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Abstract
Glucose transporter type 1 deficiency syndrome (GLUT1DS) commonly pre-
sents with early-onset epilepsy that often resists conventional pharmacological 
treatment. Ketogenic diet therapy (KDT) is the preferred approach to address 
the underlying metabolic anomaly. However, a subset of GLUT1DS patients 
presents resistance to KDT, with the causes remaining elusive. This compre-
hensive literature review aims to explore the characteristics of KDT failure in 
GLUT1DS and identify risk factors within this population. Our goal is to improve 
counseling and prognostication for these patients. So, we conducted a compre-
hensive literature review on PubMed, focusing on studies documenting pediat-
ric GLUT1DS patients with drug-resistant epilepsy unresponsive to KDT. We 
identified five cases of KDT failure in female GLUT1DS patients, aged 10 days 
to 13 years at diagnosis. Predominant seizure types were absence seizures, with 
a few cases of clonic, tonic, or myoclonic seizures. EEG consistently revealed 
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1  |   INTRODUCTION

Glucose is the paramount metabolic fuel for the brain.1 
The transportation of glucose across the blood–brain bar-
rier (BBB) and the cytoplasmic membrane of brain cells, 
including both astrocytes and neurons, is facilitated by 
the glucose transporter type 1 (GLUT1). Therefore, path-
ogenic variants in the SLC2A1-gene, which encodes the 
GLUT1 transporter, can impede glucose transportation, 
leading to a cerebral “energy crisis”. This metabolic de-
rangement serves as the pathogenetic basis for the de-
velopment of the metabolic encephalopathy known as 
“Glucose Transporter Type 1 Deficiency Syndrome” 
(GLUT1DS, OMIM#606777).2

Epilepsy in GLUT1DS is often refractory to drug 
treatment, and ketogenic diet therapies (KDT) are the 
primary intervention. Ketones, acting as an alternative 
energy source, bypass the GLUT1 defect by utilizing 
the monocarboxylate transporter-1 (MCT-1).3–6 Notably, 
KDT yield a substantial reduction in seizure burden 
for GLUT1DS, achieving complete seizure control in 
67 to 90% and significant seizure reduction in 80% to 
100% of reported cases.4,7,8 In addition, KDT in patients 
with GLUT1DS facilitate improvements in cognitive 
functioning: full-scale and verbal IQ,9 visuomotor ac-
curacy,5 alertness and vigilance, motivation,10 expres-
sive and receptive language, and sensory-motor speed.5 
Additionally, KDT exerts a positive influence on move-
ment disorders, with particularly noticeable improve-
ments observed in older patients or those with atypical 

2–3.5 Hz generalized spike-and-wave discharges. Genetic investigations revealed 
point mutations and deletions in two cases each. Despite an in-depth search, no 
specific features were found to reliably distinguish KDT non-responders from re-
sponders, underscoring the need for further research. In cases of KDT ineffective-
ness for seizure control in GLUT1DS patients, exploring alternative therapeutic 
strategies becomes imperative to managing symptoms while maintaining quality 
of life. Large-scale multicenter studies, facilitated through international collabo-
rations like the European Network for Therapy in Rare Epilepsies (NETRE), hold 
promise in elucidating the complexities of this patient population and developing 
personalized therapeutic approaches.
Plain Language Summary: Glucose transporter type 1 deficiency syndrome 
often causes difficult-to-treat epilepsy. The ketogenic diet works for many pa-
tients, but some do not respond. This review investigated cases of diet failure but 
could not identify common features among poor responders. Further research is 
needed to understand these cases and explore alternative treatments.

K E Y W O R D S

drug-resistant epilepsy, GLUT1DS, ketogenic diet therapies, metabolic disease, resistance

Key points

•	 Glucose transporter type 1 deficiency syndrome 
(GLUT1DS) commonly presents with early-onset 
epilepsy that often resists conventional phar-
macological treatment. Ketogenic diet therapy 
(KDT) is the preferred approach to address the 
underlying metabolic anomaly but a subset of 
GLUT1DS patients exhibits resistance to KDT.

•	 In GLUT1DS cases resistant to KDT, exploring 
alternative treatment options is essential for 
symptom control and maintaining a satisfac-
tory quality of life.

•	 Diazoxide and acetazolamide show promise 
as potential alternatives, but further research 
is needed to understand their mechanisms 
of action and identify suitable candidates. 
Innovative approaches, such as gene and pro-
tein replacement hold potential but require rig-
orous evaluation for efficacy and safety.

•	 The transfusion of concentrated red blood cells 
from healthy donors is an experimental treat-
ment, supported by emerging research that 
suggests potential benefits for severely affected 
patients unresponsive to standard treatments. 
Additional studies are necessary to validate this 
approach in pediatric settings, addressing im-
portant clinical and ethical i​mpl​ica​tio​ns.​​
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phenotypes.11,12 Despite these promising outcomes for 
the majority of GLUT1DS patients, KDT may be less 
successful in certain cases. KDT failure, defined as non-
response in terms of seizure control despite maintain-
ing adequate ketonemia and therapeutic adherence, 
along with its associated risk factors, remains poorly 
understood. Data on risk factors for KDT failure and on 
secondary lines of treatment in GLUT1DS patients are 
limited and often contradictory.13

In this context, the exploration of risk factors contribut-
ing to KDT failure, and the exploration of potential alter-
native treatments are of crucial importance for enhancing 
the prognosis and quality of life for GLUT1DS patients. 
This comprehensive review delves into the characteristics 
of KDT failure in controlling seizures in Glut1DS, aiming 
to identify specific risk factors within this population. The 
outcomes of our investigation are anticipated to enhance 
counseling and prognostication for this vulnerable patient 
group, thereby contributing to a more informed and tai-
lored approach to their care.

2  |   METHODS

Our search strategy involved a thorough review of PubMed 
utilizing the keywords “glut-1 deficiency,” “syndrome,” 
“drug-resistant epilepsy,” “ketogenic diet,” and “failure.” To 
focus our investigation, we limited our search to the pedi-
atric group, employing the age filter “child: birth-18 years,” 
and considered only English language articles published at 
any time. The literature search was carried out in December 
2023. The screening process included original research ar-
ticles, case reports, and case series. Each selected article's 
full text was meticulously evaluated for eligibility, quality 
indicators, and reliability by two independent reviewers. 
Discrepancies were resolved through consensus. Articles 
were deemed eligible if they specifically addressed ketogenic 
diet therapy (KDT) failure—defined as less than 50% seizure 
improvement despite adequate ketosis and adherence—in 
children within the age range of 0 to 18 years diagnosed with 
GLUT1DS. We did not use the PICOT methodology, as our 
study did not involve a comparison group.

3  |   RESULTS

The comprehensive literature review identified five cases 
of Glut1DS patients who experienced resistance to KDT. 
These cases exclusively involved female patients, with 
ages ranging from 10 days to 13 years at the time of their 
Glut1DS diagnosis. Absence seizures were the predomi-
nant seizure type in all but one cases, with single cases of 
clonic, tonic, or myoclonic seizures. Seizure onset occurred 

during the preschool age in all cases. EEG consistently 
demonstrated 2–3.5 Hz generalized spike–wave discharges 
across all cases. Genetic studies uncovered point mutations 
in two cases and a deletion in one case, as summarized in 
Tables 1 and 2.

4  |   DISCUSSION

Glut1DS is a treatable metabolic disorder affecting the 
central nervous system, arising from impaired glucose 
uptake in the brain and presenting a diverse array of 
neurological features. A notable biochemical charac-
teristic is hypoglycorrhachia, characterized by low cer-
ebrospinal fluid (CSF) glucose alongside normal plasma 
glycemia. The clinical manifestation varies widely, en-
compassing drug-resistant epilepsy, neurodevelopmen-
tal delay, and an assortment of complex chronic and 
paroxysmal motor disorders.16 Glut1DS was first re-
ported in 1991 by De Vivo et al., who documented two 
patients exhibiting neurodevelopmental delay, seizures, 
and persistently low CSF/blood glucose ratios.17 Based 
on these two seminal cases, the authors proposed a novel 
genetic disorder impacting blood glucose transportation 
into the brain in individuals with early-onset seizures. 
KDT was introduced in these two cases, demonstrating 
an overall positive impact on seizures and a more fa-
vorable outcome in the patient who commenced the diet 
with a shorter latency to disease onset.18 Subsequent re-
search associated Glut1DS with variants in the GLUT1 
protein, a transmembrane glycoprotein facilitating the 
transport of plasma glucose across the blood–brain bar-
rier. This protein is encoded by SLC2A1, located on the 
short arm of chromosome 1, with an estimated 1:80000 
frequency of SLC2A1 variants.19

The classical clinical presentation of Glut1DS com-
prises infantile-onset epilepsy, acquired microcephaly, 
neurodevelopmental delay, and severe movement dis-
orders. Symptoms typically emerge with an age-specific 
onset. Pregnancy and birth are usually unremarkable and 
neonates are generally asymptomatic.20 Between the first 
and fourth month of life, paroxysmal eye-head move-
ments, sometimes preceded by episodes of apnea and asso-
ciated with intractable seizures, manifest. Developmental 
delay progressively becomes evident during childhood, 
followed by ataxia, paroxysmal dystonia, and other move-
ment disorders. However, in 10% of patients with disease-
causing SLC2A1 variants, seizures are not the primary 
clinical feature or may be absent, whereas chronic and/or 
paroxysmal movement disorders predominate.2

KDT serve as the primary approach to seizure manage-
ment, exploiting ketones as an alternative energy source 
for the brain, effectively controlling seizures by bypassing 
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the GLUT1 defect.3–6 However, their impact on develop-
mental delay and movement abnormalities is less pro-
nounced.18 KDT demonstrates a substantial reduction 
in seizure frequency, achieving full seizure control rates 
between 67% and 90%, and significant seizure reduction 
rates ranging from 80% to 100%.4,7,8 Despite these posi-
tive outcomes, some Glut1DS patients may develop KDT-
resistance, a condition not yet fully understood.13 While 
KDT-failure can be attributed to factors such as diet intol-
erance or poor adherence, certain cases may result from 
the inability to reach ketosis or, more intriguingly, the 
failure to demonstrate efficacy despite achieving adequate 
ketosis. This challenges the hypothesis of the reversibil-
ity of brain energy deficit that guides the use of KDT in 
GLUT1DS.

Falsaperla et  al. described an intriguing case of a fe-
male patient with GLUT1-DS, attributed to a novel loss-of-
function mutation in the first codon of the SLC2A1 gene, 
who showed resistance to KDT. The patient initially pre-
sented with tonic neonatal seizures, controlled with phe-
nobarbital. However, seizures recurred in early childhood 
(tonic seizures, absences) following a drug withdrawal 
attempt, and became drug-resistant. Further diagnostics 
confirmed GLUT1DS, leading to the initiation of KDT. 
Despite the treatment, the patient later developed intracta-
ble dystonic episodes that did not respond to KDT. Notably, 
the patient's symptoms worsened with higher ketonemia 
levels but resolved completely when ketonemia was kept 
at lower levels. The specific mutation, which results in a 
severely compromised protein, was identified as the cause 
of the poor response to KDT, as demonstrated through in-
silico genomic and proteomic analysis.15

The sole case series addressing KDT-failure in Glut1DS, 
conducted by Bekker et al., focused on seven children (all 
female) among 70 children with Glut1DS who experienced 
KDT failure over a 10-year period within a single institu-
tion.13 Four patients exhibited no response to KDT, despite 
ketone levels exceeding 3 mmol/L. Two patients could not 
tolerate KDT, and one patient failed to achieve ketosis for 
reasons unknown. Notably, all children resistant to KDT 
displayed SLC2A1 variants in the regulatory regions of the 
protein.21 The average age at epilepsy onset was 3 years 
and 7 months, the average age at diagnosis was 9 years 
and 6 months, and KDT was initiated at an average age 
of 8 years. At KDT initiation, all patients showed 2–3.5 Hz 
generalized poly-spike-and-wave discharges on EEG. 
Although no reduction in seizure frequency was attained, 
KDT was maintained in these children due to parental 
reports of improvements in attention, concentration, and 
cognitive functioning.

When KDT fails to control seizures in GLUT1DS, al-
ternative treatments may be considered, as in the case 
of a 14-year-old patient14 with absence seizures, mild 

cognitive dysfunction, and paroxysmal dyskinesia trig-
gered by athletic activity. After the failure of various 
anti-seizure medications, including valproic acid, leve-
tiracetam, lacosamide, zonisamide, carbamazepine, and 
other agents like alpha-lipoic acid and triheptanoin, di-
azoxide was introduced under continuous glucose mon-
itoring. While diazoxide initially alleviated neurological 
symptoms, the treatment was complicated by fluid over-
load, cephalalgia, malaise, and torticollis. A lumbar 
puncture revealed elevated pressure, leading to acet-
azolamide initiation. However, by the ninth month, the 
patient developed hypokalemia, renal failure, and neu-
rological regression. This loss of efficacy was attributed 
to chronic hyperglycemia, causing SLC2A1 downregula-
tion.14 Although diazoxide, which increases blood glu-
cose levels by blocking insulin release, has been used 
in GLUT1DS, its feasibility is limited due to the risk of 
sustained hyperglycemia.13

All GLUT1DS patients with KDT failure exhibited 
2.5–3 Hz spike–wave and polyspike patterns on interic-
tal EEG, consistent with known EEG abnormalities in 
GLUT1DS, regardless of treatment response. Notably, 
non-responders showed no distinct EEG patterns, offer-
ing no specific indicators for predicting KDT failure.18 
In these patients, we identified SLC2A1 variants, includ-
ing one missense mutation, one nonsense mutation, and 
one deletion, with genetic data unavailable for two cases. 
Typically, the type of mutation correlates with pheno-
typic severity: missense variants are associated with mild 
to moderate severity; splice site and nonsense variants, 
as well as small deletions, with moderate to severe out-
comes; and complete gene deletions with severe out-
comes.18 However, in our study, mutation type did not 
predict therapeutic response. While this discrepancy may 
be partially due to the small sample size, it may also re-
flect specific, yet poorly understood, pathogenic mecha-
nisms involving noncoding RNA genes and downstream 
defects in Glut1 translation, transcription, processing, ac-
tivation, and trafficking.18

GLUT1DS models have proven valuable in under-
standing a prototypical brain energy failure syndrome, 
leading to the development of promising new treat-
ments. These include gene and protein replacement 
using viral vector-mediated gene replacement, showing 
positive effects on brain development and metabolism in 
animal models.22 Another promising approach involves 
the replacement of red blood cells in individuals with 
GLUT1DS with normal donor cells through exchange 
transfusion as a potential experimental treatment.23 This 
intervention aims to facilitate erythrocyte-to-neural cell 
glucose transport, resulting in rapid improvements in 
cognitive, electroencephalographic, and quality-of-life 
measures. While this approach has been applied in adult 
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patients, emerging research suggests potential benefits 
that may be worth exploring in pediatric patients as well. 
The proposed transfer mechanism gained additional 
support through in  vitro measurements demonstrating 
direct glucose flux from erythrocytes to endothelial cells. 
This evidence suggests that red blood cells (RBCs) can 
directly transfer glucose, thereby influencing brain func-
tion. Moreover, RBCs also transport other substrates, 
such as pyruvate, whose efflux is reduced in GLUT1DS.23 
Given that red blood cells contain glucose and GLUT1 
is deficient in the red cells of G1D individuals, replac-
ing them with donor cells through exchange transfusion 
could enhance glucose transport from erythrocytes to 
neural cells via mass action, without altering erythrocyte 
count or plasma glucose levels. Red blood cell exchanges 
in three adult GLUT1DS patients resulted in rapid and 
unprecedented improvements in cognitive function, 
EEG patterns, and quality of life. In vitro measurements 
further supported this approach, showing direct glucose 
flux from erythrocytes to endothelial cells.23

Recent data suggest that GLUT1DS symptoms ex-
tend beyond metabolic imbalance, offering new perspec-
tives for research and treatment. Animal model findings 
indicate that GLUT1DS involves thalamocortical syn-
aptic disinhibition and increased glucose-dependent neu-
ronal excitability, potentially due to reduced glycogen. 
Dysfunction in inhibitory neurons, also seen in other met-
abolic disorders, is emerging as a modifiable mechanism 
of hyperexcitability.24

Our research reveals a significant gap in the literature 
concerning the reporting of data on KDT failure and associ-
ated risk factors. The sample size of this comprehensive lit-
erature review is insufficient to draw definitive conclusions. 
Therefore, there is a pressing need for multi-center studies 
to comprehensively explore the potential risk factors, en-
compassing genetic, phenotypic, and epigenetic factors, that 
may play a pivotal role in the failure of KDT. Additionally, 
our research emphasizes the necessity to redirect efforts 
towards discovering alternative treatments, leveraging 
modern in vitro and in silico study techniques for a more 
comprehensive understanding of therapeutic options.

4.1  |  Limitations

This comprehensive literature review has several signifi-
cant limitations. The scarcity of data on cases resistant 
to KDT, with only a few reported cases included, lim-
ited our ability to identify EEG and genetic predictors 
of poor KDT response. This likely reflects a publication 
bias, where successful outcomes are more frequently re-
ported, impacting the generalizability of our findings. 
We also acknowledge that our search strategy may have 

limited the number of articles retrieved, and we recom-
mend a more inclusive approach in future studies. While 
our focus was on KDT failure in GLUT1DS, reviewing 
studies of KDT success to identify non-responders could 
provide valuable insights and is a promising direction for 
future research.

5  |   CONCLUSION

In GLUT1DS cases resistant to KDT, exploring alternative 
treatment options is essential for symptom control and 
maintaining a satisfactory quality of life. Diazoxide and 
acetazolamide show promise as potential alternatives, but 
further research is needed to understand their mechanisms 
of action and identify suitable candidates. Innovative ap-
proaches, such as gene and protein replacement hold poten-
tial but require rigorous evaluation for efficacy and safety. 
The transfusion of concentrated red blood cells obtained 
from healthy donors may be a viable alternative, particu-
larly for severely affected patients unresponsive to standard 
treatments. However, additional studies are necessary to 
validate this approach in pediatric settings, addressing im-
portant clinical and ethical implications. Large multicen-
tric studies facilitated by international collaborations, such 
as the European Network for Therapy in Rare Epilepsies 
(NETRE),25,26 are expected to provide valuable insights into 
this challenging patient group. These collaborative efforts 
hold the potential to pave the way for personalized treat-
ment approaches and deepen our understanding of effec-
tive therapies for individuals with GLUT1DS resistant to 
conventional treatments.
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