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Abstract

Status epilepticus (SE) is a severe complication of cardiac surgery for cyanotic congenital heart defects in children. SE significantly worsens
neurological prognosis and increases the likelihood of fatal outcomes. In most cases, epileptic seizures and status epilepticus in intensive care unit
patients lack clinical manifestations and are detected exclusively through electroencephalography (EEG). In this study, we present a series of clinical
observations demonstrating the transformation of SE from clinical to electrographic manifestations during anticonvulsant therapy in children
with cyanotic congenital heart defects during the postoperative period. We emphasize the critical importance of EEG in managing SE in pediatric
intensive care settings.
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AHHOTanMg

Inunenmuueckuii cmamyc (3C) a615emes MAKENBIM OCTOKHEHUEM KAPOUOXUPYP2UUECKUX Onepayul, HANPAGIEHHbIX HA KOPPEKYUIO BPOKOEHHDIX
nopokos cepoya yuaxomuueckozo muna y demeti. Hanuuue 9C 3Hauumo yxyduiaem Hesponozuueckuli npozHo3 u yeeauuueaem 6eposmHoCcy
JIemasnbHo20 Uucxo0d. B Gonbiuuncmee cyuaes anusenmuueckue npucmynsl u Cmamyc y nayueHmos 8 omoeseHul PeaHUMAyUL He UMerom Ku-
HUHECKUX NpOSBNEHULl U Pecucmpupyiomcs UCKTI0UUMesHO Npu npogedeHuu anekmposnyechanoepammyl. B daunoii pabome mbi demorcmpupyem cepuio
KAuHUdeckux Habmodenuti mparcpopmayuu C u3 KauHuueckozo 8 anekmpoepauueckuil Ha Gore npomusocydoposxHoli mepanuu y demeli ¢
uuanomueckumu GPOMaéHHblMu nopoxamu cep@qa 6 nocmonepayuoHHOM nepuoae. Mot axyenmupyem 6HUMAHUe Ha 8axxHOCMU UCNOIb308aHUU 37IEKMPO-
anyecpanoepachuu 6 kynuposauu 3C 8 neduampuueckoli peaHuMayu.

Knrouegvle cnosa: anexmposryeganozpacpus; snunenmuueckuii cmamyc; 6pox0ExHbIL nopok cepdya

drtuueckoe yreepxknenne. OT 3aKOHHbIX PECTABUTENEN MAIMEHTOB MONYYEHO J00POBOIbHOE HHPOPMUPOBAHHOE COracKe
Ha MybIMKaLMIO.
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Introduction

Congenital heart defects (CHD) are the most common type
of congenital defects and the leading cause of childhood
mortality in neonatal and infant periods [1, 2]. By the mid-
20" century, only one-third of children with CHD reached
adulthood. Since the 21st century, due to advances in
diagnostic, anesthesiological, and surgical techniques,
approximately 90% of children survive into adulthood [3-5].
Having achieved significant reductions in mortality among
children with CHD, the medical community is gradually
shifting its focus toward improving these patients’ quality
of life, particularly combating intraand postoperative central
nervous system (CNS) complications.

The incidence of epileptic seizures (ES), clinical status
epilepticus (SE), and electrographic SE (ESE) following

corrective surgery for CHD in children ranges from 8% to
11.5% [6-8]. Most of these cases (up to 85%) lack clinical
manifestations. In critically ill children, ESE significantly
increases mortality and worsens long-term outcomes,
necessitating long-term multi-hour EEG monitoring [9].

In 2013, the Salzburg criteria for diagnosing non-convulsive
SE were proposed to standardize critical care EEG assessment
and improve the diagnosis of electrographic seizures and
ESE, significantly enhancing ESE detection while reducing
false-positive results [10-12] (Table 1).

In some patients, electrographic seizures or ESE persist
after resolution of clinical SE manifestations. I. Sanchez
Ferndndez et al. found that in pediatric intensive care units,
transformation of SE into electrographic seizures occurred in
33-52% of cases, and SE into ESE in 12-25% of cases [6, 13],
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Table 1. Clinical EEG criteria for diagnosing electrographic seizures and electrographic status epilepticus

Electrographic seizure

Discharges with a frequency > 2.5 Hz lasting = 10 seconds
(= 25 discharges over 10 seconds

OR

Any pattern with clear evolution lasting > 10 seconds

Electrographic status epilepticus

Electrographic seizures lasting > 10 minutes
OR

> 20% of a 60-minute recording

which is comparable to adult population data (48% and 14%,
respectively) [14].

We present case reports of three pediatric patients who de-
veloped SE after cardiac surgery for CHD, which subsequent-
ly transitioned into non-convulsive (electrographic) or elec-
troclinical forms.

Clinical case 1

Patient T., 3 months of age. The perinatal history is unremark-
able. At three month of age the patient received surgical inter-
vention — radical surgery for tetralogy of Fallot: closure of the
ventricular septal defect with a polytetrafluoroethylene patch,
infundibulotomy, and transannular patch plasty of the right
ventricular outflow tract and pulmonary artery trunk using
a xenopericardial patch under cardiopulmonary bypass (CPB)
and pharmaco-cold crystalloid cardioplegia. The duration of
CPB was 51 minutes.

Electroclinical seizure

Clinical manifestations occur synchronously with EEG discharge patterns
OR

Clinical and electrographic improvement following parenteral antiepileptic

drug administration
Electroclinical SE

Electroclinical seizures lasting > 10 minutes
OR

> 20% of a 60-minute recording
OR

> 5 minutes for bilateral tonic-clonic seizures

Possible SE: electrographic improvement without clinical improvement
after parenteral antiepileptic agent administration

On postoperative day 2, the child developed focal motor sei-
zures manifesting as clonic twitching in the right arm with
impaired awareness progressing to SE. After clinical reso-
lution with 2.5 mg diazepam and 40 mg/kg/day levetirace-
tam, a follow-up EEG was performed (Fig. 1). Throughout the
recording, left-lateralized rhythmic delta activity (LRDA) at
2.5-3.0 Hz was observed, followed by frequency evolution
(down to 2 Hz) and transformation into lateralized periodic
discharges (LPDs), which according to the Salzburg criteria
was interpreted as ESE.

Brain magnetic resonance imaging (MRI) revealed a watershed
infarction in the left hemisphere (Fig. 2), while 3D time-of-
flight (TOF) MR angiography showed no signal changes in the
intracranial arteries.

Given the persistent EEG pattern of SE, midazolam at
0.2 mg/kg/h and sodium thiopental at 5 mg/kg/h were
added to the therapy.

Fig. 1. A fragment of scalp EEG recording from patient T. on day 2 postoperatively.
A — LRDA at 2.5-3.0 Hz recorded under the electrodes over the left hemisphere; B — evolution of frequency characteristics to 2 Hz with
transformation into LPDs. The channels where LPDs are recorded are highlighted in color. Longitudinal bipolar montage. Sensitivity — 15 pV/mm.
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On day 3, during levetiracetam infusion, continued midazolam
sedation, and reduced sodium thiopental dosage, a repeat EEG
was performed (Fig. 3). Background activity was represented
by diffuse slow waves in the 6 and & ranges. No epileptiform
activity or ictal EEG patterns were recorded.

On day 5, midazolam was gradually discontinued. Follow-up
brain MRI showed sequelae of acute cerebrovascular accident
in the left middle cerebral artery territory and at the watershed
zone between the middle and posterior cerebral arteries,

C D

Fig. 2. Results of patient T. MRI on day 2 postoperatively.

A, B — brain MRI. Diffusion-weighted imaging (DWI), axial view. MRI
findings of a watershed infarction in the eft%emisphere (within the
red oval). C, D — MR angiography, 3D reconstruction. Blood flow in
the intracranial arteries of the head is intact.

without negative changes over time. The neurological status at
discharge included moderate right-sided hemiparesis (up to 3
points) and anisoreflexia. Cognitive function was fully restored,
and elements of cooing and the animation complex appeared.

In this patient, the combination of an electrographic pattern
classified as ictal with the semiology of epileptic seizures
(right-sided clonic contractions in the upper limb) led to the
suspicion of an acute cerebrovascular accident and prompted
an MRIL

Clinical case 2

Patient B., 3 months of age. The perinatal history is un-
remarkable. At 1 month of age, the diagnosis of CHD was
established: subaortic ventricular septal defect measuring
75 x 7.9 mm. At 2 months of age, the patient underwent car-
diac surgery — closure of the ventricular septal defect with a
polytetrafluoroethylene patch under CBP (80 minutes).

On the first postoperative day, focal motor epileptic seizures
occurred in the right extremities. To control seizures, valproic
acid at 20 mg/kg/h (intravenous microbolus) and midazolam
at 0.2 mg/kg/h were administered. Clinical manifestations
subsided, but due to the inability to perform nighttime EEG
monitoring, the study was conducted 14 hours later.

The first EEG was performed while the patient was already
on antiepileptic therapy. The recording showed LRDA up
to 4 Hz in the right occipital region with spread to the left
occipital region, lasting up to 30 seconds. Independent LPDs
as sharp waves at 2-3 Hz were observed under the electrodes
of the left hemisphere, lasting up to 60 seconds. Given that
LRDA and LPDs were recorded for more than 50% of the
tracing, this EEG pattern was interpreted as ESE (Fig. 4).
Consequently, sodium thiopental was added to the treatment
regimen at 1 mg/kg/h with gradual titration up to 5 mg/kg/h,
and the dose of valproic acid was increased to 45 mg/kg/day.

Brain MRI revealed watershed infarctions in both hemispheres
(Fig. 5).

Fig. 3. A fragment of scalp EEG recording from patient T. on day 3 postoperatively.
Background activity is represented by diffuse slow waves. No ictal EEG patterns were recorded. Longitudinal bipolar montage. Sensitivity —

5 uwV/mm.
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On postoperative day 3, under sodium thiopental and val-
proic acid therapy, repeat EEG demonstrated bursts of epi-
leptiform activity featuring polyspikes superimposed on dif-
fuse cortical rhythm suppression, consistent with the high
epileptiform burst-suppression electrographic pattern (Fig. 6).

Fig. 4. A fragment of scalp EEG recording from patient B. on day
2 postoperatively.

A — 4 Hz LRDA is recorded in the right occipital region with spread
to the left occipital region. B — LPDs manifest as 2.0-2.5 Hz sharp
waves under left hemisphere electrodes. Red frames highlight
electrodes detecting LRDA and LPDs. Longitudinal bipolar montage.
Sensitivity — 7 uwV/mm.

c D

Fig. 5. Results of patient B. MRI on day 2 postoperatively.

A, B — brain MRL. DW], axial plane. Watershed infarctions in both
cerebral hemispheres. Red oval outlines the most extensive area
in the right hemisphere; similar regions are observed in the left
hemisphere. C, D — MR angiography, 3D reconstruction. Intracranial
arterial blood flow remains intact.

This activity was interpreted as reflecting combined effects of
sedative therapy and severe cerebral injury.

This morphology of graphoelements in patients with SE has
been described as a predictor of seizure recurrence [15, 16],
prompting the decision to continue sedative therapy with the
addition of a second antiepileptic agent, phenobarbital, with
gradual titration up to 3.75 mg/kg/day.

Midazolam was discontinued on postoperative day 5.
A follow-up EEG was performed to register a burst-suppres-
sion pattern, with diffuse low-amplitude slow waves incorpo-
rating a spike component within the burst structure (Fig. 7).

On postoperative day 6, the sodium thiopental dose was re-
duced to 2 mg/kg/h and discontinued on day 7. Follow-up
EEG showed diffuse slow theta waves, regional epileptiform
activity in the central regions of the left hemisphere, with no
ictal patterns recorded. At discharge on day 20, the neurolog-
ical examination revealed prolonged disorder of conscious-
ness — unresponsive wakefulness syndrome.

In patient B., the semiology of epileptic seizures was char-
acterized by right-sided hemiclonic jerks, consistent with
the localization of the epileptogenic zone in the left hemi-
sphere. Additionally, an independent focus emerged in the
right occipital region. Given the multifocal structural le-
sions on neuroimaging, the initiation zones of epileptic sei-
zures were likely several areas of structural brain changes.
Notably, a highly epileptiform burst-suppression pattern
was recorded during pharmacological sedation. This EEG
pattern, combined with bilateral diffuse MRI changes, car-
ries poor prognostic significance for consciousness recov-
ery, consistent with the functional outcome at the end of
observation [17-19].

Clinical case 3

Patient V., 2 months of age. The perinatal history is unre-
markable. In the first days of life, the following diagnoses
were established: CHD, transposition of the great arteries
with left ventricular outflow tract obstruction; muscular ven-
tricular septal defect; mitral valve developmental anomaly;
atrial septal aneurysm. At 2 months of age, balloon atrial
septostomy (Rashkind procedure) was performed. Cardiopul-
monary bypass duration was 40 minutes.

On day 2 postoperatively, focal motor epileptic seizures de-
veloped, manifesting as clonic jerking of the upper extremi-
ties (D < S), which were managed with midazolam infusion at
0.2 mg/kg/h and intravenous levetiracetam at 25 mg/kg/day.
Emergency MRI revealed a watershed infarction zone in the
left cerebral hemisphere (Fig. 8).

On postoperative day 2, during continuous midazolam infu-
sion (0.3 mg/kg/h), EEG was performed: diffuse rhythmic the-
ta-range activity (4-5 Hz) was recorded, with left temporo-oc-
cipital predominance showing evolution through frequency
decrease (to 3 Hz) and morphological changes (appearance of
sharp waves), meeting the criteria for electrographic seizure
pattern (Fig. 9). The pattern persisted for over 50% of the
recording duration, leading to the diagnosis of ESE.
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Fig. 6. A fragment of EEG recording from patient B. on day 3 postoperatively.
Epileptiform burst-suppression electrographic pattern. Longitudinal bipolar montage. Sensitivity — 3 wV/mm. The highly epileptiform burst is

highlighted with a red frame.
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Fig. 7. A fragment of EEG recording from patient B. on day 5 postoperatively.
EpileEtiform urst-suppression electrO%raphic pattern. Longitudinal bipolar montage. Sensitivity — 3 uV/mm. Bursts of slow waves incorporating

a spike component are highlighted with red frames.

Based on the EEG results, a decision was made to increase
the midazolam dose to 0.3 mg/kg/h. On postoperative day 3,
a repeat EEG showed diffuse suppression of cortical rhythm
with no epileptiform activity (Fig. 10).

On day 5, the midazolam infusion rate was reduced to 0.2
mg/kg/h; on day 7 — to 0.1 mg/kg/h; and on day 8, the agent
was discontinued.

After midazolam discontinuation, the EEG showed a domi-
nant occipital rhythm with a frequency of up to 3.5-4.0 Hz
(theta and delta range), with no epileptiform activity present.

Neurological examination revealed that the child was con-
scious, with full and symmetric active and passive limb move-
ments. Cognitive function had recovered by the time of dis-
charge. Follow-up brain MRI prior to the planned discharge
(day 26) revealed cystic-glial transformation in the left middle
cerebral artery territory.

In this patient, the clinical presentation of epileptic seizures
was characterized by clonic jerking of the upper limbs with

marked left-sided predominance. On EEG, the seizure pattern
was diffuse with emphasis in the posterior regions of the
left hemisphere, while MRI visualized an area of cytotoxic
edema in the left hemisphere. The discrepancy between the
seizure semiology, EEG findings, and neuroimaging data was
likely due to the acute paresis in the right limbs, caused by
structural changes in the brain parenchyma of the left hemi-
sphere.

Discussion

The most common symptoms of CNS injury following pedi-
atric cardiac surgery are seizures and status epilepticus [19,
20]. Among children undergoing corrective surgery for CHD,
their incidence is approximately 10% [7, 8, 21]. In the study
by B. Desnous et al, risk factors for seizures included delayed
sternotomy wound closure, extracorporeal membrane oxygen-
ation, high RACHS-1 (Risk Adjustment in Congenital Heart
Surgery) scores, and prolonged intensive care unit stay [22].

The methodology for EEG interpretation in this patient
group significantly differs from that used in outpatient stud-
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Fig. 8. Results of patient V. MRI on day 2 postoperatively.

A, B — brain MRI. Right DW], axial plane. Watershed infarction zone
in the left cerebral hemisphere (red ovals), multiple small ischemic
foci. C, D — MR angiography, 3D reconstruction. Intracranial arterial
blood flow remains intact.

Fig. 9. Fragment of scalp EEG recording from patient V. during

midazolam administration on postoperative day 2.

A diffuse ictal pattern is recorded, with emphasis in the left occipital

region. A — onset of the ictal pattern; B — evolution of the ictal
attern. The onset of the ictal pattern recording is marked by a red
rame. Longitudinal bipolar montage. Sensitivity — 7 wV/mm.

ies. Physicians require specialized terminology for standard-
ized description and interpretation of EEG in patients with
severe cerebral injury [23-25]. Furthermore, encephalogra-
phy equipment is mandated in the operational standards of
medical institutions with cardiac surgery departments con-
taining cardiac intensive care units".

In a study of 137 patients, KL. Wagenman et al. demonstrat-
ed that SE during intensive care unit stay was associated
with subsequent deterioration in quality of life and served as
a significant risk factor for epilepsy in critically ill children
[26]. Therefore, timely diagnosis and treatment of epileptic
seizures and management of SE in the intensive care unit are
essential to reduce mortality and the risk of new neurological
deficits [19, 27].

Several publications confirm that earlier initiation of SE
treatment increases the likelihood of successful termination,
whereas ESE exerts damaging effects on the CNS and is as-
sociated with worse neurological outcomes, similar to SE with
prominent motor manifestations [28-31]. Moreover, both
electrographic seizures and ESE can develop not only pri-
marily due to acute cerebral injury but also secondary to the
management of clinically apparent seizures and SE [6, 13].

In 2011, the American Clinical Neurophysiology Society pre-
sented clinical guidelines for the use of prolonged EEG mon-
itoring in the intensive care unit for infants under 1 year of
age [32]. These guidelines emphasized that seizures in infants
under 1 year of age often occur without clinical manifesta-
tions, leading to the recommendation for EEG monitoring in
patients at high risk of acute cerebral injury. This high-risk
group includes patients with congenital heart defects requir-
ing early surgical intervention with CPB, as well as those on
extracorporeal membrane oxygenation.

In the presented clinical case series, all pediatric patients
had cyanotic CHD and underwent cardiac surgery using
CPB, which increases the risk of cerebral injury. In all cases,
the first signs of cerebral injury were seizures, which were
managed with a combination of anticonvulsant and sedative
agents. Brain MRI in all children revealed areas of cytotoxic
edema that localized the cerebral injury and correlated with
the electrographic patterns.

Even relatively brief EEG recording after the resolution of
overt clinical symptoms revealed electrographic epileptic ac-
tivity indicative of ESE, and in one case, a pattern specific to
unfavorable consciousness recovery prognosis. Standardized
EEG terminology for patients with brain injury allowed us to
verify nonconvulsive SE and the burst-suppression pattern.
We observed the transformation of convulsive SE into non-
convulsive SE under pharmacological sedation, where despite
clinical “cessation” of epileptic seizures, its electrographic
manifestations persisted, necessitating adjustments to anti-
seizure therapy.

An unfavorable outcome of cerebral hypoxic-ischemic in-
jury manifested as chronic disorders of consciousness de-
veloped only in Patient B. from Clinical case 2 with bilat-
eral brain damage, which was suggested by a “malignant”
burst-suppression pattern on EEG. In Patients 1 and 3, the
MRI pattern corresponded to a single vascular territory
(middle cerebral artery) in the absence of angiographic
signs of embolism. Patient B. from Clinical case 2 had a

Appendix 29 to the Procedure for Providing Medical Care to Patients with Cardiovascular Diseases
(approved by the Order No. 918n of the Ministry of Healthcare of the Russian Federation dated
November 15, 2012).
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Fig. 10. A segment of scalp EEG recording from patient V. during midazolam infusion at a dose of 0.3 mg/kg/h on postoperative day 3.
Diffuse suppression of cortical rhythms is observed. Longitudinal bipolar montage. Sensitivity — 3 uwV/mm.

longer cardiopulmonary bypass time during surgery (80
minutes vs. 51 and 40 minutes), consistent with previous
publications [33, 34].

Our clinical case series emphasizes the need to expand the
use of EEG in intensive care units, not only for patients with
impaired consciousness suspected of non-convulsive SE, but
also after successful clinical control of seizures using sed-
ative medications. However, in Russia, this method has not
yet gained widespread adoption in pediatric intensive care
settings. Potential reasons include the need for expensive
equipment, the labor-intensive nature of EEG recording, and
the challenges of analyzing and interpreting EEGs in patients
with altered consciousness levels, which require specialized
training for functional diagnostics specialists [24].
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