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ABSTRACT

Introduction: Brain natriuretic peptide (BNP) is
a reliable biomarker in the acute phase of trau-
matic brain injury. However, the relationship
between BNP and traumatic acute subdural
hematoma (aSDH) has not yet been addressed.
This study aimed to analyze BNP levels on
admission in surgically treated patients and
assess their relationship with early postopera-
tive seizures (EPS) and functional outcomes.
Methods: Patients with unilateral traumatic
aSDH who were surgically treated in our
department between July 2017 and May 2020
were included in the study. BNP was preopera-
tively measured. Patients’ neurologic condition,
radiographic variables on initial cranial com-
puted tomography, sodium serum levels on

admission, and occurrence of EPS were
prospectively assessed. Functional outcome was
assessed using the modified Rankin Scale (mRS)
at discharge and follow-up (at 2–3 months). A
poor outcome was defined by a mRS score[3.
Results: EPS occurred in 20 (19.6%) of 102
surgically treated patients in the final cohort on
the median day 3. A significant association
between EPS and a poor Glasgow Coma Scale
score at the 7th postoperative day was found,
which in turn independently predicted a poor
functional outcome at discharge and follow-up.
Nonetheless, EPS were not associated with poor
functional outcomes. The multivariate analysis
revealed BNP[95.4 pg/ml (aOR = 5.7,
p = 0.003), sodium\137.5 mmol/l (aOR = 4.6,
p = 0.009), and left-sided aSDH (aOR = 4.4,
p = 0.020) as independent predictors of EPS.
Conclusion: In the early postoperative phase of
traumatic aSDH, EPS were associated with worse
neurologic conditions, which in turn indepen-
dently predicted poor outcomes at discharge
and follow-up. Although several EPS risk factors
have already been elucidated, this study pre-
sents BNP as a novel reliable predictor of EPS.
Further larger studies are needed to determine
whether a more precise estimate of EPS risk
using BNP levels can be reached.
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Key Summary Points

Why carry out this study?

Early postoperative seizures (EPS) following

surgery for traumatic acute subdural

hematoma are considered a leading prognostic

factor. Some recent studies estimated their

incidence between 24 and 36%, which is

significantly higher than that of posttraumatic

seizures (only 5–7%). Nevertheless, the use of

prophylactic antiepileptic drugs in the acute

phase to reduce the risk of early seizures

remains controversial, and there are to date no

clinical evidence compared to that in severe

traumatic brain injury, by which phenytoin is

recommended in the first week after trauma

(American Academy of Neurology, Class I

evidence, Level A recommendation).

In this study, the incidence of early

postoperative seizures in the setting of

traumatic acute subdural hematoma was

assessed, and the role of the biomarker ‘‘brain

natriuretic peptide’’ in the prediction of early

postoperative seizures was investigated.

What was learned from the study?

Early postoperative seizures are a common

complication in the early postoperative phase

of traumatic acute subdural hematoma, as their

occurrence was associated with worse

neurologic conditions on the 7th postoperative

day, which in turn predicted poor functional

outcomes at discharge and follow-up.

However, EPS were not directly associated with

poor outcomes.

Brain natriuretic peptide serum level on

admission is a novel reliable predictor of early

postoperative seizures following surgery for

traumatic acute subdural hematoma. The study

predictive model could stratify the risk of

experiencing early postoperative seizures in

three categories (low, intermediate, and high

risk) and may help neurosurgeons and

neurologists in further evaluation of that risk.

Furthermore, our study results may serve as

paradigm for future research in the field of

early postoperative seizures.

INTRODUCTION

Traumatic acute subdural hematoma (aSDH) is a
major clinical entity in traumatic brain injury
(TBI) that is often complicated by co-existing
intracranial lesions, including an extra-axial
space-occupying hematoma, parenchymal con-
tusions, brain edema, and a variety of diffuse
injuries [8, 20, 30, 43]. ASDH is a common dis-
ease that is increasing in prevalence and costs,
accounting for about 90,000 hospitalizations
annually in the USA [11]. It is considered the
most frequent extra-axial hemorrhage requiring
emergent neurosurgical evacuation and imme-
diate intensive care [11]. The identification of
prognostic factors such as patient age, clinical
status, signs of cerebral herniation, hematoma
size, time until treatment, and posttraumatic
seizures [30, 33, 41] is therefore highly neces-
sary in the clinical setting for predicting
patients’ clinical course and outcome [8].

Early posttraumatic seizures (PTS), occurring
within the first week after head trauma, are a
common complication in patients with trau-
matic aSDH [16, 38]. Early PTS that occurred
after hematoma evacuation—or early postoper-
ative seizures (EPS)—are to date not described
enough [30, 43]. Indeed, there is a paucity of
research investigating the relationship between
EPS and aSDH, and this association has not yet
been sufficiently characterized. To date, a few
studies have addressed the incidence and
impact of EPS on functional outcomes in
patients with aSDH. Their incidence was repor-
ted in only four studies [16, 30, 38, 43] and
ranged between 24 and 36%, significantly
higher than the general incidence of early PTS
(estimated between 5 and 7%) [39, 46]. Addi-
tionally, EPS in aSDH patients delays favorable
recovery and is independently associated with
worse functional outcome at discharge
[27, 30, 32, 33, 44]. Other authors found that
EPS worsened both early and late functional
outcome and was significantly associated with
higher mortality rate [8, 43]. Therefore, early
identification of patients at high risk of EPS in
clinical practice could be helpful for counseling
patients and their relatives regarding the early
functional outcome.
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Recent studies have reported an increase in
plasma brain natriuretic peptide (BNP) in the
acute phase of TBI, which is related to the ele-
vation of the intracranial pressure (ICP)
[21, 35, 45], hyponatremia [45], trauma severity
[45], and clinical outcomes [35]. BNP is a
vasorelaxant peptide [1] mainly expressed in
the ventricular myocardium [25] that reaches
the hypothalamus through the subfornical
organ [1]. BNP plays a central role in the mod-
ulation of cardiovascular homeostasis as well as
the regulation of hypothalamic-pituitary-adre-
nal axis function [29] and is considered a reli-
able biomarker in TBI. Nevertheless, the
relationship between BNP and traumatic aSDH,
especially the risk of EPS following hematoma
evacuation, has not yet been addressed.

In light of these knowledge gaps [21, 35, 45],
we aimed in this study to investigate the clinical
implications of elevated BNP for the prediction
of EPS and functional outcomes in patients with
traumatic aSDH.

METHODS

Study Population

Between July 2017 and May 2020, 163 patients
aged C 18 years with isolated unilateral aSDH
that were admitted at our institution were
evaluated for eligibility for this study. Patients
with a history of chronic heart or renal failure,
brain surgery, intracranial tumor, aneurysmatic
subarachnoid hemorrhage, or interhemispheric,
bilateral, or non-traumatic aSDH were excluded.
Of the 136 eligible patients, all individuals who
were not surgically treated were not included in
the final cohort (N = 102). The study
flowchart summarizes the main exclusion cri-
teria in detail (Fig. 1).

Ethical Standards

This prospective study was performed in accor-
dance with the ethical standards of the institu-
tional research committee and the Code of
Ethics of the World Medical Association (Dec-
laration of Helsinki). The Institutional Review

Board approved the study protocol (Medical
Faculty, University of Duisburg-Essen, Registra-
tion number: 15-6632-BO). Written informed
consent was obtained from all participants or
their next of kin in case of altered state of
consciousness.

Routine Clinical Care and Treatment
Protocol of Traumatic aSDH

Pre-existing antiplatelet/anticoagulant therapy
(AAT) was discontinued upon hospital admis-
sion and re-established 3 weeks after surgery in
case of complete resolution of the hematoma.
Patients with a Glasgow Coma Scale (GCS)
score\15 or the presence of a midline shift
(MLS) received an immediate hematoma evac-
uation under general anesthesia with a decom-
pressive craniectomy or craniotomy, depending
on presence of brain edema. Prior to surgery, a
single dose of cefazolin was administrated pro-
phylactically. Postoperatively, patients spent at
least 24 h in the intensive care unit (ICU) and
remained on bed rest. A postoperative CCT was
performed on the same day in all cases to rule
out a re-bleeding. Patients with a GCS score of
15 without MLS were neurologically monitored
for 24 h in the ICU. A control CCT was per-
formed 6 h after the first imaging or in response
to neurologic deterioration. At this stage,
patients that were not operated were secondar-
ily excluded from the study. Patients with ini-
tially non-reactive and wide pupils[2 h were
not operated because of worse prognosis. The
Glasgow Coma Scale (GCS) score was prospec-
tively assessed on admission and on the 7th
postoperative day. The occurrence and recur-
rence of EPS, seizure type, and use of
antiepileptic drugs (AEDs) were documented. In
case of self-limited EPS, a repeated cranial
computed tomography (CCT) was performed to
rule out a re-bleeding or cerebral infarction, and
venous blood was sampled to rule out elec-
trolyte disorders including sodium, potassium,
chloride, calcium, magnesium, and phosphate
concentrations. If EPS was prolonged[30–60 s,
a bolus of 1 mg lorazepam was intravenously
administrated to stop the seizure, and then CCT
was performed. Levetiracetam was used as the
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first-choice AED for treatment. In case of EPS
recurrence, the antiepileptic therapy was
adjusted/escalated in cooperation with a neu-
rologist. In case of any unexpected neurologic
deterioration in absence of previous seizures, a
CCT was done, and in case of the absence of an
organic cause (re-bleeding/cerebral infarction),
an electroencephalogram (EEG) was performed
to diagnose/rule out EPS. All EEGs were read by
our epileptologist (third author, C.M.Q) and
were considered positive if epileptiform or ictal
activity was noted in the read. In our institu-
tion, AED prophylaxis in asymptomatic
patients, or in patients who had had only one
self-limited seizure before surgical treatment,
was not used. All patients with EPS had an

additional follow-up after hospital discharge by
a neurologist.

BNP Sampling

BNP was measured from venous blood samples
collected at admission. An electrochemilumi-
nescence immunoassay was performed (Sie-
mens, ADVIA Centauer�, USA, manufacturer
range 2–5000 pg/ml).

Patient Data Collection

The following medical records were prospec-
tively assessed by the first author (M.C.) using a

Fig. 1 Study flowchart
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study questionnaire on admission to examine
certain data points: age, sex, suspected seizure
before head trauma, preoperative seizure,
dementia, cardiac history (atrial fibrillation,
coronary heart disease), AAT, alcohol abuse
before trauma (when ethanol serum level on
admission was[100 mg/dl), neurologic condi-
tion on admission using the GCS score, and
sodium serum concentration on admission.
Exact time of head trauma was assessed through
anamnesis or after consulting emergency doctor
protocols. Furthermore, aSDH location, opera-
tive technique, time until treatment (difference
between time of incision and time of head
trauma in minutes), and ABO blood type were
documented. Additionally, hematoma volumes
and MLS were assessed and calculated using
iPlan Software (BrainLab, Munich, Germany) on
initial CCT. Moreover, brain edema was asses-
sed using the Subarachnoid Hemorrhage Early
Brain Edema Score (SEBES), and the presence of
brain contusions was documented. Along
patients’ period of hospitalization, neurologic
condition on the 7th postoperative day, in-
hospital mortality, and postoperative compli-
cations such as EPS, cerebral infarction, re-
bleeding, long-term ventilation ([7 days),
acute renal failure, myocardial infarction, and
cardiac arrest were assessed. Before being digi-
tized, the data were added to the study ques-
tionnaire. Functional status of the patients was
also assessed and documented at discharge and
last follow-up using a simplified modified Ran-
kin Scale (mRS) questionnaire [4]. A mRS
score[3 was considered a poor outcome.

Definition of EPS

According to previous literature
[30, 38, 39, 44, 46], EPS were defined as acute
symptomatic generalized or focal onset seizures
occurring in the postoperative period within
7 days of head trauma. These included tonic-
clonic seizures, automatisms, or repeated auto-
matic movements like clapping, rubbing of
hands, or chewing, with or without impairment
of awareness, and seizures with no manifesta-
tion apart from brief impairment of awareness.

Follow-up

Patients visited our outpatient clinic for follow-
up after the rehabilitation period (2–3 months
after discharge), and their functional status was
assessed.

Statistical Analyses

All analyses were performed using SPSS version
25 (IBM, Chicago, IL). Categorical data are pre-
sented as frequencies and percentages. Non-
normally distributed continuous variables are
expressed as the median and the interquartile
range (IQR). The Mann-Whitney U test was used
to assess statistical associations between non-
normally distributed continuous and dichoto-
mous variables. Associations between categori-
cal variables were determined using the chi-
square test and Fisher’s exact test (when the
expected cell frequency was\5). Associations
between ordinal variables such as GCS/mRS
scores/SEBES and dichotomous variables were
determined using the Kruskal-Wallis H test. For
associations between ordinal and continuous
variables, Spearman’s correlation was per-
formed. The Cochran-Armitage test of trend was
used to assess the association between a
dependent dichotomous and an independent
ordinal variable. BNP was used as a continuous
variable in the univariate analyses. The mRS
score was dichotomized (B 3 vs.[3) only when
predicting outcome; otherwise, it was used as an
ordinal independent variable. The factors asso-
ciated with the occurrence of EPS in the uni-
variate analyses with a p value\0.01 were
implemented in the multivariate analyses.
Receiver-operating characteristic (ROC) curve
analyses were conducted to determine cutoff
values of BNP and sodium concentrations and
assessment of diagnostic accuracy of prediction
models including the BNP and sodium cutoff
values. Hierarchical binomial logistic regression
was performed first using BNP and sodium
levels as continuous variables and then using
their corresponding cutoff values to determine
predictors of EPS. For each predictor, an adjus-
ted odds ratio (aOR) and 95% confidence
intervals (95% CI) were calculated. A prediction
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model based on the results of the multivariate
analysis was computed. To assess eventual
associations between EPS/GCS on 7th postop-
erative day and outcomes, we conducted a
sensitivity analysis in which patients who died
within 7 days of head trauma were excluded.
After dichotomizing the outcome variable (mRS
score B 3 vs.[3), a hierarchical binomial
regression analysis was used to determine pre-
dictors of postoperative outcome at discharge
and follow-up. P values\0.05 in two-sided
testing were considered statistically significant.

RESULTS

Baseline and Radiographic Characteristics

The selection process of the patients eligible for
this study is presented in Fig. 1. Accordingly,
102 patients (median age 74 years, male/female
1.48/1) met the inclusion criteria and were
included in the study. Of the participants, 17
had atrial fibrillation (16.7%), 15 had coronary
heart disease (14.7%), and 41 received AAT
(40.2%). Nine patients (8.8%) were diagnosed
with dementia prior to admission and 20
(19.6%) under alcohol abuse. At admission, 49
patients (48%) had a GCS score B 8. In-hospital
mortality rate was 33.3% (n = 34), and 58 of 68
survivors could be followed up at 2–3 months
(85.3%). Severe brain edema was observed in 43
patients (42.2%), cerebral herniation in 8
patients (7.8%), and parenchymal contusions in
26 patients (25.5%) (Table 1). Further charac-
teristics of deceased patients are summarized in
Table I (Supplementary Material). Withdrawal of
care was performed in accordance with the
patient’s decree when the patients postopera-
tively did not experience any neurologic
improvement in the absence of any clinical or
electroencephalographic signs of seizures and
despite the probatory use of AEDs.

BNP Characteristics

BNP was significantly higher in females, older
patients, individuals with cardiac history (i.e.,
atrial fibrillation, coronary heart disease), and

those on AAT. EPS, recurrent EPS, and postop-
erative myocardial events (i.e., myocardial
infarction, cardiac arrest) were statistically sig-
nificantly associated with higher BNP. The mRS
score at discharge was not associated with BNP;
however, a statistically non-significant trend
between higher BNP levels and poor mRS at
follow-up was observed (Table II, Supplementary
Material).

Characteristics and Predictors of EPS

EPS (median: 3 days, 95% CI [2.3–3.7]) occurred
in 20 patients (19.6%) and were recurrent in 14
(70%) of cases. EPS characteristics are summa-
rized in Table III (Supplementary Material). In the
univariate analyses, the occurrence of EPS was
associated with female sex, advanced age, left-
sided aSDH, higher BNP, lower sodium, and
longer time until treatment. Furthermore,
patients with a worse GCS score at the 7th
postoperative day had significantly higher rates
of EPS (Table 2).

After adjusting for age, sex, and time until
treatment, the hierarchical logistic binomial
regression revealed that higher BNP levels,
lower sodium concentrations, and left-sided
aSDH are independent predictors of EPS
(Table 3). The model could explain 35.8%
(Nagelkerke R2) of the variance in EPS and cor-
rectly classified 85.3% of cases. In the interests
of simplicity for use in clinical practice, ROC
curve analysis for the prediction of EPS was
performed to determine the cutoff values of
BNP (Fig. 2) and sodium concentrations which
were 95.4 pg/ml (AUC = 0.72 [95% CI
0.58–0.85], sensitivity = 70%, speci-
ficity = 70.7%) and 137.5 mmol/l (AUC = 0.70
[95% CI 0.54–0.84], sensitivity = 78%, speci-
ficity = 60%). The hierarchical logistic binomial
regression considering both cutoff values
revealed that BNP[95.4 pg/ml (aOR = 5.7),
sodium\137.5 mmol/l (aOR = 4.6), and left-
sided aSDH (aOR = 4.4) were independent pre-
dictors of EPS (Table 3). According to Hosmer
et al. [15], the model’s discriminative capacity
was determined by a ROC curve analysis and
was excellent with an AUC of 0.81 (95% CI
0.69–0.92). The logistic regression equation was
as follows:
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Table 1 Patients’ baseline and radiographic characteristics (complete cohort)

Parameters N/n %

Age (median = 74 years, IQR = 26 years) 102 100

Sex (male/female: 1.48/1) 102 100

Female 41 40.2

Male 61 59.8

Suspected seizure before head trauma 2 1.9

Preoperative seizure 10 9.8

Cardiac history 27 26.5

Atrial fibrillation 17 16.7

Coronary heart disease 15 14.7

Antiplatelet/anticoagulant therapy 41 40.2

Dementia 9 8.8

GCS score at admission B 8 49 48

Alcohol abuse before trauma (ethanol serum level[ 100 mg/dl) 20 19.6

Pupils at admission

Narrow pupils with normal reaction to light 75 73.5

Anisocoria and non-reactive ipsilateral pupil 18 17.6

Wide and non-reactive pupils 9 8.8

ABO blood type

O 35 34.4

A 46 45.1

B 13 12.7

AB 8 7.8

Operative technique

Craniotomy 29 28.4

Craniectomy 73 71.6

Time until treatment (median = 345 min, IQR = 663 min) 102 100

In-hospital mortality 34 33.3

mRS score at discharge[ 3 85 84.6

mRS score at last follow-upa[ 3 30 51.7

Parenchymal contusions on initial CCT 26 25.5

Severe brain edema (SEBES[ 2) 43 42.2

Cerebral herniation 8 7.8

Hematoma volume (median = 59.9 ml, IQR = 69.9 ml) 102 100
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LogitðpÞ ¼ �3:775 þ 1:755 � BNP þ 1:525
� sodium þ 1:473 � aSDH location:

Predictive Model

A predictive model was designed using BNP and
sodium levels with their cutoff values and aSDH
location. One point per variable was attributed
in case of BNP[ 95.4 pg/ml,
sodium\137.5 mmol/l, and left-sided aSDH. A
minimum score of 0 indicates ‘‘low risk of EPS’’
and a maximum score of 3 indicates ‘‘high risk
of EPS.’’ The model’s discriminative capacity
was excellent [15], with an AUC of 0.81 (95% CI
0.69–0.92) (Fig. 3). A score C 2 (sensitivity:
70%, specificity: 76.8%) was determined as the
best threshold to discriminate the risk of expe-
riencing EPS.

Risk Stratification

Compared to a score of 0 (‘‘low risk’’), there was
an exponential increase in the risk of develop-
ing EPS with a score of 1 (‘‘intermediate risk’’) or
a score of 2/3 (‘‘high risk’’) (aOR = 2.9 [95% CI
0.316–26.141] vs. aOR = 16.9 [95% CI
2.039–140.880], respectively) (Fig. 4 and
Table 4). Furthermore, the Cochran-Armitage
test of trend showed a statistically significant
increase in the occurrence rate of EPS with
increasing score (Table IV, Supplementary
Material).

Sensitivity Analysis

All statistical analyses were performed again
after excluding patients who died within the
first 7 days of head trauma. The statistical

results were unchanged. Tables V, VI, VIII, IX,
and X (Supplemental Material) summarize in
detail these findings.

Postoperative Functional Outcomes

A poor functional outcome at discharge was
significantly associated with female sex, larger
hematoma volumes and MLS, advanced age,
and higher BNP levels. A poor functional out-
come at follow-up was significantly associated
with the presence of cardiac history, CHD, lar-
ger hematoma volumes and MLS, advanced age,
higher BNP levels, and worse GCS scores at
admission. Neither EPS nor recurrent EPS were
significantly associated with functional out-
comes (Table VII, Supplementary Material). The
hierarchical binomial regression analysis
showed that a poor GCS at admission, advanced
age, and larger hematoma volumes are inde-
pendent predictors of poor functional outcome
at discharge and follow-up. In the sensitivity
analysis, advanced age and poor GCS score at
the 7th postoperative day were independent
predictors of poor functional outcome at dis-
charge, whereas advanced age and poor GCS
scores at admission and at the 7th postoperative
day were independent predictors of poor func-
tional outcome at follow-up (Table IX and X,
Supplementary Material).

DISCUSSION

This study is the first to investigate the clinical
implications of BNP in surgically treated
patients following traumatic aSDH. We found
that EPS were associated with a poor neurologic
condition of the patients on the 7th

Table 1 continued

Parameters N/n %

Midline shift (median = 5.4 mm, IQR = 8.2 mm) 102 100

Sodium serum level on admission (median = 139 mmol/l, IQR = 6 mmol/l) 102 100

CCT cranial computed tomography, CI confidence intervals, mRS modified Rankin Scale, GCS Glasgow Coma Scale, IQR
interquartile range, SEBES subdural hemorrhage early brain edema score
a 58 (followed up) of 68 patients (survived until discharge)
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postoperative day, which in turn predicted a
poor functional outcome at discharge and fol-
low-up. Nonetheless, EPS were not associated

with a poor functional outcome at discharge
and follow-up. In addition, higher BNP levels
([95.4 pg/ml), lower sodium concentrations

Table 2 Characteristics of early postoperative seizures (complete cohort)

Early postoperative seizures (univariate analyses)

Parameters (chi-square test) n (%) [EPS] n (%) [no EPS] OR 95% CI for OR p value

Suspected seizure before head trauma 0 (0) 2 (2.5) – – 1.000

Preoperative seizure 2 (10) 8 (9.8) – – 1.000

Sex (female) 14 (70) 27 (32.9) 4.8 1.64–13.74 0.004*

ABO blood type (A) 12 (60) 34 (43) – – 0.214

Subdural hematoma location (left) 15 (75) 37 (45.1) 3.6 1.21–10.98 0.024*

Alcohol abuse before trauma 1 (5) 19 (23.2) – – 0.112

Dementia 4 (20) 5 (6.1) – – 0.071

Cardiac history 8 (40) 19 (23.2) – – 0.159

Atrial fibrillation 6 (30) 11 (13.4) – – 0.095

Coronary heart disease 3 (15) 12 (14.6) – – 1.000

Antiaggregant/anticoagulant therapy 10 (50) 31 (37.8) – – 0.446

In-hospital mortality 7 (35) 27 (32.9) – – 1.000

Operative technique (craniotomy) 9 (45) 20 (24.4) – – 0.096

Parenchymal contusions on initial CCT 6 (30) 20 (24.4) – – 0.775

Cerebral herniation 1 (5) 7 (8.5) – – 0.697

Parameters (Kruskal–Wallis H test) – – OR 95% CI for mean p value

GCS score at admission – – – – 0.089

Brain edema (using SEBES) – – – – 0.072

Parameters (Mann-Whitney U test) Median IQR OR 95% CI for mean p value

Age (years) 74 26 – 72.0–81.4 0.014*

BNP serum level on admission (pg/ml) 55.9 134.4 – 118.4–409.8 0.002*

Hematoma volume (ml) 59.9 69.9 – 34.70–80.71 0.111

Midline shift (mm) 5.4 8.2 – 2.86–6.46 0.520

Sodium serum level on admission (mmol/l) 139 6 – 132.0–138.5 0.008*

Time until treatment (min) 345 663 – 195–4099.7 0.012*

BNP brain natriuretic peptide, CCT cranial computed tomography, mRS modified Rankin Scale, GCS Glasgow Coma Scale,
SDH subdural hematoma, SEBES subdural hemorrhage early brain edema score
* p value significant
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(\137.5 mmol/l), and left-sided aSDH could
accurately predict the occurrence of EPS. Based
on these variables, a prediction model was
computed and was able to accurately predict
EPS risk. Among patients with ‘‘intermediate’’
(score = 1) and ‘‘high’’ (score = 2/3) risk for EPS,

11.1% and 42.4% experienced EPS, respectively.
In contrast, only 4.2% of the patients with ‘‘low
risk’’ (score = 0) developed EPS.

Jennett first described and reported the
incidence of early PTS and EPS in traumatic
aSDH and concluded that EPS differ from late

Table 3 Predictors and prediction model of early postoperative seizures (complete cohort). Minimum score 0 (less likely to
meet EPS); maximum score 3 (most likely to meet EPS)

Early postoperative seizures (N = 102) multivariate analysis and prediction model

Predictors B 95% CI p value Wald

BNP serum level on admission 0.006 1.002–1.010 0.003* 9.131

Sodium serum level on admission - 0.122 0.795–0.985 0.025* 5.018

SDH location (left) 1.379 1.116–14.142 0.033* 4.534

Age – – 0.151 –

Sex (female) – – 0.128 –

Time until treatment – – 0.430 –

Dementia – – 0.104 –

Atrial fibrillation – – 0.527 –

Operative technique (craniotomy) – – 0.097 –

GCS at admission – – 0.165 –

Brain edema using SEBES – – 0.132 –

Predictors aOR 95% CI p value Points

BNP serum level[ 95.4 pg/ml 5.7 1.782–18.761 0.003* 1

Sodium serum level\ 137.5 4.6 1.460–14.469 0.009* 1

SDH location (left side) 4.4 1.265–15.044 0.020* 1

Age – – 0.171 –

Sex (female) – – 0.131 –

Time until treatment – – 0.411 –

Dementia – – 0.284 –

Atrial fibrillation – – 0.379 –

Operative technique (craniotomy) – – 0.106 –

GCS at admission – – 0.215 –

Brain edema using SEBES – – 0.077 –

BNP brain natriuretic peptide, GCS Glasgow coma scale, SDH subdural hematoma
* p value significant
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seizures that occurred in the subsequent weeks
[17]. In critically ill patients, seizure activity can
elevate the ICP, increase the lactate-to-pyruvate
ratio, lengthen intensive care unit stay, and
worsen long-term outcomes [28, 30, 40]. In

particular, non-convulsive status epilepticus
increases in-hospital mortality rate [34, 49] and
the risk of unprovoked seizures [14]. Further-
more, the occurrence of EPS is an additional risk
factor for the development of late seizures,

Fig. 2 Receiver-operating characteristics curve analysis for the prediction of early postoperative seizures considering BNP

Fig. 3 Receiver-operating characteristics curve for the prediction of EPS considering the prediction model. The model
showed in both cases an excellent discrimination according to Hosmer et al.
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leading to the diagnosis of epilepsy
[5, 16–19, 31]. Up to 86% of patients with aSDH
develop further seizures within 2 years after
trauma [9]. Several pathophysiologic mecha-
nisms have been postulated to explain the
occurrence of EPS, including (1) irritation of the
cortical surface of the brain with the hematoma
itself or hematoma degradation compounds
that are highly epileptogenic [7, 10], (in partic-
ular, hemoglobin degradation products) [6, 13];
(2) sudden decompression through craniotomy
that might cause an additional parenchymal
injury through a sudden negative deceleration
[32]; (3) intraoperative manipulation and trac-
tion of brain tissue [43]; (4) the formation of
edema, hematoma, and pneumocephalus with
subsequent brain injury through free-radical

generation with an ensuing lack of cell mem-
brane stability [12, 22–24].

Because of the paucity of research regarding
EPS in the setting of traumatic aSDH, there is
still a controversy concerning their clinical and
prognostic values. Rabinstein et al. [30] showed
that EPS are independently associated with
worse functional outcome at discharge. How-
ever, regarding the last follow-up, the authors
concluded that some patients may have
achieved favorable recovery at a later time. But
these results had a major limitation, as included
patients had two different entities (acute and
acute-on-chronic SDH) that were operated on
using different operative techniques (cran-
iotomy and burr hole trepanation), making the
interpretation of the data difficult. Won et al.
[43] performed the same study, but including

Fig. 4 Clustered bar chart depict the tendency of an increase of the risk to meet EPS with a higher score of the prediction
model

Table 4 Increasing score of the prediction model shows an exponential increase in the risk of meeting early postoperative
seizure using binomial logistic regression analysis (complete cohort)

Parameters Early postoperative seizures (N = 102)

aOR 95% CI p value

Score = 0 (Reference) – – –

Score = 1 2.9 0.316–26.141 0.348

Score = 2/3 16.9 2.039–140.880 0.009*

*p value significant
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only aSDH patients, and concluded that the
postoperative occurrence of EPS or epileptiform
discharges on EEG were significantly associated
with poor functional outcome at discharge and
follow-up. However, the study did not exclude
patients with previous stroke or epilepsy, which
makes these results not safe of probable biases.
In contrast, in the study of Akbik et al. [2], in
which only patients C 65 years were included,
no significant relationship was found between
EPS and functional outcomes. In our study, and
in accordance with previous literature
[27, 30, 32, 33, 44], EPS were significantly
associated with a postoperative poor neurologic
condition, but not with poor functional out-
come [2]. In the multivariate analysis, we found
that a poor neurologic condition on the 7th
postoperative day could independently predict
poor functional outcomes. Whether patients
who experienced EPS can achieve a delayed
functional recovery in the long-term requires
further investigations.

Compared to chronic SDH, predictors of EPS
in traumatic aSDH have been significantly
under-studied, and specific data are still lacking.
Here we examined several significant risk fac-
tors for seizures, including severe traumatic
injury, decreased preoperative and postopera-
tive GCS scores, timing of the operation, and
AAT [3, 9, 10, 30, 38, 43, 47]. Interestingly,
advanced age was not a predictor of EPS in our
study, a finding that is in line with other recent
study results [30, 43]. In another study, patients
with blood type A had increased risk for EPS,
presumably through different clot properties
and thereby higher cortex irritation [8]. In our
cohort, EPS was more frequently observed in
patients with blood type A (A: 60% vs. O: 20%,
B: 10%, and AB: 10%), but not to a statistically
significant extent. Furthermore, AAT has been
previously reported as a predictor of EPS [43],
but this was not the case in our study. This may
be explained by differences in local policies
regarding timing of operation[ 24 h (5% in our
cohort vs. 23.7% [43]). In accordance with our
findings, left-sided hematoma has also been
identified as a predictor of EPS assuming that
the clinical manifestation of left-sided seizures
prompt clinical diagnosis to a greater extent
than right-sided ones [30, 42]. Sodium serum

concentration is a major determinant of several
biologic pathways in the central nervous sys-
tem, and hypo-osmolar states result in brain
edema and seizures [26]. In line with the liter-
ature results regarding the association between
hyponatremia and seizures, our study results
showed that lower sodium concentration on
admission was an independent predictor of EPS.
Moreover, based on the well-known relation-
ship between ICP and BNP in patients with TBI
[35], our results indicated that BNP was an
independent predictor of EPS. Further prospec-
tive studies should try to elucidate the patho-
physiologic background of this increase.

The clinical implications of these findings
are crucial for the clinical course and outcome
of patients with traumatic aSDH at high risk of
developing EPS. Although clinical guidelines for
TBI recommend the use of antiepileptic drugs
(AEDs) within the first 7 days after trauma in
case of a GCS score\ 10 and/or abnormal cra-
nial computer tomography (i.e., intracranial
hematoma and/or brain contusion and/or
depressed skull fracture) and/or when seizures
accompany the presentation (Class I evidence,
Level A recommendation for use of phenytoin
in adult patients with severe TBI by the Ameri-
can Academy of Neurology) [6, 36], practice
regarding prophylactic AEDs in traumatic aSDH
remains controversial. Indeed, to date, there
have been no randomized placebo-controlled
studies investigating the values of prophylactic
AEDs, specifically in the context of traumatic
aSDH. Only one recently published retrospec-
tive study [31] compared the prophylactic use of
levetiracetam vs. phenytoin in patients with
traumatic aSDH, showing equal efficacy for the
two agents but a significantly lower adverse
event profile and better patient adherence with
levetiracetam. However, no control group was
assessed in that study. In TBI patients, late PTS
were not significantly reduced after the use of
prophylactic AEDs [13, 37, 48]. Besides, only
one study could observe a delayed functional
recovery of patients with early PTS after using
phenytoin [44]. In aSDH patients, large-scale
trials examining the optimal duration of seizure
prophylaxis are lacking, and whether this can
reduce the risk of late PTS remains unknown.
Nonetheless, EPS remains a leading cause of
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postoperative morbidity in the neurologic
intensive care unit, and it is critical to identify
seizures expediently and treat them aggressively
[7]. Following the recommendations of the
American Academy of Neurology [6], some
authors suggested using AEDs prophylactically
within the first week after head trauma in
patients with severe aSDH [43, 44]. Conse-
quently, a prediction model would be helpful in
clinical practice to identify patients at high risk
that might benefit from the prophylactic use of
AEDs. Our prediction model could accurately
predict EPS, with an excellent discriminative
capacity (AUC 0.81, 95%CI 0.69–0.92), sensi-
tivity of 70%, specificity of 76.8%, and a high
negative predictive value (87.1%), allowing a
score of 0 to nearly rule out the occurrence of
EPS. Furthermore, it allows a clear stratification
of EPS risk and guides neurosurgeons and neu-
rologists when counseling patients’ relatives on
the expected early neurologic and functional
outcome at discharge. Nonetheless, this pre-
diction model needs external validation. Also,
further randomized placebo-controlled studies
are required to clarify the ongoing debate
regarding the advantage of using AEDs pro-
phylactically in traumatic aSDH.

Study Limitations

Our study cohort does not represent the whole
spectrum of patients with traumatic aSDH;
instead, it focused only on surgically treated
patients in good renal and cardiac health. This
represents 73.9% of all individuals who needed
and received surgical treatment and may limit
the generalizability of our findings. Further-
more, the lack of postoperative EEG monitoring
in this study could explain the lower rate of EPS
compared to other studies [30, 43] in which all
subclinical seizures could be assessed. Larger
prospective studies should be conducted in
different populations and settings with EEG
monitoring to assess the ‘‘real’’ incidence of EPS.

CONCLUSIONS

Our findings demonstrate that EPS are a com-
mon complication after surgical evacuation of

traumatic aSDH and seem to play a central role
in the early postoperative phase, deteriorating
patients’ neurologic condition, leading to a
poor functional outcome at discharge. Our
study presents BNP as a novel reliable predictor
of EPS. This biomarker may help both neuro-
surgeons and neurologists in further evaluation
of EPS risk after surgery for traumatic aSDH.
Further larger prospective studies are required to
validate our findings and maybe reach a more
precise estimate of EPS risk through BNP levels.
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