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Abstract

Purpose: Patients undergoing cardiac surgery often develop delirium which increases the risk of postoperative
morbidity and leads to a reduced quality of life. Retrospective studies show a higher incidence of delirium in patients
with seizures. However, these studies do not systematically detect subclinical seizures, so the incidence of seizures
after cardiac surgery remains speculative. The objective of this study is to determine the prevalence of electrographic
seizures after elective open-chamber cardiac surgery.

Methods: This prospective, blinded, monocentric, observational study investigated patients scheduled for elec-
tive open-chamber valve reconstruction or replacement. Anaesthesia, surgery and postoperative treatment were
standardized and not influenced by the presented observation. After surgery, all patients arrived at the ICU, and EEG
monitoring started within the first hour. EEG recording was continuously performed for up to 24 h, and the results
were independently analysed by two blinded EEG board-certified neurologists.

Results: 100 patients were included. Abnormal EEG patterns were present in 33% of patients, and 9% of all patients
showed electrographic seizures. The main EEG activity at the beginning of each recording was suppressed or showed
a burst-suppression pattern, and at the end of recording, all patients had an alpha/theta rhythm. An association
between electrographic seizures and delirium was found (p,, <0.01).

Conclusion: This study reveals a surprisingly high incidence of abnormal EEG patterns and electrographic seizures in
patients undergoing open-chamber cardiac surgery. As electrographic seizures are associated with the incidence of
delirium, this finding is a relevant phenomenon in the post-cardiac surgery ICU population.
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Introduction

Patients undergoing cardiac surgery often develop delir-
ium and postoperative cognitive deficits (POCD), which
leads to a higher risk of postoperative morbidity and
mortality and a reduced quality of life [1]. Retrospective
studies show a higher incidence of delirium, stroke and
mortality in patients with convulsive and non-convulsive
seizures after cardiac surgery [2, 3]. However, these stud-
ies consider either clinically obvious, generalised, con-
vulsive seizures or non-convulsive seizures, the latter of
which are diagnosed by a corresponding pathological
EEG examination, with the indication to perform such an
examination remaining uncertain. Overall, these studies
indicate an incidence of postoperative epileptic seizures
of 1-2.5% but do not systematically investigate the inci-
dence of subclinical seizures in the early postoperative
period. Gofton et al. analysed an unselected cardiac sur-
gery collective using a continuous subhairline EEG, find-
ing seizures in 3% of the patients, all of whom underwent
open-chamber surgery [4]. However, the use of subhair-
line electrodes leads to underdiagnosis of seizures [5,
6]. In summary, the incidence of seizures after cardiac
surgery remains speculative. Seizures are treatable and,
therefore, represent a potential target in the prophylaxis
of delirium and POCD.

To investigate the accurate prevalence of seizures, we
conducted this prospective study on patients undergo-
ing open-chamber cardiac surgery using continuous
EEG monitoring with widely distributed electrodes in a
10-channel registration.

Methods

This prospective, blinded, monocentric, observa-
tional study was conducted at Kerckhoff-Hospital, Bad
Nauheim, Germany, from January 2016 to December
2017. After gaining approval from the local ethical com-
mittee of Justus-Liebig-University Giessen, Germany, and
obtaining written informed consent, consecutive patients
scheduled for elective open-chamber aortic or mitral
valve reconstruction or replacement were included.
Exclusion criteria were emergency surgery, lack of
informed consent, pregnancy, pre-existing epilepsy, sur-
gery in deep hypothermia or off-pump surgery. Patients
were screened for pre-existing cognitive deficits using
the mini-mental status examination (MMSE) the day
before surgery. The anaesthesia, surgery and postop-
erative treatment were standardised and not influenced
by the presented observation. The anaesthesia induc-
tion included 2.5-3 mg/kg propofol and a 0.8-1 pg/kg
sufentanil bolus. Propofol was applied continuously, and
remifentanil was added at a rate of 0.15-1 pg/kg*min
for continuous analgesia. In addition to the continuous

Take-home message

This study reveals for the first time a surprisingly high incidence of
33% abnormal EEG patterns, including 9% that were electrographic
seizures, after open-chamber cardiac valve surgery, which shows an
association with the incidence of delirium.

remifentanil, sufentanil boli were applied before painful
surgical procedures. The target of the bispectral index
(BIS) was between 40 and 60.

In order to prevent air embolism, CO, was inflated into
the open heart and air was manually squeezed out at the
end of the bypass procedure. Patients were placed in a
Trendelenburg position, and the aortic root vent evacu-
ated the air outside of the cavum and the aorta. Transoe-
sophageal echocardiography was used to confirm that
no air remained, then the aortal clamp was opened and
the patient was positioned horizontally. After surgery, all
patients were admitted to the ICU with analgo-sedative
drugs (remifentanil and propofol) and invasive ventila-
tion. After the EEG monitoring was established, propofol
and remifentanil were tapered with the goal of early extu-
bation. Piritramide and metamizole were used to obtain
analgesia.

EEG monitoring started within the first hour after the
patients’ admission to the ICU (EEG-1100-system, Nihon
Kohden Europe GmbH, Rosbach, Germany). An EEG
was performed using 10 cup electrodes (Ag/AgCl) fixed
at the scalp with electrode paste following abrasion of
the skin surface. The electrodes were placed according
to the 10-20 system at Fp1, Fp2, C3, C4, P3, P4, T3, T4,
Fz and Cz. EEG recording was performed continuously
for up to 24 h unless patients were discharged from the
ICU or more than three electrodes became dysfunc-
tional. Afterwards, the EEG results were independently
analysed with a focus on predominant background EEG
frequencies and abnormal EEG patterns, such as peri-
odic discharges, rhythmic delta activity, rhythmic or
sporadic spikes, sharp-and-slow-waves, spike-and-wave
and electrographic seizures, defined as patterns with
evolution in amplitude and frequency, as determined by
two EEG board-certified neurologists (MT, PS) [7, 8].
Both were blinded to patients’ treatment and outcome
parameters. The EEG interpretation was performed after
patients’ treatment, so the findings had no influence on
the individual therapy. In the case of different interpreta-
tions, both investigators analysed the individual pattern
together until a consensus was reached.

For secondary analysis, the incidence of delirium was
assessed by nursing staff on the first and fourth post-
operative day using the confusion assessment method
for the intensive care unit (CAM-ICU). Furthermore,
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the patients’ length of stay in the ICU and postopera-
tive strokes up to the end of inpatient rehabilitation were
recorded. Dosages of clorazepate for premedication, dos-
ages of tranexamic acid, time of extracorporeal bypass,
aortic clamping time, lowest temperature during cardio-
pulmonary bypass, intraoperative BIS and mean arterial
blood pressure were recorded in the anaesthesia protocol
and used to detect potentially uncontrollable influencing
factors.

Statistical analysis

Due to the absence of preliminary data, a power analysis
could not be performed. For this prevalence study, a sam-
ple size of 100 patients was aimed. The prevalence of sei-
zures and epileptic discharges was analysed descriptively.
For secondary analysis, a classification was performed
of patients with/without abnormal EEG pattern and of
patients with/without electrographic seizures. It was
investigated whether the groups with/without abnormal
EEG pattern and with/without electrographic seizures
differed in patient characteristics (age, gender, BMI), pre-
operative mental state or intra-operative data. To verify
whether the groups differed significantly in categorical
variables, Chi-square tests were calculated on the basis of
a dichotomous scale level of the variable. For parametric
continuous variables, Student’s ¢ tests were used. Contin-
uous variables that did not meet the criteria of paramet-
ric testing were evaluated using Mann—Whitney U test.
Normal distribution was proven with the Shapiro—Wilk
test and variance homogeneity with the Levene test. For
all metric variables, mean values and standard deviation
(SD) were reported; for categorically scaled parameters,
frequency and percentage were given. Statistical analyses
were calculated using SPSS (version 24, IBM® SPSS® Sta-
tistics, USA). A significance level with p<0.05 was con-
sidered to be statistically significant.

Results

One hundred patients were included, 76% of whom
underwent aortic valve replacement and 24% of whom
endured mitral valve reconstruction or replacement. The
mean age of the patients was 70110 years, 72% were
male, and the mean BMI was 27 +5 l(g/mz. The Ameri-
can Society of Anesthesiologists’ physiological status
classification was 3 [2; 4]. The mean MMSE before sur-
gery was 28.3+1.7. All patients who gave consent were
measured, with no dropouts after the primary analysis.
Clorazepate was used as premedication in 85% of the
patients (24+16 mg), and 99% of the patients received
tranexamic acid (2.84+0.7 g, max 4.0 g) during the sur-
gery. Extracorporeal circulation was performed for
112+ 37 min, with aortal clamping times of 76 & 24 min.
EEG recording lasted 12.9+7.2 h per patient, resulting

in 1267 h of EEG data. Five patients remained intubated
and were mechanically ventilated at the end of the EEG
recording. One of them received 30 mg/h propofol.
Delirium, as defined by the CAM-ICU, was observed in
9 patients on day 1 (9%) and 9 patients on day 4 (9%). In 5
patients, the delirium existed at both times.

33% of the patients showed abnormal EEG patterns
such as periodic discharges, rhythmic delta activity,
rhythmic or sporadic spikes, sharp-and-slow-waves and
spikes-and-waves (Table 1). In 9 of these patients (9%
overall), the EEG pattern showed evolution in amplitude
and frequency and was interpreted as having electro-
graphic seizures (Fig. 1). The inter-observer agreement
was 86%. None of the patients’ seizures were observed
by the intensive care staff. The main EEG activity at
the beginning of the recording time was suppressed or
showed a burst-suppression pattern, presumably due to
analgo-sedative medication, whereas at the end of EEG
recording, the main EEG activity in all patients was an
alpha or theta rhythm.

Secondary analysis revealed that the prevalence of elec-
trographic seizures was associated with the incidence
of postoperative delirium on the first postoperative day
(relative risk 8.09; 95% confidence interval [2.63; 24.84];
Py2<0.01; effect size w=0.388) and in patients with pro-
longed delirium at days 1 and 4 (relative risk 6.74; 95%
confidence interval [1.29, 35.2]; pX2=0.06). Patients
with electrographic seizures were older (78 vs. 69 years;
p=0.03) and female (6 f vs. 3 m; p=0.01) and tended
to achieve lower results in pre-surgical MMSE, though
this did not reach statistical significance (26.9+3.5 vs.
28.5+1.4; p=0.08). The duration of cardiopulmonary
bypass, lowest temperature, BIS level and blood pressure
due to bypass were not different in patients with abnor-
mal EEG patterns or electrographic seizures. The used
dosages of neither clorazepate nor tranexamic acid var-
ied in the observed groups. Four patients had suffered

Table 1 Abnormal EEG findings of the individual patients

Electrographic seizures 9% (9/100)

Generalized rhythmic delta activity (GRDA) 14% (14/100)
Plus superimposed sharp waves/spikes (4 S) 5% (5/100)
Plus superimposed fast activity (+F) 3% (3/100)

Generalized rhythmic spike and wave (GSW) 2% (2/100)

Bilateral independent periodic discharges (BIPD) 2% (2/100)
Plus superimposed rhythmic activity (4 R) 1% (1/100)

Lateralized rhythmic delta activity (LRDA) 1% (1/100)

Lateralized rhythmic spike and wave (LSW) 3% (3/100)

Sporadic epileptiform discharges 17% (17/100)

Electroencephalography (EEG) findings of the patients with abnormal patterns
according to [7, 8]



1421

7}\

Fig. 1 Exemplary sections ofelectroencepha\ograms (EEG) of two patients vvlth electrographlc seizures. a Section of left focal rhythmic spike- and
poly-spike-wave activity. b Bilateral rhythmic spikes, poly-spikes and poly-spike-wave activity, with artefacts over T3 and T4

a stroke according to their medical history, but this was
not associated with an abnormal EEG pattern (p=1.00).
Patients were not screened for occult ischemic strokes.
Five patients—2/33 with and 3/67 without abnormal
EEG patterns (p=1.00)—exhibited acute focal neuro-
logical symptoms, and ischemic stroke was confirmed by
CT or MRL Delirium compared to no delirium at day 1
was more pronounced in elderly patients (76 vs. 69 years;
p=0.04). The comparison between patients with and
without electrographic seizures is shown in Table 2. The
comparison between patients with abnormal EEG pat-
terns, including electrographic seizures, and without
abnormal EEG patterns can be reviewed in Table 3.

Discussion

This pilot study shows a surprisingly high prevalence of
abnormal EEG patterns after open-chamber cardiac sur-
gery. Electrographic seizures were observed in 9/100 (9%)
of patients, and abnormal EEG patterns were observed
in 33/100 (33%) of patients. Electrographic seizures had
a significant association with postoperative delirium and
with higher age. All electrographic seizures had no obvi-
ous clinical correlate and were not observed by ICU staff.
They, therefore, could only be detected by comprehensive
EEG monitoring.

We present, for the first time, prospectively assessed
EEG data in a representative population undergoing elec-
tive open-chamber cardiac surgery. The prevalence of
electrographic seizures is higher than in previously pub-
lished studies of adult patients [2—4], since here for the
first time a prospective EEG measurement with widely
distributed EEG electrodes was applied. In neonatal
patients undergoing cardiac surgery, a prevalence of elec-
trographic seizures at 8% has been reported [9]. Another
study investigating EEGs in sepsis patients described
a comparable prevalence of non-convulsive seizures at
11% and periodic discharges at 25%, similar to the find-
ings described here [10]. In principle, sepsis is a systemic
inflammatory response to an infectious pathogen, but a
systemic inflammatory response also has been observed
after cardiopulmonary bypass [11]. Systemic inflam-
mation therefore might be a potential factor leading to
abnormal EEG findings and delirium. The current data
provide the necessary basis for further investigations
regarding the origin and clinical impact of such EEG
abnormalities.

This study has some limitations. Patients were not
simultaneously monitored by video, and their EEGs were
analysed retrospectively. Since there was no continu-
ous observation of the patients, convulsive versus non-
convulsive seizures could not be differentiated. On the
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Table 2 Comparison between patients with and without electrographic seizures

Patients with electrographic sei- Patients without electrographic sei- p value

zures (n=9) zures (n=91)
Gender [f/m] 6/3 22/69 0.01
Age [years] 78£2 69+ 10 0.03
MMSE 269+35 285+14 0.08
Delirium day 1 [n (%)] 4 (44%) 5 (6%) <0.01
Delirium day 4 [n (%)] 2 (22%) 7 (8%) 0.19
Delirium day 1+4 [n (%)] 2 (29%) 3 (3%) 0.06
Preoperative dose of clorazepate [mg] 16+14 25+16 0.10
AVR/MVR [n/[n] 7/2 69/20 1.00
Extracorporeal circulation [min] 114453 113+36 0.44
Aortal clamping time [min] 74442 76+22 0.15
Deepest temperature [°F/°C] 95+34/35+£1 934+35/34+1 0.53
Time of BIS <40 [min] 61+£23 62+44 097
Time of MAP <40 mmHg [min] 41(2; 24] 6 [0; 63] 0.98
Doses of tranexamic acid [g] 29405 2741 0.55
Lengths of ICU stay [days] 21[1;12] 101;26] 0.08

Values given as mean + standard deviation, median [min; max] or frequencies (n) and percentage. Statistical analysis was performed with Mann-Whitney U test,
Pearson or Fisher Chi-square test

EEG electroencephalogram, f feminine, m masculine, MMSE mini-mental status examination, AVR aortic valve replacement, MVR mitral valve replacement or
reconstruction, BIS bispectral index, MAP mean arterial blood pressure, ICU intensive care unit

Table 3 Comparison between patients with and without abnormal EEG pattern

Patients with abnormal EEG (n=33) Patients without abnormal EEG

(GEY))

Gender [f/m] 10/23 18/49 0.72
Age [years] 71+9 69+ 10 0.17
MMSE 2842 2841 047
Delirium day 1 [n (%)] 5 (15%) 4 (6%) 0.15
Delirium day 4 [n (%)] 5(15%) 4 (6%) 0.16
Delirium day 144 [n (%)] 3 (9%) 2 (3%) 033
Preoperative dose of clorazepate [mg] 24+16 23+16 0.74
AVR/MVR [n]/[n] 27/5 49/17 0.26
Extracorporeal circulation [min] 114448 112432 043
Aortal clamping time [min] 7631 7619 0.35
Deepest temperature [°F/°C] 93+36/34+2 93+34/34+1 0.67
Time of BIS <40 [min] 64+51 61439 0.73
Time of MAP <40 mmHg [min] 410; 27] 6 [0; 63] 0.5

Doses of tranexamic acid [g] 29405 27408 042
Lengths of ICU stay [days] 111;12] 111;26] 0.65

Values given as mean =+ standard deviation, median [min; max] or frequencies (n) and percentage. Statistical analysis was performed with Mann-Whitney U test,
Pearson or Fisher Chi-square test

EEG electroencephalogram, f feminine, m masculine, MMSE mini-mental status examination, AVR aortic valve replacement, MVR mitral valve replacement or
reconstruction, BIS bispectral index, MAP mean arterial blood pressure, ICU intensive care unit

other hand, the intensive care staff did not register any of electrographic seizures or abnormal EEG patterns on
convulsive seizures. Artefacts by passive or active move-  outcome parameters, on the one hand, and the influence
ment of the patients also were not marked in the EEG.  of perioperative procedures on such EEG abnormalities,
The EEG analyser, therefore, widely ignored patterns on the other hand, cannot be calculated, as this study was
typical for active or passive movements. The influence not powered for this purpose. All described secondary
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calculations in this trial are, therefore, narrative at this
point and should be reproduced and systemically evalu-
ated in the context of further studies.

This study was created as a preliminary pilot study
to detect the prevalence of EEG abnormalities in the
observed population. Therefore, the study was not pow-
ered to investigate the relationship between abnormal
EEG patterns and secondarily assessed parameters. How-
ever, a significant association between electrographic
seizures and delirium exists, supporting the hypothesis
of a relationship. Delirium occurred in 9% of patients
and was, therefore, considerably less frequent than the
24% prevalence in the mixed cardiac surgery population
described in previous studies [12]. This observation can
likely be explained by the fact that delirium assessment
in the above-mentioned investigation was carried out at
specific times by specially trained staff, whereas in this
study, it was done in the context of routine patient care
by intensive care and nursing staff who might underes-
timate the occurrence of hypoactive delirium, which can
be harder to identify. Electrographic seizures and delir-
ium were more pronounced in elderly patients. Further-
more, patients presenting electrographic seizures tended
to have lower MMSE level prior to surgery, though this
did not reach statistical significance. Both age and pre-
existing cognitive impairment are well-known risk
factors for delirium in ICU patients [13]. It should be dis-
cussed whether both entities—seizures and delirium—
may be independent consequences of major surgery on
an aged and potentially already impaired brain. The asso-
ciation between abnormal EEG patterns and delirium in
elderly patients should be investigated in further stud-
ies, implementing additional assessments for POCD.
Assessing POCD is time-consuming and places high
demands on personnel resources. To avoid underpower-
ing in POCD studies, a valid power analysis is necessary.
Due to the lack of robust prevalence data on seizures in
the population of interest, this investigation was per-
formed without postoperative neurocognitive examina-
tions. POCD is defined as a decline in performance in
neuropsychological tests relative to preoperative perfor-
mance. Its frequency strongly depends on the follow-up
interval and the applied diagnostic criteria [14]. Cogni-
tive deficits are still measurable in 16-23% of patients
three months after the operation and in 31% of patients
undergoing cardiac bypass surgery even after 3 years [15,
16]. Patients with status epilepticus or repetitive epilep-
tic seizures are known to experience persistent cogni-
tive deficits in memory and learning even one year after
the event [17]. Accordingly, the prevalence of delirium
and electrographic seizures in this study now enables
the performance of a power analysis in further studies;
for the investigation of an association between delirium

and electrographic seizures, a sample size of 73 patients
should be aimed for (alpha 0.05; power 0.8; effect size
w=0.388). In particular, since seizures are potentially
treatable with anticonvulsive drugs, the detection and,
if necessary, treatment of early postoperative seizures
might be of great clinical importance for the incidence of
POCD and will be investigated in further trials.

Conclusions

Postoperative delirium and POCD are relevant compli-
cations of open-chamber cardiac surgery. The underly-
ing pathophysiology is largely unknown and most likely
multifactorial. The present study reveals for the first time
a high incidence of abnormal EEG patterns and clini-
cally silent postoperative electrographic seizures, with
an association of the latter to delirium incidence. This
finding warrants further studies to determine whether
postoperative abnormal EEG activity contributes to pro-
longed delirium and POCD and, thus, might represent a
promising target for perioperative neuroprotection.
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