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ABSTRACT. Introduction. Recent work and accumulated knowledge over several decades have shown that general
anesthetics are potentially toxic to a child’s developing brain. In many animal studies, it has been found that after
exposure to anesthesia, neuroinflammation, apoptosis of neurons occurs at certain stages of brain development,
and persistent cognitive impairment subsequently forms. A number of cohort studies are alarming in assessing
the intellectual development of children who underwent general anesthesia at the age of 3 years. Several studies
have found a link between the use of anesthesia in early childhood and the subsequent development of cognitive
impairment, the appearance of learning problems. The purpose of the work is to present the results of a systematic
review of publications on the problem of the effect of general anesthesia on the cognitive functions of a child.
The search for publications was carried out by analyzing PubMed electronic bibliographic databases. Result. In
our study the analysis of preclinical studies, as well as the largest retrospective and prospective clinical studies,
is carried out; problems in identifying biomarkers associated with the neurotoxicity of general anesthetics are
identified; the role of surgical intervention and changes in homeostasis in the formation of postoperative cognitive
dysfunction is considered. Conclusion. At the moment, there is no convincing evidence that a single and short
exposure (less than 1 hour) to general anesthesia in early childhood has a causal relationship with a negative effect
on the neurocognitive functions of the child. Repeated exposure to anesthetics can lead to deterioration of some
of the child’s skills. There is a need to conduct new studies related to the prolonged effect of general anesthesia
(more than 1 hour) on the nervous system of children, to identify the dependence of the severity of neurotoxicity
on the duration of anesthesia and the choice of anesthetic. There is a need to identify suitable biomarkers
associated with the neurotoxicity of general anesthetics. It is necessary to study the role of surgical intervention,
the type of operation, and temporary changes in systemic homeostasis in the formation of postoperative cognitive
dysfunction in children.

KEYWORDS: general anesthesia, neurotoxicity, anesthetics, biomarkers, postoperative cognitive dysfunction,
childhood
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PE3IOME. Beegenne. MocnepnHne paboTbl N HAaKOMIEHHbIE 3@ HECKONbKO AECATUNETUI 3HAHUS NOKa3anu, YTo
o6LMe aHeCTEeTUKM NOTEHLMANIbHO TOKCUYHBI LIS pa3BUBALOLLErocs Mo3ra pebeHka. Bo MHOrux uccnefoBaHusx,
NPOBEAEHHbIX Ha XXMBOTHbIX, 6blNI0 YCTAHOBNEHO, YTO NOC/IE BO3AENCTBUS aHECTE3NUM Ha ONpefeNieHHbIX aTanax
pa3BuTUSA FONOBHOIO MO3ra BO3HMKAET HelipoOBOCManeHue, anonTo3 HeAPpOHOB M BNOCEACTBUU QOPMUPYHOTCS
CTOMKWE KOTHUTUBHbIE HapyLleHUs. Bbi3blBaeT HACTOPOXXEHHOCTb PSIA KOTOPTHbIX MCCNEA0BaHMIA MPY OLEHKE UH-
TenneKTyanbHOro pasBuTus AeTeil, NepeHeciunx 06LLy0 aHECTe3NI0 B BO3pacTe [0 Tpex neT. B Heckonbkux pa6o-
Tax 06HapyXXeHa CBA3b MeXJy NPUMEHEHEM HapKo3a B paHHEM LeTCKOM BO3pacTe U Nociefyow M pa3Butuem
HapyLWeHNA KOTHUTUBHBIX QYHKLUIA, @ TaKXKe NosBNeHneM npobniem B 06yyeHun. Ljesb paboTbl — NpefcTaBUThb
pesynbTaTbl CUCTEMATMYECKOro 0630pa ny6nnkauuin o npobneme BANSAHUSA 00LLE aHECTE3UN Ha KOTHUTUBHbIE
GyHKLMM pebenka. Mouck nybnmkaumii 6bin OCYLWECTBAEH NYTEM aHaNu3a 3MeKTPOHHbIX 6ubnnorpaduyeckmx
6a3 faHHbix PubMed. Pe3ynbTaTtel. lpon3BefeH pa3bop AOKNMHUYECKUX UCCNef0BaHUA, a Takxe Hanbonee
KPYMHbIX PETPOCMNEKTUBHBIX M MPOCNEKTUBHbIX KIIMHUYECKUX paboT. 0603HayYeHbl NPo6eMbl B BbISIBEHUM 61O-
MapKepoB, CBA3aHHbIX C HENPOTOKCUMYHOCTbIO O6LLNX aHECTETUKOB. PacCMOTPEH BONPOC PO/N XMPYPruYecKoro
BMeLlaTeNbCTBA U U3MEHEHUs roMeocTa3a B GOPMUPOBaHNM MOCNEONEpaLOHHON KOTHUTUBHOI AUCHYHKLMN.
3aknoyenne. Ha faHHbI MOMEHT HET y6eANTENbHbIX AaHHbIX O TOM, YTO OAHOKPATHOE U KOPOTKOE BO3Aeil-
cTBus (MeHee 1 yaca) 06LLeii aHECTE3UM B paHHEM JETCKOM BO3pacTe UMEET NMPUYMHHO-CNIECTBEHHYIO CBSA3b C
HEeraTUBHbIM BAWSIHUEM HA HEMPOKOTHUTUBHbIE BDYHKLUK pebeHka. MHOroKpaTHOe BO3AENCTBUE aHECTETMKOB
MOXEeT NPUBECTYU K YXyALIEHUO HEKOTOPbIX HaBbIKOB pebeHka. MeeTcs HEO6XOANMOCTb B NPOBEAEHUN HOBbIX
nccnefoBaHMii, CBA3aHHbIX C NPOAOXUTENbHBIM BO3JEHCTBMEM 06LLEli aHecTe3uun (6onee OAHOMO Yaca) Ha
HEPBHYI CUCTEMY [leTell U 3aBUCUMOCTU BbIPAXEHHOCTU HENPOTOKCUYHOCTU OT ASIMTENbHOCTU aHECTe3nn U
Bblbopa aHecTeTuka. CywecTByeT HEO6XOANMOCTb B ONpeLeneHun NoAXOAALNX 6UOMapKepOB, CBA3AHHbIX C
HEiPOTOKCUYHOCTbI 06LMX aHecTeTUKOB. TpebyeTcs NpoBefeHNe HOBbIX paboT, U3yyatoLWwnx ponb XUPYpru-
YecKoro BMeLlaTenbCTBa, BUAa onepaLinm, BpeMEHHOT0 MU3MEHEHUsi CUCTEMHOr0 roMeocTasa B hopMupoBaHuu
nocneonepaLnoHHON KOTHUTUBHOW JUCHYHKLMN Y AeTell.

KNIOYEBDIE CJI0OBA: o6ujas aHecTe3us, HeAiPOTOKCUYHOCTb, aHECTETUKYM, BUOMAapPKePbI, ocaeonepayuoHHas
KOrHUTUBHAsA AUCOYHKLMSA, BETCKMIA BO3pacT
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INTRODUCTION

REVIEWS

ANIMAL RESEARCH

The anesthesiologist informs children and parents
about the possible risks associated with the use of
anesthesia. Some complications, such as damage
to the lips and teeth, anaphylaxis, regurgitation of
gastric contents into the airways, sore throat, nau-
sea and vomiting, may occur immediately. But there
is a risk that is much more difficult to assess — the
effect of the anesthetic on the developing brain of
the child. Parents are increasingly interested in the
neurocognitive functions of their children after gene-
ral anesthesia, although many anesthesiologists still
rarely assess the possible risks of developing cog-
nitive dysfunction during the preoperative check-up.
The relevance of the topic is due to the prevalence of
surgical interventions and diagnostic studies requi-
ring anesthesia during periods of development of the
child's nervous system. Initially, the results obtained
during pre-clinical animal research showed that the
basis for changes in cognitive functions after anes-
thesia is neuronal apoptosis (programmed death)
during the formation of synaptic connections [1]. The
observed neurodegeneration caused alarm, and many
animal research, as well as clinical trials, began to
focus on this issue.

The article provides a systematic review of publi-
cations on the problem of the effect of general anes-
thesia on cognitive functions in children. The initial
data of preclinical research, early retrospective cli-
nical analyses on this topic, and the results of recent
cohort studies are discussed. Based on this, the
problems and prospects for new studies are iden-
tified. The review includes articles published from
1981 to 2023. The search for publications was car-
ried out by analyzing PubMed electronic bibliogra-
phic databases in the spring of 2024. The research
request included the following words and phrases:
post-operative cognitive dysfunction, anesthesia.
Based on the search results, 960 records were iden-
tified in the databases, of which 783 articles were
recognized as potentially relevant. When assessing
the relevance of the content of these articles, a set
of 45 publications was formed, presented below.
The analysis was carried out on articles published in
English and Russian.

The study of the effect of anesthetics on the central
nervous system is an important aspect of the safety of
using these agents in clinical practice. Studies of the
toxic effect of general anesthetics on the developing
brain have been conducted for several decades and
continue to be actively carried out until now. As early
as 1981, an article entitled “Exposure to halothane and
enflurane affects learning function of murine progeny”
was published in the journal Anesthesia & Analgesia
[2]. This experiment showed that mice exposed to ha-
lothane or enflurane in utero were worse in maze per-
formance than control group, which was not exposed
to anesthetics. Moreover, in some cases, learning
disorders were also detected in the next generation of
mice exposed to halothane.

Important study was published in 1999 in the
journal Science, “Blockade of NMDA receptors and
apoptotic neurodegeneration in the developing
brain” [1]. This work established a link between ear-
ly exposure to NMDA receptor antagonists and the
development of neuroapoptosis in rat pups. In the
following years, the number of studies and publi-
cations only grew, and it became increasingly clear
that the effects of anesthetics on the central ner-
vous system of animals are indeed toxic. Exposure
to anesthetics can cause both neuroapoptosis and
significant behavioral disturbances in animal mo-
dels, such as mice, rats, guinea pigs, and non-human
primates [3-5].

The fact that in non-human primates adverse ef-
fects were detected a comprehensive manner at the
biochemical, morphological, histopathological and
behavioral levels was of particular concern [6]. The
results in the presented studies raised a new ques-
tion: can the data obtained in animal research be ex-
trapolated to humans? Given the growing amount of
information obtained from preclinical research, the
United States Food and Drug Administration (FDA)
has made recommendations in 2007 that elective pro-
cedures involving general anesthesia in children under
3 years of age should be delayed whenever possible.
The committee also concluded that additional studies
are needed to understand the significance of data on
the effects of anesthetics on animals for children who
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will be exposed to general anesthesia. Since then,
many animal studies and clinical trials have focused
on this issue [7].

At the same time, the FDA statement provided was
the impetus for new studies that needed to assess
neurological disorders in children exposed to general
anesthesia in the long term. With the support of the
FDA and IARS (International Association for Recon-
ciliation Studies, International Anesthesia Research
Society), the SmartTots program (https://smarttots.
org/) is being created. Its aim is to assess the effect
of anesthetics on children’s development, as well as
to assist and support scientists working in this field.
It was after the FDA statement of 2007 that several
large and important studies were conducted on this
topic.

RISING ALARM

Several studies were published at once in 2009,
addressing the topic of postoperative cognitive dys-
function in children. One of them is an observational
study by C. DiMaggio et al. [8]. A cohort of 383 child-
ren who had undergone inguinal hernia repair within
the first three years of life was selected. They were
compared with 5,050 subjects of similar age who
had not had surgery performed for up to three years.
It was found that behavioral disorders and deve-
lopmental delays were detected more than twice as
often in children who had undergone surgery. Then
the same authors conducted another large study to
determine the influence of environmental factors [9].
A cohort of 10,450 siblings was formed, from which
a group of 304 children exposed to general anes-
thesia before the age of three years was isolated. A
comparison was also made with 10,146 siblings who
did not undergo surgery and were not exposed to ge-
neral anesthetics before the age of three years. The
study found that behavioral deviations and neuro-
developmental disorders were 60% more common in
children who had surgery. Moreover, the estimated
odds ratio for developmental or behavioral disorders
increased with multiple surgeries. It was 1.1 (95%
Cl 0.8-1.4) for one surgery, 2.9 (94% Cl 2.5-3.1) for
two surgeries, and 4.0 (95% Cl 3.5-4.5) for three or
more surgeries.
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In 2009, the results of a population-based retro-
spective study by R.T. Wilder et al. were also pub-
lished, which examined the effects of anesthetics on
children under four years of age. Scientists selected
a group of 5,357 children, of which 593 children were
exposed to general anesthesia. The study found that
subjects who had undergone general anesthesia once
before the age of four showed results comparable to
the control group. However, the results in reading,
writing, and mathematics in children had been given
general anesthesia several times were noticeably
worse, and learning difficulties were detected more
often [10].

One of the stages of research was the comparison
of twins. M. Bartels et al. published an article in which
1143 pairs of identical twins from the Netherlands
Twin Register were analyzed [11]. Separately, pairs of
twins were identified in which one or both of the sib-
lings had undergone general anesthesia before the
age of three. It is worth noting that the authors did not
take into account the duration of general anesthesia
and the nature of the surgical intervention. The results
showed that at age 12, the twins exposed to anesthe-
sia before age 3 had significantly lower academic per-
formance and more cognitive problems than the twins
who were not exposed to anesthesia. It is interesting
that study presented has an important nuance: the
same poor academic performance was demonstra-
ted by the twins who did not undergo anesthesia from
the observed pairs, not differing directly from their
exposed siblings. This information excludes a causal
relationship between the effects of anesthetic on the
child's nervous system.

It should also be mentioned that in addition to the
general study, the above-mentioned work by C. Di-
Maggio et al. [9] also assessed 138 pairs of twins, in
which one child had undergone surgery and the other
had not. In this part of the analysis, it was found that,
just as in the article by M. Bartels et al., when asses-
sing pairs of discordant twins, the risk of developing
neurological disorders was not significantly associa-
ted with the effects of general anesthesia. Such dis-
crepancies in the results raised even more questions,
and it became clear that a more in-depth analysis of
the existing problem was needed. There was a need
to conduct larger-scale studies, including randomized
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clinical trials [12]. Such studies included GAS, MASK,
and PANDA, which will be discussed in more detail
below.

GENERAL ANAESTHESIA
OR AWAKE-REGIONAL ANAESTHESIA
IN INFANCY (GAS)

The aim of the first multicenter randomized clinical
trial was to identify the negative effects of a general
anesthetic (sevoflurane) on the development of the
nervous system of a child who underwent anesthesia in
infancy. The study included 722 children from 7 coun-
tries at a postconceptional age of up to 60 weeks, born
no earlier than 26 weeks' gestational age. All observed
patients underwent inguinal hernia repair. The children
were divided into two equal groups. In the first group,
regional anesthesia was performed subjects in a wa-
king state using bupivacaine or levobupivacaine. In the
second group, sevoflurane was used for induction and
maintenance of anesthesia. No additional opioid or ni-
trous oxide administration was permitted, but regional
blockades with bupivacaine were allowed to provide
postoperative analgesia. It is noteworthy that the
mean duration of anesthesia in the general anesthesia
group was 54 minutes. Follow-up neurodevelopmental
assessments were performed at age 2 years (adjus-
ted for prematurity) and for 4 months after age 5. In
total, the study was completed for 205 subjects using
awake-regional anesthesia and 242 using general
anesthesia.

Based on the results of tests on the mental and
neurocognitive development of children at the age of
two and five years, no convincing differences in the in-
tellectual development of the two groups were found.
The results of the presented work allowed the authors
to conclude that the effect of general anesthetic on a
child in early infancy will not cause significant neuro-
cognitive or behavioral disorders at the age of two and
five years [13, 14].

MAYO ANESTHESIA SAFETY IN KIDS
(MASK)

In the observational study under review, the authors
aimed to evaluate the effect of general anesthetics on

REVIEWS

the nervous system of children who had undergone
anesthesia several times before the age of three. The
researchers selected a group of children born from
January 1, 1994 to December 31, 2007. During the
medical record review, the subjects were divided into
three groups: 411 children who had not undergone ane-
sthesia, 380 children who had undergone anesthesia
once, and 206 children who had undergone anesthesia
multiple times. Each group was subdivided into two
age categories: from 8 to 12 years (preadolescence)
and from 15 to 19 years (adolescence). It is notewor-
thy that such distribution was aimed not only at sepa-
rating by age characteristics, but also due to the wider
introduction of sevoflurane into anesthetic practice
for the preadolescent group. Mean duration of general
anesthesia was 45 and 187 minutes for patients who
underwent general anesthesia once and multiple times,
respectively. At the same time, 2/3 of the subjects who
underwent multiple exposures were under anesthesia
for more than two hours. According to the study, the
most frequently used anesthetics were sevoflurane
and nitrous oxide, and the most common types of sur-
gical interventions were ENT and cardiovascular sur-
geries. Each child was assessed for intellectual deve-
lopment using the WASI (Wechsler Abbreviated Scale
of Intelligence), then attention, reaction, visual-motor
memory, etc. were analyzed using various tests. In ad-
dition, the parents of the children participating in the
study compiled reports on the behavior, learning, and
development of their child.

The results showed that subjects who had been re-
peatedly exposed to general anesthesia performed only
slightly worse on the intelligence test than the group
who had been exposed once and the children who had
not been anesthetized at all. The available data allowed
the authors to conclude that exposure to general anes-
thetics before the age of three is not associated with re-
duced intelligence in preadolescence and adolescence.
Regarding the results of the child's skills, it is worth no-
ting that only children exposed to repeated general an-
esthetics showed a decline in information processing
speed and fine motor skills. Along with this, other skills
among the groups, such as reaction, attention, verbal
expression of thoughts, etc., were at a comparable le-
vel. It is also noted that parents of those children who
had been repeatedly anesthetized more often reported
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problems related to their children's behavior and rea-
ding [15].

PEDIATRIC ANESTHESIA
NEURODEVELOPMENT ASSESSMENT (PANDA)

The PANDA project is a large multicenter study that
aims to evaluate the development of the nervous sys-
tem in children who underwent a single exposure to
general anaesthesia for inguinal hernia repair before
the age of three years. Two groups were examined:
the children who had undergone anesthesia, and sub-
jects' brothers and sisters who had not been exposed
to anesthesia. Siblings had to be close in age with a
difference of no more than three years. Children aged
8 to 15 years were assessed for cognitive function, as
well as intelligence and behavior. A total of 105 pairs of
siblings were analyzed in the study. All the patients who
underwent anesthesia received inhalational anesthe-
tics (43 sevoflurane, 5 isoflurane, 57 sevoflurane and
isoflurane). Both inhalational and intravenous anes-
thetics (propofol, thiopental, ketamine and midazolam)
were given to 28 patients. Additional opioid analgesia
was administered to 75 subjects and 39 children re-
ceived additional spinal anesthesia. Mean duration of
general anesthesia was 84 minutes. The study found no
significant differences in intelligence, memory, atten-
tion, behavior, or information processing speed among
children who underwent general anesthesia before age
three compared with their siblings who were not under-
going general anesthesia [16].

The results of the above-mentioned MASK, GAS
and PANDA studies in many review articles are often
considered together and cause heated discussions
[17-20]. Subsequently, these works became the foun-
dation for new studies on the effect of anesthesia on
the nervous system of the child.

UNRESOLVED ISSUES
AND NEW RESEARCH

The above studies were unable to fully resolve the
issues raised by the FDA in 2007, which focused on
the risks of general anesthesia in children. However,
analyzing the results obtained in these studies, we can
form a number of preliminary conclusions:
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* probably, short-term single exposure to general
anesthesia does not affect the neurocognitive
functions of children in subsequent development;

it is worth assuming that repeated exposure
to general anesthetics has harmful effects on
a number of children's skills, which causes
reasonable alertness;

* there remains uncertainty associated with the
long-term effect of general anesthesia (more than
1 hour) on the nervous system of children and
dependence of the severity of neurotoxicity on the
duration of anesthesia.

Despite many unanswered questions, in 2016 the
FDA issued a new, tougher statement: “Repeated or
lengthy use of general anesthetics and sedation drugs
during surgeries or procedures in children younger than
3 years or in pregnant women during their third trimes-
ter may affect the development of children’s brains.
Healthcare professionals should balance the benefits
of anesthesia in young children and pregnant women
against the potential risks, especially for procedures
that may last longer than 3 hours or if multiple proce-
dures are required in children under 3 years” [21]. This
notice caused a lot of discussion and debate among
anesthesiologists [22-24]. The European Society of
Anaesthesiology and Intensive Care even issued a re-
sponse that they do not share the opinion of the FDA
specialists. This was argued by the fact that at the mo-
ment there is no convincing data, confirmed by human
studies, that would indicate any effect of prolonged or
continuous anesthesia on neurocognitive abilities and
development of children [25].

Debate continues to this day, but one thing remains
clear: there are still insufficient studies to draw clear
final conclusions [26-28]. Due to the difficulty of con-
ducting randomized clinical trials of the neurotoxic
effect of anesthetics and their impact on children’s
cognitive skills, only one large project, GAS, has been
implemented. According to the analysis of published
articles, since 2018, due to the shifting focus towards
problems associated with the COVID-19 pandemic,
interest in research on the neurotoxic effect of ane-
sthetics has somewhat decreased [29]. However,
scientific interest in the problem is gradually reviving,
and a number of large clinical trials are currently un-
derway. The study of Professor P. Szmuk et al. on the
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T-REX trial stands out. A multicenter randomized cli-
nical trial is being conducted, which compares infants
who have been administered standard dose of sevoflu-
rane with children who underwent combined anesthesia
with low doses of sevoflurane, dexmedetomidine and
remifentanil [30]. Duration of anesthesia considered
in the study is 2 hours and more. A total of 440 new-
borns requiring surgery are randomly assigned to re-
ceive different types of anesthesia: standard doses of
sevoflurane or combined anesthesia. The results of this
research should clarify the impact of prolonged general
anesthesia on the developing child’s brain.

BIOMARKERS AND NEUROIMAGING

The study of neurotoxicity of general anesthetics is
complicated by the difficulty of assessing cognitive sta-
tus in young children. Most studies evaluate children's
cognitive functions primary school or school age. Given
the assumption that young patients under three years
are most susceptible to the effects of anesthetics [21],
there is a long delay between exposure to general anes-
thesia and assessment of its effects [31]. There is a
need for long-term observation of children who have un-
dergone anesthesia at an early age, and the likelihood
of distortion of results due to environmental and other
factors increases. Identification of suitable biomar-
kers associated with general anesthetic neurotoxicity
may be extremely valuable for clinical trials. Biomar-
ker detection could help assess interim outcomes and
understand the mechanism of central nervous system
injury. And if biomarker values can be linked to long-
term outcomes, it may be possible to detect injury at an
earlier stage, thereby reducing the time between anes-
thetic exposure and assessment of the effect. This, in
turn, would reduce the need for long-term follow-up in
clinical trials.

One of the biomarkers proposed for consideration
by a number of authors is the level of S1008 protein
in serum or cerebrospinal fluid. Animal research has
shown that ST1008 is effective in detecting acute neuro-
logical injury to the developing brain caused by general
anesthesia [32-34]. An analysis of several studies has
revealed a correlation between postoperative cognitive
dysfunction and elevated S1008 levels in adult patients
[35]. However, studies conducted in children have had

REVIEWS

mixed results [36-38], and the assessment of the re-
lationship between changes in S1008 levels and post-
operative cognitive dysfunction in children requires
further study. In addition, obtaining cerebrospinal fluid
from conscious children also causes certain difficul-
ties, which complicates the use of cerebrospinal fluid
biomarkers in clinical trials.

In connection with these facts, neuroimaging has
become another alternative assessment of the neuro-
toxicity of anesthetics [39]. In 2015, a study was pub-
lished in which magnetic resonance imaging (MRI) data
showed a decrease in gray matter volume of in the brain
of children who underwent anesthesia before the age of
four [40]. Also, a recent study assessed the results of
the MRI and neuropsychological indicators in 102 child-
ren aged 9 to 10 years, 24 of whom were exposed to
general anesthesia in infancy. It turned out that sub-
jects who were exposed to anesthesia had a decrease
in gray matter volume of the right inferior frontal gyrus,
as well as reduction in the ability to control their emo-
tions [41]. In addition to measuring the volume of gray
matter and other structures, MRl in children can be used
to assess the interaction between different areas of the
central nervous system (CNS) both during brain acti-
vation during certain cognitive tasks and tests and at
rest without performing any tasks [42, 43]. It should be
emphasized that there are currently no data that have
clearly established the relationship between changes in
the CNS according to MRI results and the presence of
postoperative cognitive dysfunction in children, and
future studies should be aimed at assessing structu-
ral disorders in combination with neuropsychological
analysis. It should be noted that, although this method
is promising, it has an obvious disadvantage — the dif-
ficulty of use in young children who require sedation
for MRI.

IMPACT OF SURGICAL INTERVENTION
AND OTHER FACTORS

Many studies have focused on the effects of ge-
neral anesthetic on children's cognitive function. Ho-
wever, there is still little specific information on the
role of surgery and type of surgical procedure on post-
operative cognitive dysfunction in children. There is a
lack of understanding of how a particular type of sur-
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gery, combined with different types of general anesthe-
sia, may affect a child's developing brain. For example,
a study on seven-day-old rats found that prolonged
anesthesia after exposure to nociceptive stimuli re-
sulted in significantly greater apoptosis in the central
nervous system compared to the situation when only
general anesthesia was used [44]. An isolated study
of the effect of surgical intervention on cognitive func-
tions in humans has a number of difficulties, primarily
ethical ones, because the creation of a group to per-
form an operation in children without any anesthesia
is impossible. It is necessary to analyze non-surgical
diagnostic and therapeutic procedures that require an-
esthesia in comparison with surgical interventions in
future studies.

Another important issue is the impact of temporary
changes in systemic homeostasis during general anes-
thesia on the developing brain of the child. There is ev-
idence that changes in homeostasis, such as hypoxia/
hyperoxia, hypoglycemia/hyperglycemia, changes in
electrolyte composition, and low blood pressure, lead
to worsening of postoperative neurological outcomes
in children [27, 45]. But, there is still little information
on how neurological disorders due to changes in ho-
meostasis are related to the patient's age, duration,
type of anesthesia and surgery. There are currently no
studies identifying causal relationship. It is clear that
new studies to investigate the impact of changes in
systemic homeostasis during and after surgery on the
development of the nervous system are needed.

CONCLUSION

A large amount of evidence on the neurotoxicity of
anesthetics was collected animal research and clinical
trials in children. However, there is currently limited in-
formation received on neurocognitive risk after of expo-
sure to general anesthesia. The GAS, MASK, and PANDA
studies have provided some preliminary conclusions
that can be used in anesthesiology practice to assess
the risk of postoperative cognitive dysfunction. The re-
sults of the studies showed that single and short expo-
sure (less than 1 hour) to general anesthesia does not
affect children’s neurocognitive function. But, repeated
exposures to anesthetics may impair some of a child’s
skills. Future additional studies are needed to better un-
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derstand the conditions that may lead to risk. The ef-
fects of different drugs and drug combinations, impact
of anesthetic dose and frequency of repeated anesthe-
sia should be studied.

In addition, many other issues remain unsolved.
There is still uncertainty regarding the effects of gene-
ral anesthesia for more than one hour on the nervous
system of children. The study of Professor P. Szmuk
et al. on the T-REX trial should clarify this question.
There is a need to identify more precise biomarkers as-
sociated with general anesthetic neurotoxicity for the
assessment of intermediate outcomes. This, in turn,
may resolve one of the major problems in conducting
prospective studies in this field. Biomarker detection
should be a promising topic for new studies in the fu-
ture. It is also important to develop methods to identify
anatomical damage after general anesthesia and es-
tablish a putative association with adverse neurocogni-
tive outcomes in children. MRI seems to be one of the
possible methods for detecting damage. In addition to
the effect of anesthesia, new studies should also de-
termine the role of surgery, type of surgical procedure
and temporary changes in systemic homeostasis in the
development of postoperative cognitive dysfunction in
children.
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AOMOAHUTEABHAA UHOOPMALUA

ABTOp npounTan u ofo6pun GUHaNbHYK BEpCUto
nepep ny6nukaumen.

KoHnukT MHTEpecoB. ABTOp feknapupyeT oTcyT-
CTBME ABHbIX M MOTEHLMANbHbIX KOHPIMKTOB UHTEpE-
COB, CBAI3aHHbIX C Ny6AMKaLmMein HacTosLwei cTaTby.

WUcToyHnk puHaHcupoBaHuA. ABTOp 3asBNiAeT 06
OTCYTCTBWM BHELIHEro GMHaHCMPOBaHUSA NpK NpoBe-
LEHUMN UCCNeA0BaHMS.
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