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Abstract: Neurological complications after heart surgery are associated with tremendous morbidity
and mortality. Nonconvulsive status epilepticus (NCSE), which can only be verified by EEG, may
cause secondary brain damage. Its frequency and its impact on outcomes after cardiac surgery is still
unclear. We collected the neurological files and clinical data of all our patients after heart surgery who,
in the course of their ICU stay, had been seen by a neurologist who ordered an EEG. Within 18 months,
1457 patients had cardiac surgery on cardiopulmonary bypass. EEG was requested for 89 patients.
Seizures were detected in 39 patients and NCSE was detected in 11 patients. Open heart surgery was
performed in all 11 NSCE patients, of whom eight showed concomitant brain insults. None had a
history of epilepsy. Despite the inhibition of seizure activity with antiseizure medication, clinical
improvement was only noted in seven NCSE patients, three of whom were in cerebral performance
category 2 and four in category 3 at hospital discharge. The four patients without neurological benefit
subsequently died in the ICU. The occurrence of NCSE after open cardiac surgery is significant and
frequently associated with brain injury. It seems prudent to perform EEG studies early to interrupt
seizure activity and mitigate secondary cerebral injury.

Keywords: cardiac surgery; cardiopulmonary bypass; brain insult; nonconvulsive status epilepticus;
conventional electroencephalography; seizures; outcome

1. Introduction

Despite improvements in perioperative care, the availability of new neuromonitoring
tools and more refined surgical techniques, the impact of neurological complications after
cardiac surgery is still substantial. They are associated with impaired perioperative and
long-term outcome and a lower quality of life. Clinical manifestations vary and can include
short-lasting cognitive-behavioral disturbances, seizures and severe brain injury [1]. The
incidence of postoperative seizures after cardiac surgery has been estimated to range
between 0.5% and 9% and reported recurrence rates are around 40-66% [2—4]. The temporal
threshold that defines an abnormally prolonged seizure is five minutes for convulsive status
epilepticus. For nonconvulsive status epilepticus (NCSE), i.e., status epilepticus without
prominent motor symptoms, the threshold is 10 min. Not included in these definitions,
but still widely used by clinicians, are instances in which brief intermittent seizure activity
occurs without convulsions, with no full recovery of consciousness between attacks [5,6].
In patients with baseline coma or encephalopathy, NCSE patients typically show more
than 30 total minutes of ictal EEG activity at any given hour of recording (i.e., >50 percent
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of the record). Due to its subtle symptoms, NCSE can easily be missed or misidentified
and can only be verified via an EEG, resulting in frequent undertreatment [5]. The overall
rate of occurrence of NCSE in critically ill patients lies somewhere between 8% and 40%
whereupon NCSE can contribute to secondary brain injury [7,8]. Status epilepticus in
general is a risk factor for poor outcomes after focal or global brain ischemia, which is not
uncommon in heart surgery [9]. However, there is an ongoing debate regarding whether
seizures are independently associated with mortality in intensive care unit (ICU) patients
and in those patients with altered consciousness [10,11]. In the cardiac surgical population,
where neurological complications as a cause for morbidity and mortality come in second
after cardiovascular dysfunction, the true incidence of NCSE and its impact on outcomes
is still unknown [2]. Therefore, the aim of this retrospective study was to evaluate the
frequency of NCSE after adult cardiac surgery on cardiopulmonary bypass (CPB) and to
describe specific characteristics, as well as clinical outcomes, of affected patients.

2. Methods
2.1. Study Design

This retrospective study was performed at the Division of Cardiac Thoracic Vascular
Anesthesia and Intensive Care Medicine at the General Hospital Vienna. The study protocol
has been approved by the local institutional Ethics Committee (Study Protocol 1620/2016
and 1157/2018). Due to the retrospective nature of the study and the state-of-the-art
treatment patients received, the Ethics Committee waived the need to obtain informed
consent. Reporting was performed in accordance with the STROBE guidelines (http:
/ /www.strobe-statement.org (accessed on 21 September 2022)).

All patients who underwent heart operations with CPB between 1 January 2014 and 30
June 2015 were screened for allocation to the Department of Neurology and a subsequent
EEG examination (this is hereafter termed the “EEG group”). Reasons for this assignment
were new, noticeable neurological problems likely related to seizures (i.e., vigilance dis-
orders, abnormal movements such as myoclonus or oral automatisms, presumed seizure
activity, confusion, or inadequate wake-up reactions despite no or minimal sedation). The
EEGs were performed with a commercially available digital video-EEG system (Alpha-
Trace 32-channel EEG record, B.E.S.T Medical Systems, Austria) for at least 30 min with EEG
electrodes placed according to the extended 10-20 system with additional fronto-temporal
electrodes (FT9/FT10). If the EEG fulfilled the criteria of NCSE, the videos were screened
to determine clinical correlates. The recently validated Salzburg criteria were applied for
the diagnosis of status epilepticus [12]. All EEG recordings had previously been reviewed
by two EEG-board certified authors (E.P. and S.A.-W.) and the neurological files, as well as
the corresponding clinical data, were again checked for proper diagnosis and completeness
in the course of the retrospective evaluation.

In addition, a neurologically asymptomatic “control group”, composed of patients
who likewise underwent cardiac surgery on CPB but exhibited no new neurological symp-
toms postoperatively, was matched according to age, gender, body weight and type of
intervention in order to identify potential predictors of postoperative complications most
probably related to seizures and particular specifics of these patients.

2.2. Intraoperative Management

All patients received general anesthesia for their heart surgery that was performed on
CPB. The surgical technique varied according to individual preferences.

For induction of general anesthesia patients received midazolam (0.04 mg/kg), propo-
fol (1.0-1.5 mg/kg), fentanyl (3—-10 pg/kg) and cis-atracurium (0.2 mg/kg). Anesthesia
was maintained with sevoflurane (target BIS value: 40-50) and a continuous fentanyl
infusion (3-5 ug/kg/h). After insertion of a central venous catheter, all patients under-
went a transesophageal echocardiography (TEE) examination. TEE was used (1) to assess
myocardial performance, (2) to evaluate the function of heart valves, (3) to determine
intracardiac shunts and (4) to identify calcifications within the thoracic aorta. The site of
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aortic cannulation and cross clamping was chosen according to a preoperatively performed
CT scan of the thorax in all elective cases. Patients with normal kidney function received
tranexamic acid (10 mg/kg) as an antifibrinolytic agent before the start of CPB and the
same dose in the CPB prime. Patients with impaired kidney function and serum creatinine
levels > 1.5 mg/dL received a reduced dosage, given either as infusion or added to the
pump prime. After anticoagulation with heparin (400 IE/kg IV) and achieving an activated
clotting time > 400 s, CPB was started using non-pulsatile flow at 2.3-2.7 L/min/m?, a
non-heparin-coated circuit and a membrane oxygenator (Quadrox™, Maquet, Hirrlingen,
Germany, or Dideco Compact Flow TM, Mirandola, Italy). Priming of the CPB circuit
varied according to the surgeons’ preferences. It could either be primed with Ringer’s
Lactate alone or in combination with a colloid solution (e.g., Volulyt® 6% or Human Serum
Albumin 5%). The ascending aorta was the preferred site for arterial cannulation. In
patients with aortic calcifications or ascending aortic dissection and in patients undergoing
reoperations, the right subclavian artery was favored for arterial cannulation via a sewn-in
Dacron graft. Mild-to-moderate hypothermia on CPB varied between 32 °C and 35 °C, ac-
cording to the surgeons’ preferences. Deep hypothermia was applied in cases that required
circulatory arrest. Carbon dioxide insufflation into the operative field was routinely used
during open-chamber heart surgery. De-airing of the bypass circuit and the heart chambers
after surgery was performed according to standard technique and the latter was controlled
via TEE. After the completion of surgery, all patients were transferred to an intensive care
unit (ICU) for further observation and treatment.

2.3. Statistical Analysis

All patient demographics, their past medical and neurological history, as well as their
perioperative data, were collected retrospectively. Quantitative variables were analyzed
using Pearson’s chi-squared test and depicted as absolute numbers. Qualitative variables
were analyzed with a t-test for normally distributed variables and the Wilcoxon rank-sum
test for non-normally distributed variables. Variables with p < 0.15 were included in a
multivariable logistic regression analysis. Logistic regression analysis was used to predict
independent risk factors for postoperative neurological complications and the occurrence
of NCSE. Normally distributed variables are expressed as mean + standard deviation
and non-normally distributed variables as median and range. A p-value of <0.05 was
considered statistically significant. Statistical analysis was carried out using Stata® 15.1
(StataCorp LLC, College Station, TX, USA).

3. Results

Between 1 January 2014 and 30 June 2015, one thousand four hundred fifty-seven
adult patients underwent heart surgery performed with CPB. Eighty-nine of them ex-
hibited neurological symptoms most likely related to seizures and were examined by a
consultant neurologist, who consecutively assigned them to an EEG study. These patients
formed the “EEG group”. The examinations were exclusively assessed by board-certified
electrophysiologists and epileptologists.

Of the 89 patients, 39 subjects (3% of the total cohort, consisting of 1457 patients at risk)
had clinically observed seizures and/or ictal activity verified via EEG. The clinical mani-
festations that initiated an EEG study in the 50 patients without confirmed seizures were
related to unspecific non-epileptic movements or oral automatisms, prolonged actions of
anesthetics or opioids or symptoms associated with cerebral embolic or hemorrhagic injury.
Eleven patients (0.8%) developed NCSE. Six of them showed isolated NCSE, whereas five
patients had foregone clinically observed seizures, either in the form of acute symptomatic
seizures (ASS), occurring within the first 7 days after a specific insult, or unprovoked
seizures. Another twenty-one patients from the EEG group exhibited only ASS and seven
patients developed non-provoked seizures further along the line (Figure 1). In the EEG
cohort comprising 89 patients, none had psychogenic or any other kind of non-epileptic
seizures. Within the EEG group there was no statistically significant difference between
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patients with or without NCSE in regard to demographic, perioperative, and outcome data.
Perioperative cerebrovascular insults were frequently seen in patients with NCSE. Cranial
computed tomography (CCT) documented new ischemic stroke or hemorrhage in eight of
11 patients with NCSE (57%), whereas CCT results demonstrated insults in 6 of 28 patients
with other types of seizures (21%) and in 14 of 50 patients without seizures (28%, p = 0.01).
Ischemic strokes were observed in 2 NCSE, 2 NCSE + ASS, 3 ASS and 13 patients with no
seizures, whereas hemorrhagic insults could be verified in 1 NCSE, 1 NSCE + non-provoked
seizures and 3 non-provoked seizures patients, as well as in 1 patient without seizures.

Ischemic lesions next to hemorrhagic insults were detected in the CT scans of two patients
with isolated NCSE.

[
I NCSE (n=11) ‘
I ) l I
NCSE and
NCSE (n=6) combined seizures ASS (n=21)
(n=5)
[ ]

I
NCSE + ASS ‘

EEG group (n=89)

)
[

Other seizures

(n=28) No seizures (n=50)

Non-provoked
seizures (n=7)

NCSE + non-
provoked seizures

s (n=2)

Figure 1. Frequency of seizures in patients undergoing EEG studies. NCSE, patients with clear
ictal activity in their EEG in accordance with the Salzburg criteria (see [12]); Other seizures, distinct
clinically observed seizures in the ICU with or without ictal EEG activity at the time of the EEG
study; No seizures, altered consciousness £ abnormal movements but no evident clinically observed
seizures or corresponding ictal EEG changes.

Details regarding the surgical procedures performed are given in Table 1. All 11
patients with NCSE had undergone open chamber cardiac surgery. Seven patients had
combined (two or more) procedures. One patient required aortic valve replacement fol-
lowing acute endocarditis. Another patient underwent mitral valve replacement for mitral
insufficiency, one patient was undergoing heart transplantation (HTX) and another patient
received a left ventricular assist device (LVAD). No patient, except one, had a history of
previous neurological accidents. This particular patient already presented with a right-
hemispheric media infarction on admission and was in hemorrhagic and septic shock due
to endocarditis of the aortic valve, complicated by gastrointestinal bleeding and acute
kidney insufficiency (Table 2).
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Table 1. Characteristics, intraoperative details and outcome data from patients with subsequent EEG
studies and from neurologically asymptomatic patients.

Variable EE(S =G8r;))up Asymptom;élrtlic= ng;ltrol Group p Value
Preoperative characteristics
Age, (years) 69 + 12 68 + 11 0.307
Gender, M/E, (n) 58/31 61/31 0.872
Body weight, (kg) 78 £ 16 80 £ 16 0.485
Height, (cm) 171 £ 10 171+ 15 0.923
BMI, (kg/m?) 27 +4 27 +4 0.647
Prior myocardial infarction, (n) 24 21 0.519
No sinus rhythms, (n) 36 29 0.211
Prior cardiac surgery, (n) 24 14 0.052
Implanted PM/ICD, (n) 21 15 0.219
Left ventricular ejection fraction, (n)
B : :
>50% 44 50
Diabetes mellitus, (n) 25 20 0.323
Acute or chronic kidney injury, (n) 40 22 0.003
Chronic obstructive pulmonary disease, (n) 21 14 0.154
Peripheral arterial occlusive disease, (n) 17 14 0.488
Cerebral arterial occlusive disease, (n) 17 5 0.005
Endocarditis, (n) 5 2 0.694
Previous cerebrovascular accident, (n) 15 13 0.257
History of seizures (n) 3 0
Extensive aortic calcification or atherosclerosis, (n) 14 2 0.003
Intraoperative details
Urgent or emergent operation, (n) 22 25 0.706
Surgical Procedure, (n) 0.114
CABG 16 17
Other valve operations 7 7
Aortic valve replacement 15 15
Ascending aortic surgery 7 8
LVAD 7 8
HTX 7 7
Combined procedures 30 30
Duration of anesthesia (min) 439 (175-980) 398 (222-699) 0.036
Duration of surgery (min) 340 (125-945) 304 (160-597) 0.108
Duration of CPB (min) 158 (30-505) 149 (50-322) 0.307
Duration of ACC (min) 94 (23-300) 91 (27-201) 0.942
Deep hypothermic circulatory arrest, (n) 10 8 0.568

Tranexamic acid, (g) 1.4 (0.4-3.0) 1.4 (0.5-3.0) 0.361
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Table 1. Cont.

Variable EE(ICI; =G8r;))up Asymptom?r’cllc= (;g;urol Group p Value
Intraoperative fluid balance, (ml) 5050 (884-20,169) 4496 (310-17,799) 0.859
Use of vasopressors, (%) 95 91
Low 6 49 0.256
High 94 51
Transfusion of packed red blood cells, (mL) 900 (300-4500) 600 (250-4800) 0.077
Transfusion of fresh frozen plasma, (mL) 800 (200-4600) 800 (128-4000) 0.706
Transfusion of platelets, (mL) 245 (104-719) 193 (100-1000) 0.415
Postoperative data
ICU length of stay, (days) 232(1%13630) 29(1%12725) 0.00001
Hospital length of stay, (days) 437(8:5247%) 126(8::27%) 0.00001
Mortality, (n)
30-day 3 1 0.296
In-hospital 24 1 0.00001
CPR perioperatively, (n) 19 1 0.0002
Postoperative stroke, (n) 28 0 <0.05
Postoperative seizures, (n) 39 0 <0.05

BMI, body mass index; PM, pacemaker; ICD, internal cardioverter/defibrillator; CABG, coronary artery bypass
graft surgery; LVAD, left ventricular assist device; HTX, heart transplantation; CPB, cardiopulmonary bypass;
ACC, aortic cross clamp; ICU, intensive care unit; CPR, cardiopulmonary resuscitation.

As mentioned above, patients with neurologically conspicuous symptoms presumably
related to seizure activity formed the EEG group. Comparison between this EEG group
(n = 89) and the neurologically intact control group (n = 92) revealed the following. Signif-
icantly more patients in the EEG group suffered from cerebral arterial occlusive disease,
extensive aortic calcification and chronic or acute kidney insufficiency (Table 1). Twenty-
four patients from the EEG group underwent re-operative cardiac surgery, compared to
14 patients from the control group (p = 0.052). Nineteen patients (21%) from the EEG group
had been resuscitated perioperatively, whereas this was only the case in one patient (1%)
from the control group (p < 0.05). Furthermore, the duration of anesthesia, intensive care
and the hospital length of stay were significantly prolonged in patients from the EEG
group. In-hospital mortality was also significantly higher in the EEG group (p < 0.00001).
Within the EEG group, 65 patients survived to hospital discharge, whereas 24 patients died
during their hospital stay. Four of them exhibited NCSE and 20 patients exhibited bilateral
tonic-clonic seizures after surgery. The most frequent causes of death were either sepsis
with multiple organ failure (11 patients), cardiac decompensation (7 patients) or multi-
ple cerebral embolic and hemorrhagic insults leading to major irreversible brain damage
(6 patients). No patients died from prolonged NCSE. Antiseizure medication led to the
abortion of NCSE in all patients. The majority of the seven NCSE patients who survived
until hospital discharge had poor functional outcomes. Four showed severe (cerebral
performance category; CPC 3) and three showed moderate cerebral disability (CPC 2). The
four patients who died in the ICU never regained consciousness. Consequently, their CPC
scores could not be determined. The average duration of anesthesia in the NCSE subgroup
was 467 min, whereas the durations of CPB and aortic cross clamp time were 194 and
105 min, respectively. Three of the 11 NCSE patients had required urgent surgery and none
of these patients had a previous history of seizures. Details of the 11 NCSE patients are
given in Table 2. Owing to the small group size, we could not determine any independent

risk factor for the development of NCSE through logistic regression analysis.



J. Clin. Med. 2022, 11, 5668 7 of 12

Table 2. Perioperative data from patients with confirmed de novo NCSE after cardiac surgery on cardiopulmonary bypass.

Patient 1 2 3 4 5 6 7 8 9 10 11
Age 75 41 68 63 72 88 74 84 85 68 84
Gender F M M M M M M F F F F
BMI 26 25 26 25 26 25 23 22 21 21 27
LVEF (%) 31-50 >50 <30 <30 >50 <30 >50 >50 31-50 >50 >50
Reoperation Yes No No Yes No No No No No No No
ggfé ?gé;gégg Yes No No No No No No Yes No No Yes
CVOD No No No Yes No No Yes No Yes No No
Previous
neurological No Yes No No No No Yes (TIA) Yes No No No
insult
AKI/CKI Yes Yes Yes No No Yes No No No No No
AVR/TVR/ AVR/ CABG/MVR/ .
Surgery AVR/ CABG AVR HTX LVAD MVR AVR/ CABG CABG CABG TVR MVR/ TVR Bio-Bentall
CPBT (min) 212 137 277 134 125 171 324 111 184 217 237
ACCT (min) 157 49 75 0 97 135 166 81 109 140 150
S“r%;rizl;lme 401 232 535 305 200 406 409 289 342 315 510
an]e)sltlﬁitsﬁn(&fm) 506 320 655 457 252 536 596 372 418 437 580
giggggﬁ;f Urgent Urgent Urgent Elective Elective Elective Elective Elective Elective Elective Elective
Known CVA N Y, TIA Y.
O SeiZures o/No es/No No/No No/No No/No No/No /No es/No No/No No/No No/No
. Awake
Neurological Neurolo- ¢
. ) . - Somnolence, Coma, grand-mal
Comguenes, dewriomton gl SToma™ Grndmal Awake  wpenive  Comy S Awele o coma Sl
Vbt Ogms Somnot ence, € t‘?rlo' peri-oral seizures myoclonus head seiPz) ures mono- 1 ftp d myoclonus ceizres
ymp res{clllec;gess rcaoigg’ myoclonus movements paresis of ettside

left arm
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Table 2. Cont.
Patient 1 2 3 4 5 6 7 8 9 10 11
Media
%‘gﬁcutg infarction
micro-l?lréeds with hemor- Right Ischemic Right peri-
Neuro-imaging in the left rhagic temporal SAB No No Ischemic and hemor- No gt P 1 Brain stem
CCT i transfor- ischemic pathology pathology stroke rhagic pathology ~ VERUIICWAr infarction
fronto N ( insult
parietal mation in the insult stroke
lobe right
hemisphere
CCT POD 12 preop. CCT 6 25 19 9 2 9 2 1 1
EEG POD 14 26 26 27 20 13 2 11 3 1 1
EEG finding NCSE NCSE NCSE NCSE + EPI NCSE + EPI NCSE NCSE NCSE NCSE + ASS NCSE + ASS NCSE + ASS
Phenytoin Phenytoin L . . . . . Phenytoin . .
. . evetira- Levetira- Levetira- Phenytoin Phenytoin . Levetira- Levetira- .
Treatment ngteat Illl;a_ ngg rlrrla— cetam cetam cetam Levetira- Levetira- LSZ;:[ Ilrrla— cetam cetam LCeZteat rlrﬁa
Lorazepam cetam cetam Lacosamide  Lacosamide
Lorazepam Lorazepam Lorazepam
Improvement in Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Improvement of Y
general No No No No Yes (slowly) Yes (slowly) 1 esl Yes Yes Yes Yes
condition (slowly)

ICU stay (d) 37 65 49 112 73 42 92 21 5 10
Hospital stay (d) 63 65 49 235 103 54 172 8 23 11 56
Death/ ‘ggfyafter Yes/176 Yes /161 Yes /149 Yes /190 No No No No No No No
Cpgisa(fﬁ;f;“al N/A N/A N/A N/A CPC2 CPC3 CPC3 CPC2 CPC3 CPC2 CPC3

NCSE, non-convulsive status epilepticus; AVR, aortic valve replacement; CABG, coronary artery bypass surgery; HTX, heart transplantation; LVAD, left ventricular assist device;
MVR, mitral valve replacement; TVR, tricuspid valve replacement/reconstruction; CPBT, cardiopulmonary bypass time; ACCT, aorta cross clamp time; CVA, cerebrovascular accident;
TIA, transitory ischemic attack; CCT, cranial computerized tomography; SAB, subarachnoid hemorrhage; EEG, electroencephalogram; EPI, non-provoked seizures; POD, postoperative

day; ICU, intensive care unit; d, days; LVEEF, left ventricular ejection fraction; CVOD, cerebrovascular occlusive disease; AKI, acute kidney injury; CKI, chronic kidney injury; CPC, cerebral

performance category; N/A, not available.
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4. Discussion

To our knowledge, this is the first large-scale study to date that specifically investigated
the frequency of postoperative de novo NCSE and its specific outcomes in cardiac surgery
patients operated with CPB. During the observation period, 89 (i.e., 6%) of all included
patients (n = 1457) had developed some kind of neurological dysfunction in the ICU that
warranted subsequent EEG studies. Thirty-nine of these patients (i.e., 3% of the total cohort
and 44% of the EEG group) had clinically evident seizures and/or ictal EEG activity, which
is in line with previously published rates in the adult population [3,13]. The majority of
affected patients (i.e., 24 patients) exhibited ASS, i.e., clinical seizures in close temporal
association with a documented cerebral insult, which could be any injurious event related
to—but not exclusively to—exposure to heart surgery with extracorporeal circulation. ASS
was also present in three of the 11 patients with NCSE. In another two patients, NCSE
was associated with delayed unprovoked seizures, whereas six NCSE patients showed
no further clinically evident seizure activity. This particular subgroup, however, could
potentially be larger, as some especially short-lasting episodes of NCSE could have been
missed due the absence of characteristic symptoms or could have escaped detection in
serial EEG studies [2]. Continuous EEG (cEEG) recording has therefore been advocated
for the purpose of diagnosing NCSE in an ICU setting [14-16]. Unfortunately, cEEG is not
available in every institution, it is expensive, the detailed review of the recordings and its
interpretation can be time-consuming and it can potentially be less reliable, particularly
when a reduced electrode array is employed [17]. Additionally, its sensitivity in detecting
NCSE is much lower than that of a conventional EEG, particularly when EEG strips are
analyzed retrospectively without video recordings of the patients [4,13]. Although cEEG
has been associated with seizures being detected more often and with more frequent
adjustments of antiseizure treatment, routine EEG was not found to be inferior in regard to
the reduction of 6-month mortality as compared to cEEG [11].

In this study, neurological complications potentially associated with seizure activity
after cardiac surgery on CPB were also related with re-operative surgery, urgent and open-
chamber procedures, renal insufficiency, cerebrovascular disease, aortic atherosclerosis,
cardiopulmonary resuscitation and a prolonged duration of anesthesia causing tremen-
dously increased morbidity and mortality [9,18,19]. In this cohort, seizures were closely
linked to postoperative mortality signifying the multiple co-morbidities of these patients
and the severity of the critical state these patients were in. Cerebrovascular insults in this
investigation were often associated with convulsive and non-convulsive seizure activity,
whereby in this study embolic stroke in the context of open-heart surgery was the most
frequent underlying lesion in NCSE patients, followed by cerebral hemorrhage. Structural
brain injury could be confirmed in eight of the 11 NCSE patients in CCTs performed after
surgery. Had we conducted MRI studies, we would probably have detected more insults
due to their greater sensitivity in comparison to CCT. Such investigations, however, were
not feasible for most of our patients. Four of the NCSE patients subsequently died in
the course of their hospital stay without showing any clinical improvement following the
initiation of appropriate antiseizure medication despite the abolishment of the seizure
activity [20]. Cerebral injury also accounts for the 62% mortality rate we found in patients
exhibiting any type of seizure postoperatively and replicates findings by other researchers
who showed that poor outcomes were primarily seen in seizure patients who concomitantly
presented with new brain injury [3,8,18]. Even if there is no visible structural damage de-
tected in the CCT images, subtle neuronal insults may occur in the context of CPB [21-23],
which cause encephalopathy and might also induce epileptic activity in susceptible pa-
tients [24,25]. Especially when cerebral damage has already manifested itself, it becomes
even more important to detect NCSE early, so that it can be treated quickly and vigorously
in order to prevent additional neuronal injuries, thereby reducing severe disability [26,27].
However, similarly to patients with aneurysmal subarachnoid hemorrhage, greater success
could potentially be achieved in patients without predominant structural brain damage,
in whom concomitant NCSE had a more extensive impact on unfavorable outcomes [28].



J. Clin. Med. 2022, 11, 5668

10 of 12

The failure of appropriate antiseizure treatment to lead to clinical improvement and NCSE
associated with major structural brain damage could further indicate poor outcomes.

Limitations

This was a retrospective single center study, which limits the generalizability of
the results. Furthermore, we cannot eliminate potential confounders and may not have
accounted for more recent changes in patient management. On the other hand, for the
chosen time period, we had exclusive access to the complete set of ICU data, the results of all
the neurological evaluations and the total EEG recordings for all our patients. This allowed
us to obtain an all-encompassing picture of the actual clinical situation. As has already
been mentioned above, despite the mandatory daily clinical neurological assessments by
intensivists, the true incidence of NCSE could still be somewhat higher since (1) suspicious
events might not have drawn the attention of the nurses and the physicians in charge,
(2) they could have been misinterpreted by the caregivers and (3) their detection may have
been skipped due to the intermittent nature of the EEG recording. We can further not
completely exclude that certain patients from the control group had also been assigned
to a neurologist. However, we can definitively rule out the notion that these patients
demonstrated any clinical signs which could be explained by seizure activity that led
to such a consultation. In order to determine potential risk factors for postoperative
neurological complications that are likely associated with seizures and, at the same time,
eliminating major confounders (e.g., age, gender, body weight and type of intervention),
we compared the EEG group with control patients who most likely had not been affected
by any seizure activity after surgery. However, the number of patients suffering from
NCSE did not allow us to conduct further, more detailed statistical analyses to elucidate
specific determinants for NCSE. Multi-center studies may overcome this handicap by
increasing the number of patients at risk who can be evaluated. Unfortunately, such studies
often concomitantly have the inherent flaw of including quite heterogenous populations
and participating institutions, which may obscure the clinical significance of findings
that are pertinent to certain subpopulations (such as the one we investigated at a tertiary
care center managing complex cases and many high-risk patients). This may eventually
necessitate the screening of an even larger group of patients in order to obtain significant
results for this particular subgroup. As cardiac surgical units can markedly differ in their
caseloads and their respective patient management approaches, the overall findings of
studies which include a variety of centers may therefore be limited to only some of them,
and may not be applicable to every center. The participation of a great number of centers
may additionally impede strict protocol compliance, which can further confound the
obtained results. We thus believe that our observations from a single tertiary care center
with standardized patient management protocols and the detailed information that was
available to us provide a good insight in the occurrence of NCSE in this patient population,
reveal potential causative factors, and highlight the poor outcomes of affected cardiac
surgical patients.

5. Conclusions

In summary, the frequency of NCSE in this large cohort of patients who had undergone
cardiac surgery on CPB was 0.8%. NCSE was frequently associated with structural brain
damage, as well as poor outcomes. Since NCSE can independently lead to secondary brain
injury, it nevertheless seems prudent to evaluate suspicious patients via an EEG study at an
early stage to adequately treat and disrupt NCSE. This approach should positively affect
early mortality in patients without major comorbidities [20]. If the focus lies on patients
as described in the Methods section (i.e., the composition of our EEG group), the chance
of detecting seizure activity in the respective EEGs will be almost 50%, which will narrow
down the use of scarce resources to a relatively small and manageable subset of patients (in
our case, 89 of 1457 patients) treated in the ICU after cardiac surgery with CPB. In this study,
corresponding antiseizure treatment abrogated previously confirmed seizure activity in all
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NCSE patients but only resulted in clinical improvement in survivors. It therefore remains
unclear whether the rapid detection of NSCE will significantly impact morbidity and
mortality in patients with severe brain insults. It might, however, aid in prognostication.
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epilepticus; POD, postoperative day; ICU, intensive care unit; SAB, subarachnoid hemorrhage; TIA,
transitory ischemic attack; TVR, tricuspid valve replacement/reconstruction.

References

1.

Raffa, G.M.; Agnello, F.; Occhipinti, G.; Miraglia, R.; Re, V.L.; Marrone, G.; Tuzzolino, F; Arcadipane, A.; Pilato, M.; Luca, A.
Neurological complications after cardiac surgery: A retrospective case-control study of risk factors and outcome. J. Cardiothorac.
Surg. 2019, 14, 23. [CrossRef] [PubMed]

Hunter, G.R.; Young, G.B. Seizures after cardiac surgery. J. Cardiothorac. Vasc. Anesth. 2011, 25, 299-305. [CrossRef] [PubMed]
Goldstone, A.B.; Bronster, D.J.; Anyanwu, A.C.; Goldstein, M.A.; Filsoufi, F.; Adams, D.H.; Chikwe, J. Predictors and outcomes
of seizures after cardiac surgery: A multivariable analysis of 2,578 patients. Ann. Thorac. Surg. 2011, 91, 514-518. [CrossRef]
[PubMed]

Tschernatsch, M.; Juenemann, M.; Alhaidar, F.; El Shazly, J.; Butz, M.; Meyer, M.; Gerriets, T.; Schonburg, M.; Schramm, P.
Epileptic seizure discharges in patients after open chamber cardiac surgery-a prospective prevalence pilot study using continuous
electroencephalography. Intensive Care Med. 2020, 46, 1418-1424. [CrossRef] [PubMed]

Trinka, E.; Cock, H.; Hesdorffer, D.; Rossetti, A.O.; Scheffer, L.E.; Shinnar, S.; Shorvon, S.; Lowenstein, D.H. A definition and
classification of status epilepticus—Report of the ILAE Task Force on Classification of Status Epilepticus. Epilepsia 2015, 56,
1515-1523. [CrossRef] [PubMed]

Brophy, G.M.; Bell, R.; Claassen, J.; Alldredge, B.; Bleck, T.P,; Glauser, T.; Laroche, S.M.; Riviello, ].]., Jr.; Shutter, L.; Sperling, M.R.
Neurocritical Care Society Status Epilepticus Guideline Writing Committee Guidelines for the evaluation and management of
status epilepticus. Neurocrit. Care 2012, 17, 3-23. [CrossRef] [PubMed]

Pataraia, E.; Jung, R.; Aull-Watschinger, S.; Skhirtladze-Dworschak, K.; Dworschak, M. Seizures after adult cardiac surgery and
interventional cardiac procedures. J. Cardiothorac. Vasc. Anesth. 2018, 32, 2323-2329. [CrossRef] [PubMed]


http://doi.org/10.1186/s13019-019-0844-8
http://www.ncbi.nlm.nih.gov/pubmed/30683130
http://doi.org/10.1053/j.jvca.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21036061
http://doi.org/10.1016/j.athoracsur.2010.10.090
http://www.ncbi.nlm.nih.gov/pubmed/21256303
http://doi.org/10.1007/s00134-020-06073-8
http://www.ncbi.nlm.nih.gov/pubmed/32405742
http://doi.org/10.1111/epi.13121
http://www.ncbi.nlm.nih.gov/pubmed/26336950
http://doi.org/10.1007/s12028-012-9695-z
http://www.ncbi.nlm.nih.gov/pubmed/22528274
http://doi.org/10.1053/j.jvca.2017.12.036
http://www.ncbi.nlm.nih.gov/pubmed/29398383

J. Clin. Med. 2022, 11, 5668 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang, L.; Zheng, W.; Chen, E; Bai, X.; Xue, L.; Liang, M.; Geng, Z. Associated factors and prognostic implications of non-
convulsive status epilepticus in ischemic stroke patients with impaired consciousness. Front. Neurol. 2022, 12, 795076. [CrossRef]
[PubMed]

Kudenchuk, PJ.; Sandroni, C.; Drinhaus, H.R.; Bottiger, B.W.; Cariou, A.; Sunde, K.; Dworschak, M.; Taccone, ES.; Deye, N.;
Friberg, H.; et al. Breakthrough in cardiac arrest: Reports from the 4th Paris International Conference. Ann. Intensive Care 2015,
5,22. [CrossRef] [PubMed]

Silveira, D.C.; Sagi, A.; Romero, R. Are seizures predictors of mortality in critically ill patients in the intensive care unit (ICU)?
Seizure 2019, 73, 14-16. [CrossRef] [PubMed]

Rossetti, A.O.; Schindler, K.; Sutter, R.; Riiegg, S.; Zubler, F; Novy, ].; Oddo, M.; Warpelin-Decrausaz, L.; Alvarez, V. Continuous vs
routine electroencephalogram in critically ill adults with altered consciousness and no recent seizure: A multicenter randomized
clinical trial. JAMA Neurol. 2020, 77, 1225-1232. [CrossRef] [PubMed]

Leitinger, M.; Trinka, E.; Gardella, E.; Rohracher, A.; Kalss, G.; Qerama, E.; Hofler, J.; Hess, A.; Zimmermann, G
Kuchukhidze, G; et al. Diagnostic accuracy of the Salzburg EEG criteria for non-convulsive status epilepticus: A retro-
spective study. Lancet Neurol. 2016, 15, 1054-1062. [CrossRef]

Gofton, T.E.; Chu, M.\W.A; Norton, L.; Fox, S.A.; Chase, L.; Murkin, ].M.; Young, G.B. A prospective observational study of
seizures after cardiac surgery using continuous EEG monitoring. Neurocrit. Care 2014, 21, 220-227. [CrossRef] [PubMed]
Caricato, A.; Melchionda, I.; Antonelli, M. Continuous electroencephalography monitoring in adults in the intensive care unit.
Crit. Care 2018, 22, 75. [CrossRef] [PubMed]

Kubota, Y.; Nakamoto, H.; Egawa, S.; Kawamata, T. Continuous EEG monitoring in ICU. J. Intensive Care 2018, 6, 39. [CrossRef]
[PubMed]

Marcuse, L.V.; Bronster, D.J.; Fields, M.; Polanco, A.; Yu, T.; Chikwe, J. Evaluating the obtunded patient after cardiac surgery: The
role of continuous electroencephalography. J. Crit. Care 2014, 29, 316.e1-316.e5. [CrossRef] [PubMed]

Herta, ].; Koren, ].; Fiirbass, F.; Hartmann, M.; Gruber, A.; Baumgartner, C. Reduced electrode arrays for the automated detection
of rhythmic and periodic patterns in the intensive care unit: Frequently tried, frequently failed? Clin. Neurophysiol. 2017, 128,
1524-1531. [CrossRef] [PubMed]

Ivascu, N.S.; Gaudino, M.; Lau, C.; Segal, A.Z.; Debois, W.J.; Munjal, M.; Girardi, L.N. Nonischemic postoperative seizure does
not increase mortality after cardiac surgery. Ann. Thorac. Surg. 2015, 100, 101-106. [CrossRef] [PubMed]

Czerny, M.; Fleck, T.; Zimpfer, D.; Dworschak, M.; Hofmann, W.; Hutschala, D.; Dunkler, D.; Ehrlich, M.; Wolner, E.;
Grabenwoger, M. Risk factors of mortality and permanent neurologic injury in patients undergoing ascending aortic and
arch repair. J. Thorac. Cardiovasc. Surg. 2003, 126, 1296-1301. [CrossRef]

Sutter, R.; Semmlack, S.; Kaplan, PW.; Opi¢, P.; Marsch, S.; Riiegg, S. Prolonged status epilepticus: Early recognition and
prediction of full recovery in a 12-year cohort. Epilepsia 2019, 60, 42-52. [CrossRef]

Veraar, C.M.; Rinosl, H.; Kithn, K.; Skhirtladze-Dworschak, K.; Felli, A.; Mouhieddine, M.; Menger, J.; Pataraia, E.; Ankersmit, H.J.;
Dworschak, M. Non-pulsatile blood flow is associated with enhanced cerebrovascular carbon dioxide reactivity and an attenuated
relationship between cerebral blood flow and regional brain oxygenation. Crit. Care 2019, 23, 426. [CrossRef]

Bernardi, M.H.; Wahrmann, M.; Dworschak, M.; Kietaibl, C.; Ristl, R.; Edlinger-Stanger, M.; Lassnigg, A.; Hiesmayr, M.] ;
Weber, U. Carotid artery blood flow velocities during open-heart surgery and its association with delirium: A prospective,
observational pilot study. Medicine 2019, 98, €18234. [CrossRef] [PubMed]

Grubhofer, G.; Mares, P,; Rajek, A.; Miillner, T.; Haisjackl, M.; Dworschak, M.; Lassnigg, A. Pulsatility does not change cerebral
oxygenation during cardiopulmonary bypass. Acta Anaesthesiol. Scand. 2000, 44, 586-591. [CrossRef]

Towne, A.R.; Waterhouse, E.J.; Boggs, ].G.; Garnett, L.K; Brown, A.J; Jr, ].R.S.; DeLorenzo, R.J. Prevalence of nonconvulsive status
epilepticus in comatose patients. Neurology 2000, 54, 340-345. [CrossRef]

Mehta, A.; Zusman, B.E.; Shutter, L.A.; Choxi, R.; Yassin, A.; Antony, A.; Thirumala, P.D. The prevalence and impact of status
epilepticus secondary to intracerebral hemorrhage: Results from the US nationwide inpatient sample. Neurocrit. Care 2018, 28,
353-361. [CrossRef] [PubMed]

Rossetti, A.O.; Hirsch, L.J.; Drislane, EW. Nonconvulsive seizures and nonconvulsive status epilepticus in the neuro ICU should
or should not be treated aggressively: A debate. Clin. Neurophysiol. Pract. 2019, 4, 170-177. [CrossRef]

Naim, M.Y.; Gaynor, ].W.; Chen, J.; Nicolson, S.C.; Fuller, S.; Spray, T.L.; Dlugos, D.J.; Clancy, R.R.; Costa, L.V; Licht, D.].; et al.
Subclinical seizures by postoperative electroencephalographic monitoring are common after neonatal cardiac surgery. J. Thorac.
Cardiovasc. Surg. 2015, 150, 169-178. [CrossRef] [PubMed]

Bogli, S.Y.; Wang, S.; Romaguera, N.; Schiitz, V.; Rafi, O.; Gilone, M.; Keller, E.; Imbach, L.L.; Brandi, G. Impact of seizures
and status epilepticus on outcome in patients with aneurysmal subarachnoid hemorrhage. Neurocrit. Care 2022, 36, 751-759.
[CrossRef] [PubMed]


http://doi.org/10.3389/fneur.2021.795076
http://www.ncbi.nlm.nih.gov/pubmed/35069425
http://doi.org/10.1186/s13613-015-0064-x
http://www.ncbi.nlm.nih.gov/pubmed/26380990
http://doi.org/10.1016/j.seizure.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31689583
http://doi.org/10.1001/jamaneurol.2020.2264
http://www.ncbi.nlm.nih.gov/pubmed/32716479
http://doi.org/10.1016/S1474-4422(16)30137-5
http://doi.org/10.1007/s12028-014-9967-x
http://www.ncbi.nlm.nih.gov/pubmed/24710654
http://doi.org/10.1186/s13054-018-1997-x
http://www.ncbi.nlm.nih.gov/pubmed/29558981
http://doi.org/10.1186/s40560-018-0310-z
http://www.ncbi.nlm.nih.gov/pubmed/30026951
http://doi.org/10.1016/j.jcrc.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24461272
http://doi.org/10.1016/j.clinph.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28501415
http://doi.org/10.1016/j.athoracsur.2015.02.077
http://www.ncbi.nlm.nih.gov/pubmed/25986101
http://doi.org/10.1016/S0022-5223(03)01046-8
http://doi.org/10.1111/epi.14603
http://doi.org/10.1186/s13054-019-2671-7
http://doi.org/10.1097/MD.0000000000018234
http://www.ncbi.nlm.nih.gov/pubmed/31852087
http://doi.org/10.1034/j.1399-6576.2000.00517.x
http://doi.org/10.1212/WNL.54.2.340
http://doi.org/10.1007/s12028-017-0489-1
http://www.ncbi.nlm.nih.gov/pubmed/29327152
http://doi.org/10.1016/j.cnp.2019.07.001
http://doi.org/10.1016/j.jtcvs.2015.03.045
http://www.ncbi.nlm.nih.gov/pubmed/25957454
http://doi.org/10.1007/s12028-022-01489-0
http://www.ncbi.nlm.nih.gov/pubmed/35411540

	Introduction 
	Methods 
	Study Design 
	Intraoperative Management 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

