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ABSTRACT

The aim of the literature review was to highlight modern scientific sources on the formation and clinical
manifestations of cognitiveimpairment in children and adol escentswith type 1 diabetes mellitus (DM) after diabetic
ketoacidosis (DKA). Type 1 DM is one of the most prevalent endocrine disorders in childhood and adolescence.
DKA isthe most common acute complication of type 1 DM that may cause cognitive impairment. Cerebral edema
is the main cause of cerebral vascular insufficiency in patients with DKA. However, the mechanisms underlying the
development of cognitive dysfunction in DKA have not been fully elucidated.

The leading hypotheses include development of neuroinflammation, oxidative stress, disruption of neurogenesis,
and neurodegeneration. Hypoxic —ischemic injury and changesin the brain neuroanatomy may al so cause cognitive
dysfunction. Disruption of some brain structures has been reported after DKA episodes, primarily affecting the
white matter. Clinical studiesin the pediatric population support the presence of a correlation between the severity
and frequency of DKA and the severity of cognitive impairment. Cognitive dysfunction in children and adolescents
after a DKA episode can manifest through decreased attention, impaired memory and executive function, and
reduced |Q. The earliest possible diagnosis of cognitive impairment in pediatric patients with symptoms of DKA in
the context of type 1 DM can improve the treatment prognosis for this endocrinopathy.
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PE3IOME

Llens wmccnemoBaHHWs — OCBEHIEHWE COBPEMEHHBIX HAyYHBIX HCTOYHHKOB IO BOmpocaM (OPMHPOBAHUS H
KIMHAYECKUM TIPOSBICHUSIM KOTHUTHBHBIX HApyIICHHH y JeTell W MOIPOCTKOB C caxapHeiM amaberom (CJI)
1-ro Tuma mocne nepeHeceHHoro anadermyeckoro keroanunosa (AKA). C/l 1-ro Tuna sBiseTcs OJHUM M3 pac-
MIPOCTPAHEHHBIX YHAOKPHHHBIX 3a00JIeBaHMN B IETCKOM M MOAPOCTKOBOM Bozpacte. JIKA — mambonee wactoe
octpoe ocnoxkHenne CJI 1-ro Tuma, KOTOPBIH MOXKET BBI3BIBATh KOTHUTHBHBIE HapymeHus. OTeK TOJIOBHOTO
Mmosra mpu JKA sBrsieTcss OCHOBHOI NMPUYMHON, MPUBOIAIIEH K LepeOpaabHOl HETOCTATOYHOCTH. MeXaHH3MbI
(hopmupoBaHH KOTHUTUBHOH aucdyHKunu npu JJKA monMHOCTBIO HE BBISICHEHBI.

Benymumu runore3aMu SBISIOTCSA: BO3HMKHOBEHHE HEHpOBOCHAIIEHHS, OKCHIATHUBHBIM CTpecc, HapylleHue
IpoLecCOB HelporeHesa M HeWpopaereHepanus. | 'MIOKCHUYECKHU-UIIEMUYECKHE HApYIIEHHS U H3MEHEHHs B
HEeHpPOaHATOMHHU TOJIOBHOTO MO3ra TAaKXKE MOTYT SIBISITBCS NPUYMHAMH KOTHUTHUBHOW nuchyHKInU. OTMEueHO
HapyLIeHHEe HEKOTOPBIX CTPYKTYp rojioBHoro mosra mocie JIKA, B mepBylo ouepens Oenoro BelecTBa.
KnuHnueckue uccneoBanus, IpOBEICHHbBIC B IEIUATPUUYECKOI MOMYJIISIIIUY, TOATBEPKAAIOT KOPPEIALMIO MEXKAY
TKECThIO U yacToToi JIKA M BBIPaKCHHOCTHIO KOTHUTUBHBIX HapyiieHud. KorHuTHBHAS AUCHYHKIHS Y AeTeh
1 noapocTkoB nocie JJKA MoxeT nposiBIsAThCSA B CHUKCHUN BHUMaHUS, HAPYIIEHUH IAMATH U UCIIOIHUTEIbHON
¢dyHKIMY, a TaKXKe B HU3KOM ypoBHe Q. MakcumansHO paHHsIsl JMarHOCTHKA KOTHUTHBHBIX HApyLICHHUH B IIeAna-
Tpudeckoil npakruke npu CJI 1-ro Tuna ¢ npossienusMu JJKA MoxeT yaydInTh TepaneBTUYECKUN IPOTHO3 PU
JICUCHUHU TaHHOM SHJIOKPUHOMATUH.

KiroueBsble ciioBa: caxapublii fuadet 1-ro Tuma, quadeTHYecKuil KeToannua03, KOTHUTUBHBIC HAPYIICHUS, IETH
U TIOIPOCTKH

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHE SIBHBIX U MOTEHIIMAIBHBIX KOH()INKTOB HWHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaThH.

Hcrounuk ¢puHaHCHPOBAaHUSA. ABTOPBI 3asBIAIOT 00 OTCYTCTBHH (UHAHCHPOBAHMUS IPU IPOBEACHUH HCCIIENIO-
BaHUAL.

Jnsa nurupoBanusi: Maromenosa K.I11., Beikos 10.B., Barypun B.A. J/lnabetnyecknii KeTOAMI03 U KOTHUTHB-
HBIC HAPYIICHUs y JIeTedl W MOAPOCTKOB. Broinemens cubupckou meduyunvl. 2023;22(3):132-140. https://doi.
0rg/10.20538/1682-0363-2023-3-32-140.

INTRODUCTION

Type 1 diabetes mellitus (DM), one of the most
prevalent metabolic disorders in children, presents an
important public healthcare problem dueto itsrapidly
increasing incidence [1-3]. According to available
data, amost 15 million children across the globe
have type 1 DM, with its prevalence growing steadily
(by 2-5% each year), especialy in the developing

countries [3, 4]. The steadily growing prevalence of
thisendocrinopathy, especially among young children,
leads to an increase in its acute complications [4].
According to the International Society for
Pediatric and Adolescent Diabetes (ISPAD), diabetic
ketoacidosis (DKA) is the most prevalent acute
complication of type 1 DM [5-9]. The prevalence
of DKA at the time of diagnosisin pediatric practice
ranges from 12.8 to 80%, with the mean of 38.8% [4,
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10-12]. DKA is the most frequent cause of death in
children with type 1 DM, while the mortality rate for
DKA is 0.3-0.5% in developed countries and much
higher (about 10%) in developing countries [13—16].

DKA occurs due to the interaction between
insulin (deficiency) and counterregulatory hormones
(excessive concentrations) [13, 17]. While insulin
deficiency leads to hyperglycemia and ketosis, an
excess of counterregulatory hormones (epinephrine,
cortisol, and growth hormone), which are produced
in large amounts during stress, exacerbates
hyperglycemia by suppressing the effect of insulin
and increasing glycogenolysis in the liver [7, 17].
The characteristic manifestations of DKA are
hyperglycemia, ketosis, and metabolic acidosis [7,
18]. DKA may be the primary manifestation of type 1
DM, but it may also develop further along the course
of the disease and presents a serious relapsing issuein
children and adolescents [5]. It has been demonstrated
that 25-40% of children with newly diagnosed type
1 DM are also diagnosed with DKA, and in patients
with a chronic disease course, DKA may develop
due to poor compliance with treatment guidelines or
malfunction of equipment used for DM treatment (for
instance, failure of an insulin pump) [19]. According
to the published data, the severity of DKA at thetime
of diagnosis affects the long-term clinical course of
type 1 DM: children with DKA and newly diagnosed
type 1 DM have poorer glycemic control and lower
residual B-cell function for 2 years after the diagnosis,
as well as a lower remission rate [20-22].

Cerebral circulation insufficiency is the most
prevalent complication of DKA in children and
adolescents with type 1 DM [12, 23]. Cerebral
edema (CE) associated with serious neurological
impairments has long been acknowledged as a rare
but severe complication of DKA in children [24].
Severe, clinically evident manifestations of CE occur
in about 1% of DKA episodes and often lead to death
or persistent, chronic neurological symptoms [19,
24-26]. Insignificant (subclinical) manifestations of
CE can be observed in the majority of children with
DKA, even in cases when the clinical changesin the
neurological status are minimal or absent [19, 27,
28]. It has been shown that changes in brain MRI in
children and adol escents persist for 3 months after CE
is diagnosed in patients with a DKA episode in the
medical history [9].

This review describes cognitive impairments
accompanying DKA in patients with type 1 DM as
a pathological condition, with statistically significant

differences in cognitive function compared to healthy
children and adolescents.

PATHOPHYSIOLOGICAL MECHANISMS
OF THE DEVELOPMENT OF COGNITIVE
IMPAIRMENTS IN DK

The mechanisms leading to brain damage in
DKA with subsequent development of cognitive
impairments are not yet fully understood and
currently remain a field of active research [19, 29].
Animal research experiments and clinical studies in
the pediatric population have demonstrated that DKA
may result in damage to neurons and astrocytes in
patients with neuroinflammation [30, 31], apoptosis
[32, 33], and impaired processes that suppress
proliferation of neuronal cells (neurogenesis) [34, 35]
and neurodegeneration [36]. Acute hyperglycemia
which accompanies DKA may exacerbate oxidative
stress, which could also trigger the development of
cognitive deficits in children and adolescents with type
1 DM [37-39]. Data suggest that pathophysiological
changes accompanying DKA adversely affect the
brain, initiating an inflammatory response and
development of vasogenic cerebral edema, which
may trigger the development of cognitive dysfunction
[29]. Animal studies have shown that DKA causes
reactive astrogliosis and microglia activation in the
brain, and these changes were most evident within the
first 24 hours after the onset of DKA, although some
inflammatory changes remained even 72 hours after
the onset of DKA [29]. These persistent inflammatory
disorders suggest ongoing brain damage even after
DKA resolution [29].

Some authors reported the identification of specific
biomarkers that indicate brain damage in children
and adolescents with DKA [40]. S.T. Nett et al. [41]
showed el evated plasmalevel sof interleukin (IL)-6 and
tumor necrosis factor alpha (TNFa), a key indicator of
astrocyte reactivity and neurodegeneration, in 45% of
children with DKA, which had a positive correlation
with the impairment in consciousness, indicating
that systemic inflammation accompanies brain
dysfunction in decompensated type 1 DM. Calcium-
binding protein (S100PB) secreted by astrocytes was
elevated in DKA and was considered as an indicator
of neuronal death, including one occurring during the
inflammatory response [42].

S. Hamed et al. [43] observed elevated levels of
neuron-specific enolase (NSE) in children with DKA
at baseline and 12 and 24 hours after the initiation of
DKA treatment in type 1 DM. The authors concluded
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that the serum level of NSE was elevated on day
1 after the onset of DKA and correlated with the
severity of hyperglycemia, ketosis, and acidosis [43].
S.L.  Wootton-Gorges et al. [44] reported
neuronal damage in DKA evidenced by a reduced
N-acetylaspartate-to-creatine ratio (NAA / Cr), one
of the markers of viability and normal functioning of
neurons. Another inflammation marker in DKA is the
kynurenine pathway with its kynurenine / tryptophan
ratio, which may be elevated before DKA treatment
in children and adolescents [45]. The elevated
kynurenine / tryptophan ratio may result in excessive
production of neurotoxins, which exacerbate cerebral
circulation insufficiency [45].

It has been shown that ketone bodies can have a
differential effect on brain capillary endothelial cells
and increase the release of vasoactive peptides,
for instance, endothelin-1 (ET-1) and vascular
endothelial growth factor (VEGF), which adversely
affect the cognitive function [46]. Development
of hyperlipoproteinemia and emergence of toxic
products of tryptophan catabolism are additiona side
effects stemming from dysregulation of metabolism in
DKA, and they can have an adverse effect on cognitive
functions [47].

Diabetic vasculopathy or angiopathy has long
been considered as the cause of brain damagein DKA
patients with subsequent development of cognitive
dysfunction [48, 49]. DKA is known to cause CE and
adecrease in cerebral blood flow with a potential long-
term adverse effect on brain development in children
and adolescents [23]. MRI-based studies in children
and anima models demonstrate the impaired blood
supply to the brain and metabolism ateration patterns
accompanying DKA that are similar to the changes
often observed in hypoxic — ischemic brain injury
[19, 50]. It has been shown that cerebral hypoxia
and / or ischemia associated with other conditions
(for instance, altitude sickness, cardiac arrest or
pediatric sleep-disordered breathing) may be linked
to the development of cognitive impairments, which
provides additional evidence for the involvement of
hypoxic — ischemic disorders in the pathophysiology
of cerebral circulation insufficiency in children and
adolescents with DKA [51].

Acute hyperglycemia accompanying DKA may
damage developing neurons and myelin in children
withtype1 DM, whichisconsistent with data obtained
in experimental models of DM that demonstrate
degenerative changes in neurons and glial cells in
vivo, along with disruption of myelin sheaths and a

decrease in myelin in hyperglycemia [39]. Changes
in the composition of brain sphingolipids (ceramides
and sphingomyelin) caused by DKA may also trigger
membrane remodeling in some cell populations,
which may disrupt cell — cell interaction and result in
brain tissue damage [52].

DKA asoleadsto changesintheneuroanatomy of the
brain [19, 53]. Published MRI data reveal abnormalities
in the gray and white matter of the brain in children and
adolescents who previoudy had an episode of DKA
[19]. The most pronounced changes were observed in the
white matter of the brain, especialy in the frontal lobes
and are most noticeable in younger children who had
the most severe acidemia that accompanied DKA [54].
Other authors report on persisting brain abnormalities
in patients, detectable even 3 months after an acute
DKA episode [9, 55]. Significant correlations have
been reported between the decline in the overall volume
of the gray and white matter of the brain and delayed
memory at initial presentation, as well as subsequent
impairment of sustained attention 6 months after the
diagnosis of DKA [19].

F.J. Cameron et al. [54] investigated brain
morphology and cognitive functions in children aged
6-18 years with and without DKA at presentation and
a four time points: 48 hours, 5 days, 28 days, and
6 months after it. They demonstrated a significant
correlation between changes in the brain morphol ogy
and the cognitive deficits observed at different time
points. Another study [55] assessed whether the
severity of clinical symptoms (presence of DKA at the
time of diagnosis) corresponded to the differences in
patients’ cognitive functions and brain structure. The
results showed a lower volume of the left temporo —
parieto — occipital cortex in children with type 1 DM
compared to the control group, which correlated with
the severity of cognitiveimpairments. M.J. Marzelli et
al. [56] discovered that young children with type 1 DM
and frequent episodes of DKA in their medical history
had decreased volumes of brain matter in key regions
of the brain associated with cognitive functioning,
compared to healthy individualsin the control group.

Thus, it may be said that the duration of post-DKA
morphological and functional disorders of the CNSin
children and adolescents may vary from 48 hoursto 6
months. However, the time frames during which peak
damage occurs and during which changes may be
reversed remain unknown, which requires additional
research [57]. Therefore, cognitive functions should
be studied starting at 48 hours after a DKA episode
with an almost six-month follow-up period [57].
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CLINICAL MANIFESTATIONS
OF COGNITIVE IMPAIRMENTS IN DKA

An assessment of cognitive impairments has
been the subject of numerous studies, some of which
reported a significant correlation between type 1 DM
and a decline in cognitive function in children and
adolescents, including those having DKA [40, 41,
53, 58, 59]. In ameta-analysis aimed at assessing the
association betweentype 1 DM and cognitivefunction,
P.A. Gaudieri et al. [60] concluded that this endocrine
disease adversely affects various cognitive spheres in
childhood and adolescence. The authors also reported
that this correlation was more noticeable in children
with an early onset of type 1 DM (an onset in early
childhood) [60]. A different group of authors showed
that children with type 1 DM have a lower level of
intelligence compared to healthy children without DM
[58, 59].

DKA often leads to morphological and functional
changes in the brain which are associated with
adverse neurocognitive outcomes [40, 53]. It has
been shown that 40-70% of children with type 1
DM complicated by DKA exhibit diverse types of
cognitive deficits, such as decreased attention, poor
memory, impaired executive function, and low 1Q
[41]. According to several clinical, neuroimaging, and
experimental studies, DKA may cause both light and
severe cognitive impairments over the course of the
disease, and these impairments develop even in the
absence of subclinical manifestations of CE during
decompensation [18, 40]. According to some studies,
there is a trend in pediatric patients with newly
diagnosed type 1 DM and DKA toward a decline in
cognitive functions along the course of the disease
compared to patients of the same age with type 1 DM
and no symptoms of DKA [9]. For instance, children
and adolescents with type 1 DM complicated by
DKA at presentation coped worse with mathematical
tasks than their siblings without DM in the control
group [61]. S. Ghetti et al. [57] estimated whether an
episode of DKA which occurred when type 1 DM was
diagnosed or later, along the course of the disease,
affects cognitive function in children and adolescents.
The study involved 758 children with DKA and 376
children in the control group (with type 1 DM without
DKA) aged 6-18 years. The authors demonstrated a
correlation between the severe course of DKA and a
lower coefficient of mental development [57].

The presence of DKA episodes in the medical
history also correlated with a lower verbal
intelligence gquotient in children with type 1 DM and

a decline in cognitive function [9, 61—63]. This study
revealed memory deficits in children with type 1 DM
and a history of DKA compared to children with a
similar duration of DM and similar glycemic control,
but without a history of DKA [64]. M.A. Cato et
al. [65] reported a correlation between learning and
memory impairment and ahistory of DKA in patients
who had their first DKA episode 2 years prior to the
assessment.

At the moment, it is not clear whether a single
episode of DKA causes a long-term decline in
cognitive functions in children and adolescents with
type 1 DM [57]. However, it has been proven that the
clinical severity of a DKA episode correlates with the
severity of cognitive dysfunction 6 months after the
diagnosis; therefore, DKA severity may be associated
with the degree of CNS damage [54]. Still, not all
clinical studiesreveal an association between ahistory
of DKA and cognitive dysfunction. For instance, a
study revealed that children with type 1 DM and DKA
were not cognitively impaired compared to children
with type 1 DM and no DKA [66]. Therefore, based
on the described clinical studies, it is possible to
assume a relationship between DKA and the severity
of cognitive impairments in children and adolescents
with type 1 DM.

ASPECTS OF DIAGNOSIS AND
MANAGEMENT OF COGNITIVE
IMPAIRMENTS IN DKA

Cognitive dysfunction after an episode of DKA
can be diagnosed using specialized neurophysiological
methods adapted for children and adol escents and used
in practical management of type 1 DM [67, 68]. For
instance, the Wechdler Intelligence Scale for Children
(WISC) is used to detect impairments of general
intellectual ability and its componentsincluding verbal
and non-verbal intelligence [69]. The Benton Visual
Retention Test is used to measure visual perception
and visua memory in children aged 8 years and older
[70]. The Wisconsin Card Sorting Test is used to
assess clinically important aspects of attention deficits
[71]. The Stroop Color and Word Test is used to assess
cognitive dysfunction in children and adolescents [72].

At present, despite the discovery of numerous
pathophysiological mechanisms which may underpin
the development of cognitive deficits after an
episode of DKA, no specific (etiotropic) treatment
has been developed for this cerebral dysfunction
[73]. The following pharmacological agents can be
potentially used to treat this condition: polypeptide
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drug cortexin [74], hopantenic acid preparations [75],
and memantine, a NMDA receptor antagonist [76],
but the efficacy of these drugs in treating DKA in
patients with type 1 DM has yet to be demonstrated in
controlled studies. The possible non-pharmacol ogical
interventions include regular physical exercise and
athletic activities, which have shown their efficacy in
ameliorating mild cognitiveimpairment in adol escents
with type 1 DM [77]. Much emphasis is placed on
preventive measures aimed at maintaining a normal
glycemic profile in order to reduce the risk of a DKA
episode, and, as a conseguence, minimize cognitive
impairment [78].

CONCLUSION

DKA in children with type 1 DM is the most
prevalent acute complication that can be an important
trigger of cerebral circulation insufficiency further
along the course of thedisease. The pathophysiology of
cognitive impairmentsin DKA remains understudied,
even though children and adolescents with DKA
are precisely the group of patients requiring special
attention due to the severity of their disease, with a
complicated and often negative prognosis in terms
of brain dysfunction. Therefore, the search for new
possible mechanisms underlying the development of
cognitive deficits in this complication of type 1 DM
in children and adolescents is a promising area of
research in modern endocrinology.

Another major issue is that the theories about
mechanisms of cerebral circulation insufficiency in
children with DKA involve a wide variety of factors
and the presumed mechanisms are of different nature
and include neuroinflammation, apoptosis, disruption
of neurogenesis, and neurodegeneration. Many
research questions exist in relation to the duration
of the formation of functional and morphological
CNS impairments after a DKA episode in
children and adolescents. The time periods during
which the manifestations of cognitive dysfunction
are at their peak and the aspects of potential
reversibility of these imparments are dill
understudied. Furthermore, not all clinical studies
reveal an association between a history of DKA and
cognitive dysfunction.

Thus, the pathophysiological mechanisms that
cause cerebral circulation insufficiency, along with
the clinical manifestations of this pathology, are
far from being fully understood, and further studies
are needed in this direction within evidence-based
medicine. At the same time, it can already be clearly

assumed that timely and the earliest possible diagnosis
of cognitive dysfunction during treatment of type 1
DM complicated by DKA may improve therapeutic
approaches to this disease.
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