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Abstract
Objective
To test ketamine infusion efficacy in the treatment of super-refractory status epilepticus (SRSE),
we studied patients with SRSE who were treated with ketamine retrospectively. We also studied
the effect of high doses of ketamine on brain physiology as reflected by invasive multimodality
monitoring (MMM).

Methods
We studied a consecutive series of 68 patients with SRSE who were admitted between 2009 and
2018, treated with ketamine, and monitored with scalp EEG. Eleven of these patients underwent
MMM at the time of ketamine administration. We compared patients who had seizure cessation
after ketamine initiation to those who did not.

Results
Mean age was 53 ± 18 years and 46% of patients were female. Seizure burden decreased by at least
50% within 24 hours of starting ketamine in 55 (81%) patients, with complete cessation in 43
(63%). Average dose of ketamine infusion was 2.2 ± 1.8 mg/kg/h, with median duration of 2
(1–4) days. Average dose of midazolam was 1.0 ± 0.8 mg/kg/h at the time of ketamine initiation
and was started at a median of 0.4 (0.1–1.0) days before ketamine. Using a generalized linear
mixed effect model, ketamine was associated with stable mean arterial pressure (odds ratio 1.39,
95% confidence interval 1.38–1.40) and with decreased vasopressor requirements over time. We
found no effect on intracranial pressure, cerebral blood flow, or cerebral perfusion pressure.

Conclusion
Ketamine treatment was associated with a decrease in seizure burden in patients with SRSE.
Our data support the notion that high-dose ketamine infusions are associated with decreased
vasopressor requirements without increased intracranial pressure.

Classification of evidence
This study provides Class IV evidence that ketamine decreases seizures in patients with SRSE.
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Refractory status epilepticus (RSE) is defined as the failure of
seizures to stop despite administration of appropriately dosed
antiepileptic drugs (AEDs). Status epilepticus that continues
despite anesthetic agents is called super-refractory status epi-
lepticus (SRSE) and is associated with high morbidity and
mortality.1 There are no high-quality data to support the optimal
management of SRSE. The most commonly used continuous
anesthetics are γ-aminobutyric acid (GABAA) receptor agonists,
including midazolam, propofol, and pentobarbital.2 Receptor
trafficking occurs in the setting of status epilepticus whereby
intrasynaptic membrane GABAA receptors are internalized and
NMDA receptors are upregulated. Extrasynaptic GABAA re-
ceptors do not endocytose.2 Ketamine works by antagonizing
NMDA receptors and inhibiting glutamatergic transmission. Its
mechanism of action, combined with a favorable side effect
profile, has led to increasing usage in the setting of SRSE.3–9

Available literature on its use consists of case reports or small
case series.4–6,8–15 More widespread use of ketamine in patients
with brain injury has been limited by concerns over its effect on
intracranial pressure (ICP) and cerebral hemodynamics.16,17

Two large systematic reviews support the notion that ketamine
does not increase ICP in patients with traumatic and non-
traumatic brain injury; however, these data were generated in the
operating room and reported only on the safety of ketamine
boluses with sparse data available on continuous infusions of
higher doses of ketamine.9,18–20 Here, we examine the efficacy of
ketamine infusions for the treatment of SRSE and the relation-
ship of high-dose ketamine on systemic and brain physiologic
measures.

Methods
Study cohort
We retrospectively identified 261 adult patients with SRSE
(>18 years old) admitted to the neurologic intensive care unit
at Columbia University Medical Center between January 1,
2009, andDecember 31, 2018. Status epilepticus was defined as
continuous seizure activity for at least 5 minutes. RSE was
defined as the failure of seizure control after appropriate dosing
of benzodiazepine and 1 AED and SRSE as the state of ongoing
status epilepticus despite anesthetic use.1,21,22 Patients were
started on ketamine at the discretion of the treating physician.
In our intensive care unit, we often start ketamine if the patient
is not responding to midazolam. A total of 68 patients (26%)
were treated with ketamine infusions. All patients received
midazolam infusions in addition to ketamine. In this study, we
examine the efficacy of ketamine infusions for the treatment of
SRSE (Class IV).

Table 1 Characteristics of patients with super-refractory
status epilepticus (SRSE) treated with ketamine

Characteristicsa
Patients with
SRSE (n = 68)

Baseline characteristics

Age, y 53 ± 19

Female 46 (68)

Baseline mRS 0 ± 1

Baseline GOSE 8 ± 2

Admission diagnosis

Cardiac arrest 18 (27) (5/18 with
status myoclonus)

NORSE 12 (18)

Ischemia/ICH/SAH 11 (16)

Infection 8 (12)

Epilepsy 6 (9)

Other 13 (19)

STESS 4 ± 1

EEG findings

Focal seizures on EEG 39 (57)

In-hospital complications
and management

Plasmapheresis 9 (13)

Immunoglobulin
therapy

12 (17)

Steroids 18 (27)

APACHE II score on
admission

22 ± 7

Hospital LOS, d 31 ± 34

Tracheostomy 31

PEG 31

Discharge disposition

mRS on discharge 5 ± 1

GOSE on discharge 2 ± 1

In-hospital mortality 31 (46)

WLST 22 (32)

DNR 29 (43)

Continued

Glossary
AED = antiepileptic drug; CBF = cerebral blood flow; CI = confidence interval; CPP = cerebral perfusion pressure; GABAA =
γ-aminobutyric acid; ICP = intracranial pressure; MAP = mean arterial pressure; MMM = multimodality monitoring; OR =
odds ratio; RSE = refractory status epilepticus; SRSE = super-refractory status epilepticus.
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Standard protocol approvals, registrations,
and patient consents
The study was approved by the institutional review board of
Columbia University Medical Center.

EEG recording and multimodality
monitoring (MMM)
Continuous EEG recordings were conducted using the
10–20 system of electrode placement and a digital bedside
video monitoring system (XLTEK, Excel-Tech Corp,
Natus Medical Incorporated, Oakville, Canada; low-pass
filter = 70 Hz, high-pass = 0.1 Hz, sampling rate = 200, 256,
or 512 Hz) with 21 EEG channels available for analysis.23

EEG interpretation was conducted by board-certified
electroencephalographers. We reviewed all EEG reports
including the day prior to starting ketamine, the day of
ketamine initiation, the day after ketamine initiation, and

the day after termination of ketamine. The presence or
absence of seizures was noted, as was seizure type (focal vs
generalized).

We reviewed mean arterial pressure (MAP) in all patients.
Arterial blood pressure was monitored through an arterial
line if clinically indicated (Transpac IV Monitoring Kit, ICU
Medical, San Clemente, CA). The arterial line was zeroed at
the level of the phlebostatic axis. According to a previously
described institutional protocol, invasive neuromonitoring
includes measurements of ICP, cerebral perfusion pressure
(CPP), and cerebral blood flow (CBF).24–26

Outcome measures
The main outcome measure investigated was seizure control
within 24 hours of ketamine initiation, defined as (1) com-
plete seizure cessation or (2) more than 50% reduction of
seizure burden. We also evaluated seizure control after ket-
amine discontinuation, in-hospital mortality, discharge dis-
position, modified Rankin Scale score,27 and Glasgow
Outcome Scale extended score on discharge.28,29 In addi-
tion, we studied hospital length of stay, withdrawal of life-
sustaining treatment, do not resuscitate status, and whether
tracheostomy and percutaneous endoscopic gastrostomy
were performed.

Statistical analysis
Variables were compared using the Fisher exact and Mann-
Whitney U test for categorical and continuous variables, re-
spectively. All statistical tests were 2-tailed and a p value < 0.05
was considered statistically significant. We used a generalized
linear mixed effect model adjusting for repeated measures to
study the effect of different doses of ketamine on blood pres-
sure and cerebral multimodality physiologic measures. We
calculated Pearson correlation to study the relation between

Table 1 Characteristics of patients with super-refractory
status epilepticus (SRSE) treated with ketamine
(continued)

Characteristicsa
Patients with
SRSE (n = 68)

Home and acute rehabilitation 20 (29)

Nursing home and LTAC 17 (25)

Abbreviations: APACHE II = Acute Physiology and Chronic Health Evaluation
II; DNR = do not resuscitate status; GOSE = extended Glasgow Outcome
Scale; ICH = intracerebral hemorrhage; LOS = length of stay; LTAC = long-
term acute care facility; mRS = modified Rankin Scale; NORSE = new-onset
refractory status epilepticus; PEG = percutaneous endoscopic gastrostomy;
SAH = subarachnoid hemorrhage; STESS = status epilepticus severity score;
WLST = withdrawal of life-sustaining treatment.
Data are presented as number (%) or mean ± SD.
a Percentages may not total 100 because of rounding.

Figure 1 Treatment response of patients with super-refractory status epilepticus (SRSE) with ketamine infusion

Ketamine efficacy in the treatment of SRSE. The figure demonstrates treatment response within 24 hours after initiation of ketamine and after ketamine
discontinuation.
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MAP and ketamine dosage. Statistical analyses were performed
using R statistical software version 3.4.1 (R Project for Statis-
tical Computing).

Data availability
Datasets are available from the corresponding author for any
qualified investigator.

Results
Study cohort
A total of 68 patients were included in the analysis. The average
age was 53 ± 19 years and 46 (68%) patients were women.
Cardiac arrest was the most common etiology (27%) followed
by new-onset refractory status epilepticus (18%). Mean status
epilepticus severity score was 4 ± 1, and in-hospital mortality
was 46%. Patient characteristics are described in table 1.

Treatment response to ketamine
A total of 55 (81%) patients had at least 50% decrease in
seizure burden within 24 hours of ketamine initiation and 43
(63%) patients had seizure cessation. After stopping ket-
amine, 54 (79%) patients achieved at least 50% decrease in
seizure burden and 44 (65%) patients had complete seizure
cessation (figure 1). Of patients with seizure cessation after
starting ketamine, 18 (41%) patients died, and of patients
without seizure cessation after stopping ketamine, 13 (54%)
patients died. On average, 2 ± 1 concurrent anesthetics
(propofol in 36 patients and pentobarbital in 10 patients)
were used for SRSE treatment. All patients were treated with
midazolam infusions. Ketamine was started at a median of 2
days (1; 4.5) after admission at an average infusion rate of 2.2
± 1.8 mg/kg/h and maintained for a median duration of 2
(1–4) days (table 2). A comparison between the group of
patients that had seizure control and those that failed to be
controlled is given in table 3.

Hemodynamics and cerebral MMM
Using a generalized linear mixed effect model, higher dose of
ketamine infusion (odds ratio [OR] 1.39, 95% confidence in-
terval [CI] 1.38–1.4) and longer administration time (OR 0.9,
95% CI 0.8–1) were associated with a stable mean MAP and a
decrease in vasopressor requirements over time (figure 2). We
found no correlation between ketamine dosage andMAP values
with Pearson r value 0.05 (p < 0.0001) between the 2 variables.
Average MAP was 97 (SD 23). We found no effect of higher
dose of ketamine (OR 0.1, 95% CI 0–0.12) and longer admin-
istration (OR −0.33, 95% CI −0.32 to −0.34) on ICP, CBF
(OR −0.03, 95% CI −0.02 to −0.04) and (OR −0.4, 95% CI
−0.44 to−0.44) or CPP (OR −0.13, 95%CI−0.12 to−0.14) and
(OR −0.3, 95% CI −0.3 to −0.3) (figure 3).

Discussion
Our data suggest that ketamine infusions are effective for the
treatment of SRSE. In line with other studies, ketamine had

no effect on ICP even at prolonged high anesthetic dosages. It
was associated with decreased vasopressor requirements. To
our knowledge, this is the largest study to evaluate ketamine
use in the treatment of SRSE and to examine its effect on
cerebral brain physiology.

A number of prior case series studied the role of ketamine for
treatment of SRSE.8,9,15 Seizure control ranged between 57%
and 91% of cases, with average doses ranging between 1.3 and
2.8 mg/kg/h, with maximum doses as high as 10.5 mg/kg/h.
Ketamine was started on average between 5 and 8 days after
the onset of status epilepticus.8,9,15 In our study, the treatment
response to ketamine, with an average dose of 2.2 mg/kg/h,
was 81% after initiation of ketamine. The high response rate
might be explained by early initiation of ketamine: 2 days on
average after status onset in our study. This correlates well
with the Gaspard et al.9 study as treatment was more suc-
cessful when it was started earlier with higher doses.bib9

Table 2 Treatment of super-refractory status epilepticus
(SRSE) in our cohort

Characteristics
Patients with
SRSE

Number of AEDs used prior to ketamine 2 ± 1

Most commonly used AEDs, %

Levetiracetam 40

Phenytoin 25

Lacosmide 14

Valproic acid 7

Clobazam 2

Phenobarbital 2

Gabapentin 2

Number of concurrent anestheticsa 2 ± 1

Midazolam use 68 (100)

Latency to ketamine from admission, d 2 (1–4.5)

Rate of ketamine infusion, mg/kg/h (min–max) 2.2 ± 1.8
(0.2–10)

Duration of ketamine use, d 2 (1–4)

Time to ketamine after starting midazolam
treatment, d

0.4 (0.06–1)

Rate of midazolam infusion, mg/kg/h (min–max) 1 (0.81) (0.2–3)

Duration of midazolam use, d 11 ± 9

Rate of midazolam infusion prior to ketamine
initiation, mg/kg/h

1 ± 0.9

Abbreviations: AED = antiepileptic drug; IQR = interquartile range.
Data are presented as number (%), mean ± SD, or median (IQR) unless
otherwise specified.
a Anesthetic drugs include pentobarbital, propofol, and midazolam. All pa-
tients received midazolam. Propofol was administered in 36 patients and
pentobarbital in 10 patients.
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Currently, a randomized clinical trial is evaluating the effect of
ketamine as a first-line agent for RSE in a pilot study (clin-
icaltrials.gov/ct2/show/NCT03115489).

Synowiec et al.15 reported weaning off vasopressors in 6 out of
7 patients during ketamine treatment, without clear response
in the Gaspard et al.9 study. Differences in these rates likely
primarily relate to inconsistencies of blood pressure assess-
ments in retrospective multisite case series. Following our
institutional invasive blood pressure monitoring protocol for

patients receiving anesthetic drips, we found that MAP is
stable after initiation of ketamine with decreased pressor
requirements.

Systematic reviews support the notion that ketamine does
not increase ICP in traumatic and nontraumatic brain in-
jury. These studies were mostly retrospective and consisted
predominantly of patients who received ketamine boluses in
the operating room.18,19 In the study by Gaspard et al.,9 7
patients had ICP monitoring; 2 patients with cerebral

Table 3 Comparing successful and failed treatment responses after initiation of ketamine for super-refractory status
epilepticus

Characteristicsa

Successful cessation of
seizure activity after ketamine
initiation (n = 43)

Failed cessation of seizure
activity after ketamine
initiation (n = 25) OR (95% CI) p Value

Age, y 54 ± 20 49 ± 17 −5 (−14.5 to 4.5) NS

Female 28 (65) 17 (68) 0.9 (0.3 to 2.5) NS

Duration of ketamine administration, d 3 ± 3 4 ± 5 1 (−0.9 to 2.9) NS

Etiology

Acute 28 (65) 18 (72) 0.7 (0.2 to 2.1) NS

Cardiac arrest 9 (21) 9 (36) 0.5 (0.2 to 1.4) NS

NORSE 7 (16) 4 (16) 1 (0.3 to 4) NS

Ischemia/ICH/SAH 9 (21) 2 (8) 0.3 (0.1 to 1.7) NS

Infection 4 (0.1) 4 (16) 1.9 (0.4 to 8.2) NS

Nonconvulsive semiology 32 (74) 18 (72) 1 (0.4 to 3.4) NS

APACHE II score 24 ± 6 21 ± 8 −3 (−6.4 to 0.4) NS

STESS score 4 (3–5) 3 (3–4) −1 (−1.5 to −0.5) NS

Timing of ketamine initiation from admission, d 2 (1–4) 3 (1–8) 2 (−0.9 to 5) NS

Timing of initiation after midazolam, d 0.2 (0–1) 1 (0.1–3) 1 (−0.5 to 2.5) NS

Rate of infusion of ketamine, mg/kg/h 2.2 ± 1.9 2.2 ± 1.6 0 (−0.9 to 0.9) NS

Rate of midazolam infusion, mg/kg/h 1 ± 0.9 1 ± 0.7 0 (−0.4 to 0.4) NS

Rate of midazolam prior to ketamine
initiation, mg/kg/h

1 ± 0.9 1 ± 0.8 0 (−0.4 to 0.4) NS

mRS on discharge 5 ± 1 5 ± 1 0 (-5 to 5) NS

GOSE on discharge 2 ± 2 2 ± 1 0 (−0.9 to 0.9) NS

In-hospital mortality 18 (42) 13 (52) 0.7 (0.2 to 1.8) NS

WLST 12 (28) 10 (40) 0.6 (0.2 to 1.6) NS

DNR 16 (37) 13 (52) 0.5 (0.2 to 1.5) NS

Home and acute rehabilitation 13 (30) 7 (28) 1.1 (0.4 to 3.3) NS

Nursing home and LTAC 10 (23) 5 (20) 1.2 (0.4 to 4) NS

Abbreviations: APACHE II = Acute Physiology and Chronic Health Evaluation II; CI = confidence interval; DNR = do not resuscitate status; GOSE = extended
Glasgow Outcome Scale; ICH = intracerebral hemorrhage; LTAC = long-term acute care facility; mRS = modified Rankin Scale; NORSE = new-onset refractory
status epilepticus; OR = odds ratio; SAH = subarachnoid hemorrhage; STESS = status epilepticus severity score; WLST = withdrawal of life-sustaining
treatment.
Data are presented as number (%), mean ± SD, or median (IQR) unless otherwise specified.
a Percentages may not total 100 because of rounding.
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edema from anoxic brain injury required osmotic therapy
while on ketamine and 3 patients were documented to have
increased ICP prior to ketamine infusion but did not ex-
perience any ICP elevation. Our results show that even at
prolonged and high doses of ketamine, ICP elevations were
not documented.

There are several limitations to our study. The study is a
retrospective, single-center study, creating subject heteroge-
neity and limiting the generalizability of our findings. Another
limitation is that the response of seizures to ketamine infu-
sions could be due to coadministration of additional drugs or
occur as a spontaneous improvement from status epilepticus.

We have not compared patients who received ketamine with
patients who did not. Finally, ketamine was started at the
discretion of the treating physician, which may result in a
selection bias. The effect of ketamine on treatment of SRSE
should be tested in an adequately powered, randomized
clinical trial.

This study supports the use of ketamine infusions for the
treatment of SRSE and suggests that high doses of ketamine
are associated with improved hemodynamics without an
increase in ICP. Prospective studies are needed starting
ketamine infusions early in the treatment of status
epilepticus.

Figure 2 Average mean arterial pressure (MAP) over time in 68 patients with super-refractory status epilepticus (SRSE) on
ketamine infusion

(A) Average MAP (y-axis) over time
(x-axis) (blue line) in patients with
SRSE on ketamine infusion for SRSE
treatment. No correlation was
found, with Pearson r value of 0.051
(black line). (B) Percentage of pa-
tients on vasopressors for hemo-
dynamic support from ketamine.
Day 1 represents the date of ket-
amine initiation.
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Figure 3 Effect of ketamine infusion on cerebral multimodal monitoring in 11 patients with super-refractory status
epilepticus

(A) Boxplots show the relationship of increasing ketamine doses (x-axis) and mean cerebral blood flow (CBF), cerebral perfusion pressure (CPP), and
intracranial pressure (ICP) measurements (y-axis). (B) Average CBF, CPP, and ICP for each patient presented in different colors (x-axis) over time (y-axis) of
ketamine administration. Data were computed from 11 patients with ICP monitors and 6 patients with CBF monitors.
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