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Summary

Objectives—We aimed to determine whether implementation of a structured multi-disciplinary
EEG monitoring pathway improved the timeliness of anti-seizure medication administration in
response to electrographic seizures in encephalopathic critically ill children.

Methods—A multidisciplinary team developed a pathway to standardize EEG monitoring and
seizure management in encephalopathic critically ill children, aiming to decrease the time from
electrographic seizure onset to anti-seizure medication administration. Data was collected to
inform the team of improvement opportunities which were then provided by an institutional
pathway, staff education, and streamlined communication. Measurements were obtained prior to
and after pathway implementation to assess for improvement.

Results—We collected data on 41 patients before and 21 after pathway implementation. There
were no differences between the baseline and pathway groups in demographic characteristics,
acute encephalopathy etiologies, or anti-seizure medications utilized. The median duration from
seizure onset to anti-seizure medication administration was shorter for patients treated with the
pathway (64 minutes [50, 101]) compared to patients treated prior to pathway implementation
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(139 minutes [71, 189]) (p=0.0006). The interval from seizure onset to anti-seizure medication
order was shorter for the pathway group (31 minutes [20, 49]) than the baseline group (71 minutes
[33, 131]) (p=0.003). The interval from anti-seizure medication order to administration was
shorter for the pathway group (30 minutes [19, 40]) than the baseline group (40 minutes [17, 68])
(p=0.047). Seizure termination was more likely to occur following initial anti-seizure medication
administration in the pathway than baseline group (67% vs. 27%, p=0.002).

Significance—Implementation of the pathway resulted in a significant reduction in the duration
between electrographic seizure onset and anti-seizure medication administration, and a significant
increase in the rate of electrographic seizure termination following an initial anti-seizure
medication. Further study is needed to determine whether these changes are associated with
improved outcomes.
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Introduction

Electrographic seizures and status epilepticus have been reported in 10-40% of children in
pediatric intensive care units (ICU) who underwent clinically indicated continuous EEG
monitoring (CEEG).1~14 In addition to serving as biomarkers of brain injury and dysfunction,
electrographic seizures and status epilepticus are associated with higher mortality and worse
neurobehavioral outcomes among survivors. - 9 10:12:15-20 Fyrther, the cost of identifying a
child experiencing electrographic seizures is modest,2! and data obtained from cEEG often
impact clinical management.22 In the context of these data, physicians report increasing
cEEG use in pediatric ICUs,2% 24 and recent guidelines and consensus statements
recommend performing cEEG in many critically ill children with acute encephalopathy to
identify electrographic seizures and status epilepticus.2>-27

Seizures and status epilepticus are among the most common neurologic conditions managed
in pediatric ICUs by multi-disciplinary teams of intensivists and neurologists.28: 29
Unfortunately, while seizures are often encountered, substantial variability exists in
management, and treatment delays have been reported.3%-33 Further, convulsive status
epilepticus management delays are common and associated with more prolonged seizures
and lower anti-seizure medication responsiveness,1%: 34-37

As this new evidence became available, an increase in the number of patients undergoing
cEEG in our pediatric ICU was noted based on the hypothesis that electrographic seizure
identification and management might reduce secondary brain injury and improve outcomes.
Since several observational studies indicated that brief exposures to electrographic seizures
are not associated with worse outcomes while longer exposures are associated with worse
outcomes, 1719 we expected rapid intervention would be required if we aimed to improve
outcomes by identifying and managing electrographic seizures. To improve electrographic
seizure management, a multi-disciplinary group developed a pathway for EEG monitoring in
critically ill patients based on current evidence and guidelines. This detailed plan of care was
then implemented with the goal of reducing time to seizure treatment. As described below,
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data was collected before and then after implementation of the pathway. In this report, we
describe our initial performance data, the implemented improvement strategy, and our
subsequent performance data.

We collected data regarding electrographic seizure management prior to this work (January
2010-September 2011), then developed and implemented a pediatric ICU cEEG pathway,
and finally collected data during a subsequent time period (September 2014—June 2015).
Publication of data from the quality improvement project did not require full review by the
Institutional Review Board.

Prior to pathway implementation, consultation/communication and seizure management
were individualized without a specified system. Numerous phone calls were required among
busy front line clinicians. An example workflow process is provided in Figure 1 (top). After
initial management steps were completed the cEEG tracing would be reviewed again to
evaluate the impact of the medication and the entire communication cycle would repeat.

Following review of this process and the initial time data, a multi-disciplinary group
convened. The multi-disciplinary group was composed of electroencephalographers,
registered EEG technologists, critical care neurology consultation physicians, critical care
medicine physicians, critical care nurses, a pharmacist, and quality improvement experts.
Over six months it reviewed evidence and current processes related to cEEG in critically ill
children with the goal of developing a pathway which detailed the care processes for EEG
monitoring and seizure management. The team aimed to reduce the time between
electrographic seizure onset and anti-seizure medication administration, identified potential
sources of variability and management delay (Table 1), and then worked to develop and
implement an ICU EEG monitoring pathway. An initial draft was reviewed by all important
stakeholders and necessary revisions were incorporated, and the final pathway was posted on
the institution pathway website which is available online38 with key components provided in
Table 2). It included educational resources regarding EEG monitoring and seizure
management, and it provided a streamlined process for results communication and seizure
management. An example workflow of the pathway guided communication strategy is
provided in Figure 1 (bottom).

Although the pathway was implemented for all patient care, we selected a specific patient
cohort for measurement to assess whether the implemented changes resulted in
improvement. This included patients with the following criteria: (1) age < 18 years, (2)
admitted to the pediatric ICU, (3) not admitted for epilepsy surgery admission, (4)
electrographic seizures identified by cEEG, (5) no clinical seizures while in the ICU
undergoing EEG monitoring since these would be apparent to bedside caregivers and impact
medication timing apart from EEG monitoring guided management, (6) no pre-existing
diagnosis of epileptic encephalopathy (i.e. hypsarrhythmia or slow spike-wave) which would
require neurologist guided individualized epilepsy management, and (7) electrographic
seizures for which management was definitely indicated based on standard care at our
institution. Management was definitely indicated for patients with electrographic status
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epilepticus or when multiple >1 minute electrographic seizures occurred within an hour of
recording. Patients with only one seizure or several brief seizures might not have had anti-
seizure medications initiated based on a clinical decision that treatment was not necessary.

Data were gathered from review of the electronic medical record (clinical characteristics,
medication orders, and administration timing) as well as EEG reports and tracings (seizure
onset timing, seizure cessation timing). Data gathered included age, sex, dates of admission
to the hospital and ICU, dates of discharge from the ICU, dates and duration of cEEG,
presence of clinically evident seizures prior to initiation of cEEG, acute encephalopathy
etiology category (epilepsy, acute structural, acute non-structural), electrographic seizure
characteristics, initial anti-seizure medication administered for electrographic seizures
identified by cEEG, whether electrographic seizures terminated for at least 12 hours after the
initial anti-seizure medication was administered, and the total number of anti-seizure
medications administered for electrographic seizures. Dates and times collected included
electrographic seizure onset date/time, anti-seizure medication order date/time, and anti-
seizure medication administration date/time. These timing data allowed calculation of (1)
total time from electrographic seizure onset to medication administration, (2) time from
electrographic seizure onset to medication order, and (3) time from medication order to
medication administration.

Statistical analyses were performed using Stata 12 (College Station, Texas). The central
tendency of continuous data are reported as median [interquartile range, IQR]. The
Wilcoxon rank sum, chi square, and log rank tests were performed to compare
characteristics of the baseline and pathway groups. Timing data are displayed using a
Kaplan-Meier survival curve showing the time between two events (electrographic seizure
onset and anti-seizure medication administration, electrographic seizure onset and anti-
seizure medication order, anti-seizure medication order and anti-seizure medication
administration).

The overall structure of the clinical services did not change substantially during the period
under investigation. Patients were cared for in a closed pediatric ICU composed of a board
certified pediatric intensivist, fellows, frontline residents and nurse practitioners. All
medications were ordered by pediatric ICU providers. Patients with any type of acute
neurologic problem, including seizures, were also cared for by the critical care neurology
consultation service. Most attending physicians on both services only performed 2—3 months
of service coverage per year. Further, both services were staffed by residents and fellows
who were either part of our institution’s training programs or rotating for brief periods from
other institutions. Both before and after pathway initiation, patients with any type of acute
neurologic condition and encephalopathy underwent 1-2 days of cEEG to identify
electrographic seizures as part of our pediatric ICU’s standard care, consistent with
recommendations from the Neurocritical Care Society’s Guideline on the Evaluation and
Management of Status Epilepticus?® and the American Clinical Neurophysiology Society’s
Consensus Statement on Continuous EEG Monitoring in Critically Il Children and
Adults.?5: 27 Registered EEG technologists were continuously in the hospital, and they
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initiated monitoring and performed periodic screening for electrographic seizures at least
every six hours. Pediatric EEG fellowship trained physicians interpreted the EEG tracing
formally every morning with written reports. Additionally, they viewed the EEG tracing at
any time if the clinical teams or EEG technologists noted any changes. Remote access was
available. Quantitative EEG seizure identification techniques were not used at bedside for
seizure identification. Although the overall pharmacy structure did not change, as part of the
pathway implementation levetiracetam was provided in the pediatric ICU Pyxis medication
dispensing machines so it could be administered without needing preparation and delivery
from the pharmacy.

The study evaluated 41 patients before and 21 patients after pathway implementation. There
were no differences between the baseline and pathway groups in demographic
characteristics including male sex (baseline 61%, pathway 57%, p=0.77) and median age
(baseline 14 months [4, 71], pathway 32 months [10, 78], p=0.32). The primary acute
encephalopathy etiology categories were not significantly different between groups (p=0.24)
which included epilepsy (24% baseline, 42% pathway), hypoxic ischemic encephalopathy
(20% baseline, 4% pathway), stroke (15% baseline, 10% pathway), traumatic brain injury
(20% baseline, 10% pathway), central nervous system infection (10% baseline, 5%
pathway), metabolic-systemic disorders (7% baseline, 14% pathway), and other structural
disorders (5% baseline, 14% pathway). There was no difference in the presence of
electrographic status epilepticus between groups (93% baseline, 81% pathway) (p=0.17).

The median time from seizure onset to anti-seizure medication administration was shorter in
the pathway group (64 minutes [50, 101]) than in the baseline group (139 minutes [71, 189])
(log-rank test for equality of survivor functions p=0.0006). The seizure onset to anti-seizure
medication administration interval can be divided into two sub-intervals: (1) seizure onset to
medication order, and (2) medication order to administration. The median interval from
seizure onset to anti-seizure medication order was shorter for the pathway group (31 minutes
[20, 49]) than the baseline group (71 minutes [33, 131]) (log-rank test for equality of
survivor functions p=0.003). The median interval from anti-seizure medication order to
administration was shorter for the pathway group (30 minutes [19, 40]) than the baseline
group (40 minutes [17, 68]) (log-rank test for equality of survivor functions p=0.047). Box-
and-whisker plots are provided in Figure 2. Kaplan-Meier survival curves are provided in
Figure 3. All subjects experienced an outcome (3a and 3c= received an anti-seizure
medication; 3b = anti-seizure medication was ordered).

While the sample size was small, we also evaluated relationships between anti-seizure
medication administration timing and seizure cessation after the initial medication. The most
commonly administered initial anti-seizure medications were levetiracetam in 33 patients
(53%), phenobarbital in 12 patients (19%), and phenytoin in 10 patients (16%), and these
did not differ between the baseline and pathway groups (p=0.17). The median number of
anti-seizure medications utilized did not differ in the baseline group (2 [1, >5] and pathway
groups (1 [1, 3]) (p=0.32). The initial anti-seizure medication was less likely to be followed
by seizure termination in the baseline group (11 of 41 patients, 27%) than the pathway group
(14 of 21 patients, 67%) (p=0.002). The Kaplan-Meier survival curve is provided in Figure 4
and indicates that patients with electrographic seizure cessation after the initial anti-seizure
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medication were more likely to have received their initial anti-seizure medication sooner
after electrographic seizure onset (p=0.03). However, there was no difference between the
median duration from seizure onset to anti-seizure medication administration for patients in
whom seizures terminated after the first medication was administered (84 minutes [51, 115])
than in patients in whom seizures persisted requiring additional anti-seizure medications (99
minutes [63, 189]) (p=0.07).

Discussion

In this quality improvement study, we found that implementation of a multi-disciplinary
pathway led to more rapid administration of anti-seizure medications after onset of
electrographic seizures. The median duration from electrographic seizure onset to anti-
seizure medication administration decreased significantly from 139 minutes in patients in
the baseline group compared to 64 minutes in the pathway group. Most of the reduction
occurred in the interval from electrographic seizure onset to anti-seizure medication order
(median of 71 decreased to 31 minutes) which is consistent with our intervention strategy
which mostly targeted steps between seizure identification and order placement. There was
also a reduction in the duration from order to medication administration (median of 40
decreased to 30 minutes) which may be due to the addition of premixed bags of
levetiracetam to the Pyxis machines in the ICU. Although this was a small single-center
study, it provides some initial evidence that our process management did yield more rapid
intervention. Interestingly, more rapid anti-seizure medication administration was associated
with a significantly greater likelihood of seizure cessation. Further study is needed to
determine whether this type of intervention is actually associated with reduced
electrographic seizure exposure and whether reduced electrographic seizure exposure is
associated with more favorable neurobehavioral outcomes.

Several studies have described associations between convulsive status epilepticus
management delays and more prolonged seizures, as well as lower anti-seizure medication
efficacy. One study of children with convulsive status epilepticus found that for every minute
delay between status epilepticus onset and Emergency Department arrival there was a 5%
increase in the risk of having status epilepticus last more than 60 minutes.34 A study of
children with continued clinical seizures after the first and second-line anti-seizure
medications reported that seizures were terminated in 100% of subjects when a third
medication was administered within one hour but only 22% of subjects when the third
medication was administered after 1 hour.1® Similarly, a study of children documented that
the first and second-line medications terminated convulsive status epilepticus in 86% when
administered in less than 15 minutes but only 15% when administered in more than 30
minutes.3® A study of children with convulsive seizures lasting longer than 5 minutes found
that treatment delays of more than 30 minutes were associated with seizure control delays.3®
Finally, midazolam efficacy has been found to be significantly lower when treatment was
initiated more than three hours after seizure onset, and there was a trend toward reduced
efficacy even at one hour.3” All of these data indicate that delays in status epilepticus
management may be associated with reduced medication efficacy. However, it remains
unclear to what extent data from convulsive status epilepticus studies can be extrapolated to
studies of electrographic seizures as evaluated in this study.
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Studies of children with status epilepticus indicate management delays and variability are
common. A retrospective multi-center study reported that even once in the Emergency
Department, the median time to administer a second-line anti-seizure medication to a seizing
child was 24 minutes.3 Benzodiazepine dosing has been reported to be outside usual dosing
guidelines in 23% of children with status epilepticus,33 and excess benzodiazepine dosing
contributes to respiratory insufficiency and need for ICU admission.31-33 Extending these
mostly Emergency Department data to the critical care setting, a recent multi-center study of
children who eventually experienced refractory status epilepticus found that the median time
from seizure onset to medication administration was 28 minutes for the first medication, 40
minutes for the second medication, and 59 minutes for the third medication.3 These data
indicate that delays are common in managing convulsive status epilepticus. This problem
may be even more pronounced for seizures in critically ill patients which are often EEG-
only (non-convulsive, subclinical) and therefore require cEEG review for identification.1-14
This is particularly problematic since even at large pediatric institutions, CEEG monitoring is
often only reviewed several times per day.24

Several studies have identified associations between electrographic seizure exposures and
unfavorable neurobehavioral outcomes, particularly when the seizure exposure is

high.1: 9: 1012, 15-20 Thys, if rapid identification and management of electrographic seizures
actually reduced electrographic seizure exposure, this might be a useful neuroprotective
strategy. Our initial data suggest that a multi-disciplinary pathway can lead to more rapid
management initiation. While it remains unclear whether this strategy actually leads to
improved outcome, it may provide a useful strategy in developing subsequent clinical trials.
Electrographic seizure exposure and neurobehavioral outcomes might be compared in
patients receiving standard (slower) care and pathway (rapid) care. This strategy might
provide a mechanism to evaluate the impact of electrographic seizure identification and
management in which all patients receive at least “standard” care, therefore making the
investigation ethical and feasible.

Recent studies describing the development of pediatric neurocritical care services indicate
that seizures are one of the most commonly encountered problems.28: 29 It is becoming
increasingly important to document quantitatively that these services provided added value
to patients. Our data indicate that a multi-disciplinary team approach led to more rapid
intervention of a potential neuroprotective strategy. If further studies indicate this
intervention yields lower electrographic seizure exposures and improved outcomes, this may
prove to be an important achievement of multi-disciplinary pediatric neurocritical care
programs.

This study has multiple limitations. First, it was intended as a single-center quality
improvement study and was therefore smaller and allowed less detailed analysis than if it
had been designed as a prospective clinical trial. While there were no known major changes
in overall pediatric critical care during the period under investigation, the baseline and
pathway groups extended over several years and unknown factors may have changed during
this time. Second, we have not evaluated whether more rapid intervention reduces seizure
exposure or improves neurobehavioral outcome. If this strategy yields more rapid
intervention but doesn’t actually reduce seizure exposure, then it is unlikely to improve
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outcomes. However, the fact that the strategy did lead to more rapid intervention and was
associated with a greater likelihood of seizure cessation indicates that further study is
warranted. Finally, while the strategy did reduce the duration from seizure onset to
medication administration, even after the strategy was implemented the median duration
from electrographic seizure onset to anti-seizure medication administration remained 64
minutes. Possibly, more rapid intervention might be needed in some patients for this strategy
to be effective in improving outcomes. Two main components may be targeted for additional
improvement. More frequent EEG review might lead to more rapid seizure identification.
Additionally, having an anti-seizure medication pre-ordered and available at bedside might
lead to more rapid medication administration.

In summary, implementation of a multi-disciplinary pathway that streamlined critical care
EEG monitoring workflow significantly reduced the duration from electrographic seizure
onset to anti-seizure medication administration. Additionally, our data suggest that seizures
may cease more often when the initial anti-seizure medication is administered more rapidly.
Further study is needed to determine whether this approach improves neurobehavioral
outcomes.
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Key Points

A multidisciplinary team developed a pathway to standardize the process of
EEG monitoring and seizure management in encephalopathic critically ill
children.

The median duration from seizure onset to anti-seizure medication

administration was significantly shorter for patients treated with the pathway.

Seizure termination was more likely to occur following initial anti-seizure
medication administration for patients treated with the pathway.
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Figure 1.

Multi-disciplinary communication structure before (top) and after (bottom) the intensive
care EEG monitoring pathway was implemented. In each pathway, following anti-seizure
medication administration, the EEG would be rechecked to see if seizures persisted and the

workflow would repeat.
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Baseline Pathway

Box-and-Whisker plots comparing patients before and after the intensive care unit EEG
monitoring pathway was implemented in terms of (a) the total duration from seizure onset to
anti-seizure medication administration, (b) the duration from seizure onset to anti-seizure

medication order, and (c) the

duration from anti-seizure medication order to medication

administration. Each box plot shows the median, upper and lower quartiles (top and bottom
of the shaded box), the maximum and minimum values excluding outliers (whiskers), and

the outliers (individual dots).
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Kaplan-Meier Survival Curve comparing patients before (blue) and after (red) the intensive
care unit EEG monitoring pathway was implemented in terms of (a) the total duration from
seizure onset to anti-seizure medication administration, (b) the duration from seizure onset
to anti-seizure medication order, and (c) the duration from anti-seizure medication order to
medication administration.
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Figure 4.

Kaplan-Meier Survival Curve comparing patients in whom seizures persist (blue) and cease
(red) after the initial anti-seizure medication was administered.
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Table 1

Potential Sources of Management Variability and Delay.

Staffing and Personnel:

Structural:

Attending physicians in critical care and neurology are only periodically on-service.

Fellow physicians in critical care and neurology at varying training levels.

Rotating fellows from other institutions in critical care and neurology with limited experience at our institution.

Rotating pediatrics residents with limited experience in the intensive care unit.

Nurse practitioners on a dedicated ICU nurse practitioner service.

High volume and intensity of work for all providers with numerous often temporally overlapping patient care responsibilities.
Transitions between day and night covering staff.

Nurses with limited continuous EEG monitoring experience.

EEG technologists with varying levels of experience.

EEG technologists with uncertain role expectations regarding EEG screening.

Communication strategy involving multi-step paging and telephone communication.

Multiple clinicians responsible for a given patient (pediatrics resident, critical care medicine fellow, critical care medicine attending,
neurology resident, neurology attending, EEG technologist, EEG fellow, EEG attending).

Availability of anti-seizure medications for administration in the ICU.

Knowledge Based:

Impossible for clinicians to independently read and evaluate all of the available literature given rapid expansion of medical
knowledge.

Uncertainty regarding standard results communication strategy.
Uncertainty regarding standard electrographic seizure management strategy.

Uncertainty regarding goals for intervention timing.
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Table 2

Components of the Intensive Care Unit Continuous EEG Monitoring Pathway Implementation.

Multi-disciplinary Team Development

Team composed of Electroencephalographers (2), Neurology physicians providing care on the Critical Care Neurology Consultation
service (2), Critical Care Medicine physician (1), EEG technologists (2), ICU nurses (1), ICU pharmacist (1), quality improvement
specialist physician (1), and quality improvement analyst (1).

Team bounded by specific and stable membership, scheduled meetings, unified goal, and timeline.

Mandate provided since official institutional quality improvement project.

Staff Education

Establishment of multi-disciplinary standards for EEG monitoring indications, communication strategies, and management
strategies.

Grand Rounds lectures for critical care medicine and neurology services.

Resident and Fellow educational lectures for neurology and critical care medicine during summer (as new trainees begin).
Discussion of related cases in Multi-Disciplinary Case Management Conferences.

Bedside teaching for ICU nurses by nurse education team.

Lectures and case discussions for EEG technologists in EEG Review Conference.

Daily Workflow Modifications

Single easily accessible pathway document guiding care for all involved staff.

EEG monitoring initiation based on critical care medicine recognition of EEG monitoring indication and subsequent order, rather
than required neurologic consultation.

Revised EEG monitoring order in electronic medical record which incorporated related nursing orders addressing button pushes to
mark events and medication administration times and additional point-of-care educational materials.

Levetiracetam provided in ICU Pyxis allowing for more rapid administration since it didn’t need to be delivered from pharmacy.

Just-in-time education for ICU nurses caring for patients undergoing EEG monitoring provided by EEG Technologists using a
jointly developed brief paper education book.

New EEG equipment button pads allowing easier bedside documentation of events and medication administrations by ICU nurses
by a single button push.

Enhanced role for EEG Technologists in screening for seizures and communicating data regarding seizures based on The American
Society of Electroneurodiagnostic Technologist’s “National Competency Skill Standards for ICU/CEEG Monitoring” which
provides for roles in clinical staff education regarding EEG monitoring and communication of convulsive and electrographic seizure
event data to encephalographers and other clinicians.*C Prior to pathway initiation these roles were not converted into standardized
institutional standards and EEG technologists had varying understanding of their job expectations and appropriate bounds of
practice. After pathway initiation, EEG Technologists received extensive education to ensure they were capable of performing these
roles and also understood that these roles were within appropriate practice bounds.

Involvement of EEG technologists in results communication to critical care medicine fellows.
Unified contact numbers for critical care medicine fellow teams provided at EEG monitoring initiation.

Removal of some trainee physicians (pediatrics residents rotating in the pediatric intensive care unit) from the communication
workflow despite a recognized small reduction in educational experience.

Simplified Citrix-based remote EEG access for EEG attending physicians.
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