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Abstract

Objective: We sought to evaluate the efficacy and tolerability of intranasal

midazolam (in-MDZ) as first-line inhospital therapy in patients with status

epilepticus (SE) during continuous EEG recording. Methods: Data on medical

history, etiology and semiology of SE, anticonvulsive medication usage, effi-

cacy and safety of in-MDZ were retrospectively reviewed between 2015 and

2018. Time to end of SE regarding the administration of in-MDZ and ß-band

effects were analyzed on EEG and with frequency analysis. Results: In total,

42 patients (mean age: 52.7 � 22.7 years; 23 females) were treated with a

median dose of 5 mg of in-MDZ (range: 2.5–15 mg, mean: 6.4 mg, SD: 2.6)

for SE. The majority of the patients suffered from nonconvulsive SE (n = 24;

55.8%). In total, 24 (57.1%) patients were responders, as SE stopped following

the administration of in-MDZ without any other drugs being given. On aver-

age, SE ceased on EEG at 05:05 (minutes:seconds) after the application of in-

MDZ (median: 04:56; range: 00:29–14:53; SD:03:13). Frequency analysis

showed an increased ß-band on EEG after the application of in-MDZ at 04:07

on average (median: 03:50; range: 02:20–05:40; SD: 01:09). Adverse events

were recorded in six patients (14.3%), with nasal irritations present in five

(11.9%) and prolonged sedation occurring in one (2.6%) patient. Conclu-

sions: This pharmaco-EEG–based study showed that in-MDZ is effective and

well-tolerated for the acute treatment of SE. EEG and clinical effects of in-

MDZ administration occurred within 04:07 and 5:05 on average. Intranasal

midazolam appears to be an easily applicable and rapidly effective alternative

to buccal or intramuscular application as first-line treatment if an intravenous

route is not available.

Introduction

Status epilepticus (SE) is a major medical emergency

associated with high mortality and morbidity.1–3 While

the outcome of SE depends mainly on its underlying

etiology,4 further predictors known to influence patient

prognosis include age, consciousness, seizure semiology,

and time of initial treatment.5–9 The latter is the only

factor that can be addressed by the treating physician

via the administration of a sufficient dose of a benzodi-

azepine such as clonazepam, diazepam, lorazepam, or

midazolam by way of a route that results in a short

brain entry time. Intravenous lorazepam is considered

the drug of choice in hospitals and its efficacy and

safety have been proven in different settings.10–12 How-

ever, the Rapid Anticonvulsant Medication Prior to

Arrival Trial (RAMPART) showed, impressively, that

obtaining intravenous access delays the onset of treat-

ment and the time to SE control using intravenous

lorazepam as compared with the use of intramuscular

midazolam applied via a ready-to-use applicator.13 Since

this applicator is currently not available in many

countries, alternative nonintravenous application routes

should be taken into consideration in clinical
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practice.14–19 Various meta-analyses concluded that

intramuscular, buccal, or intranasal applications of ben-

zodiazepines are reliable and safe options in acute sei-

zure management and may be preferable over rectal and

intravenous application.20–23 Recently, a midazolam nasal

spray of 5 mg/0.5 mL was approved by the United

States Food and Drug Administration for the acute

treatment of intermittent, stereotypic episodes of fre-

quent seizure activity (e.g., seizure clusters, acute repeti-

tive seizures) that are distinct from a patient’s usual

seizure pattern in patients with epilepsy aged 12 years

or older.24

We have used a concentrated midazolam nasal spray

(in-MDZ) since 2008 for the prevention of seizure clus-

ters and management of prolonged seizures in clinical

routine during video-electroencephalography (EEG) mon-

itoring.25,26 The aim of this study was to investigate the

efficacy of in-MDZ for first-line inhospital treatment of

SE and to assess the time to SE control and increase in ß

activity in the EEG, respectively, as surrogate markers for

midazolam brain entry time.

Methods

Study settings and design

This study was performed at the University Hospital

Frankfurt, Germany. In clinical routines, in-MDZ was

used in patients with SE in whom the intravenous appli-

cation of benzodiazepines was not possible without treat-

ment delay. This applies to patients without intravenous

access, with nonfunctional intravenous access, expected

delay for preparation of intravenous lorazepam, nonpres-

ence of a physician and expected delay to obtain a physi-

cian’s order for intravenous treatment. This approach is

in line with the current guidelines of the German Society

for Neurology regarding SE.27,28

This study was approved by the local ethics committee

of Goethe-University Frankfurt (Az.: 247/18). Due to the

retrospective study design, informed consent for analysis

of the data used was not necessary. This research was not

sponsored or funded by any company. The Strengthening

the Reporting of Observational Studies in Epidemiology

(STROBE) guidelines were followed to enhance the qual-

ity and standardization of the reporting of this observa-

tional study.29

A standardized questionnaire was used to ascertain data

for each patient regarding SE etiology; epilepsy syndrome;

anticonvulsant treatment; Charlson Comorbidity Index

(CCI); SE Severity Score (STESS);30 modified Rankin

Scale (mRS); EEG, video, and electrocardiogram (ECG)

findings; treatment success; and side effects upon treat-

ment with in-MDZ.

Definition of SE, inclusion and exclusion
criteria

The latest International League against Epilepsy (ILAE)

definitions for seizures, epilepsy syndromes, and SE

including classification into convulsive, focal motor, and

nonconvulsive with and without coma were applied.31–33

Furthermore, the subcategory of typical absence status

was provided as this diagnosis carries an excellent prog-

nosis. Regarding seizure duration, we followed the SE

ILAE definition and considered all tonic-clonic seizures

lasting for more than five minutes and focal seizures with

impaired consciousness or absence seizures for more than

10 min as SE.33 All patients were included in whom the

initial clinical diagnosis of SE was confirmed by EEG. We

analyzed all patients with SE who were treated with in-

MDZ during EEG recording between August 2015 and

March 2018. Patients showing SE due to acute hypoxic-is-

chemic encephalopathy from cardiorespiratory arrest were

excluded.

EEG analysis and outcome parameters

EEG and ECG data were collected in all patients, while

additional video data were recorded in selected cases.

Patients were monitored with scalp electrodes according

to the 10–20 international system. To evaluate the efficacy

of in-MDZ, we analyzed the duration of SE after the

administration of in-MDZ by two board-certified epilep-

tologists who were blinded to both the patient outcomes

and the therapies applied. Response to in-MDZ was

defined as a cessation of EEG SE pattern with no further

administration of other benzodiazepines or anticonvul-

sants before SE cessation. Additionally, the duration of SE

prior to the start of treatment with in-MDZ was recorded

based on EEG data (in cases where SE started during EEG

recording) or based on clinical evidence of seizure onset.

The pharmacodynamic effects of in-MDZ were assessed

using quantitative EEG. The EEG data were averaged

across all EEG sensors and a high-pass filter (1 Hz) and a

low-pass filter (70 Hz) were applied. Spectral analysis for

the frequency range 1 of 30 Hz in 0.5-Hz frequency steps

was performed using a Hanning window and frequency-

dependent window length (seven cycles per frequency

bin) for each 50-ms time bin. The absolute power was

plotted for each patient individually and visually exam-

ined by two experienced investigators for the time(s) to

onset of significant EEG effects in the ß-band as previ-

ously described in healthy probands.34 The times of inter-

est were set at 4 min prior and 14 min after the

intranasal application of midazolam, respectively. For

plotting we additionally applied Savitzky–Golay filtering,

as implemented in MATLAB (first polynomial order, with
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a frame length of 25) to smooth out the noisy signal.

EEG processing was performed using MATLAB 2012b

(The MathWorks Inc., Natick, MA, USA) and the open-

source Matlab toolbox FieldTrip.35

We quantified the beta-band power increase in one

subject (with the best visible MDZ beta-band effect and

least amount of noise). We computed the MDZ-related

beta-band increase as the relative change:

relative Change

¼ Beta Band BeforeMDZ� Beta BandAfterMDZ

Beta BandAfterMDZ
;

whereas the time before MDZ was set as the 4 min before

MDZ application and the time after MDZ application

was set as the 12 min after MDZ application. The beta-

band was chosen as 15–25 Hz. From this data, we deter-

mined the average amount of beta-band increase as well

as the peak frequency (within the beta-band) and the

time at which the beta-band power increase starts.

Preparation of intranasal midazolam

The concentrated midazolam nasal spray was manufac-

tured and supplied by the central pharmacy of the

University Hospital Frankfurt. The formulation was com-

posed as previously described 36 and adapted for in-house

use.25 The nasal spray contained midazolam hydrochlo-

ride in a mixture of water at a pH of 3.3 (adjusted with

1 N of hydrochloride acid). A ready-to-use nasal spray

applicator (Zscheile & Klinger, Hamburg, Germany)

delivered an equivalent dose of 2.5 mg of midazolam per

puff (140 µL).

Statistical analysis

Data were analyzed using IBM SPSS Statistics, version 25.0

(IBM Corp., Armonk, NY, USA). Nominal data were char-

acterized by number and percentage, while metric data were

characterized by mean, median, range, and standard devia-

tion. In the case of time specifications, data were presented

as follows: hours:minutes:seconds. Univariate comparisons

of proportions were performed using the chi-squared test.

The Mann–Whitney U test was used for comparisons of

variables with nonnormal distribution. Two-sided P-values

of less than 0.05 were considered to be statistically signifi-

cant. We did not adjust for multiple comparisons.

Results

Patient characteristics

Forty-two patients were treated with in-MDZ as first-line

therapy for SE during continuous EEG recording. Their

mean age was 52.7 years [range: 5–92 years; standard

deviation (SD): 22.7] and 54.8% (n = 23) of them were

women. Twenty-five patients (59.5%) were diagnosed

with epilepsy prior to their hospitalization, whereas 17

patients (40.5%) had no history of previous seizures or

epilepsy. In a subset of 10 patients, SE occured during

video-EEG-monitoring and withdrawal of AEDs to local-

ize the seizure onset zone for potential surgical treat-

ment,37 or to characterize the type of seizures.

Half of the patients (n = 21; 50%) had been diagnosed

with a remote-symptomatic (structural) cause, while

seven patients (16.7%) had an acute symptomatic cause

for SE. In the remaining patients, the SE etiology was

unknown due to nonstructural epilepsy or a progressive

disease (n = 14; 33.3%).

At admission, 18 patients (42.9%) were not taking any

AEDs. In 10 patients (23.8%), AEDs were reduced during

video-EEG-monitoring before onset of SE. The mean

number of AEDs was 1.3 (range: 0–3 AEDs; SD: 1.3) with

four patients on AED monotherapy (9.5%) and 20

(47.6%) on polytherapy. Levetiracetam (n = 15), lamot-

rigine (n = 8), valproate (n = 6), brivaracetam (n = 6)

and lacosamide (n = 4) were the five mainly used AEDs

before onset of SE.

A mild, moderate, or severe disability as measured by

the mRS (score: 2–5 points) was present in 21 patients on

admission, while the CCI showed a low to moderate

(score: 1–4 points) number of comorbidities in 25

patients and multiple or more severe diseases in five

patients. STESS score was favorable (0–2 points) in

23 patients (54.8%) and unfavorable (3–6 points) in 19

patients (45.2%). For further details, please refer to

Table 1.

Characteristics of SE and of in-MDZ
applications

In 15 patients (35.7%), seizure onset was recorded on

EEG and SE lasted 46 min on average (mean: 46:15; med-

ian: 18:48; range: 00:05:49–02:30:00; SD: 55:35) prior to

the administration of in-MDZ. In 27 patients (64.3%), SE

onset was not recorded on EEG; based on clinical evi-

dence of seizure onset, SE lasted for at least 10 h or an

exceeding unknown timespan in these individuals.

The majority of patients suffered from nonconvulsive

SE (n = 24; 55.8%). Thirteen patients presented with

focal motor SE (31%), three patients presented with typi-

cal absence SE (7.1%), and two patients presented with

generalized tonic-clonic SE that continued as nonconvul-

sive SE (4.8%). In EEG, seizure activity was localized

bilaterally in 24 patients (55.8%) and was restricted to

either the left or right hemisphere in 18 patients (left:

n = 11; 26.2% and right: n = 7; 16.7%).
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In all patients, in-MDZ was used as first-line inhospi-

tal therapy, as it was assumed that intravenous adminis-

tration would have caused a treatment delay. On

average, 6.4 mg of in-MDZ was administered (median:

5 mg; range 2.5–15 mg; SD: 2.6). The initial dose was

mostly 5 mg (n = 38; 90.5% and n = 4: 2.5 mg; 9.5%),

corresponding to one puff of the nasal spray per each

nostril.

Outcomes

In total, 24 (57.1%) episodes of SE ceased on continuous

EEG recording after the administration of in-MDZ with-

out any other drug being given prior to such. In these in-

MDZ responders, SE ceased on EEG at 05:05 after the

application of in-MDZ (median: 04:56; range: 00:29–
14:53; SD: 03:10).

Figure 1. Kaplan–Meier graph showing the time from in-MDZ application to the cessation of SE in patients rated as responders and

nonresponders to in-MDZ. In three cases rated as nonresponders, other anticonvulsants such as lorazepam, brivaracetam, or lacosamide were

given prior to the end of SE.
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In three cases (7.1%), seizure activity stopped within

10 min after administering in-MDZ, but, within this

time, other anticonvulsants such as lorazepam, brivarac-

etam, or lacosamide were given, so these patients were

considered as nonresponders to in-MDZ. In 15 cases

(35.7%), seizure activity was ongoing after the adminis-

tration of in-MDZ and EEG data were monitored for a

median time of 13:20 (mean: 03:25:12; range: 00:04:59–
24:00:00; SD 08:21:25). In the nonresponder group, 10

patients were treated with a higher dose of 7.5 or more

mg of in-MDZ (P = 0.02), whereas this was only the case

in eight patients of the responder group. For details of

responders and nonresponders, please refer to Table 1.

Using the Kaplan–Meier method, we depicted the time to

SE cessation (Fig. 1).

After the administration of in-MDZ, 15 patients

showed an increase in diffuse slowing on EEG (35.7%),

while, in 24 patients, the baseline activity remained stable

(57.1%) and three patients showed an improvement in

EEG background frequency (7.1%).

Adverse treatment-emergent events were recorded in

six patients (14.3%)—specifically, nasal irritations

occurred in five patients (11.9%) and one patient (2.6%)

presented with prolonged sedation. We did not observe

any respiratory, circulation, or ECG abnormalities due to

the administration of in-MDZ.

Most of the patients (n = 21; 50%) were discharged to

their home. Six patients were transferred to rehabilitation

(14.3%), while nursing homes (n = 4; 9.5%) and pallia-

tive care (n = 5; 11.9%) were the destinations for nine

patients. At the time of discharge, 18 patients showed no

disability (mRS: 0–1 points; 42.9%), whereas 19 patients

were disabled (mRS: 2–5 points; 45.2%). Five patients

died during their hospital stay (case fatality rate at dis-

charge: 11.9%).

Pharmaco-EEG

Time-frequency analysis of the EEG data recordings

during an instance of SE and the application of MDZ

Figure 2. Beta-band power increase in one example subject that had the least amount of noise. Beta-band power increase is visible within a

narrow band (18–25 Hz), starting 4 min after in-MDZ application.
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was performed for all cases. In total, 24 complete EEG

datasets were analyzed (55.8%), while 18 datasets

(42.9%) had to be excluded due to artifacts. An in-

MDZ–related ß-band increase was visible in the EEG of

10 out of 24 patients starting at 04:07 on average (me-

dian: 03:50; range: 02:20–05:40; SD: 01:09), one example

is presented in Figure 2. The in-MDZ–related ß-band

increase did not differ between the responder (n = 6, 13

patients with sufficient EEG quality) and the nonrespon-

der (n = 4, 11 patients with sufficient EEG quality)

groups. The quantification of the beta-band increase was

performed for one subject with best visible MDZ beta

effect and least amount of noise in the EEG (Fig. 3). In

this example subject, we found the MDZ-related relative

change in beta-band power (15–25 Hz) to be on average

15.7%, whereas the maximum increase was 18.3% and

found at 21 Hz. The beta-band increase started roughly

04:30 min after the application of MDZ, stayed on a

plateau for about 3 min, until 7.5 min after MDZ

application and then diminishes back to baseline within

2 min (Fig. 3).

DISCUSSION

This EEG-based study showed that the administration of

a median of 5 mg of concentrated in-MDZ terminates an

EEG-proven SE within a median time of 5 min in 57% of

cases. Our results are consistent with the Prehospital

Treatment of Status Epilepticus (PHTSE) trial findings,

which revealed efficacy rates of 59.1% for intravenous lor-

azepam and 42.6% for intravenous diazepam, as well as

with the RAMPART study, which presented efficacy rates

of 63.4% for intravenous lorazepam and 73.4% for intra-

muscular midazolam. For further details, please refer to

Table 2.

The strength of our analysis is the investigation of in-

MDZ under continuous EEG monitoring, which allowed

for not only the exact determination of time to SE

Figure 3. (A) Quantification of the signal increase over the whole frequency band (1-30) Hz. For this, we calculated the relative change

([time_after MDZ – time_before MDZ]/ time_before MDZ) and plotted this relative change. The average increase in beta-band power was 15.7%,

the maximum increase was found at 21Hz at 18.3%. (B) Quantification of the beta-band increase over time. The beta-band power increase starts

at 4.5 min after in-MDZ application. It then stays on a plateau for about 3 min (until 7.5 min after in-MDZ application) and diminishes back to

baseline.
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control but also of the occurrence of ß-band increase as

an early surrogate marker for midazolam brain entry

time. All technicians and physicians in our department

have been well-trained in the administration of the mida-

zolam nasal spray since 2008,25 ensuring a high reliability

of the in-MDZ delivery. We were able to record and

exactly define the SE cessation on EEG in all responders;

furthermore, in 35.7% of the patients, the SE onset could

be defined. This contrasts with the results of other studies

on emergency treatment of prolonged seizures performed

in an out-of-hospital setting that rely on observations

made by laypeople and paramedics. Furthermore, the

observed median time of 5 min to the cessation of SE in

responders was supported by pharmaco-EEG effects of in-

MDZ, which showed an increase in the ß-band at a med-

ian time of 4 min. Out-of-hospital, non-EEG–based stud-

ies show a cessation of convulsions between a mean of

2.5 and 5 min. For details, please refer to Table 2.

Like other benzodiazepines, midazolam enhances the

efficacy of gamma-aminobutyric acid (GABA). Intrana-

sally administered, in-MDZ bypasses the liver’s first-pass

effect and reaches the bloodstream via the nasal mucosa.

Thus, its bioavailability is relatively high.38 In healthy

probands, pharmacological studies have shown that in-

MDZ reaches its maximal plasma concentration after 7 to

15 min. As compared with intravenous application, the

bioavailability of the nasal form is approximately 72.5%

to 83%.38–41 In addition to the rather favorable pharma-

cological profile, previous studies have shown that in-

MDZ is well-tolerated and does not lead to serious

adverse events. In our cohort, 11.9% suffered from nasal

irritations (n = 5) and one patient (2.6%) experienced

prolonged sedation. The rather low median dose of 5 mg

in-MDZ is an underdosage and might explain the low

rate of relevant adverse events. Use of 10 mg of intramus-

cular MDZ in the RAMPART trial suggests that higher

doses could have been used with good tolerability, which

may have resulted in even better efficacy. Local irritations

present as an expected adverse event due to the acidity of

the in-MDZ solution. In comparison with another study

showing local irritations in 29% of patients (n = 17),42

11.9% is a relatively low rate and may be due to reduced

awareness during SE and to the retrospective design of

this study, which may account for an underdetection of

adverse events. This is supported by the fact that nasal

irritations were only reported in the responder group

with cessation of SE.

Our study alleviates the lack of high-quality data

regarding the initial treatment of SE, especially noncon-

vulsive SE with benzodiazepines. This lack of data was

due to benzodiazepines being predominantly used in the

prehospital setting for prolonged and convulsive seizures,

which do not necessarily match the criteria for SE and for

which no EEG-controlled data are available.10,21,43–45 On

the other hand, the initial therapy of SE often involves

benzodiazepines in combination with other anticonvul-

sants.46 Such a treatment approach makes it more diffi-

cult to determine if the benzodiazepine, the other

anticonvulsants, or the combination of both terminated

the SE.

Although our efficacy rates for in-MDZ are consistent

with results from the PHTSE trial10 and the RAMPART

study,13 the patient populations probably differ signifi-

cantly. Our study was conducted in the hospital, and it is

likely that, in out-of-hospital studies, the duration of SE

before drug administration is shorter than in our mixed

patient cohort. Furthermore, the RAMPART trial and

other first-line therapy trials randomized patients with

convulsive SE, which can be diagnosed easily on in a pre-

hospital setting, while the majority of SE patients actually

has nonconvulsive SE, requiring EEG for detection and

therefore usually lasting longer at the time of treatment

initiation.47 This may explain why prehospital studies

reported slightly higher seizure termination rates of 63%

to 83% for benzodiazepines.48,49

Our study provides important findings for everyday

clinical practice, as different studies have shown that non-

intravenous benzodiazepines can be applied faster in com-

parison with intravenous solutions.13,18 The rapid

application of anticonvulsants is crucial for the treatment

of SE, as the drug effectiveness is inversely proportional

to the seizure duration.50,51 Especially considering the

time taken to prepare the intravenous solution or an

intravenous line, the administration of intranasal midazo-

lam may prevent treatment delay, which is an important

risk factor in the context of a refractory SE.6 Taken

together with the recommendations of the authors of the

RAMPART study,52 the available evidence is generally

supportive of nonintravenous midazolam administration

in cases of SE.

Due to its retrospective design, this study has inherent

limitations, as we were not able to randomize or blind

the administration of in-MDZ. Although we protocolled

in detail the delivery of in-MDZ and the administration

of other anticonvulsants, we did not systematically obtain

serum levels. However, this is offset by the analysis of the

effect of in-MDZ on the EEG power spectrum. The appli-

cation of midazolam also has effects on oscillatory neu-

ronal activity, and these effects are visible in the spectral

representation of the EEG data. Such spectral power

changes related to midazolam application were reported

by Hardmeier et al.34 in healthy volunteers showing sig-

nificant effects in the ß2-band (18–25 Hz) at 5.5 and

6.9 min after receiving 6 and 3 mg of in-MDZ, respec-

tively. This is in line with our findings in SE patients, in

whom we were able to detect the ß-band at a median
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time of 4 min in 10 out of 42 patients. Difficulties in the

detection of the ß-band effects in a relatively high propor-

tion of patients are common and are usually due to qual-

ity issues with the clinical EEG recordings in the

emergency setting. Hardmeier et al. had to exclude three

out of nine datasets despite studying healthy probands in

a controlled environment, while Knoester et al. were only

able to show an increase in EEG ß-band power after in-

MDZ administration in one of five healthy probands.40

As the absence of the ß-effect was equally distributed

between responders and nonresponders, we can assume

that differences are explained by interindividual differ-

ences within subjects and not related to responder status.

Conclusions

To our knowledge, this is the first pharmaco-EEG–based
study investigating the use of a nonintravenous benzodi-

azepine for the initial treatment of SE. Administration of

a relatively low median dose of 5 mg in-MDZ terminated

an EEG-proven SE within a median time of 05:05 in 57%

of the cases, while relevant sedation was documented in

only one of 42 patients. These data suggest that in-MDZ

may constitute a first-line treatment alternative to buccal

and intramuscular application if intravenous access is not

in place. Further controlled trials should compare intra-

nasal, buccal, and intramuscular administration to eluci-

date the fastest and most effective route.
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