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Abstract
Introduction. Postanoxic encephalopathy (PAE) in children is a rare clinical condition characterized by movement disorders and decreased level of 
consciousness. The severity of clinical manifestations does not allow for defining a prognosis for the recovery of lost functions based solely on the 
results of the clinical examination and necessitates a comprehensive neurophysiological and neuroimaging screening, the scope and timing of which 
are undefined. The relationship between the child’s age at the time of hypoxic injury and the central nervous system ability to restore voluntary 
motor function has not yet been established.
Study aim: To assess the structural and functional integrity of corticospinal and thalamocortical projections in children with PAE and to identify the 
leading diagnostic markers for predicting clinical outcomes regarding the restoration of voluntary motor function, taking into account the patient’s 
age at the time of injury.
Materials and methods. The study included the results of follow-up assessment of 12 children with PAE aged from 1 to 16 years over the first year 
after injury. Clinical and instrumental examination included assessment of motor function, level of consciousness, presence of paroxysmal motor 
phenomena, somatosensory evoked potentials upon median nerve stimulation, video-electroencephalographic monitoring, single-pulse transcranial 
magnetic stimulation, brain structure morphometry; magnetic resonance tractography of the corticospinal tract (CST) from the primary motor 
cortex and supplementary motor area, visual assessment of the severity of atrophic brain changes with a focus on the CST and subcortical 
structures involved in voluntary motor function.
Results. The clinical patter of movement disorders and decreased level of consciousness in children with PAE included generalized dystonias in 50% 
of cases. Myoclonus was recorded only in the younger age group in children with an unfavorable clinical outcome. Improvement of neurological 
symptoms was more pronounced in the intermediate period of the disease. Neurophysiological and neuroradiological predictors of a favorable PAE 
outcome, considering the age-dependent concept of locomotor act formation in our study, were: in children aged < 6 years — cortical components 
of somatosensory evoked potentials (≥ 4 points on the Houlden grading system), physiological sleep patterns, and a dominant rhythm according 
to video-electroencephalographic monitoring (in the intermediate period of the disease). In children aged 6–16 years, in addition to the parameters 
described above, unchanged threshold of the evoked motor response or central motor conduction time and ≤ 5 points on the scale for assessing 
the severity of atrophic changes in the CST and subcortical structures involved in voluntary movement function on magnetic resonance imaging 
were considered. In a 14-year-old child with a partially preserved CST but total damage to the thalamocortical afferentation, voluntary movement 
function did not recover. 
Conclusion. The data indicate the importance of preserving the afferent component of the central nervous system in children with PAE across 
all age groups and also create a prerequisite for developing recommendations on the scope and timing of investigations depending on the child’s 
age. The period of locomotor act formation is associated with low diagnostic value of neurophysiological and neuroradiological methods for 
assessing the anatomical and functional integrity of the CST. Confirmation of the obtained results requires studies with a larger number of clinical 
observations followed by statistical data processing.
Keywords: postanoxic encephalopathy; corticospinal tract; thalamocortical projections; evoked motor response; magnetic resonance 
tractography
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Аннотация
Введение. Постаноксическая энцефалопатия (ПАЭ) у детей — редкое клиническое состояние, в синдромокомплексе которого домини-
руют нарушение движения и угнетение уровня сознания. Тяжесть клинических проявлений не позволяет формировать прогноз восста-
новления утраченных функций, основываясь только на данных клинического осмотра, и требует полноценного нейрофизиологического 
и нейровизуализационного скринингов, объёмы и сроки которых не определены. Не установлена также взаимосвязь между возрастом 
ребёнка на момент постгипоксического повреждения и компенсаторными возможностями центральной нервной системы в части вос-
становления функции произвольных движений. 
Цель исследования: оценить структурную и функциональную сохранность кортикоспинальных и таламокортикальных проекций  
у детей с ПАЭ и определить ведущие диагностические маркеры прогнозирования клинических исходов в части восстановления функции 
произвольных движений с учётом возраста пациента на момент развития постгипоксического состояния.
Материалы и методы. В исследование включены результаты динамического наблюдения 12 детей с ПАЭ в возрасте от 1 года до  
16 лет в течение 1-го года болезни. Клинико-инструментальное обследование включало оценку моторной функции, уровня нарушения 
сознания, наличия пароксизмальных моторных феноменов, соматосенсорных вызванных потенциалов при стимуляции срединных не-
рвов, видеоэлектроэнцефалографического мониторинга, одностимульной транскраниальной магнитной стимуляции, морфометрии 
структур головного мозга, магнитно-резонансной трактографии кортикоспинального тракта (КСТ) от первичной моторной коры и 
дополнительной моторной зоны, визуальную оценку степени выраженности атрофических изменений головного мозга с акцентом на 
КСТ и подкорковые структуры, участвующие в реализации функции произвольного движения.
Результаты. В клиническом синдромокомплексе детей с ПАЭ нарушение движения и угнетение уровня сознания в 50% случаев сочета-
ется с наличием генерализованных дистоний. Миоклонус был зарегистрирован только в младшей возрастной группе у детей с наблаго-
приятным клиническим исходом восстановления. Регресс неврологической симптоматики более выражен в промежуточном периоде 
болезни. Нейрофизиологическими и нейрорадиологическими предикторами благоприятного исхода ПАЭ с учётом возрастзависимой 
концепции становления локомоторного акта в нашем исследовании стали: в возрасте < 6 лет наличие кортикальных компонентов 
соматосенсорных вызванных потенциалов (≥ 4 баллов по шкале Houlden), физиологических паттернов сна и доминирующего ритма по 
данным видеоэлектроэнцефалографического мониторинга (в промежуточном периоде болезни). В возрасте 6–16 лет, помимо описанных 
выше параметров, учитывали неизменённые порог вызванного моторного ответа или время центрального моторного проведения и  
≤ 5 баллов по шкале оценки степени выраженности атрофических изменений КСТ и подкорковых структур, участвующих в реализации 
функции произвольного движения при магнитно-резонансной томографии. У ребёнка 14 лет с частично сохранным КСТ при тотальном 
поражении таламокортикальной афферентации функция произвольного движения не восстановилась. 
Заключение. Полученные данные указывают на важность сохранности афферентного звена центральной нервной системы у детей  
с ПАЭ во всех возрастных группах, а также создают предпосылку для формирования рекомендаций по объёмам и срокам исследований в 
зависимости от возраста ребёнка. Период формирования локомоторного акта сопряжён с низкой информативностью нейрофизиологиче-
ских и нейрорадиологических методов оценки анатомо-функциональной сохранности КСТ. Подтверждение полученных результатов требует 
проведения исследований в большем количестве клинических наблюдений с последующей статистической обработкой полученных данных.
Ключевые слова: постаноксическая энцефалопатия; кортикоспинальный тракт; таламокортикальные проекции; вызван-
ный моторный ответ; магнитно-резонансная трактография
Этическое утверждение. Исследование проводилось при добровольном информированном согласии законных пред-
ставителей пациентов. Протокол исследования одобрен локальным этическим комитетом Научно-исследовательского 
института неотложной детской хирургии и травматологии (протокол № 23 от 28.09.2023). 
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Introduction

Postanoxic encephalopathy (PAE) is a rare polyetiological 
clinical condition for which there is an opinion that favor-
able clinical outcomes occur more frequently in the pediatric 
population than in adults [1]. The fact that the injury occurs 
during the period of incomplete myelination and synaptogen-
esis has historically been interpreted as a potential ground for 
(re)habilitation of a child with severe PAE; however, descrip-
tions of individual clinical cases and case series demonstrate 
the ambiguity of this judgment [2, 3]. The inability to shape 
a prognosis for recovery in a child with PAE based solely on 
clinical examination data dictates the need to use functional 
and imaging diagnostic methods, the scope of which is not 
standardized. The relationship between the child’s age at the 
time of injury and the utility of diagnostic modalities has not 
been determined. Therefore, the study of diagnostic markers 
for predicting PAE outcomes in children, taking into account 
the child’s age at the time of injury, is needed.

Study aim: To assess the structural and functional integrity 
of the corticospinal tract (CST) and thalamocortical projec-
tions (TCP) in children with severe PAE and to identify the 
leading diagnostic markers for predicting clinical outcomes 
regarding the recovery of voluntary motor function, taking 
into account the patient’s age at the time of hypoxic injury.

Materials and methods

The study included 12 children (4 girls and 8 boys) aged 1 to 
16 years in the intermediate (up to 6 months) and long-term 
(up to 1 year) periods of PAE, who underwent rehabilitation 
at the Research Institute of Emergency Pediatric Surgery and 
Traumatology between 2020 and 2024.

Inclusion criteria:
•	 diagnosis of PAE;
•	 signed informed consent from the child’s legal 

representative. 

Exclusion criterion: history of congenital disorder of the central 
nervous system (CNS) with damage to the CST or TCP.

A partial limitation of the study was implanted devices in the 
child, particularly a pacemaker, which prevented the use of 

magnetic field-based investigations (in 2 cases). Also, not all 
patients were able to complete planned study assessments, 
namely neuroimaging, including follow-up, in cases of tech-
nical malfunction of the MRI during hospitalization, or with 
a nosocomial infection, when performing an imaging under 
sedation was not justified. In 3 cases, MRI was performed 
for patients before hospitalization at an external healthcare 
facility; however, its quality did not allow for morphometry 
and tractography of the regions of interest, and repeating 
the study under sedation at a short interval was not ethically 
justified.

The study was approved by the local ethics committee of 
the Research Institute of Emergency Pediatric Surgery and 
Traumatology (protocol No. 23 dated September 28, 2023). 

Based on the age-dependent concept of the formation and 
consolidation of the locomotor act, which is founded on sys-
temic-functional ideas, including P.K. Anokhin’s theory of 
afferent synthesis and N.A. Bernstein’s theory of the hier-
archical mechanism of movement control, all patients were 
divided into 3 age groups:
•	 I (1–6 years) — formation of the locomotor act (n = 7);
•	 II (6–12 years) — consolidation of the locomotor act (n = 1);
•	 III (12–16 years) — established locomotor act (n = 4).

All patients underwent a standard neurological examination 
with assessment of gross motor functions using the Gross 
Motor Function Classification System (GMFCS)1. Differential 
diagnosis of impaired consciousness level was performed 
by a clinical psychologist using the Dobrokhotova–Zaitsev 
Consciousness Recovery Scale and the Bykova–Lukyanov 
Communicative Activity Scale (SCALB) [4]. Electrophysiology 
studies were performed according to standardized protocols 
and included: recording of somatosensory evoked potentials 
upon median nerve stimulation using a two-channel scheme 
(Erbi/Erbc and C3’/C4’) with assessment of cortical compo-
nents according to the Houlden grading system, 19-channel 
two-hour video-electroencephalographic monitoring with 
recording of sleep patterns, single-pulse transcranial mag-
netic stimulation (single-pulse TMS) with assessment of mo-

1Cerebral Palsy Alliance. Gross Motor Function Classification System (GMFCS). URL: https://cparf.org/
what-is-cerebral-palsy/severity-of-cerebral-palsy/gross-motor-function-classification-system-gmfcs
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cognitive deficit persisted. The rate of regression was more 
pronounced in the intermediate period of the disease.

According to the presented data, generalized dystonias pre-
dominated in the clinical picture of children with PAE; one 
child from age group I with an unfavorable clinical outcome 
exhibited myoclonus (Table 1).

Diagnostic single-pulse TMS was performed in 10 out of 12 
children (2 had a cardioverter-defibrillator implanted), with 
three children examined dynamically. Significant progress 
in rehabilitation was observed in 3 out of the 10 examined 
children (one from each category). Only one of them was 
examined twice and demonstrated normalization of the motor 
threshold and MEP amplitude by the long-term period of the 
disease. In a 3-year-old child with a favorable clinical outcome, 
we failed to record an MEP during single-pulse TMS (Table 2).

Brain structure morphometry and segmentation was 
performed for 7 children (including follow-up assessment 
in 2 patients). Two patients from groups I and III with a 
favorable clinical outcome were not included in the study. 
The child with the best clinical outcome in terms of motor 
function recovery from group II had unchanged volumes of 
the studied brain regions both at the initial examination and 
during follow-up. A decrease in thalamic volume, as well as 
a deficit in the volume of gyri and thickness of the cortical 
layer involved in the formation of the CST, was noted in 6 out 
of 7 examined children (Table 3).

MR tractography was performed in 7 patients, including 
follow-up assessment in 2 patients. Children older than 6 
years were compared with the results of the control group. 
Among children of groups II and III, regardless of clinical 
outcome, a decrease in the fractional anisotropy (FA) 
coefficient and an increase in the radial diffusivity (RD) were 
observed compared to the control group (Table 4).

Assessment of the brain structures atrophy was performed 
in 10 out of 12 children (including follow-up assessment in 
3 patients). The youngest child (a 1-year-old boy) had the 
most significant volume of structural damage in both hemi-
spheres. Periventricular leukomalacia showed a tendency to 
resolve during the follow-up, which was observed in 2 out 
of 3 follow-up studies. Patients from groups II and III with 
a favorable recovery outcome had ≤ 5 points in the severity 
assessment of the atrophic changes in the CST, striatum, and 
thalami. A 3-year-old patient with a favorable outcome had 
10 points in the intermediate period of PAE, which was higher 
than the values of other children from group I with an unfa-
vorable outcome (Table 5).

Somatosensory evoked potentials (SSEPs) and video-elec-
troencephalographic monitoring (VEEG) were performed 
in all 12 children (including follow-up assessment in 3 pa-
tients). Children with a favorable clinical outcome had pre-
served sleep patterns, a dominant rhythm, and a score of 
more than 4 on the Houlden grading system, which cor-
responds to preserved but altered cortical N20 potentials. 
Two older boys (12 and 15 years old) had increased laten-
cy of the N20 complex, which correlated clinically with 
the severity of intellectual and mnestic impairment (Table 6).

tor evoked potential (MEP) parameters and central motor 
conduction time (CMCT) along the corticocervical tract with 
recording of potentials from the m. abductor pollicis brevis 
bilaterally [5–7].

Neuroimaging studies included a standard structural MRI pro-
tocol used at the Research Institute of Emergency Pediatric 
Surgery and Traumatology. Based on this data, segmentation 
and morphometry of brain structures were performed using 
the Vol2Brain software suite, as well as magnetic resonance 
(MR) tractography of the CST from the supplementary motor 
area (SMA) and primary motor cortex (PMC). For segmentation 
and morphometry, three-dimensional T1-weighted brain imag-
es obtained on an Achieva dStream 3T MR scanner (Philips) 
were used. For MR tractography data acquisition, an echo-pla-
nar imaging pulse sequence with the following parameters was 
used: TR = 9431 ms; TE = 70 ms; matrix 120/144 pixels; FOV = 
240 mm; voxel size 2 × 2 × 2 mm; EPI factor = 63; slice gap = 0; 
number of signal averages (NSA) = 2; diffusion gradients were 
applied in 32 non-collinear directions.

To compare the results of MR tractography with normative 
data, we recruited a control group consisting of 30 children 
aged 6–16 years who were seen by an outpatient neurolo-
gist and had no anamnestic or clinical data indicating CST 
involvement.

The system for assessing structural brain damage based on 
MRI data was developed by analogy with the classification 
proposed for evaluating structural damage in cerebral palsy, 
with a focus on motor representation structures [8]. The as-
sessment was performed in the cortical motor areas of both 
hemispheres — M1, SMA, and PMC:
•	 0 — normal; 
•	 0.5 — mild increase (↑) in T2/FLAIR lesions or mild atrophy 

(≤ 25%); 
•	 1.0 — moderate ↑T2/FLAIR or moderate atrophy (25–50%) 

or a cyst ≤ 1.5 cm; 
•	 1.5 — pronounced ↑T2/FLAIR or pronounced atrophy 

(≥ 50%) or a cyst ≥ 1.5 cm). 

Furthermore, the CSTs were assessed for degeneration and 
volume loss:
•	 0 — normal;
•	 0.5 — mild ↑T2/FLAIR or mild atrophy;
•	 1.0 — moderate ↑T2/FLAIR or moderate atrophy or WD;
•	 1.5 — pronounced ↑T2/FLAIR or pronounced atrophy/

disappearance or direct damage).

Changes in the subcortical motor nodes — the striatum and 
thalamus on both sides — were also evaluated (0 — normal; 
0.5 — mild ↑T2/FLAIR or mild atrophy (≤ 25%); 1.0 — mode
rate ↑T2/FLAIR or moderate atrophy (25–50%) or lesions; 
1.5 — pronounced ↑T2/FLAIR or pronounced atrophy (≥ 50%) 
or large lesions/cysts).

Results 

Out of 12 children, 4 (boys aged 3, 9, 12, and 15 years) one 
child from age groups I and II each and two children from 
group III showed significant regression of neurological symp-
toms in terms of partial recovery of locomotor function while 
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Table 1. Clinical data of patients with PAE during the first hospitalization

Patient Age Sex Level of consciousness GMFCS

Disease period Clinical phenomena

intermediate long-term
generalized 

dystonia 
myoclonus

S. 12 М
Clear consciousness 

with intellectual-mnestic 
impairment

3 + + –

М. 2 F MCS– 5 + + –

P. 5 М MCS– 5 + + +

B. 5 F MCS– 5 + + –

B. 4 F MSC+ 5 + + –

P. 14 М MSC+ 5 + – –

B. 9 М MSC+ 5 + + –

S. 3 F MSC+ 5 + + +

М. 3 М MSC+ 5 + + –

М. 1 М MCS– 5 + + –

М. 15 М
Clear consciousness 

with intellectual-mnestic 
impairment

3 + – –

A. 16 М MSC+ 5 + – –

Note. MCS — minimal consciousness state (+/–); GD — generalized dystonia; M — myoclonus; GMFCS — Gross Motor Function Classification System.

Table 2. Parameters of MEP and CMCT during single-pulse TMS in patients with PAE with recording from the m. abductor 
pollicis brevis bilaterally

Pa
tie

nt

Ag
e,

 y
ea

rs

Disease period

Parameters of the motor evoked potential 
of the right hemisphere

Central  
motor 

conduction 
time of the 
right CST

Parameters of the motor evoked potential of 
the left hemisphere

Central 
motor 

conduction 
time of the 

left CST

motor 
threshold, 

%

latency, 
ms

amplitude, 
mV

area, 
mV×ms

motor 
threshold, 

%

latency, 
ms

amplitude, 
mV

area, 
mV×ms

S. 3 Intermediate – – – – – – – – – –

S. 4 Long-term – – – – – – – – – –

B. 9 Intermediate 85* 18.7 3.31 11.3 6.8 85* 19.8 0.977 3 9.01

B. 10 Long-term 75 18.8 1.21 5.4 7.43 75 19.1 0.828 2.2 7.33

P. 14 Long-term 85* 17.2 0.107* 0.4 6.23 85* 29.3* 0.048* 0.4 12*

S. 12 Long-term 60 20.8 0.692 3 10.4* 50 22.1* 2.07 5.9 10.7*

М. 2 Intermediate – – – – – – – – – –

P. 5 Long-term – – – – – – – – – –

B. 5 Intermediate – – – – – – – – – –

B. 4 Intermediate – – – – – – – – – –

B. 5 Long-term – – – – – – – – – ––

М. 3 Intermediate – – – – – – – – – –

М. 1 Intermediate – – – – – – – – – –

Note. *Results deviating from normative values. The normative data provided are derived from age-related dynamics of motor evoked potential parameters and central motor conduction time 
in children (according to K. Muller et al.2).

2Muller K, Homberg V, Lenard HG. Magnetic stimulation of motor cortex and nerve roots in children. Maturation of cortico-motoneuronal projections. Electroencephalogr Clin Neurophysiol. 1991;81(1):63–70.  
DOI: http://doi.org/10.1016/0168-5597(91)90105-7
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Table 3. Results of automatic quantitative volumetric morphometric analysis of brain structures

Pa
tie

nt

Ag
e,

 y
ea

rs

PAE period

Gyrus volume/cortical thickness
Thalamus/

volumeright hemisphere left hemisphere

PrCG MFG SMA PrCG MFG SMA

S. 3 Intermediate 9.92*/1.6* 17.88*/2.03* 3.54*/2.19* 10.31*/1.59* 17.21*/2.11* 4.46*/2.13* 5.13*

S. 4 Long-term 12.09*/3.03* 22.48/3.44 4.41*/3.97* 12.36*/2.86 24.14/3.36 4.76*/3.6 7.46*

B. 9 Intermediate 11.24/1.22 16.46/1.61 4.65/1.87 11.1/1.1 17.86/1.52 5.04/1.68 9.07

B. 10 Long-term 13.3/2.37 20.28/3.3 5.51/3.34 12.25/ 2.37 21.17/2.9 5.76/3.1 10.74

P. 14 Long-term 8.46*/1.14* 17.54*/1.63* 4.03*/1.66* 8.38*/1.39* 13.71*/1.54* 4.01*/1.6* 4.78*

S. 12 Long-term 11.43*/1.69* 20.6/2.13* 3.88*/2.56 12.21*/1.53* 19.18*/1.98* 4.5/2.17* 9.05*

P. 5 Long-term 8.04*/2.8* 16.11/2.56 3.26*/3.52* 8.42/2.5* 18.35/2.62 3.42/3.29 6.35*

B. 4 Intermediate 8.46*/1.82 13.13*/2.22* 3.65*/2.14* 9.25*/1.55* 12.55*/2.05* 3.3*/2.23* 6.19*

B. 5 Long-term 9.06*/1.93 14.48*/2.54 3.8*/2.29* 9.51*/1.62* 13.25*/2.29* 3.4*/2.17* 6.96*

М. 1 Intermediate 5.67*/2.73* 9.7*/2.2 2.15*/1.7* 5.02*/2.13 9.2*/2.19 1.41*/1.35* 2.29*

Note. PrCG — precentral gyrus; MFG — middle frontal gyrus. * — volume reduction relative to age norm.

Table 4. Results of MR Tractography of CSTs Originating from the PMC and SMA of Both Hemispheres

Pa
tie

nt

Ag
e,

 y
ea

rs Disease 
period

SMA tract on the left SMA tract on the right PMC tract on the left PMC tract on the right

vo
lu

m
e

le
ng

th

FA AD
C

vo
lu

m
e

le
ng

th

FA AD
C

vo
lu

m
e

le
ng

th

FA AD
C

vo
lu

m
e

le
ng

th

FA AD
C

S. 3
Interme

diate
433 100.5 0.467 0.892 – – – – – – – – – – – –

S. 4
Long-
term

1194 106.8 0.386 1.039 2061 108.7 0.395 1.097 477 90 0.461 1.04 577 108.5 0.444 1.039

B. 9
Interme

diate
– – – – – – – – 575 110 0.445* 0.906* 1470 125 0.48*6 0.932*

B. 10
Long-
term

1561 135 0.478* 0.928* 383* 123 0.481* 0.89* 3072 141 0.476* 0.931* 2200 133 0.447* 0.921*

P. 14
Long-
term

1438 104 0.434* 1.1* 2977 138 0.432* 1.012* 1061* 115 0.453* 1.02* 4655 126 0.433* 1.057*

S. 12
Long-
term

2955 123 0.483* 0.959* 3338 136 0.389* 0.997* 3672 135 0.47* 0.975* 3505 125 0.448* 0.998*

P. 5
Long-
term

1900 124 0.395 1.098 2011 123 0.379 1.154 1961 124 0.402 1.086 1522 105 0.391 1.239

B. 4
Interme

diate
1061 130 0.428 0.944 466 99.9 0.396 0.947 1566 127 0.401 1.083 1316 101 0.412 1.215

М. 1
Interme

diate
– – – – – – – – – – – – – – – –

N.

6–
6
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3 
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Note. ADC — apparent diffusion coefficient; blank field — tractography not possible; *abnormal.
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Table 6. Results of cortical SSEP and VEEG in children with PAE

Patient
Age, 

years
Disease period

Right hemisphere N20 Left hemisphere N20
Houlden 

score

VEEG

latency, 
ms

amplitude, 
μV

latency, ms
amplitude, 

μV
epileptiform 

activity
dominant 
rhythm

sleep 
patterns

S. 3 Intermediate – – – – 1 + – –

S. 4 Long-term – – 20.5* 1.47 2 + + +

B. 9 Intermediate 20.6 4.8 20.2 4.6 4 + + +

B. 10 Long-term 15.1 0.385 15.3 0.21 6 – + +

P. 14 Long-term – – – – 1 – – –

S. 12 Long-term 21.8* 5.5 17.1 3.28 5 – + +

М. 2 Intermediate 13.4 0.414* – – 2 + – +

P. 5 Long-term – – – – 1 – + NFA

B. 5 Intermediate – – – – 1 – – –

B. 4 Intermediate – – – – 1 + – –

B. 5 Long-term – – – – 1 + + +

М. 3 Intermediate 23.3* 4.24 23.8* 0.138 4 – + +

М. 1 Intermediate 21.7* 0.263 – – 2 – – –

М. 15 Intermediate 26.8* 6.82 26.7* 3.55 4 – + +

А. 16 Long-term – – – – 1 – – NFA

Note. NFA — child did not fall asleep; * — deviation from normative values. 

Table 5. Severity assessment for the atrophic changes in the CST and subcortical structures involved in voluntary motor 
function according to MRI data

Pa
tie

nt

Ag
e,

 y
ea

rs Disease 
period

Left Right

Total 
score

M
1

PM
C

SM
A

SC
T

st
ria

tu
m

th
al

am
us

sc
or

e

M
1

PM
C

SM
A

SC
T

st
ria

tu
m

th
al

am
us

sc
or

e

S. 3 Intermediate       ++ + ++ 2.5       +++ + ++ 3 5.5

S. 4 Long-term       ++ + ++ 2.5       ++ + ++ 2.5 5

B. 9 Intermediate         + + 1         + + 1 2

B. 10 Long-term           + 0.5           + 0.5 1

P. 14 Long-term +++ ++ ++ ++ ++ ++ 6.5 +++ ++ ++ ++ ++ ++ 6.5 13

S. 15 Long-term       ++ + ++ 2.5       ++ + ++ 2.5 5

М. 3 Intermediate ++ + + ++ ++ ++ 5 ++ + + ++ ++ ++ 5 10

P. 5 Long-term + + + + ++ ++ 4 + + + + ++ ++ 4 8

B. 4 Intermediate + + + + + + 3 + + + + + + 3 6

B. 5 Long-term + + + + + + 3 + + + + + + 3 6

М. 1 Intermediate +++ +++ +++ ++ ++ ++ 7.5 +++ +++ +++ ++ ++ ++ 7.5 15

M. 15 Intermediate   + ++     + 2     ++     + 1.5 3.5

А. 16 Long-term +++ +   + ++   3.5 +++ +   + ++   3.5 7 

Note. An empty field — normal; + 0.5 (mild); ++ 1 (moderate); +++ 1.5 (pronounced) degrees of atrophy.
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Discussion

Among patients in Group I (the largest group in the study), a 
favorable outcome in terms of partial regression of neurolo
gical deficit was observed in only one child, a 3-year-old with 
a history of a short-term freshwater drowning episode.

Analysis of Group I patients demonstrates a trend toward a 
favorable prognosis for recovery in cases of post-hypoxic in-
jury acquired during the period of locomotor skill formation, 
provided there are cortical components of SSEPs (≥ 4 points 
on the Houlden grading system) combined with a preserved 
dominant rhythm and physiological sleep patterns (accord-
ing to VEEG) in the intermediate period of the disease. Mor-
phometry findings for the cortical motor representation area 
and thalami showed a high frequency of atrophic changes; 
however, an increase in the volume of gyri and thickness 
of the cortical layer over time was not accompanied by res-
toration of their function. Assessment of structural damage 
proved less informative for predicting recovery among chil-
dren in Group I, which may be related to the small number of 
observations and/or limitations of the method in identifying 
reparative processes and age-dependent myelination. Diag-
nostic single-pulse TMS in the intermediate and long-term 
periods of the disease in children with PAE under 6 years 
of age is of little value for predicting the recovery of motor 
function. Epileptiform activity can be recorded both in the 
intermediate and long-term periods, complicating the child’s 
rehabilitation process.

Group II, corresponding to the stage of consolidation of the 
locomotor act, is represented by 1 clinical case. This case 
demonstrated the best outcome in terms of recovery of lo-
comotor function among all patients with PAE we observed.

The patient demonstrated MEPs upon stimulation of both 
hemispheres, with an increase in the motor threshold 
during the intermediate stage of the disease and its sub-
sequent normalization by the long-term period. Afferent 
TMS was functionally intact, as confirmed by the results 
of SSEPs (≥ 4 points on the Houlden grading system) and 
VEEG (dominant rhythm and physiological sleep patterns). 
According to morphometry, the child showed preserved 
volumes of the assessed brain structures. Structural as-
sessment of the brain showed that the patient scored less 
than 2 points in both hemispheres (out of a maximum of 
15 in the studied sample — indicating pronounced atrophic 
changes).

Of the 4 observed children in Group III, 2 had contraindica-
tions for the TMS assessments — an implanted pacemaker. 
As a result, single-pulse TMS was performed on only 2 chil-
dren, aged 12 and 14 years. In the 14-year-old child, who 
lacked voluntary movements, we managed to record altered 
(low-amplitude) MEPs. In the 12-year-old child, who had re-
gained the ability to perform voluntary movements, a bilat-
eral increase in CMCT along the corticocervical tract was 
noted, with an unchanged MEP threshold. The assessment of 
brain structures demonstrated a lower score in the 12- and 
15-year-old patients with a favorable outcome compared to 
the 16-year-old patient with an unfavorable recovery out-
come. The SSEP results in 2 children with MCS+ who lacked 

voluntary movements (aged 14 and 16) demonstrated the ab-
sence of cortical SSEP components and a dominant rhythm 
(the brain’s bioelectrical activity had a polyrhythmic pattern). 
Two children, aged 12 and 15, with positive changes in the 
recovery of consciousness level from MCS+ to severe intel-
lectual and mnestic impairment and the ability to move inde-
pendently, demonstrated increased latency of the N20 com-
plexes with a preserved dominant rhythm and sleep patterns. 
Generalized dystonia was observed in only 1 child (aged 12), 
and myoclonus was not recorded among the children in the 
older age group.

In a 14-year-old child with an unfavorable clinical outcome, 
partial anatomical preservation of the corticospinal tract 
was accompanied by an increased motor threshold and a 
decreased MEP amplitude. Furthermore, morphometric data 
revealed a volume deficit in the studied structures with a con-
duction block at the central level upon registration of SSEP 
cortical components.

A decrease in the fractional anisotropy coefficient and an 
increase in the radial diffusivity of corticospinal projections 
from the PMC and SMA were found in children of groups 
II and III compared to the control group, accompanying the 
course of PAE regardless of the clinical outcome.

Thus, we can assume that favorable outcome with the re-
covery of voluntary movement function in children over  
6 years of age with PAE might be considered in the presence 
of cortical components of somatosensory evoked potentials  
(≥ 4 points on the Houlden grading system), physiological 
sleep patterns and a dominant rhythm according to VEEG 
(in the intermediate and long-term periods of the disease), 
≤ 5 points on the severity scale of atrophic changes in brain 
structures, and unchanged MEP thresholds or CMCT.

According to our observations, the most vulnerable group 
for the systemic effect of hypoxia are children under 6 years 
of age, which is likely due to the physiological immaturity of 
synaptic structures and, consequently, the formation of net-
work hyperexcitability, as confirmed by frequent observations 
of paroxysmal motor phenomena and epileptiform discharg-
es, including in our sample predominantly among younger 
children. The etiological cause of network hyperexcitability 
under hypoxic conditions is the activation of excitatory corti-
cal synapses after anoxic depolarization [9–17].

Based on the obtained data, we can assume a leading role 
of the afferent CNS component across all age groups in the 
recovery of voluntary motor function, the integrity of which 
can be objectified by functional and neuroimaging studies.

The functional and anatomical integrity of the CST in the 
younger age group of children is likely fundamental for the 
subsequent formation of motor behavior; therefore, its se-
vere damage during the period of locomotor act development 
plays a key role in the inability to perform voluntary move-
ments [18]. In children at the stage of an already formed loco-
motor act, partial anatomical and functional preservation of 
only the efferent component, with severe impairment of the 
afferent ascending system, also does not allow for voluntary 
movements.
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A limitation of our study is the lack of normative data for MR 
tractography of the CST in the group under 6 years of age, which 
currently does not allow for definitive conclusions regarding the 
diagnostic value of the study indicators in children of this age.

Conclusion

The data indicate the importance of preserving the afferent 
component of the CNS in children with PAE across all 

age groups and also create a prerequisite for developing 
recommendations on the scope and timing of investigations 
depending on the child’s age. The period of locomotor 
act formation is associated with low diagnostic value of 
neurophysiological and neuroradiological methods for 
assessing the anatomical and functional integrity of the CST. 
Confirmation of the obtained results requires studies with a 
larger number of clinical observations followed by statistical 
data processing.
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