. Ten months ago, long-term hemodialysis
was started due to progression of chronic kidney
disease. Three months ago, he underwent right-
sided nephrectomy with ABO-incompatible related
kidney transplantation with placement of the graft
in the retroperitoneal space of the right iliac fossa.
In the post-transplant period, the child received
immunosuppressive therapy, including tacrolimus
8 mg per day (under control of drug concentration
in blood), prednisolone according to the scheme
with reduction to 7.5 mg per day, mycophenolate
mofetil 500 mg every 12 hours. Prevention of CMV
infection (valganciclovir 450 mg per day), Pneu-
mocystis pneumonia and bacterial infection (cefa-
zolin 1 g every 8 hours) was also provided. Graft
function was evident immediately, with a decrease
in creatinine from the first postoperative day.

In the postoperative period, reconstruction of
the arterial anastomosis was performed on day 9
due to the presence of signs of renal artery stenosis
of the graft. Six days later, a surgical procedure in-
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cluding stopping bleeding and performing prosthetic
anastomosis with a xenograft was done. Based on
the results of the microbiological examination of
the wound discharge (Klebsiella spp., including
Klebsiella pneumoniae, carbapenemase class B
(MBL) producing strain), antibacterial therapy was
prescribed with meropenem 500 mg every 8 hours,
cefotaxime/sulbactam 3 g every 8 hours. Immuno-
suppressive therapy was continued with solumedrol
100 mg daily, tacrolimus 9 mg daily, while my-
cophenolate mofetil was suspended. The patient's
condition improved, and 51 days after kidney trans-
plantation, with satisfactory graft function (blood
creatinine 120-130 pmol/L, GFR 83.7-77.2 mL/
min/1.73 m?), the child was discharged from the
hospital on immunosuppressive and antihyperten-
sive therapy. The patient was instructed to continue
prevention of Pneumocystis pneumonia and CMV
infection.

After discharge, the patient developed fever,
and ultrasound revealed a fluid collection under
the transplanted kidney; the aspirate contained pus.

On readmission to the hospital on day 27 after
discharge, the graft function was satisfactory. Com-
puted tomography showed a limited collection of
fluid from the L4 level behind the right iliac muscle,
pushing it anteriorly and compressing the right
common iliac vein, pushing the bladder to the left
and extending to the renal graft hilum and the right
inguinal region, with a volume of approximately
230 cm?, of non-homogeneous structure with gas
bubbles. Microbiological examination of the wound
discharge revealed Klebsiella spp., including Klebsiella
pneumoniae, MBL-producing strain. Considering
the clinical and laboratory data and the development
of infection in a patient on immunosuppressive
therapy, antibacterial therapy was prescribed with
imipenem/cilastatin 1000/1000 mg every 8 hours,
fosfomycin 4 g every 6 hours.

Due to the severity of the disease, persistent
subfebrile temperature, increase in the volume of
accumulated fluid, compression of iliac blood
vessels, increase in inflammatory markers, three
days after admission, revision of the retroperitoneal
abscess and draining of its cavity were performed.

In the postoperative period, tacrolimus was
discontinued, prednisolone dose was reduced, val-
ganciclovir administration was interrupted,
leukopoiesis stimulation (filgrastim 300 mcg) and
antifungal prophylaxis (fluconazole 600 mg initially,
then 300 mg daily) were started. Antimicrobial ther-
apy was adjusted based on the preliminary data
from the blood microbiological study (growth of
Gram-negative and Gram-positive microorganisms)
and included biapenem 600 mg every 12 hours,
fosfomycin 4 g every 8 hours.

On the 7% day after the revision and drainage
of the retroperitoneal space, the patient had a rise
in body temperature to 39.7°C, an increase in proin-

flammatory markers (C-reactive protein 95.1 mg/L;
procalcitonin 0.22 ng/mL). Taking into account: a)
the presence of a fluid collection of up to 15 mL
(pus) in the graft hilum on CT scan and a high risk
of arterial bleeding, b) the polycystic left kidney as
a probable source of infection, and c) the ineffec-
tiveness of conservative therapy, transplantectomy
and left-sided nephrectomy were performed. Due
to sepsis manifestations, a session of renal replace-
ment therapy (RRT) using the Prismaflex RRT device
(Baxter, USA) and the oXiris set was started on the
first day after surgery. The parameters of the pro-
cedure were as follows: blood flow rate
3-5mL/kg/min (150-180 mL per minute), dialysate
flow rate and renal replacement dose 30 mL/kg/hour
(1400 mL per hour). Heparin at a dose of
10-18 U/kg/hour was used for anticoagulation
during the procedure, and activated clotting time
was maintained at 140-160 seconds (reference
values 90-120 seconds). Taking into account the re-
sults of blood microbiology (Klebsiella spp., including
Klebsiella pneumoniae) and ongoing renal replace-
ment therapy, meropenem 1 g every 12 hours and
fosfomycin 2 g every 8 hours were administered.
An ultrasound scan revealed right iliac vein throm-
bosis, so the dose of heparin was increased and the
activated clotting time was maintained at approxi-
mately 200 seconds.

Over the next three days, the patient's condition
did not change significantly: fever up to 38.6°C
and tachycardia up to 115 beats/min persisted de-
spite RRT. Laboratory tests showed high levels of
proinflammatory markers (procalcitonin increased
from 6.58 to 15.13 ng/mL, C-reactive protein in-
creased from 163.6 to 234 mg/L) (see Figure), while
endotoxin activity (EAA) was 0.57. Blood pressure
was within 120-150/60-90 mmHg without vaso-
pressors, and SpO, was 98-99% on air-oxygen mix-
ture (up to 4 L O,/min).

Considering the lack of treatment effectiveness
and negative laboratory changes, Efferon LPS (Effer-
on, Russia), a device for the adsorption of cytokines
and lipopolysaccharide (LPS), was connected to
the extracorporeal circuit before the hemofilter.
Renal replacement therapy parameters were iden-
tical. After 24 h of adsorption, body temperature
returned to normal. Based on blood and wound
discharge microbiology (Klebsiella pneumoniae
MDR+ (multidrug resistant), MBL+), the antibiotic
therapy was changed to meropenem 2 g every 12
hours, polymyxin B 50 mg every 12 hours, 2, 3-bis
(hydroxymethyl) quinoxaline 1, 4-di-N-oxide 300
mg every 8 hours, and Klebsiella polyvalent bacte-
riophage topical 20 mL every 12 hours.

Emergency surgery was performed on the 4th
day after transplantation due to continued bleeding
from the site of the removed graft (volume of blood
loss was 500 mL). Relaparotomy, revision, lavage
and drainage of the abdominal cavity and retroperi-
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toneal space were performed. The
next day, due to high levels of proin-
flammatory markers and endotoxin
(EAA 0.87), the second session of cy-
tokine and LPS adsorption for
24 hours with Efferon LPS was per-
formed. Antibacterial therapy was
again changed to ceftazidime/avibac-
tam 1250 mg every 8 hours, aztre-
onam 1 g every 8 hours. The patient's
condition improved and the levels
of inflammatory markers decreased 50
(see Figure).

Later, the patient underwent 5
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day 8 post-transplantation and from
the abdominal cavity on day 13.
During the latter surgery, there was
a diapedetic hemorrhage from the
wound, so renal replacement therapy was continued
from day 14 with the use of the oXiris kit and citrate
anticoagulation.

In total, continuous renal replacement therapy
was administered for 21 days. Thereafter, treatment
was continued with daily hemodiafiltration proce-
dures with a switch to a long-term regimen of
4 times per week for 4 hours.

plantectomy.

Discussion

In 2005, the International Pediatric Sepsis Con-
sensus Conference (IPSCC) proposed age-adjusted
definitions of sepsis and its stages in pediatrics,
which relied on the presence of systemic inflam-
matory response syndrome (SIRS) as the main cri-
terion. However, because SIRS is not specific for
sepsis, the IPSCC criteria for diagnosing sepsis have
low specificity and sensitivity. As a result, the pro-
posed definitions of sepsis and septic shock for
adult patients (Sepsis-3) have been adapted for pe-
diatric use.

Sepsis is the response of the body to an infec-
tion. It can be uncontrolled and «exaggerated» with
severe clinical manifestations or mild due to im-
munosuppression [8]. Piskin et al. showed that in
the first two months after kidney transplantation,
when immunosuppression was most intense, in-
fection was the only primary cause of mortality [9].

Gram-negative bacteremia is a common com-
plication of renal transplantation [10]. LPS is the
main mediator of sepsis under these conditions. LPS
itselfis not considered toxic, and its endotoxic effects
are mediated by activation of the immune system.
Sensitivity to LPS depends primarily on factors that
influence the susceptibility of the body rather than
the actual mechanisms of action of LPS [11]. It
triggers the release of pro-inflammatory cytokines,
including tumor necrosis factor-alpha and interleukins
(IL), by the cells of the body. The imbalance between

Fig. Changes in laboratory parameters (CRP — C-reactive protein, mg/l; Leu —
leukocytes, X10°/1; B — bands, %; PCT — procalcitonin, ng/mL) after trans-

pro- and anti-inflammatory mediators serves as a
factor in the development of sepsis [12]. To suppress
redundant systemic effects in sepsis, it is necessary;,
among other things, to eliminate cytokines below
an individual critical threshold. Cytokines are con-
sidered as prime targets for modulation to improve
the condition of patients with severe inflammation,
sepsis, and septic shock [13].

Currently, there are three methods of treatment
for end-stage chronic kidney disease, including in
children, which are peritoneal dialysis, hemodialysis
and kidney transplantation.

According to the Russian Register of Renal Re-
placement Therapy for 2019, 81 children received
hemodialysis, 130 peritoneal dialysis, and 434 chil-
dren had a functioning kidney transplant [14].
Kidney transplantation is the optimal treatment
for children with stage 5 chronic kidney disease,
leading to significant improvements in survival,
duration and quality of life compared to dialysis [15].
However, continuous immunosuppression makes
patients more susceptible to viral and bacterial in-
fections [16, 17].

Infectious complications after kidney trans-
plantation may be associated with pre-transplant
infection of the recipient, infection of the donor
organ, presence of hospital (nosocomial) or com-
munity-acquired infection [18]. In addition, the
clinical presentation of the infectious process may
be altered in patients receiving immunosuppressive
therapy, leading to diagnostic difficulties. And once
the infection has developed, the decline in the
body's immune response is critical to the outcome
of the disease. Infectious and cardiovascular com-
plications are the main causes of death in kidney
transplant recipients [19]. The most dangerous
period for the development of infectious and in-
flammatory complications is the first 1-2 months
after transplantation [20].
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Urinary tract infection (UTI) is a major cause
of complications, including sepsis, in kidney recip-
ients [21-23]. Typically, UTIs are caused by ascending
Gram-negative bacteria [24]. Treatment of infections
caused by multidrug-resistant ESKAPE (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) pathogens
can be especially challenging [25].

The emergence of multidrug-resistant bacteria
has become a significant challenge in disease man-
agement, leading to increased mortality rates due
to ineffective treatment. ESKAPE pathogens, through
genetic mutation and acquisition of mobile genetic
elements, have developed resistance mechanisms
to a wide range of antibiotics including oxazolidi-
nones, lipopeptides, macrolides, fluoroquinolones,
tetracyclines, beta-lactams, combinations of beta-
lactams and beta-lactamase inhibitors, as well as
«last resort» antibiotics such as carbapenems, gly-
copeptides, and polymyxins. Infections caused by
carbapenem-resistant Enterobacteriaceae have par-
ticularly high mortality rates, often surpassing 40%
globally. Among these infections, carbapenem-re-
sistant strains of K. pneumoniae (CRKP) are associ-
ated with the most severe cases [26].

After kidney transplantation, K. pneumoniae
is found in blood cultures in approximately one-
third of cases (as in this observation), and in more
than half of cases, it is resistant to most antibacterial
drugs [20]. The progression of infection to sepsis
can be rapid and unpredictable, and antimicrobial
therapy is not always effective because of the re-
sistance of the recipient's microflora caused by
multiple previous courses of antibiotics [20]. Septic
complications are the major cause of mortality
after parenchymal organ transplantation. In im-
munosuppressed patients, sepsis is associated with
a 50% mortality [27].

Infectious complications such as acute graft
pyelonephritis and sepsis are the most common
indications for graft removal in the early postoper-
ative period. Kidney recipients who develop Gram-
negative bacteremia after transplantation have a
higher risk of allograft loss and death [10].

In addition to appropriate antibiotic therapy
and source control of sepsis in surgical cases, tech-
niques for removing cytokines and/or lipopolysac-
charides show great promise in managing infectious
complications. Renal replacement therapy alone
may not be sufficient.

Currently available devices for selective ad-
sorption of cytokines (CytoSorb, CytoSorbents Cor-
poration, USA; HA330, Jafron Biomedical Co., China;
Efferon CT, «Efferon», Russia) and endotoxins (Alteco
LPS Adsorber, Alteco Medical AB, Sweden; Toraymyx-
in, Toray Medical Co, Ltd, Japan; Toxipak, NPF
«POCARD», Russia; Efferon LPS Adsorption Device
«Efferon», Russia) for adsorption of LPS and excess
of endogenous inflammatory mediators, can be
used alone or in combination with renal replacement
therapy. Often more than one session is required,
and the duration of such treatment depends on the
type of adsorption cartridge used (7, 28, 29].

The results of the use of such devices for the
treatment of bacterial sepsis are currently contro-
versial. The evidence of their effectiveness is in-
sufficient. According to some authors, the results
of treatment depend on the initial concentration of
inflammatory mediators and the stage of the process
at the beginning of adsorption. Therefore, the use
of such methods should be personalized [28].

Our observation demonstrates that the use of
multimodal hemosorbent for removal of bacterial
endotoxins and endogenous inflammatory mediators
allows to reduce the excessive inflammatory response
of the organism against the infection and to prevent
further progression of multiorgan dysfunction in
Gram-negative sepsis caused by multidrug-resistant
pathogens.

Conclusion

Inclusion of selective adsorption of cytokines
and/or lipopolysaccharides into the intensive treat-
ment of an immunosuppressed pediatric patient
with sepsis caused by resistant microorganisms im-
proved the treatment outcome.
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Summary

Objective. Evaluation of myocardial expression of the pro-autophagic protein Beclin-1 after cardiac con-
tusion in experimental animals with different stress resistance.

Materials and methods. The study included 68 white mongrel male rats weighing 250-300 g. After ranking
for extreme variants of stress resistance, moderately stress-resistant rats (IN=36) were excluded from the study.
The remaining animals were split into the control (N=16) and study (N=16) groups, each group composed of
8 high stress resistant and 8 low stress resistant rats. In the study group, 24 hours after inflicted cardiac contu-
sion, 5x5 mm myocardial tissue specimens were sampled from the intraventricular septum, anterior walls of
the left and right ventricles, histological sections were made, and a reaction with primary polyclonal Anti-Be-
clin-1 antibodies was performed. Beclin-1 expression was evaluated under the microscope.

Results. Immunohistochemical evaluation revealed a statistically significant increase in Beclin-1 protein
expression (P=0.0002) in the cytoplasm of cardiomyocytes in the study group vs the control group, regardless
of animals’ baseline stress resistance. However, expression of Beclin-1 protein in the myocardium of highly
stress-resistant rats (Me=4.3; LQ=4.0; HQ=4.3) was significantly higher versus low-resistant animals (Me=3.6;

LQ=3.3; HQ=3.6) (P=0.0009).

Conclusion. Increased expression of Beclin-1 protein in the post-traumatic period of experimental cardiac
contusion indicates autophagic flux activation. Intensity of autophagy varied depending on the animal’s stress

resistance.

Keywords: cardiac contusion, autophagy, Beclin- 1, stress resistance
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Introduction

The main pathogenetic factors of the post-
traumatic period of cardiac contusion are circulatory
hypoxia and disruption of energy-dependent process-
es [1, 2], together with mechanical damage leading
to accumulation of damaged organelles, unfolded
proteins, lactate, Ca** ions, as well as lack of substrate
to maintain the necessary level of homeostasis and
initiate reparative processes [3-5]. In models of my-
ocardial ischemic injury, these factors are described
as triggers capable of increasing the intensity of
autophagy, a type of programmed cell death, which
involves the degradation of damaged organelles
which are further used by the cell to restore metab-
olism and form new fully functional structures [6].
In addition, the stress response related to the general
adaptation syndrome plays an important role in
the pathogenesis of blunt cardiac trauma. Previous
studies have identified patterns of systemic and
tissue hormonal and metabolic shifts in the post-
traumatic period of experimental cardiac contusion

that are characteristic of the stress response but
vary in severity in animals with different levels of
stress resistance [7]. Another study [8] demonstrated
the dependence of hematopoietic organ functions
on the activity of the sympathetic and hypothala-
mic-pituitary-adrenal systems in dogs with different
stress sensitivity.

Based on this assumption, it is hypothesized
that autophagy as a stress-associated response of
myocardial tissue may occur during the post-trau-
matic period of cardiac contusion and its severity
may vary depending on the level of stress resistance
in the organism.

Aim: To evaluate the expression of the au-
tophagy protein Beclin-1 in myocardium after ex-
perimental cardiac contusion, taking into account
different levels of stress resistance.

Materials and Methods

Sixty-eight male white albino rats, weighing
250-300 g, were used in the study in accordance
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with the rules for conducting research and animal
care (Order of the Ministry of Health of the Russian
Federation dated 01.04.2016 No. 199n «On approval
of the rules of good laboratory practice»), with free
access to combined food and water. The study was
approved by the local ethics committee of Omsk
State Medical University of the Ministry of Health
of Russia. Zoletil 100 (tiletamine, zolazepam) at a
dose of 30 mg/kg intraperitoneally was used as an
anesthetic for all invasive stages of the experiment.

To create control (C) and experimental (E)
groups, we performed an assessment of the animals'
stress resistance using a modified ranking method
that included open field and Porsolt forced swim
tests [9]. Previous studies evaluating the concen-
tration of corticosterone, glucose, triglycerides,
lactate in blood plasma, as well as the levels of re-
stored glutathione and total antioxidant capacity
in myocardium, indicated that the modified ranking
method for rat stress resistance allows the selection
of subjects with the most pronounced differences
in systemic and tissue stress response markers [7].

Animals with average stress resistance (N=36)
were excluded from the study because extreme
variants of stress resistance were used as selection
criteria.

In each group, animals with low (L) and high
(H) stress resistance were included. Thus, two sub-
groups of the control group (CH and CL) and two
subgroups of the experimental group (EH and EL)
were formed, with 8 animals in each subgroup.

Cardiac contusion was simulated in the ex-
perimental group using an original device that
mimics the impact of the frontal surface of the
chest against the steering column in a collision of a
moving car with an obstacle [10].

Rat heart was harvested 24 hours after the
trauma simulation and heart sections were prepared.
To identify the damaged areas, the sections were
stained with a solution of nitroblue tetrazolium
and then placed in a 10% formalin solution for
30 minutes to enhance the contrast of the staining.
The damaged myocardial areas were gray-white in
color, whereas the undamaged myocardium was
blue-black (Fig. 1). Myocardial fragments measuring
5x5 mm were harvested from the areas of greatest
trauma, including the interventricular septum and
the anterior walls of the left and right ventricles.
The specimens were processed for microscopy using
standard techniques and embedded in paraffin.
Histologic sections of 5 micrometers thickness were
prepared using an Epredia HM 340E microtome
(Epredia, UK) and placed on adhesive-coated slides.
The resulting samples were deparaffinized with xy-
lene and treated with descending concentrations
of alcohol.

To evaluate the expression of the autophagy
protein Beclin-1, a reaction was performed using
primary rabbit polyclonal anti-Beclin-1 antibody

Slice 1 Slice 2 Slice 3

Slice 4

Slice 5 Slice 6

Fig. 1. Macroscopic visualization of myocardial injury foci
with nitroblue tetrazolium solution.
Note. The areas of injury are outlined with a red line.

(HUABIO, China), No. R1509-1, diluted 1:100. The
results of the immunohistochemical study were
visualized using the «Universal Two-Step Detection
System PrimeVision»: Mouse/Rabbit IgG Anti-
bodies — HRP/DAB» kit (PrimeBioMed, Russia).
Slides were counterstained with hematoxylin. The
immunohistochemical reaction was considered
positive when brown staining appeared in the
cytoplasm of cardiomyocytes. Light microscopy
was performed with an Axioskop 40 microscope
(Zeiss, Germany) at 400x magnification in 10 fields
of view for each slide. Images of each field of
view were captured using an Axiocam 503 color
camera (Zeiss, Germany) and ZenBlue graphics
software for further evaluation of immunohisto-
chemical study results.

Myocardial image analysis was performed
using a semi-quantitative method. The scoring sys-
tem considered two parameters: the intensity of
immunohistochemical staining on a four-point
scale (0, no staining; 1, weak staining intensity; 2,
moderate staining intensity; 3, strong staining), and
the staining area expressed in points corresponding
to the percentage of stained cardiomyocytes among
all cardiomyocytes in the field of view (0-20% —
1 point, 20-40% — 2 points, 40-60% — 3 points,
60-80% — 4 points, 80-100% — 5 points). The final
result was the sum of the intensity and area points
for each individual field of view, followed by calcu-
lation of the arithmetic mean for all 10 fields of
view and calculation of the expression index for
each animal. The values of the indicators obtained
from animals in different groups and subgroups
were then compared.

Cardiac injury modeling and sample prepara-
tion were performed in the laboratory of the De-
partment of Pathophysiology, and immunohisto-
chemical analysis was performed in the laboratory
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of the Department of Pathological Anatomy of Omsk
State Medical University.

Normality of the distribution of quantitative
variables was tested using the Shapiro-Wilk test.
Data were analyzed using descriptive statistics and
sample comparisons (Mann-Whitney U test). A sig-
nificance level of 0.05 was used. The data were
processed using IBM SPSS Statistics 23 software.
The results are presented as median (Me) and in-
terquartile range (UQ-LQ).

Results

Macroscopic changes in the myocardium after
staining with nitroblue tetrazolium solution consisted
of gray-white staining in the damaged areas and
blue-black staining in the undamaged areas. Mi-
croscopic examination of the myocardial injury
zone after experimental cardiac contusion revealed
edema and widening of spaces between cardiomy-
ocytes, irregular structure of intercalated discs, focal
loss of cross-striations with the appearance of hy-
per-eosinophilic areas, wave-like deformation of
cardiomyocytes, and the beginning of fragmentation
of single cardiomyocytes.

Immunohistochemical analysis revealed a sig-
nificant increase (P=0.0002) in the expression of
the autophagy protein Beclin-1 in the cytoplasm of
cardiomyocytes in the experimental group compared
to that in the control group (Fig. 2). A significantly
higher level (P=0.0009) of Beclin-1 expression
(Me=4.3; LQ=4.0; UQ=4.3) was observed in the my-
ocardium of stress-resistant traumatized rats (sub-
group EH) than in stress-sensitive rats from subgroup
EL (Me=3.6; LQ=3.3; UQ=3.6). No differences were
observed between the subgroups in the control
group (Me=3.0; LQ=3.0; UQ=3.0).

Qualitative assessment of Beclin-1 expression
showed that in the control group, positive reactions
were either absent or detected in small amounts as
irregular inclusions of low-intensity brown color in
the cytoplasm of cardiomyocytes. No differences
were observed between stress-resistant and stress-
sensitive animals in the control group (CH and CL
subgroups) (Fig. 3, a, b).

In high stress resistance rats subjected to blunt
cardiac injury, we observed uneven diffuse moderate
or high intensity staining of the cytoplasm (Fig. 3,
0). In the subgroup of low stress resistant traumatized
rats (EL), single foci of cardiomyocytes with moderate
or low intensity cytoplasmic staining (Fig. 3, d) were
found. In traumatized animals, regardless of stress
resistance (subgroups EH and EL), there was a ten-
dency for increased staining intensity and number
of positively stained cardiomyocytes towards the
epicardium in the areas of traumatic injury.

Discussion

Beclin-1 is a major subunit of the class III
phosphatidylinositol 3-kinase complex (PI3K class III

P=0.0009
P=0.0002
5 r 1

N 000
EI 3 -
.
1
0 cHR C-LR 4

E-HR-24 E-LR-24

Fig. 2. Expression of the autophagy protein Beclin-1 in the
cytoplasm of cardiomyocytes in the area of cardiac injury
24 hours after cardiac contusion modeling.

Note. EI (expression index) is the index of expression in absolute
units, which represents the result of dividing the sum of staining
intensity scores and staining area scores by the number of fields
of view; CH — control group, subgroup with high stress resistance;
CL — control group, subgroup with low stress resistance; EH —
experimental group, subgroup with high stress resistance; EL —
experimental group, subgroup with low stress resistance.

C1), which triggers autophagy by producing phos-
phatidylinositol 3-phosphate (PtdIns3P) and re-
cruiting the DFCP1 and WIPI genes, which are re-
sponsible for the formation of the insulating mem-
brane and its separation from the endoplasmic
reticulum (Fig. 4). In addition, Beclin-1 is a member
of PI3K class III C2, whose main effects are realized
at the stage of autophagosome and lysosome fusion
to ensure the degradation of intracellular sub-
strates [12—-14]. The observed increase in Beclin-1
protein expression in animals of the experimental
group compared to the control group indicates the
activation of autophagic flux in the post-traumatic
period of experimental cardiac contusion.
Autophagy activation after blunt cardiac injury
is associated with oxidative stress in cardiomyocytes,
organelle damage, accumulation of reactive oxygen
species (ROS) and Ca?* ions, inadequate synthesis
of adenosine triphosphate (ATP) and, as a conse-
quence, increasing energy deficit [15-17]. Mito-
chondrial stress leads to increased production of
ROS in the respiratory chain. ROS are the primary
triggers of autophagic flux and can directly inactivate
the mTOR complex (Fig. 4), thereby initiating au-
tophagy processes [18, 19]. The decrease in the
levels of reduced glutathione and total antioxidant
capacity in traumatized rats with low stress resistance
(EL subgroup) compared to highly resistant animals
(EH subgroup) confirms a more intense oxidative
stress and subsequent accumulation of ROS in car-
diomyocytes. According to this logic, the intensity
of autophagy in the damaged myocardium should
also be significantly greater in the case of higher
ROS in the low stress resistant animals. However,
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Fig. 3. Beclin-1 protein expression in rat left ventricular cardiomyocytes. Longitudinal section of the myocardium.

Note. Immunohistochemical staining, x400. a — control group, subgroup with high stress resistance (CH); b — control group,
subgroup with low stress resistance (CL); a, b — weak cytoplasmic expression in single cardiomyocytes; ¢ — experimental group,
subgroup with high stress resistance (EH); cytoplasmic expression of high and moderate diffuse intensity; d — experimental
group, subgroup with low stress resistance (EL); single cardiomyocyte foci with cytoplasmic expression of moderate intensity.

the immunohistochemical data reveal that the ex-
pression of Beclin-1 in low stress resistant animals
from the experimental group was less pronounced
than in rats with high stress resistance.

This may be explained by the fact that the
consequences of autophagy may differ significantly
under different conditions (varying models and
severity of injury). For example, in relatively mild
trauma, autophagy plays an exclusively protective
and adaptive role [20], whereas in more severe trau-
ma, hyperactivation of the autophagic flux or its
incompleteness, in particular excessive production
and accumulation of autophagosomes without their
further fusion with lysosomes, can lead to cell
death [21, 22]. Conversely, moderate levels of ROS
in the cell cause an increase in autophagy, which
promotes cell repair and survival (Fig. 4). However,
accumulation of ROS above a certain level can lead
to increased phosphorylation of the proapoptotic
protein Bcl-2 [23], as well as permanent activation
of the JNK pathway, which mediates cell death
through mitochondrial pathways, enhancing apop-
tosis and inhibiting autophagy [16]. Probably, due

to the excessive concentration of oxygen metabolites
in cardiomyocytes and the low initial stress resistance
of the animals, causing an excessive level of stress-
related system tension, the traumatic impact first
triggered autophagy and then, due to its inefficiency,
switched the cell death program to the apoptosis
pathway.

Damage to the mitochondria also leads to a
decrease in ATP synthesis and a disturbance in the
cellular energy balance. Adenosine monophosphate-
activated protein kinase (AMPK) acts as a sensor
that monitors the ATP/AMP ratio and is able to
induce autophagy by inactivating the mTOR complex
in response to insufficient ATP levels in the cell (Fig.
4). As an adaptive mechanism, autophagy provides
the cell with energy by degrading damaged organelles
and abnormal proteins. However, when the equi-
librium achieved by the activation of this backup
mechanism is disturbed, autophagy is inhibited and
apoptotic cell death is triggered with the participation
of Bax/Bak proteins (members of the Bcl-2 family
necessary for the permeabilization of the outer mi-
tochondrial membrane) or by direct activation of
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Fig. 4. Expression of the autophagy protein Beclin-1 in the myocardial injury zone after heart contusion modeling under

different stress resistance levels. Authors' illustration.

Note. ER — endoplasmic reticulum; ROS — reactive oxygen species; ATP — adenosine triphosphate; AMPK — adenosine monophos-
phate-activated protein kinase; UPR — unfolded protein response; cyt C — cytochrome C; mTOR — mammalian target of rapamycin.

caspases due to the inability to compensate for the
cellular energy deficit. In addition, the autophagy
process itself consumes a large amount of ATP at all
stages, from initiation to autophagolysosome for-
mation, so a significant energy deficit can directly
affect any stage of autophagy [24].

The increase in blood lactate concentration
after experimental cardiac injury [7] reflects the ac-
cumulation of products of anaerobic glycolysis and
indirectly indicates the development of cellular
energy depletion. Higher lactate levels in traumatized
animals with low stress resistance suggest that the
ATP content in their cardiomyocytes was also sig-
nificantly lower than in those with high stress resist-
ance. Under these conditions, the initiation of au-
tophagy was probably impossible or the progression
of autophagic reactions was halted at some stage.

The stress induced by blunt cardiac trauma
on cardiomyocytes leads to the accumulation of
misfolded proteins and the release of Ca?** ions
from the endoplasmic reticulum (ER), the primary
storage site of intracellular calcium. Both factors
can trigger the process of autophagy. In the first
case, initiation occurs via the unfolded protein re-
sponse (UPR) and activation of ER transmembrane
proteins that indirectly affect the AMPK and mTOR

complexes (Fig. 4). However, in situations of sig-
nificant structural damage to the ER, the process
of autophagy can be disrupted or halted at the
stage of phagophore formation [25].

In turn, an increase in the concentration of Ca2
ions in the cytoplasm leads to the activation of the
AMPK complex by calcium/calmodulin-dependent
protein kinase (CaMKK), resulting in the inhibition
of mTOR and the initiation of autophagic process-
es [17]. However, due to the significant accumulation
of calcium in the cell, there is a corresponding increase
in the unidirectional transport of Ca?* across the mi-
tochondrial membrane, which, like the endoplasmic
reticulum, serves as a storage site. The increased cal-
cium content in the mitochondria leads to a significant
activation of the electron transport chain to generate
more ATP but these processes are accompanied by
leakage of free electrons, resulting in the formation
of reactive oxygen species (Fig. 4). In addition, excessive
calcium uptake by mitochondria can cause their dys-
function and leakage of cytochrome C, which con-
tributes to the activation of the caspase cascade and
the implementation of the programmed cell death
pathway [25].

When lysosomes are damaged, Ca?* ions may
also leak out, as calcium is used in the regulation of
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autophagy to facilitate the fusion of autophagosomal
and lysosomal membranes. However, Ca** release
from lysosomes also contributes to elevated cyto-
plasmic calcium levels, which can trigger autophagic
repair and overload the mitochondrial respiratory
chain, leading to apoptosis [25]. In addition, structural
defects of lysosomes cause activation of proteins of
the galectin family, which are sensors of lysosomal
damage and regulate the processes of autophagy
aimed at repairing lysosomes directly (Fig. 4). How-
ever, when they are severely damaged or lysophagy
is ineffective, structurally and functionally defective
lysosomes inhibit autophagy at the fusion and degra-
dation stages, leading to the accumulation of au-
tophagosomes in the cell and autophagic cell death,
called «autosis». In addition, significant damage to
the lysosomal membrane can lead to the release of
cathepsins into the cytoplasm and cell death [26].
In addition, the expression of Beclin-1 can
be influenced by various apoptotic factors, such
as Bcl-2, caspase-3, caspase-8, which are activated
by excessive damage to cardiomyocyte organelles,
accumulation of reactive oxygen species, Ca?", and
severe ATP deficiency (Fig. 4). The pro-apoptotic
protein Bcl-2 can inhibit autophagy by binding to
Beclin-1 in the BH3 domain, leading to the disso-
ciation of Beclin-1 and Vps-34 and the release of
Beclin-1 from the active complexes PI3K class
IIIC1 and PI3K class IIIC2 [13]. During the initiation
of apoptotic processes, activated caspase-3 and
caspase-8 can cleave the Beclin-1 protein into
fragments that lack autophagic activity [13, 27,
28]. Furthermore, the cleavage products of Beclin-
1 can bind to the mitochondrial membrane, leading
to the release of pro-apoptotic factors that accelerate
the apoptotic process. Other autophagic factors

such as Vps-34, Atg5, LC3-1I, AMBRA can also be
targeted by apoptotic proteases, resulting in the
inhibition of autophagy [29].

Thus, upregulation of the autophagy protein
Beclin-1 in the posttraumatic period of experimental
cardiac contusion in highly stress-resistant rats
(subgroup EH) compared with low-resistant animals
(subgroup EL) may be associated with optimal im-
plementation of the stress-related response cascade
and a lower degree of structural damage to car-
diomyocytes. The protective effect of autophagy by
eliminating defective cellular structures may only
exist up to a certain degree of cardiomyocyte damage,
which was observed in highly stress-resistant rats.
Exceeding this degree of damage can lead to inhi-
bition of autophagy, as seen in animals with low
stress resistance, and the initiation of apoptotic
processes. The mortality rate, which was 0% in
highly stress-resistant animals (OV subgroup) and
25% in low stress-resistant animals (OH subgroup),
can be considered as a parameter indirectly repre-
senting the severity of cardiomyocyte damage in
experimental cardiac contusion and the resulting
hemodynamically significant decrease in myocardial
contractility.

Conclusion

In the post-traumatic period of experimental
cardiac contusion, factors that activate autophagy
appear at the site of a myocardial injury, as evidenced
by increased expression of the autophagy protein
Beclin-1. The extent of autophagy varies depending
on the stress resistance of the organism, with sig-
nificantly higher protein expression levels observed
in highly stress-resistant animals compared to those
with lower stress resistance.
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Summary

The purpose of this study was to assess acquired knowledge and practical skills in foreign medical students
(FMS) after theoretical and practical training in cardiopulmonary resuscitation.

Material and methods. We conducted a prospective randomized trial «Simulation-based CPR training
among international medical students: perspectives for medical education» involving students undergoing
training in the 31.05.01 specialty — General Medicine in English. Sealed envelope randomization was used to
assign the participants (N=71) to 3 groups. European Resuscitation Council (ECR) educational Guidelines for
Resuscitation was studied by students of all 3 groups. Group 1 (N=21) students did not receive additional train-
ing materials and practices. Group 2 (N=25) students were additionally provided a link to a video lesson on
CPR on the ECR YouTube channel. Students from Group 3 (N=25) were additionally involved in developing 3
mind maps: on the anatomy and physiology of the heart and CPR algorithm. All participants underwent the-
oretical training at the 1t stage, and «Basic Cardiopulmonary Resuscitation and Automated External Defibril-
lation (AED)» simulation training at the second stage. At the end of the course, students’ practical skills in per-
forming continuous chest compressions were examined.

Results. Most examinees passed the ECR platform test on the first or second attempt. The participants of
the simulation course demonstrated high learning efficiency: there were no statistically significant differences
between the groups in the number and average frequency of compressions performed. Almost all participants
correctly performed hand placement in the center of the chest for chest compression. Decompression phase
efficiency reached 71-77% (P=0.811) in all groups. Most examinees performed chest compressions to the re-

quired depth and with the recommended frequency (P=0.62).

Conclusion. The educational project initiated by foreign students yielded positive results: acquired knowl-
edge of CPR algorithm, gained essential techniques of performing chest compressions and giving rescue
breaths, retained skills in using an automated external defibrillator, as well as teamwork skills.

Keywords: simulation training; cardiac arrest; training; chest compression; decompression; mind map.
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Introduction

Modern medical education is currently un-
dergoing significant transformations aimed at im-
proving the quality of students' education. The
main objective of education is to train doctors
who possess specific competencies and are capable
and prepared for independent professional prac-
tice [1-4]. The rapidly evolving nature of the medical
profession is driven by advancements in medical
technologies, necessitating the re-engineering of
the educational process [5-8], and the development
and implementation of modern pedagogical tech-
nologies, including «hybrid» learning. The inte-
gration of educational engineering into pedagogical
practice enables students to construct their indi-
vidualized learning trajectory and utilize not only
traditional teaching methods, but also electronic,

simulation, and imitation training. Ultimately, this
approach will contribute to the development of
essential universal, general professional, and spe-
cialized competencies [1, 9, 10].

Currently, medical education is increasingly
adopting a «hybrid» learning model that consists
of four distinct components:

1. Theoretical component, which encompasses
lectures (face-to-face or online), seminars, and prac-
tical sessions. Various technologies, such as mind
maps, medical animations, and knowledge trees,
are used to facilitate the acquisition of theoretical
knowledge by the students.

2. Online learning, which involves the use of
educational platforms that offer a wide range of
learning resources and assessment tools. The main
advantage of this approach is its flexibility, allowing
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students to access information at any time and
review materials repeatedly, as well as to have a
level and final assessment. Additionally, students
can independently tailor their learning trajectory
on these platforms, which significantly enhances
their motivation [11, 12]. An example of such a re-
source is the European Resuscitation Council (ERC)
platform, specifically designed for teaching car-
diopulmonary resuscitation (CPR).

3. Simulation training (ST), which is a rapidly
evolving method of teaching practical clinical skills
in simulated settings. Various clinical situations
are modeled, providing an opportunity to system-
atically develop practical clinical skills without in-
volving real patients [13, 14]. Various types of man-
nequins and simulators, from simple models to
highly realistic computerized robots, are used for
training. The advantage of this training is the
ability to make mistakes without harming a real
patient, to repeat the necessary algorithms based
on clinical guidelines and standards of medical
care, and to participate in the realization of so-
phisticated scenarios such as cardiac arrest or rare
clinical cases, etc. Simulation training is integrated
into the curriculum in a way that promotes the
development of necessary practical skills and en-
ables the successful application of acquired skills
in clinical practice [1, 13, 14].

4. Clinical practical sessions, in which students
apply the knowledge and experience gained in the
previous stages.

Training students and physicians to perform
effective cardiopulmonary resuscitation is a priority
worldwide [14-17]. However, there are several
issues that need to be addressed. These include
fear of training, lack of dedicated teaching hours
for CPR within the curriculum, large student groups
that make it difficult to provide quality training
during scheduled class time, missing pedagogical
experience, and a lack of unified teaching doctrine
for this subject. As a result, alternative learning
opportunities arise, where students initiate their
training on the topic of interest. The problem of
cardiac mortality is a global issue, which is why
international students studying in Russian medical
universities seek high-quality education that in-
cludes both theoretical and practical training, in-
cluding CPR training.

Publications focusing on the training of car-
diopulmonary resuscitation (CPR) only reflect the
results of simulation training and the evaluation of
compression performance (depth, rate) and de-
compression quality. The theoretical preparation
that precedes practical sessions is rarely discussed.

This study aims to examine the effectiveness
of theoretical preparation and acquisition of practical
skills during CPR training for international medical
students.

||
Online — | ———
registration ¥
First meeting —_—
and randomization — ¥ ~—
Group 1, Group 2, Group 3,
N=25 N=28 =26
v v v
Second meeting, Group 1, Group 2, Group 3,
CRP and AED course [ Nzgl ] ’ N=g5 ‘ N=25
Fig. 1. The design of the prospective randomized trial.
Materials and Methods

We conducted a prospective randomized study
on «Simulation-based CPR training among inter-
national medical students: perspectives for medical
education.» The study included 71 international
students learning general medicine (code within
the Russian education system 31.05.01) in English.
The participants were predominantly from India
(68; 95.8%), with a smaller number from Brazil (2;
2.8%) and Ecuador (1; 1.4%). The study was approved
by the Independent Ethics Committee of the Clinical
Research Center of Immanuel Kant Baltic Federal
University (Protocol of the IEC Meeting No. 39 dated
April 26, 2023).

The prospective, randomized study design is
shown in Figure 1. Participation was voluntary. In-
vitations and registration links to participate in the
study were sent to all international students enrolled
in years 2-5 of the specialty program. A total of 84
students registered and were invited to the first
meeting. Of these, 79 students attended the meeting
where the project was presented and all participants
and organizers signed the informed consent form.
The participants were then randomized into three
groups using the envelope method.

Group 1 consisted of 25 students who studied
the Instructor's Guide on the ERC platform.

Group 2 included 28 students who were pro-
vided with a link to a video lesson on CPR on the
ERC YouTube channel in addition to the materials
from the instructional manual on the ERC platform.

Group 3 comprised 26 students who studied
the Instructor's Guide on the ERC platform and
worked to create three mind maps on cardiac anato-
my and physiology and the CPR algorithm.

The training was planned as part of the Euro-
pean Resuscitation Council (ERC) provider course,
for which all participants were also registered on
the platform.

The students in the study had no theoretical
knowledge or practical skills in CPR. They were
trained for the first time on this topic.

The activity was carried out in two phases: dis-
tance learning (theoretical training) and face-to-face
training (simulation practice). The theoretical training
differed between groups. Basic training for all groups
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included studying the European Resuscitation Council
materials «Basic Life Support and Automatic External
Defibrillation», an online testing on the ERC platform.
The subsequent theoretical training depended on
the group to which the participant was randomly
assigned. Students were given 5 days to study all the
material and complete the assignments.

The mandatory requirement for all participants
was to pass the online test on the ERC platform.
Everyone was required to complete the test one
day prior to the start of the CPR provider course.
Performance on the ERC platform was graded on a
pass/fail basis with a passing score of >280%. In the
event of a failed attempt, participants were given
the opportunity to retake the test up to 5 times
until they achieved a passing score. The following
indicators were used to evaluate test performance:
number of attempts, maximum total score, and
time taken to complete the test.

The second meeting of the project was a prac-
tical stage, which consisted of simulation training
on «Basic life support and automated external de-
fibrillation». This training was conducted at the Re-
gional Resource Center for Simulation Education
and Accreditation in Medicine, under the Depart-
ment of surgical disciplines at the Institute of Med-
icine and Life Sciences of Immanuel Kant Baltic
Federal University.

A total of 71 students participated in the prac-
tical session, divided into the following groups:

e Group 1: 21 students, including 11 males
(52.4%) and 10 females (47.6%).

e Group 2: 25 students, including 8 males
(32%) and 17 females (68%).

e Group 3: 25 students, including 10 males
(40%) and 15 females (60%).

The Braydenpro manikin (Innosian Inc., Korea)
was used for training. This manikin is designed to
teach basic cardiopulmonary resuscitation and pro-
vides visual light control feedback on the effective-
ness of chest compressions, as well as independent
assessment of the quality of chest compressions,
including correct hand placement, compression
rate and depth, and decompression effectiveness.
In addition, the AED Trainer XFT-120C+ (Shenzhen
XFT Medical Limited, China) was used for defibril-
lation training.

At the end of the course, the practical skill of
performing continuous chest compressions was
evaluated. During the examination, male participants
performed 120 continuous compressions, while fe-
male participants performed 90 compressions. Cri-
teria for the effectiveness of CPR included proper
hand placement in the middle of the chest, com-
pression rate of 100-120 per minute, compression
depth of 5-6 cm, and complete decompression.

After completing the training, an online survey
was conducted to assess participant satisfaction.
The students answered the following questions:

1. Was the theoretical preparation important
for you?

2. Was the online course on the ERC platform
helpful during the training process?

3. How was the overall atmosphere during the
course?

4. Did you acquire the necessary theoretical
knowledge that contributed to effective simulation
training?

5. Did you acquire the necessary practical
skills to conduct CPR and use AED?

6. Did you feel a constant connection with
the course organizers and instructors?

All stages of the training were conducted in
English.

Statistical analysis. Statistical analysis of the
collected data was performed using Jamovi ver-
sion 2.3.21 software package for Windows. The nor-
mality of the distribution of variables was assessed
using the Kolmogorov-Smirnov test with Lilliefors
correction. For data with a normal distribution, the
mean (M) and standard deviation (SD) were calcu-
lated. For quantitative variables with non-normal
distribution, the median (Me) and interquartile
range (Q1; Q3) were determined. Qualitative variables
were analyzed by calculating the percentage of each
value. Categorical variables were compared using
the Pearson chi-squared test, and an unpaired -test
was used to determine group differences in con-
tinuous variables. One-way analysis of variance
(ANOVA) was used to compare groups. A two-tailed
P-value was not used. Differences between groups
were considered significant at P<0.05.

Results

All criteria for inclusion in the study were met
by 71 international students, including 42 (59.2%)
females and 29 (40.8%) males. Each group consisted
of students studying in the 2"d to 5" year. The dis-
tribution of participants by year is shown in Fig. 2.
In all groups, the maximum number of participants
were studying in the 4" year, with the proportion
of 5th year students being 2.3 times lower. Almost
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Fig. 2. Categorization of participants based on their academic
year of study.
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30% of participants were studying in the 2" and
3 years.

The level test on the ERC platform (Fig. 3)
showed that the majority of students in all groups
passed the test on their 1%t or 2" attempt. In the
3 group, 4 students (16%) made 4 attempts, while
in the 15 and 2" groups, 5 students made more
than 5 attempts.

The time taken to complete the test varied
significantly among the groups. In the 1%t group,
the range was from 16 to 305 minutes, with a median
time of 49.5 [30; 79] minutes. In the 2" group, the
time ranged from 10 to 161 minutes, with a median
time of 49 [24; 87] minutes. In the 3" group, students
spent between 10 and 182 minutes on the test, with
amedian time of 61 [28; 83] minutes. No significant
differences were found between the groups (P=0.996).

During the practical session on basic life
support and automated external defibrillation, stu-
dents learned the management algorithm for cardiac
arrest and the rules of effective and safe use of
AED. Attention was paid to the correct placement
of hands, compression depth and rate, and complete
decompression when performing chest compres-
sions. The main results of the assessment of com-
pression accuracy are presented in Fig. 4.

No significant differences were found between
the groups in terms of the number of compressions
performed and their average rate. The mean overall
score was practically the same (P=0.673).

Central hand placement was performed by al-
most all students. The efficiency of decompressions
in the groups was 71-77% (Fig. 5). There were no
significant differences in these parameters between
the groups (P=0.811).

Figure 5 shows the results of compression
depth performance. In group 1, 13 (62%) students
performed 90-100% of compressions to the depth
of 5-6 cm, 5 (23.8%) students performed 70-89%
of compressions to the required depth and
3 (14.3%) students performed less than 69% of
quality compressions, the rest performed com-
pressions to a depth of less than 5 cm. In group 2,
15 (60%) students performed 90-100% compres-
sions to the required depth, 6 (24%) had effective
70-89% compressions and 4 (16%) students per-
formed less than 69% quality compressions. In
group 3, 13 (52%) students performed 90-100%
compressions to the required depth, 8 (32%) had
effective 70-89% compressions and 4 (16%) stu-
dents performed less than 69% quality compres-
sions (Fig. 6, a). No significant differences were
found between the groups in terms of quality of
compression depth (P=0.62).

Optimal blood circulation is achieved not only
by the depth of compressions but also by their rate.
Fig. 6, b illustrates the performance of chest com-
pression rate in the groups.
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Fig. 3. Number of attempts at passing the test on the ERC
platform.
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Fig. 4. Main training results.
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Fig. 5. Assessment of hand placement and decompression in
the study groups.

Ingroup 1, 13 (62%) students performed 70-100%
of compressions with a rate of 100-120 min!, while
8 (38%) students performed 50% of compressions
with a rate greater than 120 min-'. In group 2,
11 (44%) students performed 70-100% of compres-
sions at a rate of 100-120 min’, 11 (44%) students
performed 50% of compressions at a rate greater
than 120 min-!, and 3 (12%) students performed
50% of compressions at a rate less than 100 min-'.
In group 3, 13 (562%) students performed 70-100%
of compressions at a rate of 100-120 min‘!, 9 (36%)
students performed 50% of compressions at a rate
greater than 120 min, and 3 (12%) students per-
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formed 50% of compressions at a rate less than
100 min-'. There were no significant differences in
the rate of compressions between the groups
(P=0.652).

Students who performed CPR at a rate of
more than 120 compressions per minute had lower
compression depths and a lower percentage of
complete decompressions. The survey revealed
that theoretical preparation prior to the provider
course was important for 20 (95.2%) students in
the first group, 25 (100%) participants in the second
group, and 23 (92%) in the third group. Participants
in all groups noted that the theoretical course on
the ERC platform was helpful during the learning
process. Participants in all groups also reported
that they acquired the necessary practical skills to
perform CPR and use AEDs, and found the course
convenient and conducive to material assimilation.
17 (80.9%) students in the first group, 20 (80%) in
the second group, and 25 (100%) in the third group
felt a strong connection to the instructor and
course organizers. To better understand the role
of alternative materials/methods in theoretical
training, students in the second and third groups
were asked additional questions. When asked, «Do
you think the videos helped you learn and improved
your knowledge?» 100% of the students in the sec-
ond group answered «yes». When students in the
third group were asked, «<Do you believe that the
mind maps facilitated your learning process?»
87.5% of the students answered «yes» and 12.5%
answered «more yes than no». None of the students
had difficulty creating mind maps on the topic
being studied.

A sample mind map is shown in Fig. 7. The
map systematizes and presents detailed information
about cardiac physiology. It is notable for its in-
depth exploration of the topic and emphasis on
key points, such as the detailed structure of the
heart, direction of blood flow, characteristics of sys-
tole, diastole, and others. The author of the mind
map used his own images and notes.

Discussion

Training in cardiopulmonary resuscitation for
sudden cardiac arrest is expanding beyond the
«Anesthesiology, resuscitation and intensive care»
subject, which is only taught in the 6™ year of the
internal medicine curriculum. This training is be-
coming increasingly important for international
students in years 2-5, as the high mortality rate
from cardiac causes is often due not only to high
morbidity [18, 19], but also to reduced availability
of quality medical care. Not all medical professionals
know how to perform CPR when cardiac arrest
occurs right in front of them, which increases the
relevance of training medical professionals, including
future physicians [11, 12, 20].
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Fig. 6. Student performance in chest compression depth (a)
and chest compression rate (b).

Group 1 Group 2 Group 3

Training international students to perform
high-quality CPR is a priority in higher medical ed-
ucation. Therefore, many authors emphasize the
need for prospective research among students in
higher medical institutions focusing on CPR skills
training [20-22].

An integrated approach to CPR training should
include two components, i.e., theoretical preparation
and practical training in a simulation center. Theo-
retical preparation prior to hands-on training plays
a critical role because it requires a thorough un-
derstanding of both the CPR algorithm and cardio-
vascular anatomy and physiology. This enables the
physician performing CPR to gain a better under-
standing of the mechanisms of cardiac arrest, assess
the effectiveness of resuscitation, and develop a
treatment plan for the patient.

For theoretical preparation, educational mate-
rials, video resources, and concept maps can be
used to enhance learning effectiveness [16, 17, 23-25].

The European Resuscitation Council (ERC)
has developed and continuously updates guidelines
for cardiopulmonary resuscitation (CPR) [23], which
have been successfully integrated into the training
process for specialists in many countries, including
the Russian Federation. The ERC manual serves as
the basis for learning the CPR algorithm and covers
key principles such as the importance of proper
hand placement, compression and decompression
depth and rate. Prior to simulation training, theo-
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Fig. 7. Example of a mind map on cardiac physiology.

retical knowledge is assessed through an online
platform. Tests conducted on the ERC platform
showed that students who participated in the training
had a good level of theoretical preparation, as the
majority of participants passed the test on their
first or second attempt. Although it was recom-
mended not to take more than 5 attempts at the
test, some students took the test repeatedly until
they obtained a positive result, indicating their high
motivation to learn. The time taken to complete
the test varied widely, demonstrating the students'
interest in this method of knowledge assessment.
The ERC manual served as the basic educa-
tional resource for all students. The video resources
and mind maps provided a supplementary tool
for two groups of participants, allowing for detailed
and repeated viewing of all phases of resuscitation,
key moments of performance, and technical ac-
curacy. The use of mind maps helped students
organize their knowledge of cardiovascular anatomy
and physiology. The research results showed that
theoretical preparation prior to practical sessions,
regardless of its form, was effective. Students in
all groups noted the usefulness of the theoretical
course. Moreover, the students had a positive at-
titude toward watching the video and creating
mind maps, despite the additional time required

compared to the first group of students. All par-
ticipants agreed that the training improved their
knowledge and helped them master the CPR al-
gorithm. The simulation training was the culmi-
nation of the training because it allowed for the
development of technical skills necessary for prac-
tical medical activities [20-22]. During the simu-
lation, participants learned to perform chest com-
pressions at a specific depth and rate as well as to
deliver decompressions. Some participants en-
countered a problem with a high compression
rate, resulting in reduced depth. By analyzing
their results, they understood that the quality of
CPR decreases significantly in such cases. Collab-
oration between the instructor and students helped
to improve the results. It is important to note that
the training environment was friendly, and the
organizers and instructors fostered a feeling of
strong connection between students and teachers.
The project participants rated all the proposed
teaching methods positively.

The study limitation includes the lack of a
priori sample calculation.

Conclusion

The educational project initiated by the inter-
national students has shown promising results, re-
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gardless of the theoretical background of the students.
These results include the mastery of the cardiopul-
monary resuscitation algorithm, the development
of technical skills in chest compressions and venti-
lations, the competence in the use of an automated
external defibrillator, and the promotion of teamwork

skills. Several resources were used to prepare for
the hands-on sessions, including a teaching manual,
video resources, and mind maps.

The integrated approach to student education
plays an important role in developing essential the-
oretical knowledge and practical skills.

www.reanimatology.com

GENERAL REANIMATOLOGY, 2023, 19; 6



Professional Education

References

1.

360HHUK08 B.H., Ceucmyros A.A., Cemernosa
T.B. Ouienka rpogeccuoHaIbHON TOTOBHOCTHU
CIEMAJINICTOB B CHCTEME 3]]PaBOOXPAHEHHSI.
niox pex. CemenoBoii T.B. M.: T9OTAP-Menua;
2019: 272.ISBN 978-5-9704-4977-6. [ Zvonnikov
V.1, Svistunov A.A., Semenova T.V. Assessment
of the professional readiness of specialists in
the healthcare system. ed. Semenova T.V. M.:
GEOTAR-Media; 2019: 272. ISBN 978-5-9704-
4977-6. (in Russ.)].

Gruppen L.D., ten Cate O., Lingard L.A., Teu-
nissen P.W., Kogan J.R. Enhanced requirements
for assessment in a competency-based, time-
variable medical education system. Acad Med.
2018; 93 (35): S17-S 21. DOI: 10.1097/ACM.0000
000000002066.

Osman N.Y., Hirsh D.A. The organizational
growth mindset: animating improvement and
innovation in medical education. Med Educ.
2020; 55 (4): 416-418. DOI: 10.1111/medu.14446.
PMID: 33377544.

Janczukowicz J., Rees C. E. Preclinical medical
students’ understandings of academic and
medical professionalism: visual analysis of
mind maps. BMJ Open. 2017; 7 (8): e015897.
DOI: 10.1136/bmjopen-2017-015897. PMID:
28821520

I'pyadee M.B., Tapxarosea H.IO., Su3enom H.B.
ObpasoBarebHBIN WHKUHUPUHT: KOHIIEI-
Tyajausanus noHatud. Apocrasckuil neda-
2ozuueckull secmnuk. 2019; 5 (110): 8-15.
[Gruzdev M.V., Tarkhanova I.Yu., Enzeldt N.V.
Educational engineering: conceptualization
of the concept. Yaroslavl Pedagogical
Bulletin/Yaroslavsky Pedagogichesky Vestnik.
2019; 5 (110): 8-15. (in Russ.)]. DOI:
10.24411/1813-145X-2019-10516.
ObpasoBaTesibHasA nHKeHepus. [ToHATHA.
[Togxopnpl. [Ipunoskenus. Ion. pen. H./. Py-
dunckoeo, E.3. Baacosoti. MockBa: Topsiuast
aunusi-Teaexom. 2021: 240. [Educational En-
gineering. Concepts. Approaches. Appendices.
Ed. by Rudinsky I.D., Vlasova E.Z. Moscow:
Hot Line-Telecom. 2021: 240. ISBN 978-9912-
0936-6. (in Russ.)].

Dewsbury B., Brame C.J. Inclusive Teaching.
CBE Life Sci Educ. 2019; 18 (2): fe2. DOI:
10.1187/cbe.19-01-0021. PMID: 31025917.
Gorbanev 1., Agudelo-Londorio S., Gonzdlez
R.A., Cortes A., Pomares A., Delgadillo V., Yepes
FE.J., et al. A systematic review of serious games
in medical education: quality of evidence and
pedagogical strategy. Med Educ Online. 2018;
23 (1):1438718. DOI: 10.1080/10872981.2018.
1438718. PMID: 29457760.

Kuscos A.IL, I'ymeposa A.A., Pauiumos J1.D.,
Xacanosa PH., Kusacoea E.B. Texuosoruu

10.

11.

12.

13.

14.

15.

nprobpeTeHNsT KOMIETEHIINNA TTPU ITOJT0-
TOBKe Bpaya (onbIT KasaHckoro genepanb-
HOTO yHUBepcuTeTa). Med. 0bp. u npog. pas-
sumue. 2017; 4: 57-64. DOI: 10.24411/2220-
8453-2017-00019. [Kiyasov A.P., Gumerova
A.A., Rashitov L.F., Khasanova R.N., Kiyasova
E.V.Technologies for acquiring competencies
in the preparation of a doctor (experience of
the Kazan Federal University). Medical Edu-
cation and Professional Development/Med Obr
Prof Razvitie. 2017; 4: 57-64. (in Russ.)]. DOL:
10.24411/2220- 8453-2017-00019.
Pydunckuii .77, /lasvidoea H.A., [lempos C.B.
Komnerennysa. KomnereHTHOCTD. KOMITeTeHT-
HOCTHBIY 1ofxof,. M.: [opstuas muHust-TesekoMm;
2019: 240. [Rudinsky 1.D., Davydova N.A., Petrov
S.V. Competency. Competence. Competence-
based approach. M.: Hotline-Telecom; 2018:
240. (in Russ.)]. ISBN 978-5-9912- 0692-1.
Bussotti E.A., Leite M.T., Alves A.C., Cristensen
K Online training for health professionals in
three regions of Brazil. Rev Bras Enferm. 2016;
69 (5): 981-985. DOI: 10.1590/0034-7167.
2016690506. PMID: 27783743.

Thomas M.P., Kozikott S., Kamateeka M. Abdu-
Aguye R., Agogo E., Bello B.G. Brudney K., et al.
Development of a simple and effective online
training for health workers: results from a pilot
in Nigeria. BMC Public Health. 2022; 22 (1):
551.DOI:10.1186/s12889-022-12943-1. PMID:
35313834.

Gaubert S., Blet A., Dib F., Ceccaldi P.F., Brock
T., Calixte M., De Macédo L., et al. Positive
effects of lumbar puncture simulation training
for medical students in clinical practice. BMC
Med Educ. 2021; 21 (1): 18. DOI: 10.1186/s12909-
020-02452-3. PMID: 33407416.

Iepenenuya C.A. KOMIIETEeHTHOCTHBIH ITOAXO0[
B 00y4eHUU cepIedyHo-JIETOYHON peaHUMa-
muu. Obwas pearumamonozus. 2022; 18 (6):
59-68. [Perepelitsa S. A. Competency-based
approach in teaching cardiopulmonary re-
suscitation. General Reanimatology/Obshchaya
Reanimatologya. 2022; 18 (6): 59-68. (In Russ.
and Engl.)]. DOI: 10.15360/1813-9779-2022-
6-59-68.

Boesa E.A., Cmapocmun /].0., Munosarosa
M.A., Aumonosa B.B., Kapeun /1.Y., A6dyca-
aamoe C.H. OneHka KadyecTBa KOMIIpECCUM
PYyIHOU KJIE€TKU, IPOBOJUMbBIX MEAUIIMHCKU-
MU pabOTHUKAMU B CUMYJIMPOBAHHBIX YCJIO-
Busix. Obuias peanumamonozus. 2021; 17 (4):
37-47. [Boeva E.A., Starostin D.O., Milovanova
M.A., Antonova V.V., Kargin D.Ch., Abdusalamov
S.N. Assessment of the quality of chest com-
pressions performed by health-care workers
under simulated conditions. General Reani-
matology/Obshchaya Reanimatologya. 2021;

GENERAL REANIMATOLOGY, 2023, 19; 6

www.reanimatology.com



70

Professional Education

16.

17.

18.

19.

20.

21.

22.

17 (4): 37-47. (In Russ. and Engl.)]. DOL:
10.15360/ 1813-9779-2021-4-37-47

Espinosa C.C., Melgarejo F.S., Ruiz R. M., Gar-
cia-Collado A.J., Caballero S.N., Rodriguez L.J.,
Rios S.P., et al. Virtual reality in cardiopulmonary
resuscitation training: a randomized trial. Emer-
gencias. 2019; 31 (1): 43-46. PMID: 30656873.
Anderson T.M., Secrest K., Krein S.L, Schildhouse
R., Guetterman T.C., Harrod M., Trumpower
B., et al. Best practices for education and
training of resuscitation teams for in-hospital
cardiac arrest. Circ Cardiovasc Qual Outcomes.
2021; 14 (12): e008587. DOI: 10.1161/CIRCOUT-
COMES. 121.008587. PMID: 34779653.
Krishnan A., Das D.K. Mortality surveillance
in India: past, present, and future. Indian J
Public Health. 2019; 63 (3): 163-164. DOI:
10.4103/ijph.lJPH_433_19. PMID: 31552842.
Nowbar A.N., Gitto M., Howard ].P., Francis
D.P., Al-Lamee R. Mortality from ischemic
heart disease. Circ Cardiovasc Qual Outcomes.
2019; 12 (6): e005375. DOI:10.1161/CIRCOUT-
COMES.118.005375. PMID: 31163980.

McCoy C.E., Rahman A., Rendon J.C., Anderson
C.L., Langdorf M.L, Lotfipour S. Chakravarthy
B. Randomized controlled trial of simulation
vs. standard training for teaching medical stu-
dents high-quality cardiopulmonary resusci-
tation. West J] Emerg Med. 2019; 20 (1): 15-22.
DOI: 10.5811/westjem.2018.11.39040. PMID:
30643596.

HeX,May., LiZ, ZhangJu., ZhangJi., Liang J.
What is an effective cardiopulmonary resusci-
tation training mode? Chin Med J (Engl). 2022;
135 (9): 1131-1132. DOI: 10.1097/CM?9.
0000000000001946. PMID: 35202037.

Perron J.E., Coffey M.]., Lovell-Simons A.,
Dominguez L., King M.E., Ooi C.Y. Resuscitating

23.

24.

25.

cardiopulmonary resuscitation training in a
virtual reality: prospective interventional study.
J Med Internet Res. 2021; 23 (7): €22920. DOI:
10.2196/22920. PMID: 34326040.

Greif R., Lockey A., Breckwoldt J., Carmona F.,
Conaghan P., Kuzovlev A., Pflanzl-Knizacek L.,
et al. European Resuscitation Council guidelines
2021: education for resuscitation. Resuscitation
2021; 161: 388-407. DOI: 10.1016/j.resuscitation.
2021.02.016. PMID: 33773831.

Ilepenenuua C.A. VIHTeIEeKT-KapTa — OJUH
U3 MeTOJ0B (POPMHPOBAHUA KOMIIETEHIIUN.
Med. o6p. u npog. pazeumue. 2020; 11 (4):
98-107 [Perepelitsa S. A. Mind map is one of
the methods of forming competencies. Medical
Education and Professional Development/ Med
Obr Prof Razvitie. 2020; 11 (4): 98-107. (in
Russ.)]. DOI: 10.2441 1/2220-8453-2020-14007.
Anopeenko A.A., Jlaxun PE., bpamuwes H.B.,
Kysoenes A.H., Mycaesa T.C. CUMyJIALIMOHHOE
oOyueHne B KJIMHIYECKOH OpANHATYpE 110 aHe-
CTEe3MOJIOTAN-peaHuMaTosIoruu B Poccuiickoi
Denepannuy — pe3yJIETaTbl MHOTOLICHTPOBOIO
ncciefoBanusa Penepanuy aHECTE3UO0JIOIOB-
peaHnMaroJI0TOB. AHeCme3uoi02us U pearu-
mamoaozus. 2020; (3): 19-26. [Andreenko A.A.,
Lakhin R.E., Bratishchev 1.V., Kuzovlev A.N.,
Musaeva T.S. Simulation training in clinical res-
idency for anesthesiology and intensive care in
the Russian Federation — the results of a multi-
ple-center study of the Federation of anesthesi-
ologists and reanimatologists. Russian Journal
of Anaesthesiology and Reanimatology / Anestezi-
ologiya i Reanimatologiya. 2020; (3): 19-26. (In
Russ.)]. DOI: 10.17116/anaesthesiology 202003119

Received 30.05.2023
Accepted 03.10.2023

www.reanimatology.com

GENERAL REANIMATOLOGY, 2023, 19; 6



Instructions for Authors of the General Reanimatology Journal

Based on the «Brief author guidelines for
preparing and formatting scholarly papers in jour-
nals indexed in international scientific
databases’edited by Olga Kirillova under the ASEP
(Association of Scientific Editors and Publishers) and
RRIEPL (Russian Research Institute of Economics,
Politics and Law in Science and Technology) pub-
lished in 2019, the CSE’s White Paper on Promoting
Integrity in Scientific Journal Publications, 2012
Update, ICMJE Recommendations for the Conduct,
Reporting, Editing and Publication of Scholarly
Work in Medical Journals (December 2016), and the
European Association of Scientific Editors (EASE)
Guidelines for Authors and Translators (available at
https://ease.org.uk/guidelines-toolkits/).

Version Dated February 2023

When submitting a manuscript to the General
Reanimatology journal, the authors guarantee that:

— the manuscript has not been previously
published in another journal;

— the manuscript is not currently reviewed for
publication in another journal;

— the manuscript does not contain any confi-
dential information;

— all co-authors agree with publication of the
current version of the article.

Instructions for the Authors
Before Submitting the Manuscript

Before submitting a manuscript for review,
make sure that the file contains all the necessary
information in Russian or English, lists all sources
of information (references), has a full set of figures
and tables, all citations are properly formatted.

The editorial board of the «General Resuscita-
tion» journal recommends that authors use the
following checklists and charts developed by inter-
national health organizations in preparing
manuscripts and other materials (EQUATOR,
Enhancing the Quality and Transparency of
Health Research, https://www.equator-

network.org/reporting-guidelines/; SWIHM, Sci-
entific Writing in Health & Medicine
https://www.swihm.com/course/):

When preparing papers reporting the results of
randomized clinical trials, «<CONSORT 2010 check-
list of information to include when reporting
a randomized trial», https://www.equator-
network.org/reporting-guidelines/consort/, should
be used.

When preparing papers reporting the results of
non-experimental research, «The Strengthening the
Reporting of Observational Studies in Epidemiol-
ogy (STROBE) Statement: guidelines for reporting
observational studies», https://www.equator-
network.org/reporting-guidelines/strobe/, should
be used.

When preparing a systematic review, «PRISMA
(Preferred Reporting Items for Systematic Reviews
and Meta-Analyses)», https://www.equator-
network.org/reporting-guidelines/prisma/, should
be used. Additionally, we recommend the following
outline for the abstract (summary): scope of the
problem (1-3 sentences from the introduction); aim
of the review (the same wording in the summary
and in the introduction); number of sources, criteria
and databases of source selection; specific issues
considered according to the highlighted subhead-
ings in the body of the review); limitations of the
research on the topic; conclusion (an abridged ver-
sion of the conclusion from the body of the review).

When preparing a clinical case report/series, «The
CARE Guidelines: Consensus-based Clinical Case Re-
porting Guideline Development», https://www.care-
statement.org/checklist/, or SWIHM 2019 recom-
mendations should be used. Russian language
form can be found at www.reanimatology.com —
Section «Authors Guidelines» — Case Report Writing
Template for Authors.

When preparing papers reporting the results
of qualitative research, SRQR (Standards for report-
ing qualitative research), https://www.equator-
network.org/reporting-guidelines/srqr/, should be
used.
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Main information for the manuscript submission

PARAMETER

INSTRUCTIONS

Limitations

Initial submission

One file in the Word format

in Russian for Russian-speaking authors

in English for non-Russian-speaking authors, including:
— the title of the paper;

— full names of all authors;

— affiliations of all authors;

— IDs of profiles in the scientific databases for each author;
— the text of all sections of the paper;

— tables, figures, photos with captions and notes;

— references;

— conflict of interest;

— information of study funding;

— acknowledgements (optional);

— authors' contribution (preferably)

The length of the manuscript

Original manuscript — about 40,000 characters with spaces;
Short communication — should not exceed 2,500 words;
Review, meta-analysis — 25,000-40,000 characters with spaces

Front page information

Title of the paper

Should not exceed 15 words

Information about authors

Full name (Peter A. Johnson), author profile ID in the research database(s)
for each author (e-Library/RSCI (Rus), ORCID, Scopus,
WoS researcher ID if available)

Affiliations

Full name and postal address of the organizations with zip code

Corresponding author

Full name, e-mail address, phone number

The paper outline and references

Summary (abstract)

250-300 words. Sections: scope of the problem
(introduction/background), aim, material and methods, results, conclusion

Highlights (main messages
as text or infographics,

an optional section following
the summary)

1-3 messages in graphic or text form
(no more than 40 words per each text message)

Key words

6—-8 words listed with a semicolon (;), without a dot at the end

Body of the paper

Sections: introduction (background), material and methods, results,
discussion, conclusion

Supplementary information
sections

Contflict of interest, funding of the study should follow the Keywords
paragraph. Acknowledgements (optional) and authors’ contribution
(preferably) should be placed at the end of the paper

[llustrations, including tables

Original paper — up to 8; Short communication — no more than 3;
Review — up to 8

References

Dating:

70% should be published within the last 5 years,

of them at least 30% within the last 3 years.

Number:

Original paper — 25-45; Short communication — 10-25; Review — 80-120.
Format:

please see the «References Formatting» section, www.reanimatology.com

Formatting

Font

Times New Roman, 12 points. The section titles should be typed in bold

Spacing and Indentation

Line spacing — 1.5;

Interval before and after the paragraph — none;
Interval between sections — one extra spacing;
First line indent — 1.25 cm

Fields

2.5 cm on all sides

Page numbering

In the lower right corner
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Dear Authors,

Thank you for choosing the «General Reanimatology» journal to pub-
lish your papers.

We would like to inform you that in 2024 the Editorial especially wel-
comes articles containing the results of basic clinical and experimental re-
search on the topic of the journal.

In addition, we recommend that you use graphical summaries and
highlights (main points of the article), as well as audio or video formats
(mp3, mp4, no more than 2 minutes) to accompany your articles.

In these, you can present a summary of the article, briefly comment on
the results obtained and/or present the author's point of view on the main
problems in the researched field, pose discussion questions to the profes-
sional community on the topic of your research.

Additional audio and video files, after pre-publication preparation, will
be published together with your accepted paper on the website of the Gen-
eral Reanimatology journal www.reanimatology.com.

The use of graphic, audio, and video formats to accompany the paper
expands the audience, increases interest in the material presented, contrib-
utes to a better understanding of the results, and consequently increases
their visibility.

We wish you success in your scientific and practical activities and
further productive cooperation!

Editorial team,
General Reanimatology Journal



CAHATOPHO-KYPOPTHOE AEMEHVE
BaXHbIM 3TANOM HA MY TV K MOAHOLIEHHOW CKTVBHOWM XI3H
(BbI3AOPOBAEHMIO) IBAIIOTCA A€YEBHO-NMPODUATKTIYECKE
MEPONPUITUS MOA HODAIOAEHUEM OMbITHBIX AOKTOPOB Y
30B0TAVBOrO MEPCOHAAC.

CAHATOPUI «AbITKUHO»

PacrionoxeH Ha Tepputopiii HA Pecbnanonoriim, ASR. AbITKIAHO,
MOCKOBCKOM OBACCTH
* BO3MOXHOCTb MPOXOXASHNS BICOKOTEXHOAOT UUHBIX

MEAVLIMHCKNX MCCASAOBOHM,
* PeabUANTALIVIOHHbIE MOOrPAMMBI;
o KOHCYABTOLIVIM BEAYLLVX CreLanmcTor HIA PecbramiTtonoriim
e baccerHbl 1 TeppeHKYP

CAHATOPUI «Y3KOE»

3APCBHNLIC PACTIOAOKEHA B HOrO-3anaAHOM OKpyre MockBb!,
B XVBOMUCHOM MECTE MAOLLAABIO 155 ra. YXoxeHHad 3eAeHaq
TEPPUTOPNY, OKPYXEHHAI BEKOBBIMIA COCHTMM 1 €AIMI, MOYAb.

VHKAKO3VIBHbBIV PEABUAUTALIMOHHDBIN
KOMIMAEKC «[MOPEYbE»
PaAcnoAOXeHHbIN Ha 44 reKTapax B 9KOAOTMYECKM YNCTOM
XBOVIHOM AECY MOA, 3BEHNTOPOAOM.

o KombopTabEAbHbIE XUAbIE KOPMYCQ;

* CNOpPTUBHbBIE COOPYXKEHMS HO OTKPLITOM BO3AYXE AAY
NPOBEAEHIS CMIORTVBHBIX MEPOMOUSTUN 11 O3A00OBUTEABHDIX
3AHITVI;

* TPEHAXEPHDBIN 30A;

* Kade, CTonoBAY, BAHKETHBIA 3AA;

* AyAUTORUIN AAS 3CHIATIA, ASKTORWER U ARYTX MEPOMOUITAN.

AOM YYEHDBIX B MNOC. MOXKXNHKA

PacnonokeH B LigHTpe «Pycckon LLBerLicpm Boaae 3BeHTOROAC,
Ha Bepery peki MockBbl. AOM yYeHbIX OblA MOCTPOEH B 1955 T
AN OBCAYXVBAHNG akaaemukos AH CCCP n nx cemencTs,
MOOKVBAIOLLX B OKOAEMUYECKIX MOCEAKOX MOSKMHKA M1 /AYLIVHO,
1 GBAIETCH MECTOM WX KYABTYPHOIO OTABIXQ.
AOM YYEHBIX CEMOAHY — 3TO:

 brbAroTEKa

o PA3BMBAIOLLIVE U MYy3bIKOABHbIE 3AHITG C ASTbMM

o CNEKTAKA ANG ASTEN

o KOHLIEPTbI KAQCCUYECKON MY3bIKIA

o XyAOKECTBEHHbIE 1 POTO BLICTOBKM

o CNopTUBHbIE CEKLM

o My3en nctopii MosxiHKi

o BACroyCTpOeHHas ASTCKAY NAOLLIOAKA

PHKLL PP

HAYYHO-UCCAEAOBATEABCKN MHCTUTYT

PEABUANTOAOT AN
MockoBckag 0BAACTb, COAHEYHOTORCKIA PAVIOH,

c/n. CoKONOBCKOE, AEPEBHS AbITKVHO, A. /77
8 (495) 641-30-06 fnkcrr@fnkerrru

«HAYYHO-UCCAEAOBATEABCKUN MHCTUTYT
OBLLIEN PEAHUMATOAOT VI MEHM
BA. HETOBCKOIO»

r MockBa, yA. [eTpoBka, A, 25, CTP. 2
8 (495) 694-27-08 nicr@fnkerrru

NHCTUTYT BbICLUEIO 1 AOTIOAHUTEABHOIO
MPOPECCUNOHAABHOTO OBPA3OBAHKYA
. MOCKBQ, YA. [ETOOBKA, A, 25, CTP.2
8 (495) 650-96-77 edu@fnkerrru

CAHATOPWN «Y3KOE»
r MockBa, yA. [MpodcotosHag, A, 123 A, cTp. 14
8 (495) 427-94-33 san-uzkoe@fnkerrru

AOM YYEHbIX B MOC. MO3XMHKA

MocCkoBCKO9 OBAQCTD,
OAVMHUOBCKI PAVOH, M. MOIKUHKA, AOM YUEHbIX

8 (495) 992-53-28 dom_uchenih@fnkerrru

VHKAKO3VBHbI PEABUAUTALIMOHHDBIN
KOMIAEKC «[MOPEYBE»
MOCKOBCKOS OBACCTb,
OAVHLIOBCK A TOPOACKOM OKPVT,
AepeBHa COABKOBO
8 (495) 992-54-64 rk@fnkerrru

www.fnkerr.ru

MWHWNCTEPCTBO HAYKW /1 BbICLLETO
OBPA30OBAHWSA POCCUNCKOM
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MHUCCHA OHKI] PP — uepe3 ucmuny
MeOUYUHCKOT HAYKU — K 300p0Buto
u 6o3bpaujenuro k kavecmbBenHnotl
Ku3Hu 6 coyuyme.
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