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Drug-Resistant Epilepsy
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IFTY MILLION PEOPLE IN THE WORLD HAVE EPILEPSY, AND THERE ARE BE-

tween 16 and 51 cases of new-onset epilepsy per 100,000 people every year.*

A community-based study in southern France estimated that up to 22.5% of
patients with epilepsy have drug-resistant epilepsy.? Patients with drug-resistant
epilepsy have increased risks of premature death,? injuries, psychosocial dysfunc-
tion, and a reduced quality of life.*> Here, we review recent progress in the under-
standing and management of drug-resistant epilepsy. Where appropriate, we have
also graded the strength of evidence for specific treatments from class I (highest)
to IV (lowest), according to guidelines from the American Academy of Neurology;
the classification of evidence is described in Table 1 in the Supplementary Appen-
dix (available with the full text of this article at NEJM.org).°

DEFINITION AND CLINICAL RISK FACTORS

The International League against Epilepsy has recently developed a global consen-
sus definition of drug-resistant epilepsy.” The overall framework comprises two “hi-
erarchical” levels. Level 1 provides a general scheme to categorize the outcome of
each therapeutic intervention as either freedom from seizures or treatment failure
on the basis of standard criteria. When a patient has had a trial of an antiepileptic
drug that is uninformative for determining efficacy, that treatment trial should be
regarded to have an undetermined outcome. This occurs, for example, when an anti-
epileptic drug has been inadequately tried before early discontinuation at a low dos-
age. This level 1 assessment forms the basis for the level 2 determination, which
defines drug-resistant epilepsy as a failure of adequate trials of two (or more) toler-
ated, appropriately chosen, and appropriately used antiepileptic drug regimens (Wheth-
er administered as monotherapies or in combination) to achieve freedom from
seizures. This definition is based on the observation that if complete seizure con-
trol is not achieved with trials of two appropriate antiepileptic drugs, the likelihood
of success with subsequent regimens is much reduced.®® Although drug resistance
may “remit” over time (at a rate of 4% per year among adults and a higher rate
among children), seizure relapse is common, suggesting a fluctuating course.1°-12
Other consistent clinical predictors of drug resistance include a high number or fre-
quency of seizures in the early phase of the disorder and the presence of a known,
often structural cause of the epilepsy, particularly hippocampal sclerosis.?13

HYPOTHESIZED MECHANISMS

The mechanisms of drug resistance are likely to be variable and multifactorial ac-
cording to the underlying cause'* and, in theory, to the drug’s site of action. Age also
seems to affect treatment outcome, with a higher seizure-free rate observed among
elderly people than among younger people.'> Major hypotheses of cellular mecha-
nisms under active investigation can be broadly categorized into several groups (Fig. 1).
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Figure 1. Hypothesized Biologic Mechanisms of Drug Resistance in Epilepsy.

The diagram illustrates the molecular locations at which the mechanisms are hypothesized to operate. At locations
labeled 1 is overexpression of efflux transporters in capillary endothelial cells that constitute the blood—brain barrier.
At the location labeled 2 is altered expression or function of neuronal voltage-gated ion channels that are known
targets of antiepileptic drugs. At locations labeled 3 are mechanisms not targeted by current antiepileptic drugs,
such as electrical coupling through gap junctions, mitochondrial dysfunction, and autoantibodies to neurotrans-

Most of the studies were performed in adults, and
it remains to be determined whether these mech-
anisms are also relevant to childhood epilepsies.

FAILURE OF DRUGS TO REACH THEIR TARGETS

The “transporter hypothesis” proposes that drug
resistance may be attributable to overexpression
of multidrug efflux transporters at the epileptic
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focus. These ATP-binding cassette (ABC) trans-
membrane proteins extrude substrates from the
cell against the concentration gradient. The most
extensively studied efflux transporter is P-glyco-
protein, which is expressed at a basal, physiologic
level in capillary endothelial cells in the brain,
where it pumps xenobiotics from intracellular
space back to the capillary lumen, thereby main-
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taining the integrity of the blood-brain barrier
and reducing the cerebral accumulation of sub-
strate drugs. In surgically resected brain specimens
from patients with drug-resistant epilepsy, up-reg-
ulation of P-glycoprotein and other efflux trans-
porters in capillaries, as well as aberrant expression
in glial and neuronal cells, has been reproducibly
demonstrated.1®1® There is conflicting evidence
that polymorphisms of the gene encoding P-gly-
coprotein (ABCBI) might be associated with a poor
response to antiepileptic drug therapy.*>2° Wheth-
er human P-glycoprotein transports antiepileptic
drugs to a significant extent remains controver-
sial.2* Compelling evidence regarding the clinical
relevance of the transporter hypothesis remains
lacking.

ALTERATION OF DRUG TARGETS
The “target hypothesis” postulates that alteration
in the cellular targets of antiepileptic drugs leads
to a reduction in their sensitivity to treatment.??
One study showed that the use-dependent block-
ade of the fast sodium current in dentate granule
cells by carbamazepine was lost in hippocampi
resected from patients with carbamazepine-resis-
tant temporal-lobe epilepsy, although this find-
ing did not extend to lamotrigine, which has a
pharmacologic action similar to that of carba-
mazepine.?® Polymorphisms of the SCN2A gene,
which encodes the a, subunit of the neuronal
sodium channels, were found to be associated with
resistance to antiepileptic drugs in general as well
as to those that act on the sodium channels.?* Al-
tered expression of subtypes of the y-aminobutyric
acid type A (GABA,) receptor has also been ob-
served in patients with drug-resistant temporal-
lobe epilepsy.2> Whether these changes result in
reduced sensitivity to antiepileptic drugs that act
on the receptor is unknown. The main weakness
of the target hypothesis is its presumption of a
working knowledge of the mechanisms of action
of antiepileptic drugs, which remain incompletely
understood. The hypothesis cannot account for
the observation that patients often have epilepsy
that is resistant to multiple drugs with different
modes of action, although it cannot be ruled out
that alteration in drug targets may play a contribu-
tory role.

DRUGS MISSING THE REAL TARGETS
Current antiepileptic drugs are intended only to
prevent seizures and may not be targeting the ap-

Table 1. Some Reasons for Pseudoresistance to Antiepileptic Drug Therapy.

Wrong diagnosis

Wrong drug (or drugs)

Wrong dose

increase

Lifestyle issues
drug abuse

Reason Examples

Syncope, cardiac arrhythmia, or other condi-
tions; psychogenic nonepileptic seizures

Inappropriate for seizure type; pharmaco-
kinetic or pharmacodynamic interactions

Too low (overreliance on “therapeutic” blood
levels); side effects preventing drug

Poor compliance with medication; alcohol or

propriate pathogenic processes in some patients.
For instance, autoantibodies to ion channels in-
volved in neuronal excitation and inhibition, in-
cluding voltage-gated potassium and calcium
channels,?® and to glutamate N-methyl-D-aspar-
tate (NMDA)?? and y-aminobutyric acid type B
(GABA)) receptors,?® have been identified in pa-
tients with seizures of otherwise unknown cause,
particularly in the clinical context of encephalitis
and sometimes in association with occult cancer.
These patients often do not have a response to
conventional antiepileptic drugs, and there are
conflicting data from uncontrolled studies about
whether immunotherapy can be effective.?® Other
proposed cellular mechanisms of seizures and epi-
leptogenesis include, but are not limited to, mito-
chondrial oxidative stress and dysfunction3® and
electrical coupling through gap junctions in neu-
rons or even glial cells.3! These mechanisms rep-
resent potential novel targets for future drug de-
velopment.

PRINCIPLES OF MANAGEMENT

RULING OUT PSEUDORESISTANCE
Pseudoresistance, in which seizures persist because
the underlying disorder has not been adequately
or appropriately treated, must be ruled out or cor-
rected before drug treatment can be considered
to have failed. This phenomenon may arise in a
number of situations (Table 1), of which misdiag-
nosis of epilepsy is probably the most common.
Conditions that frequently mimic epileptic seizures
include vasovagal syncope, cardiac arrhythmias,
metabolic disturbances, and other neurologic dis-
orders with episodic manifestations (e.g., tran-
sient ischemic attacks and migraine). Psychogen-
ic, nonepileptic seizures are estimated to account
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for more than 25% of adult cases of apparently
drug-resistant epilepsy.3?

Failure of drug therapy may also result from an
inadequate understanding of the pharmacologic
properties of antiepileptic drugs, particularly their
range of clinical efficacy and pharmacokinetic
characteristics. These properties are summarized
in Table 2 in the Supplementary Appendix. Be-
cause the spectrums of activity vary among anti-
epileptic drugs, incorrect classification of the syn-
drome or seizure type can lead to treatment failure
or even seizure aggravation. Table 3 in the Sup-
plementary Appendix shows the latest recom-
mendations for seizure classification. Phenytoin,
carbamazepine, gabapentin, oxcarbazepine, viga-
batrin, tiagabine, and pregabalin can worsen ab-
sence epilepsy and myoclonic seizures.3? Lamotri-
gine can also exacerbate some myoclonic epilepsy
syndromes.3* Another problem is that an anti-
epileptic drug may fail to control seizures satis-
factorily because it is not prescribed at the opti-
mal dosage. This may result from an injudicious
reliance on monitoring of serum drug concentra-
tions; a “therapeutic range” can be interpreted as
dictating dosage adjustment without adequate
clinical correlation.>

Other possible causes of pseudoresistance may
be related to the patient’s lifestyle or behavior,
particularly insufficient adherence to the thera-
peutic regimen, which may even contribute to in-
creased risks of illness and death.?® Abuse of al-
cohol and recreational drugs can cause seizures.
Sleep deprivation and stress are also common sei-
zure-precipitating factors.

GENERAL APPROACH
Once a patient’s epilepsy is recognized to be drug
resistant, a personalized treatment plan should be
formulated to limit any cognitive deterioration or
psychosocial dysfunction. It is a good idea to men-
tion early in the course of treatment that total
freedom from seizures may not be attainable. This
approach may help pave the way for a later pallia-
tive strategy if that proves to be necessary. Non-
drug therapy such as epilepsy surgery should be
considered. Patients should also be informed of
the risk of sudden, unexpected death in epilepsy;
appropriate precautions might include nocturnal
supervision, although hard evidence is lacking that
this is likely to be lifesaving.3” Conditions com-
monly associated with treatmentresistant epilep-

sy, such as anxiety, depression, and cognitive and
memory disturbances, should be recognized and
treated. An algorithmic approach to treatment is
illustrated in the figure in the Supplementary Ap-
pendix.

COMBINATION THERAPY
Generating robust clinical evidence of suitable
combinations of antiepileptic drugs has been chal-
lenging because of the large number of possible
combinations of drugs and dose ranges. The stron-
gest evidence in favor of synergism comes from
nonrandomized, controlled studies involving adults
who received a combination of sodium valproate
and lamotrigine for partial-onset and generalized
seizures (class III evidence)3?:3%; these observations
are supported by animal models.*® Other combi-
nations that are sometimes recommended, largely
on the basis of anecdotal reports or studies with
small samples, include valproate with ethosuxi-
mide for absence seizures (class IV evidence)** and
lamotrigine with topiramate for a range of sei-
zure types (class IV evidence).?

One strategy for combination therapy that has
been advocated is a pharmacomechanistic ap-
proach based on the drugs’ differing modes of
action, although high-quality data to support this
strategy are lacking. Data from studies in animals
suggest that administering two drugs that act on
the same pharmacologic pathway, such as sodium-
channel blockade, is less effective than adminis-
tering two drugs with different mechanisms of
action.*® The possibility that combining two drugs
that act by blocking neuronal voltage-dependent
sodium channels may not be clinically useful was
first reported in 1975 by Cereghino and col-
leagues, who treated 47 cognitively impaired pa-
tients with phenytoin, carbamazepine, and pheno-
barbital sequentially and found that combinations
with phenobarbital were more effective than phe-
nytoin combined with carbamazepine (class III
evidence).#* Deckers and colleagues undertook a
comprehensive review of the available data from
studies in animals and humans and concluded
that combinations involving a sodium-channel
blocker and a drug with GABAergic properties
appeared to be particularly beneficial.*> However,
the successful licensing of the latest sodium-
channel blockers, lacosamide and eslicarbazepine,
as adjunctive treatment was based on data from
studies in which the majority of patients were
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already taking drugs with similar mechanisms of
action, such as carbamazepine or lamotrigine.
Combinations of drugs that act primarily by block-
ing voltage-dependent sodium channels (e.g., la-
motrigine and carbamazepine) may be more likely
to be associated with neurotoxic effects, such as
dizziness, diplopia, and ataxia (class III evidence).3®
The suggested strategy for combining drugs is
shown in the figure in the Supplementary Ap-
pendix.

LATEST DEVELOPMENTS IN DRUG THERAPY
In double-blind, randomized trials, the efficacy
of adjunctive treatment with modern antiepilep-
tic drugs has been disappointingly small,*° fuel-
ing continuing efforts to develop new compounds.
Although a reduction in seizure frequency of 50%
or more is generally accepted as demonstrating
efficacy for regulatory purposes, the clinical rel-
evance of such an improvement to the overall
health status of patients is limited*” and freedom
from seizures should remain the goal of treatment.
In the past 2 years, two new sodium-channel
blockers, lacosamide*® (in the United States and Eu-
rope) and eslicarbazepine* (in Europe), have been
licensed for use in adults with partial seizures with
or without secondary generalization (class I evi-
dence). Rufinamide has shown effectiveness as a
treatment for the Lennox—Gastaut syndrome in in-
fants and children (class I evidence).>° Vigabatrin
was recently licensed in the United States as an
adjunctive treatment for complex partial seizures
in adults and as monotherapy for infantile spasms
in children from 1 month to 2 years of age (class I
evidence), although it has been available elsewhere
for many years.5! Stiripentol has been approved
under the orphan-drug procedure in Europe for
the treatment of Dravet’s syndrome, a rare child-
hood epilepsy syndrome (class I evidence).>2
The U.S. and European regulatory authorities
have recently granted approval to retigabine (ezo-
gabine in the United States and Canada) as an
adjunctive treatment for refractory partial sei-
zures with or without secondary generalization
in adults (class I evidence).53 Unlike other anti-
epileptic drugs, this drug acts by opening potas-
sium channels. Other drugs that are undergoing
phase 3 trials include brivaracetam (which, like
levetiracetam, binds to the synaptic vesicle pro-
tein 2A molecule) and perampanel, which modu-
lates glutamate neurotransmission mediated by

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA).5>+

NONDRUG THERAPY
Patients who meet the criteria for having drug-
resistant epilepsy should be evaluated early for
surgical treatment, particularly if they have a sur-
gically remedial syndrome, such as unilateral hip-
pocampal sclerosis or other resectable lesions.>®
The decision to offer surgical treatment requires
an individualized risk-benefit assessment that in-
cludes consideration of the pros and cons of ad-
ditional trials of antiepileptic drugs. A range of
surgical procedures can be performed, depending
on the indication. The prototype is anterior tem-
poral lobectomy, which has been shown in a ran-
domized, controlled trial>® to be superior to con-
tinued medication in providing long-term relief
from seizures in up to 70% of adults with drug-
resistant temporal-lobe epilepsy (class I evidence).>”
Other potentially curative procedures include re-
section of structural lesions (lesionectomy) such
as glial tumors and vascular malformations (class
III evidence). Even when magnetic resonance im-
aging reveals no lesions in patients with tempo-
ral or extratemporal epilepsy, resection may be
supported by findings from functional imaging
(ictal single-photon-emission computed tomog-
raphy or interictal positron-emission tomography)
with or without invasive electroencephalographic
monitoring, although the outcomes of surgical
treatment in such cases tend to be less favorable
than those in lesional cases (class III evidence).58

Palliative procedures, which are intended to
disrupt the pathways important for the propaga-
tion of epileptiform discharges and thus reduce
the frequency and severity of seizures, may be con-
sidered when resection of the seizure-generating
region is not possible. Corpus callosotomy is usu-
ally performed in children with clinically sig-
nificant learning disabilities and severe general-
ized epilepsy, particularly when the disorder
causes atonic seizures that are associated with
frequent falls and subsequent injuries; adults may
also benefit but to a lesser degree (class III evi-
dence).>® Multiple subpial transection is a less
commonly performed procedure that is reserved
for situations in which the epileptogenic focus
cannot be removed because of close proximity to
eloquent cortex.®® This procedure is usually per-
formed in children in conjunction with cortical
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resection, which makes it difficult to assess its
specific efficacy (class IV evidence). Hemispherec-
tomy or functional hemispherotomy, performed
in both children and adults, is a more dramatic
procedure in which an extensively diseased and
epileptogenic cerebral hemisphere is removed or
functionally disconnected (class IV evidence).

The vagus-nerve stimulator is a multiprogram-
mable pulse generator that is implanted in the
patient’s upper chest and delivers electrical cur-
rent to the vagus nerve, usually the left nerve, in
the neck.®* The device has been approved for use
as an adjunctive therapy for adults and adolescents
older than 12 years of age whose partial-onset
seizures are resistant to antiepileptic medication,
although the response is modest (class I evi-
dence).

The ketogenic diet (a high-fat, low-protein,
low-carbohydrate diet) is used in children with
drug-resistant epilepsy. A randomized, controlled
trial showed that the number of seizures fell by
more than 50% in approximately half of children
after 1 year on the diet (class II evidence).®> The
diet seems to be effective for all seizure types.
The major problem is adherence to the restric-
tive (and unpleasant) dietary regimen. Therefore,
a modified Atkins diet is under evaluation as a
potential alternative in adults and for environ-
ments in which strict supervision is unavailable
(class IV evidence).®3

NEW AND EMERGING THERAPIES

A range of new approaches to the treatment of
drug-resistant epilepsy are under active investiga-
tion. Those that are in advanced clinical develop-
ment include technology-based approaches that
use intracranial and extracranial treatment sys-
tems, which typically provide either electrotherapy
or pharmacotherapy and which in some cases may
be automatically administered when a seizure is
detected by sensors.®* One such intracranial de-
vice, which delivers scheduled electrical stimula-
tion bilaterally to the anterior nucleus of the thala-
mus, was studied in a multicenter, double-blind,
randomized trial involving 110 adults with drug-
resistant focal epilepsy (class I evidence).®> The
group receiving electrical stimulation had a 29%
greater reduction in seizures than the control group
(no stimulation). After 2 years of open-label use in
a continuation phase of the trial, the median re-
duction in seizure frequency was 56%; 54% of pa-
tients had a seizure reduction of at least 50%, and

14 patients were seizure-free for at least 6 months.
The Food and Drug Administration Neurological
Devices Panel recently recommended approval of
the device. Another device undergoing a phase 3
clinical trial in adults involves a “closed-loop sys-
tem”: when the device detects epileptiform activ-
ity, it also delivers electrical stimulation to the
site of this activity. The limited published clinical
data regarding the device appear to be favorable.®®
Other promising therapeutic strategies in more
preliminary stages of development include stereo-
tactic radiosurgery, stem-cell therapy, and gene
therapy.©7-68

COMPLEMENTARY AND ALTERNATIVE
THERAPIES

Complementary and alternative medicine encom-
passes diverse medical and health care systems,
practices, and products that are not generally con-
sidered part of conventional medicine as practiced,
for example, in the United States. Such therapies
are widely used (up to 50% of people with epilepsy
in developed countries may have used them at some
time), although patients may be reluctant to spon-
taneously report their use to physicians.®® The
majority of patients use complementary or alter-
native therapies not for seizure control but for
general health purposes or for symptoms that
could be indicative of coexisting conditions, such
as depression, or of treatment-related adverse
events.”® Clinicians should therefore specifically
inquire about the use of such therapies and the
underlying reasons, which may prompt addition-
al evaluations and treatments.

To date, no complementary or alternative ther-
apy has been shown to be effective for epilepsy in
multicenter, double-blind, controlled trials. Con-
trary to the popular belief that “natural is safe,”
such therapies can be harmful to people with epi-
lepsy, and natural products pose the greatest
risk of side effects, interactions with antiepilep-
tic drugs, and seizure exacerbation.”® Table 4 in
the Supplementary Appendix lists the character-
istics and potential benefits and risks of natural
products that are reportedly used by people with
epilepsy. For example, ginkgo biloba, often taken
to enhance cognitive function, has been suspect-
ed of lowering serum concentrations of phenytoin
and valproate by inducing the hepatic drug-metab-
olizing cytochrome P-450 enzyme CYP2C197%72
and has anecdotally been reported to exacerbate
seizures.” St. John’s wort, commonly taken to re-
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lieve symptoms of depression, may also, at least
in theory, interact with antiepileptic drugs through
induction of cytochrome P-450 enzymes, although
data in support of a clinically relevant interaction
are lacking.” Nonetheless, some natural products
and their constituent compounds have been shown
to have mechanisms of action that are relevant to
epilepsy or to have anticonvulsant properties in
animal models and are undergoing further pre-
clinical evaluation.”

Dr. Brodie reports receiving consulting fees from Eisai, lec-

ture fees from GlaxoSmithKline, UCB Pharma, Eisai, Novartis,
and Medtronic, travel accommodations paid by UCB Pharma,

and grant support to his institution from UCB Pharma and Eisai.
Dr. Kwan reports receiving consulting fees from Pfizer, lecture
fees from Eisai, and travel accommodations paid by UCB Pharma;
he also holds a patent related to a rapid HLA typing method
(PCT/CN2009/074891), and his institution has received grant
support from Eisai, Johnson & Johnson, Pfizer, and UCB Pharma.
Dr. Schachter reports receiving consulting fees from Marinus Phar-
maceuticals, NeuroTherapeutics Pharma, Sepracor, BrainScope,
and Cyberonics, lecture fees from Elsevier and Pri-Med, and pay-
ment for serving on a data and safety monitoring board from Quin-
tiles and AXIS Healthcare Communications; he also holds patents
related to seizure-detection algorithms and huperzine as a treat-
ment for epilepsy (20100234416, 20060264455, and 20060111644).
No other potential conflict of interest relevant to this article was
reported.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

REFERENCES

1. Banerjee PN, Filippi D, Hauser WA.
The descriptive epidemiology of epilepsy
— a review. Epilepsy Res 2009;85:31-45.
2. DPicot MC, Baldy-Moulinier M, Daures
JP, Dujols P, Crespel A. The prevalence of
epilepsy and pharmacoresistant epilepsy
in adults: a population-based study in a
Western European country. Epilepsia 2008;
49:1230-8.

3. Mohanraj R, Norrie J, Stephen LJ,
Kelly K, Hitiris N, Brodie MJ. Mortality in
adults with newly diagnosed and chronic
epilepsy: a retrospective comparative study.
Lancet Neurol 2006;5:481-7.

4. Lawn ND, Bamlet WR, Radhakrishnan
K, O’Brien PC, So EL. Injuries due to sei-
zures in persons with epilepsy: a population-
based study. Neurology 2004;63:1565-70.

5. McCagh J, Fisk JE, Baker GA. Epilep-
sy, psychosocial and cognitive function-
ing. Epilepsy Res 2009;86:1-14.

6. FrenchJ, Gronseth G. Lost in a jungle
of evidence: we need a compass. Neurol-
ogy 2008;71:1634-8.

7. Kwan P, Arzimanoglou A, Berg AT, et
al. Definition of drug resistant epilepsy:
consensus proposal by the ad hoc Task
Force of the ILAE Commission on Thera-
peutic Strategies. Epilepsia 2010;51:1069-
77. [Erratum, Epilepsia 2010;51:1922.]

8. Kwan P, Brodie MJ. Early identifica-
tion of refractory epilepsy. N Engl J Med
2000;342:314-9.

9. Arts WEF, Brouwer OF, Peters AC, et al.
Course and prognosis of childhood epi-
lepsy: 5-year follow-up of the Dutch study
of epilepsy in childhood. Brain 2004;127:
1774-84.

10. Choi H, Heiman G, Pandis D, et al.
Seizure remission and relapse in adults
with intractable epilepsy: a cohort study.
Epilepsia 2008;49:1440-5.

11. Schiller Y. Seizure relapse and devel-
opment of drug resistance following long-
term seizure remission. Arch Neurol 2009;
66:1233-9.

12. Berg AT, Levy SR, Testa EM, D’Souza
R. Remission of epilepsy after two drug
failures in children: a prospective study.
Ann Neurol 2009;65:510-9.

13. Sillanpdd M, Schmidt D. Early seizure
frequency and aetiology predict long-term
medical outcome in childhood-onset epi-
lepsy. Brain 2009;132:989-98.

14. Semah F, Picot MC, Adam C, et al. Is
the underlying cause of epilepsy a major
prognostic factor for recurrence? Neurol-
ogy 1998;51:1256-62.

15. Mohanraj R, Brodie MJ. Diagnosing
refractory epilepsy: response to sequen-
tial treatment schedules. Eur ] Neurol
2006;13:277-82.

16. Aronica E, Gorter JA, Jansen GH, et al.
Expression and cellular distribution of
multidrug transporter proteins in two
major causes of medically intractable epi-
lepsy: focal cortical dysplasia and glio-
neuronal tumors. Neuroscience 2003;118:
417-29.

17. Tishler DM, Weinberg K1, Hinton DR,
Barbaro N, Annett GM, Raffel C. MDR1
gene expression in brain of patients with
medically intractable epilepsy. Epilepsia
1995;36:1-6.

18. Sisodiya SM, Lin WR, Harding BN,
Squier MV, Thom M. Drug resistance in
epilepsy: expression of drug resistance
proteins in common causes of refractory
epilepsy. Brain 2002;125:22-31.

19. Siddiqui A, Kerb R, Weale ME, et al.
Association of multidrug resistance in
epilepsy with a polymorphism in the drug-
transporter gene ABCB1. N EnglJ Med 2003;
348:1442-8.

20. Bournissen FG, Moretti ME, Juurlink
DN, Koren G, Walker M, Finkelstein Y.
Polymorphism of the MDR1/ABCB1 C3435T
drug-transporter and resistance to anti-
convulsant drugs: a meta-analysis. Epilep-
sia 2009;50:898-903.

21. Baltes S, Gastens AM, Fedrowitz M,
Potschka H, Kaever V, Loscher W. Differ-
ences in the transport of the antiepileptic
drugs phenytoin, levetiracetam and car-
bamazepine by human and mouse P-gly-
coprotein. Neuropharmacology 2007;52:
333-40.

22. Remy S, Beck H. Molecular and cel-
lular mechanisms of pharmacoresistance
in epilepsy. Brain 2006;129:18-35.

23. Remy S, Gabriel S, Urban BW, et al.
A novel mechanism underlying drug re-
sistance in chronic epilepsy. Ann Neurol
2003;53:469-79.

24. Xwan P, Poon WS, Ng HK, et al. Mul-
tidrug resistance in epilepsy and polymor-
phisms in the voltage-gated sodium chan-
nel genes SCN1A, SCN2A, and SCN3A:
correlation among phenotype, genotype,
and mRNA expression. Pharmacogenet
Genomics 2008;18:989-98.

25. Loup F, Picard F, Yonekawa Y, Wieser
HG, Fritschy JM. Selective changes in
GABAA receptor subtypes in white matter
neurons of patients with focal epilepsy.
Brain 2009;132:2449-63.

26. McKnight K, Jiang Y, Hart Y, et al. Se-
rum antibodies in epilepsy and seizure-
associated disorders. Neurology 2005;65:
1730-6.

27. Dalmau J, Gleichman AJ, Hughes EG,
et al. Anti-NMDA-receptor encephalitis:
case series and analysis of the effects of
antibodies. Lancet Neurol 2008;7:1091-8.

28. Lancaster E, Lai M, Peng X, et al. An-
tibodies to the GABA(B) receptor in lim-
bic encephalitis with seizures: case series
and characterisation of the antigen. Lan-
cet Neurol 2010;9:67-76.

29. Vincent A, Irani SR, Lang B. The
growing recognition of immunotherapy-
responsive seizure disorders with autoan-
tibodies to specific neuronal proteins.
Curr Opin Neurol 2010;23:144-50.

30. Waldbaum S, Patel M. Mitochondria,
oxidative stress, and temporal lobe epi-
lepsy. Epilepsy Res 2010;88:23-45.

31. Voss LJ, Jacobson G, Sleigh JW, Steyn-
Ross A, Steyn-Ross M. Excitatory effects
of gap junction blockers on cerebral cor-
tex seizure-like activity in rats and mice.
Epilepsia 2009;50:1971-8.

32. Smith D, Defalla BA, Chadwick DW.
The misdiagnosis of epilepsy and the
management of refractory epilepsy in a
specialist clinic. QJM 1999;92:15-23.

33. Sazgar M, Bourgeois BF. Aggravation
of epilepsy by antiepileptic drugs. Pediatr
Neurol 2005;33:227-34.

34. Crespel A, Genton P, Berramdane M,

N ENGLJ MED 365,10 NEJM.ORG SEPTEMBER &, 2011

Downloaded from nejm.org at UNIV OF PENN LIBRARY on September 23, 2011. For personal use only. No other uses without permission.

The New England Journal of Medicine

Copyright © 2011 Massachusetts Medical Society. All rights reserved.

925



926

et al. Lamotrigine associated with exacer-
bation or de novo myoclonus in idiopathic
generalized epilepsies. Neurology 2005;65:
762-4.

35. Patsalos PN, Berry DJ, Bourgeois BF,
et al. Antiepileptic drugs — best practice
guidelines for therapeutic drug monitoring:
a position paper by the subcommission
on therapeutic drug monitoring, ILAE
Commission on Therapeutic Strategies.
Epilepsia 2008;49:1239-76.

36. Faught E, Duh MS, Weiner JR, Guérin
A, Cunnington MC. Nonadherence to an-
tiepileptic drugs and increased mortality:
findings from the RANSOM Study. Neu-
rology 2008;71:1572-8.

37. Tomson T, Nashef L, Ryvlin P. Sudden
unexpected death in epilepsy: current
knowledge and future directions. Lancet
Neurol 2008;7:1021-31.

38. Brodie MJ, Yuen AW. Lamotrigine
substitution study: evidence for syner-
gism with sodium valproate? Epilepsy Res
1997;26:423-32.

39. Pisani F, Oteri G, Russo MF, Di PR,
Perucca E, Richens A. The efficacy of val-
proate-lamotrigine comedication in re-
fractory complex partial seizures: evi-
dence for a pharmacodynamic interaction.
Epilepsia 1999;40:1141-6.

40. Cuadrado A, de las Cuevas I, Valdizdn
EM, Armijo JA. Synergistic interaction be-
tween valproate and lamotrigine against
seizures induced by 4-aminopyridine and
pentylenetetrazole in mice. Eur J Pharma-
col 2002;453:43-52.

41. Rowan AJ, Meijer JW, de Beer-Paw-
likowski N, van der Geest P, Meinardi H.
Valproate-ethosuximide combination ther-
apy for refractory absence seizures. Arch
Neurol 1983;40:797-802.

42, Stephen LJ, Sills GJ, Brodie MJ. La-
motrigine and topiramate may be a useful
combination. Lancet 1998;351:958-9.

43. Luszczki JJ, Czuczwar SJ. Preclinical
profile of combinations of some second-
generation antiepileptic drugs: an isobo-
lographic analysis. Epilepsia 2004;45:895-
907.

44. Cereghino JJ, Brock JT, Van Meter JC,
Penry JK, Smith LD, White BG. The effi-
cacy of carbamazepine combinations in
epilepsy. Clin Pharmacol Ther 1975;18:
733-41.

45. Deckers CL, Czuczwar SJ, Hekster YA,
et al. Selection of antiepileptic drug poly-
therapy based on mechanisms of action:
the evidence reviewed. Epilepsia 2000;41:
1364-74.

46. Beyenburg S, Stavem K, Schmidt D.
Placebo-corrected efficacy of modern an-
tiepileptic drugs for refractory epilepsy:

CURRENT CONCEPTS

systematic review and meta-analysis. Epi-
lepsia 2010;51:7-26.

47. Birbeck GL, Hays RD, Cui X, Vickrey
BG. Seizure reduction and quality of life
improvements in people with epilepsy.
Epilepsia 2002;43:535-8.

48. Haldsz P, Kilvidinen R, Mazurkiewicz-
Beldzifiska M, et al. Adjunctive lacosamide
for partial-onset seizures: efficacy and safe-
ty results from a randomized controlled
trial. Epilepsia 2009;50:443-53.

49. Gil-Nagel A, Lopes-Lima J, Almeida L,
Maia J, Soares-da-Silva P. Efficacy and
safety of 800 and 1200 mg eslicarbazepine
acetate as adjunctive treatment in adults
with refractory partial-onset seizures. Acta
Neurol Scand 2009;120:281-7.

50. Glauser T, Kluger G, Sachdeo R,
Krauss G, Perdomo C, Arroyo S. Rufin-
amide for generalized seizures associated
with Lennox-Gastaut syndrome. Neurolo-
gy 2008;70:1950-8.

51. Willmore 1J, Abelson MB, Ben-Men-
achem E, Pellock JM, Shields WD. Vigaba-
trin: 2008 update. Epilepsia 2009;50:163-73.
52. Chiron C. Stiripentol. Neurotherapeu-
tics 2007;4:123-5.

53. Brodie MJ, Lerche H, Gil-Nagel A, et
al. Efficacy and safety of adjunctive ezo-
gabine (retigabine) in refractory partial
epilepsy. Neurology 2010;75:1817-24.

54. Bialer M, White HS. Key factors in the
discovery and development of new anti-
epileptic drugs. Nat Rev Drug Discov
2010;9:68-82.

55. Spencer S, Huh L. Outcomes of epi-
lepsy surgery in adults and children. Lan-
cet Neurol 2008;7:525-37.

56. Wiebe S, Blume WT, Girvin )P,
Eliasziw M. A randomized, controlled trial
of surgery for temporal-lobe epilepsy.
N EnglJ Med 2001;345:311-8.

57. Téllez-Zenteno JF, Dhar R, Wiebe S.
Long-term seizure outcomes following
epilepsy surgery: a systematic review and
meta-analysis. Brain 2005;128:1188-98.
58. Bien CG, Szinay M, Wagner J, Clus-
mann H, Becker AJ, Urbach H. Character-
istics and surgical outcomes of patients
with refractory magnetic resonance im-
aging-negative epilepsies. Arch Neurol
2009;66:1491-9.

59. Maehara T, Shimizu H. Surgical out-
come of corpus callosotomy in patients
with drop attacks. Epilepsia 2001;42:67-71.
60. Benifla M, Otsubo H, Ochi A, Snead
OC 111, Rutka JT. Multiple subpial transec-
tions in pediatric epilepsy: indications
and outcomes. Childs Nerv Syst 2006;
22:992-8.

61. Milby AH, Halpern CH, Baltuch GH.
Vagus nerve stimulation in the treatment

of refractory epilepsy. Neurotherapeutics
2009;6:228-37.

62. Neal EG, Chaffe H, Schwartz RH, et
al. The ketogenic diet for the treatment of
childhood epilepsy: a randomised con-
trolled trial. Lancet Neurol 2008;7:500-6.
63. Kossoff EH, Dorward JL. The modified
Atkins diet. Epilepsia 2008;49:Suppl 8:
37-41.

64. Schachter SC, Guttag J, Schiff §J,
Schomer DL. Advances in the application
of technology to epilepsy: the CIMIT/NIO
Epilepsy Innovation Summit. Epilepsy Be-
hav 2009;16:3-46.

65. Fisher R, Salanova V, Witt T, et al.
Electrical stimulation of the anterior nu-
cleus of thalamus for treatment of refrac-
tory epilepsy. Epilepsia 2010;51:899-908.
66. Anderson WS, Kossoff EH, Bergey
GK, Jallo GI. Implantation of a responsive
neurostimulator device in patients with
refractory epilepsy. Neurosurg Focus
2008;25(3):E12.

67. Chang EF, Quigg M, Oh MC, et al.
Predictors of efficacy after stereotactic
radiosurgery for medial temporal lobe
epilepsy. Neurology 2010;74:165-72.

68. NaegeleJR, Maisano X, YangJ, Royston
S, Ribeiro E. Recent advancements in stem
cell and gene therapies for neurological
disorders and intractable epilepsy. Neuro-
pharmacology 2010;58:855-64.

69. Peebles CT, McAuley JW, Roach J,
Moore JL, Reeves AL. Alternative medi-
cine use by patients with epilepsy. Epi-
lepsy Behav 2000;1:74-7.

70. Ekstein D, Schachter SC. Natural
products in epilepsy — the present situa-
tion and perspectives for the future. Phar-
maceuticals 2010;3:1426-45.

71. Kupiec T, Raj V. Fatal seizures due to
potential herb-drug interactions with Gink-
go biloba. J Anal Toxicol 2005;29:755-8.

72. Yin OQP, Tomlinson B, Waye MMY,
Chow AHL, Chow MSS. Pharmacogenom-
ics and herb-drug interactions: experi-
ence with Ginkgo biloba and omeprazole.
Pharmacogenetics 2004;14:841-50.

73. Samuels N, Finkelstein Y, Singer SR,
Oberbaum M. Herbal medicine and epi-
lepsy: proconvulsive effects and interac-
tions with antiepileptic drugs. Epilepsia
2008;49:373-80.

74. Borrelli F, Izzo AA. Herb-drug inter-
actions with St John’s wort (Hypericum
perforatum): an update on clinical obser-
vations. AAPS J 2009;11:710-27.

75. Schachter SC. Herbal therapies for epi-
lepsy. In: Schwartzkroin PA, ed. Encyclo-
pedia of basic epilepsy research. Oxford,
England: Academic Press, 2009:1450-4.
Copyright © 2011 Massachusetts Medical Society.

N ENGLJ MED 365,10 NEJM.ORG SEPTEMBER 8, 2011

The New England Journal of Medicine
Downloaded from nejm.org at UNIV OF PENN LIBRARY on September 23, 2011. For personal use only. No other uses without permission.
Copyright © 2011 Massachusetts Medical Society. All rights reserved.



