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Abstract Lo onune 3

Background and Objectives @ class of Evidence
Few data are available regarding the use of anesthetic infusions for refractory status epilepticus Criteria for rating
(RSE) in children and neonates, and ketamine use is increasing despite limited data. We aimed therapeutic and diagnostic
to describe the impact of ketamine for RSE in children and neonates. studies

NPub.org/coe
Methods
Retrospective single-center cohort study of consecutive patients admitted to the intensive care 0 CME Course
units of a quaternary care children’s hospital treated with ketamine infusion for RSE. NPub.org/cmelist
Results @ Podcast

Sixty-nine patients were treated with a ketamine infusion for RSE. The median age at onset of
RSE was 0.7 years (interquartile range 0.15-7.2), and the cohort included 13 (19%) neonates.
Three patients (4%) had adverse events requiring intervention during or within 12 hours of
ketamine administration, including hypertension in 2 patients and delirium in 1 patient. Ket-
amine infusion was followed by seizure termination in 32 patients (46%), seizure reduction in
19 patients (28%), and no change in 18 patients (26%).

Discussion

Ketamine administration was associated with few adverse events, and seizures often terminated
or improved after ketamine administration. Further data are needed comparing first-line and
subsequent anesthetic medications for treatment of pediatric and neonatal RSE.

Classification of Evidence
This study provides Class IV evidence on the therapeutic utility of ketamine for treatment of
RSE in children and neonates.
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Glossary

CEEG = continuous electroencephalographic monitoring; CHD = congenital heart disease; CICU = SE in the cardiac;
ECMO = extracorporeal membrane oxygenation; FIRES = febrile infection-related epilepsy syndrome; ICP = intracranial
pressure; ICU = intensive care unit; IQR = interquartile range; IIC = ictal-interictal continuum; NICU = SE in the neonatal;
PICU = SE in the pediatric; RSE = refractory SE; SE = status epilepticus.

Many children with status epilepticus (SE) have persistent
seizures despite administration of at least 2 appropriately dosed
antiseizure medications, referred to as refractory SE (RSE).!
Continuous anesthetic infusions are often required,” but few
data are available regarding their safety or efficacy.”® Mid-
azolam and pentobarbital are commonly administered
anesthetics,”” but they have systemic side effects including
respiratory failure and hypotension.” Propofol is infrequently
used in children given the risk of propofol infusion syndrome.”

Ketamine, a noncompetitive NMDA glutamate receptor antag-
onist, may be a beneficial alternative anesthetic. Animal models
of SE indicate ketamine modulate cytokines and interacts with
muscarinic, monoaminergic, nicotinic, and opioid receptor
channels, thereby decreasing neuroinflammation which may
contribute to SE refractoriness and acting as a neuroprotectant
against glutamate-induced neuronal necrosis.”® In humans,
ketamine is often administered for procedural sedation®* with
rapid onset of a dissociative state’ and unconsciousness at high
doses.” Ketamine is less likely to cause cardiorespiratory com-
promise than other commonly used anesthetics.'® In addition,
although ketamine is a direct myocardial depressant, it induces
the release of endogenous catecholamines which can manifest as
hypertension.'® A review of convulsive RSE treatment by the
American Epilepsy Society concluded that insufficient evidence
exists on the effectiveness of ketamine in adults and children."!
Some data indicate ketamine is safe and effective for RSE in
adults, but pediatric data are very limited™'>"*
consist of only several case reports."*'® Despite limited data, the
use of ketamine for children with RSE is increasing, although
often late in the course and in conjunction with pentobarbital.”
Given the knowledge gap regarding RSE management options,19
we studied consecutive neonates and children with RSE ad-
ministered ketamine. We hypothesized that ketamine adminis-
tration would be associated with few short-term adverse events

and neonatal data

and would often be followed by seizure termination.

Primary Research Questions

1. Is ketamine associated with adverse effects in children
and neonates with RSE?

2. How often is ketamine administration followed by seizure
termination or reduction in children and neonates with RSE?

Methods

Study Design and Data Collection
We performed a single-center retrospective study of consec-
utive patients who received a ketamine infusion for treatment
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of SE in the neonatal (NICU), cardiac (CICU), or pediatric
intensive care units (PICU) at the Children’s Hospital of
Philadelphia.

Patients received care from Critical Care Medicine or Neo-
natology Services, along with the Neurology Critical Care
Consultation Service. Continuous electroencephalographic
monitoring (CEEG) interpretation was performed by the
Critical Care Electroencephalography Service using report
templates derived from published standardized critical care
EEG terminology.zo'22

To identify potential patients, we queried the electronic medical
record (EMR) for all patients admitted to an intensive care unit
(ICU) who were administered a ketamine infusion and had an
order for CEEG using an Epic Clarity database (Verona, WI)
using a custom SQL Oracle pipeline from EMR adoption in
January 2011 to September 15, 2021. The first identified patient
was admitted in 2018. All patients undergoing seizure manage-
ment with anesthetic medications underwent clinically indicated
CEEG based on an institutional pathway adherent to published
guidelines.**** Thus, including CEEG in the query excluded
patients receiving ketamine for indications other than seizure
management.

Two neurocritical care nurse practitioners performed chart
review of all potential patients to confirm the inclusion cri-
teria: (1) ICU admission and (2) administration of ketamine
infusion for seizures. Patients were excluded if the ketamine
infusion was ordered but not initiated because the patient died
or seizures terminated. We analyzed admission notes, con-
sultation notes, daily progress notes, and any other docu-
mentation by nursing and medical staff. Data were entered
into a Research Electronic Data Capture database.”

All patients underwent CEEG during ketamine administra-
tion. We classified the seizure burden on CEEG at ketamine
initiation as acute repetitive seizures (seizure burden <$ mi-
nutes) or SE. SE was defined as >5 minutes of continuous
and/or electrographic seizure activity or recurrent seizure
activity without recovery between seizures, consistent with
recent guideline definitions.'"***” SE was subclassified as
brief seizures totaling >S5 minutes in an hour, seizure(s) > S
minutes, or both. We further classified RSE subtypes, new-
onset RSE, and febrile infection-related epilepsy syndrome
(FIRES) using consensus definitions." Patients fulfilling cri-
teria of multiple categories were classified as the most
severe category. CEEG background was categorized as
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continuous, discontinuous, burst suppression, or suppression.
We assessed changes in seizures (termination, reduction, or
no change), ictal-interictal continuum (IIC) patterns (im-
provement or no change), and the CEEG background cate-
gory after ketamine administration. These changes after
ketamine administration were assessed during clinical care
and documented in Neurology Critical Care Consultation
notes and CEEG reports.

Adverse effects related to ketamine were identified through chart
review based on clinical documentation (primary or consultation
services), vital signs and medication logs, and any other available
documentation. Hypertension, hypotension, arrhythmias, and
delirium were considered adverse effects of ketamine if they
occurred during ketamine administration or within 12 hours of
the last ketamine administration (bolus or infusion) and required
mitigation intervention(s). Hypotension was defined as systolic
blood pressure <5th percentile for age and sex.”®* Given the
known risk of hypertension with ketamine, hypertension was
also identified based on age-appropriate blood pressure guide-
lines defined as systolic blood pressure >95th percentile for age
and sex.”****! Concern for increased intracranial pressure (ICP)
was considered an adverse effect if the medical team(s) initiated
serial neuroimaging (defined as more than 1 CT or MRI within a
24-hour period) to monitor for signs of increased ICP or the
patient had an invasive ICP monitor after ketamine initiation.
Delirium was considered an adverse effect if identified by the
medical team(s), often including assessments using the Cornell
Assessment of Pediatric Delirium Scale.*> Withdrawal symptoms
during weaning and after cessation of ketamine infusion were
identified by the medical team(s), often including assessments
using the Withdrawal Assessment Tool-Version 1.*>

Standard Protocol Approvals, Registrations,
and Patient Consents

The Institutional Review Board approved the study with a
waiver of consent.

Data Analysis and Statistical Methods

Data were analyzed using STATA version 14.2 (StataCorp,
College Station, TX). Most analyses used descriptive statis-
tics. We compared differences between groups using Wil-
coxon rank-sum tests. Statistical significance was considered a
2-tailed p value <0.05.

Data Availability

We will make the underlying data available to investigators
with appropriate data transfer and Institutional Review Board
approval.

Results

Subject Characteristics

The EMR query identified 97 patients, and chart review de-
termined 69 patients received ketamine infusion for SE.
Table 1 provides demographic and clinical characteristics.
The median age at SE onset was 0.7 years (interquartile range
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[IQR] 0.15-7.2), and 13/69 patients (19%) were 0-30-days-
old. Seventeen patients (25%) had preexisting epilepsy at
presentation, and patients with preexisting epilepsy were on a
median of 3 antiseizure medications at presentation (IQR
2-4), and 2/17 patients (12%) had a vagal nerve stimulator.
SE occurred previously in 7/69 patients (10%), including 5/7
patients (71%) with prior RSE requiring anesthetic medica-
tions (super RSE or prolonged super RSE) which included 1
subject with prior FIRES. Preexisting neurologic problems
were present in 21/69 patients (30%), and the most common
was developmental delay and/or intellectual disability in 12/
69 patients (17%). Preexisting medical problems were com-
mon, including congenital malformations in 24/69 (35%); of
those, 21/24 (88%) with congenital heart malformations.

Table 2 summarizes acute medical problems and manage-
ment. Acute neurologic injury was present on admission in
22/69 patients (32%), including hypoxic-ischemic encepha-
lopathy in 14/22 (64%), stroke in 4/22 (18%), and traumatic
brain injury in 4/22 (18%). SE types included RSE in 25/69
(36%), super RSE in 29/69 (42%), and prolonged super RSE
in 15/69 (22%). All patients received antiseizure therapies
before ketamine infusion, including a median of 3 (IQR 2-4)
antiseizure medications (eTable 1, links.Iww.com/WNL/

C192).

The median duration between SE onset and first anesthetic
infusion was 0.5 days (IQR 0.2-1.2). The first anesthetic in-
fusion was ketamine in 38/69 patients (55%) and midazolam
in 31/69 patients (45%). No patients received pentobarbital
or isoflurane as the first anesthetic (Figure 1). The median
duration from SE onset to first anesthetic infusion initiation
did not differ between midazolam (0.41 days, IQR 0.13-1.24)
and ketamine (0.72 days, IQR 0.24-1.18) (p = 0.27). A sec-
ond anesthetic infusion was administered to 35/69 patients
(51%), including 28/35 (80%) administered ketamine, 4/35
(11%) administered midazolam, 3/35 (9%) administered
pentobarbital, and none administered isoflurane. Among the
patients requiring a second anesthetic infusion, 4/35 (11%)
were due to seizures intractable to ketamine as a first-line
anesthetic. A third anesthetic infusion was administered to
11/69 patients (16%), including 3/11 (27%) administered
ketamine, 1/11 (11%) administered midazolam, 7/11 (64%)
administered pentobarbital, and none administered iso-
flurane. A fourth anesthetic was administered to 3/69 patients
(4%) and was always isoflurane (Figure 1).

Ketamine Dosing and Timing

Ketamine was administered in the PICU for 37/69 patients
(53%), CICU for 27/69 (39%), and NICU for 5/69 (7%).
The median duration of SE onset to ketamine infusion initi-
ation was 20 hours (IQR 10.8-45.3). Ketamine was initiated
within 0-12 hours of SE onset in 23/69 patients (33%),
12-24 hours in 18/69 (26%), 1-2 days in 14/69 (20%), 2-3
days in 4/69 (6%), 3—-4 days in 1/69 (1%), and >4 days in
9/69 (13%). Ketamine was administered significantly sooner
as the first anesthetic (17.4 hours, IQR 5.7-28.3) than as
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Table 1 Demographics and Preadmission Clinical Data

Table 1 Demographics and Preadmission Clinical Data

(N =69) (N = 69) (continued)
N (%) median N (%) median
Variable [IQR] Variable [IQR]
Age (y) 0.7[0.15-7.2] Sturge-Weber 1/3(33)
Age category Febrile seizure 1/3(33)
0-30d 13/69 (19) Autism/oppositional defiant disorder 1/3 (33)
1-6 mo 16/69 (23) None 48/69 (70)
6-12 mo 7/69 (10) Prior medical diagnoses/problems
212 mo 33/69 (48) Congenital malformations 24/69 (35)
Sex, female 33/69 (48) Congenital heart disease 21/24 (88)
Race Congenital diaphragmatic hernia 1/24 (4)
African American/Caribbean/African 16/69 (23) Metopic cranial synostosis 1/24 (4)
Asian 7/69 (10) Omphalocele 1124 (4)
Native Hawaiian/Pacific Islander, Indian, mixed, 0/69 (0) Noonan syndrome 1/69 (1)
unknown
Cardiac 18/69 (74)
White 35/69 (51)
Dysfunction 16/18 (89)
Other 11/69 (16)
Arrhythmia 2/18 (11)
Ethnicity, Hispanic 12/69 (17)
Other 3/69 (13)
Prior epilepsy 17/69 (25)
Asthma 1/3 (33)
Focal 9/17 (53)
Coagulopathy 1/3 (33)
Generalized 2/17 (12)
Autoimmune hemolytic anemia and ultrashort 1/3(33)
Both 6/17 (35) bowel

Prior epilepsy management

Antiseizure medications 3[2-4]

Vagal nerve stimulator 2(12)
Prior status epilepticus 7/69 (10)

Refractory status epilepticus requiring 5/7 (71)

anesthetic(s)

Febrile infection-related epilepsy syndrome 1/7 (14)
(FIRES)

Prior neurologic diagnoses/problems 21/69 (30)
Developmental delay/intellectual disability 12/21 (57)
Epilepsy 11721 (52)
Hypoxic-ischemic encephalopathy 3/21(14)

Neonatal 2/3 (67)
Cardiac arrest 1/3(33)
Brain malformation 3/21 (14)
CNS infection 1/21 (5)
Stroke 1/21 (5)

Ischemic 1/1 (100)
Other 3/21 (4)

e1230 Neurology | Volume 99, Number 12 | September 20, 2022

Admission Glasgow Coma Scale (GCS)

Eye opening spontaneously 61/69 (88)

Obeys commands/normal spontaneous 54/69 (78)
movement

Oriented/normal words or babble for age 46/69 (67)

the second anesthetic after midazolam (34.9 hours, IQR
12.3-82.9) (p < 0.01).

At ketamine initiation, the CEEG demonstrated SE in 47/69
(68%) of patients (subdivided as brief seizures totaling >$
minutes in an hour in 18/47 [38%], individual seizures >$
minutes in 18/47 [38%], or both in 11/47 [23%]), acute
repetitive seizures in 19/69 patients (28%), and IIC patterns
(without seizures) in 3/69 patients (4%). IIC patterns were
present in 14/69 patients (20%), including 3/14 (21%)
without ongoing seizures and 11/14 (79%) with seizures at
ketamine administration.

Sixty-five patients (94%) received a ketamine bolus at the time
of ketamine infusion initiation, and a median of 4 boluses
(IQR 2-7) were administered in the first 24 hours of infusion.
Ketamine infusions were initiated at 1 mg/kg/h in 66/69

Neurology.org/N
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Table 2 Clinical, Seizure, and Concomitant Therapy Data

N (%) median
Variable [IQR]
Admission unit
Pediatric ICU 21/69 (30)
Cardiac ICU 23/69 (33)
Neonatal ICU 7/69 (10)
Neurology floor 13/69 (19)
Other floor 5/69 (7)
Type of refractory status epilepticus
Refractory status epilepticus (RSE) 25/69 (36)
Super refractory status epilepticus (SRSE) 29/69 (42)
Prolonged super refractory status epilepticus 15/69 (22)
(PSRSE)
New-onset refractory status epilepticus (NORSE) 5/69 (7)
Febrile infection-related epilepsy syndrome 4/5 (80)
(FIRES)
Acute neurologic problems on admission 22/69 (32)
Stroke 4/22 (18)
Ischemic 2/4 (50)
Hemorrhagic/intracerebral hemorrhage 2/4 (50)
Hypoxic-ischemic encephalopathy 14/22 (64)
Neonatal 2/14 (14)
Cardiac arrest 11/14.(79)
Near drowning 0/14 (0)
Other 114 (7)
Traumatic brain injury 4/22 (18)
Abusive 4/4 (100)
Age at onset of status epilepticus, y 0.7 [0.15-7.2]
Unit ketamine administered
Pediatric ICU 37/69 (53)
Cardiac ICU 27/69 (39)
Neonatal ICU 5/69 (7)
Antiseizure medications before anesthetics 3[2-4]
Duration of status epilepticus to first anesthetic,d 0.5[0.2-1.2]

Duration status epilepticus onset to ketamine
infusion, hours

20.0[10.8-45.3]

First anesthetic administered for status epilepticus

Ketamine 38/69 (55)

Midazolam 31/69 (45)

Pentobarbital 0/0 (0)

Isoflurane 0/0 (0)
Neurology.org/N

Table 2 Clinical, Seizure, and Concomitant Therapy Data

(continued)
N (%) median

Variable [1QR]
Second anesthetic administered for status 35/69 (51)
epilepticus

Ketamine 28/35 (80)

Midazolam 4/35(11)

Pentobarbital 3/35(9)

Isoflurane 0/35 (0)
Third anesthetic administered for status epilepticus 11/69 (16)

Ketamine 3/11 (27)

Midazolam 1/11 (9)

Pentobarbital 7/11 (64)

Isoflurane 0/11 (0)
Fourth anesthetic administered for status 3/69 (4)
epilepticus

Ketamine 0/3 (0)

Midazolam 0/3 (0)

Pentobarbital 0/3 (0)

Isoflurane 3/3 (100)

patients (96%), per institutional practice. In 2 patients (3%),
the infusion was inadvertently initiated at 0.1 mg/kg/h (such as
midazolam infusion dosing at our institution) and was rapidly
corrected to 1 mg/kg/h. One subject (1%) had infusion dosing
started at 0.5 mg/kg/h for undefined reasons. The maximum
infusion doses were 7 mg/kg/h in 2/69 patients (3%), 6 mg/
kg/hin 3/69 (4%), S mg/kg/hin 5/69 (7%), 4 mg/kg/hin 9/
69 (13%), 3 mg/kg/h in 14/69 (20%), 2 mg/kg/h in 15/69
(22%), and 1 mg/kg/h in 20/69 (29%). The median duration
from ketamine infusion initiation to maximum infusion dosing
was 9.8 hours (IQR 3.2-29.9), and the median duration from
ketamine infusion initiation to maximum infusion did not differ
when ketamine was administered as the first anesthetic (8.6
hours, IQR 0-27.6) or after midazolam at any point in RSE
treatment (13.5 hours, IQR 8.0-36.5) (p = 0.07). The median
total duration of ketamine infusion was 85.7 hours (IQR
49.7-128.0), and the median total duration of ketamine ad-
ministration was not different when ketamine was administered
as the first anesthetic (74.6 hours, IQR 54.6-123.7) or after
midazolam at any point in RSE treatment (87.0 hours, IQR
43.4-153.2) (p = 0.50).

Ketamine infusion was weaned in 61/69 patients (91%).
Weaning data were unavailable for 8 patients in whom the
ketamine infusion was stopped because of adequate seizure
control at the starting infusion dose or death before
weaning. Ketamine infusion weaning began at a median of
59.6 hours (IQR 43.8-76.6) from initiation of infusion, and
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Figure 1 Anesthetic Administration
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Isoflurane
(n=0)

(n=3/3; 100%)

ketamine infusion was weaned over a median of 22.9 hours

(IQR 5.7-55.5).

Adverse Effects

Three patients had adverse effects that required intervention
which resolved, and all 3 patients with adverse effects had
improvement in seizures after ketamine administration. De-
lirium requiring quetiapine occurred in 1/69 subject (1%).
Hypertension requiring intervention occurred in 2/69 patients
(3%). The first subject had congenital heart disease (CHD),
was on venoarterial extracorporeal membrane oxygenation
(ECMO), and required a nicardipine infusion and decrease in
ECMO flows to mitigate hypertension. The second subject had
multiple preexisting medical comorbidities including chronic
renal dysfunction resulting in hypertension and required 1
additional dose of antihypertensive medication during ket-
amine treatment. In both patients, the hypertension was tran-
sient and resolved when the ketamine infusion was weaned. A
third subject had hypertension that worsened during ketamine
administration but did not require any intervention.
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Additional adverse effects occurred during RSE management
which were not attributed to ketamine. Two patients (3%) were
receiving treatment for preexisting arrhythmias that did not
change after initiation of ketamine infusion. Sixty-six patients
(96%) were intubated before ketamine initiation. Hypotension
requiring treatment occurred in 24/69 patients (35%) during
RSE management. Hypotension occurred before ketamine in
22/69 patients (32%), and it remained stable during ket-
amine infusion in 11/22 patients (50%) or improved during
ketamine infusion in 11/22 (50%). Hypotension occurred
after ketamine in 1/69 subject (1%). Hypotension occurred
during ketamine treatment in 3/69 patients (4%), but none
required intervention. There were no concerns regarding
elevated ICP in any subject. No patients experienced with-
drawal symptoms/signs during ketamine wean.

Efficacy

Ketamine administration was followed by CEEG determined
seizure termination in 32/69 patients (46%), seizure re-
duction in 19/69 (28%), and no change in 18/69 (26%).

Neurology.org/N
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Table 3 Ketamine Data

Table 3 Ketamine Data (continued)

Variable

N (%), median
[IQR]

N (%), median

Total duration of refractory status epilepticus, d

5.0 [2.8-7.4]

Duration status epilepticus onset to ketamine
infusion, h

20.0[10.8-45.3]

Duration ketamine infusion, h 85.7
[49.7-128.0]
Time to maximum ketamine infusion dose, h 9.8 [3.2-29.9]
Status epilepticus duration prior to ketamine
0-12 h 23/69 (33)
12-24 h 18/69 (26)
1-2d 14/69 (20)
2-3d 4/69 (6)
3-4d 1/69 (1)
>4d 9/69 (13)
EEG characteristics at ketamine initiation
Acute repetitive seizures 19/69 (28)
Status epilepticus (brief seizures) 18/69 (26)
Status epilepticus (long seizures) 18/69 (26)
Status epilepticus (brief and long seizures) 11/69 (16)
Ictal-interictal continuum EEG patterns 14/69 (20)
Intravenous ketamine bolus administered 65/69 (94)
Ketamine boluses in first 24 h after initiation 4 [2-7]
Duration ketamine initiation to best achieved 63/69 (91)
ketamine response
0-6 h 37/63 (59)
6-12 h 10/63 (16)
12-24 h 5/63 (8)
24-36 h 6/63 (10)
36-48 h 1/63 (2)
>48 h 4/63 (6)
Ketamine impact on seizures (convulsive and
nonconvulsive)
Terminated seizures 32/69 (46)
Reduced seizure burden 19/69 (28)
No effect on seizures 18/69 (26)
Ketamine impact on convulsive seizures
Terminated seizures 13/69 (19)
Reduced seizure burden 9/69 (13)
No effect on seizures 5/69 (7)
Not having convulsive seizures 42/69 (61)

Ketamine impact on nonconvulsive seizures

Neurology.org/N

Variable [IQR]
Terminated seizures 30/69 (44)
Reduced seizure burden 16/69 (23)
No effect on seizures 16/69 (23)
Not having nonconvulsive seizures 7/69 (10)
Ketamine impact on ictal-interictal 8/14 (57)

continuum—improvement

Ketamine impact on EEG
Burst suppression 1/69 (1)
Background suppression 2/69 (3)
Background discontinuity 0/69 (0)

Among the 51/69 patients (74%) with seizure termination or
reduction after ketamine administration, the duration to the
best achieved ketamine response occurred at 0—6 hours in 37/
51 patients (73%), 6-12 hours in 10/51 (20%), 12-24 hours
in 5/51 (10%), 24-36 hours in 6/51 (12%), 36—48 hours in
1/51 (2%), and >48 hours in 1/51 (2%) (Table 3). Ketamine
was significantly more likely to be followed by seizure ter-
mination when administered as a first anesthetic (23/38,
61%) than after midazolam had been ineffective as a first-line
anesthetic (9/31, 29%) (p < 0.01). When ketamine was ad-
ministered as a first anesthetic, seizures terminated in 23/38
patients (61%), reduced in 7/38 (16%), or did not change in
9/39 (24%). When ketamine was administered after mid-
azolam, seizures terminated in 9/31 patients (29%), reduced
in 13/31 (42%), and did not change in 9/31 (29%).

There was no difference in seizure termination after ketamine
administration between children (26/56,46%) and neonates (6/
13,46%) (p = 0.99). Among neonates, ketamine was followed by
seizure termination in 6/13 (46%), seizure reduction in 1/13
(8%), and no change in 6/13 (46%). Among children, ketamine
was followed by seizure termination in 26/56 (46%), seizure
reduction in 18/56 (32%), and no change in 12/56 (21%).

The best achieved seizure response occurred at a lower
infusion dose when ketamine was administered as the first
anesthetic (2 mg/kg/h, IQR 1-3) than when ketamine
was administered after midazolam (3 mg/kg/h, IQR 2-5)
(p < 0.01). Similarly, the maximum dose of ketamine in-
fusion was lower when seizures terminated (2 mg/kg/h,
IQR 1-3) than when seizures persisted (3 mg/kg/h,
IQR 2-4) (p = 0.03).

Ketamine administration was followed by IIC improvement
among 8/14 patients (57%) with IIC patterns. CEEG back-
ground changes after initiation of ketamine infusion included
induction of burst suppression in 1/69 patients (1%), sup-
pression in 2/69 (3%), and discontinuity in 0/69 (0%).
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Table 4 Outcome Data

N (%), median

Variable [IQR]
Disposition

Alive 48/69 (70%)

Dead 21/69 (30%)

Unknown 0/69 (0%)
Cause of death

Withdrawal because of neurologic condition 6/21 (29%)

Death by neurologic criteria 1/21 (5%)

Death due to medical condition 9/21 (43%)

Death due to medical and neurologic conditions 5/21 (24%)

ICU disposition location

Rehabilitation unit 10/48 (21%)

Other hospital 2/48 (4%)

Other unit/ward at same hospital 23/48 (48%)

Nursing facility 1/48 (2%)
Home/private residence 10/48 (21%)
Remains in ICU 2/48 (2%)
Unknown 0/48 (0%)
Median duration of ICU stay, d 24 [10-60]
Median duration of hospital stay, d 33[16-79]

New or worse epilepsy on hospital discharge 16/46 (35%)

Seizures on hospital discharge 10/46 (22%)

Hourly seizures 2/10 (20%)

Daily seizures 8/10 (80%)

Outcome

Table 4 summarizes outcome data. Twenty-one patients
(30%) died before discharge, including 9/21 (43%) because
of the systemic medical condition, 6/21 (29%) with with-
drawal of technological support because of the neurologic
condition, 1/21 (5%) with irreversible cessation of neurologic
function, and 5/21 (24%) because of both systemic medical
and neurologic conditions. The median duration of ICU and
hospital stays were 24 days (IQR 10-60) and 33 days (IQR
16-79), respectively. ICU discharge disposition among the 48
survivors included transfer to a non-ICU ward in 23/48
(48%), transfer to rehabilitation in 10/48 (21%), discharge
home in 10/48 (21%), transfer to a different hospital in 2/48
(4%), discharge to an extended living facility in 1/48 (2%),
and 2/48 (4%) remained in an ICU. On discharge, 16/46
patients (35%) had new or worse epilepsy. Among survivors,
10/46 (22%) were still having seizures on discharge, including
2/10 (20%) with hourly seizures and 8/10 (80%) with daily

seizures.
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Classification of Evidence

This study provides Class IV evidence on the therapeutic
utility of ketamine for treatment of RSE in children and
neonates.

Discussion

We evaluated 69 consecutive neonates and children who re-
ceived ketamine for SE management. Almost all patients (99%)
had seizures refractory to multiple medications before ket-
amine administration, and approximately two-thirds experi-
enced more severe forms of RSE (super RSE and prolonged
super RSE). Ketamine was associated with adverse effects re-
quiring intervention in 4% of patients, including hypertension
requiring intervention in 2 patients and delirium requiring an
antipsychotic medication in 1 subject. Ketamine administration
was followed by seizure improvement in 74% of patients, in-
cluding seizure termination in 46% and seizure reduction in
28% of patients. These findings were similar among children
and neonates (seizure termination in 46% of each subgroup).
Ketamine was more often followed by seizure termination
when administered as a first-line anesthetic (61%) than as a
subsequent anesthetic, although even 29% of patients with
seizures refractory to midazolam had seizure termination after
ketamine administration. Furthermore, the best seizure re-
sponse after ketamine administration occurred rapidly (0-6
hours) in 73% of patients. These data suggest that ketamine
may be beneficial for SE management in children and neonates.

Ketamine may have neuroprotective benefits when adminis-
tered before or after SE onset,®** and ketamine use for RSE
is increasing.” However, systematic reviews indicated pub-
lished literature focused mostly on adults and was limited
to only small case series and case reports in children
and neonates.">">?5?® There is an exception study” which
reported 48 children for RSE treated with ketamine. However,
all the patients also received pentobarbital in conjunction with
ketamine, and ketamine was generally administered late in the
course of RSE, thereby limiting the generalizability of the
findings especially during initial treatment. A multicenter
retrospective review of 60 RSE episodes (46 adults, 12 chil-
dren) from North America and Europe between 1999 and
2012 was performed. Ketamine was often administered as a
loading bolus dose followed by a continuous infusion, and it
was always part of a multidrug regimen involving 2-12 con-
current medications. RSE control occurred in 57% of RSE
episodes, and ketamine contributed to the control of RSE in
32% of episodes. Ketamine was deemed ineffective in con-
tributing to the control of RSE using continuous infusion rates
lower than 0.9 mg/kg/h, when initiated >8 days after SE onset
or if seizures persisted despite >7 drugs.'> Although adverse
events were mostly attributed to concurrent anesthetics and
other medications, ketamine was discontinued in S patients
for possible adverse events. The authors concluded that ket-
amine was a safe and effective drug for the treatment of RSE
and most effective when introduced early during the course.'*
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However, the study included only 12 children and did not
include any neonates (the youngest subject was 7-months-
old). Data regarding the use of ketamine for seizures in ne-
onates have been limited to case reports.'®®

Given limited pediatric data, this study of 69 consecutive
children and neonates treated with ketamine, including many
with ketamine as the initial anesthetic, adds substantially to
the available knowledge. Only 3 patients had adverse ef-
fects requiring intervention referable to ketamine, including
2 patients with hypertension requiring treatment and 1 sub-
ject with delirium requiring treatment. The adverse effects
resolved after intervention, and all 3 patients with adverse
effects had improvement in seizures after ketamine adminis-
tration. Hypotension occurred during ketamine treatment in
13% of patients, but none required intervention. No patients
had concerns for increased ICP during ketamine treatment.
No patients experienced withdrawal during weaning or within
12 hours of last ketamine administration. These data indicate
ketamine was safe in neonates and children with SE, and rare
adverse effects were manageable. The lack of short-term ad-
verse effects is consistent with other limited pediatric data. A
case series of 18 children with RSE managed with ketamine
reported increases in saliva secretion but no other adverse
effects.”® A case series of 9 children with RSE managed with
ketamine reported no adverse effects.'> These data are con-
sistent with a study of 68 adults with super RSE managed with
ketamine which noted a reduction in vasopressor require-
ments over time. Furthermore, among 11 patients who un-
derwent multimodality monitoring, there was no impact on
ICP, cerebral blood flow, or cerebral perfusion pressure.”
Similarly, a study of 60 children who received ketamine in the
PICU (only 2 with SE) identified only rare adverse effects,
including hypersalivation, hypertension, and delirium in 1
patient each.*® Although animal models of SE indicate ket-
amine may decrease neuroinflammation and serve as a neu-
roprotectant against glutamate-induced neuronal necrosis,”®
some models indicate that prolonged ketamine exposure may
cause neurodegeneration in the developing brain.*' We
assessed for acute and clinically identifiable adverse effects and
could not assess for neurodegeneration. Future study in hu-
mans is needed, although it will be challenging to differentiate
between changes related to the SE etiology, SE itself, and the
impact of medications such as ketamine.

We assessed for seizure changes after ketamine administration
but had no comparison group to determine whether any sei-
zure reductions were occurring along a usual trajectory or were
attributable to ketamine. Ketamine administration was fol-
lowed by seizure improvement in 74% of patients, including
termination in 46% and reduction in 28%, and the favorable
response often occurred rapidly (0-6 hours in 73% of patients).
The median time from ketamine infusion initiation to maxi-
mum dosing was 9.8 hours. Weaning data were available for
91% of patients. Weaning started at a median of 59.6 hours
from start of infusion, and ketamine was weaned over a median
of 229 hours. These findings and the relatively wide

Neurology.org/N

interquartile ranges may reflect the lack of an institution stan-
dard for weaning, and we generally aimed for >24 hours of
seizure control before weaning of anesthetic infusions. Seizure
improvement after ketamine administration has been reported
by other smaller studies. A case series described seizure control
in 61% of 18 children with RSE when ketamine was adminis-
tered for a median of 4 days at a median dose of 2.2 mg/kg/h,
including all 7 children who received a ketamine bolus at a
median dose of 1.5 mg/kg."® A case series described RSE res-
olution in 66% of 9 children with RSE managed with ketamine
which was administered after other anesthetic medications.'> A
case series of ketamine use for 19 episodes of RSE in 13 chil-
dren found that ketamine administration at 22 hours to 17 days
with doses ranging from 7 to 60 p/kg/min was followed by RSE
resolution in 74% of 19 RSE episodes. Furthermore, use of
ketamine before other anesthetics avoided intubation for $
patients.”® A study of 68 adults with super RSE managed with
ketamine reported seizure burden decreased by 50% within 24
hours in 81% of patients, including seizure cessation in 63% at
an average dose of 2.2 mg/kg/h for a median duration of 2 days.
Midazolam was used concurrently with ketamine (initiated a
median of 0.4 days before ketamine) at an average dose of 1
mg/kg/h.*’ Similarly, ketamine administration was followed by
RSE termination in 100% of 12 dogs.*

Ketamine rarely affected the EEG background, indicating the
goal of ketamine administration is seizure improvement and
not induction of a change in EEG background. However, this
is discordant with a recent pediatric case series of 13 patients
with 19 RSE episodes in which a ketamine bolus (3 mg/kg)
was followed by a suppression-burst pattern in 10/14 RSE
episodes that responded to ketamine.*® Further study of the
impact of ketamine administration on the EEG is needed.
Periodic and rhythmic patterns, often constituting IIC pat-
terns, occur in approximately 10% of critically ill children, but
few data are available regarding management.43 In this cohort,
IIC patterns improved in 57% of 14 patients after ketamine
administration, suggesting ketamine may be an effective
strategy for some patients.

Ketamine may be particularly relevant in specific subgroups.
In the cohort, 35% of patients had congenital malformations,
including 88% with CHD. Furthermore, 19% of patients were
neonates. The CHD population is at high risk for acute
neurologic brain injury because of complex cardiac physiology
with intracardiac shunts and tenuous medical status.***®
Neonates with CHD requiring cardiopulmonary bypass are
known to be at high risk of seizures.*”** Only limited data are
available to guide seizure management in these medically
complex patients. Although neonatal seizures are often
managed with phenobarbital, alternative strategies may be
beneficial for neonates with CHD. These data support con-
tinued investigation of ketamine in neonates with CHD ex-
periencing SE.

This study has several limitations. First, this was a single-
center study. Generalizability will be enhanced by data from
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other institutions or multicenter studies. Second, data were
obtained retrospectively. Although data collection was per-
formed by 2 experienced neurocritical care nurse practi-
tioners, some clinical data may not have been available in the
chart, yielding misclassification bias. There may be side effects
of ketamine that were not identified because of the retro-
spective review and definitions. Similarly, although CEEG
reporting used standardized terminology and report tem-
plates,®® there may have been some differences between
electroencephalographers. Seizure, IIC, and EEG background
changes in response to ketamine were categorized based on
documentation form treating clinicians and electroencepha-
lographers and not based on reassessment of the CEEG
tracing. Third, although this is one of the largest cohorts of
pediatric patients treated with ketamine for SE, it still only
evaluated 69 patients, yielding small subsets when subdivided
by age, preexisting neurologic and medical problems, and SE
type. Multicenter studies, potentially targeting specific sub-
groups, may be necessary to obtain larger cohorts and provide
more certainty, especially when comparing ketamine with other
available treatments. Fourth, this was an observational study.
Thus, we cannot determine whether seizure changes after ket-
amine administration were following an expected trajectory or
attributable to ketamine. Trials comparing ketamine with pla-
cebo or other anesthetics are required to better understand the
efficacy of ketamine. Fifth, our institution classifies ketamine as
anesthesia which necessitated transfer of patients from NICU to
PICU for ketamine dose escalation, and this constraint may have
yielded the small number of patients (S) located in the NICU
despite more patients (13) being neonates. This institutional
policy may limit the use of ketamine for SE in the NICU. If only
patients with more RSE were treated with ketamine given this
policy, then our data could underestimate the potential benefit
of ketamine among neonates. Finally, we did not measure serum
ketamine levels, precluding pharmacokinetic assessments or
comparisons of ketamine levels in patients with or without
improvement of SE after ketamine. Despite these limitations,
our data indicate that adverse effects are rare, and seizures often
terminate or improve after ketamine administration in neonates
and children with SE, thereby motivating future larger studies
regarding the comparative effectiveness of available anesthetic
medications, including on short-term seizure control and long-
term neurobehavioral outcomes.

In this large cohort of consecutive and contemporary children
and neonates with SE, adverse effects were rare, and seizures
often ceased after ketamine administration. Adverse effects
requiring intervention were transient hypertension in 2 pa-
tients and delirium in 1 subject. These adverse effects re-
solved, and each of these patients had seizure improvement
after ketamine administration. Ketamine infusion was fol-
lowed by seizure termination in 46% of patients and seizure
reduction in 28% of patients. These data suggest ketamine
may be a beneficial anesthetic infusion for neonates and
children with SE. Further study is needed to compare ket-
amine with other anesthetic medications and evaluate long-
term outcomes.
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