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исследование
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Реферат

АКТУАЛЬНОСТЬ: Развитие органных дисфункций и по-
лиорганной недо статочности (ПОН) у пациентов с тя-
желым ишемическим инсультом (ИИ) является факто-
ром ухудшения клинического течения и исхода. ЦЕЛЬ 
ИССЛЕДОВАНИЯ: Изучить прогностические аспекты кли-
нического течения и исходов тяжелого ИИ с развитием 
ПОН. МАТЕРИАЛЫ И МЕТОДЫ: В исследование включено 
110 пациентов с тяжелым ИИ (National Institutes of Health 
Stroke Scale ≥ 16 баллов). С целью оценки тяжести ПОН 
на 1-е и 5-е сутки госпитализации применяли стандарт-
ные шкалы SAPS II, SOFA. Для определения предикторной 
значимости показате лей выполнен сравнительный регрес-
сионный анализ с применением метода наименьших квад-
ратов. РЕЗУЛЬТАТЫ: У пациентов с летальным исходом 
при сравнении с выжившими наблюдали более высокую 
тяжесть ПОН по шкале SAPS II как на 1-е (31 (25–39) и 24 
(21–29) соответственно, p < 0,0001) сутки, так и на 5-е сут-
ки заболевания (40 (33–49,5) и 29 (25–35) соответствен-
но, p < 0,0001). При развитии тяжелого ИИ с ПОН неб ла - 
гоприятный исход достоверно чаще наблюдается при 
кардиоэмболическом подтипе в сравнении с атеротром-
ботическим подтипом (50,75 и 29,85 % соответственно, 
p = 0,0469). Вероятная летальность по данным сравни-
тельного регрессионного анализа был достоверно выше 
при кардиоэмболическом инсульте для пациентов с тяже-
стью ПОН от 29 до 49 баллов по шкале SAPS II (р = 0,0021). 
ВЫВОДЫ: ПОН является важнейшим предиктором леталь-
ного исхода тяжелого ИИ. При этом кардиоэмболический 
подтип ИИ отличается более высокой вероятной леталь-
ностью в сравнении с атеротромботическим подтипом при 
тяжести ПОН в диапазоне 29–49 баллов по шкале SAPS II.
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Abstract

INTRODUCTION: The development of organ dysfunctions 
and multiple organ failure (MOF) in patients with severe isch-
emic stroke (IS) is a factor in aggravating the clinical course 
and outcome. OBJECTIVE: To study the prognostic aspects 
of the clinical course and outcomes of severe IS with the de-
velopment of MOF. MATERIALS AND METHODS: The study 
included 110 patients with severe IS (National Institutes 
of Health Stroke Scale ≥ 16 points). To assess the severity 
of MOF on days 1 and 5 of hospitalization, standard scales 
SAPS II, SOFA were used. The predictor significance of the in-
dicators was determined by a comparative regression anal-
ysis using the least squares method. RESULTS: In patients 
with a fatal outcome compared to survivors, a higher sever-
ity of MOF on the SAPS II was observed both on the first (31 
(25; 39) and 24 (21; 29) respectively, p < 0.0001) and fifth 
days of the disease (40 (33; 49.5) and 29 (25; 35) respective-
ly, p < 0.0001). In the development of severe IS with MOF, 
an unfavorable outcome is significantly more often ob-
served in the cardioembolic subtype compared to the ath-
erothrombotic subtype of IS (50.75 and 29.85 % respectively, 
p = 0.0469). The probable mortality according to comparative 
regression analysis was significantly higher in cardioembol-
ic stroke for patients with MOF severity from 29 to 49 points 
on the SAPS II (p = 0.0021). CONCLUSIONS: MOF is the most 
important predictor of death in severe IS. At the same time, 
the cardioembolic subtype of IS differ by a higher probable 
mortality in compari son with the atherothrombotic subtype 
with the MOF severity in the range of 29–49 points according 
to the SAPS II scale. 
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Introduction

Cerebral stroke in  general and  acute ischemic stroke 
(AIS) in  particular continues to  be a  significant medi-
cal problem, being the  3rd most common cause of  death 
in the world and in 20 % of cases accompanied by persistent 
disability [1]. Severe AIS in its clinical course is accompa-
nied by life-threatening disorders of the functions of organ 
systems, primarily the  central nervous system. Clinical 
manifestations of  central nervous system dysfunction 
are identified as the acute cerebral insufficiency. Cerebral 
insufficiency and severe neurological deficit trigger the dys-
function of other organ systems as a result of an impairment 
of the central nervous system regulatory functions and ex-
tracerebral complications [2–4]. Also the organ dysfunctions 
in AIS is likely to be caused by “cerebrovisceral interactions” 
or syndromes [4, 5]. An iatrogenic factor in the development 
of organ dysfunctions cannot be excluded.

The most frequent manifestation of extracerebral organ 
dysfunction in severe AIS is acute respiratory failure [2, 7, 
8]. Frequently, these patients in  the  acute period require 
respiratory support in the form of oxygen therapy, in a sig-
nificant proportion of cases tracheal intubation, mechan-
ical ventilation and further tracheostomy are required [7]. 
The  development of  cardiovascular dysfunction [9, 10], 
acute kidney injury [11, 12], acute liver failure and throm-
bocytopenia [2], protein- energy impairment [13] are also 
noticed. The  dysfunction of  two or  more organ systems 
is  defined as  multiple organ failure (MOF) [14], the  pro-
gression of which significantly aggravates the clinical course 
and  outcome. Intensive therapy should be aimed at  pre-

venting the development and progression of MOF, as well 
as at the fastest possible relief of its manifestations, which 
makes it  relevant to  predict the  clinical course and  out-
comes in  patients with  severe AIS using mathematical 
modeling methods [3]. It is also worth noting that the ques-
tion of  the  clinical course and  outcomes features of  AIS 
with  MOF at  various localizations and  pathogenetic sub-
types is not sufficiently disclosed. 

Objectives. The  objective of  the  work is  to  study 
the  prognostic aspects of  the  outcomes of  severe AIS 
with the development of MOF.

Materials and methods

A retrospective observational study included 110 patients 
with  severe AIS, corresponding to  the  National Institutes 
of Health Stroke Scale (NIHSS) score ≥ 16 points, hospital-
ized within 24 hours of the onset of the disease. Patients were 
hospitalized in intensive care units for patients with stroke 
of  “N. I. Pirogov State Clinical Hospital” of  Orenburg 
and  “Orenburg Regional Clinical Hospital” in  the  period 
2017–2020. Inclusion criteria were the ischemic stroke, age 
from  18 to 85 years, development of  more than one dys-
function of organs and systems. Non-inclusion criteria were 
pregnancy, histologically confirmed malignant tumors, car-
diovascular diseases (grades 3–4 according to NYHA), cir-
rhosis of the liver (terminal), chronic kidney disease of the 5th 
stage. Diagnosis and  treatment were carried out  in  accor-
dance with  clinical recommendations and  the  procedure 

 K Published online: 31.01.2023  K Дата онлайн-публикации: 31.01.2023



93

DIAGNOSTICS AND INTENSIVE CARE IN NEUROLOGY Mathematical modeling of severe ischemic stroke with multiple organ failure: a retrospective observational study 

ВЕ
С

ТН
И

К 
И

Н
ТЕ

Н
С

И
ВН

О
Й

 Т
ЕР

А
П

И
И

 И
М

ЕН
И

 А
.И

. С
А

Л
ТА

Н
О

ВА
 |

 A
N

N
AL

S 
O

F 
C

RI
TI

C
AL

 C
AR

E 
| 

20
23

  
| 

1

for   providing medical care to  patients with  acute stroke. 
To determine the pathogenetic subtype of AIS, the criteria 
of Trial of Org 10172 in Acute Stroke Treatment (TOAST) 
were applied. Generally accepted clinical and instrumental 
laboratory criteria were evaluated to determine organ fail-
ure. Standard scales Simplified Acute Physiology Score II 
(SAPS  II), Sequential Organ Failure Assessment (SOFA) 
were used for  the  general assessment of  the  MOF severi-
ty. The  assessment was carried out  on  the  1st and  5th days 
of hospitalization. The outcome of the disease was assessed 
on the 28th day from the beginning of AIS.

Statistical analysis

Quantitative data were presented in  the  form of  me-
dian (Me), upper and  lower quartiles (Q1; Q3), qualita-
tive —  in the form of absolute quantity (n) and percentag-
es (%). The  nonparametric Mann- Whitney criterion was 
used to assess the reliability of the difference in quantita-
tive indicators, and the Pearson’s χ2 test was used for qual-
itative indicators. A comparative regression analysis using 
of  the  least squares method was performed to  determine 
the predictor significance of the indicators, and the coeffi-
cient of determination (R2) was determined for the obtained 
regression models. The level p < 0.05 was taken as signifi-
cant. The Statistica-10.0 program (StatSoft, USA) was used 
for data processing.

The study was approved by the local Ethics Committee 
of  the Orenburg State Medical University of  the Ministry 
of  Health of  the  Russian Federation, Protocol No. 258  
of 09.10.2020.

Results

The  characteristics of  the  observed patients are  pre-
sented in  Table 1. 90 patients were diagnosed with  AIS 
in the carotid territory, 20 —  in the vertebrobasilar circu-
lation. Patients with different localization were comparable 
in gender, age, NIHSS and SAPS II assessment on admis-
sion. The atherothrombotic subtype prevailed among pa-
tients with AIS in the vertebrobasilar system, as cardioem-
bolism prevailed in  carotid system AIS. 28-day mortality 
was 60.91 %, there were not statistically significant differ-
ences in the  frequency of death in patients with different 
 l ocalization of AIS (p = 0.3570). 

The groups of patients with different outcomes weren’t 
distinguished by  age and  gender (Table 2). In  the  group 
of  surviving patients, primary AIS prevailed (65.12 %), 
while among lethal patients primary AIS was 49.25 %, the dif-
ferences were statistically insignificant. In the study group, 
the  frequency of  the  cardioembolic subtype was higher 
than the  atherothrombotic subtype (44.54 % and  37.27 %, 

Table 1.   Comparative characteristics of the patients with severe ischemic stroke in groups with different localization 

Sign Total Vertebrobasilar system Carotid system p

Quantity, n (%) 110 (100) 20 (18.18) 90 (81.82) —

Age, years, Me (Q1; Q3) 75 (67; 79) 71 (65.5; 79) 75.5 (68; 80) 0.3016

Male, n (%) 50 (45.45) 10 (50) 40 (44.44) 0.6517

Female, n (%) 60 (54.55) 10 (50) 60 (55.56)

Primary, n (%) 61 (55.45) 6 (30) 55 (61.11) 0.0113*

Recurrent, n (%) 49 (44.54) 14 (70) 35 (38.89)

Atherothrombotic subtype, n (%) 41 (37.27) 16 (80) 25 (27.78) < 0.0001*

Cardioembolic subtype, n (%) 49 (44.54) 4 (20) 45 (50)

Indeterminate subtype, n (%) 20 (18.18) 0 (0) 20 (22.22)

NIHSS on admission, points, Me (Q1; Q3) 19 (17; 21) 19.5 (17.5; 24) 19 (17; 21) 0.2527

SAPS II on the 1st day, points, Me (Q1; Q3) 29 (23; 33) 32 (23.5; 45) 28 (23; 32) 0.0519

Survivors, n (%) 43 (39.09) 6 (30) 37 (41.11) 0.3570

Lethal, n (%) 67 (60.91) 14 (70) 53 (58.89)

Data are presented as Me (Q1; Q3) (quantitative) and n (%) (qualitative). The level of significance of statistical differences (p-value) 
between groups was assessed with the Mann- Whitney U-test (quantitative data) and Pearson’s χ2 test (qualitative data).

*  Significant level of statistical differences p < 0.05.

NIHSS —  National Institutes of Health Stroke Scale; SAPS II —  Simplified Acute Physiology Score II.
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 respectively). The  indeterminate subtype was observed 
with  a  lower frequency (18.18 %). At  the  same time, 
among  the surviving patients (48.84 %) the atherothrom-
botic subtype prevailed, in  patients with  fatal outcome 
cardioembolic AIS (50.75 %) prevailed. The  differenc-
es between  these subtypes were statistically significant 
(p = 0.0469). The NIHSS score on the first day in the study 
group was 19 (17; 21) points, while in the group of surviv-
ing patients it was slightly less than in the fatal group —  18 
(17; 21) and  19 (17; 22) points respectively. However, 
the  differences were statistically insignificant. Scores 
on  the  SAPS  II and  SOFA scales were higher in  patients 
with a fatal outcome on days 1 and 5 (p < 0.0001).

A  comparative analysis of  the  comorbid pathology 
of patients with severe AIS and different outcomes is pre-
sented in Table 3. There were no differences in the frequen-
cy of postinfarction cardiosclerosis, chronic heart failure, 
chronic kidney disease, type 2 diabetes mellitus and obesity.

The  duration of  stay in  the  intensive care unit of  pa-
tients with a fatal outcome was 7 (4; 12) days and of surviv-
ing patients —  20 (12; 31) days. The distribution of patients 
by the duration of stay in the intensive care unit is shown 
in Fig. 1. In the period from day 1 to day 5, a fatal outcome 

developed in  25 (22.7 %) patients. In  24 cases fatal out-
comes developed against the background of rapid progres-
sion of acute cerebral insufficiency with the development 
of  acute respiratory failure and  acute cardiovascular dys-
function. In 1 patient with unexpressed MOF death was due 
to dislocation of the brainstem. In the period of 6–10 days, 
a  fatal outcome was observed in  21 (19.09 %) patients, 
from  11 to 21 days —  in  17 (15.45 %) patients, from  21 to 
28 days —  in 4 (3.64 %) patients.

A  modeling of  the  probable mortality dependence 
on the severity of MOF assessment on the SAPS II on day 5 
from the start of intensive therapy for various pathogenetic 
subtypes was performed.

In  accordance with  the  mathematical features, the  model 
of the dependence of the probable mortality of cardioembolic AIS 
on the severity of MOF determined by the SAPS II on the 5th day 
of intensive care has the following form:

0.358 6.9853

0.2358 6.9853 ,
1

x

x

ey
e

⋅ −

⋅ −=
+

y —  probable mortality (%), x —  severity of  MOF, expressed 
in points on the SAPS II, R2 = 0.9614.

Table 2.   Comparative characteristics of the patients with severe ischemic stroke in groups with different outcomes 

Total Survivors Lethal p

Number of observations, n (%) 110 (100) 43 (39.09) 67 (60.91) —

Age, years, Me (Q1; Q3) 75 (67; 79) 75 (67; 80) 75 (67; 79) 0.8952

Male, n (%) 50 (45.45) 19 (44.19) 30 (45.78) 0.9515

Female, n (%) 60 (54.55) 24 (55.81) 37 (55.22)

Primary, n (%) 61 (55.45) 28 (65.12) 33 (49.25) 0.1024

Repeated, n (%) 49 (44.54) 15 (34.88) 34 (50.75)

Atherothrombotic subtype, n (%) 41 (37.27) 21 (48.84) 20 (29.85) 0.0469*

Cardioembolic subtype, n (%) 49 (44.54) 15 (34.88) 34 (50.75)

Indeterminate subtype, n (%) 20 (18.18) 7 (16.28) 13 (19.4) —

NIHSS on admission, points, Me (Q1; Q3) 19 (17; 21) 18 (17; 21) 19 (17; 22) 0.0751

SAPS II, points, Me (Q1; Q3)

1st day 29 (23; 33) 24 (21; 29) 31 (25; 39) < 0.0001*

5th day 34 (28; 42) 29 (25; 35) 40 (33; 49.5) < 0.0001*

SOFA, points, Me (Q1; Q3)

1st day 2 (1; 3) 2 (1; 3) 3 (2; 5) 0.0014*

5th day 2 (2; 5) 2 (1; 3) 3 (2; 6) < 0.0001*

Data are presented as Me (Q1; Q3) (quantitative) and n (%) (qualitative). The level of significance of statistical differences (p-value) 
between groups was assessed with the Mann- Whitney U-test (quantitative data) and Pearson’s χ2 test (qualitative data).

*  Significant level of statistical differences p < 0.05.

NIHSS —  National Institutes of Health Stroke Scale; SAPS II —  Simplified Acute Physiology Score II.
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Table 3.   Comparative characteristics of comorbid pathology in patients with severe ischemic stroke in groups with different 
outcomes 

Total Survivors Lethal p

Number of observations, n (%) 110 (100) 43 (39.09) 67 (60.91) —

Postinfarction cardiosclerosis, n (%) 30 (27.27) 8 (18.60) 22 (32.83) 0.1020

Chronic heart failure

1, n (%) 20 (18.18) 8 (18.60) 12 (17.91) 0.9954

2A, n (%) 67 (60.91) 26 (60.46) 41 (61.19)

2B, n (%) 23 (20.91) 9 (20.93) 14 (20.89)

Chronic kidney disease

C1, n (%) 8 (7.27) 5 (11.63) 3 (4.48) 0.4589

C2, n (%) 49 (44.54) 21 (48.84) 28 (41.79)

C3A, n (%) 30 (27.27) 10 (23.26) 20 (29.85)

C3B, n (%) 21 (19.09) 6 (13.95) 15 (22.39)

C4, n (%) 2 (1.81) 1 (2.32) 1 (1.49)

Type 2 diabetes mellitus, n (%) 30 (27.27) 10 (23.26) 20 (29.85) 0.4485

Body Mass Index

< 30 kg/м2, n (%) 65 (59.09) 27 (62.79) 38 (56.72) 0.4481

30–34.9 kg/м2, n (%) 27 (24.54) 12 (27.91) 15 (22.39)

35–39.9 kg/м2, n (%) 13 (11.82) 3 (6.98) 10 (14.92)

≥ 40 kg/м2, n (%) 5 (4.54) 1 (2.33) 4 (5.97)

Data are presented as n (%). The level of significance of statistical differences (p-value) between groups was assessed using Pearson’s χ2 test.

Fig. 1.  Distribution of patients with severe ischemic stroke with different outcomes according to the duration of hospitalization in ICU
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The graph of this pattern can be divided into five frag-
ments (Fig. 2).

Fragment No. 1 is the  “lower plateau” is  observed up 
to 16 points and corresponds to the mortality of moderate 
strokes with  unexpressed MOF. The  probable mortality 
in this group of patients will not exceed 3.87 %. The average 
rate of mortality increase in this fragment is 0.39 %/point.

The  second fragment of  the  graph is  the  “lower bend”, 
characterized by increase in mortality. Patients in this group 
have cerebral insufficiency in the degree of superficial and deep 
stunning —  Glasgow coma scale (GCS) 11–14, as well as ini-
tial manifestations of respiratory insufficiency (17–24 points). 
The probable mortality in this interval does not exceed 20.98 %. 
The average rate of mortality increase is 2.30 %/point.

The third fragment of the graph is a “rapid rise”, charac-
terized by a sharp increase in mortality from 25.16 to 78.03 %. 
Patients in this group have cerebral insufficiency in the degree 
of deep stunning (GCS 11–12), as well as initial manifesta-
tions of parenchymal respiratory insufficiency, usually not re-
quiring respiratory support (25–35 points). However, in this 
group there is a tendency to emerge MOF in the following 
days with the aggravation of cerebral and respiratory insuf-
ficiency, the addition of cardiovascular dysfunction. In our 
opinion, the severity of 35 points is a critical point where fun-
damental changes in the mortality prognosis begin. The aver-
age rate of mortality increase in this fragment is 5.29 %/point.

The  fourth fragment, the  “upper bend”, characteriz-
es AIS with  high mortality (81.81–95.91 %). The  severi-
ty of stroke for this group of patients ranges from 36 to 43 
SAPS II scores. The average rate of mortality increase in this 
fragment is 2.01 %/point. Patients of this group are mainly 
stuporous (GCS  9–10), suffer of  parenchymal- ventilation 
respiratory dysfunction, requiring respiratory support. 
Systemic inflammatory reaction syndrome and  signs 
of cardiovascular insufficiency are observed. Nevertheless, 
these patients have a high probability of  further progres-
sion of  MOF with  the  development of  the  unfavorable  
outcome.

The last fifth fragment, the “upper plateau”, character-
izes a group of patients with AIS severity above 43 points 
and a probable mortality rate close to 100 %. In this group 
of patients, extensive MOF develops, represented by cere-
bral insufficiency to the degree of coma (GCS < 9), respi-
ratory insufficiency with the need for respiratory support, 
in some cases vasopressor support is required. The clinical 
course in this group is unfavorable with a further increase 
in MOF, the development of central hyperthermia, electro-
lyte disorders.

The model of the dependence of the probable mortality 
of atherothrombotic stroke on the severity of multiple organ 
failure, determined by the SAPS II on the 5th day of the in-
tensive care, has the following form:

Fig. 2.  Dependence of probable mortality on the severity of multiple organ failure according to the SAPS II scale on the 5th day in  patients 
with severe ischemic stroke with various pathogenetic subtypes
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y —  probable mortality (%), x —  severity of  MOF, expressed 
in points on the SAPS II, R2 = 0.9742.

The graph of this pattern also can be divided into five 
fragments (Fig. 2).

The first fragment of the “lower plateau” corresponds 
to an assessment on the SAPS II up to 22 points, the prob-
able mortality in these patients reaches 7.37 %. The average 
rate of increase in probable mortality is 0.46 %/point. In this 
group, the phenomena of organ failure can be represented 
by cerebral insufficiency in the degree of superficial stunning 
(GCS 13–14).

The second fragment is the “lower bend”, for the athero-
thrombotic subtype corresponds to a range of 23–33 points, 
the probable mortality with  this severity is 8.38–26.87 %, 
the average rate of increase in probable mortality is 1.85 %/ 
point. Patients in this group develop more pronounced ce-
rebral insufficiency to the degree of deep stunning (GCS 11–
12), there are initial manifestations of respiratory insufficien-
cy in the form of dyspnea, signs of a systemic inflammatory 
reaction in the form of hyperthermia, leukocytosis are pos-
sible.

Fragment No. 3 —  “rapid rise” —  with the atherothrom-
botic subtype corresponds to an estimate of 34–46 points, 
while the probable mortality increases from 29.69 to 69.13 %. 
The average rate of increase in probable mortality is 3.28 %/
point. In this group of patients, a clinic of MOF develops, 
cerebral insufficiency reaches the  degree of  deep stun-
ning and stuporous, sometimes coma grade I (GCS 7–12). 
Respiratory insufficiency emerge mainly by  parenchymal 

type following aspiration syndrome, severe tracheobron-
chitis and pneumonia, in some cases requiring invasive me-
chanical ventilation. There is an instability of hemodynamics 
in the form of tachycardia, arterial hypertension, but cardio-
vascular insufficiency with the need for vasopressor support 
is not observed in this group.

The  fragment of  the  “upper bend” is  characterized 
by  a  range on  the  SAPS  II of  47–57 points, the  probable 
mortality in  this group is 72.02–91.18 %, the average rate 
of  increase in  probable mortality is  1.92 %/point. In  pa-
tients of this group, cerebral insufficiency reaches the lev-
el from  stuporous to  coma grade II (GCS  5–10), most 
often coma grade I. There  is  respiratory insufficiency 
with the need for mechanical ventilation; respiratory insuf-
ficiency is more often by the ventilation type with a violation 
of the frequency and rhythm of breathing, in some cases re-
spiratory insufficiency is mixed. Cardiovascular insufficien-
cy develops with the need for vasopressor support with low 
and  medium doses of  vasopressors (for  dopamine —  less 
than 10 mkg/kg/min). The syndrome of systemic inflamma-
tory reaction with febrile hyperthermia, leukocytosis is ex-
pressed. In some cases, electrolyte disorders are observed —  
hyper- and hypokalemia. Severe acute kidney injury was not 
recorded in these patients.

Fragment No. 5 —  “upper plateau” —  corresponds 
to an assessment above 57 points on the SAPS II with a lev-
el of probable mortality of 92.24–100 %. In patients of this 
group, the  MOF is  most pronounced, most patients 
are in a coma of II–III degree (GCS 3–6), invasive mechani-
cal ventilation is performed for all, respiratory insufficiency 
of the ventilation- parenchymal type is observed. Most pa-
tients develop cardiovascular insufficiency with  the  need 
to  support with  medium and  high doses of  vasopressors, 

Fig. 3.  Dependence of the rate of increase in probable mortality on the severity of multiple organ failure according to the SAPS II scale 
on day 5 in patients with severe ischemic stroke with various pathogenetic subtypes
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acute kidney injury with hypercreatininemia of more than 
300 mkmol/l, oligo- and anuria is observed. Hypernatremia 
and  central hyperthermia develop. In  this group, severe 
cerebral complications like an edema and  dislocation 
of the brain, occlusive hydrocephalus emerge develop caus-
ing an increase in the severity of MOF.

In order to analyze the dynamics of the obtained pat-
terns, graphs of  derivative functions were constructed 
(Fig. 3), having the form:

1 2 1 2

1 2 1 21 1 ,
1 1

b x b b x b

b x b b x b

e ey b
e e

+ +

+ +

 
′ = ⋅ ⋅ − + + 

y′ —  the value of the derivative corresponding to the rate of probable  
mortality change, x —  the  severity of  MOF, rated on  the  SAPS  II 
in  points, b1 and b2 —  coefficients obtained by  the  least squares 
method, e —  the base of the natural logarithm.

It  is  known that  the  value of  the  derivative reflects 
the rate of function change at a given point. The maximum 
rate of probable mortality increase in the atherothrombot-
ic subtype AIS is 0.0347, or 3.47 %/point, and is observed 
with a severity value on the SAPS II of 40 points. In the car-
dioembolic subtype AIS, the maximum growth rate is higher 
and amounts to 0.0588 (5.88 %/point), it has been already 
observed with 30 points SAPS II. With the severity of MOF 
on the SAPS II in the range 29–49 points, there are signifi-
cant differences in the frequency of death in atherothrom-
botic and cardioembolic subtypes (p = 0.0021).

Discussion

It is extremely important that in a wide range of MOF 
severity on  day  5 of AIS (29–49 points) with  comparable 
values on the SAPS II, the probable mortality on day 28 in 
the cardioembolic subtype of AIS was significantly higher 
in  comparison with  the  atherothrombotic subtype mor-
tality. These results are  consistent with  those obtained 
in the course of previous domestic and foreign studies [15–
21]. In  addition, the  unfavorable prognostic significance 
of the cardioembolic subtype is confirmed [3, 22]. It should 
be noted that most of the works devoted to the prognos-
tic value of  organ dysfunction and  MOF in  severe stroke 
include the undifferentiated analysis of patients with isch-
emic and hemorrhagic lesion [11, 17–21]. The novelty of this 
study is to clarify the prognostic significance of MOF in as-
sessing the outcome on day 28 in patients with severe AIS, 
as well as its definition and comparison in atherothrombotic 
and cardioembolic subtypes.

The  understanding of  the  obtained regularities 
from the self-organizing systems theory point of view has 
been developed quite fully [3]. According to  this theo-
ry, for  severe AIS as  a  system, pathogenetic mechanisms 
of the AIS with MOF could be designated as control param-

eters. The impact of which one leads the system to the state 
of  attractors —  areas of  the  least and  greatest mortality, 
in  which the  progression of  AIS and  the  development 
of MOF is absent or reaches a maximum. These are zones 
of synergetic stability of the system with favorable and un-
favorable forecasts. A  distinctive feature of  the  attractor 
zone is the least influence of fluctuations, or external fac-
tors. In  this case, external factors are  intensive care mea-
sures aimed at relieving AIS pathogenetic mechanisms (ce-
rebral edema, hypoxia, cardiovascular insufficiency, etc.). 
With  an increase in  the  influence of  control parameters 
(progression of acute cerebral insufficiency, extracerebral 
organ dysfunction), the sensitivity of the system decreases 
to the effects of external factors (intensive therapy). In or-
der to  optimize intensive care, it  is  necessary to  identify 
areas of instability of the system in which the greatest rate 
of  probable mortality increase is  observed. Accordingly, 
it  is  necessary to  consider the  possibility of  intensifying 
therapeutic measures at  this moment —  an earlier start 
of invasive respiratory support, strengthening osmotic ther-
apy, antibiotic therapy. In this case, the areas of instability 
of the system (“rapid rise” and “upper bend”) are defined 
as the intervals of severity of MOF on the SAPS II from 34 to 
57 points for  the  atherothrombotic subtype, from  25 to 
43 points for  cardioembolic subtype. The  obtained re-
sults indicate an earlier increase in  the  severity of  MOF 
with  the  need for  maximum intensification of  therapeu-
tic and  diagnostic measures in  cardioembolic subtype 
of AIS.

Conclusion

1.  Multiple organ failure is  the  most important 
predictor of  the  lethal outcome of  severe AIS. 
Patients with  a  fatal outcome had significantly 
higher severity of MOF on the SAPS II both on th
e first and fifth days of the disease (p < 0.0001).

2.  With the development of severe stroke with MOF, 
an unfavorable outcome is  significantly more 
often observed with  the  cardioembolic subtype 
compared with  the  atherothrombotic subtype 
of AIS (p = 0.0469). At the same time, the probable 
mortality according to the comparative regression 
analysis was significantly higher in cardioembolic 
stroke for  patients with  the  severity of  MOF 
from 29 to 49 points on the SAPS II (p = 0.0021).

Disclosure. The authors declare that they have no com-
peting interests.

Author contribution. All authors according to the ICMJE 
criteria participated in  the  development of  the  concept 
of the article, obtaining and analyzing factual data, writing 
and editing the text of the article, checking and approving 
the text of the article.



99

DIAGNOSTICS AND INTENSIVE CARE IN NEUROLOGY Mathematical modeling of severe ischemic stroke with multiple organ failure: a retrospective observational study 

ВЕ
С

ТН
И

К 
И

Н
ТЕ

Н
С

И
ВН

О
Й

 Т
ЕР

А
П

И
И

 И
М

ЕН
И

 А
.И

. С
А

Л
ТА

Н
О

ВА
 |

 A
N

N
AL

S 
O

F 
C

RI
TI

C
AL

 C
AR

E 
| 

20
23

  
| 

1

Ethics approval. This study was approved by the local 
Ethical Committee of Orenburg State Medical University, 
Orenburg, Russia (reference number: 258-09.10.2020).

Funding source. This study was not supported by any 
external sources of funding.

Author’s ORCID:

Silkin V. V. —  0000-0003-0280-5278
Ershov V. I. —  0000-0001-9150-0382
Burdakov V. V. —  0000-0003-1348-5345

Biryukova T. V. —  0000-0002-6193-9156
Bredikhin A. Yu. —  0000-0001-5867-2596
Lozinskaya T. Yu. —  0000-0002-1508-5727

References
[1] Thomas H., Diamond J., Vieco A., et al. Global Atlas of Cardiovascular 

Disease 2000-2016: The Path to Prevention and Control. 
Glob Heart. 2018; 13(3): 143–63. DOI: 10.1016/j.gheart.2018. 
09.511

[2] Balch M. H.H., Nimjee S. M., Rink C., et al. Beyond the Brain: 
The Systemic Pathophysiological Response to Acute Ischemic Stroke 
[published correction appears in J Stroke. 2020; 22(3): 424]. J Stroke. 
2020; 22(2): 159–72. DOI: 10.5853/jos.2019.02978

[3] Чирков А. Н., Айжанова Л. А., Назаров А. М. и др. Синергетические 
аспекты математического моделирования нарушений водно- 
электролитного гомеостаза в острейшем периоде инфаркта 
мозга. Оренбургский медицинский вестник. 2017; 5(4): 48–55. 
[Chirkov A. N., Aizhanova L. A., Nazarov A. M., et al. Clinic- prognostic 
aspects of violations of water- electrolyte homeostasis in the acute 
period of ischemic stroke. Orenburgskij medicinskij vestnik. 2017; 
5(4): 48–55. (In Russ)]

[4] Shukla V., Shakya A. K., Perez- Pinzon M. A., Dave K. R. Cerebral ische-
mic damage in diabetes: an inflammatory perspective. J. Neuroin-
flammation. 2017; 14: 21. DOI: 10.1186/s12974-016-0774-5

[5] Mrozek S., Gobin J., Constantin J. M., et al. Crosstalk between brain, 
lung and heart in critical care. Anaesth Crit Care Pain Med. 2020; 
39(4): 519–30. DOI: 10.1016/j.accpm.2020.06.016

[6] Громов В. С., Левит А. Л., Белкин А. А. и др. Цереброкардиальные 
проявления при острой церебральной недо статочности различ-
ного генеза: дифференциальная диагностика и лечебная такти-
ка. Патология кровообращения и кардиохирургия. 2014; 18(3): 
48–52. [Gromov V. S., Levit A. L., Belkin A. A., et al. Cerebrocardial man-
ifestations in patients with acute cerebral failure of different origin: 
differential diagnosis and therapeutic strategy (clinical observations). 
Patologiya krovoobrashcheniya i kardiohirurgiya. 2014; 18(3): 48–
52. (In Russ)]

[7] Ferdinand P., Roffe C. Hypoxia after stroke: a review of experi-
mental and clinical evidence. Exp Transl Stroke Med. 2016; 8: 9. 
DOI: 10.1186/s13231-016-0023-0

[8] Чучалин А. Г., Ким Т. Г., Мартынов М. Ю. и др. Синдром дыха-
тельной недо статочности при остром инсульте: новые подхо-
ды к диагностике. Пульмонология. 2020; 30(4): 485–92. DOI: 10
.18093/0869-0189-2020-30-4-485-492 [Chuchalin A. G., Кim T. G., 
Shogenova L. V., et al. The syndrome of respiratory failure in acute 
stroke: new diagnostic approaches. Pulmonologiya. 2020; 30(4): 
485–92. DOI: 10.18093/0869-0189-2020-30-4-485-492 (In Russ)]

[9] Battaglini D., Robba C., Lopes da Silva A., et al. Brain-heart inter-
action after acute ischemic stroke. Crit Care. 2020; 24(1): 163. 
DOI: 10.1186/s13054-020-02885-8

[10] Siedler G., Sommer K., Macha K., et al. Heart Failure in Ischemic 
Stroke: Relevance for Acute Care and Outcome. Stroke. 2019; 50(11): 
3051–6. DOI: 10.1161/STROKEAHA.119.026139

[11] Гердт А. М., Шутов А. М., Белова Л. А. и др. Прогностическое 
значение острого повреждения почек у больных инсультом. 
Ульяновский медико- биологический журнал. 2021; 1: 26–38. 
DOI: 10.34014/2227-1848-2021-1-26-38 [Gerdt A. M., Shutov A. M., 
Belova L. A., Gubareva E. A. Prognostic value of acute kidney injury 
in stroke patients. Ul’yanovskij mediko- biologicheskij zhurnal. 2021; 
1: 26–38. DOI: 10.34014/2227-1848-2021-1-26-38 (In Russ)]

[12] Zhao Q., Yan T., Chopp M., et al. Brain-kidney interaction: Renal dys-
function following ischemic stroke. J Cereb Blood Flow Metab. 2020; 
40(2): 246–62. DOI: 10.1177/0271678X19890931

[13] Лейдерман И. Н., Белкин А. А., Рахимов Р. Т. и др. Особенности 
нутритивного статуса и белково- энергетического обмена па-
циентов, перенесших критическое состояние церебрально-
го генеза, на этапе ОРИТ-специализированного центра ме-
дицинской реабилитации. Вестник Уральской медицинской 
академической науки. 2018; 15(1): 12–9. DOI: 10.22138/2500-0918- 
2018-15-1-12-19 [Leiderman I. N., Belkin A. A., Rakhimov R. T., et al. 
Key Peculiarities of Proteinenergy Metabolism and Nutrtional Status 
Impairment of Cerebral ICU Patients during Early Rehabilitation 
Period in Specialized Medical Center. Journal of Ural Medical 
Academic Science. 2018; 15(1): 12–9. DOI: 10.22138/2500-0918-2
018-15-1-12-19 (In Russ)]

[14] Радивилко А. С., Григорьев Е. В., Шукевич Д. Л. и др. Прогно зиро-
вание и ранняя диагностика полиорганной недо статочности. 
Анестезиология и реаниматология. 2018; (6): 15–21. DOI: 10.17116/ 
anaesthesiology201806115 [Radivilko A. S., Grigor’ev E. V., 
Shuke vich D. L., et al. Multiple organ failure: early diagnosis and prog-
nosis. Russian Journal of Anaesthesiology and Reanimatology. 
2018; (6): 15–21. DOI: 10.17116/anaesthesiology201806115  
(In Russ)]

[15] Moon B. H., Park S. K., Jang D. K., et al. Use of APACHE II and SAPS II 
to predict mortality for hemorrhagic and ischemic stroke patients. J 
Clin Neurosci. 2015; 22(1): 111–5. DOI: 10.1016/j.jocn.2014.05.031

[16] Qin W., Zhang X., Yang L., et al. Predictive value of the sequential or-
gan failure assessment (SOFA) score for prognosis in patients with se-
vere acute ischemic stroke: a retrospective study. J Int Med Res. 2020; 
48(8): 300060520950103. DOI: 10.1177/0300060520950103

[17] Carval T., Garret C., Guillon B., et al. Outcomes of patients admitted 
to the ICU for acute stroke: a retrospective cohort. BMC Anesthesiol. 
2022; 22(1): 235. DOI: 10.1186/s12871-022-01777-4



100

DIAGNOSTICS AND INTENSIVE CARE IN NEUROLOGY 
ВЕ

С
ТН

И
К 

И
Н

ТЕ
Н

С
И

ВН
О

Й
 Т

ЕР
А

П
И

И
 И

М
ЕН

И
 А

.И
. С

А
Л

ТА
Н

О
ВА

 |
 A

N
N

AL
S 

O
F 

C
RI

TI
C

AL
 C

AR
E 

| 
20

23
  

| 
1

[18] Пирадов М. А., Гулевская Т. С., Гнедовская Е. В. и др. Экстра цереб - 
ральная патология и синдром полиорганной недо статочности 
при тяжелых формах инсульта. Русский медицинский жур-
нал. 2006; 14(23): 1645–9. [Piradov M. A., Gulevskaya T. S., Gnedov-
skaya E. V., et al. Extracerebral pathology and syndrome of multiple 
organ failure in severe forms of stroke. Russkij medicinskij zhurnal. 
2006; 14(23): 1645–9. (In Russ)]

[19] Кабаева Е. Н., Силина Е. В., Ноздрюхина Н. В. и др. Синдром по-
лиорганной недо статочности у больных с тяжелым инсультом. 
Вестник нев рологии, психиатрии и нейро хирургии. 2018; 6: 34–9.  
[Kabayeva E. N., Silina E. V., Nozdryukhina N. V., et al. Syndrome 
of multiple organ failure in patients with severe stroke. Vestnik nev-
rologii, psihiatrii i nejrohirurgii. 2018; 6: 34–9. (In Russ)]

[20] Елисеев Е. В., Кирилюк Е. В. ТЭЛА как результат синдрома по-
лиорганной недо статочности на фоне длительной иммоби-

лизации у больных с церебральным инсультом. Националь-
ная Ассоциация Ученых. 2015; 1(6): 159–61. [Eliseev E. V., Kiri - 
lyuk E. V. Embolism as result of a syndrome of polyorgan insufficien-
cy against a long immobilization at patients with a cerebral stroke. 
Nacional’naya Associaciya Uchenyh. 2015; 1(6): 159–61.(In Russ)]

[21] Сидякина И. В., Царенко С. В., Добрушина О. Р. и др. Прогности-
ческая модель оценки летальности и функционального вос-
становления после тяжелого и крайне тяжелого инсуль-
та. Нев рологический журнал. 2012; 17(2): 10–4. [Sidyakina I. V., 
Tsarenko S. V., Dobrushina O. R., et al. The predictive model of mortal-
ity and functional recovery after severe and extremely severe stroke. 
Neurological journal. 2012; 17(2): 10–4. (In Russ)]

[22] Corso G., Bottacchi E., Tosi P., et al. Outcome Predictors in First- Ever 
Ischemic Stroke Patients: A Population- Based Study. Int Sch Res 
Notices. 2014; 2014: 904647. DOI: 10.1155/2014/904647




