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that can be effectively treated with a ketogenic diet. The aim of this study was to consolidate the
effectiveness of the modified Atkins diet (MAD) as an alternative treatment for GLUT1-DS.
METHOD Six Japanese males with GLUT1-DS were selected for treatment with the MAD. Their
age at the time the MAD was instituted ranged from 7 to 16 years and the duration of treatment
ranged from 1 to 42 months. All participants had early-onset epilepsy. Each participant’s neuropsychological activity, seizure frequency, neurological status, and electroencephalographic (EEG)
findings were compared before and after the introduction of the MAD.
RESULTS After initiation of the treatment, all individuals showed +2 to +3 urinary ketosis on a ketostick test check. Epileptic seizures and other paroxysmal events decreased markedly in all individuals. Interictal EEG showed improvement in the background activity and disappearance of epileptic
discharges. Along with an increased vigilance level, improvement in motivation and cognitive
function was also achieved. Non-paroxysmal permanent ataxia, spasticity, dysarthria, and
dystonia were moderately improved in four individuals and slightly improved in the remaining
two. Preprandial transient aggravation of neurological symptoms completely disappeared in all
participants. There were no significant side effects.
INTERPRETATION For the treatment of GLUT1-DS, the MAD is less restrictive, more palatable, and
easier to maintain than the conventional ketogenic diet, but its effectiveness was similar. Thus,
MAD treatment is promising for individuals with GLUT1-DS and their families.

ABBREVIATIONS

GLUT1-DS Glucose transporter type 1
deficiency syndrome
MAD
Modified Atkins diet

Glucose transporter type 1 deficiency syndrome (GLUT1DS, OMIM 606777) is a treatable metabolic encephalopathy
caused by impaired glucose transport into the brain.1–4
GLUT1-DS was first reported in 1991 by De Vivo et al.,5 and
is characterized by early-onset epilepsy, developmental delay,
spasticity, ataxia, dystonia, and other paroxysmal phenomena
such as abnormal eye movements.1–4 The diagnosis of this disorder is suggested by an aggravation of these neurological
symptoms due to fasting and ⁄ or fever, the presence of hypoglycorrhachia in the presence of a normal blood glucose level,
and postprandial improvement in electroencephalographic
(EEG) background activity. Molecular analysis of SLC2A1
(GLUT1) or a 3-O-D-methylglucose uptake test is used to
make a definite diagnosis of GLUT1-DS.1–6 This syndrome
can be treated effectively with a ketogenic diet, which provides
ketones as an alternative fuel for the brain.1–8
The Atkins diet is a well-known diet for reducing body
weight.9 Through severe restriction of carbohydrate intake,
body fat is believed to be consumed as a fuel source as a substitute for glucose. Since the first publication by Kossoff et al. in
2003, the modified Atkins diet (MAD) has been used in individuals with intractable epilepsy as an alternative to a conven-

tional ketogenic diet.10,11 The MAD is modified from the
typical Atkins diet and consists of approximately 10% carbohydrates, 30% protein, and 60% fat without any restriction of
calories or fluids.10 We previously described the effectiveness
of the MAD in a 7-year-old male with GLUT1-DS.12 The
present study included a greater number of individuals with
GLUT1-DS and attempted to consolidate the effectiveness of
the MAD.
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METHOD
Participants
Six Japanese males with GLUT1-DS were included in the
study (Table I). Their ages ranged from 8 years 7 months to
19 years 3 months (mean 13y 6mo). The age at onset of disease ranged from 2 months to 1 year (mean 6mo) and their
age at diagnosis ranged from 6 years 9 months to 14 years
7 months (mean 9y 11mo).
The initial symptom of GLUT1-DS in these individuals
was either abnormal episodic eye movements or infantile seizures. All individuals had early-onset epilepsy as well as some
other paroxysmal events and a late-onset complex movement
disorder with individual elements of ataxia, spasticity, and

dystonia. Their cognitive function ranged from mild to profound intellectual disability. The ratio of cerebrospinal fluid to
blood glucose ranged from 0.29 to 0.45. GLUT1-DS diagnosis was confirmed in participants 1, 2, 3, 5, and 6 by mutational
analyses and in participants 3, 4, and 6 by 3-O-D-methylglucose uptake study.

Procedure
The age of participants at starting the diet ranged from 7 years
4 months to 16 years 9 months (Table II) and the duration of
treatment ranged from 1 to 42 months (mean 19.6mo). In
two individuals (participants 4 and 6) a medium-chain triglycerides–ketogenic diet (2:1) was changed to the MAD
because the latter was less restrictive in terms of total proteins
and calories consumed, and appeared to be more palatable.
All six individuals were introduced to the MAD following
the protocol recommended by Kossoff and Dorward,11 i.e.
starting without a fasting period with no restriction of calories,
fluids, or proteins, and with an initial limitation of 10g of carbohydrates per day, and encouraging fat intake. The ketogenic
ratio of the MAD in our study stood at nearly 2.5 to 2.1:1.
The study was approved by the ethics committee of Tokyo
Women’s Medical University and written informed consent
was obtained from all parents ⁄ caregivers.
Analysis
Neuropsychological activity, seizure frequency, neurological
status, IQ, and EEG findings were compared before, 1 month

What this paper adds
• In this case series, the modified Atkins diet (MAD) achieved sufficient ketosis
to have a therapeutic effect.
• In combination with a single antiepileptic drug, the MAD fully controlled epileptic seizures.
• Treatment with the MAD improved cognitive function significantly in at least
two of this study's younger participants.
• The paper shows that the MAD was readily accepted by the participants and
their families and tolerable for long-term application.

after, and 6 months after introduction of the MAD in five
individuals, and before and 1 month after in the remaining
individual (participant 5) because of a short follow-up period.
To determine neuropsychological activity, we asked parents
or caregivers to assess vigilance level (i.e. level of general
awareness, alertness or responsiveness), comprehension, concentration, and motivation in daily life as worse, no change,
improved, or markedly improved. Neurological status (including ataxia, spasticity, gait disturbance, kinetic dystonia, and
slurred speech) was also rated by neurological examination as
worse, no change, improved, or markedly improved.
IQ was evaluated by the Wechsler Intelligence Scale for
Children – Third Edition in children aged 5 years and over,
by the Tanaka–Binet Intelligence Scale (the Japanese version
of the Stanford–Binet test) in children aged 2 years and over,
and by the Owaki Intelligence Test and the Tsumori-Inage
Developmental Questionnaire, which is a scale used in Japan,
in very young children. IQ values were compared before and
after the MAD in four individuals.

Table I: Clinical summary of the six individuals with GLUT1-DS
Participant

1

2

3

4

5

6

Age (y:mo)
Sex
Age at diagnosis (y:mo)
Age at onset (y:mo)
Clinical presentation
Abnormal episodic
eye movement
Epilepsy
Age at onset (y:mo)
Initial seizure type
Present seizure types
Other paroxysmal
events

8:7
M
7:5
1:0

10:10
M
7:0
0:4

14:11
M
6:9
0:4

15:1
M
12:2
0:8

15:2
M
14:7
0:6

19:3
M
11:7
0:2

)

Rotatory
nystagmusa
+
0:7
AS
AA
Somnolence

)

Horizontal or
rotatory nystagmusa
+
2
MS
AA
Somnolence,
vomiting,
headache

Opsoclonusa

)

+
1:9
PS
Ab
Left hemiplegia,
vomiting,
dyskinesia

+
0:2
MSa
PS
Vomiting

Hypotonia
Spasticity
Dystonia on action
Cerebellar ataxia
Dysarthria
Intellectual disability
Precipitating factors
Alleviating factors
Ratio CSF:blood
glucose
Mutation analysis

+
2:10
PS
)
Somnolence,
dyskinesia,
ataxia, spastic
paraplegia
)
)
)
+
+
Mild
Fat, Ex, HD,
CZP, Tri
Ea, sleep
0.37
p.Ser324Leu

+
0:4
MSa
AS, Ab
Right
hemiplegia

+
Diplegia
+
+
+
Severe
Fas, HD,
weekend, PB
Ea, sleep
0.36

+
Diplegia
+
+
+
Severe
Ba, Fas, Fat, Fe, HD

+
Paraplegia
+
+
+
Mild to moderate
Fas, Fe

+
Diplegia
+
+
+
Severe
Fas, Fe, Theo, Tri

+
Tetraplegia
+
+
+
Profound
Fas, PB

Ea, sleep
0.3 (4y), 0.4

Ea, sleep
0.45

Ea, aging, sleep
0.29 (5y), 0.41

Ea, aging, sleep
0.3 (0y9m), 0.3

p.Arg330X

p.Arg249fs

Not detected

p.Ile193Ile fsX36

p.Tyr 28X

Onset symptom. M, male; +, present; ), absent; Ab, absence seizure; AA, atypical absence; AS, atonic seizure; MS, myoclonic seizure; PS, partial
seizure; Ba, bathing; Ea, eating; Ex, exertion; Fa, fatigue; Fas, fasting; Fe, fever; HD, hot day; CZP, clonazepam; PB, phenobarbital; Theo,
theophylline; Tri, trichlorethyl sodium phosphate; CSF, cerebrospinal fluid; fs, frame shift; X, stop codon.

a
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Table II: Effectiveness of the modified Atkins diet (MAD) for the six individuals with GLUT1-DS
Participant

1

2

3

4

5

6

Age at starting MAD (y:mo)
Duration of MAD treatment
(mo)
Clinical presentation
Vigilance level
Comprehension
Concentration
Motivation
Epileptic seizures
Seizure frequency before
MAD
Seizure frequency after
MAD
Ataxia
Spasticity
Gait disturbance
Kinetic dystonia
Slurred speech
Aggravation observed
before meals
Investigation
Qualitative test for urine
ketone bodies
(morning ⁄ after breakfast)
IQ before MAD

8:1
6

7:4
42

13:9
14

13:0
25

15:1
1

16:9
30

ﬁ
ﬁ

ﬁ

)
AA: 2–3 ⁄ wk

AA: 20–30 ⁄ wk

Ab: 40–50 ⁄ d

PS: 4–5 ⁄ y

AA: 0–3 ⁄ wk

Ab: 4–5 ⁄ d

PS: 0–1 ⁄ y

ﬂﬂ
)
ﬂﬂ
)
ﬂ
)

AA:
disappeared
ﬂﬂ
ﬂ
ﬂﬂ
ﬂ
ﬂ
ﬂ

AS: 1 ⁄ mo; Ab:
40–60 ⁄ wk
AS: disappeared;
Ab: 0–6 ⁄ wk
ﬂﬂﬂ
ﬂﬂ
ﬂﬂ
ﬂ
ﬂﬂ
ﬂ

ﬂﬂﬂ
ﬂﬂﬂ
ﬂﬂ
ﬂ
ﬂﬂﬂ
ﬂ

ﬂ
ﬂ
ﬂ
ﬁ
ﬂﬂ
ﬂ

ﬂ
ﬂ
ﬂ
ﬂ
ﬂ
ﬁ

+2 ⁄ +23

+23 ⁄ +34

+23 ⁄ +3

+23 ⁄ +3

+3 ⁄ +3

+2 ⁄ +23

65 (TBS)

33 (TIS)

30 (TBS)

48 (WISC-III)

NE

IQ after MAD
Interictal EEG analyses
Frequency of
background activity
Frequency of epileptic
discharges
Aggravation of EEG
abnormalities
before meals
Adverse effects
Initial phase

67 (TBS)

41 (TBS)

35 (TBS)

50 (WISC-III)

NE

12 (Owaki
scale)
NE

ﬂ

)

ﬂ

ﬂ

ﬂ

)

Disappeared

Disappeared

Disappeared

Disappeared

Disappeared

NE

Constipation, UA , Vomiting,
hypocarnitinaemia TG , TC , UA ,
hypercalcinuria

Hungry, fatigue, TG

Maintenance phase
Treatment
Antiepileptic drugs
discontinued
Antiepileptic drugs
using at present

)

Hypocarnitinaemia TC

)

Nausea, fatigue, Nausea,
)
headache, TG
constipation,
transient
opsoclonus
UA
)
)

CZP

VPA

CLB

ZNS

VPA

CZP

VPA

CZP

VPA

CLB

), absent; , increased; , further increased; ﬂ, decreased; ﬂﬂ–ﬂﬂﬂ, further decreased; ﬁ , unchangeable; Ab, absence seizure; AA, atypical
absence; AS, atonic seizure; PS, partial seizure; TBS, Tanaka–Binet Scale; TIS, Tsumori–Inage Scale; WISC-III, Wechsler Intelligence Scale for
Children – 3rd edn; NE, not examined; TG , hypertriglyceridaemia; TC , hypercholesterolaemia; UA , hyperuricaemia; CLB, clobazam; CZP,
clonazepam; VPA, valproic acid; ZNS, zonisamide.

Following an overnight fast, waking EEGs were recorded in
the morning before and 2 hours after breakfast. The EEGs
were recorded with silver–silver chloride electrodes positioned
according to the 10 to 20 International System with a reference montage (time constant 0.1s; high-frequency cut-off at
70Hz). The EEG was digitized with a sampling rate of 500Hz
and stored on a hard disk. Then, artefact-free and stationary
EEG tracings lasting for longer than 40 seconds were selected
visually from the monitor and used for power spectrum analysis with the Nihon Kohden program (Nihon Kohden Corporation, Tokyo, Japan). The differences in each frequency band
activity (absolute and relative values of delta, theta, alpha, and
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beta frequency bands) between the EEG samples before and
after breakfast were also calculated.

RESULTS
Effectiveness of the MAD
Neuropsychological activity
The parents or caregivers recognized that the participants’
neuropsychological activity generally improved along with an
increasing vigilance level (Table II). They all showed increased
concentration in terms of attention, thinking, and listening,
and motivation eliciting a positive attitude and perseverance.
This improvement was documented before the reduction of

antiepileptic drugs. Follow-up IQ examinations revealed a
favourable effect of the MAD, especially in participants 2 and
3 (from 33–41 and from 30–35 respectively).

Epilepsy
Epileptic seizures reduced in frequency by more than 90% in
all five individuals with active epilepsy at starting the MAD
(Table II). Antiepileptic drug therapy could be converted to
monotherapy, but not discontinued completely, in all individuals because seizures recurred without medication. Interictal
EEG examinations showed an improvement in background
activity and the disappearance of epileptic discharges. Worsening of EEG background activity before meals was not
observed after the introduction of the MAD (Fig. 1).
Neurological status
Non-paroxysmal permanent ataxia, spasticity, dysarthria, and
dystonia were moderately improved in participants 1 to 4 and
slightly improved in participants 5 and 6, whereas paroxysmal
ataxia and spasticity induced by long-duration walking in participant 1, the individual with the mildest form of GLUT1DS, reduced markedly (Table II). However, all individuals
generally became dexterous at manual operations. Participants
1 to 5 were able to walk faster over a longer distance with a
proper posture, and participants 2 and 3 could climb up and
down stairs without support. Their slurred speech became
articulate and audible, and vocabulary and multiword sentences increased, leading to conversations. In GLUT1-DS,
paroxysmal events have generally tended to improve until adolescence regardless of whether or not the individual follows a
ketogenic diet.1,2 Even so, paroxysmal episodes of somnolence
(participants 1, 2, and 4), vomiting (participants 4 and 5),

δ θ α β

δ θ α β

headache (participant 4), and non-kinesigenic dyskinesia (participant 1) disappeared immediately after the introduction of
the MAD. The aggravation of neurological symptoms before
meals (or at times after bathing) disappeared after the introduction of the MAD. In participant 3, a prolonged latency in
the wave 5 component of auditory brainstem-evoked
responses improved 6 months after the introduction of the
MAD.

Other information
In participant 6, clinical symptoms had already improved to
some extent following a medium-chain triglycerides–ketogenic
diet (2:1) and with age. However, the change to the MAD
resulted in further improvement in terms of a reduced
frequency of seizures and increased body weight and physical
vigour. In participant 5, the MAD was involuntarily suspended
when this individual was sent to boarding school, during
which time his speech once again became inarticulate and
absence seizures reappeared frequently.
Ketosis
All individuals exhibited urinary ketosis as determined by
the ketostick test, with values ranging from +2 to +3 in the
morning before breakfast, although that of participant 1 was
constantly +2 (Table II). All participants remained in good
neurological and physical condition, with total plasma ketone
bodies higher than 2.5mM or more.
Adverse effects of the MAD
There were no serious side-effects of the MAD (Table II). In
the early phase after the introduction of the MAD, nausea,
vomiting, fatigue, headache, constipation, opsoclonus, hyper-

δ θ α β

δ θ α β

δ θ α β

Fp1
Fp2
F3
F4
C3
C4
P3
P4
O1
O2
F7
F8
T3
T4
T5
T6
Fz
Cz
Pz
A1
A2
T1
T2
0

10

Before meal

0

10

After meal

Before MAD

0

10

0

Before meal

10

After meal

1 week after MAD

0

10

Before meal
5 months

Figure 1: Power spectral analysis of background electroencephalogram in participant 4. The power spectrum analysis was performed before and after
meals and also before, 1 week after, and 5 months after the introduction of the modified Atkins diet (MAD). A marked reduction in delta activity was clearly
shown in the power spectrum analysis conducted before meals at 5 months after the introduction of the MAD compared with that before the diet.
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lipidaemia, and hyperuricaemia occurred temporarily in some
individuals. In the maintenance phase, serum carnitine levels
were within the lower normal limits, but the acylcarnitine–free
carnitine ratio in participant 2 was elevated to 1.18 (normal
<0.8). Participant 2 received supplementation with levocarnitine. Participant 4 developed hyperuricaemia and was treated
by limiting high-purine foods and uricosuric drugs.

DISCUSSION
The conventional ketogenic diet currently remains as the only
fundamental and first-line treatment for individuals with
GLUT1-DS.7 Alternative ketogenic diets have also been
utilized for the treatment of GLUT1-DS: the medium-chain
triglycerides–ketogenic diet (2:1) in 20056 and the MAD in
2008.12 In this study, we studied the efficacy and adverse
effects of the MAD in six individuals with GLUT1-DS at our
institution.
The most significant clinical benefits obtained by the introduction of the MAD were an improvement in the participants’
cognitive activity and epilepsy as well as the ease of maintaining the diet. Along with an increased vigilance level, comprehension, concentration, and motivation were significantly
improved in all individuals. Participant 2 was able to speak
many meaningful words immediately and two-word sentences
6 months after the introduction of the MAD. The effects of a
ketogenic diet on cognition in individuals with GLUT1-DS
have been reported to be less significant.1,2,7,8 However, the
MAD appeared to have a beneficial effect on cognitive function, although this could not be formally assessed because of
the severity of their intellectual disability or young age of the
participants. The greatest improvement in cognition was
observed in participants 1 and 2, the youngest participants.
The intelligence level of individuals varied greatly and precluded applying the same IQ tests in all individuals. A significant increase in IQ values was not achieved within the period
of this study in all individuals. However, it is suggested that
the participants developed sufficiently at their own pace, without deterioration in their ability.
In accordance with previous reports on ketogenic
diets,1,3,4,7,8 epileptic seizures were reduced in frequency but
not completely controlled without the help of an antiepileptic
drugs. Constant and sufficient ketosis, in combination with an
effective antiepileptic drug, is essential for full control of epileptic seizures. Interictal EEG activity after the MAD treatment showed an improvement in background activity and
epileptic discharges even before meals. The improvement in
cognition found in this study was attributed primarily to the
MAD because it was recognized after the introduction of the
MAD and before the reduction of antiepileptic drugs. However, weaning of antiepileptic drugs also resulted in improved
cognition.
The improvement in other neurological manifestations such
as ataxia, spasticity, dysarthria, and dystonia appeared less
striking than the improvement in cognition and seizure control in this study. Nevertheless, the individuals’ families, teachers, and medical staff recognized improvements in
participants’ manual ability, walking, and speaking. In general,
662 Developmental Medicine & Child Neurology 2011, 53: 658–663

paroxysmal events tend to improve towards adolescence.1,2
However, paroxysmal somnolence, vomiting, headache, and
paroxysmal non-kinesigenic dyskinesia disappeared after the
introduction of the MAD. Interestingly, a prolonged latency
in the wave 5 component of auditory brainstem-evoked
responses improved 6 months after the introduction of the
MAD in participant 3. The improvement in general neurological status contributed to a better of quality of life, leading to
increased motivation and a positive attitude as well as the
acquisition of further abilities.
All individuals displayed +2 to +3 urinary ketosis on ketostick testing in the morning before breakfast, which was usually less than that achieved with the conventional ketogenic
diet. One individual (participant 1) showed a missense mutation and a mild phenotype, the correlation between which
Leen et al.4 identified recently. Although this individual was
rarely able to produce urinary ketosis of more than +3, this
moderate ketosis was sufficiently effective to alleviate his
neurological manifestation and maintain a good physical
condition.
The change from the medium-chain triglycerides–ketogenic
diet to the MAD brought significant benefits to two individuals’ families: the individuals no longer complained of being
hungry owing to the increased calorie intake and meal volume,
and parents could prepare the diet more easily than the more
restricted ketogenic diet. All individuals and their families
were pleased that they could eat together because the MAD
appears similar to a standard diet. The participants became
less interested in the ordinary diet that other family members
or friends were consuming together, probably because they
understood that the MAD improved their disabilities and it
was also more palatable than the previous ketogenic diet. It is
recommended that, in those with GLUT1-DS, a ketogenic
diet should be introduced as early as possible to meet the
energy demands of the developing brain, and then maintained
into adolescence.1,2,4,6 In addition, the MAD should be tried
as the first choice because it has many advantages over the
conventional ketogenic diet, especially because it is easier to
maintain for many years, even after adolescence.

CONCLUSION
Compared with the conventional ketogenic diet, the MAD is
less restrictive in terms of the total protein and calories consumed, is more palatable, and is easily prepared by caregivers.
The effectiveness of the MAD was similar to that of the conventional ketogenic diet. No serious adverse effects were
observed. Thus, the MAD is very promising for individuals
with GLUT1-DS and their families and seems to be tolerable
for long-term application.
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