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Background: To evaluate the use of the ketogenic diet (KD) for treatment of

super-refractory status epilepticus (SRSE) at a pediatric intensive care unit (PICU).

Design: A retrospective analysis of all pediatric patients treated for SRSE with the

KD at our center was performed using patient data from our prospective longitudinal

KD database.

Setting: SRSE is defined as refractory SE that continues or recurs 24 h or more after

initiation of anesthetic drugs. We describe the clinical and electroencephalographic (EEG)

findings of all children treated with KD at our PICU. The KD was administered as add-on

after failure of standard treatment. Response was defined as EEG seizure resolution

(absence of seizures and suppression–burst ratio ≥50%).

Patients: Eight consecutive SRSE patients (four females) treated with KDwere included.

Median age at onset of SRSE was 13.6 months (IQR 0.9–105), and median age at

KD initiation was 13.7 months (IQR 1.9 months to 8.9 years). Etiology was known in

6/8 (75%): genetic in 4 (50%), structural in 1 (12.5%), and autoimmune/inflammatory in

1 (12.5%).

Main Results: Time from onset of SRSE to initiation of KD was median 6 days (IQR

1.3–9). Time until clinically relevant ketosis (beta-hydroxybutyrate (BHB) >2 mmol/L in

serum) was median 68.0 h (IQR 27.3–220.5). Higher ketosis was achieved when a higher

proportion of enteral feeds was possible. Four (50%) patients responded to KD treatment

within 7 days. During follow-up (median 4.2 months, IQR 1.6–12.3), 5/8 patients—three

of them responders—died within 3–12 months after SRSE.

Conclusions: In eight patients with SRSE due to severe etiologies including Alpers

syndrome, we report an initial 50% response to KD. KD was used early in SRSE and

sufficient levels of ketosis were reached early in most patients. Higher ketosis was

achieved with combined enteral and parenteral feedings.
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INTRODUCTION

Status epilepticus (SE) is one of the most common severe
conditions seen at pediatric hospitals. The incidence of SE in
childhood is between 17 and 23/100,000, with higher rates in
early infancy (1). Hospital mortality is 3%; ∼12% of SE patients
have suffered from previous epilepsy. Between 10 and 40% of
patients progress to refractory SE (RSE) (2–4).

Up to 7–17% of RSE patients progress to super-refractory
status epilepticus (SRSE), necessitating treatment with
anesthetics at a pediatric intensive care unit (PICU) (5–9).
SRSE is defined as SE that continues or recurs 24 h or more after
the initiation of anesthetic treatment (10). SRSE is a catastrophic
condition with mortality rates of up to 50% (11), and up to
55% of survivors suffering from irreversible severe neurological
deficits (12).

The drugs most commonly used in SRSE are midazolam,
pentobarbital, ketamine, and inhaled anesthetics. However, to
date there is still lack of evidence on the optimal treatment for
the individual pediatric patient (10, 13, 14).

The ketogenic diet (KD) is a high-fat, low-carbohydrate
diet that mimics the fasting state and is used for the therapy
of drug-resistant childhood epilepsy (10, 15–17). Multiple
mechanisms of action of KD have been reported. It appears to
influence the relative balance between inhibitory and excitatory
neurotransmitters and may modify inflammatory processes in
the brain (18–21).

Recently, several pediatric case series on KD in refractory
(RSE) and SRSE have reported successful interruption in 20–90%
within 1–7 days after initiation of KD (22–26), also highlighted
in recent reviews (27). Only in adults, a prospective multicenter
study provides Class IV evidence of the effectiveness of the KD
(28). In most reported pediatric cases, KD was performed via
enteral route and ketosis measured only in urine. Furthermore,
the majority of reported patients had primarily inflammatory
causes of SE such as febrile infection-related epilepsy syndrome
(FIRES) or unknown causes (29). Few studies provided detailed
descriptions of etiology, in particular results of genetic testing,
and electrophysiological data.

The aim of the current study was to evaluate both feasibility
and effectiveness of KD in children with SRSE treated at a tertiary
care center.

MATERIALS AND METHODS

Study Design
Clinical and EEG data of consecutive children with SRSE treated
with KD in addition to standard treatment at the PICU of
our center (Department of Pediatrics and Adolescent Medicine,
Medical University of Vienna, Austria) from September 2008
to December 2019 were analyzed retrospectively. Data were
derived from a longitudinal electronic database containing the
complete medical records of all patients with SE at our institution
and those treated with KD. For data entry into the database,
informed parental consent was obtained. Data collection and

Abbreviations: KD, ketogenic diet; AED, antiepileptic drug.

analysis were approved by the Ethics Review Board of theMedical
University of Vienna (Ethikkommission der Medizinischen
Universität Wien, EK.-No. 1594/2019). SRSE was defined as SE
that continues or recurs 24 h or more after the initiation of
anesthetic treatment (10).

In our center, we adhere to the SE protocol published
by Trinka et al. (14) and Trinka and Kälviäinen (30).
This staged treatment protocol includes lorazepam, diazepam,
clonazepam, or phenobarbital for stage I; phenytoin, valproate,
levetiracetam, or lacosamide for stage II; and propofol,
midazolam, thiopental, or pentobarbital for stage III (refractory
SE). For SRSE, we adhere to the treatment protocol suggested by
Shorvon and Ferlisi (10), which recommends general anesthesia
including ketamine and AED; however, we use the KD early.

Study Population and Introduction of
Ketogenic Diet
Study inclusion criteria were treatment with KD for SRSE at our
PICU and age <18 years at time of presentation. Patients with
previous use of KD or contraindications to KD were excluded.

Before initiation of the KD, a thorough neurologic and
pediatric examination, video-electroencephalogram (video-
EEG), and fasting blood samples were obtained. Furthermore,
metabolic diseases contraindicating KD were excluded by
reviewing newborn metabolic testing performed at our clinic and
by standard metabolic analysis including organic acids in urine
(available within 48 h) (31, 32).

The following patient characteristics were documented and
used for analysis: the presence of known or unknown etiology
including etiology groups according to ILAE criteria (structural,
genetic, metabolic, infectious, and immune etiologies) (33);
demographic and diagnostic data [age, gender, number of AEDs
(before, during, and after KD), epilepsy syndrome, seizure
semiology, EEG patterns, and outcome].

After informed consent, an individualized KD diet plan
was established for each patient by a trained and experienced
dietitian using a computer-based algorithm (34). In most
patients, the diet was started at a fat/non-fat ratio of 1:1.
Depending on the clinical condition and the neurological state
of the patient the diet was administered via parenteral, enteral,
or combined parenteral and enteral route. For enteral route,
a ketogenic formula (Ketocal; Nutricia Metabolics, Erlangen,
Germany; fat/non-fat ratio of 3:1 or 4:1) was used. For parenteral
administration, a mixed infusion was prescribed by the ketogenic
diet team (pediatric epileptologist A.D. and a dietitian P.T.S.)
(34, 35). All other medications were changed to carbohydrate-
free formulations when feasible compensating for carbohydrates
by adding additional grams of fat (36).

The amounts of ketogenic formula and/or infusion were then
increased stepwise to reach a fat/non-fat ratio of 4:1 (maximum),
adjusted and monitored by serum beta-hydroxybutyrate (BHB)
levels. Our aim was to achieve ketosis (BHB >2 mmol/L) as
soon as possible without causing hypoglycemia (serum glucose
<50 mg/dl) or severe acidosis (serum bicarbonate >15 mmol/L).
When BHB levels were lower than 2 mmol/L, fat/non-fat ratio
was increased individually on a daily basis until stable ketosis
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TABLE 1 | Example for the prescription of a ketogenic parenteral nutrition combined with enteral feedings.

Weight (kg) 11 Length (cm) 77 Body surface (m2) 0.49

Fluids/m2 (ml) 1,500 Fluids/day (ml) 798

Glucose 5% 5 % 350 ml (17.5 g CH)

Primene® 10% (g/kg/d) 2 g 165 ml (16.5 g Prot)

SMOF Lipid® 20% (g/kg/d) 3 g 165 ml (33 g Fat)

Sodium (mmol/kg/d) 2 22 ml

Potassium (mmol/kg/d) 1 11 ml Calories

Ca-Gluconate (mmol/kg/d) 1 6 ml Glucose 74

Glucose-1-phosphate (mmol/kg/d) 1 6 ml (0.36 g CH) Primene 66

Mg-gluconate (mmol/kg/d) 1 6 ml SMOF 277

Soluvit® (1 ml/kg/d) 10 ml Total 417

Vitalipid® (3 ml/kg/d) 3 ml (0.45 g fat) Calories/kg 38

Peditrace® (1 ml/kg/d) 4* ml

Fat/Non-fat Ratio 0.97: 1

Total: Infusion rate

24 h PN without lipids 580 Continuously 24 ml/h

24 h Lipids, vitamins and trace elements 168 Continuously 7 ml/h

Hours 24

This table contains our established data sheet (34) for prescribing a parenteral KD according to the ESPGHAN guidelines for parenteral nutrition in childhood (35). This includes an

age-appropriate daily intake of proteins (in this case 2 g/kg bodyweight) and a maximum daily amount of fats of 3 g/kg bodyweight. Combined enteral KD consisted of a 3:1 fat/non-fat

ratio with 6 × 5 ml/days ketogenic formula. Hence, parenteral intake was 96% and enteral intake was 4% of the total energy amount. A maximum fat/non-fat ratio of 0.97:1, and 3:1

was achievable for this child during KD introduction. Nevertheless, with this low fat/non-fat ratio clinically relevant ketosis >2 mmol/l was achieved in 24 h. The child suffered from Alpers

Syndrome based on a POLG-mutation (patient five). *Peditrace® (to a maximum of 4 ml).

(between 2 and 5 mmol/L) was achieved. Serum glucose, BHB,
and urine ketone levels were measured three times a day while
KD was established. Response to KD at the PICU was evaluated
daily by a pediatric neurologist and by regular EEG recordings.
All EEG recordings were reanalyzed for the purpose of this study.
An example of a detailed individual prescription of a KD regimen
is given in Table 1.

Outcome Variables
Primary outcome parameter was frequency (in %) of patients
showing clinical and electroencephalographic (EEG) resolution
of SRSE within 7 days after starting KD (“responders”). Response
was defined as the absence of clinical seizures and ≥50%
of the EEG record time showing suppression below 10 µV
on longitudinal bipolar montage according to the previous
publication by Arya et al. (23).

Secondary outcome parameters included time from initiation
of KD to termination of SRSE (in hours), time to achieve clinically
relevant ketosis in serum (BHB >2 mmol/L, in hours), time until
complete withdrawal of anesthetic drugs after KD start, duration
of KD, seizure frequency at last follow-up, and survival (long-
term outcome). Moreover, adverse effects were documented in
parental diaries.

Follow-Up Visits
After discharge, urine ketone levels, seizures, nutrition, and
adverse effects were documented in a patient diary by parents
or caregivers. At each outpatient visit, a thorough pediatric and
neurological examination as well as nutritional consults were
performed. In addition, blood was analyzed at each outpatient
visit including fasting serum glucose and BHB according to our

center’s standardized protocol (37, 38). Outpatient visits were
performed 1, 3, 6, and 12 months after KD start in all patients,
also after discontinuing the KD.

Data Analysis
Patient demographics and clinical characteristics and outcomes
are summarized by descriptive statistics (frequency, median,
interquartile range (IQR), range). Data analysis was performed
using the IBM Statistical Package for Social Science (SPSS
Statistics version 26).

RESULTS

Patient Demographics
Between September 2008 and December 2019, a total of 98
patients with SE were treated at our center. Eight of these
(8.1%) developed SRSE who all received KD in addition
to standard of care. Age at onset of SRSE patients was
median 13.6 months (IQR 0.9–105). Five patients had epilepsy
before SRSE presentation. The etiology was unknown in 2
(25%) patients (Otahara syndrome), and known etiology was
observed as follows: genetic etiology in 4 (50%) patients,
structural etiology in 1 (12.5%) patient [tuberous sclerosis
complex (TSC) and focal cortical dysplasia (FCD) IIB], and
autoimmune etiology in 1 (12.5%) patient (FIRES). Genetic
testing revealed Alpers syndrome with POLG mutation in 3
(37.5%) patients and a SCN2A-mutation in 1 (12.5%) patient.
Seizure types were documented and included spasms, myoclonic
seizures, complex partial seizures (including tonic seizures),
and generalized tonic clonic seizures. The number of seizure
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TABLE 2 | Patients characteristics and KD administration.

ID/Gender Age at SE
onset

(months)

Treatment
response

Etiology
(ILAE)

Diagnosis Epilepsy
syndrome

AED at
KD start

Anesthetic
drugs before
KD

Duration of
SRSE until KD

(days)

Time until SE
remission after
KD start (days)

Administration Highest
Ketosis in
mmol/l*

Time until
clinically
relevant

ketosis (hours)

Adverse effects

01/M 0.4 No Unknown Unknown Otahara 0◦ MDZ 2 2 Enteral (tube) 3.4 56 Dehydration

02/F 1.5 Yes Unknown Unknown Otahara 0◦ MDZ 9 1 i.v. 4.6 24 Dystrophia,
constipation

03/F 37.0 Yes Genetic Alpers
syndrome

PME CLB,
LEV,
MDZ,
TPM,

MDZ 4 5 Enteral 5.9 27 High ketosis,
diarrhea

04/M 128.2 No Genetic Alpers
syndrome

PME LCS, LEV,
PB, TPM

PB 42 15 First
i.v.—second
enteral (tube)

0.9 431 Weight loss,
paralytic ileus

05/M 0.7 Yes Genetic SCN2A-
mutation

IS LEV,
MDZ, PB,
VGB,

MDZ, PB 1 1 Enteral (tube) 2 174 Flatulence,
constipation

06/F 14.1 No Structural TSC, FCD
IIB

CPS LCS,
TPM

Propofol**,
Thiopental

8 33§ First
i.v.—second
enteral

1.3 80 Reduced drinking,
diarrhea

07/F 13.0 Yes+ Genetic Alpers
syndrome

PME/EPC LCS, LEV,
MDZ, PB,

Ketamine,
Propofol**

1 1 Combined i.v.
and enteral

4.3 28 Hypertriglyceridemia,
hyperlipasemia

08/M 147.4 Non Immune FIRES FIRES LCS, LEV,
MDZ, PB,
PHT

Ketamine,
Propofol**

9 15 Combined i.v.
and enteral

1.0 236 Pancreatitis,
catecholamines,
hepatopathy,
hypercholesterinemia,
hypertriglyceridemia

ID, identification; M, male; F, female; SE, status epilepticus; ILAE, International League against Epilepsy; SCN2A, sodium voltage-gated channel alpha subunit 2; TSC, tuberous sclerosis complex; FCD II B, focal cortical dysplasia type

2 B; FIRES, febrile infection-related epilepsy syndrome; PME, progressive myoclonus epilepsy; IS, infantile spasms; CPS, complex partial seizures; EPC, epilepsia partialis continua; AED, antiepileptic drugs; KD, ketogenic diet; CLB,

Clobazam; LEV, Levetiracetam; MDZ, Midazolam; TPM, Topiramate; LCS, Lacosamide; PB, Phenobarbital; VGB, Vigabatrin.
+Responder within 1st week, relapse of SE after KD discontinuation (adverse effects), ◦no AEDs due to suspected GLUT1-deficiency. Pretreatment with pyridoxalphosphate and calciumfolinate; §until surgery; *during first week.

KD was administered orally, via tube or parenterally but also in combined ways. Higher ketosis was achieved when fat/non-fat ratio could be increased due to a higher percentage of enteral feeds. For example, patient 8 was started with

a fat/non-fat ratio of 0.94:1 with combined parenteral/enteral feds of 20 and 80%, respectively. Relevant ketosis was reached on day 10 with a fat/non-fat ratio of 3.5:1 at a combined parenteral/enteral ratio of 14 and 86%, respectively.

Corticosteroids were weaned 3 days after KD start. In two patients (patient 4 and 5), ketosis was delayed (431 and 174 h, respectively) due to i.v. medication containing glucose. This was detected and resolved.
**Propofol was given as single dose (bolus) before KD start in patient 6, 7, and 8. In patient 7 also once during KD (at day 8) as a single dose of 1 mg/kg body weight and in patient 8, three times as single dose of 1 mg/kg body weight

at day 4, day 12, and day 13 after KD start.
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TABLE 3 | Effectiveness on seizures and EEG and long-term outcome.

ID/Gender Clinical

remission of SE

(1st week of KD)

EEG remission

of SE (1st week

of KD)

Burst

suppression

>50% (1st week

of KD)

Clinical seizure

remission (1st

week of KD)

EEG seizure

remission

(1st week of

KD)

Weaning of

anesthetic

drugs after KD

start (days)

Long-term outcome

01/M Yes Yes No Yes No 3 Death 12 months after SE

02/F Yes Yes Yes Yes Yes 1 Death 3 months after SE

(at home)

03/F Yes Yes Yes Yes Yes 15 Death 4 months after SE

04/M Yes Yes No No No 3 Death 6 months after SE

05/M Yes Yes Yes Yes Yes 27 KD discontinuation after

1 year, two

seizures/month

06/F No No No No No 37§ KD ongoing, seizure free

after epilepsy surgery

07/F Yes Yes Yes Yes Yes 7 KD discontinuation due

to adverse effects after

15 days, Death 3 months

after SE

08/M No No No No No 61 KD discontinuation due to

adverse effects after 10

days, 5 seizures/day

ID, identification; M, male; F, female; SE, status epilepticus KD, ketogenic diet; M, male; Initial responders are written in bold (patient 2, 3, 5, and 7).
§8 days after surgery. Patients with EEG and clinical remission of SE during the 1st week of KD are marked in bold.

types before KD start was median 3 (mean 2.8, minimum 2–
maximum 3).

Number of AEDs before SRSE was median 4 (minimum 0–
maximum 7), and number of AEDs at KD start was median 4
(minimum 0–maximum 5).

Demographic data, etiology, epilepsy syndromes, adverse
effects, and response to KD are displayed in Table 2. Clinical and
EEG outcomes are depicted in Table 3.

Primary Outcome
Four (50%, 95% CI 22–78%) patients responded to KD treatment
(“responders”) according to our criteria, interruption of SE and
burst suppression in the EEG (Table 3). Of these patients, two
had a diagnosis of Alpers syndrome (patients 3 and 7), one
of SCN2A mutation (patient 5), and one of unknown etiology
(patient 2). Of the four non-responding patients, two patients
(patient 1—unknown etiology and patient 4—Alpers syndrome)
had clinical and EEG remission of SE within the first week of
KD, but did not fulfill the burst-suppression (>50%) criteria of
“responders.” The 2 other “non-responders” did not fulfill any
response criteria (patient 6 and patient 8).

Secondary Outcomes
Secondary outcome parameters are in part displayed in Table 2

[time from initiation of KD to termination of SRSE, and time to
achieve clinically relevant ketosis in serum (BHB > 2 mmol/L)].
Time from SE onset to initiation of KD was median 6 days (mean
9.5 days; IQR 1.3–9). Time until clinically relevant ketosis was
median 68.0 h (mean 132; IQR 27.3–220.5). Time until complete
withdrawal of anesthetic drugs after KD start was median 11 days
(mean 19.3, IQR 11.0–34.5). In five patients (63%), anesthetic
drugs were withdrawn within 15 days after KD initiation.

Anesthetic Drugs
Half of the patients (50%) received midazolam (patients 1, 2,
3, 5), one pentobarbital alone (patient 4), and three propofol
(two in combination with ketamine [patients 7 and 8, before
and while on KD), one with thiopental (patient 6, before KD)].
Propofol was administered as single doses with a maximum of
1 mg/kg bodyweight. In both children who received propofol
and ketamine, the KD had to be interrupted due to adverse
effects. Only one child who received ketamine and propofol was
a responder (patient 7); 3/4 children treated with midazolam
showed response (patients 2, 3, 5).

Adverse Effects
All 8 (100%) patients showed adverse effects of variable severity
ranging from gastrointestinal symptoms (diarrhea, constipation,
paralytic ileus) and reduced fluid intake to severe derangement
of serum lipids, pancreatitis, and need of catecholamines. The KD
was discontinued due to adverse effects in 2 (25%) patients: in one
“responder” (patient 7) after 15 days due to hypertriglyceridemia
and hyperlipasemia; and in one “non-responder” (patient 8) after
10 days due to pancreatitis, need of catecholamines, hepatopathy,
hypercholesterinemia, and hypertriglyceridemia.

Response to KD
Administration and response to KD are depicted in Table 2.
Figure 1 displays levels of BHB and shows missing data of BHB
levels, as measurements were not feasible at all times at PICU.

Maximum ketosis within the first week was median 2.7
mmol/L (mean 2.9; IQR 1.1–4.5). Fat/non-fat ratio at start of KD
was median 1.4:1 (mean 1.7:1; IQR 1:1–2.6:1), and the maximum

Frontiers in Neurology | www.frontiersin.org 5 June 2021 | Volume 12 | Article 669296

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Breu et al. Ketogenic Diet in Super-Refractory Status Epilepticus

FIGURE 1 | Ketosis after KD initiation. Ketone levels of beta-hydroxybutyrate (BHB) in serum as trajectories from day 1 to day 8. Relevant ketosis (>2 mmol/l) is

marked above the red line. Detailed data on ketosis within the first days of KD were available in seven patients: while five patients reached relevant ketosis, the other

two (patient 8 and patient 4) showed maximum levels of 0.7 and 0.2 mmol/l, respectively. In patient 8 (FIRES) corticosteroids were administered 3 days before KD

start and overlapped for the first 3 days hence delaying ketosis.

ratio was median 3:1 (mean 2.9:1, IQR 2.3:1–3.8:1). Total time on
KD was median 2.5 months (mean 4.8, IQR 1.1–8.5).

Survival and Follow-Up
The duration of follow-up after initiation of KD was median
4.2 months (mean 8.4, IQR 1.6–12.3). Three patients survived
until last follow up. Patient 5 was a “responder” and currently
has two seizures per month. KD was discontinued due to
parents’ wish after 1 year. However, he has severe encephalopathy
due to SCN2A mutation. The other two survivors were
“non-responders”: patient 6 became seizure-free after epilepsy
surgery 33 days after SE onset and is currently seizure-
free on ongoing KD. In patient 8, KD was discontinued
due to adverse effects after 10 days. SE was interrupted by
anesthetic and AEDs, cortisone, IL-1 receptor antagonist, and
vagus nerve stimulator within 4 weeks and burst suppression
within the first 6 weeks. He currently has five seizures
per day.

Five patients died 3–12 months after SE, three of whom were
“responders.” Of the “responders” who died, two patients had
Alpers syndrome: one of them died after 4 months (patient 3)
and one after 3 months (patient 7) due to cardiopulmonary
arrest. The third “responder” with unknown etiology died at
home after having been seizure-free for 3 months (patient 2). Of
the two “non-responders” who died, SE was interrupted in both
patients within the first week with the help of anesthetic drugs:
In patient 4 (Alpers syndrome), EEG did not fulfill “responder”
criteria; also during follow-up, he showed no changes in EEG
and died after 6 months with 10 prolonged seizures a day.
The other child (patient 1, unknown etiology) died after 12
months due to infection with ongoing daily seizures (up to 10–20
per day).

DISCUSSION

We describe a cohort of eight critically ill children with SRSE due
to a variety of etiologies. Our incidence of 8% of SRSE among all
SE patients lies within the range for pediatric cohorts (5). As a
center specialized in KD, we considered this therapeutic option
for the treatment of SRSE early. Ketosis could be achieved in
most patients within 90 h after KD start (Figure 1). The feasibility
of implementing the KD was challenging due to intensive care
procedures such as airway management and severe adverse
effects such as the occurrence of pancreatitis and the concurrent
administration of glucose-containing medications as well as the
difficulty to achieve high ketone levels by parenteral routes.

Our retrospective data analysis shows an initial response
to KD in 50% of patients, even in etiologies known to be
severe and drug resistant (Alpers syndrome, SCN2A mutation).
However, 63% of our severely impaired children died in the
course of treatment due to the underlying etiology. Only 37%
of our patients survived; only one of them was a “responder”
to the KD (patient 5/SCNA2 mutation). The combination of
KD with midazolam showed better response and fewer adverse
effects compared with other anesthetic drugs. In 2/3 patients
who received propofol during KD as single doses, the KD had
to be discontinued due to adverse effects. In the literature,
unfavorable outcome of the combination of propofol and KD
has already been described in a single case report (39), when
propofol infusion syndrome occurred after introduction of the
KD. Therefore, current guidelines for the use of parenteral KD
do not recommend the introduction of KD during propofol
anesthesia, but if necessary only with caution (40).

In our series of patients, we observed a response rate of
50% (95% CI: 22–78%), which is lower than in some other
reports of SE patients treated with KD. This is likely related
to severe underlying diseases in our patients. Fifty percent
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of patients were diagnosed with genetic syndromes, 37.5% of
them with mitochondrial DNA depletion syndrome with POLG
mutations, a severe degenerative neurological disease with per
se unfavorable outcome (41). SE interruption was achieved in
2 (of 3) of these patients with Alpers syndrome; however, all
three died due to their underlying mitochondrial disease. In spite
of thorough diagnostic workup and genetic testing with whole
exome sequencing, we could not identify causes of SE in two
patients. The highest response rates of up to 90%were reported in
cohorts consisting mostly of immune mediated SE such as FIRES
(22, 25). Few studies included (or gave detailed information on)
genetic causes of SE.

We achieved ketosis within median 3.5 days; in one patient
(patient 8) with FIRES high-dose methylprednisolone was
administered shortly before KD initiation and overlapping for
the first 3 days of KD delaying initial ketosis (cf. Figure 1). Our
data are in line with other studies who reported ketosis within a
median of 2–5.5 days (22–25), not all of them measuring ketosis
in serum.

In 63% of our patients, the KD was administered (at
least partly) via parenteral routes. This is a higher proportion
compared with other recent studies [10–23% in literature (22,
23)], likely related to more severe general conditions and
critical illness. Several studies propose parenteral KD as a
feasible method in the intensive care setting (34, 40). Although
gastrointestinal motility is frequently reduced in SE, it is
important to administer the KD via the enteral route (oral or
via gastric tube) as early as possible. The time until relevant
ketosis is reached may be delayed due to the limited fat/non-
fat ratio if primarily administered parenterally. As soon as an
(additional) enteral route is available, ketosis can be achieved
more rapidly.

Recent KD studies showed different definitions of adequate
ketosis. The most commonly applied biomarker is dipstick
ketone testing in urine, although it correlates only poorly with
serum ketones. Even the current gold standard in ketosis analysis
(31, 36), the measuring of BHB levels in serum is merely a
surrogate marker that gives limited information on the metabolic
milieu in the brain. In this study, we strictly defined ketosis by
serum BHB levels >2 mmol/L (34).

Another area of variability is the definition of response in SE in
the literature. We used a strict definition (absence of seizures and
suppression-burst ratio≥50% in EEGwithin 7 days), as proposed
by Arya et al. (23), to allow direct comparison of outcome data.

Although KD has been proposed as effective therapy also
for the early (or even prophylactic) treatment of SE (42), at
our institution the use of KD was limited to the more severe
and super-refractory cases. Nevertheless, the KD was introduced
within 9 days after SE onset (median 6 days) in seven of our
eight patients. In comparable other studies, this period was
significantly longer [median ranging from 12.8 to 18 days (5, 22–
34, 36–40, 40–43)]. All our patients (100%) showed a certain
degree of adverse effects to the KD; however, the diet had to
be discontinued due to adverse effects in only 2 (25%) patients.
Although the overall rate of adverse effects is higher than in other
reports (0–33%) (22–24, 43), the proportion of discontinued
cases (25%) is in line with literature (0–33%) (23, 24, 43). This

again might suggest a variability in the definition and reporting
of adverse effects associated with KD.

There are some limitations to this study. First, although
data were collected prospectively, analysis of SRSE patients
was done retrospectively. We minimized this limitation by
ensuring that all pediatric patients with SRSE treated with KD
were included. Second, the relatively small number of patients
limits the generalization of data due to individual therapeutic
decision-making. Third, our series has an overrepresentation
of children with severe underlying disease (Alpers syndrome,
SCN2A), in half of the patients leading to death or poor
neurological long-term outcome. This stands in contrast to the
literature in which usually more cases with immune-mediated
causes are included. However, we describe an initial response in
66% of our patients with Alpers syndrome. Moreover, regular
measurements of BHB levels were more difficult to obtain in
the intensive care setting during critical illness, also due to
concurrent medications.

Strengths of our study are that it represents a group of SRSE
patients in whom the KD was started early, as well as the rapid
achievement of ketosis in most patients, which underlines the
importance of an experienced ketogenic diet team including
physicians and dietitians who can introduce and monitor the
diet. Another strength is the detailed clinical and etiological
description of our patients.

CONCLUSION

We report a cohort of eight pediatric SRSE patients treated with
KD at our PICU. According to a strict definition of favorable
response, 50% responded to treatment. Our data suggest initial
effectiveness and safety of early KD, also in patients with severe
underlying genetic syndromes. However, only a minority of our
severely ill patients survived. In spite of lack of controlled trials
in children, our study supports the consideration of KD as
treatment option in all patients treated for SE in an intensive
care setting.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethic Comittee, Medical University Vienna. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR’S NOTE

KD was used early in pediatric SRSE in severely ill children with
an initial response of 50%. Ketosis was increased with combined
enteral and parenteral feedings.

Frontiers in Neurology | www.frontiersin.org 7 June 2021 | Volume 12 | Article 669296

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Breu et al. Ketogenic Diet in Super-Refractory Status Epilepticus

AUTHOR CONTRIBUTIONS

MB: data analysis, paper draft, and revision. CH, SG, PT-S, and
JG: acquisition of data and revision. CM: data analysis, data
presentation, and critical revision. MF: critical revision. AD:

acquisition of data, study design, data analysis, paper draft, and
revision. All the authors have read the manuscript, agreed to its
submission for publication, approved the acknowledgment
of their contributions, and had complete access to
the study data.

REFERENCES

1. Neville BG, Chin RF, Scott RC. Childhood convulsive status epilepticus:

epidemiology, management and outcome. Acta Neurol Scand. (2007) 115:21–

4. doi: 10.1111/j.1600-0404.2007.00805.x

2. Lewena S, Young S. When benzodiazepines fail: how effective is second

line therapy for status epilepticus in children? Emerg Med Australas. (2006)

18:45–50. doi: 10.1111/j.1742-6723.2006.00807.x

3. Eriksson K, Metsäranta P, Huhtala H, Auvinen A, Kuusela AL, Koivikko

M. Treatment delay and the risk of prolonged status epilepticus. Neurology.

(2005) 65:1316–8. doi: 10.1212/01.wnl.0000180959.31355.92

4. Barzegar M, Mahdavi M, Galegolab Behbehani A, Tabrizi A. Refractory

convulsive status epilepticus in children: etiology, associated risk factors and

outcome. Iran J Child Neurol. (2015) 9:24–31.

5. Jayalakshmi S, Ruikar D, Vooturi S, Alladi S, Sahu S, Kaul S, et al.

Determinants and predictors of outcome in super refractory status

epilepticus–a developing country perspective. Epilepsy Res. (2014) 108:1609–

1617. doi: 10.1016/j.eplepsyres.2014.08.010

6. Novy J, Logroscino G, Rossetti AO. Refractory status epilepticus:

a prospective observational study. Epilepsia. (2010) 51:251–

6. doi: 10.1111/j.1528-1167.2009.02323.x

7. Ferlisi M, Shorvon S. The outcome of therapies in refractory and super-

refractory convulsive status epilepticus and recommendations for therapy.

Brain. (2012) 135:2314–28. doi: 10.1093/brain/aws091

8. Hocker SE, Britton JW, Mandrekar JN, Wijdicks EF, Rabinstein AA.

Predictors of outcome in refractory status epilepticus. JAMA Neurol. (2013)

70:72–7. doi: 10.1001/jamaneurol.2013.578

9. Kravljanac R, Djuric M, Jankovic B, Pekmezovic T. Etiology, clinical course

and response to the treatment of status epilepticus in children: a 16-year

single-center experience based on 602 episodes of status epilepticus. Eur J

Paediatr Neurol. (2015) 19:584–90. doi: 10.1016/j.ejpn.2015.05.007

10. Shorvon S, Ferlisi M. The treatment of super-refractory status epilepticus: a

critical review of available therapies and a clinical treatment protocol. Brain.

(2011) 134:2802–18. doi: 10.1093/brain/awr215

11. Kantanen AM, Reinikainen M, Parviainen I, Ruokonen E, Ala-

Peijari M, Bäcklund T, et al. Incidence and mortality of super-

refractory status epilepticus in adults. Epilepsy Behav. (2015)

49:131–4. doi: 10.1016/j.yebeh.2015.04.065

12. Sahin M, Menache CC, Holmes GL, Riviello JJ. Outcome of

severe refractory status epilepticus in children. Epilepsia. (2001)

42:1461–7. doi: 10.1046/j.1528-1157.2001.21301.x

13. Tasker RC, Vitali SH. Continuous infusion, general anesthesia and

other intensive care treatment for uncontrolled status epilepticus.

Curr Opin Pediatr. (2014) 26:682–9. doi: 10.1097/MOP.00000000000

00149

14. Trinka E, Höfler J, Leitinger M, Rohracher A, Kalss G, Brigo F. Pharmacologic

treatment of status epilepticus. Expert Opinion Pharm. (2016) 17:513–

34. doi: 10.1517/14656566.2016.1127354

15. Lefevre F, Aronson N. Ketogenic diet for the treatment of refractory

epilepsy in children: a systematic review of efficacy. Pediatrics. (2000)

105:46. doi: 10.1542/peds.105.4.e46

16. Mady MA, Kossoff EH, McGregor AL, Wheless JW, Pyzik PL, Freeman

JM. The ketogenic diet: adolescents can do it, too. Epilepsia. (2003) 44:847–

51. doi: 10.1046/j.1528-1157.2003.57002.x

17. Neal EG, Chaffe H, Schwartz RH, Lawson MS, Edwards N,

Fitzsimmons G, et al. The ketogenic diet for the treatment of

childhood epilepsy: a randomised controlled trial. Lancet Neurol. (2008)

7:500–6. doi: 10.1016/S1474-4422(08)70092-9

18. Juge N, Gray JA, Omote H, Miyaji T, Inoue T, Hara C, et al. Metabolic

control of vesicular glutamate transport and release. Neuron. (2010) 68:99–

112. doi: 10.1016/j.neuron.2010.09.002

19. Kim DY, Hao J, Liu R, Turner G, Shi FD, Rho JM. Inflammation-

mediated memory dysfunction and effects of a ketogenic diet

in a murine model of multiple sclerosis. PLoS ONE. (2012)

7:35476. doi: 10.1371/journal.pone.0035476

20. Masino SA, Kawamura M, Wasser CD, Wasser CA, Pomeroy LT, Ruskin DN.

Adenosine, ketogenic diet and epilepsy: the emerging therapeutic relationship

between metabolism and brain activity. Curr Neuropharm. (2009) 7:257–

68. doi: 10.2174/157015909789152164

21. Youm Y-H, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim

D, et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3

inflammasome-mediated inflammatory disease. Nat Med. (2015)

21:263–9. doi: 10.1038/nm.3804

22. Appavu B, Vanatta L, Condie J, Kerrigan JF, Jarrar R. Ketogenic diet

treatment for pediatric super-refractory status epilepticus. Seizure. (2016)

41:62–5. doi: 10.1016/j.seizure.2016.07.006

23. Arya R, Peariso K, Gaínza-Lein M, Harvey J, Bergin A, Brenton

JN, et al. Efficacy and safety of ketogenic diet for treatment of

pediatric convulsive refractory status epilepticus. Epilepsy Res. (2018) 144:1–

6. doi: 10.1016/j.eplepsyres.2018.04.012

24. Caraballo RH, Flesler S, Armeno M, Fortini S, Agustinho A, Mestre G, et al.

Ketogenic diet in pediatric patients with refractory focal status epilepticus.

Epilepsy Res. (2014) 108:1912–6. doi: 10.1016/j.eplepsyres.2014.09.033

25. Nabbout R, Mazzuca M, Hubert P, Peudennier S, Allaire C, Flurin V,

et al. Efficacy of ketogenic diet in severe refractory status epilepticus

initiating fever induced refractory epileptic encephalopathy in school age

children (FIRES). Epilepsia. (2010) 51:2033–7. doi: 10.1111/j.1528-1167.2010.

02703.x

26. Nam SH, Lee BL, Lee CG, Yu HJ, Joo EY, Lee J, et al. The role of ketogenic

diet in the treatment of refractory status epilepticus. Epilepsia. (2011) 52:e181–

4. doi: 10.1111/j.1528-1167.2011.03289.x

27. Lin KL, Lin JJ, Wang HS. Application of ketogenic diets for pediatric

neurocritical care. Biomed J. (2020) 43:218–25. doi: 10.1016/j.bj.2020.02.002

28. Cervenka MC, Hocker S, Koenig M, Bar B, Henry-Barron B,

Kossoff EH, et al. Phase I/II multicenter ketogenic diet study

for adult superrefractory status epilepticus. Neurology. (2017)

88:938–43. doi: 10.1212/WNL.0000000000003690

29. Nabbout R. Ketogenic diet in status epilepticus. In: Masino SA, Kossoff

EH, editors. Ketogenic Diet and Metabolic Therapies: Expanded Roles in

Health and Disease. Oxford: Oxford University Press (2016). p. 60–5.

doi: 10.1093/med/9780190497996.001.0001/med-9780190497996-chapter-9

30. Trinka E, Kälviäinen R. 25 years of advances in the definition,

classification and treatment of status epilepticus. Seizure. (2017)

44:65–73. doi: 10.1016/j.seizure.2016.11.001

31. Kossoff EH, Zupec-Kania BA, Amark PE, Ballaban-Gil KR, Christina

Bergqvist AG, Blackford R, et al. Optimal clinical management

of children receiving the ketogenic diet: Recommendations of the

International Ketogenic Diet Study Group. vol. 50. pp. 304-317;

2009:304-317. doi: 10.1111/j.1528-1167.2008.01765.x

32. Kossoff EH, Zupec-Kania BA, Auvin S, Ballaban-Gil KR, Christina

Bergqvist AG, Blackford R, et al. Optimal clinical management of children

receiving dietary therapies for epilepsy: updated recommendations of the

International Ketogenic Diet Study Group. Epilepsia open. (2018) 3:175–

92. doi: 10.1002/epi4.12225

33. Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French J, Guilhoto

L, et al. ILAE classification of the epilepsies: position paper of the ILAE

Frontiers in Neurology | www.frontiersin.org 8 June 2021 | Volume 12 | Article 669296

https://doi.org/10.1111/j.1600-0404.2007.00805.x
https://doi.org/10.1111/j.1742-6723.2006.00807.x
https://doi.org/10.1212/01.wnl.0000180959.31355.92
https://doi.org/10.1016/j.eplepsyres.2014.08.010
https://doi.org/10.1111/j.1528-1167.2009.02323.x
https://doi.org/10.1093/brain/aws091
https://doi.org/10.1001/jamaneurol.2013.578
https://doi.org/10.1016/j.ejpn.2015.05.007
https://doi.org/10.1093/brain/awr215
https://doi.org/10.1016/j.yebeh.2015.04.065
https://doi.org/10.1046/j.1528-1157.2001.21301.x
https://doi.org/10.1097/MOP.0000000000000149
https://doi.org/10.1517/14656566.2016.1127354
https://doi.org/10.1542/peds.105.4.e46
https://doi.org/10.1046/j.1528-1157.2003.57002.x
https://doi.org/10.1016/S1474-4422(08)70092-9
https://doi.org/10.1016/j.neuron.2010.09.002
https://doi.org/10.1371/journal.pone.0035476
https://doi.org/10.2174/157015909789152164
https://doi.org/10.1038/nm.3804
https://doi.org/10.1016/j.seizure.2016.07.006
https://doi.org/10.1016/j.eplepsyres.2018.04.012
https://doi.org/10.1016/j.eplepsyres.2014.09.033
https://doi.org/10.1111/j.1528-1167.2010.02703.x
https://doi.org/10.1111/j.1528-1167.2011.03289.x
https://doi.org/10.1016/j.bj.2020.02.002
https://doi.org/10.1212/WNL.0000000000003690
https://doi.org/10.1093/med/9780190497996.001.0001/med-9780190497996-chapter-9
https://doi.org/10.1016/j.seizure.2016.11.001
https://doi.org/10.1111/j.1528-1167.2008.01765.x
https://doi.org/10.1002/epi4.12225
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Breu et al. Ketogenic Diet in Super-Refractory Status Epilepticus

Commission for Classification and Terminology. Epilepsia. (2017) 58:512–

21. doi: 10.1111/epi.13709

34. Dressler A, Haiden N, Trimmel-Schwahofer P, Benninger F, Samueli S,

Gröppel G, et al. Ketogenic parenteral nutrition in 17 pediatric patients with

epilepsy. Epilepsia Open. (2018) 3:30–9. doi: 10.1002/epi4.12084

35. Koletzko B, Goulet O, Hunt J, Krohn K, Shamir R. Guidelines on Paediatric

Parenteral Nutrition of the European Society of Paediatric Gastroenterology,

Hepatology and Nutrition (ESPGHAN) and the European Society for Clinical

Nutrition and Metabolism (ESPEN), Supported by the European Society

of Paediatric Research (ESPR). J Pediatr Gastroenterol Nutr. (2005) 41

(Suppl. 2):S1–87. doi: 10.1097/01.mpg.0000181841.07090.f4

36. Haney CA, Charpentier A, Turner Z, Bessone SK, Doerrer SC, Kossoff

EH. A proof-of-principle, case-control study to compensate for potential

carbohydrates in liquid antiseizure drugs in children on the ketogenic diet.

J Child Neurol. (2019) 34:367–70. doi: 10.1177/0883073819831179

37. Dressler A, Stöcklin B, Reithofer E, Benninger F, Freilinger M, Hauser E,

et al. Long-term outcome and tolerability of the ketogenic diet in drug-

resistant childhood epilepsy-the austrian experience. Seizure. (2010) 19:404–

8. doi: 10.1016/j.seizure.2010.06.006

38. Dressler A, Trimmel-Schwahofer P, Reithofer E, Gröppel G, Mühlebner

A, Samueli S, et al. The ketogenic diet in infants - advantages of

early use. Epilepsy Res. (2015) 116:53–8. doi: 10.1016/j.eplepsyres.2015.

06.015

39. Baumeister FA, Oberhoffer R, Liebhaber GM, Kunkel J, Eberhardt J,

Holthausen H, et al. Fatal propofol infusion syndrome in association with

ketogenic diet. Neuropediatrics. (2004) 35:250–2. doi: 10.1055/s-2004-820992

40. van der Louw E, Aldaz V, Harvey J, Roan M, van den Hurk D, Cross JH,

et al. Optimal clinical management of children receiving ketogenic parenteral

nutrition: a clinical practice guide. Dev Med Child Neurol. (2020) 62:48–

56. doi: 10.1111/dmcn.14306

41. Harding BN. Progressive neuronal degeneration of childhood with liver

disease (Alpers-Huttenlocher Syndrome): a personal review. J Child Neurol.

(1990) 5:273–87. doi: 10.1177/088307389000500402

42. Francis BA, Fillenworth J, Gorelick P, Karanec K, Tanner A. The feasibility,

safety and effectiveness of a ketogenic diet for refractory status epilepticus

in adults in the intensive care unit. Neurocrit Care. (2019) 30:652–

7. doi: 10.1007/s12028-018-0653-2

43. O’Connor SE, Richardson C, Trescher WH, Byler DL, Sather JD, Michael

EH, et al. The ketogenic diet for the treatment of pediatric status epilepticus.

Pediatr Neurol. (2014) 50:101–3. doi: 10.1016/j.pediatrneurol.2013.07.020

Conflict of Interest:AD has received travel reimbursement and speaker honoraria

from SHS, Nutricia and Vitaflo. PT-S has received travel reimbursement from

SHS, Nutricia and Vitaflo. MF received travel reimbursement from SHS, Nutricia.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2021 Breu, Häfele, Glatter, Trimmel-Schwahofer, Golej, Male, Feucht

andDressler. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 9 June 2021 | Volume 12 | Article 669296

https://doi.org/10.1111/epi.13709
https://doi.org/10.1002/epi4.12084
https://doi.org/10.1097/01.mpg.0000181841.07090.f4
https://doi.org/10.1177/0883073819831179
https://doi.org/10.1016/j.seizure.2010.06.006
https://doi.org/10.1016/j.eplepsyres.2015.06.015
https://doi.org/10.1055/s-2004-820992
https://doi.org/10.1111/dmcn.14306
https://doi.org/10.1177/088307389000500402
https://doi.org/10.1007/s12028-018-0653-2
https://doi.org/10.1016/j.pediatrneurol.2013.07.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Ketogenic Diet in the Treatment of Super-Refractory Status Epilepticus at a Pediatric Intensive Care Unit: A Single-Center Experience
	Introduction
	Materials and Methods
	Study Design
	Study Population and Introduction of Ketogenic Diet
	Outcome Variables
	Follow-Up Visits
	Data Analysis

	Results
	Patient Demographics
	Primary Outcome
	Secondary Outcomes
	Anesthetic Drugs
	Adverse Effects
	Response to KD
	Survival and Follow-Up

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author's Note
	Author Contributions
	References


