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Introduction: Data on the frequency and clinical relevance of neurogenic pulmonary edema (NPE) following epilep-
tic seizures are limited. The aim of the present study was to analyze computed tomography (CT) examinations in
patients with previous seizures.
Method: Incidence of NPE and related clinical factors were retrospectively assessed in patients admitted because of
epileptic seizures who underwent thoracic CT imaging as part of emergency diagnostics.
Results: Between January 2010 and January 2016, we included all patients admitted with the International
Classification of Diseases (ICD) diagnosis code of epileptic seizure or epilepsy and who underwent CT imaging,
including visualization of the lungs, as part of emergency diagnostics.
Of the 47 included patients, 26 patients had suffered from generalized convulsive seizures (GCS), 17 patients had
focal seizures with impaired and 4 without impaired consciousness. Signs of NPE were present in 5 out of 47
patients; all 5 patients had GCS prior to thoracic CT scan (i.e., 19% of patients with GCS). In four out of five cases, a
single seizure was described; in one case, the seizure was only partially witnessed, but the indirect clinical signs
strongly suggested a GCS.
Related factors such as the initial respiratory rate or the initial pCO2 valuewere not significantly different in patients
with and without signs of NPE.
Conclusions: The highly selected and biased patient groupwarrants caution in the interpretation of the study results.
Our data, however, confirm that signs of NPE appear to be rather frequent in patients with GCS. Its clinical signifi-
cance as regards morbidity and sudden death in epilepsy is discussed.

© 2019 Elsevier Inc. All rights reserved.
Keywords:
Generalized convulsive seizures
Neurogenic pulmonary edema
Computed tomography
SUDEP
1. Introduction

Generalized convulsive seizures (GCS) are frequently associated
with transient alterations of various physiological functions such as
respiratory failure, tachycardia, and metabolic acidosis. In most
cases, the changes spontaneously resolve without permanent dam-
age. In some cases, however, GCS are linked to sustained central
apnea, secondary bradycardia, and asystole in the early postictal pe-
riod, ultimately leading to sudden unexpected death in epilepsy
(SUDEP) [1].

In postmortem studies of patients with SUDEP, signs of neurogenic
pulmonary edema (NPE) were detected in 62% of the cases [2].
iversity Hospital RWTH Aachen,
Neurogenic pulmonary edema is a type of acute pulmonary edema
that occurs in associationwith a significant illness of the central nervous
system (CNS) in the absence of primary pulmonary or cardiovascular in-
jury. A variety of CNS disorders can trigger NPE including subarachnoid
hemorrhage, traumatic brain injury, spinal cord injury, and intracranial
hemorrhage.

Importantly, NPE has also been described following epileptic seizures
[3]. Whether NPE is a surrogate marker of a previous GCS or involved in
the pathophysiology of SUDEP remains unclear. Data on the frequency
of NPE following seizures and its clinical relevance are scarce. Previous
case reports [4,5] and case series studying postictal chest radiographs
(CXR) [6–8] provided inconsistent results, maybe due to technical limita-
tions of conventional X-ray diagnostics.

The aim of the present retrospective study was to assess
occurrence and related clinical factors of NPE in patients with
previous epileptic seizure who underwent computed tomography
(CT) examinations.
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2. Materials and methods

2.1. Study design and setting

We conducted a retrospective analysis of patients who were admit-
ted to a single tertiary care medical center (University Hospital RWTH
Aachen, Aachen, Germany) with the International Classification of Dis-
eases (ICD) diagnosis code of epileptic seizure or epilepsy and who
underwent CT imaging, including visualization of the lungs, as part of
emergency diagnostics. Data were collected from January 2010 to Janu-
ary 2016. Our studywas approved by the ethics committee of University
Hospital RWTH Aachen.

2.2. Study group

We enrolled all adult patients (≥18 years of age) who were
(1) discharged from the Department of Neurology with the ICD diagno-
sis code of epileptic seizure or epilepsy and (2) who had received cra-
nial CT imaging with CT angiography (CTA) of the supra-aortic vessels
in the context of emergency diagnostics within the first 24 h after ad-
mission. These patients were initially suspected to have an ischemic
stroke or CNS processes leading to acute neurological symptoms. How-
ever, diagnostics eventually revealed an epileptic seizure as the cause
leading to emergency admission. The primary aim of CT imaging was
the detection of cerebrovascular processes. Since our local CT protocol
includes heart and thoracic imaging, we were able to screen for pulmo-
nary pathologies. The final discharge diagnosis of included patients was
GCS or focal seizure. The diagnosis was established on medical history
and diagnostic tests, mainly neuroimaging or electroencephalography
(EEG).

2.3. Procedures

2.3.1. Computed tomography (CT)
Computed tomography angiography examinations were performed

on a 40-slice spiral CT scanner (Siemens SOMATOM®Definition AS, Sie-
mens Healthcare, Forchheim, Germany). Technical parameters were as
follows: Collimation 40 × 0.6 mm with reconstruction in 1 mm slices
in an intermediate window as well as multiplanar reformations in the
axial, coronal, and sagittal plane (3 mm slice thickness and 1.5 mm
overlap). We used 80 ml Ultravist 300 and Saline 40 ml each with a
flow of 5.0 ml/s as contrast medium.

The CTA was used to detect vascular stenosis or occlusions, vascular
malformations, or cardiac sources of embolism and thus included partial
imaging of the lungs. Consequently, a secondary assessment of the lungs
was possible.

In the present study, the thoracic CT images of the included patients
were retrospectively reexamined with the specific aim of detecting
signs of pulmonary edema. In order to be included in the study group,
patients' available imaging was required to include at least the begin-
ning of the two lower pulmonary arteries, including the hili with the
main pulmonary arteries. This specification was based on the fact that
noncardiogenic pulmonary edema (including NPE) occurs centrally
along the arteries and respects the subpleural space. In contrast, cardio-
genic pulmonary edema develops along the pulmonary veins, towards
the interlobular septa and distributes peripherally to the pleura [9].
There is no specific pattern for NPE in CT imaging. This entity belongs
to the group of noncardiogenic pulmonary edemas, also known as
increased-permeability pulmonary edemas, and is centrally located. Pe-
ripheral cardiogenic pulmonary edema, also known as hydrostatic or
hemodynamic edema, presents a distribution from the central region
towards the pleura and is usually associated with an enlarged heart
and increased vascular pedicle width [9–12]. In addition, pulmonary
edema can be classified as interstitial, alveolar, and atypical.

The radiological study investigator (Y.M.) had several years of expe-
rience in lung CT diagnostic.
2.4. Definition of outcome measures

The primary endpoint was the incidence of NPE in the study group.
Neurogenic pulmonary edema is defined as an acute pulmonary
edema occurring shortly after a central neurologic illness. In the present
study, all pulmonary edema detected in CT, for which no other explana-
tion could be found in the documentation and which corresponded CT-
graphically to noncardiac pulmonary edema, were considered
neurogenic.

As secondary endpoints, various clinical factors associated with the
presence of NPE were considered. These included respiratory rate, oxy-
gen saturation, and the need for oxygen supply or invasive ventilation
therapy documented initially by the emergency physician as well as
the measured respiratory rate in the emergency department (ED), the
initial pCO2 value in blood gas analysis (BGA) in the ED, and the need
for intensive care monitoring.
2.5. Statistical analysis

Statistical analysis was performed using SPSS (Statistic Package for
Social Sciences) 24 Software (SPSS Inc. Chicago, IL, USA).

Continuous variables such as respiratory rate and oxygen saturation
were compared using the t-test.We compared categorical variables (in-
tensive caremonitoring, oxygen supply, intubation) using Fisher's exact
test.
3. Results

In total, 151 adult patients (≥18 years of age)were retrievedwith an
ICD diagnosis code of epileptic seizure or epilepsy and CT imaging in
emergency diagnostics. Some patients received CT imaging twice or
three times after epileptic seizures during the study period, resulting
in a total of 174 analyzed instances of CT imaging. Altogether, 47 pa-
tients were included in the study. In 120 of the remaining instances of
CT imaging, adequate imaging of the lungs in CT examination was not
available. In 7 patients with sufficient CT imaging, the existing docu-
mentation provided insufficient certainty that an epileptic seizure had
indeed occurred. These patients were also excluded from further evalu-
ation (Fig. 1).

Twenty-six of the 47 included patients had suffered GCS (1 general-
ized onset tonic–clonic seizure (GTCS), 19 focal to bilateral tonic–clonic
seizures, and 7 GCS with unknown onset). Of the 7 generalized tonic–
clonic seizureswithunknownonset, three patients had acute symptom-
atic seizures, and in four patients, the etiology was unclear. The patient
with GTCS had a genetic cause. Nineteen focal to bilateral tonic–clonic
seizures all had a structural etiology. Of the patientswithGCS, 4 patients
suffered status epilepticus, and 5 patients had recurrent GCS. Focal
seizures with impaired consciousness were reported in 17 patients,
including 6 patients with status epilepticus. Four patients had focal
seizures without impaired consciousness, one of which developed into
status epilepticus. Overall, the proportion of patients with status
epilepticus was 23.4%. The etiologies of focal seizures were structural
in 19 patients and unclear in one patient. In addition, another patient
had an acute symptomatic seizure.

The cardiopulmonary comorbidities present in our study population
were heart failure in 7 patients, atrialfibrillation in 14patients, coronary
heart disease (CHD) in 10 patients, and chronic obstructive pulmonary
disease (COPD) in 6 patients. Two patients had previous pulmonary ar-
tery emboli, and one patient had pulmonary fibrosis.

Forty patients were discharged from hospital after acute treatment.
Of the patientswith GCS, 22 of 26were discharged from the hospital, in-
cluding all 5 patients with NPE. In 6 patients, long-term intensive care
was required. Four of the patients had a GCS without an NPE. The re-
maining two patients had complex partial seizures.



      Screening for eligibility (n=174)

Excluded (n=127):
Not meeting inclusion criteria 

 Patients included (n=47)

         Patients with NPE     Patients without NPE
              (n=5)         seizure (n=42)

Epilepsy: structural (n=3), Epilepsy: structural (n=35),
acute symptoma�c seizure unknown (n=3), genetic  
(n=1), unknown (n=1) (n=1), acute symptomatic 

seizure (n=3)
               GTCS 
                 (n=5)

    Simple partial seizure                GTCS    Complex partial seizure 
            (n=4)               (n=21)             (n=17)

Fig. 1. Study flow chart of patient selection.
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Inpatient treatment with rehabilitation was necessary in 6 patients.
One patient was in need of further inpatient psychiatric treatment be-
cause of drug abuse. None of the patients died during the hospital stay.

The cranial CT imaging with CTA was performed because patients
were suspected of having a cerebral stroke or CNS process. With regard
to seizure-associated focal neurological deficits, 16 patients showed
clinical signs of a right hemispheric process, compatiblewithmiddle ce-
rebral artery syndrome in 2 cases; and 18 patients presented signs of left
hemispheric process, of which 10 displayed symptoms consistent with
middle cerebral artery syndrome. The remaining 13 patientsmanifested
clinical symptoms that were not confined to a specific brain region.

When comparing for age and sex, there were no significant differ-
ences between the groups of patients with pulmonary edema and
those without pulmonary edema (Table 1).
3.1. Primary outcome

Neurogenic pulmonary edemawas detected in CT imaging in 5 of 47
cases (10.6%). All 5 patients had a GCS before admission. Four patients
had witnessed GCS. In the case of one patient, the seizure was only par-
tially witnessed, but the indirect clinical signs (postictal phase, tongue
biting, enuresis, hyperlacticemia) strongly suggested a GCS.
Table 1
Comparison of patients with NPE with all patients without NPE and the subgroup patients wit

Group 1: seizure patients
with NPE (n = 5)

Gro
wit

Male sex (%) 2/5 (40%) 16/
Age (years)
(mean ± SD, range)

68.8 ± 13.32, 52–88
(n = 5)

72.
(n

Initial respiratory rate per minute (mean ± SD, range) 11.25 ± 4.27, 5–14
(n = 4)

14.
(n

Initial oxygen saturation (%) (mean ± SD, range) 86.4 ± 15.11, 60–98
(n = 5)

93.
(n

Respiratory rate per minute in ED (mean ± SD, range) 21.0 ± 2.58, 18–24
(n = 4)

18.
(n

pCO2 in ED (mm HG)
(mean ± SD, range)

48.53 ± 12.42, 32.2–58.4
(n = 4)

45.
(n

Need for oxygen supply 5/5 (100%) 21/
Intubation due to respiratory failure 1/5 (20%) 1/4
Need for intensive care monitoring 2/5 (40%) 29/

SD= Standard Deviation.
The underlying causes of the documented seizures with NPE varied.
Symptomatic epilepsy was present in 3 cases. One patient had a
hyperglycemic-induced seizure. In one case, the cause of the seizure
remained unknown, because the diagnostic work-up was incomplete
because of the patient's voluntary early discharge (Table 2).

Overall, 19.2% of patients with GCS (5/26) had an NPE whereas no
patients in the groups with focal seizures showed signs of NPE.

Analysis of the CT examinations showed variable findings in the
individual patients with NPE:

Patients 1 and 2 showed mild interstitial pulmonary edema in the
form of a thickening of the bronchial walls with a reticular pattern. In
patient 3, in addition to mild interstitial pulmonary edema, there
was a mild interlobar effusion on the right. Computed tomography
examination in patient 4 revealed pronounced alveolar pulmonary
edema in the lower lobes with interstitial pulmonary edema in the
upper lobes (Fig. 2). Patient 5 also had alveolar pulmonary edema.
This was mainly located in the upper lobes and only slightly pro-
nounced (Fig. 3).

3.2. Secondary outcome

As secondary endpoints, we compared clinical parameters of the two
groups (Group 1: patients with NPE vs. Group 2: patients without NPE).
h GCS without NPE.

up 2: all seizure patients
hout NPE (n = 42)

p-Value
Group 1 vs.
Group 2

Group 3: patients with GCS
without NPE (n = 21)

p-Value
Group 1 vs.
Group 3

42 (38.1%) 1.0 6/21 (28.57%) 0.628
33 ± 14.95, 27–92
= 42)

0.617 70.76 ± 17.84, 27–90
(n = 21)

0.82

86 ± 4.53, 8–29
= 22)

0.152 13.58 ± 2.75, 8–18
(n = 12)

0.218

53 ± 5.63, 75–100
= 32)

0.353 93.44 ± 4.43, 82–99
(n = 16)

0.359

4 ± 3.56, 13–27
= 20)

0.182 18.30 ± 3.83, 13–27
(n = 10)

0.224

86 ± 8.63, 30.3–66.3
= 24)

0.59 43.58 ± 8.36, 30.3–59.7
(n = 9)

0.411

34 (61.8%) 0.1488 12/17 (70.59%) 0.289
2 (2.4%) 0.2035 1/21 (4.76%) 0.354
42 (69.1%) 0.302 15/21 (71.43%) 0.302

Image of Fig. 1


Fig. 2. Computed tomography image of patient 4 showing mild interstitial (arrowheads)
and alveolar (arrows) edema without clinical or laboratory signs of pneumonia.
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Because NPE was only seen in patients with GCS, a further subgroup
analysis including patients with GCS with NPE (Group 1) or without
NPE (Group 3)was performed. In some cases, however, the documenta-
tion was incomplete (Table 1).

When comparing all patients with or without NPE, the initially
documented respiratory rate was not significantly different in the t-
test between the two groups (t[24.0] = 1.487, p = 0.152). In the
comparison of the initially measured oxygen saturation (t[4.175] =
1.044, p = 0.353) and the frequency of an oxygen supply (p =
0.1488), there were also no significant differences. Altogether, 10
patients were endotracheally intubated, though this was due to
respiratory failure in only two patients, one of which displayed NPE in
CT imaging. We determined the N-terminal pro Brain Natriuretic
Peptide (NT-pro-BNP) value only in this patient. Though it was
initially normal, there was a significant increase during the
hospitalization.

The cause of intubation in the remaining caseswas either altered con-
sciousness or a persistent status epilepticus. Nevertheless, when com-
paring the two groups, the difference was not significant (p = 0.2035).
The t-test revealed no significant differences among groups in the docu-
mented respiratory rate in the emergency room (t[22.0] = 1.379, p =
0.182) as well as the pCO2 in the first venous BGA (t[26.0] = 0.54, p =
0.594).

Intubated patients were excluded from the analysis of respiratory
rate and pCO2 values in the ED.

Intensive care monitoring was necessary in 29 patients without
pulmonary edema and in 2 patients with pulmonary edema.
There were no statistically significant differences between both
groups (p = 0.302).

As a possible competing cause of cardiopulmonary decompensation,
one patient had a previous diagnosis of COPD, and at least two patients
were known to have CHD.

When comparing only the patients with GCS with or without
NPE, we found similar results (Table 1): In the t-test, there
were no significant differences between the initial respiratory rate
(t[14.0] = 1.289, p = 0.218) and the initially measured oxygen sat-
uration (t[4.23] = 1.028, p = 0.359). The respiratory rate in the
emergency room (t[12] = 1.282, p = 0.224) as well as the pCO2 in
the first venous BGA (t[11] = 0.854, p = 0.411) also did not differ
relevantly. There were also no significant differences regarding the
need for initial oxygen substitution supply (p = 0.289), intubation
(p = 0.354), or intensive care monitoring (p = 0.302).

Image of Fig. 2


Fig. 3. Computed tomography images of patient 5 showing areas of ground glass opacity (pulmonary alveolar edema), which respect the subpleural space (A: arrowheads). There is also
thickening of bronchial walls (B: arrows).
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4. Discussion

In the present study, signs of NPEwere detected in approximately 19%
of patients admitted to an ED due to GCS but not in patients with other
seizure types. Neurogenic pulmonary edema is defined as an acute pul-
monary edema occurring shortly after a central neurologic illness proba-
bly due to an increased vascular permeability in the pulmonary capillaries
triggered by inflammatory processeswith resulting edema [13] and/or an
increased adrenaline release after brain damage, resulting in pulmonary
vasoconstriction and increased vascular permeability [14].

Neurogenic pulmonary edema has been reported as a consequence
of many acute neurological disorders including subarachnoid hemor-
rhage, intracranial hemorrhage, traumatic brain injury, or epileptic sei-
zures [15]. Data on incidence and clinical relevance of NPE or
radiological abnormalities following epileptic seizures are scarce.
Darnell and Jay found NPE in only one of 45 patients in a retrospective
analysis of patients who had received CXR in the ED following a GCS
[6]. Similar results were reported in a study evaluating postconvulsive
CXR in patients with electroconvulsive therapy [7]. Only one in 12 pa-
tients had subclinical radiographic signs of NPE. Kennedy et al. found
abnormalities in CXR in 11 out of 24 patients in a study of patients
who had a GCS in an epilepsy monitoring unit [8]. In 7 of the 11 cases,
the finding was consistent with pulmonary edema, with no significant
respiratory dysfunction compared with patients with no changes in
CXR. Interestingly, however, the duration of seizures correlated with
the onset of pulmonary edema. In the present study, the duration of sei-
zures could not be determined because they were preclinical. However,
there was an above-average proportion of status epilepticus, and thus
prolonged seizure events, in the study group affecting 23.4% of patients.
However, status epilepticus or recurrent seizures were not reported in
any of the five cases, suggesting that the presence of pulmonary
edema was unlikely to correlate with seizure duration in the present
group. It should be noted that not only patients with GCS but also pa-
tients with simple and complex partial seizures were included in the
present study.

Regarding the frequency of NPE after GCS, the results suggest that this
is a frequent complication. By comparison, the incidence of NPE in partial
seizures seems to be rare. The results of the present study aremore infor-
mative because of better imaging method used (CT versus CXR).

The role of NPE in the pathophysiology of SUDEP is unclear. A post-
mortem study found signs of pulmonary edema in 52 of 74 of SUDEP
cases [2]. In a study comparing the occurrence of NPE in baboons, pul-
monary edema was detected in all cases of sudden death in epilepsy,
and in only 12% of the control group of baboons without epileptic sei-
zures [16]. However, whether NPE is a facilitating factor or simply a sur-
rogate marker of a severe GCS remains unresolved. In our study, there
were no significant differences in the comparison of clinical parameters
in patientswith GCSwith andwithout signs of NPE. However, the retro-
spective design of the study and the partly incomplete data must be
taken into account. At least one patient with NPE had such a severe re-
spiratory insufficiency that endotracheal intubation was necessary. In
this case, a clinically relevant manifestation has to be assumed, and it
should be mentioned that the patient had CHD as a comorbidity.

4.1. Limitations of the study design

Data on radiographic signs of NPE are scarce. We are aware of the
limitations of the highly selected and biased patient group included in
this retrospective andmonocentric study. Of course, a serial prospective
collection of patients after GCS recorded in a video-EEGmonitoring unit
would be desirable to investigate true occurrence and its cofactors. In
view of the radiation exposition, however, a prospective investigation
does not appear justified.

Another limitation is that the diagnosis of seizure was based on clin-
ical symptoms, themedical history of the patient, and the additional ex-
aminations performed in the hospital, therefore, the possibility of an
incorrect diagnosis remains.

Furthermore, in the case of proven pulmonary edema,we cannot ex-
clude the possibility that it was present before the epileptic seizure, or
that it was caused by competing diseases.

4.2. Conclusion

The highly selected and biased patient groupwarrants caution in the
interpretation of the study results. Our data, however, confirm that
signs of NPE appear to be rather frequent in patients with GCS. In the
study group, approximately 19% of the patients admitted because of
GCS showed postictal edema in CT imaging.

Prospective studies with larger case sample sizes are necessary in
order to draw more firm conclusions for clinical evaluation.
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