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Déirdre Cooper-Mahkorn (135), Department of Epileptology, Bonn Univer-

sity Hospital, D-53105 Bonn, Germany

Marianne Cunnington (283), GlaxoSmithKline Research and Development,

Harlow, United Kingdom

Norman Delanty (11), Department of Neurology, Beaumont Hospital, Dublin

9, Ireland

John DeToledo (169), Waked Forest University, School of Medicine, Medical

Center Boulevard, Winston Salem, NC, 27157

Caryn Dutton (113), University of Wisconsin School of Medicine and Public

Health, Madison, Wisconsin 53704, USA

Nancy Foldvary-Schaefer (113), Cleveland Clinic Lerner College of

Medicine of Case Western Reserve University, Cleveland, Ohio 44195, USA

Cheryl A. Frye (27), Departments of Psychology, Biology, and Centers for

Neuroscience and Life Sciences Research, The University at Albany-State

University of New York, Albany, New York 12222, USA

Barry E. Gidal (397), School of Pharmacy and Department of Neurology,

University of Wisconsin, Madison, Wisconsin, USA

Frank Gilliam (417), Department of Neurology, Columbia University Medical

Center, Comprehensive Epilepsy Center, New York 10032, USA

Mary A. Gutierrez (157), Department of Pharmacology and Outcomes

Sciences, Loma Linda University School of Pharmacy, Loma Linda,

California 92350, USA

Cynthia L. Harden (205, 385), Department of Neurology, Leonard M. Miller

School of Medicine, University of Miami, Miami, Florida, USA
xiii



xiv CONTRIBUTORS
Sheryl Haut (91), Comprehensive Epilepsy Management Center, Montefiore

Medical Center, Albert Einstein College of Medicine, New York 10467, USA

Sandra Helmers (79), Emory University School of Medicine, Georgia 30322,

USA

Bruce Hermann (347), University of Wisconsin, Madison, Wisconsin 53972,

USA

Collin A. Hovinga (227, 241), Departments of Clinical Pharmacy and

Pediatrics, University of Tennessee Health Science Center, LeBonheur Chil-

dren’s Medical Center, Memphis, Tennessee 38105, USA

Andres M. Kanner (347, 397), Rush Epilepsy Center, Chicago, Illinois 60612,

USA; Rush University Medical Center, Chicago, Illinois, USA

Peter W.Kaplan (259), Department of Neurology, Johns Hopkins University

School of Medicine, Johns Hopkins Bayview Medical Center, Baltimore,

Maryland 21224, USA

W. Curt LaFrance, Jr., (347), Brown Medical School, Rhode Island Hospital,

Departments of Psychiatry and Neurology, Providence, Rhode Island 02903,

USA

Jason T. Lerner (215), David Geffen School of Medicine at UCLA, Mattel

Children’s Hospital at UCLA, Los Angeles, California 90095-1752, USA

John C. McHugh (11), Department of Neurology, Beaumont Hospital,

Dublin 9, Ireland

John Messenheimer (283), GlaxoSmithKline Research and Development,

North Carolina, USA

Georgia Montouris (329), Department of Neurology, Boston University Med-

ical Center, Boston, Massachusetts 02118, USA

Romila Mushtaq (157), Medical College of Wisconin, Milwaukee, Wisconin

53226, USA

Alison M. Pack (305), Columbia University, New York, NY 10032, USA

Page B. Pennell (227, 241), Emory Epilepsy Program, Emory University

School of Medicine, Atlanta, Georgia 30322, USA

Patricia E. Penovich (79), Minnesota Epilepsy Group PA, Department of

Neurology, University of Minnesota, Minnesota 55102, USA

Julian N. Robinson (273), Brigham and Women’s Hospital, Maternal-Fetal

Medicine, Bostan, Massachusetts 02115, USA

Raman Sankar (215), David Geffen School of Medicine at UCLA, Mattel

Children’s Hospital at UCLA, Los Angeles, California 90095-1752, USA

Raj D. Sheth (329), Department of Neurology, University of Wisconsin, Madi-

son, Wisconsin 53792, USA

Glen Stimmel (157), University of Southern California Schools of Pharmacy

and Medicine, Los Angeles, California 90089, USA



CONTRIBUTORS xv
Thaddeus S. Walczak (305), MINCEP Epilepsy Care, Minnea Polis, MN

55416, USA

Mark S. Yerby (181), North Pacific Epilepsy Research, Portland, Oregon

97210, USA

Mary L. Zupanc (91), Department of Neurology and Pediatrics, Division

of Pediatric Neurology, Pediatric Comprehensive Epilepsy Program, Chil-

dren’s Hospital of Wisconsin, Medical College of Wisconsin, Milwaukee,

Wisconsin 53226, USA



This page intentionally left blank



PREFACE
This book, ‘‘Epilepsy in Women: The Scientific Basis for Clinical Management,’’ was

inspired by the growing body of scientific information that has direct impact on

the care of women with epilepsy. For this book, we sought to answer a seemingly

simple question, that being ‘‘what is special about gender and antiepileptic drug

use?’’ To address this question, we have been fortunate enough to assemble a

panel of experts from both the basic neurobiological and pharmaceutical

sciences, as well as adult neurology, pediatric neurology, and obstetrics commu-

nities. Our charge to these authors was to summarize the current state of scientific

opinion, but yet provide the reader with pragmatic advice on the care of women

with epilepsy.

We recognized that there are a number of both basic physiological and clinical

issues that are quite specific to women. For example, gender may influence both

the neurobiology of seizures and the pharmacologic response to medication.

These same neurobiological considerations are clearly important when making

clinical decisions regarding antiepileptic drug (AED) treatment, particularly

with respect to issues surrounding sexuality, contraception, and reproductive

function. Importantly, clinical issues may change over the course of a woman’s

lifetime, and therefore we will also address issues such as catamenial epilepsy, psy-

chiatric comorbidities as well as unique considerations in both the adolescent

and mature woman. Recognizing that AED treatment may carry the potential

for metabolic adverse effects, this book will also address current perspectives

surrounding bone health, weight changes, and glucose and lipid metabolism.

A topic of critical interest to the medical community at large has been that of

teratogenicity and optimization of AED pharmacotherapy during pregnancy. As

discussed herein, management of epilepsy during pregnancy is multifaceted, with

scientific insight and data that is continually evolving. Three chapters discuss

aspects of teratogenesis of AEDs, including mechanisms, the role of pharmacoge-

nomics, and evidence from recent prospective, population-based studies regard-

ing the absolute and relative risks of AED teratogenesis. The influence of

physiological changes seen in pregnancy upon AED disposition is discussed not

only from a pharmacokinetic perspective but also from a clinical standpoint,

with particular attention paid to potential neonatal and fetal exposure to these

medications.

As with all provocative clinical summaries, more questions may be raised than

answered at times; such is the dynamic nature of science.
xvii



xviii PREFACE
The editors are awed by the generous expertise, perspicacity, and scientific

passion evident in the contributions to this book. We are also grateful for the bal-

anced yet personal perspective of each author, which lends true clinical nuance as

well as scientific evidence to the guidance provided. We hope that you find this

book both practical and provocative.

BARRY E. GIDAL

CYNTHIA L. HARDEN
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Female sex has been shown to be a risk factor for clinically relevant adverse

drug reactions. Is the increased risk due to sex diVerences in pharmacokinetics, in

pharmacodynamics, or did females receive more medications and higher mg/kg

doses than males? Recent studies suggest that all of the above may play a role.

Generally, males weigh more than females, yet few drugs are dosed based on

body weight. Drug concentrations are dependent on the volume of distribution

(Vd) and clearance (Cl). Both parameters are dependent on body weight for most

drugs independent of sex diVerences. Females have a higher percent body fat than

males which can aVect the Vd of certain drugs. Renal clearance of unchanged

drug is decreased in females due to a lower glomerular filtration. Sex diVerences

in activity of the cytochrome P450 (CYP) and uridine diphosphate glucuronosyl-

transferase (UGT) enzymes and renal excretion will result in diVerences in Cl.

There is evidence for females having lower activity of CYP1A2, CYP2E1, and

UGT; higher activity of CYP3A4, CYP2A6, and CYP2B6; and no diVerences in

CPY2C9 and CYP2D6 activity. Pharmacodynamic changes can aVect both the

desired therapeutic eVect of a drug as well as its adverse eVect profile. The most

widely reported sex diVerence is the higher risk in females for drug-induced long

QT syndrome, with two-thirds of all cases of drug-induced torsades occurring in
ier Inc.

served.

$35.00



2 ANDERSON
females. Females also have a higher incidence of drug-induced liver toxicity,

gastrointestinal adverse events due to NSAIDs, and allergic skin rashes.

In conclusion, at the minimum, it is important to take into account size and

age as well as co-morbidities in determining the appropriate drug regiment for

females, as well as males. There are still large gaps in our knowledge of sex

diVerences in clinical pharmacology and significantly more research is needed.
I. Introduction
Gender-based research has increased significantly in the last decade, identify-

ing significant diVerences in disease prevalence as well as pharmacokinetic and

pharmacodynamic diVerences in drug treatments. Female sex has been shown to

be a risk factor for clinically relevant adverse drug reactions with a 1.5- to 1.7-fold

greater risk of developing an adverse drug reaction compared to male patients

(Fattinger et al., 2000; Tran et al., 1998). Is this due to sex diVerences in pharma-

cokinetics (relationship between dose and concentration), diVerences in pharma-

codynamics (relationship between concentration and eVect), or do females just

receive more medications and higher mg/kg doses than males? Recent studies

suggest that all of the above may play a role.
II. Pharmacokinetics
A. SIZE MATTERS

Initial drug concentrations after a bolus dose or loading dose (C0), and

maximum peak concentrations (Cmax) are dependent on the volume of distribu-

tion (Vd) as shown in Eqs. (1) and (2), respectively. Average steady-state concen-

trations (Css) are dependent on clearance (Cl) as shown in Eq. (3). For the majority

of drugs, Vd and Cl are dependent on body weight; yet few drugs are dosed based

on body weight. Generally, males weigh more than females. Therefore, based on

diVerences in body weight alone, females often receive higher mg/kg doses which

results in higher concentration and drug exposure than males irrespective of other

pharmacokinetic diVerences described below.

C0 ¼ Dose

Vd
ð1Þ
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Cmax ¼ Dose

Vdð1� e�ðCl=VdÞtÞ ð2Þ

C ss ¼ F � ðD=tÞ
Cl

ð3Þ

The Food and Drug Administration (FDA) reviewed 300 new drug applica-

tions between 1995 and 2000 (http://www.fda.gov/fdac/features/2005/405_

sex.html). Of the 163 that included a sex analysis, 20% of drugs had a significant

sex diVerence in pharmacokinetics with 11 drugs having greater than a 40%

diVerence between males and females. Yet, no dosing recommendations were

made based on sex for any of the products. Based on a prospective drug

surveillance study of hospitalized patients, Domecq et al. (1980) estimated that

93% of the adverse reactions in females and 83% in males may be dose

dependent suggesting that the higher mg/kg doses females receive are clinically

significant.
B. ABSORPTION

There is limited evidence of sex diVerence in absorption and/or bioavailabili-

ty. In a small study evaluating the eVects of food on the absorption of enteric

coated aspirin, females had a significantly longer gastric residence time and a

significantly delayed absorption with a meal (Mojaverian et al., 1987). Females

have lower gastric alcohol dehydrogenase which results in an increased bioavail-

ability (percent absorbed) and significantly higher ethanol concentrations in

females compared to males receiving the same weight corrected amount (Frezza

et al., 1990).

Prior to 1993, women were rarely included in bioequivalence trials based on

the assumption that including women would result in significantly higher inter-

subject variability resulting in a need for a larger sample size. This resulted in the

sex-related analysis by the FDA of 26 bioequivalence studies including 94 data

sets (Chen et al., 2000). In over a third of the data sets, there was greater than a

20% sex-related diVerence in area under the concentration time curve (AUC) or

maximum concentration (Cmax). Weight correction alone reduced the diVerence
to 15% of the studies. For the drugs with sex-related diVerences, not adjusting for
weight resulted in 20–88% higher AUC in females compared to males. For drugs

with narrow therapeutic ranges and/or steep dose–concentration curves, this may

result in significantly increased adverse events in females compared to males.

Even within a group of females, not taking into account body weight can alter

eYcacy. Holt et al. (2005) found that if a woman was greater than 70.5 kg, she had
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a 1.6 greater risk of oral contraceptive (OC) failure. With a low dose OC and

weight greater than 86 kg, the relative risk increased to greater than 2-fold.
C. DISTRIBUTION

Females have a higher percent body fat than males, which can aVect the Vd of
certain drugs. For example, females have larger weight corrected Vd for diaze-

pam, midazolam, and vancomycin, and a smaller Vd for alprazolm and ethanol

(Anderson, 2005). Vd is important for determining loading doses [Eq. (1)] and can

aVect the Cmax, the elimination half-life (T1/2), and duration of eVect. For exam-

ple, a larger Vd will result in a decreased Cmax, an increased T1/2, and an

increased duration of eVect when the same dose is given to a female compared

to a male.

T1=2 ¼ 0:693� Vd

Cl
ð4Þ

D. METABOLISM

Sex diVerences in the activity of hepatic enzymes, drug transporters, and

renal excretion will result in diVerences in clearance (elimination). The most

common families of enzymes involved in drug metabolism are the cytochrome

P450 (CYP), uridine diphosphate glucuronosyltransferase (UGT), and N-acetyl-

transferase (NAT) enzymes. The primary function of the hepatic enzymes is

twofold; the metabolism of endogenous compounds, like steroids and the detoxi-

fication of exogenous compounds like drugs. CYP are a multigene superfamily of

enzymes primarily found in the liver, but also found in the gastrointestinal tract,

lungs, and kidneys to a lesser extent. The individual isozymes are composed of

three major families, CYP1, CYP2, and CYP3, with specific isozymes involved in

the hepatic metabolism of most drugs: CYP1A2, CYP2A6, CYP2B6, CYP2C8,

CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 (Wrighton and Stevens,

1992). The AEDs metabolized predominately by one or more CYPs include

carbamazepine (CYP3A4, CYP1A2, CYP2C8), diazepam (CYP2C19, CYP3A4),

ethosuximide (CYP3A4), and phenytoin (CYP2C9, CYP2C19). UGTs are a

group of isozymes located in the hepatic endoplasmic reticulum and consist of

two major subfamilies, UGT1 and UGT2 (Burchell et al., 1995). The UGT1

subfamily catalyzes the conjugation of a variety of xenobiotic phenols and

bilirubin, but generally do not catalyze steroid conjugation. UGT2 isozymes

primarily catalyze steroid and bile acid glucuronidation, but also drugs. The

UGT isozymes involved in the glucuronidation of lamotrigine and lorazepam are
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UGT1A4 and UGT2B7, respectively. The UGT isozymes responsible for conju-

gation of the MHD, the active metabolite of oxcarbazepine, have not been

identified.

The activity of hepatic enzymes is dependent on genetic, physiological, and

environmental eVects. Genetic polymorphisms in the expression of several CYP

enzymes are responsible for clinically significant eVects on the eYcacy and toxicity

of drugs predominately metabolized by the enzymes involved. The polymorph-

isms are genetically inherited as an autosomal recessive trait. As the genes

involved in the CYP proteins are not X-linked, the incidence of polymorphism

in the populations would not be expected to be sex dependent. However, genetics

also controls the amount (or activity) of the enzymes. There are sex-dependent

diVerences in the activity of the CYP and UGT enzymes. There is evidence for

females having lower activity of CYP1A2, CYP2E1, and the UGTs; higher

activity of CYP3A4, CYP2A6, and CYP2B6; and no significant diVerences in
CPY2C9, CYP2D6, and NAT2 activity (Anderson, 2005). There is also evidence

of an interaction between ethnicity and sex in the activity of CYP2C19 and

CYP2B6. The CYP2C19 activity in females has been reported to be higher or

lower than males dependent on the ethnicity of the population studied; however,

concurrent oral contraceptive use was not reported. Concurrent oral contracep-

tive use has been shown to decrease the activity of CYP1A2, CYP2B6, and

CYP2C19 and increase the activity of CYP2A6 and UGT and therefore may

be a confounder in the large population studies evaluating sex-dependent diVer-
ences. CYP2B6 activity was higher in females than males and was three- to

fivefold higher in Hispanic females than Caucasian or African American females

(Table I). Because of wide intersubject variability in the activity of the metabolic

enzymes, the clinical significance of the sex- and ethnic-dependent diVerence in

hepatic metabolism is not fully understood.
E. TRANSPORTERS

P-glycoprotein (Pgp) is a drug transporter protein belonging to the ATP-

binding cassette (ABC) membrane protein family. Functioning as a transmem-

brane pump, Pgp is a significant transporter in normal tissues, including the

placenta, brain, intestine, testes, the liver, and kidneys. Pgp decreases absorption

and increases the renal clearance of specific xenobiotics. Many substrates of

CYP3A4 are also substrates of Pgp and the contradictory sex diVerences found
with CYP3A4 have been hypothesized due to sex-dependent diVerences in Pgp

(Cummins et al., 2002). Pgp activity was significantly lower in livers obtained from

females compared to males in one study (Schuetz et al., 1995) but not others

(Wolbold et al., 2003).



TABLE I

SEX DIVERENCES IN HEPATIC ENZYMES, P-GLYCOPROTEIN, AND RENAL ELIMINATION

Sex eVect
EVect of oral
contraceptive

EVect of hormone replacement

therapy

P-glycoprotein F < M

CYP3A4 F > M

CYP2C9 F ¼ M

CYP2C19a – Inhibits

CYP2D6 F ¼ M

CYP1A2 F < M Inhibits Induces

CYP2A6 F > M Induces

CYP2B6 F > M Inhibits Inhibits

UGTs F < M Induces

NAT2 F ¼ M

Renal elimination F < M

aSex diVerences have been reported dependent on ethnicity of populations studied; however,

studies may be confounded by unreported oral contraceptive use.
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F. RENAL ELIMINATION

Renal clearance of unchanged drug is also decreased in females due to a lower

glomerular filtration rate. Glomerular filtration rate is 10% lower in females than

males after correction for body size and age (Gross et al., 1992). The oral clearance

of digoxin, a drug predominately eliminated by renal elimination, is 12–14% lower

in females than males. Digoxin is also a substrate for Pgp. As described above,

males may have higher amounts of Pgp than females, which would theoretically

also result in an increased bioavailability and decreased renal clearance in females.

A recent study demonstrated that females treated with digoxin for heart failure had

a higher rate of death compared to placebo; however, males did not (Rathore et al.,

2002). There was a small, but statistical diVerence in digoxin concentration in a

subset of the study population where concentrations were available. A post hoc

analysis of the trial demonstrated that these higher serum digoxin concentrations

were associated with increased mortality (Rathore et al., 2003).

Females also have decreased renal clearance of several types of antibiotics that

are predominately eliminated unchanged in the urine, including vancomycin,

ceftazidime, and cefepime (Anderson, 2005). Therefore, renal clearance of drugs

will be lower in females than males and lowest in older females (Schwartz, 2007).

Evaluating creatinine clearance and adjusting dose especially in older women

receiving AEDs eliminated predominantly by renal excretion (gabapentin, preg-

abalin, vigabatrin) is important to prevent adverse events.
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III. Pharmacodynamics
Pharmacodynamic changes can aVect both the desired therapeutic eVect of a
drug as well as its adverse eVect profile. For example, females have a higher

incidence of drug-induced liver toxicity, gastrointestinal adverse events due to

NSAIDs, allergic skin rashes, and drug-induced torsades.
A. LONG QT SYNDROME

The higher risk in females for drug-induced long QT syndrome is the most

widely reported sex diVerence. Two-thirds of all cases of drug-induced torsades

occur in females (Drici and Clement, 2001; Makkar et al., 1993). Female sex is

associated with a longer corrected QT (QTc) interval at baseline and a more

significant eVect of QTc prolonging drugs. For example, quinidine causes a 44%

higher change in the slope of the QTc interval in females compared to males

(Rodriguez et al., 2001). Studies in rabbits have suggested that the presence of male

sex hormones may be responsible for the shorter QT interval in males (Liu et al.,

2003). The presence of drugs that prolong the QT interval and/or induce torsade

de pointes with substantial evidence for a sex diVerence include amiodarone,

bepridil, disopyramide, ibutilide, quinidine, sotalol, erythromycin, pentamidine,

terfenadine, chlorpromazine, and pimozide (Drici and Clement, 2001).
B. IDIOSYNCRATIC REACTIONS

Skin reactions are the most frequently reported adverse drug reactions in both

males and females, with antibiotics responsible for the majority of reports

(Fattinger et al., 2000; Tran et al., 1998). Of the adverse drug reactions reported,

females report a higher incidence of rash than males. There is a higher use of

antibiotics in females. However, studies controlling for use still found a higher

incidence. In general, drug-induced rashes are considered idiosyncratic, that is,

not related to the pharmacology of the drugs and no obvious relationship to dose.

There are significant sex diVerences in immunoreactivity. Seventy-five percent of

those aVected by autoimmune diseases are women. Osteoarthritis, rheumatoid

arthritis, fibromyalgia eVect women disproportionately (Buckwalter and Lappin,

2000). Some disorders, like systemic lupus erythematosus (SLE), have a 9:1 female

to male ratio (Rider and Abdou, 2001). Women have stronger immune responses,

produce more antibodies and auto-antibodies (Whitacre et al., 1999). There is also

evidence that sex hormones influence the course of autoimmune diseases. For

example, SLE starts after puberty, fluctuates with menstrual cycle, and flares

during pregnancy (Rider and Abdou, 2001).
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The risk of drug-induced rash for nevirapine and efavirenz is six- to eightfold

higher in females than males (Umeh and Currier, 2005). In a study evaluating

patients with a history of penicillin allergy, of sixty-four patients with a positive

penicillin skin test, 83% were females (Park et al., 2007). Female patients receiving

lamotrigine had a 1.8-fold higher risk of developing a rash than males (Wong et al.,

1999). The incidence of carbamazepine rash was not found to be higher in females

in small clinical studies (Konishi et al., 1993; Kramlinger et al., 1994). In a large-

scale study evaluating the predictors of AED-induced rash that occurred in 262 of

1649 patients receiving AEDs, female sex was a predictor of rash in the univariate

analysis (twofold higher risk); however, in the multivariant analysis, only the

history of another AED rash was statistically significant (Arif et al., 2007). The

rate of rash was five times greater in patients with a history of another AED rash.

Drug-induced liver disease is the most frequent adverse drug reaction leading

to withdrawal of a drug from the market. Seventy-four percent of drug-induced

acute liver failure occurs in females (Miller, 2001; Zimmerman, 2000). None of

the AEDs are direct hepatotoxins. Generally, hepatoxicity with carbamazepine,

phenytoin, and lamotrigine occurs as part of a hypersensitivity syndrome also

consisting of fever, rash, lymphadenopathy, and eosinophilia (Dreifuss and

Langer, 1987; Overstreet et al., 2002). Valproate therapy is associated with a

transient elevation in liver function test in 15–30% of patients and a rare, fatal

hepatotoxicity not associated with hypersensitivity (Dreifuss et al., 1987). In

contrast to non-AED-induced toxicity, liver toxicity due to AEDs does not appear

to occur preferentially in females.
IV. Conclusions
Despite mandates by the National Institutes of Health (NIH) and FDA

requiring the inclusion of women and minorities in clinical studies, the analysis

of outcome is not carried out consistently with only a small percentage of studies

analyzed by sex (Vidaver et al., 2000). There are still large gaps in our knowledge

of sex diVerences in clinical pharmacology. At a minimum, it is important to take

into account size (body weight) and age as well as co-morbidities in determining

the appropriate drug regiment for both males and females.
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Epilepsy is a common disease. The cumulative lifetime risks for epilepsy and

for any unprovoked seizure are 3.1% and 4.1%, respectively, in industrialized

countries. Estimates of annual incidence of epilepsy are as high as 43 cases per

100,000 of the population in so-called developed countries, and are almost double

this figure in the developing world. Within this there is a growing appreciation of

gender diVerences in the epidemiology of epilepsy and of specific epilepsy

syndromes.

In 1993, the International League Against Epilepsy (ILAE) proposed simpli-

fied classification guidelines to facilitate epidemiologic work in epilepsy, and to

allow meaningful comparison between studies undertaken at diVerent times and

in diVerent parts of the world. Since then, a number of national studies have been

completed, adding to the existing data of already well-established databases such

as the Rochester Epidemiology Project.

There is broad agreement between studies that females have a marginally

lower incidence of epilepsy and unprovoked seizures than males. This diVerence is
usually attributed to males’ greater exposure to risk factors for lesional epilepsy

and acute symptomatic seizures. On the other hand, idiopathic generalized

epilepsies (IGEs), which may represent some 15–20% of all epilepsies, are more

common among females. Also, the behavior of some common epilepsy syndromes
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such as mesial temporal sclerosis may diVer between genders with isolated auras

more common among females and secondary seizure spread more likely in males.

Trends toward gender diVerences are also seen in other important aspects of

epilepsy. These include the incidence of status epilepticus (more common in men),

incidence of sudden unexpected death in epilepsy (SUDEP), prognosis, and

mortality.
I. Introduction
Over the last number of decades, a pattern has emerged in relation to gender

diVerence in the epidemiology of epilepsy worldwide. It appears overall that

epilepsy is slightly more common in males than in females. Beyond this, however,

it seems that certain epilepsy syndromes have a greater association with females,

and that sometimes the same epilepsy syndrome may behave diVerently in women

than in men. This has implications both for prognosis and for our understanding

of seizure pathophysiology. Before going into details of these interesting diVer-
ences, it is important to briefly review the classification of epilepsy, and to explain

some methodological principles that are important in interpreting epidemiologic

studies of epilepsy.
II. Classification of Epilepsy and Seizures
Classification of seizures and epilepsy syndromes is an important part of

clinical work. Appropriate classification relies on detailed history and a collateral

account, neurologic examination, and the interpretation of specialized tests—

notably electroencephalography (EEG) and neuroimaging. Accurate classification

allows for optimal medical therapy of a seizure disorder and provides important

prognostic information for the patient. From an etiological viewpoint, classifica-

tion and ‘‘phenotyping’’ of epilepsies is an essential step in the process of under-

standing the pathophysiology of diVerent epilepsy syndromes, particularly in

relation to genetic research. The classification used most commonly in clinical

practice is the International League Against Epilepsy (ILAE) classification of

epileptic seizures (1981) and of epilepsy syndromes (1989), which are based on

both clinical and EEG information. From an epidemiologic perspective, there are

a number of limitations associated with the 1981 and 1989 classifications, notably

the requirement for EEG. This has restricted their use and has led to their

misapplication in a number of epidemiologic reports, prompting the ILAE to
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prop ose new simp lified gu idelines, w hich do not re quire EEG (Commis sion on

Epide miology an d Pr ognosis, ILAE, 1993 ).

In 1993, the ILAE proposed guidelines for the classification of epilepsy for the

purposes of epidemiologic studies. In this document, they provided clear consen-

sus definitions of a number of important basic terms including seizure, epilepsy,

and status epilepticus. They further defined the concepts of ‘‘active’’ epilepsy as

well as ‘‘epilepsy in remission (with and without medication).’’ They outlined a

simple schema for the classification of seizures, and the presentation of risk factors

in epidemio logical w ork (see Fig. 1).

In the epidemiologic classification, seizures are classified as either partial or

generalized. Seizures are said to be ‘‘unclassified’’ if insuYcient information exists

to determine if the onset was focal or generalized. Epilepsies are grouped accord-

ing to etiology, which may be known or unknown, and may be associated with a
Seizure-type classificationA

Simple partial Complex partial Unknown type

Partial

Tonic-clonic
(tonic or clonic)

myoclonic
absence

Generalized** Unclassified

Seizure*

*Based on history, seizure semiology, and neurological examination.
**When seizures are secondarily generalized, they should be referred to as partial seizures. 

B Seizure or epilepsy risk factor/etiology

Provoked
(Acute symptomatic, or

situation-related)

Static etiology
e.g.stroke, head injury

Evolving etiology
(progressive neurologic

condition)

Known etiology
(Remote symptomatic

epilepsy)

Cryptogenic epilepsy* Idiopathic epilepsy**

Unknown etiology

Unprovoked

Seizure or epilepsy

*Cryptogenic epilepsy includes both partial and generalized epilepsies, where no cause has been found and
the syndrome does not satisfy criteria for an idiopathic epilepsy **Idiopathic epilepsy – this refers to a group
of epilepsy syndromes that are defined by strict clinical and electrographic criteria as defined by the ILAE (1989)

FIG. 1. ILAE classification of (A) seizures and (B) etiologic risk factors in the 1993 Guidelines for

Epidemiologic Studies in Epilepsy.
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static or an evolving neurological condition. The ILAE report appends lists of risk

factors for each of these etiological groups. For unknown etiologies, a distinction is

made between idiopathic epilepsies (a strictly defined group of epilepsies with a

presumed genetic basis) and cryptogenic epilepsies (see Fig. 1). A number of

epidemiologic studies have now been completed using this scheme and will be

discussed below.
III. Methodology of Epidemiologic Studies in Epilepsy
A number of problems have been described in relation to published epidemio-

logic studies of epilepsy (Sander and Shorvon, 1987). Broadly, these center around

problems of case ascertainment and nonuniformity of case definition. This relates to:

the definition of epilepsy itself (oftennot stated in studies); the inclusionor exclusionof

febrile, neonatal, or acute symptomatic seizures; classification of same-day seizures as

single or multiple events; and definition and inclusion of ‘‘active epilepsy’’ versus

‘‘epilepsy in remission.’’ Another problem is inaccurate classification of seizure

syndromes (see above), which is often evidenced in published studies by the suspi-

ciously low number of ‘‘unclassified’’ seizures in the results (Sander and Shorvon,

1987).Many studies areunclear as to the level of investigationundertaken to establish

etiology for seizures, which clearly aVects the accuracy of classification. Problems

relating to the misuse of basic epidemiologic measures have also been criticized

(Commission on Epidemiology and Prognosis, ILAE, 1993).

A systematic review and quantitative meta-analysis of all incidence studies

published between 1966 and 2002 in relation to epilepsy and unprovoked seizures

found that variation in methodology (and in subsequently published incidence

rates) was high among the studies, and that overall methodological quality was

low (Kotsopoulos et al., 2002). It is for these reasons that one must be vigilant when

viewing and comparing studies of epilepsy epidemiology. The discussion below on

gender diVerences is made in the light of these comments, and a glossary of

terminology is included at the end.
IV. Gender Differences in Epidemiology of Epilepsy
A. INCIDENCE OF EPILEPSY

Incidence studies are especially useful in epilepsy epidemiology because they

give information on etiology and prognosis of epilepsy and seizures. They are

methodologically demanding however, and are ideally planned prospectively or
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are derived from rigorously maintained population-based records such as the

database of the Rochester epidemiologic project in Minnesota.

The estimated median incidence of epilepsy is 43.4/100,000 among indus-

trialized countries and 68.7/100,000 in the developing world according to a

recent meta-analysis (Kotsopoulos et al., 2002). The Rochester data show a

cumulative incidence of 3.1% for epilepsy up to 74 years of age, and of 4.1%

for an unprovoked seizure of any kind. Age-specific incidence figures demonstrate

bimodal distribution in industrialized countries with an initial peak in childhood

and a later peak after the age of 55. In industrialized countries, the highest

incidences are now seen in people over 75 years of age, reflecting improvements

in care of the elderly (Hauser et al., 1993) (Fig. 2). This ‘‘U-shaped curve’’ is not a

feature in developing countries, where higher rates of epilepsy are found in

children and young adults with relatively lower incidences in the elderly (Mac

et al., 2007; Medina et al., 2005).

It appears worldwide that females have a marginally smaller annual incidence

of epilepsy than males: 46.2 and 50.7/100,000, respectively, in the review by

Kotsopoulos et al. (2002). This gender diVerence may be multifactorial but it is

usually attributed to the greater exposure of males to risk factors for remote

symptomatic epilepsy and acute symptomatic seizures, particularly head injury,

stroke, and CNS infection. Alcohol-related seizures and remote alcohol-related

epilepsies are also significantly more common in men, and account for much of

this gender diVerence as observed in two studies from Jallon and colleagues in

Geneva and in the Island of Martinique ( Jallon et al., 1997, 1999).

The EPIMART and EPIGEN studies were both year-long prospective inci-

dence studies based on the 1993 ILAE epidemiologic classification. They have

similar methodologies and are therefore appropriate to compare. EPIGEN was a
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FIG. 2. Age- and gender-specific incidence/100,000 of epilepsy in Rochester, Minnesota, 1935–

1984. Total (solid circles), male (plus signs), female (stars). From Hauser et al. (1993).
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16 MCHUGH AND DELANTY
Swiss project centered around Geneva, and EPIMART was conducted on the

French Caribbean Island, Martinique ( Jallon et al., 1997, 1999). Both studies

revealed a greater incidence of acute symptomatic seizures and epilepsy in male

patients. Age-adjusted incidence of first seizure, which included both provoked

and unprovoked seizures, was 56.8/100,000 population for women, and 88.4/

100,000 for men in EPIGEN (Fig. 3), with a twofold increased incidence of male

epilepsy in EPIMART. Alcohol was associated with 18% of the total number of

seizures in EPIMART and 13% in EPIGEN. In EPIMART, alcohol withdrawal

accounted for 30.1% of provoked seizures (69.8% of them in males), and chronic

alcoholism was identified as a contributing cause of 48.6% of unprovoked seizures

of remote-symptomatic etiology.

Table I summarizes the findings of the EPIMART, EPIGEN, and EPI-

SOUSSE (a pediatric incidence study from Tunisia) reports and compares them

to the incidence of unprovoked seizures in Rochester, Minnesota.

It is interesting that the studies from Rochester found a male predominance

both for generalized and partial epilepsies, although epilepsies characterized by

absence seizures were more common in females (Figs. 4 and 5). Most recent

reports would challenge this early finding, and will be discussed below.

How does age-specific incidence vary between genders? In the Rochester

study, the pattern of age-adjusted incidences was similar for males and females,

with a slight female excess observed within the first five years of life, and a male

excess thereafter with the widest gender gap observed in the oldest age groups



TABLE I

GENDER DIFFERENCES IN FOUR STUDIES OF FIRST SEIZURE ONSET

Incidence of first seizure per 100,000

Male Female All

Hauser et al. (1993)a 49 41 44

Jallon et al. (1997) Switzerland 88.4 56.8 69.4

Jallon et al. (1999) Martinique 107.6 55.4 80.5

Dogui et al. (2003) Tunisia 103.8 100.4 102.1

aThe study of Hauser et al. excludes acute symptomatic seizures.
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FIG. 4. Age- and gender-specific incidence/100,000 of generalized onset epilepsy in Rochester,

Minnesota, 1935–1984. Total (solid circles), male (plus signs), female (stars). From Hauser et al. (1993).
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FIG. 5. Age- and gender-specific incidence/100,000 of partial epilepsy in Rochester, Minnesota,

1935–1984. Male (plus signs), female (stars). From Hauser et al. (1993).
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consistent with the greater risks for lesional epilepsy in elderly males. Within this,

generalized epilepsies are more common in females in the first year of life, after

which incidences for both genders converge and remain similar until 45 years,

when a slight male excess becomes apparent (Fig. 4). Generalized epilepsy

syndromes characterized by absence seizures were diagnosed typically in child-

hood and early adulthood, as was the greatest incidence of generalized myoclonic

epilepsies. Generalized epilepsies with first presentation in the adult and elder

populations were mostly characterized by generalized tonic–clonic seizures alone.

Partial epilepsies are similarly sex distributed during childhood and early adult-

hood but incidence again becomes higher in males after the age of 65 (Fig. 5).
B. PREVALENCE OF EPILEPSY

Prevalence studies provide information on disease burden within a population

and are useful for planning health care and resource planning. There are more

published epilepsy prevalence studies than incidence studies in the literature.

Generally, case ascertainment is easier for prevalence than for incidence studies,

but their methodologies are often flawed (Sander and Shorvon, 1997).

Estimates of epilepsy prevalence in the developed world vary between 4 and

10 per thousand of population ( Jallon, 1997). In the developing world, they range

from 17 to 57/1000 in South America, 5.2 to 43/1000 in African countries, and

from 1.5 to 14/1000 in Asia (Mac et al., 2007). In the majority of studies, a slight

male preponderance is once again seen. Table II summarizes a selection of

gender-specific prevalence studies from Europe and Asia.
C. GENDER DIFFERENCES IN SPECIFIC EPILEPSY SYNDROMES

While the small overall preponderance of epilepsy in males seems well estab-

lished, it has recently been realized that the group of idiopathic generalized

epilepsies (IGEs) is more common in females (Christensen et al., 2005). IGEs

(formerly considered as primary generalized epilepsies) are an overlapping

group of epilepsy syndromes that are defined by strict clinical and electrographic

criteria. They are generally believed to have an underlying genetic causation

( Jallon and Latour, 2005). IGEs probably represent 15–20% of all epilepsy

syndromes although it is recognized that they are often misclassified in popula-

tion-based epidemiologic studies due to lack of EEG data. A summary of IGE

syndromes is presented in Table III.

Although it is diYcult to establish consistent incidence and prevalence figures

for IGEs, a female predominance has been shown in several studies. Childhood

absence epilepsy (CAE) is generally reported to be 2–5 times more common in



TABLE II

PREVALENCE (PER 1000) OF EPILEPSY BY GENDER IN EUROPE AND ASIA

Country Males Females Age

Italy 5.5 4.9 All ages

Iceland 5.2 4.3 All ages

China 3.6 2.5 All ages

Turkey 8.7 6.3 All ages

India 4.4 3.4 All ages

Pakistan 9.2 10.9 All ages

Nepal 6.8 7.9 All ages

India 5.9 5.5 All ages

Finland 7.4 5.2 Adults

Sweden 5.8 5.3 Adults

Estonia 6.9 4.0 Adults

Estonia 3.8 3.2 Children

Sweden 4.0 4.5 Children

Norway 6.0 4.2 Children

Finland 4.1 3.8 Children

Lithuania 4.7 3.8 Children

Singapore 3.5 3.5 Children

After Forsgren et al. (2005a) and Mac et al. (2007). Note that methodologies diVer widely among

studies and that the chosen European prevalences are for cases of ‘‘active’’ epilepsy.

TABLE III

IDIOPATHIC GENERALIZED EPILEPSY (IGE) SYNDROMES

Idiopathic generalized epilepsy syndromes

� Childhood absence epilepsy (CAE)
� Juvenile absence epilepsy ( JAE)
� Juvenile myoclonic epilepsy ( JME)
� Epilepsy with generalized tonic–clonic seizures on awakening (EGTCA)
� Idiopathic generalized epilepsy with tonic–clonic seizures only (IGTC)
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females: 2.5% of epilepsy syndromes in boys compared to 11.4% in girls, in the

Norwegian prevalence study by Waaler et al. (2000). Both juvenile absence

epilepsy ( JAE) and juvenile myoclonic epilepsy ( JME) are more common

among females than males, and a report from Denmark by Christensen and

colleagues showed significant gender diVerences for IGE using two separate

population-based databases. He showed that JAE was three times more common

in females, whereas JME was 1.5 times more common in females than males.

These workers also noted that the female predominance for IGE was maximal

between the ages of 15 and 50 years suggesting that sex hormones may be
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responsible for the diVerence, which therefore decline following menopause. One

retrospective study reported a significant association between female gender and

epilepsy with generalized seizures upon awakening (Mullins et al., 2007).

For focal epilepsies, Briellman et al. (1999)reported an equal gender distribu-

tion of hippocampal sclerosis between males and females. However, Janszky et al.

(2004) reported that the expression of focal epilepsy due to mesial temporal

sclerosis is diVerent in females than in males; with females more likely to experi-

ence isolated auras than males, and males more likely to have secondary generali-

zation of seizures. They also found that electrographic lateralization of seizures

was more likely to be ipsilateral to the side of hippocampal sclerosis in female

patients. Although there is no clear mechanistic explanation for this, it suggests a

gender-specific diVerence in seizure threshold which correlates with the observa-

tion that generalized tonic–clonic seizures (although not IGEs) are more common

in men (Hauser et al., 1993).
D. PROGNOSIS IN EPILEPSY

Prognosis in epilepsy relates both to the likelihood of premature death and to

the likelihood of remission from seizures. The National General Practice Study of

Epilepsy (NGPSE) was a large prospective population-based study in the UK,

which began in 1984 and ascertained all cases of first seizure from primary care

attendances and case records (Cockerell et al., 1997). After six months, patients

were classified as having definite epilepsy (based on a history of recurrent seizures

preceding the index seizure and review of medical records), or probable epilepsy.

There was excellent retention of the overall study population over 9 years of

follow-up with only 33 of 792 patients completely lost to follow-up in this time.

For those patients with definite epilepsy, 86% had achieved a 3-year remission

from seizures, and 68% a 5-year remission, with over half of all patients showing

evidence of a so-called ‘‘terminal remission’’ from seizures at 9 years (i.e., they

remained in remission of 5 years or more at the 9-year follow-up mark). It is

presumed that a majority of these patients were in remission with antiepileptic

drug (AED) treatment. Epilepsy characterized by generalized seizure types and

epilepsy without known cause (including both cryptogenic and idiopathic epilep-

sies) had a greater proportion of remission. Gender was not reported as a signifi-

cant outcome variable in this study.

One retrospective review identified a poorer prognosis for female patients

following surgery for temporal lobe epilepsy (Burneo et al., 2006). This finding

should be viewed cautiously, however, as it was identified retrospectively as a

consequence of multiple comparisons within the same data set and has not been

replicated in any other study.
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E. MORTALITY IN EPILEPSY

Studies of mortality in epilepsy show that there is an increase in mortality in

patients with epilepsy relative to a normal control population. This increased risk

varies but is generally between two- and threefold in community-based popula-

tion studies. Higher risk is identified for subgroups of patients with severe epilepsy

and for those with remote symptomatic epilepsy, and the highest mortality risk is

seen among children with epilepsy and neurological disability from birth [stan-

dardized mortality ratio (SMR) up to 50 in diVerent studies] (Forsgren et al., 2005b).
The age-specific distribution for mortality risk in epilepsy resembles the ‘‘U-

shaped’’ curve for incidence with bimodal peaks reflecting high mortality in the

elderly, and in very young children, mainly due to underlying disease. Excess

mortality risk in epilepsy is accounted for by diVerent factors and includes both

seizure-related and non-seizure-related causes and is greater for males than

females (Table IV). Cerebrovascular disease, heart disease, accidents, neoplasms

(including non-primary brain tumors), and pneumonia are all important causes of

death associated with epilepsy. The risk of suicide is increased among patients

with epilepsy and may be particularly so among the newly diagnosed. One

population-based study in Iceland identified an almost sixfold increased risk for

suicide in men but not women (Rafnsson et al., 2001).

Sudden unexpected death in epilepsy (SUDEP) is the most common seizure-

related cause of death in adolescence and young adulthood and accounts for 7–

17% of deaths among all patients with epilepsy in this age group. The incidence of

SUDEP appears to be 1–2/1000 in most hospital-ascertained cohorts of chronic

epilepsy, with higher rates observed in presurgical and refractory groups. A lesser

incidence is observed in population-based incidence cohorts of epilepsy, which

generally include milder cases. Despite early reports suggesting a male prepon-

derance of SUDEP, most recent studies do not show a gender diVerence for the
TABLE IV

MORTALITY IN POPULATIONS WITH EPILEPSY BY GENDER

Country, year (reference) Males SMR (95% CIa) Females SMR (95% CIa)

Warsaw, Poland, 1974 (4) 20 (NR) 1.4 (NR)

Rochester, Minnesota, USA, 1980 (5) 2.1 (1.5–2.8) 1.6 (1.1–2.2)

United Kingdom, 1994 (6) 2.7 (NR) 3.4 (NR)

Iceland, 1997 (7) 1.4 (0.9–2.2)b 1.0 (0.4–2.2)b

Sweden, 2000 (9) 2.7 (1.8–3.9) 2.3 (1.4–3.7)

a95% confidence interval.
bIdiopathic cases.

From Forsgren et al. Epidepsia 2005, 46: 18–27.

NR, not reported; SMR, standardized mortality ratio.
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incidence of SUDEP. A greater number of male SUDEP cases ware identified in

the study of Nilsson and colleagues but specific incidence of SUDEP was equal

for men and women (1.4/1000/year) when the case number was compared to

the total patient population (in which there also existed a greater number of

males). The greater number of male cases in this study possibly relates to ascer-

tainment bias in that cases were ascertained from patients admitted to hospital,

and the authors speculate that other disorders leading to admission (such as

alcoholism, which is more common in males) may account for the gender

diVerence.
Important risk factors for SUDEP include seizure burden and age at onset of

epilepsy. A tenfold increased risk of SUDEP is seen among patients, who have

more than 50 seizures per year, when compared to those with less than two

seizures a year. Early onset of epilepsy is associated with an eightfold increased

risk of SUDEP than late-onset disease. Frequency of AED dose changes, and the

extent of AED polytherapy is an independent risk factor for SUDEP. The former

association appears to be stronger for females than for males, whereas age of onset

and seizure frequency are weaker risk associations in females than in males

(Nilsson et al., 1999). One risk factor that was exclusive to females in Nilsson’s

study was co-prescription of neuroleptic drugs, which conferred a tenfold risk

increase in women but not in men.
F. STATUS EPILEPTICUS

The incidence of status epilepticus is lower in females than in males. This has

been shown in a number of studies, notably in a retrospective population-based

incidence study from Rochester, and a prospective population-based study from

Switzerland (HesdorVer et al., 1998). In the study of Coyetaux et al. (2000) from

Switzerland, the age-adjusted rate for status epilepticus was 7.8/100,000 for

females and 12.1/100,000 for males. This is lower than the incidence in Roche-

ster (18.3/100,000), where again the rate was almost two times higher in males

than females (Fig. 6).

The predominant etiology for status epilepticus in both studies was acute

symptomatic seizures, and the major seizure syndrome was focal. HesdorVer and
colleagues proposed that the greater incidence of status epilepticus in men could

be partially explained by this fact, as men are at greater risk of acute symptomatic

and remote symptomatic insults (cerebrovascular disease, head trauma, alcohol-

ism, CNS infections) than women. The authors also speculated upon a gender

diVerence in seizure threshold possibly mediated by the GABA-sensitive substan-

tia nigra, which is under the influence of sex hormones, and which may be

involved in the expression of seizures.
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FIG. 6. Age-specific incidence of status epilepticus by gender in Rochester, Minnesota, 1965–1984.

From HesdorVer et al. (1998).
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V. Summary
In summary, epilepsy is overall slightly more common in males than in

females, largely relating to males’ greater risk exposure to causes of lesional

epilepsy. Mortality is also increased for males than females, although SUDEP

appears to have an equal gender incidence. IGEs are more common in females.
Glossary
Given the stated importance of accurate and consistent terminology within epide-

miological studies a glossary of terms is included here, which comprises selected

clinical and epidemiological concepts referred to within this chapter. The defini-

tions are reproduced from the 1997 report of the ILAE commission on epidemiolo-

gy and prognosis in epilepsy. Terms that have been clearly defined in the main text

are omitted.

Status epilepticus: A single epileptic seizure >30 min in duration or a series of

epileptic seizures during which function is not regained between ictal events in

more than 30-min period.

Active epilepsy: A prevalent case of active epilepsy is defined as a person with

epilepsy who has had at least one epileptic seizure in the previous 5 years,

regardless of AED treatment. A case under treatment is someone with the

diagnosis of epilepsy receiving AEDs on prevalence day.

Epilepsy in remission with treatment: A prevalent case of epilepsy with no seizures for

25 years with AED treatment at the time of ascertainment.
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Epilepsy in remission without treatment: A prevalent case of epilepsy with no seizures for

25 years and without AED treatment at the time of ascertainment.

Single or isolated seizure: One or more epileptic seizures occurring in a 24-h period.

Generalized seizures: A seizure is considered generalized when clinical symptomatolo-

gy provides no indication of an anatomic localization and no clinical evidence of

focal onset. The three main subtypes are generalized convulsive seizures,

generalized nonconvulsive seizures, and myoclonic seizures.

Partial seizures: A seizure should be classified as partial when there is evidence of a

clinical partial onset, regardless of whether the seizure is secondarily generalized.

Unclassified seizures: The term unclassified seizures should be used when it is impossi-

ble to classify seizures owing to lack of adequate information.

Idiopathic epilepsies: The term idiopathic is used herein as defined by the ILAE and

must be reserved for certain partial or generalized epileptic syndromes with partic-

ular clinical characteristics and with specific EEG findings and should not be used

to refer to epilepsy or seizures without obvious cause.

Cryptogenic epilepsies: The term cryptogenic is used to include partial or generalized

unprovoked seizures or epilepsies in which no factor associated with increased risk

of seizures has been identified. This group includes patients who do not conform to

the criteria for the symptomatic or idiopathic categories.

Incidence: The number of new cases of epilepsy occurring during a given time

interval, usually 1 year, in a specified population.

Cumulative incidence: The individual’s risk of developing epilepsy by a certain time, for

example, the time a specified age is reached.

Point prevalence: The proportion of patients with epilepsy in a given population at a

specified time (usually a specific day: the prevalence day). Inclusion criteria should

be specified (i.e., active epilepsy, epilepsy in remission with treatment, epilepsy in

remission without treatment).

Period prevalence: The proportion of patients with epilepsy in a given population

during a defined time interval (e.g., 1 year).

Standardized mortality ratio: The ratio of observed number of deaths in a population

with epilepsy to that expected based on the age- and sex-specific mortality rates in a

reference population.
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There are sex diVerences and eVects of steroid hormones, such as androgens,

estrogens, and progestogens, that influence seizures. Androgens exert early orga-

nizational and later activational eVects that can amplify sex/gender diVerences in

the expression of some seizure disorders. Female-typical sex steroids, such as

estrogen (E2) and progestins, can exert acute activational eVects to reduce convul-

sive seizures and these eVects are mediated in part by the actions of steroids in the

hippocampus. Some of these anticonvulsive eVects of sex steroids are related to

their formation of ligands which have agonist-like actions at �-aminobutyric acid

(GABAA) receptors or antagonist actions at glutamatergic receptors. DiVerences

in stress, developmental phase, reproductive status, endocrine status, and treat-

ments, such as anti-epileptic drugs (AEDs), may alter levels of these ligands and/

or the function of target sites, which may mitigate diVerences in sensitivity to,
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and/or tolerance of, steroids among some individuals. The evidence implicating

sex steroids in diVerences associated with hormonal, reproductive, developmen-

tal, stress, seizure type, and/or therapeutics are discussed.
I. Introduction
Steroid hormones can influences seizures. In support, there are gender-

dependent discrepancies in the incidence of some seizure disorders. Furthermore,

the occurrence of some epileptiform activity in women is greatest during times of

hormonal flux, as during the premenstrual and perimenopausal periods, suggest-

ing that gender diVerences in brain structure or gonadal steroids may mitigate

vulnerability to seizures.

It is important to understand the role of steroids in seizure disorders. Anti-

epileptic drugs (AEDs) are the most common treatment for epilepsy. Use of AEDs

enable about 60% of people to remain seizure-free, another 20% achieve partial

control of seizures, but the remaining 20% are not responsive to AEDs (Shorvon,

1996). New therapeutic approaches are needed as adjunctive therapies for those

that are resistant to the existing AEDs and to help those with intractable epilepsy

achieve control. As such, steroids may represent an important therapeutic target.

Thus, this chapter reviews some of the basic neurobiological findings about the

role of steroids in seizure processes.

Investigators hoping to understand the nature of these diVerences have

attempted to develop animal models looking at the eVect of sex/gender and

gonadal hormone milieu on seizures. In studies using rats as a model, females

typically exhibit less ictal-like behavior than do their male conspecifics. However,

in studies where eVects are determined in relation to day of estrus, reductions in

seizures occur during the afternoon of proestrus, when the ovarian hormones,

estrogen (E2) and progesterone (P4), are at their peak, rather than in diestrous

when these same hormones are at their lowest. For example, proestrous females

show reduced kainic acid and/or pentylenetetrazol (PTZ)-induced seizures than

do diestrous females or males (Frye and Bayon, 1998a, 1999c; Rhodes and Frye,

2004a). These data, in addition to findings from human and animal studies that

there are opposing eVects of E2 (proconvulsant) and P4 (anticonvulsant) on

seizures, suggest that attenuation of epileptiform activity during proestrus may

be due in part to high endogenous levels of E2 and P4, each of which can modulate

specific neurotransmitter systems known to mediate seizures. Levels of these

hormones fluctuate throughout the menstrual cycle, and, in some women with

epilepsy, these fluctuations may be related to the occurrence of seizures around

the time of menses or an increase in seizures in relation to the menstrual cycle,
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also known as catamenial epilepsy. Thus, the nature of E2 and P4’s eVects on
seizures will be discussed further in this chapter.

Given that organizational sex/gender diVerences and activation by gonadal

steroids play an important role in mediating seizure status, the next question

becomes where in the brain are these eVects manifested. The most common type

of epilepsy, temporal lobe epilepsy (McNamara, 1994), involves the amygdala and

the hippocampus (Lothman et al., 1991). Animal models of pilocarpine-induced

seizures produce neuropathology very similar to that observed in people, includ-

ing status epilepticus (SE) and damage to the hippocampus, amygdala, and

entorhinal cortex (Bruton et al., 1994; Covolan and Mello, 2000; Fujikawa,

1996; Margerison and Corsellis, 1966; Turski et al., 1983). These brain regions

are sensitive to hormones, trophic eVects of hormones are observed in these

regions, and these regions also have steroid receptors (Hagihara et al., 1992;

Leranth et al., 2003; Meyer et al., 1978; Simerly et al., 1990; Shughrue et al.,

1997; Weiland et al., 1997). Although steroid receptors have been localized to

these regions, there may be steroid receptor-dependent and -independent eVects
that are relevant for steroid modulation of ictal processes.

What are some of the actions that steroids may exert in these and other brain

regions to influence seizures? Steroid hormones have several diVerent mechan-

isms in the central nervous system (CNS). First, there is the classical genomic

mechanism in which the steroids bind to intracellular steroid receptors. Steroids

can have traditional actions through their cognate intracellular receptors to

mediate gene transcription, DNA, and posttranscriptional processes, such as

protein synthesis (McEwen and Woolley, 1994). The classical hormone nuclear

receptors for E2 and P4 are present in neurons and uniquely distributed in limbic

and hypothalamic regions of the brain (PfaV et al., 1976). For E2, both a and �
isoforms of the E2 receptor have been identified in the human brain (Osterlund

et al., 2000a,b). In animal studies, these receptor isoforms have been localized

throughout the brain and specifically to regions involved in memory/learning and

reproductive behaviors, such as the hippocampus and hypothalamus (Shughrue

et al., 1997). Second, more recent research has demonstrated that steroids can also

produce rapid eVects on excitability and synaptic function through direct mem-

brane mechanisms, such as ligand-gated ion channels and neurotransmitter

transporters (Boulware et al., 2005; Wong et al., 1996). One of the diVerences
between actions involving the classical genomic mechanism and the membrane

actions of steroids is that actions at cognate steroid receptors involve a response

time on the order of several minutes, hours, or days, unlike membrane mecha-

nism, which can occur within seconds to minutes.

This chapter discusses the influence of hormones in epilepsy with an emphasis

on female-typical sex steroids. First, evidence that androgens may exert early

organizational and activational eVects that give rise to sex/gender diVerences in
the expression of some seizure and/or developmental disorders is discussed.



30 CHERYL A. FRYE
Second, findings that E2 and progestins may have acute activational eVects on
seizures are presented. Third, the potential substrates (brain areas and mechan-

isms within them) that mediate the eVects of these female-typical sex steroids on

seizures are described. Fourth, findings relevant for hormone-replacement thera-

pies are summarized. Fifth, possible reasons for diVerences in sensitivity and/or

tolerance to steroids among some individuals, and with reproductive status, are

discussed. Sixth, eVects of steroids in absence epilepsy versus convulsant seizures

are considered. Finally, the relevance of these findings for treatments strategies, in

particular AEDs, are mentioned. Although some results of relevant clinical studies

are described as appropriate, the emphasis of this chapter is on the basic research

regarding the neurobiological eVects of female-typical sex steroids on seizures.
II. Organizing Effects of Androgens-Sex Differences in Seizures
Sex steroid hormones play fundamental roles in the development and func-

tion of the CNS and contribute to diVerences in the structure and function of the

brains of male and female animals and people (Panzica and Melcangi, 2004). It is

now widely accepted that gonadal steroids exert their eVects on physiology and

behavior by organizing the brain early in development (organizational eVects) and
by activating brain systems and behavior starting at puberty (activational eVects)
(reviewed in McCarthy and Konkle, 2005). Evidence of sex diVerence, which are

primarily due to organizing eVects of androgens, on seizures are discussed first.

Females are less vulnerable to some types of seizures than are males. Females,

compared to males, are less likely to experience developmentally regulated sei-

zures, such as febrile seizures and infantile spasms, and the incidence of syn-

dromes, such as Landau–KleVner syndrome and Lennox–Gastaut syndrome, are

lower in females compared to males (International League Against Epilepsy;

Hauser et al., 1993). The occurrence of these sex diVerences early in development

proximate to times when sexual diVerentiation occurs suggest that the eVects may

be in part due to early organizing eVects of androgens.
One model that has been used to investigate the neurobiological substrates

associated with sex diVerences in seizure susceptibility is infusions of muscimol,

a �-aminobutyric acid (GABAA) receptor agonist, to the substantia nigra pars

reticulata (SNR). Using this approach, Velı́šková and colleagues have found that

the SNR is an important brain region that mediates some sex-diVerences in seizure
susceptibility (Galanopoulou et al., 2003a; Iadarola and Gale, 1981; Moshé et al.,

1992; Ravizza et al., 2003). Infusions of muscimol to the SNR at postnatal day 15

(PND15), produce seizures among male, but not female, rats (Velı́šková and

Moshé, 2001). By PND15 and in adulthood, female rats have more GABA and

GABAAa1 subunit receptor mRNA in the SNR than do their male counterparts
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(Ravizza et al., 2003). These findings suggest that sex diVerences in seizure suscep-

tibility occur early in development and may be somewhat independent of the

activational eVects of steroids that begin to be secreted at puberty.

Testosterone (T) has profound masculinizing eVects during early development

that can influence the male nervous system to be more seizure susceptible. If the

natural surge in T that occurs on the day of birth is blocked in male rats by

castration (i.e., removal of the primary endogenous source of T), then the female

pattern of reduced seizure susceptibility develops. This eVect is reversed if T is

administered at the same time that rats are castrated on the day of birth (Giorgi

et al., 2006; Velı́šek et al., 2006; Velı́šková and Moshé, 2001). Among female rats,

the male-typical pattern of increased seizure vulnerability is observed if female

rats are administered exogenous T on the day of birth (Breedlove et al., 1982;

Velı́šková and Moshé, 2001). These findings suggest that androgens can have

organizational eVects on brain development to increase sensitivity to some

proconvulsant stimuli.

Organizational eVects of androgens on seizures may be mediated in part

through their actions at intracellular androgen receptors (ARs). T and its metab-

olite, dihydrotestosterone (DHT), act primarily on ARs (Grisham et al., 2002).

ARs have been localized to the SNR (Giorgi et al., 2006; Velı́šek et al., 2006;

Velı́šková and Moshé, 2001). Blocking eVects of the early T surge on its actions at

ARs by early postnatal administration of flutamide, an AR antagonist, has a

‘‘demasculinization’’ eVect on seizure susceptibility. Together these findings sug-

gest that T has actions through ARs that diVerentiate the SNR and seizure

susceptibility. In addition to the eVects of androgens to organize sex diVerences
in the brain that influence seizures, there is also evidence that androgens can have

activational eVects that modulate seizures.
III. Activational Effects of Androgens on Seizures
Androgens, male-typical sex steroid hormones, such as Tand its metabolites, E2

and DHT, were identified in the early part of the last century (Tausk, 1984), and

exert reciprocal eVects related to seizures. That is, androgens influence seizures

and seizures influence androgen levels. Among some men with epilepsy, hypogo-

nadism, sexual interest, reproductive function, and plasmaT levels are low (Herzog,

1991, 1998; Isojarvi et al., 1995; Murialdo et al., 1994). Anti-epileptic drugs, such as

carbamazepine and phenytoin, can decrease free plasma T levels (Duncan et al.,

1999; Isojarvi et al., 1989; Panesar et al., 1996; Rosenbrock et al., 1999;

StoVel-Wagner et al., 1998), but removal of the epileptogenic tissue can normalize

plasma T levels even when AEDs are continued (Bauer et al., 2000a). These findings

suggest that seizures may influences androgen status independent of AEDs.
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Among some men with epilepsy, androgen levels may contribute to reproduc-

tive dysfunction and seizure dysregulation. For example, there are significantly

higher serum E2 levels and lower free T to E2 ratios in men with epilepsy that have

reduced sexual function than in either men with epilepsy or nonepileptic control

subjects that do not have problems in sexual function (Murialdo et al., 1995).

E2 can lower male sexual interest and function (Herzog et al., 1991) and may

contribute to seizure dysregulation (Herzog et al., 2004a, 2005). In support, the

combination of T and the aromatase inhibitor, testolactone (which minimizes

conversion of T to E2) improves reproductive/sexual function and reduces seizure

frequency significantly more than T treatment alone in AED-treated hyposexual

men with complex partial seizures (Herzog et al., 1998). These findings underscore

the importance of considering endogenous levels of sex steroids, and their ratio

with other sex steroids, and how they together may influence seizures and other

steroid-dependent behaviors, such as reproduction.

T has anticonvulsant eVects in animal models. T administration to castrated

rats increases the threshold to seizures produced by electroshock, electrical kin-

dling of the amygdala, or kainic acid (Edwards et al., 1999a; Mejias-Aponte et al.,

2002; Woolley et al., 1961). However, there is variability in the eVects of T on

seizures that may be related to relative levels of proconvulsant aromatized meta-

bolites versus anticonvulsant 5a-reduced metabolites that are produced (Hardy,

1970; Nicoletti et al., 1985). The role of T’s 5a-reduced metabolites in mediating

seizures is discussed below.

T’s anticonvulsant actions may involve formation of its 5a-reduced metabo-

lites. The first step in T’s metabolism is its irreversible reduction by 5a-reductase
isoenzymes, which leads to the formation of DHT, which can block N-methyl-

d-aspartate (NMDA) transmission and may thereby have antiseizure eVects
(Pouliot et al., 1996). DHT is then further reduced, an eVect which is catalyzed

by 3a-hydroxysteroid dehydrogenase (3a-HSD), resulting in the synthesis of

3a-androstan-17�-diol (3a-diol). 3a-Diol administration to rats attenuates kainic

acid, PTZ, picrotoxin, �-carboline, and perforant pathway stimulation-induced

seizures (Frye, 2006; Frye and Reed, 1998; Reddy, 2004; Rhodes and Frye, 2004a).

3a-Diol is a positive allosteric modulator of GABAA receptors (Frye et al., 1996a;

Gee, 1988; Jorge-Rivera et al., 2000), which allows GABA to bind more eVectively
to its receptor. 3a-Diol may also reduce the binding of convulsants to GABAA

receptors, by displacing t-butylcicyclophophorothioate, a compound that is used to

assess the allosteric site of picrotoxin (Gee, 1988).

3a-Diol may be a biologically relevant, endogenous antiseizure agent for some

people with epilepsy. 3a-Diol is normally excreted in urine and is present in serum

and the brain (Callies et al., 2000; Poór et al., 2004; Rittmaster et al., 1989;

Slaunwhite and Sandberg, 1958). Among men with epilepsy, levels of this neuro-

active steroid are particularly low (Herzog et al., 2004a, 2005, 2006). 3a-Diol is

also an androgenic neurosteroid, and like the pregnane neuroactive steroid that
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will be discussed later, it is produced in the brain and can have profound

anticonvulsant eVects. Lastly, although androgens are considered male-typical

steroids, androgens, and 3a-diol, in particular, are biologically active and have

clear anticonvulsant eVects in females (Frye and Bayon, 1999b; Frye and Reed,

1998; Frye et al., 1996a–e).

We have investigated the eVects of seizures on androgen-dependent hippo-

campal and hypothalamic functions in an animal model. Male rats were adminis-

tered on PND10, the chemoconvulsant, pilocarpine 60 mg/kg, IP, which induces

SE, saline vehicle, or no manipulation. As adults, androgen-dependent behaviors

that are indicative of hippocampal (anxiety behavior) and hypothalamic (social

behavior) function was assessed before and after administration of pilocarpine

(100 mg/kg IP). E2, T, DHT, and 3a-diol levels in hippocampus and hypothala-

mus were then measured by radioimmunoassay. There were diVerences among

the four groups in seizure severity scores. Rats that received pilocarpine on

PND10 and in adulthood had higher seizure scores [according to Racine’s

(1972) 5-point scale] than did those administered saline on PND10 and pilocar-

pine as adults, rats with no perinatal manipulations and pilocarpine in adulthood,

or rats with neither PND10 nor adult pilocarpine. Manipulation of pilocarpine or

saline on PND10 decreased hypermotor eVects of adult pilocarpine that were

observed in the number of beam breaks made for 5 min when rats were placed in

an activity monitor and in the number of total squares entered in the open field.

Manipulation of pilocarpine or saline on PND10 decreased anti-anxiety behavior,

which was amplified by pilocarpine administration in adulthood. Pilocarpine

administration early, and later in life, decreased the duration of time spent in

social contact and the number of sexual contacts and 3a-diol levels in the

hypothalamus and hippcampus. These findings suggest that seizure-related dis-

ruption of 3a-diol in the hippocampus and/or hypothalamus may underlie

dysregulation of anxiety, social, and/or reproductive behavior. See Table I.
IV. Hypothalamic–Pituitary–Gonadal Axis Factors and Seizures
As discussed above, there are gender/sex diVerences, and evidence for andro-

genic hormones, to influence seizure processes. One hallmark of the sexual

dimorphism of the brain is whether the hypothalamic–pituitary–gonadal axis

(HPG) responds to gonadotropins in a cyclic, female-typical pattern or a tonic

male-typical pattern. Notably, the function of the HPG that gives rise to the

menstrual cycle is linked to diVerences in patterns of seizures among some women

with epilepsy (Bäckström, 1976; Herzog et al., 1997; Laidlaw, 1956). In order to

discuss the role of the HPG in seizures, we first review the neuroendocrine control

of the HPG axis.



TABLE I

MEAN (þSTANDARD ERROR OF THE MEAN) SEIZURE SCORES (TOP), MOTOR BEHAVIOR (MIDDLE TOP), ANXIETY BEHAVIOR (MIDDLE), SOCIAL/REPRODUCTIVE

BEHAVIOR (MIDDLE BOTTOM), AND ENDOCRINE MEASURES (BOTTOM) OF MALE RATS THAT WERE ADMINISTERED SALINE ON POSTNATAL DAY 10 (PND10) AND

PILOCARPINE (100 MG/KG IP) IN ADULTHOOD (LEFT COLUMN), PILOCARPINE ON PND10 AND IN ADULTHOOD (MIDDLE LEFT COLUMN), NOMANIPULATION ON PND10

AND PILOCARPINE IN ADULTHOOD (MIDDLE RIGHT), OR NO MANIPULATION ON PND10 OR IN ADULTHOOD (RIGHT COLUMN)

PND10 saline, adult

pilocarpine (n ¼ 10)

PND10 pilocarpine,

adult pilocarpine (n ¼ 10)

PND10 no manipulation,

adult pilocarpine (n ¼ 10)

PND10 no manipulation,

adult no manipulation (n ¼ 10)

Pre- Post- Pre- Post- Pre- Post- Pre- Post-

Seizure behavior

Seizure score na 2.0 þ 0.1 na 2.8 þ 0.2 na 1.8 þ 0.1 na na

Motor behavior

Beam breaks in

activity monitor

510 þ 56 621 þ 55 645 þ 80 733 þ 51 683 þ 71 988 þ 80 545 þ 35 685 þ 55

Total entries in the

open field

175 þ 15 44 þ 6 192 þ 11 63 þ 9 167 þ 12 128 þ 19 157 þ 12 80 þ 12

Anxiety behavior

Central entries 28 þ 5 6 þ 2 43 þ 7 10 þ 2 13þ 2 15 þ 3 22 þ 5 28 þ 4

Open arm time 16 þ 7 17 þ 6 12 þ 3 27 þ 6 32þ 7 24 þ 7 50 þ 8 19 þ 7

Social and reproductive

behavior

Social interaction time 60 þ 6 56 þ 4 60 þ 8 50 þ 3 83þ 5 72 þ 5 71 þ 5 73 þ 5

# Sexual contacts 6 þ 2 2 þ 2 4 þ 1 2 þ 2 8þ 3 6 þ 2 8 þ 2 15 þ 3

Endocrine measures

hippo hyp hippo hyp hippo hyp hippo hyp

E2 (pg/mg) 2 þ 1 1 þ 1 1 þ 1 1 þ 1 1þ 1 1 þ 1 1 þ 1 1þ 1

T (ng/mg) 6 þ 1 7 þ 1 8 þ 1 7 þ 1 7 þ 1 8þ 2 7 þ 2 8 þ 3

DHT (ng/mg) 5 þ 1 5 þ 1 5 þ 1 5 þ 1 5þ 3 5þ 2 5 þ 2 5 þ 3

3a-Diol (ng/mg) 2 þ 1 1 þ 1 1 þ 1 1 þ 1 3þ 1 3 þ 2 4þ 1 4 þ 1

‘‘Pre-’’ refers to behavioral indices prior to adult manipulation and ‘‘Post-’’ indicates outcomes after manipulations in adulthood.

3
4
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The HPG is controlled by neurons in the hypothalamus that synthesize

gonadotropin-releasing hormone (GnRH), which can activate neurons in the

diagonal band of Broca, organum vasculosum of the lamina terminalis, and

preoptic area to coordinate secretion of GnRH into the hypophysial-portal

vasculature (Silverman et al., 2002). The median eminence releases GnRH in a

pulsatile fashion, which regulates the production and release of the gonadotro-

pins, luteinizing hormone (LH), and follicle stimulating hormone (FSH) from the

anterior pituitary, which in turn controls gonadal steroidogenesis (Everett, 1994;

Levine and Ramirez, 1982). Thus, pulsatile release of GnRH is essential for

normal HPG and reproductive function.

The HPG axis may be disrupted in some people with epilepsy. Among women

with epilepsy, evidence of HPG dysregulation includes an increased incidence of

reproductive endocrine disorders, such as anovulatory and/or inadequate luteal

phase cycles (Bilo et al., 1988; Herzog et al., 1986). Reproductive endocrine

dysfunctions, such as polycystic ovary syndrome (Herzog et al., 2003) and hypo-

gonadotropic hypogonadism (Herzog et al., 1986), which are associated with

altered pulsatile release LH, are more common among individuals with temporal

lobe epilepsy. These reproductive endocrine dysfunctions may be due in part to

acute or chronic eVects of epilepsy (and/or the use of AEDs, which will be

discussed at the end of this chapter). First, among people with epilepsy, after

generalized tonic/clonic seizures, there are postictal increases in secretion of the

hypothalamic peptide, prolactin, for up to 20 min (Pritchard et al., 1983; Trimble,

1978), and serum LH (in males and females) and FSH (in women) can remain

elevated for up to 60 min (Dana-Haeri et al., 1983). Second, there are also chronic

changes in LH pulse frequency among women and men with temporal lobe

epilepsy (Bilo et al., 1991; Drislane et al., 1994; Herzog et al., 1990). Third,

abnormal aVerents to the hypothalamus and/or changes in neurotransmitters

could also lead to alterations in GnRH release. Fourth, seizures are exacerbated

during periods of anovulation and low P4 (Backstrom, 1976; Herzog et al., 1997).

Because of the inherent challenges of addressing these factors in people, findings

from animal models are discussed below.

Animal models of epilepsy in which seizures spontaneously occur subsequent

to kindling or chemoconvulsants have provided insight into the etiology of

alterations in hormone secretion. The amygdala and hippocampus have eVerent
projections to the hypothalamus, a brain region that is essential for reproductive

function (Price, 2003; Renaud and Hopkins, 1977). Stimulation and/or lesion of

the hippocampus and/or amygdala influence neurons in the hypothalamus and

modulate gonadotropin release (Brown-Grant and Raisman, 1972; Carrer et al.,

1978; Kawakami and Terasawa, 1972; Velasco and Taleisnik, 1971). For exam-

ple, amygdala kindling produces acyclicity, cystic ovarian follicules, pituitary

hypertrophy, and supraphysiological levels of E2 in serum (Edwards et al.,

1999b). Infusions of kainic acid to the amygdala decrease GnRH fibers in a region
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of the hypothalamus (Friedman et al., 2002). In temporal lobe epilepsy, gliosis and

neuronal loss in the hilus, CA1, and CA3 regions of the hippocampus and the

amygdala (Tauck and Nadler, 1985; Tuunanen et al., 1996) are seen which may

lead to increased excitatory circuits (Tauck and Nadler, 1985), loss of inhibitory

GABAergic neurons (Tuunanen et al., 1996), and reduced synaptic inhibition

(Buckmaster and Dudek, 1997; Kobayashi and Buckmaster, 2003), which may

increase ictal activity and directly or indirectly alter the GnRH system (Glass and

Dragunow, 1995; Gore and Terasawa, 2001; Hong et al., 1988; Negro-Vilar et al.,

1979; Ojeda et al., 1982; Simon et al., 1984; Tasker and Dudek, 1991). Thus, data

from animal models supports the notion that seizure activity and/or the progres-

sion of epilepsy disrupts function of the hypothalamus, which may lead to chronic

reproductive endocrine disorders.

Given that these anovulatory and/or inadequate luteal phase cycles asso-

ciated with reproductive endocrine dysfunction may exacerbate seizures

(Backstrom et al., 1976; Mattson et al., 1981), an important question is whether

improving endocrine function can attenuate seizure activity. It has been demon-

strated that achieving control of seizures, through surgery or anti-epileptic drugs,

reduces reproductive endocrine dysfunction (Bauer et al., 2000b; Bilo et al., 1991;

Herzog et al., 1986; Meo et al., 1993). As another example, clomiphene, a drug

that can induce gonadotropin secretion and ovulatory cycles among anovulatory

women (if they do not have primary pituitary or ovarian failure), improves seizure

control among some women (Cantor, 1984). In a study of 12 women with partial

seizures, 10 women had an improvement in their seizures with clomiphene

therapy (Herzog, 1988). However, clomiphene also acts as an E2 antagonist and

may produce some eVects on seizures due to these eVects. Thus, discussed below is

how seizures can change with reproductive cycles and the role of female-typical

sex steroids, E2 and P4.
V. Reproductive Events and Seizures
It has long been acknowledged that seizures do not occur randomly, but that

they can cluster. There are reports of seizure frequencies being higher every 3–6

weeks in about a third of men and women with epilepsy (Almqvist, 1955; Tauboll

et al., 1991). It was from observations of temporal rhythmicity in seizure patterns,

which in some cases aligned with the menstrual cycle, that catamenial epilepsy

was first considered. It is now generally accepted that, among women with

epilepsy, reproductive events can influence seizure susceptibility. Periods of

heightened hormonal variability, that is, menarche (Lennox and Lennox, 1960),

premenstrual periods (Laidlaw, 1956; Newmark and Penry, 1980), pregnancy and

postpartum (Knight and Rhind, 1975; Schmidt et al., 1985), and peri-menopause
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(Sallusto and Pozzi, 1964; Turner, 1907), increase vulnerability to seizures among

some women with seizure disorder. Thus, reproductive cycles can influence

seizures in part due to changes in gonadal hormones.

Natural changes in reproductive status associated with diVerences in gonadal

hormones produce marked alterations in ictal behaviors. Findings from women

with catamenial epilepsy suggest that seizure frequency is greater when E2 levels

are higher and decreased when plasma levels of P4 are low (Backstrom, 1976;

Herzog et al., 1997). In ovariectomized rats, a similar relationship is observed

(Edwards et al., 1999a). Although there is ample evidence for E2 to be proconvul-

sant, and P4 to be anticonvulsant, emerging evidence suggests that each of these

steroids may also exert the opposite eVects, as well.
A. ESTROGEN AND SEIZURES

Over 150 years ago, the eVects of estrogens on seizures were originally

described (Gowers, 1881; Locock, 1857). Since then, emphasis has been placed

on seizure occurrence increasing when there are natural, cyclic elevations in the

E2:P4 ratio, such as occurs around menarche (Klein et al., 2003; Rosciszewska,

1975), the perimenstrum (Herzog et al., 1997; Laidlaw, 1956; Logothetis et al.,

1959; Mattson and Cramer, 1985), or perimenopausal (Abbasi et al., 1999;

Harden et al., 1999; Rosciszewska, 1978) periods. Intravenous administration of

conjugated E2 to 16 women produced seizures in 4 and epileptiform discharges in

11 of these women (Logothetis et al., 1958). The use of E2-based contraceptives

was reported to increase ictal activity (BickerstaV, 1975; Herzog et al., 1991;

Logothetis et al., 1959). Circulating E2 levels are also unusually high among

some individuals with seizure disorder (Herzog et al., 1991). Finally, treatment

with an anti-estrogenic agent reduced focal paroxysmal epileptiform discharges

(Sharf et al., 1969). Together, these clinical findings suggest that E2 is

proconvulsant.

Findings from animal models have supported the premise that E2 has pro-

convulsant eVects. The threshold to electroshock or kindling-induced ictal activity
is lower during proestrus when there are high levels of circulating E2 (Edwards

et al., 1999b; Woolley and Timiras, 1962a). Systemic administration of E2 lowers

the threshold to electroshock, kindling, PTZ, kainic acid, and ethyl chloride–

induced seizures (Hom and Buterbaugh, 1986; Logothetis and Harner, 1960;

Nicoletti et al., 1985; Spiegel and Wycis, 1945; Woolley and Timiras, 1962a).

Furthermore, central or intravenous E2 administration to rabbits increases spon-

taneous electrical activity (Hardy, 1970; Logothetis and Harner, 1960; Marcus

et al., 1966). Despite these findings, which indicate that E2 has proconvulsant

eVects, there are other reports that suggest that E2 can have antiseizure eVects.
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The regimen of E2 seems to influence the nature of its eVects on seizures.

Chronic administration of E2 that produce low physiological E2 levels (2–10 mg to
rats) increases the threshold to clonic seizures and reduces mortality from kainic

acid (HoVman et al., 2003; Velı́šková et al., 2000). However, in another experi-

ment, neither 2, 6, nor 20 mg E2 decreased seizure threshold or severity, but 40 mg
had proconvulsant eVects (Nicoletti et al., 1985; Reibel et al., 2000; Stitt and

Kinnard, 1968). We have shown that the nature of E2’s eVects on seizures may

be in part related to the capacity of physiological concentrations of E2 to enhance

the synthesis of progestins, which as will be discussed further below, are anticon-

vulsant (Frye and Rhodes, 2005). Thus, there is some indication that physiological

E2 levels may be anticonvulsant and supraphysiological E2 levels may be

proconvulsant.

Another factor that may influence E2’s eVects on seizures is its actions on

various CNS substrates. E2 positively modulates GABAA receptor and potentiates

non-NMDA glutamatergic transmission (English and Sweatt, 1997; Kim et al.,

2002; Silva et al., 1992; Smith and McMahon, 2006). Interestingly, E2 reduces

seizures associated with GABAA or NMDA. In support, picrotoxin-, cyclosporin

A-, NMDA-, or kainic acid–induced seizures are decreased by E2 (Kalkbrenner

and Standley, 2003; Schwartz-Giblin et al., 1989; Tominaga et al., 2001; Velı́šková

et al., 2000). In contrast, seizure activity produced by chemoconvulsants that

activate the cholinergic system, such as pilocarpine or flurothyl, are not altered

by E2 (Galanopoulou et al., 2003b; Velı́šek et al., 1999). E2 administration to

female rats can downregulate serotonin receptor, 5HT1A, in the limbic system

(Osterlund and Hurd, 1998) and upregulate 5HT2A receptors in the cortex

(Moses-Kolko et al., 2003; Summer and Fink, 1995), substrates that in the bed

nucleus of the stria terminalis mediate opposing eVects on seizures (Levita et al.,

2004). Thus, the diversity of actions and substrates for E2 need to be further

explored in order to fully understand E2’s role in mediating seizures.
B. PROGESTERONE AND SEIZURES

The antiseizure properties of P were described by Selye in 1941 over 60 years

ago (Selye, 1941). Since then, it has been well documented that elevations in

endogenous or exogenous P4 can increase the threshold and decrease the magni-

tude of seizure activity in animal models (Hom and Buterbaugh, 1986; Nicoletti

et al., 1985; Spiegel and Wycis, 1945; Wilson, 1992). Indeed, concentrations of

P4 over reproductive cycles, such as the estrous cycle, pregnancy, and postpartum,

are inversely related to seizure activity (Frye and Bayon, 1998b, 1999c). Removal

of the primary endogenous source of P4, the ovaries, increases seizures and reinstate-

ment of P4 (4.0 mg/kg SC) produces the opposite eVects to reduce kainic acid, PTZ,
and perforant pathway-induced seizures in ovx rats (Frye and Bayon, 1998a, 1999;
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Frye et al., 1998). Furthermore, direct administration of P4 to the brain has anti-

seizure eVects. In cats, application of P4 to the cortex inhibited electrical discharges
from a penicillin focus (Landgren et al., 1978). In rats, application of P4 to the

hippocampus reduces PTZ-induced seizures (Rhodes and Frye, 2004b). Thus, in

animal models, P4 has clear, well-demonstrated anticonvulsant eVects.
Evidence that P4 has antiseizure eVects also comes in part from examination

of the eVects on catamenial exacerbation of seizures. Among women with cata-

menial epilepsy, seizures are typically less frequent during the mid-luteal phase

when P4 levels are highest (Mattson and Cramer, 1985; Mattson et al., 1981);

however, there are three distinct patterns of catamenial epilepsy (Herzog et al.,

2004b, 1997). First, among women with normal ovulatory cycles, some experi-

ence increases in seizure frequency during the perimenstrual phase which has

been attributed to the withdrawal of P4 (Laidlaw, 1956). Second, other women

with normal ovulatory cycles have increases in seizure frequency during the

preovulatory phase, which may be due to the surge of E2 which is unopposed

by P4 until ovulation occurs (Backstrom, 1976). Third, among women with

inadequate luteal phase cycles, seizure frequency can be increased during the

midfollicular phase compared with the other phases, which may be due in part to

less than normal P4 secretion during the second half of the cycle, irrespective of

ovulation (Herzog et al., 1997). Thus, there is heterogeneity in the manner in

which catamenial epilepsy is expressed.

Intravenous administration of P4 benefits some women with catamenial

epilepsy to reduce spontaneous epileptiform discharges. In support, of seven

women with partial seizures that were infused intravenously with P4, and had

serum P4 levels increased to that typically seen during the luteal phase, four

experienced decreases in interictal spikes in their EEG (Backstrom et al., 1984).

Notably, the latency of intravenously administered P4 to decrease epileptic dis-

charge frequency was ~1–2 h. One explanation that was provided for this time-

frame was that P4’s antiseizure eVects may be mediated in part through actions of

its metabolites, which have depressant eVects in the CNS.

Oral administration of natural P4 can enhance seizure control of some women

with catamenial epilepsy. In a study of eight women with inadequate luteal phase

cycles, six women experienced improved control over the catamenial exacerba-

tion of intractable complex partial seizures with P4 lozenges (Herzog, 1986, 1995).

Similarly, micronized P4 therapy reduced catamenial seizures among 19 of 25

women with complex partial or secondary generalized seizures (Herzog, 1995).

Two explanations for the beneficial eVects of P4 therapy have been provided.

First, steroid hormones and AEDs are both metabolized by hepatic enzymes. P4
therapy may represent an increase in the substrate for these liver enzymes, which

then reduces the degradation of AEDs, which thereby enhances their therapeutic

eYcacy. Second, as alluded to above, depressant actions in the CNS of P4’s

metabolites may underlie the anticonvulsant eVects of P4. Indeed, oral synthetic
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progestins, which do not readily metabolize to antidepressant progestins, have not

demonstrated antiseizure eVects in clinical investigations, whereas those that can

be metabolized do (Hall, 1977). Thus, metabolism of P4 may be important for

some of its anticonvulsant eVects.
C. PROGESTERONE METABOLITES AND SEIZURES

Although P4 is a precursor to many neuroactive steroids, recent investigations

of metabolites of P4 have revealed that the anticonvulsant actions of P4 are due, at

least in part, to its metabolite 3a-hydroxy-5a-pregnan-20-one (3a,5a-THP). P4 is

metabolized by actions of the 5a-reductase isoenzymes to form 5a-dihydropro-
gesterone (DHP) which is then metabolized by 3a-HSD into 3a,5a-THP. In

1941, Selye reported that 3a,5a-THP had anticonvulsant eVects and this has

been verified in many other laboratories since then (Belelli et al., 1989; Concas

et al., 1996). Male rats treated with 3a,5a-THP (2.5 mg/kg) prior to perforant

pathway stimulation show a reduction in tonic–clonic and partial seizure activity

(Frye, 1995). Although P4 and 3a,5a-THP (4.0 mg/kg SC) similarly reduce kainic

acid or perforant pathway-induced seizures in ovx rats (Frye and Scalise, 2000),

P4’s anticonvulsant eVects have a longer latency and correspond with increases in

3a,5a-THP levels. Over the estrous cycle and pregnancy, the threshold for

chemoconvulsant-induced seizures is more directly correlated with 3a,5a-THP

than P4 levels (Frye and Bayon, 1998a). Inhibition of P4’s metabolism to 3a,5a-
THP by administration of 5a-reductase inhibitors, such as finasteride, or a genetic
deficiency in the 5a-reductase type I enzyme, attenuates P4’s anticonvulsant

eVects (Frye et al., 2002; Kokate et al., 1999). Together these data suggest that

the 5a-reduced metabolites of P4 are at least partially responsible for P4’s anticon-

vulsant eVects.
In our laboratory, we have been investigating for some time the role of

progestins in mediating ictal activity in various animal models. We have done so

by determining eVects on seizure threshold of administration of chemoconvul-

sants (in this case PTZ; 70 mg/kg) and manipulating and/or measuring levels of

P4 and 3a,5a-THP. Rats that have low P4 and 3a,5a-THP levels due to endoge-

nous variations (diestrous phase of estrous cycle) or extirpation of the ovaries

experience more seizures when administered PTZ than do rats with high P4 and

3a,5a-THP levels due to endogenous variations (proestrous phase of estrous cycle;

Table II) or systemic (Table III) or intrahippocampal (Table IV) P4 or 3a,5a-THP

administration to ovariectomized rats. Given the longer latencies and fewer

number of seizures coincide with elevations in 3a,5a-THP, irrespective of P4
levels, in the hippocampus, these findings suggest that P4’s antiseizure eVects
are related to the capacity to form 3a,5a-THP in the hippocampus. Notably,

blocking P4’s conversion to 3a,5a-THP in the hippocampus by administering a



TABLE II

LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX CONTROL (LEFT COLUMN;

N ¼ 10), DIESTROUS (MIDDLE COLUMN; N ¼ 10), OR PROESTROUS RATS (RIGHT COLUMN; N ¼ 10)

Ovx control Diestrous Proestrous

Seizure behavior after PTZ

Latency to tonic seizures (s) 82 þ 12 194 þ 27 330 þ 70

# of Tonic seizures 2 þ 1 2 þ 1 1 þ 1

Endocrine measures

Hippocampal P4 levels (ng/g) 2 þ 1 2 þ 1 10 þ 2

Hippocampal 3a,5a-THP levels (ng/g) 2 þ 1 2 þ 1 12 þ 2

Hippocampal P4 (bottom middle) and 3a,5a-THP (bottom) of ovx control (left column; n ¼ 5),

diestrous (middle column; n ¼ 4), or proestrous rats (right column; n ¼ 7).

TABLE III

LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX CONTROL ADMINISTERED

SC VEHICLE (OVX CONTROL, LEFT COLUMN; N ¼ 10), PROGESTERONE (P4) (SC P, MIDDLE COLUMN;

N ¼ 10), OR 3a,5a-THP (SC 3a,5a-THP, RIGHT COLUMN; N ¼ 10)

Ovx control SC P4 SC 3a,5a-THP

Seizure behavior after PTZ

Latency to tonic seizures (s) 160 þ 80 398 þ 94 435 þ 87

# of tonic seizures 2 þ 1 1 þ 1 1 þ 1

Endocrine measures

Hippocampal P4 levels (ng/g) 2 þ 1 9 þ 2 2 þ 2

Hippocampal 3a,5a-THP levels (ng/g) 2 þ 1 8 þ 2 8 þ 2

Hippocampal P4 (bottom middle) and 3a,5a-THP (bottom) of ovx control (left column; n ¼ 6), P4
(middle column; n ¼ 9), or 3a,5a-THP-administered rats (right column; n ¼ 4).

TABLE IV

LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX CONTROL ADMINISTERED

INTRAHIPPOCAMPAL CHOLESTEROL (OVX CONTROL, LEFT COLUMN; N ¼ 10), PROGESTERONE (HIPPOCAM-

PAL P4, MIDDLE COLUMN; N ¼ 10), OR 3a,5a-THP (HIPPOCAMPAL 3a,5a-THP, RIGHT COLUMN; N ¼ 10)

Cholesterol control Hippocampal P4

Hippocampal 3a,
5a-THP

Seizure behavior after PTZ

Latency to tonic seizures (s) 90 þ 12 185 þ 37 512 þ 45

# of tonic seizures 3 þ 1 1 þ 1 0 þ 0

Endocrine measures

Hippocampal P4 levels (ng/g) 2 þ 1 8 þ 2 2 þ 2

Hippocampal 3a,5a-THP

levels (ng/g)

2 þ 1 5 þ 2 9 þ 2

Hippocampal P (bottom middle) and 3a,5a-THP (bottom) of cholesterol control (left column; n ¼
5), hippocampal P (middle column; n ¼ 6), or hippocampal 3a,5a-THP-administered rats (right

column; n ¼ 2).
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5a-reductase inhibitor finasteride obviates the antiseizure eVects of P4 (Table V),
which indicates that formation of 3a,5a-THP is essential for P’s anticonvulsive

eVects.
D. BIOSYNTHESIS/METABOLISM OF 3a, 5a-THP

The CNS acts both as a target and a source of sex steroids and of their

metabolites. Sex steroids produced by the gonads have profound organizational

and activational eVects on the developing and adult nervous systems, respectively.

Furthermore, some steroids, called neurosteroids in reference to their site of

formation—the CNS, are synthesized within the brain and peripheral nerves

and can produce some of their functional eVects through paracrine actions at

local targets (Baulieu, 1997). Neuroactive steroids are those steroids that produce

their functional eVects through actions in the CNS subsequent to production

within or outside of the CNS (Paul and Purdy, 1992). Neuro(active) steroids can

mediate many diverse neuroendocrine functions, including release of GnRH
TABLE V

LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX CONTROL ADMINISTERED

INTRAHIPPOCAMPAL CHOLESTEROL (OVX CONTROL, LEFT COLUMN; N ¼ 10), SC PROGESTERONE (SC P4,

LEFT MIDDLE COLUMN; N ¼ 10), SC P4 AND INTRAHIPPOCAMPAL FINASTERIDE (SC P4 AND

INTRAHIPPOCAMPAL FINASTERIDE, MIDDLE RIGHT COLUMN; N ¼ 10), OR INTRAHIPPOCAMPAL

FINASTERIDE (N ¼ 10; RIGHT COLUMN)

Seizures after PTZ Ovx control SC P4

SC P4 and

intrahippocampal

finasteride

Intrahippocampal

finasteride

Seizure behavior after PTZ

Latency to tonic

seizures (s)

105 þ 22 403 þ 62 98 þ 15 125 þ 17

# Tonic seizures 3 þ 1 1 þ 1 3 þ 3 2 þ 2

Endocrine measures

Hippocampal P4
levels (ng/g)

2 þ 1 11 þ 2 12 þ 3 2þ 2

Hippocampal 3a,5a-
THP levels (ng/g)

2 þ 2 10 þ 2 3 þ 2 2 þ 2

Hippocampal P4 (bottom middle) and 3a,5a-THP (bottom) of intrahippocampal cholesterol (ovx

control, left column; n ¼ 2), SC P4 (SC P, left middle column; n ¼ 2), SC P4 and intrahippocampal

finasteride (SC P4 and Intrahippocampal finasteride, middle right column; n¼ 2), or intrahippocampal

finasteride (n ¼ 2; right column).
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(el-Etr et al., 1995; Vincens et al., 1994), LH, and FSH (Brann et al., 1990), and

ovulation inhibition (Genazzani et al., 1995). Neuro(active) steroids also influence

female sexual behavior (Frye et al., 1996b; McCarthy et al., 1995; reviewed in Frye,

2001; reviewed in Frye et al., 2006a; Frye and Rhodes, 2006a) and mitigate stress

responses (Purdy et al., 1991). Our lab has been focused on characterizing the

functional eVects of neuro(active) steroids and, in particular, their role in mediat-

ing seizure processes and associated functions. Described below are the route of

biosynthesis of neuro(active) steroids.

Neurosteroids are produced by de novo steroidogenesis from cholesterol in the

brain (Baulieu, 1997; Baulieu andRobel, 1990; the pathway for neurosteroidogen-

esis is shown in Fig. 1). In support, neurosteroids accumulate in the brains of

animals that are castrated and/or adrenalectomized and therefore lack peripheral

glands as a source of steroid secretion (Corpechot et al., 1981; Robel et al., 1987).

Neurosteroidogenesis involves cholesterol’s conversion to pregnenolone by the

cytochrome P450 side-chain cleavage enzyme (P450scc:CYP11A1), which is the

first and rate-limiting enzyme in steroid biosynthesis (Hu et al., 2004). The gene for

CYP11A1 is expressed in the CNS of rats during neonatal development (Ukena

et al., 1998). The 3�-HSD steroidogenic enzyme catalyzes the dehydrogenation

and isomerization of pregnenolone into P4 (Payne and Hales, 2004). 3�HSD

messenger RNA and enzymatic activity expression have been reported in the

CNS of several vertebrates (Sanne and Krueger, 1995; Ukena et al., 1999a). The

expression of 3�HSD increases during the neonatal period in rats, indicating an

increase of P4 formation during neonatal life (Ukena et al., 1999b). In addition to

production of P4 in the brain by these enzymes, there are other enzymes in the brain

that convert P4 (irrespective of its source being de novo or peripheral) to 3a,5a-THP.

P4 is converted to DHP by actions of the steroid 5a-reductase enzymes, which

is the rate-limiting enzyme of its conversion to 3a,5a-THP. The 5a-reductase
enzyme is expressed as two isozymes, 5a-reductase 1 and 5a-reductase 2, which
are both present in diVerent brain regions, including cerebral cortex (Sanchez

et al., 2005, 2006; Torres and Ortega, 2003a, 2006). The type 1 isoform, which is

constitutively expressed in the rodent CNS at all stages of brain development

(Melcangi et al., 1998), may play a role in protecting neurons from excessive

glucocorticoids that may induce apoptosis (Mahendroo et al., 1997; Poletti et al.,

1998). DHP is then converted by the 3a-hydrosteroid dehydrogenase enzymes to

form 3a,5a-THP. Notably, the conversion of DHP to 3a,5a-THP is dynamic and

labile, such that 3a,5a-THP can oxidize to form DHP, which can subsequently be

reduced back to 3a,5a-THP. 3a,5a-THP is synthesized in brain, ovaries, testes,

and adrenals from P4 by steroidogenic enzymes 5a-reductase and 3a-HSD, with

the former being the rate-limiting enzyme of the reaction (Bernardi et al., 1998;

Corpéchot et al., 1993; Genazzani et al., 2000, 2002; Marx et al., 2003). Given the
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FIG. 1. Illustration of the pathway through which progestogen biosynthesis and metabolism

occurs. Cholesterol produced de novo can be converted by P450 Side Chain Cleavage (P450SCC)

enzymes to form pregnenolone, which is subsequently metabolized by 3�-hydroxysteroid dehydroge-

nase to progesterone. Progesterone produced de novo in the brain, or from peripheral sources, can then

metabolized to dihydroprogesterone (DHP) and 5a-pregnan-3a-ol-20-one (3a,5a-THP), by actions of

5a-reductase and 3a-hydroxysteroid oxidoreductase, respectively.
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profound impact of 3a,5a-THP on ictal processes, normative variations in levels of

3a,5a-THP over reproductive cycles are discussed below.

E. VARIATIONS IN 3a, 5a-THP

Although 3a,5a-THP is synthesized de novo in the CNS from cholesterol,

plasma 3a,5a-THP in women predominantly originates from the corpus luteum

(Ottander et al., 2005). Over the menstrual cycle, circulating levels of 3a,5a-THP

covary with P4. During the luteal phase, 3a,5a-THP is higher (4 nmol/L; Wang

et al., 2001) than in the follicular phase (<1 nmol/L; Bicikova et al., 1995;

Genazzani et al., 1998; Mellon, 1994; Purdy et al., 1990; Wang et al., 2001).

During pregnancy, P4 and 3a,5a-THP rise throughout gestation and peak in

the third trimester, with plasma levels of 3a,5a-THP between 50 and 100 nmol/L

(Hill et al., 2001; Luisi et al., 2000). Within 1 h of delivery, maternal serum

3a,5a-THP decreases significantly (Hill et al., 2001). Concentrations of P4 and

3a,5a-THP also vary in the brain (Bixo et al., 1995; Purdy et al., 1991).

A postmortem study showed that women in the luteal phase had significantly

higher brain concentrations of 3a,5a-THP than did postmenopausal controls

(Bixo et al., 1997). There were regional diVerences with 3a,5a-THP levels being

highest 14–21 ng/g, in the substantia nigra and basal hypothalamus (Bixo et al.,

1997). Indeed, an important question is whether some of these natural fluctua-

tions in 3a,5a-THP may underlie cyclic diVerences in seizure processes.

There has begun to be some investigations that suggest changes in 3a,5a-THP

withmenopausemay contribute to seizure (dys)control. After ovulation, the corpus

luteum produces P4. The number of anovulatory cycles increases with aging. In the

six years before menopause, about 10% of cycles are characterized by ovulation

whereas, in younger women, about 60% of cycles are characterized by ovulation

(Rannevik et al., 1995). Although postmenopausal women have significantly lower

serum concentrations of P4 (typically less than 2 nmol/L) than do their younger

counterparts, 3a,5a-THP levels are not diVerent between postmenopausal women

and younger women during the follicular phase (Genazzani et al., 1998). The ratio

of 3a,5a-THP to P4 is reduced among postmenopausal women than in their

younger counterparts (de Wit et al., 2001). During menopause, dysregulation in

the levels of 3a,5a-THP and other neurosteroids (Pearlstein, 1995) has been

associated with depression and other mood disorders (Girdler et al., 2001). These

findings, together with the notion that adrenal activity increases with aging, suggest

that adrenal, rather than ovarian P4, may be the major source of circulating

3a,5a-THP among postmenopausal women.

Although fluctuations in plasma and brain concentrations of neuroactive

steroids induced by physiological, pharmacological, or pathological conditions

may result in alterations in seizure threshold (Biggio et al., 2001; Concas et al.,

1999), it is a challenge to parcel out the relative contributions of these endocrine
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glands in people. Thus, findings from animal models and basic research has been

particularly informative in delineating the role of neuron(active) steroids in seizure

processes.

F. EFFECTS OF POSTMENOPAUSAL HORMONE THERAPY

In addition to normal endogenous diVerences in steroids associated with repro-

ductive status having an influence on seizure susceptibility, hormone therapies

associated with reproductive senescence may also influence seizure susceptibility in

part due to eVects of 3a,5a-THP. E2 and conjugated equine estrogen (CEE) are used

by some postmenopausal women to manage physical (vasomotor symptoms, atro-

phic vaginitis) (Campbell and Whitehead, 1977; MacLennan et al., 2001; Wiklund

et al., 1993) and mental (DitkoV et al., 1991; Sherwin, 1988; Sherwin and Gelfand,

1989) climacteric symptoms. The nature of the E2 regimen can influence the

production of 3a,5a-THP. For example, levels of 3a,5a-THP in plasma increase

morewith transdermal versus oral E2 therapy (Bernardi et al., 2003). This is likely due

to the veryhigh levels of the 5a-reductase enzyme that are present in skin (reviewed in

Andersson, 2001;Hoppe et al., 2006) and the enhancing eVects of E2 on the activity of

this enzyme (Cheng and Karavolas, 1973; Malendowicz, 1976; Resko et al., 1986;

Vongher and Frye, 1999). Although E2 can influence 3a,5a-THP production, and

thereby alter seizures status, E2 therapy is typically combined with progestins for

women with an intact uterus to limit the risk of endometrial hyperplasia and/or

carcinoma (Voigt et al., 1991; Whitehead, 1978).

When progestin therapy is combined with E2, there are even more dramatic

eVects on 3a,5a-THP levels. As expected, when natural P4 was administered trans-

vaginally after E2, 3a,5a-THP concentrations are further increased (Andréen et al.,

2005; Wihlbäck et al., 2005). Sequential replacement of E2 and progestins, to mimic

the normal menstrual cycle, can result in increases in progestins followed by with-

drawal (Andréen et al., 2003; Björn et al., 2000).However, the nature of the beneficial

eVects of reinstatement and adverse eVects of withdrawal are influenced by the

progestin regimen utilized. In general, replacement with natural P4 seems to have

the most favorable eVect on seizures. Use of P4 suppositories and lozenges decreases

seizure frequency by 68% and 55%, respectively (Herzog, 1986, 1995). In contrast,

replacement with medroxyprogesterone acetate (MPA, aka Provera) had either no

eVect or reduces seizure frequency by 30% (Herzog, 1999; Mattson et al., 1984).

Notably, MPA has only modest eVect to increase 3a,5a-THP and may decrease

conversion of P4 to 3a,5a-THP (Belelli and Herd, 2003).

We have directly compared the antiseizure eVects of P4, DHP, 3a,5a-THP

and MPA and analyzed whether formation of 3a,5a-THP is involved in these

eVects. Ovx adult rats were administered P4, 3a,5a-THP, MPA, or vehicle prior

to a subthreshold regimen of kainic acid (7 mg/kg b.w.), which did not produce
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seizures but did result in excitotoxic cell death in the hilus of the hippocampus. P4,

DHP, or 3a,5a-THP prevented kainic acid–induced neuronal loss and increased

the levels of DHP and 3a,5a-THP in plasma and hippocampus. In contrast, MPA

neither prevented kainic acid–induced neuronal loss nor increased DHP and

3a,5a-THP levels. The administration of the 5a-reductase inhibitor finasteride

prevented the increase in the levels of DHP and 3a,5a-THP in plasma and

hippocampus as a result of P4 administration and abolished the neuroprotective

eVect of P4. Administration of indomethacin, a 3a-HSD inhibitor, blocked the

neuroprotective eVect of both DHP and 3a,5a-THP, suggesting that both meta-

bolites are necessary for the neuroprotective eVects of P4. These findings suggest
that P4 is neuroprotective against kainic acid excitotoxicity but MPA is not, and

that P4’s metabolism to DHP and/or 3a,5a-THP is necessary for the neuropro-

tective eVects of progestins.
VI. Mechanisms of 3a, 5a-THP Through GABA Receptors
The GABA transmitter system is the major inhibitory system in the mamma-

lian CNS (Rang et al., 1995). Central GABAergic transmission plays a key role in

controlling neuronal excitability and in regulating reactivity to rapid changes in

environmental conditions that may lead to neuronal excitation (Barbaccia et al.,

2001). 3a,5a-THP is among the most potent known ligands of GABAA/benzodi-

azepine receptor complex (GBRs) in the CNS. 3a,5a-THP enhances muscimol

and flunitrazepam binding and inhibits t-butyl bicyclophosphorothionate binding

in rat brain membranes, and also enhances muscimol-stimulated chloride flux in

intact neurons (Turner et al., 1989). Furthermore, in electrophysiological studies,

3a,5a-THP potentiates GBR chloride currents (Hawkinson et al., 1994; Park-

Chung et al., 1999; Peters et al., 1988; Turner and Simmonds, 1989; Twyman and

Macdonald, 1992).

GBRs are composed of five subunits and contain binding sites for GABA and

clinically important drugs such as benzodiazepines, barbiturates, (neuro)steroids,

most anesthetic agents, ethanol, and anticonvulsants. 3a,5a-THP’s eVects to

potentiate GBR activity are believed to underlie its anticonvulsant action

(Belelli et al., 1989; Paul et al., 1992). Benzodiazepines and their congeners,

which act as positive allosteric modulators of GBRs, have antiseizure eVects in
people and may participate in the mitigation of neuronal excitability. 3a,5a-THP

regulates GBRs in a manner similar to barbiturates (Majewska, 1992; Paul and

Purdy, 1992) and may, therefore, participate in the regulation of neuronal excit-

ability. These drugs modulate the GABA-induced chloride ion flux by interacting

with separate and distinct allosteric binding sites (Sieghart, 1995). Although the
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binding site(s) for 3a,5a-THP on GBRs diVers from those of benzodiazepines,

barbiturates, and picrotoxin (Gee et al., 1995; Lan et al., 1991), 3a,5a-THP has

agonist-like eVects at GBRs that are similar to that of sedative hypnotic drugs,

such as benzodiazepines and barbiturates (Majewska, 1992; Paul and Purdy,

1992). 3a,5a-THP facilitates GABA-mediated responses by increasing both chlo-

ride channel opening time and frequency (Brussaard et al., 1999; Kokate et al.,

1994; Martin and Dunn, 2002; Reddy and Rogawski, 2002).

Several studies have indicated that there are chronic eVects of neuroactive
steroids to modulate GBRs. Pregnancy or long-term treatment with P4 can

upregulate the density of GBRs and increases aYnity for GABA and benzodia-

zepines in a region-specific manner (Canonaco et al., 1989; Concas et al., 1999;

Gavish et al., 1987). There are also reports of downregulation of GABA’s ability to

stimulate 36Cl– uptake and reductions in the eYcacy of benzodiazepines and/or

neurosteroids (Costa et al., 1995; Yu and Ticku, 1995). These and other findings

that suggest that sensitivity to neuroactive steroids may change with reproductive

status (Sundström et al., 1997, 1998).

Chronic exposure to neuroactive steroids may also have direct eVects on GBR

function, in part through changes in subunit composition. GBR function depends

upon the combination of 18 subunits (a 1–6, � 1–4, �, e, � 1–3, �, and � 1–2)

(Hedblom and Kirkness, 1997; Hevers and Luddens, 1998; Mehta and Ticku,

1999). 3a,5a-THP selectively interacts with �2 GABAA receptor subunit.

Increasing amounts of circulating 3a,5a-THP, during pregnancy, induce a

decrease of �2L subunit mRNA in the cerebral cortex and in the hippocampus,

which return to control values around delivery, when 3a,5a-THP levels decrease

(Concas et al., 1999). Additionally, chronic P4 treatment downregulates the

expression of �2L and � subunit mRNAs, in cultures of mammalian cerebellar

granule cells (Follesa et al., 2000). Conversely, persistent reduction in the brain

concentrations of 3a,5a-THP in rats is associated with increased abundance of

GBR �2L and �2S subunit mRNAs in cerebral cortex (Follesa et al., 2002).

Although these findings suggest that plasticity in GBRs with reproductive status

and/or hormone exposure may contribute to changes in ictal activity, this

relationship requires further investigation.

We have investigated whether anticonvulsive eVects of 3a,5a-THP require

actions at GBRs and/or NMDA receptors (see Fig. 2). This was done by admin-

istering P4 to ovariectomized rats alone or in conjunction with systemic adminis-

tration of, or intrahippocampal infusions of, bicuculline, a GABAA receptor

antagonist, prior to PTZ administration. As Table VI, shows the antiseizure

eVects of progestins are attenuated by blocking their ability to act at GABAA

receptors. Notably, actions at GABAA receptors are unlikely the only substrates as

blocking NMDA receptors systemically or in the hippocampus with MK-801 also

attenuate the anticonvulsive eVects of progestins (Table VII).
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FIG. 2. Progesterone (P) and its 5-reduced metabolite, dihydroprogesterone (DHP), bind with high

affinity to cognate, intracellular progestin receptors. However, the product of P and DHP, 5a-pregnan-
3a-ol-20-one (3a,5a-THP), is devoid of activity at intracellular progestin receptors in physiological

concentrations. 3a,5a-THP does effectively modulate function of GABAA and glutamate receptors

(as well as other neurotransmitter receptors).

TABLE VI

TOP REFLECTS LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX RATS

ADMINISTERED SC VEHICLE (LEFT COLUMN; N ¼ 10), SC P4 AND SALINE (SC P4, LEFT MIDDLE COLUMN;

N ¼ 10), SC P4 þ BICUCULLINE (MIDDLE RIGHT; N ¼ 10), OR SC BICUCULLINE (RIGHT COLUMN; N ¼ 10)

Seizures after PTZ

Ovx control and

vehicle

SC P4 and

vehicle

SC P4 and

bicuculline Bicuculline

SC vehicle or bicuclline and seizure behavior after PTZ

Latency to tonic seizures (s) 185 þ 25 455 þ 37 173 þ 25 178 þ 20

# Tonic seizures 3 þ 1 1 þ 1 2 þ 2 2 þ 2

Hippocampal vehicle or bicuclline and seizure behavior after PTZ

Latency to tonic seizures (s) 211 þ 12 425 þ 57 188 þ 32 192 þ 17

# Tonic seizures 3 þ 1 1 þ 1 3 þ 3 3þ 3

Bottom depicts latencies to (top), and number of (top middle), tonic seizures of ovx rats adminis-

tered intrahippocampal vehicle (left column; n ¼ 10), SC P4 and intrahippocampal saline (left middle

column; n ¼ 10), SC P4 þ intrahippocampal bicuculline (middle right; n ¼ 10), or intrahippocampal

bicuculline (right column; n ¼ 10).
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TABLE VII

TOP REFLECTS LATENCIES TO (TOP), AND NUMBER OF (TOP MIDDLE), TONIC SEIZURES OF OVX RATS

ADMINISTERED SC VEHICLE (LEFT COLUMN; N¼ 10), SC P4 AND SALINE (SC P4, LEFTMIDDLE COLUMN; N

¼ 10), SC P4 þ MK-801 (MIDDLE RIGHT; N ¼ 10), OR SC MK-801 (RIGHT COLUMN; N ¼ 10)

Seizures after PTZ

Ovx control and

vehicle

SC P4 and

vehicle

SC P4 and

MK-801 MK-801

SC vehicle or MK-801 and seizure behavior after PTZ

Latency to tonic seizures (s) 198 þ 32 488 þ 59 140 þ 44 194 þ 42

# Tonic seizures 3 þ 1 1 þ 1 3 þ 2 3 þ 2

Hippocampal vehicle or MK-801 and seizure behavior after PTZ

Latency to tonic seizures (s) 188 þ 21 469 þ 59 201 þ 48 188 þ 12

# Tonic seizures 3 þ 1 1 þ 1 3 þ 3 3þ 3

Bottom depicts latencies to (top), and number of (top middle), tonic seizures of ovx rats adminis-

tered intrahippocampal vehicle (left column; n ¼ 10), SC P4 and intrahippocampal saline (left middle

column; n ¼ 10), SC P4 þ intrahippocampal MK-801 (middle right; n ¼ 10), or intrahippocampal

MK-801 (right column; n ¼ 10).
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VII. Acute Stress-Induced Steroid Biosynthesis and Seizures
Changes in progestins are not only associated with reproductive status but are

also produced by stress. Exposure to stressors can induce a broad range of

behavioral and physiological responses, including changes in hypothalamic–

pituitary–adrenal (HPA) axis function (Mormède et al., 2002), the primary media-

tor of neuroendocrine stress responses (Selye, 1936). For example, stress leads to

increases in P4 secretion among adult intact and castrated male rats, which

implies a role of the adrenal gland in the P4 response to stress (Andersen et al.,

2004, 2005; Persengiev et al., 1991; SchaeVer and Aron, 1987). In the adrenal

cortex, progestin biosynthesis is increased by adrenocorticotropic hormone

(ACTH) via cAMP-induced stimulation of steroidogenesis (Besman et al., 1989;

Torres et al., 2001). Because diazepam binding inhibitor, an endogenous ligand to

central and peripheral benzodiazepine receptors, has been implicated in the

regulation of adrenal steroidogenesis and it is expressed in the brain, it was

proposed that stress increases 3a,5a-THP levels in both the adrenal gland and

brain (Krueger and Papadopoulos, 1990; Mukhin et al., 1989; Purdy et al., 1991).

The first report of acute stress altering neurosteroidogenesis involved forced

swimming and showed that this produced time-dependent increases in P4 and

3a,5a-THP in brain and plasma of rats (Purdy et al., 1991). There has subsequent-

ly been many reports of changes in plasma and brain neurosteroids and levels of

5a-reductase isoenzymes in rodents under diVerent acute and chronic stress

situations (Barbaccia et al., 2001; Biggio et al., 1996, 2000).
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These findings are relevant for people. For example, acute stressors, such as

alcohol exposure, increase plasma levels of 3a,5a-THP among adolescent boys

and girls (Torres and Ortega, 2003b, 2004). These stress-induced increases in

3a,5a-THP and other neurosteroids, such as 3a-diol, may serve to dampen stress-

induced HPA function (Erskine and Kornberg, 1992; Patchev et al., 1996) and

produce agonist-like actions at GABAA receptors (Frye et al., 1996a,b; Gee, 1988;

reviewed in Frye et al., 2006a). Indeed, various acute stress situations (carbon

dioxide exposure, forced swimming, exposure to a new environment) produce a

rapid and reversible downregulation of GABAA receptor function (Andrews et al.,

1992; Biggio, 1983; Biggio et al., 1980, 1981; Concas et al., 1987; Drugan et al.,

1989; File et al., 1993; Medina et al., 1983; Serra et al., 1991). Thus, stress may alter

seizure susceptibility, perhaps in part due to altering secretion of 3a,5a-THP,

and/or other neurosteroids.

We examined whether progestins’ antiseizure eVects requires HPA feedback.

We have investigated eVects of progestins to mediate seizures of sham or adrenal-

ectomized (ADX) rats. Female Long-Evans rats were ovx, ADX, or sham-ADX

and one-week later were administered P4, RU5020, or 3a,5a-THP (4 mg/kg, SC)

3 h prior to PTZ (70 mg/kg, IP)-induced seizures. P4 and 3a,5a-THP can bind to

glucocorticoid and mineralicorticoid receptors (Ing, 2005); however, RU5020,

does not bind well to glucocorticoid receptors (Zhang et al., 2005). P4, RU5020, or

3a,5a-THP significantly reduced the number of tonic seizures of sham, but not

ADX rats, compared to vehicle administration. We also examined whether

replacement of corticosterone, the stress hormone which is produced by the

adrenals, could reinstate progestins’ antiseizure eVects in ADX rats. ADX rats

had access to corticosterone (25 mg/ml) or vehicle in their drinking water for

4 days prior to administration of P4, RU5020, 3a,5a-THP, or vehicle, as above.

The number of PTZ-induced seizures was modestly reduced by corticosterone-

replacement among rats administered P4 or RU5020, but not those administered

3a,5a-THP or vehicle. Plasma corticosterone levels were higher in sham ADX

rats administered vehicle; whereas progestin-administered rats showed basal

levels of corticosterone, irrespective of ADX condition. Levels of 3a,5a-THP in

the hippocampus were increased in P4- and 3a,5a-THP-administered, rats, but

not RU5020- or vehicle-administered, rats, irrespective of ADX condition.

Together, these data suggest that progestins’ modulation of seizure activity may

involve eVects on the HPA axis. However, given that 3a,5a-THP is modified in

the brain after stress (Purdy et al., 1991; Torres and Ortega, 2003a), and seizures

represent a profound stressor, it is also likely that 3a,5a-THP levels are modified

by seizures. See Table VIII.

Findings from our laboratory suggest that seizures may alter steroid secretion.

To date, we have primarily investigated this in male rats and focused on diVer-
ences in androgens. For example, PTZ-induced seizures increase T levels, have

no eVect on DHT, and decrease 3a-diol levels, in the hippocampus of intact



TABLE VIII

MEAN NUMBER OF TONIC SEIZURES FOLLOWING PENTYLENETETRAZOL (PTZ; 70 MG/KG IP) WHEN

ADMINISTERED TO OVARIECTOMIZED RATS ADMINISTERED VEHICLE, PROGESTERONE (P4; 4 MG/KG),

3a,5a-THP (4 MG/KG) OR RU5020 (N ¼ 10 GRP) WITH INTACT ADRENALS (TOP PANEL), ADRENALS

REMOVED (MIDDLE PANEL) OR ADRENALS REMOVED AND CORTICOSTERONE REPLACED (BOTTOM PANEL)

Seizures after PTZ Vehicle P4 3a,5a-THP RU5020

Ovx/sham ADX

# Tonic seizures 2 1 1 1

Ovx/complete ADX

# Tonic seizures 3 2 2 2

Ovx/ADX/corticosterone replacement

# Tonic seizures 2 1 1 1
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(but not GDX) middle-aged Long Evans rats compared to that of their counter-

parts that were administered vehicle (reviewed in Rhodes and Frye, 2004a).

Administration of kainic acid reduces the expression in the hippocampus of

5a-reductase, the enzyme necessary for T’s metabolism to DHT, which is then

converted to 3a-diol. Together these findings suggest that seizures may reduce 3a-
diol secretion in the hippocampus either due to cell loss in this region and/or by

decreasing 5a-reductase enzyme activity. Either the former or latter scenario

would also be expected to alter 3a,5a-THP in the hippocampus. Furthermore,

the diVerences observed between intact and GDX rats imply that changes in

steroids associated with seizures may be linked to the HPG function. For these

reasons, it is important to consider the eVects of endocrine and/or developmental

status when investigating eVects of seizures on steroid secretion.
VIII. Developmental Differences in Stress-Induced Steroids
There is evidence that adrenocortical secretion following stress diVers as a
function of gonadal and developmental status. Prepubertal male rats, compared

to adult male rats, exposed to intermittent foot shock (Goldman et al., 1973), ether

vapors (Vazquez and Akil, 1993), or restraint (Romeo et al., 2004a), have a

corticosterone response that takes at least 45–60 min longer to return to baseline.

Similarly, among female rats, there is diVerential adrenocortical secretion of

P4 in prepubertal and adult females. Ovx prepubertal females show higher and

more prolonged stress-induced P4 secretion compared to ovx adults (Romeo

et al., 2004b). It is currently unknown whether P4 modulates HPA axis

reactivity; however, P4 is rapidly converted to 3a,5a-THP, which can dampen
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stress-induced ACTH secretion (Patchev et al., 1996). Moreover, steroids, such as

T and E2, can shift HPA responsiveness (Viau, 2002). These data suggest that

diVerential exposure of the prepubertal and adult brain to steroids following

stressors are likely to modulate the physiology and behavior of the organism

diVerently before and after pubertal maturation. The physiological and behavioral

significance of a greater and more prolonged stress-induced adrenocortical

response in prepubertal compared adult males is presently unknown, but may

influence seizure susceptibility and/or the course of epilepsy.
A. CHRONIC STRESS-INDUCED CHANGES IN SEIZURES

Results of studies, which have manipulated the HPA by altering early life

stress exposure, reveal evidence for eVects on seizures. Early life stress produces

persistent eVects on the hippocampus, the structure critically involved in limbic

epilepsy, and can alter the course of some epilepsies (Fenoglio et al., 2006; Mirescu

et al., 2004). Prenatal and early life stressors reduce the seizure threshold to adult

exposure to chemoconvulsant (Frye and Bayon, 1999a; Frye et al., 2006b) and

electrical kindling epileptogenesis (Edwards et al., 2002). Exposure to an early

postnatal stress not only confers an enhanced vulnerability to limbic epileptogen-

esis in adulthood but also impairs hippocampal morphology and neurogenesis

(Mirescu et al., 2004; Schmitz et al., 2002), produces HPA axis hyper-reactivity

(reviewed in Weinstock, 2001), reduced response to gonadal hormones (Frye and

Orecki, 2002a,b), and increases anxiety and depressive-like behavior (Frye

and Wawrzycki, 2003; Sanchez et al., 2001). Some of the former factors may

also mediate eVects of early life stress on seizures. In support, as infant rats,

maternal separation stress has synergistic eVects with PTZ on seizure duration,

hippocampal neuronal degeneration and, as adults, hippocampal-dependent

learning (Huang et al., 2002). We have shown that maternal separation also

reduces hippocampal-dependent learning independent of seizure status (Frisone

et al., 2002). As such, we subsequently examined eVects of 1-h neonatal isolation

on PNDs 2–9 followed by lithium-pilocarpine–induced SE at day 10. We found

that this was associated with a lower seizure threshold to pilocarpine-induced

seizures in adulthood and also lower levels of 3a,5a-THP (Frye et al., 2006b).

Commensurate with this, others have demonstrated that rats that experience

maternal separation and SE, compared to those who experienced SE only, have

greater corticosterone release following SE and worse performance in hippocam-

pally mediated memory in adulthood (Lai et al., 2006). A glucocorticoid synthesis

inhibitor given after SE corrected the lowered seizure threshold, suggesting the

neonatal isolation eVect was at least partly mediated by corticosterone and HPA

function. Thus, eVects of early life stress on vulnerability to limbic function and

epileptogenesis, may be mediated in part by stress-induced steroid secretion.
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The mechanisms underlying sequelae of early life stressors are complex and

ill-understood. Seizures can produce changes in function of NMDA and GABAA

receptors, gene transcription, dentate gyrus apoptosis and neurogenesis, mossy

fiber sprouting and axonal reorganization, and result in hippocampal sclerosis

(Sutula and Ockuly, 2005). There is a range of candidate mechanisms through

which maternal separation could produce these eVects (Mirescu et al., 2004;

Pryce et al., 2005; Sanchez et al., 2001), including the central CRH-circuit

(Corticotrophin releasing hormone) (Sanchez et al., 2001) and the HPA axis.

CRH is involved in the pathogenesis of early life seizures (Baram and Hatalski,

1998). Corticosterone aVects hippocampal electrophysiology and electrical kindling

(Taher et al., 2005). Further research is needed to determine whether increased

seizure vulnerability persists into aging, the potential underlying mechanisms,

and whether eVects can be generalized to nonhuman primates and people, and

relevance to the neuropsychiatric comorbidities of epilepsy.
IX. Other Factors that may Underlie Differences in Sensitivity to Steroids
In addition to reproductive, developmental, and/or stress status influencing

neuroactive steroids, changes in the GABAA system may also mitigate some of

these eVects. GABAA receptor agonists such as benzodiazepines, barbiturates,

alcohol, and 3a,5a-THP exert biphasic eVects, such that at high and low con-

centrations produce divergent eVects on the function of many GABAA receptors

in several regions of the CNS (Beauchamp et al., 2000; Carl et al., 1990; Fish et al.,

2001; Masia et al., 2000; Miczek et al., 1997, 2003; Norberg et al., 1987; Sundström

et al., 1998; Wenzel et al., 2002). These diVerential eVects may be due to inhibition

of some inhibitory neurons that are less sensitive to GABA agonists and thus

requiring higher concentrations of GABAA agonists for GABA-enhancing eVect.
Decreases in sensitivity may be due to stress, hormonal status, or prior experience

with hormone therapy and/or GABAA agonists influencing responses in certain

CNS regions as a result of changes in GABAA receptor subunits. For example,

changes in the a4 subunit of GABAA receptors in the hippocampus of rats is seen

with repeated cycles of P4 withdrawal (Gulinello et al., 2001) or long-term stress

(Concas et al., 1988). Together these findings suggest that increased sensitivity to

steroids and/or GABAA agonists may be related to prior steroid exposure and

changes in GABAA receptor subunits.

It is also possible that tolerance to neuroactive steroids can develop, which

may influence seizure susceptibility. Following withdrawal from benzodiazepines

or barbiturates, tolerance occurs. Prolonged exposure to, and withdrawal from,

3a,5a-THP may also produce tolerance. In some studies, rodents show tolerance

after repeated 3a,5a-THP exposure (Czlonkowska et al., 2001; Marshall et al., 1997;
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Palmer et al., 2002; Zhu et al., 2004), but in other studies tolerance did not occur

(Damianisch et al., 2001; Kokate et al., 1996; Reddy and Rogawski, 2000). Exposure

of GABAA receptors to endogenous 3a,5a-THP during the luteal phase of the

menstrual cycle could underlie decreases in sensitivity to steroids of some women

with catamenial epilepsy. Furthermore, increases in 3a,5a-THP from the adrenals

during chronic stress could downregulate GABAA receptors and produce tolerance

(Barbaccia et al., 1998, 2001; Droogleever Fortuyn et al., 2004; Purdy et al., 1991).

During the luteal phase, 3a,5a-THP from corpus luteum is added to the steroids

from the adrenals (Ottander et al., 2005). Considering these factors together, it has

been proposed that some women with catamenial epilepsy have developed (cross)

tolerance to neuroactive steroids (and/or other GABAA agonists) which produces

increased seizure suspectibility at the end of the luteal phase when 3a,5a-THP

declines and withdrawal occurs. Thus, the role of tolerance to neuroactive steroids

in the etiology and/or therapeutic management of seizure disorders require further

investigation.
X. A Review of Progestins, Absence Seizures, and Mechanisms of Action
The findings discussed above largely support a protective role of progestins on

seizure susceptibility, but there is evidence that progestins may have diVerent
eVects to aggravate absence epilepsy. In a case study, absence epilepsy was

exacerbated by P4 administration (Grunewald et al., 1992). In an animal model,

systemic acute administration of P4, but not E2, increased the number and total

duration of spike-wave discharges (a hallmark of absence epilepsy; Budziszewska

et al., 1999). During the estrous cycle, spike-wave discharges increase during

proestrus, when the levels of P4 are naturally enhanced (Van Luijtelaar et al.,

2001). Increases of spike-wave discharges after acute administration of P4 seem to

be due to the GABA-agonist like actions of 3a,5a-THP (Budziszewska et al.,

1999). The eVects of P4 on spike-wave discharges were antagonized by finasteride,
a 5a-reductase inhibitor, which did not produce eVects alone (Van Luijtelaar et al.,
2003). Moreover, RU 38486, a progestin receptor antagonist, did not block eVects
of P4 on spike-wave discharges (Budziszewska et al., 1999), implying that P4’s

eVects were likely due to actions at neurotransmitters, rather than steroid, recep-

tor targets (Van Luijtelaar et al., 2001). Thus, in contrast to the protective eVects of
progestins in convulsive epilepsy (Frye and Scalise, 2000; Kokate et al., 1994),

P4 aggravates epileptoform activity of the spike-wave discharges type.

Although P4 typically aggravates absence epilepsy, during pregnancy, which is

characterized by high progestin levels, an attenuation of absence epilepsy is

observed. It has been proposed that increased functioning of GABA in the cortex,

concomitant with downregulation of GABAA receptors in the lateral thalamic
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nucleus might underlie these opposite eVects on absence epilepsy during preg-

nancy. Increases in progestins during pregnancy alter expression, density,

plasticity, and sensitivity of GABAA receptors in some cortical and limbic struc-

tures (Brussaard and Koksma, 2002; Brussaard et al., 1999; Concas et al., 1999;

Weizman et al., 1997). These eVects may be related to changes in expression of

GABAA receptor subunit genes (Morrell, 1999) or the balance between endoge-

nous phosphatase and protein kinase C activity. In support of the latter, during

pregnancy, GABAA receptors in the supraoptic nucleus are sensitive to

3a,5a-THP in part due to a constitutively high level of phosphatase activity. At

parturition, release of oxytocin contributes to higher level of phosphorylation,

which may lead to 3a,5a-THP insensitivity of GABAA receptors (Brussaard and

Koksma, 2002). Chronic exposure to P4, as occurs during pregnancy, has eVects
to upregulate and downregulate GABAA receptors respectively in cortical and

ventral lateral thalamic regions, which are central in thalamo-cortical oscillations

of spike-wave discharges (Avanzini and Marescaux, 1991; Canonaco et al., 1989;

Meeren et al., 2002). It is possible that positive modulation of GABA receptors in

cortex may prevent hyperexcitability, which underlies spike-wave discharges

(Gloor et al., 1979; Kostopoulos, 2000). Perhaps simultaneous eVects to enhance

in cortex, and downregulate in the lateral thalamic nucleus, GABAA receptors

may produce opposite eVects during pregnancy than are typically observed for P4
to enhance spike-wave discharges. These eVects and actions of 3a,5a-THP at

other glutamatergic (NMDA), cholinergic, and/or opioid (Melcangi and Panzica,

2001) substrates which are involved in absence epilepsy (Berdiev et al., 2000;

Coenen et al., 1992; Lason et al., 1994) should also be considered.
XI. Interactions Between AEDs and Steroid Hormones
Not only do hormones influence seizure susceptibility, and seizures influence

hormones, but AEDs can also alter steroid metabolism and/or reproductive

function (Frye, 2005). Some anti-epileptic drugs induce cyctochrome P450 (e.g.,

phenytoin and carbamazapine), which stimulates sex hormone-binding globulin

production and metabolism of adrenal and sex steroid hormones, thereby reduc-

ing hormone levels in the circulation (Macphee et al., 1988; Morrell et al., 2001;

StoVel-Wagner et al., 1998). Other drugs, such as valproate, inhibit steroid hor-

monemetabolism, which increases the level of circulating androgens (Isojarvi et al.,

2004; Morrell, 2003). It is a challenge to investigate the endocrine eVects of AEDs

in clinical populations because one does not want to undermind the beneficial
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therapeutic eVects of AEDs, even if they have negative side-eVects. Thus, we have
begun to investigate the consequences of AED administration to male rats on

androgen-dependent anxiety, cognitive, and social/reproductive behavior.

We have investigated the eVects on intact male rats of administration of saline,

phenytoin (50 mg/kg), or valproate (325 mg/kg) for 1.5, 15, or 30 days. After the

designated time period, rats were trained in the object recognition task, then

tested for anxiety behavior in the open field, and for social/sexual interactions.

This was followed by testing in the object recognition task. Rats that were

administered the enzyme-inducing AED phenytoin for 15 or 30, but not 1.5,

days demonstrated less anti-anxiety behavior (central entries) in the open field.

Phenytoin for 1.5, 15, or 30 days decreased object recognition learning and

memory. Phenytoin for 15 or 30 days also increased the latency and decreased

the number of social and sexual contacts. Notably, these regimen of phenytoin

and valproate both increased the latency to, and decreased the incidence of,

PTX-induced myoclonus, but valproate appears to do so with more untoward

behavioral eVects. See Table IX.
XII. Summary
There are sex diVerences and eVects of steroid hormones, such as androgens,

estrogen, and progrestins, that influence seizures. Some of the capacity for

anticonvulsive eVects of these steroids may be related to their formation of ligands

which have agonist-like actions at GABAA receptors or antagonist actions at

glutamate receptors. These steroids can also have deleterious eVects on seizures,

due to withdrawal, changes they exert at GABAA and/or glutamate receptors or

other targets, or sensitivity of the type of seizure (convulsive vs. absence). Many

factors can influence steroid hormone secretion including developmental and

stress status, and even therapeutics, such as AEDs. Thus, given the need for

more eVective anticonvulsant therapies, the interactions between hormonal/

reproductive, developmental, and stress status, seizure experience, and therapeu-

tics need to be investigated further.
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TABLE IX

MEAN (þ STANDARD ERROR OF THE MEAN) ANXIETY (TOP), COGNITIVE (MIDDLE TOP), SOCIAL/REPRODUCTIVE (MIDDLE BOTTOM), AND SEIZURE (BOTTOM)

BEHAVIOR OF MALE RATS THAT WERE ADMINISTERED SALINE, PHENYTOIN (50 MG/KG), ORVALPROATE (325 MG/KG) FOR 1.5 (LEFT PANEL), 15 (MIDDLE PANEL) OR 30

DAYS (RIGHT PANEL)

1.5 day exposure 15 day exposure 30 day exposure

Saline (n ¼ 5)

Phenytoin

(n ¼ 5)

Valproate

(n ¼ 5)

Saline

(n ¼ 10)

Phenytoin

(n ¼ 10)

Valproate

(n ¼ 10)

Saline

(n ¼ 10)

Phenytoin

(n ¼ 5)

Valproate

(n ¼ 5)

Anxiety behavior

Total entries in the

open field

274 þ 49 311 þ 19 281 þ 34 199 þ 22 152 þ 31 150 þ 32 189 þ 34 178 þ 47 164 þ 47

Central entries in

open field

87 þ 27 86 þ 11 79 þ 17 47 þ 9 28 þ 10 29 þ 7 78 þ 14 42 þ 17 75 þ 23

Cognitive behavior

% of time spent with

novel object

53 þ 9 27 þ 15 53 þ 16 64 þ 9 34 þ 10 48 þ 7 48 þ 4 30 þ 5 44 þ 10

Social and reproductive

behavior

Latency to social

interaction

478 þ 122 445 þ 86 484 þ 75 64 þ 55 112 þ 22 36 þ 4 40 þ 8 185 þ 51 43 þ 11

# of bouts social

interaction

3 þ 1 3 þ 1 3 þ 1 6 þ 1 3 þ 1 7 þ 1 6 þ 1 3 þ 1 7 þ 1

# Sexual contacts 1 þ 1 1 þ 1 1 þ 1 2 þ 1 1 þ 1 2 þ 1 3 þ 1 1 þ 1 3 þ 1

Seizure behavior

Latency to

myoclonus

89 þ 25 152 þ 112 201 þ 135 94 þ 5 116 þ 15 121 þ 14 110 þ 16 144 þ 22 153 þ 48

Incidence of myoclonus 16 þ 4 12 þ 4 11 þ 4 4 þ 1 3 þ 1 3 þ 1 4 þ 1 2 þ 1 2 þ 1

5
8
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Bäckström, T., Carstensen, H., and Sodergard, R. (1976). Concentration of estradiol, testosterone and

progesterone in cerebrospinal fluid compared with plasma unbound and total concentrations.

J. Steroid Biochem. 7, 469–472.
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Catamenial epilepsy is defined by the cyclical seizure exacerbation seen in

almost 40% of women with epilepsy. The pattern appears to be related to

predominance of estrogen over progesterone during the pre-ovulatory and/or

perimenstrual days of the ovulatory menstrual cycle or during the broad period

between day 14 and menstruation in anovulatory cycles with inadequate luteal

progesterone levels. Progesterone aVects central nervous excitability in an ‘‘inhib-

itory’’ manner, slowing kindling and decreasing seizure susceptibility in animal

models. Estrogen enhances kindling and decreases after discharge threshold.

These neurosteroidal hormones alter the GABA-A receptor in cell cultures and

in animal models. Treatment of this clinical syndrome has been empirical and

reported in a small series of women. Progesterone therapy and possible new

approaches with synthesized neurosteroids may oVer a promising approach to

improve seizure control in women with catamenial epilepsy.
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I. Introduction
The cyclical nature of epilepsy with temporal relationship to the menstrual

cycle is known as ‘‘catamenial’’ epilepsy. The earliest recorded observations were

made by the ancient Greek physicians who described the monthly patterns

(‘‘kalamenios’’) as being related to the cycle of the moon (Temkin, 1971). Both

Sir Charles Locock (1857) and Sir William Gowers (1881) described the relation-

ship between the seizures and the menstrual cycle. This relationship continues to

be observed and to present the patient and the physician with a challenging

clinical problem.
II. Normal Female Neuroendocrine Cycle
The normal human menstrual cycle is the result of a highly integrated

feedback loop involving the hypothalamus, the pituitary, and the ovaries

(Fig. 1). The mediobasal hypothalamus secretes gonadotropin-releasing hormone

(GnRH) in a pulsatile pattern into the portal system to the anterior pituitary. This

results in pulsatile releases of follicle stimulating hormone (FSH) and luteinizing

hormone (LH) that vary over the menstrual cycle. These pulses result in follicle

development and subsequent luteal phase. FSH stimulates estradiol production in

the ovary and the release from the ovarian granulosa cells of inhibin, a neuropep-

tide that feeds back to inhibit FSH secretion. LH stimulates the ovarian thecal

cells to produce androgens that are metabolized to estradiol by the granulosa cells.

The estradiol feeds back to inhibit the FSH and LH until an increase in midcycle

estradiol concentration occurs. This results in an elevation of LH that produces

oocyte maturation, the formation of the corpus luteum, and imminent ovulation.

The corpus luteum produces progesterone. If there is no fertilization, the corpus

luteum involutes and progesterone and estradiol production decline. The decline

in these hormones results in menstruation. If the follicle does not develop and the

corpus luteum is inadequate, there is no ovulation and the progesterone produc-

tion fails to increase. This is termed an inadequate luteal cycle, which is recog-

nized by a serum progesterone of <5 ng/ml. Estrogen concentration is then

relatively unopposed. These cycle with inadequate luteal phases are typically

shorter (<23 days) or longer (>35 days) cycles.

Herzog et al. (1997) evaluated these cyclical patterns (Fig. 2) in women with

partial and/or secondarily generalized seizures. This work has been used to define

the concept of a catamenial epilepsy pattern.
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III. Definition and Epidemiology
Herzog et al. (1997) reported three patterns of catame nial seizure exacerb ation

after evaluating 184 women with refractory temporal lobe epilepsy. These obser-

vations were derived from analysis of seizure frequency data, menstrual diaries,

and the results o f mid-lu teal prog esterone le vels (Fi g. 2 ). H e defined da y 14 as

beginning the luteal phase, the ovulatory phase as day 10 to day 13; the onset of

menses is day 0. The C1 pattern is defined by increased seizures perimenstrually

from day �3 to day þ3. The C2 pattern is peri-ovulatory and occurs with seizure

exacerbation occurring from day 10 to day 13. The C3 pattern is seen in women

with inadequate luteal phases defined as progesterone levels <5 ng/ml resulting

in anovulatory cycles. Seizures in theC3 pattern are increased throughout the period

spanning day 10 to day 3. He calculated that the increase was about two times the

baseline seizure frequency rate. This finding has defined the catamenial pattern to

be an increase in seizure frequency of at least twice the baseline seizure frequency.
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The incidence of catamenial epilepsy reported in the literature spans a range

of values depending on the population being studied, the number of menstrual

cycles observed, and the timing of the cycle at the point of observation. A review

by Foldvary-Schaefer and Falcone (2003) summarized these methodological and
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reporting diVerences, demonstrating a frequency of catamenial epilepsy between

9 and 78%.

Herzog et al. (2004) in a prospective multicenter study, evaluated 87 women

over 3 cycles and confirmed the 3 catamenial patterns: women with C1 patterns

(22.2%), C2 (10.6%), women with both C1 and C2 seizure exacerbation (10.6%),

thus 43.4% had C1 and/or C2 patterns. In women with documented anovulatory

cycles, the C3 pattern was seen in 39%. Morrell et al. (1998) reported that a

catamenial pattern occurs more frequently in partial epilepsy than in generalized

epilepsy.
IV. Proposed Mechanisms
A. BRAIN WATER CONCENTRATION

Why seizures exacerbate at these times within the menstrual cycle is not fully

understood. One mechanism suggested that body and brain water retention is

responsible for the pattern, but this was not substantiated in a study that found no

diVerence from controls for body weight, sodium metabolism, and total body

water (Ansell and Clarke, 1956).
B. AED CONCENTRATION CHANGES DUE TO HEPATIC INDUCTION

Another theory proposes that the hepatic 450-system is induced by elevated

gonadal steroid concentration in the days prior to menstruation (Krugers et al.,

1995; Woodbury, 1952). The elevated steroids induce the anti-epileptic drug

(AED) metabolism and this produces a reduction in AED concentration for

those drugs with inducible hepatic metabolism (Karkuzhali and Schomer, 1998;

Kumar et al., 1988; Shavit et al., 1984). Herzog et al. (1997), however, saw no

diVerences in enzyme-inducing or enzyme-inhibiting AED regimens. There are

no studies to evaluate changes in AEDs that have no hepatic metabolism.
C. HORMONAL EFFECTS

The most plausible mechanisms involve the eVect of the gonadal steroids

directly on the central nervous system cells and neurotransmission. Reproductive

steroids may act by receptor-mediated long latency genomic eVects; receptor-
mediated posttranscriptional intermediate latency eVects; and direct membrane-

mediated short latency eVects (McEwen, 1991; Smith, 1989).
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Estrogen and progesterone are highly lipophilic. When released into the circu-

lation, they bind to Sex harmone binding globulin (SHBG) and are later bound to

receptors at the target membrane. They diVuse into the cell and then bind to an

intracellular receptor forming a hormone–receptor complex. This process occurs in

the cytosol and subsequently the complexes are translocated into the nucleus. The

hormone–receptor complex in the nucleus then binds to a target gene, which

regulates the gene expression and protein products. This is a long latency eVect.
Enzymatic conversion of progesterone to allopregnanolone does occur within

the brain (Bixo et al., 1997). In the female rat, progesterone levels are high in the

forebrain neocortex and decrease in puberty. Progesterone retards kindling in the

rat and blocks behavioral seizures in fully kindled female rats (Edwards et al.,

1999). An identifiable progesterone binding site is found on the GABA-A

receptor. Progesterone increases seizure threshold (Backstrom, 1984; Majewska

et al., 1986; Paul and Purdy, 1992).

Estradiol receptors are located throughout the central nervous system, stria

terminalis, medial preoptic area, anterior hypothalamus, ventromedial nucleus of

hypothalamus, median eminence, amygdala, midbrain, pituitary, hippocampal

interneurons, and cortex (Loy, 1988; Pfaff and Kerner, 1973). In the mature rat,

estrogen receptors are greatest in the limbic cortex. The hypothalamus receives

direct connections from the amygdala, and the pituitary is directly influenced by

the hypothalamus. Female rats kindled from the amygdala had high estradiol and

prolactin levels (Edwards, 2000).

Estrogen is a potent pro-convulsant. The number of dendritic spines increases in

the presence of estrogen. This increased cell-to-cell contact promotes hyper-

synchronization and subsequently lowers seizure threshold. Estrogen potentiates

excitatory post synaptic potentials (EPSPs) in the hippocampus. It blocks GABA-

mediated transmission and produces increased neuronal firing and spontaneous

discharges, alters glutamic acid decarboxylase, and decreases the synthesis rate of

GABA-A subunits. It accelerates kindling and lowers the afterdischarge threshold in

the amygdala at pre-ovulation and premenstruation times (Herzog, 1999b,c;

Murialdo et al., 1997). In addition, generalized seizures disrupt normal ovarian

cycling and repeated electroshock seizures delay the onset of puberty in juvenile

rats. Intravenous administration of conjugated estrogens activates epileptiform

discharges resulting in seizures.

In a rat model of catamenial epilepsy (Reddy et al., 2001), a pseudopregnant

state was induced in immature rats by injecting them with gonadotropin. Allo-

pregnanolone, the active metabolite of progesterone, is then decreased acutely by

inhibition of the conversion of progesterone to allopregnanolone. This is accom-

plished by blocking 5�-reductase with finasteride. These rats subsequently exhibit

increased sensitivity to subcutaneous pentylenetetrazol (PTZ) with decreased

latency to seizure generation and a 35% decrease in seizure threshold to PTZ

compared to the animal’s baseline response and to control rate responses. Ani-

mals with chronically low allopregnanolone levels did not show this seizure
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susceptibility profile. This would confirm that the acute withdrawal from the

elevated level of progestational compound is mechanistically important. The

degree of progesterone elevation and the length of time the serum progesterone

is elevated closely matches the human menstrual cycle. The authors postulate that

there is an alteration in the GABA-A receptor or its properties. A human experi-

ence substantiates the validity of this model. A woman being treated with proges-

terone for control of catamenial seizures, experienced loss of seizure control when

she was treated with finasteride which blocked the progesterone conversion to

allopregnenolone (Herzog and Frye, 2003).

Maguire et al. (2005) demonstrates inmice that the �GABA-A receptor is altered

diVerently in the diVerent estrous phases. This produces changes in the tonic

inhibition and seizure susceptibility to intraperitoneal kainic acid injection. The

animals were protected in late diestrus, a time of high progesterone and low estrogen

concentrations. � GABA receptors were upregulated, latency to seizure onset was

longer, time in seizure was significantly less, and electrographic events were shorter.

A human teratocarcinoma cell line, NT2-N, shows morphology and function

of a neuron after retinoic acid treatment (Pierson et al., 2005). The cultures possess

functional GABA receptors. Treatment with progesterone results in significant

diVerences in GABA receptor subunits compared to the profile after estradiol

exposure. This result is due to diVerent mRNA expression after interaction with a

nuclear progesterone receptor.
V. Treatment Strategies
A number of small series report treatments for catamenial epilepsy. To date

there is not a large controlled, blinded trial of any treatment. There is one

multicentered prospective study ongoing in the United States (Herzog et al., 2004).
A. ACETAZOLAMIDE THERAPY

Acetazolamide continues to be used by many practitioners. Whether its

mechanism of therapeutic eVect is as a potent carbonic anhydrase inhibitor

producing a metabolic acidosis, as a diuretic, or as a primary AED is uncertain.

Lombroso and Forxythe (1960) reported no correlation of improvement in seizure

frequency with bicarbonate levels. In a retrospective report, Lim (2001) noted a

seizure reduction of 40% and seizure severity reduced by 30% with a low daily

dose of acetazolamide. Recommended doses are 8–30 mg/kg/day up to a

maximum of 1 g in 1–4 divided doses (Foldvary-Schaefer and Falcone, 2003).

Side eVects include paresthesia, dysgeusia, metabolic acidosis, fatigue, renal

stones, and diuresis. Since tolerance to continuous administration is common,

cyclic dosing may prevent development of tolerance.
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B. BENZODIAZEPINES

Benzodiazepines are used as AED therapy for catamenial seizure control.

Tolerance to the AED eVect is seen with this class of drugs. Therefore, intermit-

tent use at the time of the seizure exacerbation is used by some. Clobazam is a 1,5-

benzodiazepine with reportedly fewer adverse eVects and less risk of tolerance

than the classic 1,4 compounds. It is not available in the United States at this time.

Feely et al. (1982) evaluated clobazam at 20 mg/day in a double-blind, placebo-

controlled, and crossover trial. Women with refractory perimenstrual seizures

were treated during one menstrual cycle for 10 days beginning 2–4 days prior to

the anticipated menstrual onset. Seizure freedom or >50% reduction was the

eYcacy definition. Seventy-eight percent attained this response, although three

patients responded only to a higher dose of 30 mg/day. This eYcacy was main-

tained over 6–13 months without tolerance in patients evaluated for more than

1 year (Feely and Gibson, 1984). Dose recommendation is between 20 and 30 mg

per day. Side eVects are sedation and depression.
C. VARIABLE AED DOSING

There are a few reports of improved catamenial seizure frequency when AED

doses are adjusted in the perimenstrual period (Karkuzhali and Schomer, 1998).

This manipulation is based on observations made by Logothetis et al. (1959) and

Shavit et al. (1984) of variable phenytoin serum levels during the menstrual cycle.

This variable dosing regimen requires a cooperative, compliant patient, since the

doses may be adjusted several times during a menstrual cycle.
D. CLOMIPHENE THERAPY

Manipulation of the estrogen/progesterone ratio seems to oVer a promising

therapeutic approach. Historical use of clomiphene, an estrogen antagonist, was

reported to reduce seizures by 87% in 10 of 12 women (Herzog, 1988).
E. PROGESTERONE THERAPY

Depot medroxyprogesterone in doses producing amenorrhea, 120–150 mg

every 6–12 weeks, has had therapeutic success in small numbers of women

(Fredrickson, 1996; Mattson, 1984) Side eVects include hot flashes, irregular

breakthrough bleeding and a delay in recovery of normal ovulatory cycles.

Herzog (1995) reported a decrease in seizure frequency of 55% for complex

partial seizures and secondarily generalized seizures with the use of natural



TABLE I

NATURAL PROGESTERONE
a TREATMENT REGIMEN

Dosing: three times daily

Day 1 If excessive sedation If tolerated

Days 14–25 ½ ½ 1

Days 26–27 ¼ ½

Day 28 ¼ ¼

Day 29 Stop Stop

aExtract of soy and yams compounded into lozenge form. Used by permission, personal commu-

nication from A. Herzog (2007).

If an early period occurs, start the three-day taper as per days 26–29.
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progesterone lozenges taken on days 14–25 of the menstrual cycle (Table I) that

was maintained in the responders over a three-year period (Herzog, 1999a). A

prospective, multicentered, placebo-controlled trial of progesterone therapy in

women with localization-related epilepsy is in progress (Herzog et al., 2004). The

daily dose of natural progesterone should achieve a physiological luteal phase

serum level of progesterone, between 5 and 25 ng/ml. Doses of 50–200 mg are

given in three divided doses due to the short half-life. Side eVects include sedation,
depression, tiredness, breast tenderness, weight gain, and irregular vaginal bleed-

ing. The progesterone therapy could induce concomitant AED hepatic metabo-

lism. Synthetic progestins are not converted to allopregnanalone; this may explain

the lack of success with this modality (Mattson, 1984).

F. NEUROACTIVE STEROID TREATMENT

Ganaxalone, 3�-hydroxy-3�-methyl-5�-pregnan-20-one, is a synthetic neu-

roactive steroid that modulates the GABA-A receptor at a site distinct from the

benzodiazepine and barbiturate sites. It is an analogue of allopregnanalone. It is

being developed as an AED and is presently in phase 3 pharmaceutical trials.

Studies suggest this compound may have particular eYcacy in patients with

catamenial epilepsy patterns (McAuley et al., 2001; Reddy, 2004).
VI. Conclusion
Catamenial epilepsy is a common pattern of seizure occurrence in over one-

third of women with both partial and generalized epilepsies. Seizure frequency

increases in the pre-ovulatory and perimenstrual periods of the menstrual cycle.

These patterns may contribute to the refractory course of some women. Although
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the exact mechanism is not completely understood, recent development of in vitro

and in vivo models may elucidate the etiology. The modulation of the GABA-A

receptor in response to progesterone and estrogen eVects seems likely. There is no

clear preferred mode of therapy for women with catamenial epilepsy. Therapeutic

manipulation of the estrogen/progesterone ratio to decrease the estrogen eVect or
increase the progesterone eVect in the central nervous system (CNS) appears most

promising. The results of ongoing and future prospective controlled trials as

well as designed therapies to modulate the GABA-A receptor, may improve

therapeutic options and successful treatment of seizures that exacerbate at these

times.
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Adolescence is a time of many changes. It is a time of growing independence,

physical and emotional change, accompanied by social insecurity. Girls tend

to enter puberty ahead of their male peers, growing and changing physically.

Our culture tells adolescents that they are still immature, but their bodies are
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saying otherwise. The adolescents are also becoming aware of themselves as

individuals, separate from their parents, and are presented with the challenges

of independent thinking and action.

If, in the midst of all of these changes, an adolescent is given the diagnosis of a

chronic disease such as epilepsy, there is an additional burden. Often the adoles-

cent must go through a variety of emotions, including shame, denial, anger, and

sadness. Our role as medical providers is to provide some perspective to the illness

and help guide our adolescent patient through the tumultuous emotions of

grieving and acceptance. We must provide a foundation of assistance and emo-

tional support, as well as medical knowledge. With a firm but compassionate

hand, we can help them cope with their disorder.

In this chapter, Drs. Haut and Zupanc explore some of the unique considera-

tions in adolescent women with epilepsy. The first part of the chapter deals with

the epidemiologic diagnosis of epilepsy in adolescence, the eVect of epilepsy on

reproductive health, hormonal influences on epilepsy (including catamenial sei-

zures), and the eVects of antiepileptic drugs (AEDs) on hormones, contraception,

and bone health. In the second part of the chapter, we deal with the very real

psychosocial issues and comorbidities of epilepsy, including quality of life, school

performance, depression, migraine headaches, social stigma, and lifestyle

changes. In the final section, the authors suggest strategies for clinical patient

management.
I. Introduction
Adolescence is a challenging phase of life, particularly superimposed on a

backdrop of chronic illness. It is a time where peer pressure is paramount,

independence is developing, driving and employment become possible, and

exploration of relationships and sexuality begins (Devinsky et al., 1999; Sheth

and Gidal, 2006). For many young women with epilepsy, navigating the develop-

mental and psychosocial issues that beset the teenage years while at the same time

living with the reality of seizures, medication, stigma, and restriction is particular-

ly diYcult. The additional burden of comorbidities such as depression further

impacts daily function and quality of life for these young women. For these

adolescents, it is imperative to take the time to discuss the implications of epilepsy

with them and provide them with the knowledge and tools to succeed in gaining

confidence and control of their lives.
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II. Epidemiology
Epilepsy is a very common neurologic disorder during adolescence (Appleton

et al., 1997), with an incidence reported to be in the range of 21–39/100,000

(Camfield et al., 1996; Hauser et al., 1993) and a prevalence of 1.5–2% (Sheth et al.,

2004; Hauser, et al., 1993). A number of important International League Against

Epilepsy (ILAE)-classified age-specific syndromes have frequent onset during the

teenage years, particularly idiopathic generalized epilepsies (IGE) such as juvenile

absence epilepsy ( JAE), juvenile myoclonic epilepsy ( JME), and epilepsy with

generalized tonic clonic seizures upon awakening (EGTCSA) (Engel for ILAE,

2001). Mesial temporal lobe epilepsy often begins in adolescence (Wheless and

Kim, 2002), although localization-related epilepsy due to other structural lesions

(focal cortical dysplasias; encephalomalacia; perinatal stroke) presents earlier in

childhood (Nordli, 2001). In addition, many patients with childhood onset of

epilepsy continue to have seizures throughout their teenage years.

While the overall incidence of epilepsy is slightly higher in males (Kotsopoulos

et al., 2002), this is not the case in adolescence, due to female predominance of

IGE. Both JAE and JME (Christensen et al., 2005) and more recently EGTCSA

(Mullins et al., 2007) are reported to be more common in females. Thus, the topic

of epilepsy in the female adolescent is timely and clinically relevant.
III. Hormones and Epilepsy
The influence of hormones on epilepsy has been well described. The onset of

certain epilepsy syndromes begins at the time of puberty; other epilepsy syn-

dromes go into remission. Contrary to popular belief, menarche does not appear

to exacerbate preexisting epilepsy. However, hormonal changes during the men-

strual cycle can have a profound eVect on seizure activity. Estrogen is a potent

proconvulsant, whereas progesterone has anticonvulsant eVects (PfaV and

McEwen, 1983; McEwen, 1998; Woolley and Schwartzkroin, 1998). The ratio

of these two hormones probably influences the tendency of breakthrough seizures.

With some young adolescent women, the highest risk for breakthrough seizures is

either at the time of ovulation or right before menses, when the estrogen:proges-

terone ratio is at its peak. For other adolescent women, in particular those with

anovulatory cycles, the risk for breakthrough seizures may persist throughout the

cycle, most likely due to the unopposed action of estrogen (Herzog et al., 1997).

Estimates of women with catamenial seizures vary greatly in the literature,

perhaps reflecting how poorly we obtain an accurate menstrual history from our
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patients. The incidence of catamenial seizures has been reported to be as high as

75% of all women with epilepsy, including young adolescent women.

There is a significant potential for interaction between hormones and concur-

rent treatment with antiepileptic drugs (AEDs), especially those AEDs that alter

hepatic microsomal enzymes of the cytochrome P450 enzyme system. These

AEDs can aVect not only endogenous hormones but also exogenous hormones

typically found in contraception. Unfortunately, in two separate surveys, most

physicians are not aware of this important AED:hormonal interaction. One

survey involved more than 3500 primary care providers, including pediatricians

and family practice physicians. The other survey interviewed neurologist and

obstetricians. Their lack of this basic information was more surprising and

concerning (Krauss et al., 1996; Morrell et al., 2000).
IV. Epilepsy and Reproductive Health
Young women with epilepsy are at risk for reproductive and endocrine dis-

turbances, including polycystic ovarian syndrome, anovulatory cycles, menstrual

irregularities, reduced fertility, sexual dysfunction, and premature menopause.
A. MENSTRUAL IRREGULARITIES

Women with epilepsy being treated with valproate had the highest rate of

anovulatory cycles, significantly increased over all other AEDs. Women with

primary generalized epilepsy who were taking valproate had a 55% chance of

having anovulatory cycles (Morrell et al., 2002).

Physiologically, the anovulatory cycles are associated with endocrine and end-

organ disturbances. Women with epilepsy have hypothalamic–pituitary dysfunc-

tion, including alterations in luteinizing hormone: follicle stimulating hormone

(LH:FSH) ratios (Drislane et al., 1994; Herzog et al., 1986; Meo et al., 1993).

In addition, women with epilepsy who are taking CYP450 enzyme-inducing

AEDs (e.g., carbamazepine, phenobarbital, phenytoin) have significant reduc-

tions in sex steroid hormones, including testosterone, estradiol, and dihydroe-

piandrostenedione (Isojarvi et al., 1995; Levesque et al., 1986; Morrell et al., 2001;

StoVel-Wagner et al., 1998). Valproate is an inhibitor of the CYP450 enzyme

system. Thus, women with epilepsy who are taking valproate have higher gonadal

and adrenal androgen levels (Morrell et al., 2003; Murialdo et al., 1998). Women

who are taking lamotrigine and gabapentin (two AEDs who do not alter the P450

enzyme system) do not demonstrate any changes in sex steroid hormone levels

(Morrell et al., 2001, 2004).
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B. POLYCYSTIC OVARIAN SYNDROME/POLYCYSTIC OVARIES

Polycystic ovarian syndrome (PCOS) is defined by hyperandrogenism, pro-

ducing hirsutism, male pattern baldness, anovulatory cycles, and infertility. Poly-

cystic ovaries are not required for PCOS; however, it is frequently found in

association with these other findings. The requirement for a diagnosis of PCOS

is serologic or phenotypic evidence of excess androgen, as well as anovulatory

cycles. Polycystic ovaries may be an asymptomatic condition found in normal

women of reproductive age, occurring in 20–25% (Clayton et al., 1992; Farquhar

et al., 1994; Polson et al., 1988). PCOS is important to recognize as it does cause

elevated androgens, abnormal lipid profile, abnormal LH: FSH ratio, and glucose

intolerance, predisposing women to insulin resistant diabetes, atherosclerosis,

cardiovascular disease, and an increased risk of endometrial cancer (Morrell

et al., 2003).

In the general population, the risk of PCOS is estimated to be between 7 and

15%. In women with epilepsy, the risk of PCOS is higher. In women with epilepsy

who are taking valproate, one report indicates that the risk of polycystic ovaries

and hyperandrogenism is as high as 40% (Isojarvi et al., 1993; Morrell et al., 2004).

In a prospective study of 94 women with epilepsy who were in the reproductive

age, polycystic ovaries were detected in 26% of women with localization-related

epilepsy, 41% of women with primary generalized epilepsy, and only 16% in the

control population (Morrell et al., 2002). In this same study, women with epilepsy

who were taking valproate had an even higher risk of polycystic ovaries than

women with epilepsy who were taking other AEDs (Morrell et al., 2002). The

polycystic ovaries may be a reversible condition. In a study conducted by Isojarvi,

women with epilepsy who were taking valproate and had documented polycystic

ovaries were changed to lamotrigine monotherapy. The polycystic ovaries

rescinded in most women (Isojarvi et al., 1998).

The relative eVect of epilepsy and antiepileptic medication on the produc-

tion of polycystic ovaries and PCOS is debated and remains controversial.

However, in at least one study, women with bipolar disorder who are taking

valproate did not demonstrate abnormal menstrual cycle length, anovulatory

cycles, or an increased risk of polycystic ovaries. Two other studies of women

with bipolar disorder being treated with valproate did demonstrate an

increased risk of polycystic ovaries and abnormal menstrual cycles (Rasgon

et al., 2000; O’Donovan et al., 2002). In a primate study, primates without

epilepsy who were given valproate at levels similar to adults with epilepsy did

not demonstrate any menstrual cycle irregularities or polycystic ovaries (Ferin

et al., 2003). Therefore, it appears that there is at least some eVect of epilepsy
on the relative risk for polycystic ovaries and polycystic ovarian syndrome. The

antiepileptic medication, valproate, is probably a contributory factor that adds

to this risk.
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C. SEXUAL DYSFUNCTION

Women with epilepsy do exhibit sexual dysfunction and diminished sexual

arousal. Approximately 33% of women with epilepsy report dyspareunia, lack of

vaginal lubrication, and vaginismus (Blumer and Walker, 1967; Demerdash et al.,

1991; Jensen, 1992; Morrell and Guldner, 1996). The cause of sexual dysfunction

is probably multifactorial, but undoubtedly encompasses the social stigma of

epilepsy as well as the eVect of epileptiform discharges on the limbic structures.

Adolescence is a time of emerging sexuality, and our patients will have concerns

about their sexuality. These concerns add to the burden of epilepsy and should be

addressed openly with the patient.
D. EFFECTS OF AEDS ON CONTRACEPTION

Young women with epilepsy who are taking CYP450 enzyme-inducing AEDs

are at increased risk for oral contraception failure due to their induction of sex

steroid hormones. As a result, if these women choose to take oral contraceptives

(OCP), it is strongly recommended that they take an OCP preparation that

contains at least 50 mg of estradiol (AAN Practice Parameter, 1998; Zahn et al.,

1998). This diminishes the risk of contraceptive failure. Unfortunately, in two

recent surveys of health care providers, including neurologists and obstetricians/

gynecologists, very few understood this basic concept (Krauss et al., 1996; Morrell

et al., 2000).

In young adolescent women who are taking valproate, which inhibits the CYP

450 enzyme system, there is no need to readjust the OCP preparation. These

women can be placed on a low estrogen preparation. Until recently, it was felt that

women who were taking lamotrigine, a nonenzyme-inducing AED, could take

any oral contraceptive without concern about an increased failure rate. However,

in a small study of 16 women with epilepsy who were taking lamotrigine, the

ethinylestradiol levels did not change significantly, but the levonorgestrel levels

decreased slightly. None of the women ovulated and there were no contraceptive

failures (Lamictal package insert, 2004). However, GlaxoSmithKline, the compa-

ny who makes lamotrigine, has now released a disclaimer, stating that OCP may

not be fully protective against pregnancy. Until further information is collected,

the company has advocated using a backup form of contraception.

In adolescents, compliance for either AEDs or OCP is variable. Many

adolescents cannot be relied upon to take their medication on a regular basis.

The compliance rate for OCP is estimated to be low.

For adolescents, condoms are not uniformly accepted and do have higher

contraceptive failure rates. Many OB-Gyn subspecialists recommend either depo-

provera or the new copper T intrauterine device that has recently been approved
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for nulliparous women. Depo-provera is an excellent short-term solution, but it

does carry an increased risk of osteoporosis if used chronically (Crawford et al.,

2002). In addition, just as with oral contraception, young adolescent women with

epilepsy who are taking CYP450 enzyme-inducing AEDs need to receive their

depo-provera injections more frequently than every three months, due to the

induction of the sex steroid metabolism (Crawford, 2002; Zupanc, 2006).

Oral contraceptives can also have an eVect on AEDs. Specifically, in women

with epilepsy who are taking lamotrigine, there can be an induction of lamotrigine

metabolism during the steroid-taking weeks. This can result in a significant

reduction in the lamotrigine blood level—sometimes a decrease of 50%—placing

patients at risk for breakthrough seizures (Sabers et al., 2001, 2003). Furthermore,

during the nonsteroid week of oral contraception, the lamotrigine blood levels

may substantially increase, resulting in toxic side eVects (Sabers et al., 2001, 2003).
E. PREGNANCY

Despite the diYculties of pregnancies in adolescents with epilepsy, the teenage

pregnancy rate is notable and must be taken into account when counseling these

patients. Although the topic of pregnancy in women with epilepsy is dealt with in

another chapter of this book, there are a few unique considerations for adolescent

women with epilepsy. Many of our adolescents have suboptimal nutrition, with

poor calcium and vegetable intake. They are at risk for osteoporosis, folate

deficiency, and microcytic anemia due to iron deficiency. Adolescent women

with epilepsy should be counseled on the teratogenic risks of AEDs, the role of

folate deficiency in producing minor and major fetal anomalies, and the changes

that occur in AED levels with pregnancy. They should also be informed of the real

risk of seizures if they stop taking their AEDs during pregnancy, especially the risk

to the fetus.
V. Bone Health
Bone mineral density is often decreased in women and children with epilepsy

(Bogliun et al., 1986; Chang and Ahn, 1994; Sheth et al., 1996; Valimaki et al.,

1994). AEDs appear to decrease bone mineral density and alter bone mineral

metabolism, compromising bone health and producing increased risks for osteo-

porosis and fractures (Bogliun et al., 1986; Gough et al., 1986; Valimaki et al.,

1994). Women with epilepsy who are taking CYP450 enzyme-inducing AEDs

appear to be at especially high risk for osteoporosis. In a study of 93 women with

epilepsy between the ages of 18 and 40 years, carbamazepine, valproate, and
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fosphenytoin were associated with significant reductions in serum calcium con-

centrations compared to lamotrigine, although serum parathyroid hormone

(PTH) and 25-OH vitamin D did not diVer among the AEDmonotherapy groups

(Pack et al., 2003, 2005). Bone-specific alkaline phosphatase, a marker of bone

formation and turnover, was significantly elevated with phenytoin and not with

other AEDs. The biochemical data do suggest that bone turnover is greater in

women taking phenyoin than other AEDs (Pack et al., 2003, 2005).

The mechanism of action hypothesized to explain the abnormalities in bio-

chemical indices of bone mineral metabolites is induction of the cytochrome P450

enzyme system. However, the exact mechanism of action is not yet known.

Increased bone turnover can produce osteoporosis (Pack et al., 2003, 2005).

Women who were taking lamotrigine or gabapentin (non-CYP450 enzyme-

inducing AEDs) did not demonstrate any significant changes in the parameters

of bone mineral density. Further studies are needed to document these initial

findings, clarify the risk of AEDs in the production of osteoporosis, and identify

the mechanisms of action that produce the abnormalities in bone mineral metab-

olism. The importance of this issue in the adolescent population, who are actively

growing, must be further explored.
VI. Psychosocial Considerations
A. QUALITY OF LIFE

As their peers begin to explore the myriad of developmental opportunities of

the teenage years, adolescents with epilepsy wonder whether their condition will

prevent them from driving, working, marrying, having children. These concerns,

superimposed on the medical burden of epilepsy, tend to significantly impact on

health-related quality of life. While any chronic disorder tends to lower quality of

life (QOL) in adolescence (Sawyer et al., 2007), the findings in epilepsy appear

worse than other disorders, such as asthma (Austin et al., 1996).

In 1999, Cramer et al. reported the development of the QOLIE-48, designed

to measure quality of life in epilepsy for adolescents, demonstrating that worsened

severity of seizures was significantly associated with poorer QOLIE-48 scores, a

finding duplicated in other studies (Benavente-Aguilar et al., 2004). Utilizing this

tool in adolescents with epilepsy, Devinsky et al. (1999) reported that significant

predictors of poorer quality of life (QOL) included older age (14–17), more severe

epilepsy, lower socioeconomic status (SES), and medication toxicity. Interestingly,

younger adolescents (11–13) reported poorer scores in the social support subscale,

implying that social support networks may actually improve as adolescence

progresses. Community-dwelling adolescents with epilepsy who are not followed
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in specialty clinics appear to have better overall QOL scores (Benavente-Aguilar

et al., 2004; Stevanovic 2007), reflective of better seizure control.

Gender eVects are mixed. Female adolescents appear to do worse than males

in overall QOL scores including more self-anxiety, a poorer self-image, and a

higher epilepsy-impact (Austin et al., 1996; Benavente-Aguilar et al., 2004;

Devinsky et al., 1999; Stevanovic, 2007). However, they may fare better in peer

relations (Austin et al., 1996) and have less denial of illness (Devinsky et al., 1999).

While teenage females in general appear to have higher emotional distress related

to chronic disorders, they do not seek psychiatric help in larger numbers than

their male counterparts (Suris et al., 1996).
B. SCHOOL PERFORMANCE

Children and adolescents with epilepsy have a greater risk of educational

underachievement than their counterparts without seizures (Aldenkamp et al.,

1999, 2005; Austin et al., 1998; Seidenberg et al., 1986). Significant contributing

factors have been reported, including localization-related or symptomatic

generalized epilepsy syndrome, AED polypharmacy, and frequent epileptiform

activity (Aldenkamp et al., 2001, 2005). Increased behavioral problems associated

with epilepsy may also play a role (Dunn, 2003). However, most studies have not

focused primarily on adolescents, which is an important limitation. Teenagers

with epilepsy likely face greater academic hurdles than the challenges posed by

cognitive issues related to epilepsy and AED eVects. As demonstrated by Adewuya

et al. (2006) in a Nigerian cohort, psychosocial factors may play a larger role as

determinates of school performance in adolescents than seizure type or frequency.

Another potentially important feature of school performance may be attendance.

School days are lost at a higher rate in the epilepsy population, sometimes directly

related to seizure occurrence but also related to ‘‘special privileges’’ granted by

parents and teachers, possibly as an overprotective measure (Aguiar et al., 2007).
C. DRIVING

The emerging independence associated with adolescence often includes the

ability to start driving. This opportunity is reduced for many young women with

epilepsy, and not only in direct relation to seizure-mandated restrictions.

Sillanpaa and Shinnar (2005) examined driver’s licensing in a cohort of patients

with childhood onset of epilepsy. Among patients eligible to obtain a driver’s

license based on seizure freedom, the number of female patients who obtained a

driver’s license was significantly less than male patients. This diVerence was most

striking at age 18, where 11% of eligible women with epilepsy had a driver’s
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license, compared to 46% of eligible men with epilepsy. Furthermore, eligible

patients of both genders had lower rates of licensing than their counterparts

without epilepsy. For patients with epilepsy who do drive, younger age (<25)

is associated with a greater risk of accidents and moving violations, however

this is more prevalent for males than females (Hansotia and Broste, 1993), and

is consistent with higher rates of accidents in younger male patients without

medical conditions (Sheth et al., 2004).
D. THE EFFECT OF STIGMA

Stigma presents one of the most diYcult challenges in epilepsy, and is felt

particularly acutely by teenagers (MacLeod and Austin 2003). Stigma is an impor-

tant component of health-related quality of life for adolescents with epilepsy

(Cramer et al., 1999; Devinsky et al., 1999), and concern about stigma appears to

be a major component of poor self-esteem (Westbrook et al., 1992). It is generally

accepted that reducing stigma should improve quality of life for adolescents with

epilepsy (Epilepsy Foundation), and the World Health Organization ‘‘Out of the

Shadows’’ campaign in 1997 highlighted these issues (Reynolds, 2001). Despite

these eVorts, the problem continues and is very real.

In a large population of high school students, Austin et al. (2002) surveyed

epilepsy familiarity, knowledge, and perceptions about stigma. The majority of

students thought that having epilepsy might ‘‘make you unpopular,’’ and might

lead to being picked on or bullied in school (Table I). Only one third of respondents

would date someone with epilepsy. Although themajority of students said that they

would want a friend with epilepsy to tell them about their condition, fewer would in

turn reveal this to their friends. In fact, Westbrook et al. (1992) demonstrated that
TABLE I

PERCENTAGES FOR STIGMA ITEMS

Yes Not sure No

Do not

know

If you had epilepsy, would you tell your friends? 46 31 10 14

Do you think having epilepsy would make you

unpopular?

13 31 42 14

Do you think kids with epilepsy are likely to get

picked on or bullied more than other kids?

37 26 24 13

If a friend had epilepsy, would you want him or

her to tell you?

69 15 5 11

Would you date a person with epilepsy? 31 44 11 14

Reproduced with permission, Austin et al. (2002).

Questionnaire administered to a general population of high school students.
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70–85%of adolescents with epilepsy do not reveal this fact to their friends, or rarely

discuss it. Despite these realities, there are reassuring findings as well. In West-

brook’s study, most adolescents did not feel stigmatized or perceive that epilepsy

aVected their ability to have friendships or to date, although many of these subjects

were not reporting the epilepsy to their friends, whichmay have contributed to this

lack of perceived stigma (1992). Furthermore, in developing the QOLIE-AD-48,

Cramer et al. (1999) reported an overall high quality of life with low levels of stigma

in their adolescent cohort. Interestingly, the presence and eVect of stigma in

adolescence has not generally been associated with gender.
VII. Selected Comorbidities
A. DEPRESSION AND SUICIDE

Depressive disorders are the most common psychiatric comorbidity of epilepsy

in adolescence (Thome-Souza et al., 2004), with a reported prevalence ranging

from 23 to 36% (Dunn et al., 1999; Ettinger et al., 1998; Kanner and Dunn, 2004;

Thome-Souza et al., 2004). The first episode of depression in epilepsy often occurs

during adolescence (Martinovic et al., 2006). As in all age groups, depression is often

unrecognized and untreated (Ott et al., 2003); few or none of the patients in two

studies (Dunn et al., 1999; Ettinger et al., 1998) had received psychiatric treatment.

Risk factors for depression include a high frequency of seizures and longer duration

of epilepsy (Oguz et al., 2002), and a positive family history of depression (Thome-

Souza et al., 2004). Antiepileptic drug use may in some cases contribute to depres-

sion (Brent et al., 1987; Plioplys, 2003). Gender does not appear to be associated

with a diVerential risk of depression in this age group.

As depression in epilepsy reduces quality of life and is a leading risk factor for

suicidality ( Jones et al., 2003 see below), the importance of early screening,

diagnosis and treatment cannot be overemphasized (Baker, 2006). The mainstays

of treatment are psychotherapy and/or pharmacotherapy, preferably with selec-

tive serontonin reuptake inhibitors (SSRIs) (Plioplys, 2003) which are typically not

proconvulsive. Family education is essential and should include safety counseling

and education about suicidal risk. Recently (Martinovic et al., 2006), cognitive

behavioral intervention showed an eVect in preventing depression in adolescent

patients at risk.

Suicide is another important consideration. Epilepsy appears to be one of the

few medical disorders that increase the risk of suicide in children and adolescents

(Brent et al., 1990), similar to the finding of increased suicide risk in the general

epilepsy population (Baker, 2006). While completed suicide in the general popu-

lation is higher in young males than females (Beautrais, 2002), this finding has not
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been clearly duplicated in epilepsy. Numerous studies have reported an increased

risk of suicide in epilepsy when comorbid Axis 1 disorders, particularly depression

are present ( Jones et al., 2003; Nilsson et al., 2002). However, the single most

prominent seizure-related risk factor for suicide appears to be epilepsy-onset

during adolescence (Nilsson et al., 2002).
B. MIGRAINE

Both epilepsy and migraine are common neurologic disorders in adolescence,

though migraine is much more common, particularly in females (Haut et al.,

2006). In young women, the incidence of migraine with aura peaks between

ages 12 and 13 years (14.1 per 1000 person-years), while migraine without aura

peaked between ages 14 and 17 years (18.9 per 1000 person-years) (Stang et al.,

1992; Stewart et al., 1991). Although young boys have a higher prevalence of

migraine than young girls, cyclic hormonal factors are considered to contribute to

the excess risk of migraine in females beginning at the age of menarche

(Silberstein, 2001), as well as to individual migraine attacks.

Although studies vary, individuals with either migraine or epilepsy are more

than twice as likely to have the other disorder (Andermann and Andermann, 1987;

Ottman and Lipton, 1996). As there is significant crossover between medications

that treat epilepsy and migraine, it is tempting to treat concomitant diagnoses with

a single agent, as has been recommended (Pellock, 2004), particularly to reduce the

side eVects of polypharmacy. Two AEDs, divalproex sodium and topiramate, are

approved for both migraine prophylaxis and treatment in epilepsy. While the

attempt to treat comorbid conditions with one agent has potential merit, caution

must be exercised to avoid undertreating one of the conditions (Haut et al., 2006).
VIII. Patient Management
What advice can we give to health care providers who take care of adolescent

women with epilepsy? First and foremost, talking to the adolescent honestly and

with compassion will go a long way. In addition, the adolescent needs time to

discuss personal issues without a parent present. It may only be at this time that

one will learn the adolescents’ most distressing concerns—whether it be social/

peer relationships, contraception, concerns about AEDs on cognitive or athletic

performance, or depression. Specialized teenage clinics have addressed these

issues (see below).

Medically, it is very important to perform a careful diagnostic evaluation,

including careful history of seizure semiology, EEG, and often, an MRI scan of

the brain. Only with a detailed diagnostic evaluation can the appropriate epilepsy



EPILEPSY AND ADOLESCENT WOMEN 103
syndrome be identified. Knowing the epilepsy syndrome is the single most

important step to choosing an appropriate AED and to providing a prognosis.

A. CHOICE OF ANTIEPILEPTIC MEDICATION

Medication choice should be tailored to the epilepsy syndrome, when available.

Valproate is relatively contraindicated in young women with epilepsy who are in the

reproductive age, given the increased risk of anovulatory cycles, menstrual irregula-

rities, polycystic ovaries, and polycystic ovarian syndrome. In addition, women with

epilepsy who are placed onCYP450 enzyme-inducing AEDs appear to be at greater

risk for osteoporosis. Furthermore, carbamazepine and valproate increase the risk

for fetal neural tube defects. Preliminary evidence also suggests that valproate may

produce neurocognitive eVects in the fetus (Meador et al., 2006). Unfortunately, the

teratogenic risks for the newer AEDs, such as lamotrigine, levetiracetam, oxcarba-

zepine, and felbamate, are not fully known. There are several active pregnancy

registries for women with epilepsy taking AEDs. Hopefully, these registries will

provide clearer insights about the relative teratogenicity of these newer AEDswithin

the next few years. Certainly, these considerations should be fully disclosed to

adolescents and their parents when discussing the AED choice—especially when

the epilepsy syndrome is known to be a lifelong condition, that is, JME.
B. CHOICE OF CONTRACEPTION

All adolescents should be assumed to be sexually active. Therefore, a discussion

about contraception and AED interaction is imperative when discussing new onset

epilepsy with a young adolescent woman. Oral contraceptives can be an excellent

option for an adolescent who is sexually active, providing that the adolescent can

prove herself to be responsible and fully compliant. However, if the adolescent is

on a CYP450 enzyme-inducing AED, the oral contraceptive must contain at least

59 mg of estrogen. Other reasonable options include depo-provera and the new

copper T intrauterine device. None of these options, however, are protective

against sexually transmitted diseases. Only condoms will provide this protection.
C. NUTRITION

Adolescents should be reminded of the importance of good nutrition, particu-

larly during these growth years, with rapid bone mineralization. Adequate

calcium intake is 1800 g per day, rarely achieved by the average adolescent.

Calcium supplements should be discussed, as well as vitamin supplementation

with at least 4 mg of folate.
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D. SPORTS AND SAFETY

Safety precautions are important to review. Sports play an important role in

many adolescent’s lives. Fortunately, except for swimming restrictions, athletics can

be continued. In fact, there is no evidence that athletic competition increases the

risk for breakthrough seizures. There is some soft evidence to suggest that regular

exercise may actually reduce stress levels and decrease the risk of seizures (Nakken,

1999; Nakken et al., 1990, 1997). It is appropriate, however, to discourage baths,

due to increased risk of drowning. Showers are more appropriate. However, a

parent should have easy access to the bathroom in case of a seizure. Driving is

permitted in all states after a variable period of complete seizure freedom—typically

the waiting period is six months to one-year seizure free on AEDs.
E. COMPLIANCE

Treatment compliance in epilepsy is a widespread challenge, and all themore so

during adolescence. While parents typically administer medication to younger

children, at some point, this process undergoes a transition and the responsibility of

compliance begins to shift to the teenager. In studies of adolescents with chronic

disorders (KyngÄs, 2000; Michaud et al., 2004) including epilepsy (Buck et al., 1997;

KyngÄs, 2000), compliance with aspects of medical care is reported to be less than

adequate in up to 50% of patients. Compliance in epilepsy is further complicated by

the need for strict attention to dosing schedule, as a delay of even a few hours may

result in a seizure. This requirement places behavioral demands that may be

particularly diYcult for teenagers. Conversely however, the perceived benefit to

the adolescent of avoiding a seizure is significant, which would tend to increase

compliance.

In a large sample of adolescents with epilepsy, KyngÄs (2000) examined

factors associated with compliance. By questionnaire, 37% of patients ranked

themselves as fully compliant with medication, while 18% reported full compli-

ance with lifestyle (regular bed times and meal times). Longer duration of illness,

less exercise, smoking and alcohol use, and more frequent seizures were associated

with poorer compliance. Strategies to improve compliance include recognizing

and exploring the problem with the patient, and switching to AEDs with more

optimal dosing schedules (Nordli, 2001).
F. SLEEP DEPRIVATION

Lack of adequate sleep is a growing problem among American teenagers

(Smaldone et al., 2007), as teens juggle academic demands, busy social lives, and

late nights at the computer. Nowhere is this more relevant than for the adolescent
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with epilepsy, for whom sleep deprivation may provoke a seizure. The association

between sleep deprivation and epilepsy is well documented (Haut et al., 2007;

Kotagal, 2001; Mendez and Radtke, 2001), particularly in the setting of the IGE

(Beghi et al., 2006) that are prominent during adolescence. Teens must be cau-

tioned to balance the perceived advantages of staying up late with the actual risk

of experiencing a seizure the following day.
G. THE ADOLESCENT CLINIC

The topics in this chapter highlight the special issues relevant to treating a

teenager with epilepsy. The development of specialized teenage epilepsy

clinics was undertaken in response to these issues (Appleton et al., 1997;

Smith and Wallace, 2003; Smith et al., 2002). Such clinics address needs

specific to adolescence and aid in the transition from the pediatric to the

adult service. With the teenage patient as the focus of consultation rather

than the parents, the patients are more likely to reveal and discuss concerns

(Appleton et al., 1997). As noted by Smith et al. (2002), a systematic review of

relevant issues may reveal important and unexpected outcomes, such as the

discovery that the majority of their female teenage patients had not previously

been prescribed folate.
TABLE II

CHECKLIST FOR ADOLESCENT EPILEPSY VISIT

1. Epilepsy syndrome diagnosis, prognosis, appropriate AED choices.

2. Seizure control and medication side eVects, with special attention to cognitive slowing, weight gain,
and mood.

3. The adolescent’s concerns about the diagnosis, treatment, and social ramifications. This history

may be best obtained by one of the allied health personnel, such as a nurse, social worker, or

pediatric nurse practitioner.

4. Contraception and the possible interactions with AEDs. All adolescents should be presumed to be

sexually active. If the health provider does not bring up this topic, the adolescent most likely will not.

5. Nutrition. Many adolescent patients have poor nutrition with inadequate sources of calcium,

vitamin D, and folate.

6. Safety issues, especially with respect to driving.

7. Exercise. Participation is sports is recommended and should even be encouraged in our adolescent

patients with epilepsy. Exercise will not exacerbate their seizures and will assist with weight control

and mood.

8. Sleep deprivation and its eVects on seizure control.

9. Recreational drugs and alcohol and their eVects on seizure control.

10. School performance, attendance, and concerns.

11. Signs of depression and anxiety, important and frequent comorbidities of epilepsy.

AEDs, antiepileptic drugs.
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While a specialized adolescent epilepsy clinic may not be feasible in many

centers, the strategies employed are applicable to most clinical settings. A checklist

of recommended topics is indicated (Table II).
IX. Conclusions
There are many challenges that face an adolescent woman who has been

diagnosed with epilepsy. Adolescence is a time of growing independence,

physical and emotional change, accompanied by social insecurity. If, in the

midst of all of these changes, an adolescent is given the diagnosis of epilepsy,

there is an additional burden. She now has to deal with the fact that epilepsy is

a chronic disease requiring daily medication and that it may be a lifelong

condition. There are frequent comorbidities with this diagnosis, including

depression, migraine headaches, and cognitive/behavioral problems. Our role

as medical providers is to provide some perspective to the illness and help guide

our adolescent patient. We can provide a strong foundation of assistance and

emotional support, as well as medical knowledge, particularly in the setting of a

specialized adolescent clinic.
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Contraceptive counseling is a critical component of the management of the

female patient with epilepsy because of the increased risk of pregnancy associated

with epilepsy and the multitude of interactions between antiepileptic drugs

(AEDs) and hormonal contraception. Steroid hormones and many of the AEDs

are substrates for the cytochrome P450 enzyme system, in particular, the 3A4

isoenzyme. As a result, concomitant use of hormonal contraceptives and AEDs

may pose a risk for unexpected pregnancy, seizures, and drug-related adverse

eVects. The risk of combined oral contraceptive (COC) failure is slightly increased

in the presence of cytochrome P450 3A4 enzyme-inducing AEDs. Several AEDs

induce the production of sex hormone binding globulin (SHBG) to which the

progestins are tightly bound, resulting in lower concentrations of free progestin

that may also lead to COC failure. There is no increase in the risk of COC failure

in women taking nonenzyme-inducing AEDs. Oral contraceptives significantly

increase the metabolism of lamotrigine, posing a risk of seizures when hormonal

agents are initiated and/or toxicity during pill-free weeks. There is no evidence

that COCs increase seizures in women with epilepsy. While higher dose COCs

are one contraceptive option for women on enzyme-inducing AEDs, a variety of

other options are available. Injectable contraception (depot medroxyprogesterone

acetate) appears eVective with AED use, but the potential for bone mineral

density loss is a concern. Intrauterine devices (IUDs) and barrier methods do

not rely on hormonal components for contraceptive eYcacy, and are therefore

appropriate to recommend for use in women using enzyme-inducing medica-

tions. This chapter reviews the evidence regarding the pharmacokinetic interac-

tion between AEDs and oral contraceptive hormones, the known or potential

interactions with alternative contraceptive methods, and provides practical advice

for management of contraceptive needs in reproductive-age women.
I. Introduction
Epilepsy aVects >1% of the population, including approximately one million

women of childbearing potential in the United States (AAN Practice Parameter,

1998). Epilepsy increases the risk of abnormal fetal outcome related to intrauter-

ine exposure to antiepileptic drugs (AEDs). Addressing contraception is therefore

a critical component of the evaluation and treatment of reproductive-age women

with epilepsy.

In recent years, the number of new AEDs and new formulations of older AEDs

has increased considerably in the United States and worldwide, oVering more
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therapeutic options for people with epilepsy. In addition, AEDs are increasingly

used for conditions other than epilepsy, including psychiatric and sleep disorders

and chronic pain. In the United States, nearly 50% of AED prescriptions

are written for nonepilepsy indications (Verispan LLC, 2005). For some agents,

prescriptions for nonepilepsy indications far exceed those written for epilepsy.

This chapter will review the evidence regarding the pharmacokinetic interac-

tion between AEDs and oral contraceptive hormones, and will apply this under-

standing to estimate eVects between AEDs and the wider variety of hormonal

contraceptives now available. The final section provides practical advice for

management of contraceptive needs in reproductive-age women requiring

AEDs for seizure control or other therapy.

II. Knowledge of Pregnancy Risk and Practice of Contraception in Women with Epilepsy
Despite the known reproductive risks, women with epilepsy are often unaware

of the potential for a drug interaction aVecting contraception or of the risks of

pregnancy. Only rarely do women with epilepsy consult healthcare providers for

preconception planning or during the first few weeks of pregnancy (Seale et al.,

1998). In a survey by the British Epilepsy Association, 51% of women claimed

never to have received advice on contraception or the interaction between oral

contraceptive agents and AEDs (Crawford and Lee, 1999).

A more recent U.S. survey confirmed that a high percentage of women with

epilepsy were unaware of the potential for drug interactions and side eVects. Out

of a convenience sample of women presenting for care at an epilepsy clinic, 70%

did not know that their prescribed AED might change how well birth control pills

work. Women were also poorly informed regarding the consequences of an

unplanned pregnancy during AED use. Only 28% of women taking a FDA

category C drug and 41% taking a category D drug indicated knowledge of the

potential for eVects on fetal development (Davis et al., 2007a).

Healthcare providers demonstrate similar gaps in knowledge regarding repro-

ductive risks and contraceptive interactions with AEDs. Among Scottish obstetri-

cians, 51% were unaware of the need for preconception counseling for women with

epilepsy (Russell et al., 1996). A survey of U.S. physicians revealed that 4% of the

neurologists and none of the obstetricians polled were aware of the interactions

between the sixmost commonfirst-generationAEDsandoral contraceptives, despite

the fact that ~25% had reported unexpected pregnancies among patients in their

practice (Krauss et al., 1996). In the United Kingdom, a review of prescribing

practices reported that 56% of patients coadministered an enzyme-inducing AED

and oral contraceptives were on ‘‘low-dose’’ estrogen pills and therefore at risk of

contraceptive failure (Shorvon et al., 2002). While more recent surveys suggest that

awareness is increasing among neurologists and gynecologists (Foy et al., 2001;
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Morrell et al., 2000), these findings underscore the importance of ongoing educa-

tional eVorts directed to women with epilepsy and their healthcare providers.

Unfortunately, women with epilepsy surveyed at an academic epilepsy clinic

report that 50% of their previous pregnancies were unplanned (Davis et al.,

2007b). This is similar to the rate of unintended pregnancy for the general U.S.

population (Finer and Henshaw, 2006), despite the fact that women with epilepsy

represent a high-risk group. Of those who reported using contraception in the

previous month, only 53% of women in this clinic population used a highly

eVective method; 17% reported using withdrawal as their only contraceptive

method (Davis et al., 2007b). Current contraceptive use and rates of unintended

pregnancy among women with epilepsy likely reflects the inadequate knowledge

of patients and providers.
III. Pharmacology of Combined Oral Contraceptives
Exogenous administration of estrogen and progestin suppresses ovulation by

inhibition of LH and FSH at the level of the hypothalamic–pituitary axis. This

results in prevention of follicular development, and therefore absence of ovulation

during most cycles. Initial development of oral contraceptives in the 1950s was

focused on providing high doses of progesterone derivatives to mimic pregnancy.

The presence of estrogen, discovered to be a contaminant in the ‘‘progestin’’

tablets, resulted in less breakthrough bleeding and improved eYcacy (Asbell,

1995). Most formulations are packaged as 21 active pills containing estrogen and

progestin followed by 7 placebo pills. During the placebo or pill-free week, a

woman experiences withdrawal bleeding to simulate a normal 28-day cycle.

Combined oral contraceptives (COCs) available in the United States primar-

ily contain ethinyl estradiol (EE) as the estrogen component. Mestranol, the

alternative estrogen used in the first marketed oral contraceptive in the United

States, is partially converted (75–80%) to EE following ingestion. Over time, the

dose of EE in oral contraceptives has decreased from 150 mcg to 20–35 mcg daily

without any reduction in eYcacy and with a significant reduction in cardiovascu-

lar risk (Rosenberg et al., 1999).

The progestin component in modern contraceptives varies, both in amount

and type of progestin. Progestin doses have been reduced over time as well, or

varied during the cycle as with triphasic preparations which have a diVerent dose
of progestin in each of the 3 weeks of active tablets to minimize the overall amount

of hormone. Progestins also result in thickening of cervical mucus, interfering with

sperm activity and penetration. Exogenous administration of both hormones

produces eVects at the level of the endometrium, though it is unknown if these

changes contribute to the overall eYcacy (Rivera et al., 1999).
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Oral administration of estrogen is significantly eVected by first-pass metabo-

lism; EE has a bioavailability of between 40 and 50%, with wide interindividual

variation noted. Multiple drug interaction studies in humans and animal models

confirm the role of the cytochrome (CYP) P450 system as the primary site for

hydroxylation of EE (Crawford, 2002). Hydroxylation and subsequent conjuga-

tion with glucuronide or sulfate deactivates EE, which is then excreted in the bile.

In humans, a fraction of conjugated EE may be hydrolyzed by bacteria in the

colon and then reabsorbed as an active metabolite. There are diVerences reported
between individuals and between ethnic groups, with variation as high as tenfold,

in the proportion of EE susceptible to first-pass metabolism, conjugation, and

enterohepatic recirculation (Wilbur and Ensom, 2000). This may result in only

certain individuals with a clinical eVect of a reduction in contraceptive eYcacy

from a drug interaction, due to the variation in metabolic parameters.

Ethinyl estradiol is primarily bound to serum albumin and increases the

production of sex hormone binding globulin (SHBG). Progestins, in contrast,

are primarily bound to SHBG in the circulation. The total amount of progestin

may vary depending on SHBG levels, and with elevations in SHBG the free

concentration of progestin is potentially aVected. Progestins are not subject to

enterohepatic circulation, but are also susceptible to increased metabolism by the

cytochrome (CYP) P450 system (McAuley and Anderson, 2002).
IV. Hormonal Contraceptive–AED Interactions
Kenyon (1972) described the first case of unexpected pregnancy in a woman

with epilepsy taking phenytoin several months following initiation of an COC. In

the years that followed, similar cases were reported involving phenobarbital,

primidone, and carbamazepine. More recently, additional interactions, drug-

specific in some cases, have been observed between sex steroids and AEDs.

Many of the currently available AEDs are metabolized primarily by the

cytochrome (CYP) P450 mixed function oxidases (Perruca and Richens, 1995).

Steroid hormones serve as substrates for the cytochrome P450 enzyme system, in

particular, the 3A4 isoenzyme. Enzyme-inducing AEDs increase the metabolism

of sex steroids, potentially rendering them less eVective. In addition, some AEDs

increase the production of SHBG leading to increased capacity to bind to

progesterone, ultimately reducing its free concentration. Phenobarbital, primi-

done, phenytoin, carbamazepine, and oxcarbazepine are operative in this mech-

anism (Back et al., 1980; Crawford et al., 1990; Klosterskov Jensen et al., 1992).

Pharmacokinetic parameters of the currently available AEDs are summarized in

Table I.



TABLE I

PHARMACOKINETIC CHARACTERISTICS OF ANTIEPILEPTIC DRUGS (AEDS)a

Vd (l/kg)

Protein

binding (%) t1/2 (h)

Elimination route (%)

Renal Liverb

(A) Cytochrome 3A4 inducers

Carbamazepine 0.8 75 9–15 1 99 (oxidation)

Felbamate 0.8 25 13–22 50 50 (oxidation þ other)

Oxcarbazepine 0.8 40 9 1 99 (reduction,

glucuronidation)

Phenobarbital 0.6 45 75–110 25 75 (oxidation)

Phenytoin 0.8 90 9–36 5 95 (oxidation)

Primidone 0.7 0–20 10–15 40 60 (oxidation)

Topiramatec 0.7 15 12–24 65 35 (oxidation)

(B) Cytochrome 3A4 noninducers

Ethosuximide 0.7 0 30–60 20 80 (oxidation)

Gabapentin 0.7 0 5–7 100 0

Lamotrigine 1.0 55 12–62 10 90 (glucuronidation)

Levetiracetam 0.5–0.7 <10 6–8 100 0

Pregabalin 0.5 0 6–7 100 0

Tiagabine 1.4 96 7–9 2 98 (oxidation)

Valproate 0.2 90 6–18 2 98 (oxidation,

glucuronidation

Zonisamide 1.5 40 63 35 65 (conjugation)

aNormal values for adults on monotherapy.
bPrimary mechanism recognized.
cWeak inducer.Vd, volume of distribution; t1/2, elimination half-life.
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A. CYTOCHROME 3A4 ISOENZYME INDUCERS

AEDs that induce the cytochrome 3A4 isoenzyme system accelerate the

metabolism of sex steroids, increasing the risk for unexpected pregnancy

(Table I, part A). Phenytoin is the most commonly reported in this regard.

However, similar findings have been observed with phenobarbital and carbamaz-

epine, both shown to reduce the concentrations of EE and various synthetic

progestins by as much as 50% (Back et al., 1980; Crawford et al., 1990). The

aforementioned agents are potent inducers of CYP3A4. Among the newer agents,

felbamate, topiramate, and oxcarbazepine also induce the CYP3A4 isoenzyme,

however to a lesser degree.
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B. CYTOCHROME 3A4 ISOENZYME NONINDUCERS

Ethosuximide, valproic acid, gabapentin, lamotrigine, tiagabine, levetirace-

tam, zonisamide, pregabalin, and vigabatrin do not induce the CYP3A4 isoen-

zyme system, and as such, do not increase the risk of COC failure (Bartoli et al.,

1997; Crawford et al., 1986; Eldon et al., 1998; GriYth and Dai, 2004; Mengel

et al., 1994; Molich et al., 1991; Ragueneau-Majlessi et al., 2002) (Table I, part B).

However, concomitant use of COCs alters the metabolism of some of these

agents, potentially impacting seizure control and drug tolerability. For example,

metabolism of lamotrigine is accelerated by COCs which may produce clinically

meaningful changes in serum lamotrigine concentrations (see discussion below).

In a recent study of nine women on valproic acid monotherapy and a COC, the

mean increase in valproic acid apparent clearance was 22% for total and 45% for

free fractions as compared to the pill-free period (Galimberti et al., 2006). The

proposed mechanism is induction of glucuronosyltransferase by EE. Ethosuxi-

mide, tiagabine, and zonisamide undergo hepatic oxidation by CYP3A; inducers

of this isoenzyme may increase the clearance and decrease the half-life of these

agents, but no reports of this are available.
C. AEDS WITH UNIQUE OR UNANTICIPATED INTERACTIONS

1. Lamotrigine

Among the AEDs, lamotrigine possesses a unique interaction with hormonal

contraceptives. In contrast to most other AEDs, lamotrigine is predominately

eliminated by conjugation with glucuronic acid, a reaction catalyzed by the uridine

50-diphosphate (UDP)-glucuronosyltransferases (UGTs) (Dickens and Chen,

2002). The UGT1A4 isoform is believed to be the major route of metabolism in

humans. Estrogenic substrates are also metabolized by glucuronidation, thereby

influencing the metabolism of lamotrigine. Findings of several studies demonstrate

a significant increase in lamotrigine metabolism with concomitant administration

of COCs in women with epilepsy (Browning et al., 2006; Christensen et al., 2007;

Sabers et al., 2001, 2003) and normal controls (Sidhu et al., 2004). This eVect is likely
due to the estrogen component of the combined pill as lamotrigine metabolism is

unchanged in the presence of progesterone (Reimers et al., 2005).

The most recent of these studies is a double-blind, placebo-controlled trial in

which seven women with epilepsy treated with lamotrigine monotherapy were

randomized to an COC containing EE 35 mcg and norgestimate 250 mcg or

placebo (Christensen et al., 2007). Dose-corrected plasma lamotrigine concentra-

tion and urinary excretion of lamotrigine metabolites after 21 days were com-

pared. The mean lamotrigine concentration after placebo was 84% higher than

after COC. The majority of this increase occurred within the first week after
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cessation of COCs, similar to a prior report (Sidhu et al., 2004). The N-2-

glucuronide (a lamotrigine metabolite)/lamotrigine ratio in the urine decreased

by 31% in the placebo arm compared to active treatment. Three patients

experienced seizures during treatment with COCs; none did so while taking

placebo. Adverse eVects related to lamotrigine were similar between treatment

arms, although in another study, the same investigators observed an increase in

adverse eVects shortly after cessation of COCs. Collectively, findings from this and

prior studies suggest that induction of UGT1A4 by EE accounts for the increased

metabolism of lamotrigine; de-induction of this metabolic pathway during the

pill-free week reverses this eVect, increasing lamotrigine serum concentrations

by almost 100%.

These findings have important management implications as lamotrigine has

become an increasingly popular treatment choice in younger females with epil-

epsy. The addition of a COC containing EE reduces lamotrigine serum concen-

trations by an estimated 50% at the onset of therapy. This eVect may be enough to

produce seizures. Conversely, lamotrigine serum concentrations revert back to

baseline during the pill-free week and within 1 week if the pill is discontinued,

increasing the likelihood of adverse eVects related to lamotrigine. Lamotrigine

dosage adjustments may be necessary to maintain a clinical response following the

introduction of hormonal contraceptives and to minimize adverse eVects follow-
ing their discontinuation. Monitoring of lamotrigine concentrations during initial

introduction of COCs may be warranted. Women with epilepsy taking lamotri-

gine should be informed of these potential eVects as loss of seizure control can

have devastating eVects, particularly in seizure-free patients, including loss of

driving privileges, seizure-related injuries, and even death.
2. Oxcarbazepine

In a study involving 13 healthy subjects taking oxcarbazepine 900 mg/day

and a triphasic COC (minimum EE dosage of 30 mcg), the area under the

plasma concentration–time curve (AUC) decreased by 48% for estradiol and

32% for the progestin compared to baseline (Klosterskov Jensen et al., 1992).

Mean SHBG concentration increased by 12%. In another study, 16 healthy

female volunteers taking an COC containing EE 50 mcg and levonorgestrel

250 mcg completed a randomized double-blind crossover study comparing

oxcarbazepine 1200 mg/day and placebo (Fattore et al., 1999). The AUC

decreased by 47% for both components during oxcarbazepine compared to

placebo, as did peak plasma concentration and half-life. Although like lamo-

trigine, oxcarbazepine is metabolized largely through glucuronidation, the

proposed mechanism for these findings is stimulation of CYP3A-mediated

metabolism in the liver, GI tract, or both.
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3. Topiramate

Topiramate produced a significant dose-related reduction in EE levels in two

studies. In the first study, 12 women with epilepsy taking valproic acid and an

COC containing EE 35 mcg and norethindrone 1.0 mg were administered

topiramate 200, 400, and 800 mg/day escalating over three consecutive months

(Rosenfeld et al., 1997). A significant decline in EE concentration was observed

with all topiramate doses with a maximal reduction of 30% at 800 mg/day.

Progestin levels remained unchanged. In the second study, healthy female subjects

taking a similar COC formulation were administered topiramate 50 , 100, or

200 mg/day, or carbamazepine 600 mg/day (Doose et al., 2003). No significant

change in mean AUC of either steroid component was observed with any

topiramate dose, while carbamazepine decreased the AUC of estradiol by 42%

and norethindrone by 58%. In contrast to the prior study, a dose-related reduc-

tion in estradiol was not observed, possibly owing to the weak enzyme-inducing

properties of topiramate, particularly at lower doses.

4. Felbamate

The eVect of felbamate on the pharmacokinetics of a COC containing EE

30 mcg and 75 mcg of the synthetic progestin gestodene was investigated in 24

healthy subjects in a double-blind, placebo-controlled study (Saano et al., 1995).

Felbamate 2400 mg/day produced a 42% decline in the AUC of the progestin,

whereas, the AUC of estradiol declined by only 13%. No subjects showed

evidence of ovulation. Felbamate possesses complex pharmacokinetics. Approxi-

mately one half of a dose is excreted in the urine unchanged, while the remainder

is metabolized through several hepatic pathways, including CYP3A4. The ob-

served eVect on the progesterone component is likely due to CYP3A4 induction,

although the lack of a similar eVect on estradiol is unexplained.
D. HORMONAL CONTRACEPTION AND SEIZURE CONTROL

The opposing eVects of estrogen (proconvulsant) and progesterone (anticon-

vulsant) on seizure threshold have been well described in both animals and

humans. The concentration of female sex steroids fluctuates throughout the

menstrual cycle. In up to 30% of women with epilepsy, this fluctuation leads to

periods of seizure susceptibility, most typically in the premenstrual period (Herzog

et al., 1997). Despite this well-recognized phenomenon, the eVect of COCs on

seizure control has not been extensively studied. Based on small series (Diamond

et al., 1985; Toivakka, 1967) and one placebo-controlled study (Espir et al., 1969),

COC agents do not cause seizures in the majority of women with epilepsy.
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E. OTHER EFFECTS OF ORAL CONTRACEPTIVE INTERACTIONS WITH AEDS

Many reports of interactions between oral contraceptives and enzyme-

inducing AEDs describe breakthrough bleeding in women as evidence of ‘‘inade-

quate’’ hormone levels. Breakthrough bleeding can be associated with lower

hormone levels, but is also common within the first few months after COC

initiation. In a study of nonepileptic women administered COCs with doses of

EE 35–50 mcg and norethindrone 0.5–1 mg, 20–50% of subjects reported inter-

menstrual spotting depending on the preparation. Within the first month, the

frequency of spotting or unscheduled bleeding was as high as 50–80% (Saleh

et al., 1993). In addition, the reduction in serum estrogen and progestin levels

with concurrent AED use cannot be assumed to always have a clinically significant

eVect. Because of the complex metabolism of hormonal contraceptives and the

wide variation among individuals, there is no known ‘‘mean’’ serum level of

estrogen and/or progesterone to define when a contraceptive will be eVective.
Studies may cite breakthrough bleeding as evidence of a significant interaction, but

this is not an appropriate surrogate marker for contraceptive eYcacy.
V. Other Hormonal Contraceptives and Their Known or Potential Interactions with AEDs
A. PROGESTIN-ONLY ORAL CONTRACEPTIVE PILLS

Women should not be prescribed estrogen-containing contraceptives if they

are at increased risk for venous thromboembolism, or have heart disease, poorly

controlled diabetes, severemigraines with aura, a personal history of breast cancer,

or undiagnosed vaginal bleeding. Other relative contraindications include breast-

feeding, hypertension, or heavy smoking, particularly if over age 35. These women

are often oVered progestin-only oral contraceptive pills (POPs) containing noreth-

indrone or levonorgestrel as an alternative oral contraceptive. Since the progestin

dose is relatively low, variations in timing of administration can lead to reduced

eYcacy compared to COCs (Hatcher, 2004). POPs are packaged as a daily,

continuous dose with no ‘‘placebo week’’ and more often are associated with

irregular bleeding patterns compared to COCs. POPs should not be prescribed

to women using enzyme-inducing AEDs since the dose of progesterone is lower

than in many COCs, and would likely result in unacceptably higher failure rates.
B. CONTRACEPTIVE INJECTION

DMPA (Depot Medroxyprogesterone Acetate or Depo-ProveraW) is admi-

nistered as a 150 mg IM dose every 3 months to suppress ovulation, and thus

far no case reports or studies have documented a reduction in contraceptive
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eYcacy with co-administration of enzyme-inducing agents. This dose of pro-

gestin is possibly high enough to be unaVected by any increased metabolism or

binding to SHBG. DMPA has been demonstrated to reduce seizure frequency

in women with uncontrolled epilepsy, and therefore physicians may specifically

recommend use of DMPA to select women with epilepsy (Mattson et al., 1984).

Side eVects of DMPA use include irregular bleeding or amenorrhea, though

troublesome bleeding typically decreases with continued use. Induction of

amenorrhea is particularly useful in complicated patients for whom cessation

of menses is desired to facilitate personal hygiene and care. Anecdotally, many

providers will administer DMPA on a more frequent schedule if bleeding

occurs near the end of the 12-week time frame for women using enzyme-

inducing AEDs (Wright, 1990).

Disadvantages of DMPA use include a delay in return of spontaneous ovula-

tion (median reported delay ¼ 10 months), and a modest increase in weight

averaging less than 5 lb for every year of use (Pfizer, Inc., 2004). A reversible

decrease in bone mineral density (BMD) is also associated with long-term DMPA

use, which is of particular concern for adolescents who have not yet reached peak

bone mass. The United States Food and Drug Administration advises providers to

assess risks and benefits of DMPA use for each individual, particularly after

2 years of continuous administration. The World Health Organization Medical

Eligibility Criteria for Contraceptive Use advises consideration of alternatives for

women less than 18 or over 45 years old, although it states that the benefits of

DMPA use generally outweigh the risks (WHO, 2004).

Long-term use of DMPA may be a real concern for women on chronic

AEDs, some of which can also result in decreased BMD measurements and

associated increased fracture risk (see Chapters14 and 15 for a detailed discussion).

In women without a contraindication to estrogen, low-dose estrogen therapy can

be considered for BMD protection though this remains an area of active investi-

gation. Depo-subQ Provera104TM, a 104-mg dose administered subcutaneously

every 12 weeks, is also available in the United States for contraception or for

therapy of endometriosis-associated pain. There is no available information on

the potential for drug interactions with this lower dose of DMPA, therefore the

standard 150 mg IM dose is recommended.
C. CONTRACEPTIVE PATCH

Transdermal administration of contraceptive hormones via the contraceptive

patch (OrthoEvraW) eVectively prevents ovulation by daily release of 20 mcg of EE

and 150 mcg of norelgestromin, a metabolite of norgestimate. Advantages include

improved compliance by reducing the need for daily recall of contraceptive use and
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the transdermal absorption of hormones to minimize some hormonal side eVects
(Audet et al., 2001). No studies have directly evaluated serum hormone levels with

contraceptive patch and concurrent AED use. Theoretically, the mechanism for

reduction in hormone levels would be similar to COCs, though it is possible that by

avoiding the first-pass metabolism the patch may not suVer a clinically relevant

reduction in eYcacy. Without any pharmacokinetic data or reports available

regarding patch eYcacy with co-administration of AEDs, use of the contraceptive

patch should be subject to the same precaution as COC use.
D. CONTRACEPTIVE VAGINAL RING

The contraceptive vaginal ring (NuvaRingW) suppresses ovulation by contin-

uous release of EE and etonogestrel for 21 days of vaginal ring placement,

followed by 7 days with the ring removed. Serum levels of estrogen are 50%

lower than seen with oral contraceptive use, but the ring remains eVective due to
the continuous hormone administration and local eVects (Timmer and Mulders,

2000). Contraceptive eYcacy is likely to be compromised with concurrent

enzyme-inducing AED use, though no specific studies address this potential

interaction. The package labeling advises that contraceptive eVectiveness may

be reduced with co-administration of AEDs based on experience with oral

contraceptive pills (Organon USA Inc., 2005).
E. CONTRACEPTIVE IMPLANTS

Contraceptive failures during use of both subdermal levonorgestrel capsules

(NorplantW) and the single-rod etonogestrel implant (ImplanonTM) are documen-

ted in women using enzyme-inducing medications (Harrison-Woolrych and Hill,

2005; Odlind and Olsson, 1986; Shane-McWhorter et al., 1998). The etonogestrel

implant, which at this time is the only option in the United States for women

desiring implantable, progestin-only contraception, is not recommended for

women taking enzyme-inducing AEDs. The duration of action for the single-

rod etonogestrel implant is 3 years, and it is otherwise a highly eVective con-

traceptive method. Levonorgestrel capsules are not currently available in the

United States but are still used in many other countries.
F. EMERGENCY CONTRACEPTION

The only dedicated product marketed in the United States for emergency or

postcoital contraception is Plan BW (levonorgestrel, 0.75 mg). The first tablet is

taken as soon as possible after unprotected intercourse, and the same dose



CONTRACEPTION IN WOMEN WITH EPILEPSY 125
repeated in 12 h to reduce the rate of unplanned pregnancy by 85% (von Hertzen

and Van Look, 1998). Plan BW is available without prescription to women ages 18

and older, and by prescription only to women under 18. Other COCs containing

levonorgestrel can be taken postcoitally with similar eVect; a table describing

dosing of COCs for emergency contraception is available online at www.not-2-

late.com.

There is no available data on the eYcacy of emergency contraception in

women who also use enzyme-inducing AEDs, and no oYcial recommendation in

the United States regarding the potential interaction. However, given the signifi-

cant consequences of unplanned pregnancy for this population and the relative

safety of a short course of levonorgestrel, use of emergency contraception should

be strongly considered. In the United Kingdom, the Faculty of Family Planning &

Reproductive Health Care of the Royal College of Obstetricians & Gynaecolo-

gists issued a statement in April 2006 recommending a higher dose of levonorges-

trel (2.25 mg orally in a single dose, or 1.5 mg taken once and repeated in 12 h)

(FFPRHC, 2006). There have been no studies to evaluate tolerability or eYcacy

of this increased dose. Women can also be advised of the availability of copper

IUD placement within 7 days of unprotected intercourse as a postcoital method

that will not interact with AEDs.
VI. Contraceptive Methods Without AED Interaction
With the exception of the levonorgestrel intrauterine system (LNG-IUS), the

methods described in this section do not rely on hormonal components for

contraceptive eYcacy, and are therefore appropriate to recommend for use in

women using enzyme-inducing medications. The local hormonal eVects of the
LNG-IUS do not appear to be compromised by concurrent enzyme-inducing

AED use.
A. INTRAUTERINE DEVICES

Use of intrauterine contraception is increasing in the United States, based on

escalating evidence of the safety, eYcacy, and potential noncontraceptive benefits.

IUDs rank as the most eVective, reversible option for contraception, and user

satisfaction is higher than with other common contraceptive methods (Grimes,

2004). The mechanism of action for IUDs is primarily to interfere with sperm

motility and/or fertilization, created by the local inflammatory response to a

foreign body in the uterus. Though more than one mechanism of action may

contribute to the high eYcacy rates, most evidence suggests the action of IUDs
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occurs pre-fertilization (Rivera et al., 1999). Therefore, there is minimal theoreti-

cal risk of any interaction with concurrent use of AEDs.

The Copper T 380A (ParaGardW) and LNG-IUS (MirenaW) are currently

available to women in the United States, and the contraceptive eVect of both
IUDs is immediately reversed after removal. The Copper T 380A IUD is eVective
for up to 10 years after placement, and has no hormonal activity. The LNG-IUS

releases a low dose of levonorgestrel at an initial rate of 20 mcg/day, and is

approved for up to 5 years of use. The local endometrial eVects of the levonor-

gestrel result in a significant reduction in menstrual blood loss and contribute to

the contraceptive eYcacy. Up to 20% of women stop bleeding altogether at 1 year

following LNG-IUS placement. This benefit is a highly desirable side eVect for
many women, and the LNG-IUS has been evaluated extensively for noncontra-

ceptive indications. An observational series of 56 women using the LNG-IUS and

enzyme-inducing medications estimated a failure rate of 1.1 per 100 woman-

years, more favorable than the estimated failure rate for women using COCs with

enzyme-inducing AEDs (Bounds and Guillebaud, 2002). The authors suggest that

the LNG-IUS should be considered a first line contraceptive option in women

with concurrent use of enzyme-inducing medications.

IUDs can be oVered to multiparous and nulliparous women seeking eVective,
reversible contraception. Previous concerns regarding an increased risk of pelvic

inflammatory disease and subsequent infertility have been put to rest by epidemi-

ological and bacteriological evidence relevant to modern IUDs (Darney, 2001).

Based on this evidence, the FDA approved a labeling change for the Copper T

380A IUD in September 2005. The previous warning against use of this IUD in

nulliparous women has been removed from the package labeling, though precau-

tions still exist against its use in women at risk for pelvic inflammatory disease or

ectopic pregnancy. Theoretically, the LNG-IUS should have a similar risk profile

and in fact there may be some protective eVect from ascending infection due to

the progesterone-mediated thickening of the cervical mucus ( Jensen, 2005).
B. BARRIER METHODS: CONDOMS, CONTRACEPTIVE SPONGE, DIAPHRAGM,

CERVICAL CAP, AND SHIELD

Barriers methods remain an important contraceptive option for many cou-

ples, particularly for prevention of sexually transmitted infection (STI). Providers

should remind women that most birth control methods do not prevent STI

acquisition, and encourage condom use in addition to their primary method.

For couples who consistently and correctly use the male condom, only 2% of

women will experience unintended pregnancy within the first year of use. Unfor-

tunately, with typical use the failure rate increases to 15% of women reporting

unintended pregnancies after 1 year (Trussel, 2004). This diVerence highlights the
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importance of accurate and comprehensive education in the correct use of

contraceptive methods.

Male condoms have the advantage of being relatively inexpensive and easily

accessible, but alongwith other barriermethods, depend on the couple to remember

and initiate use prior to every act of intercourse. Female condoms are not as widely

available or known to most patients. The RealityW female condom is approved as a

single use device, and should not be used in conjunction with a male condom.

Though the cost of each female condom is four to five times that of a male condom,

their eYcacy is similar to other vaginal barrier methods. The contraceptive sponge

has been re-introduced into theUnited States, and has the advantage of using both a

barrier and spermicide to prevent pregnancy. The reported eYcacy is higher for

nulliparous women compared to multiparous women.

The cervical cap, diaphragm, and a similar method known as Lea’s ShieldW

all require exam and fitting with an experienced provider but can be used

repetitively and do not require participation by the male partner. Highly moti-

vated patients who are successful users of these barrier methods report first year

unintended pregnancy rates ranging between 5 and 9%. Failure rates are between

20 and 26% in multiparous women, due to the higher risk of displacement during

intercourse (Trussel, 2004).
C. STERILIZATION

A new option for female sterilization is a transcervical procedure easily

accomplished in the oYce setting; tubal inserts are placed into the tubal ostia

bilaterally with hysteroscopic guidance, and after 3 months tubal scarring and

eventual loss of patency are confirmed by fluoroscopy. Following successful

placement and tubal blockage, this method (EssureW) is highly eVective with

only rare reports of unintended pregnancy. The potential for this procedure to

be performed as an outpatient (or as an inpatient with minimal sedation) makes it

ideal for women with complex medical issues that might otherwise make them

poor surgical candidates.

Laparoscopic tubal ligation, postpartum sterilization by mini-laparotomy, and

vasectomy remain common and popular procedures in the Unites States. Overall,

27% of women ages 15–44 using a contraceptive method rely on tubal steriliza-

tion and it is the leading method for women over age 35. An additional 9.2% of

women report relying on vasectomy as their contraceptive method (Mosher et al.,

2004). Patients need to clearly understand that the decision to be sterilized is a

permanent condition; reversal procedures are available but are costly, generally

not covered by insurance, and not always successful. Finally, even sterilization

carries the potential risk of method failure, though sterilization and IUDs share

status as the most eVective birth control methods.
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D. OTHER BIRTH CONTROL METHODS PRACTICED BY WOMEN

The Lactational Amenorrhea Method, relying on ovulation suppression dur-

ing breastfeeding, can be an eVective but temporary method of contraception.

Women who exclusively breastfeed and have not menstruated have more than

98% protection from pregnancy within the first 6 months after a birth (Kennedy

and Trussell, 2004). Methods involving periodic abstinence (fertility awareness-

based methods), depend on the regularity of the woman’s menstrual cycle and the

ability to identify the fertile days. Highly motivated couples may be quite success-

ful over time; however, the quoted failure rate is as high as 25% within the first

year with typical use (Trussel, 2004). Withdrawal is commonly practiced by many

couples, but has a similarly high rate of unintended pregnancy.
VII. Counseling and Management of Contraception in Women Requiring
AED Prescription
Contraceptive choice is influenced by a variety of factors including conve-

nience, tolerability, life stage, partner preference, and aVordability. Perceived side

eVects or risk, frequency of sexual activity, and ease of use will impact long-term

compliance. Women initiating contraception should be counseled extensively

regarding accurate method use, as well as potential side eVects and risks. Many

women fear that hormones will result in excess cancer, blood clots, heart attack,

stroke or death, without an adequate understanding of these same risks related to

pregnancy, or tobacco use, for example. Time spent counseling women on all

these factors will directly impact successful use and continuation rates.
A. CHOOSING A CONTRACEPTIVE METHOD FOR A WOMAN WITH EPILEPSY

Contraceptive options that have no known interaction with AEDs include

DMPA, IUDs, barrier methods, fertility awareness-based methods, and steriliza-

tion. Intrauterine contraception should now be considered a first line option for

women who are at low risk of STIs. Women experience first year failure rates of

only 0.2% with the LNG-IUS and 0.8% with the Copper T 380A IUD (Trussel,

2004). This high eYcacy, combined with minimal need for user involvement,

make IUDs a superior choice for a reversible contraceptive method.

If a woman under good seizure control is currently prescribed an AED known

to induce cytochrome 3A4, the potential eVects of decreased contraceptive hor-

mone levels should be reviewed. The increased failure rate of COCs with enzyme-

inducing AEDs has not been quantified, though the serum hormone levels may be
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decreased 50% or more (O’Brien and Guillebaud, 2006). Oral contraceptives

containing 50 mcg of EE will probably inhibit ovulation more reliably than those

with 35 mcg or less (ACOG, 2006). However, most case reports of COC failure

with enzyme-inducing AEDSwere initially reported in women usingCOCswith at

least 50 mcg of EE. Recall that since mestranol is only partially converted to EE, a

50 mcg mestranol pill is not equivalent to 50 mcg of EE. Patients should be

reassured that due to the lower serum hormone levels with co-administration of

enzyme-inducing AEDs, there should be no significant increase in cardiovascular

risk or side eVects with prescription of a 50 mcg EE oral contraceptive.

The advantages of oral contraceptive prescription include wide acceptability

and broad experience, as up to 82% of women report having used COCs during

some point in their life (Mosher et al., 2004). In addition, there are many noncon-

traceptive benefits of COCs, including a reduction inmenorrhagia, dysmenorrhea,

irregular menses, functional ovarian cysts, endometrial cancer, ovarian cancer,

benign breast disease, premenstrual symptoms, and pelvic inflammatory disease

(Mishell, 1993). Prescription of hormonal contraceptionmay alter seizure frequen-

cy in a minority of women with epilepsy. Isolated case reports demonstrating an

improvement or deterioration in seizure control following the initiation of COCs

have been published (Foldvary-Schaefer and Falcone, 2003).

Newer developments in COCs have focused on minimizing the pill-free

interval (24/4 formulations), a reduction in number of pill-free intervals (84/7

formulations), or continuous administration of COCs. These extended cycle

regimens should more reliably inhibit ovulation by avoiding the potential for

early follicular development in the 7-day placebo week. On this basis, O’Brien

and Guillebaud (2006) recently recommended a ‘‘tri-cycling’’ regimen of 50–60

mcg EE pills (taken daily for 9 weeks, followed by 4 days oV) for women at risk of

AED interactions. No studies are yet available to evaluate the contraceptive

eYcacy or tolerability of this regimen.

As described earlier, women using lamotrigine should be carefully monitored

if hormonal contraception is initiated.
B. WOMEN USING HORMONAL CONTRACEPTION WHO REQUIRE INITIATION OF

ANTIEPILEPTIC THERAPY

An early consideration in the choice of AED therapy may be a woman’s

preexisting contraceptive method. If an AED known to be an enzyme inducer is

more appropriate, the impact of AED choice on her contraceptive method should

be discussed. OVer options for other contraceptive methods if the risk of de-

creased eYcacy is a concern, and advise use of a back-up method such as

abstinence or condoms until a contraceptive plan can be finalized. If a woman

experiences breakthrough bleeding after enzyme-inducing AED therapy is
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started, it may indicate lower hormonal levels. The estrogen dose can be

increased, if applicable, or an alternative contraceptive method initiated. After

discontinuation of an enzyme-inducing AED there may be residual eVects of

enzyme induction, therefore a woman should be maintained at the higher dose of

estrogen for an additional cycle (O’Brien and Guillebaud, 2006).
VIII. Summary
The pharmacokinetics of the interaction between oral contraceptives and

AEDs that are inducers of the cytochrome 3A4 systemarewell defined. The clinical

impact of these interactions on hormonal contraceptive eYcacy is not as well

documented, but is an important area for further investigation. As new therapeutic

agents for the treatment of epilepsy and other mood or pain disorders are intro-

duced, it will be crucial to examine the potential for cytochrome 3A4 induction.

Providers for women with epilepsy have an obligation to review each patient’s

reproductive plan, or to refer her to her primary provider or gynecologist for

management. At a minimum, patients need to be informed if the AED prescribed

for their epilepsy has thepotential to interactwithhormonal contraception, or if there

are known teratogenic eVects. COCs remain a highly eVective contraceptivemethod

when compared to many other contraceptive methods. Continuous COC adminis-

tration or a shortened pill-free interval may be eVective at reducing risk of method

failure. A variety of new contraceptive hormone delivery systems are now available,

but many are likely to have similar reductions in eYcacy when taken with enzyme-

inducing AEDs. The availability and acceptance of other highly eVective contracep-
tivemethods suchasDMPAand the intrauterine device (IUD) should assist providers

and women with epilepsy in avoiding the AED–hormone interactions.
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Epilepsy can be associated with reproductive endocrine disorders. In women

these include polycystic ovary syndrome (PCOS), isolated components of this

syndrome such as polycystic ovaries or hyperandrogenemia, hypothalamic amen-

orrhea (HA), or functional hyperprolactinemia (HPRL). The most likely explana-

tions for endocrine disorders related to epilepsy are a direct influence on the

endocrine control centers in the brain (the hypothalamic–pituitary axis) or are

eVects of antiepileptic drugs (AEDs) on peripheral endocrine glands. Further-

more, the eVects of AEDs on the metabolism of hormones and binding proteins

and secondary endocrine complications of AED-related weight changes or

changes of insulin sensitivity must be considered. Therefore, regular monitoring

of reproductive function at visits, including questioning about menstrual disor-

ders, fertility, weight, hirsutism and galactorrhea are recommended. Single ab-

normal laboratory or imaging findings without symptoms may not constitute a

clinically relevant endocrine disorder. However, patients with these kinds of

abnormalities should be monitored in order to detect the possible development

of a symptomatic disorder associated with, for example, menstrual disorders or

fertility problems. If a reproductive endocrine disorder is subsequently found,

AEDs should be reviewed in terms of their indication for the particular seizure

type and their tolerability vis-à-vis their potential for contributing to the endocrine

problem.
c.

d.

0
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I. Introduction
Epilepsy is a neurological disorder which is clinically defined by recurrent

seizures. The primary aim in the treatment of patients with epilepsy is therefore

the prevention of further seizures. Epilepsy, however, can also be associated

with other pathological changes, which may require investigation and treatment.

Such changes include endocrine disorders, in particular to those aVecting the

reproductive system in women (and in men).

Reproductive endocrine disorders observed in women with epilepsy include

polycystic ovary syndrome (PCOS), hypothalamic amenorrhea, premature ovari-

an failure, and functional hyperprolactinemia (HPRL) (Bauer, 2001; Bauer et al.,

2002; Herzog, 1997). Such disorders may contribute to infertility among women

with epilepsy which is known to be more common than observed in general

population studies (Olafsson et al., 1998; Wallace et al., 1998; Webber et al., 1986).

During anovulatory cycles, which are characteristic of reproductive endocrine

disorders, seizure frequency may be �1.5-fold higher than during ovulatory

cycles, frequency of generalized tonic–clonic seizures (TCS) may be increased

by a factor of 3. An explanation for this, based on reproduction hormone cycling,

may be the lack in progesterone elevation during the second phase of the

menstrual cycle resulting in a lack in endogenous seizure protection (Herzog,

1997). This relationship was demonstrated in a small study in which anovulatory

cycles (with concomitant progesterone deficiency due to lack of progesterone

elevation during the luteal phase) were converted to ovulatory cycles (with

endogenous progesterone production). This was achieved by means of clomi-

phene which stimulates the hypothalamic–pituitary axis (Herzog, 1988). Twelve

women (nine of which had PCOS) with cyclical disturbances were given clomi-

phene on days 5–9 of the cycle. The dose was adjusted until ovulatory cycles

occurred or side eVects were noted. In 10 out of 12 women, the seizure frequency

could be halved; in 5 women, the frequency was reduced by more than 90%

(Herzog, 1988).

The possible endocrine influence of epilepsy was increasingly noted when

postictal elevations in serum concentrations of prolactin were assumed to be a

marker for the retrospective evidence of epileptic seizures (Bauer, 1996). This

clinical association has lost its relevance in view of the fact that elevated prolactin

levels are also possible following syncope or psychogenic seizures (Alving, 1998;

Cordingly et al., 1993; Oribe et al., 1996). However, the understanding of endo-

crine influences of epilepsies in general prevails, particularly as regards those

epilepsies which originate in or involve the temporal lobes. In this case, limbic

eVerents exhibit an impact on the hypothalamic–pituitary axis even in the inter-

ictual phase of the disorder (Fig. 1). Postictually elevated prolactin serum



FIG. 1. Increased circadian serum prolactin concentrations, measured interictually in women with

epilepsy (bars) and healthy controls (line) (for details see Bauer et al., 1992).
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concentrations can be detected following two out of three seizures of temporal or

frontal lobe origin (Fig. 2). In correlation with the type of seizure, evidence

of elevated prolactin is found in 88% of seizures following generalized TCS, in

78% of seizures following complex partial seizures, and in 22% of seizures

following simple partial seizures (Bauer et al., 1989). The epileptic activity in the

frontal lobe exhibits a propagation towards the temporal lobe in the majority

of cases and thereby influences the hormonal pathway of prolactin and

other pituitary hormones which can also show tendencies to postictal elevation

(Rao et al., 1989).

The choice of antiepileptic medication for monotherapy in particular

gives this understanding a further relevant impact. For instance, antiepileptic

drugs (AEDs) can accentuate preexisting, epilepsy-related endocrine disturbances

by means of weight gain [as commonly induced by valprote (VPA) or

gabapentin].

Contrastingly, serum prolactin levels are not elevated in patients with idio-

pathic epilepsy with generalized seizures such as absences—neither ictually nor

interictually could evidence of elevated serum prolactin levels be found (Bilo et al.,

1988). Nevertheless, weight gain may also be of major impact in the development

of endocrine disorders in patients with such epilepsies, as is the case in women

without epilepsy (Morrell et al., 2002).



FIG. 2. Postictal increase of serum prolactin following a complex-partial seizure (CPS) from the

temporal lobe (for details see Bauer et al., 1992).
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II. Puberty and Menopause in Women with Epilepsy
A high incidence of manifestation of epilepsy is found around the event of

menarche, thus far, the cause of this remains unknown. Idiopathic epilepsies with

generalized seizures often become manifest during this time, further 30% of

previously diagnosed epilepsies exacerbate with an increased frequency of focal

seizures or even the new occurrence of seizures forms, for example, TCS (Morrell

et al., 1998). In an evaluation of 94 women with epilepsy, a retrospective debut of

seizure occurrence was established around the time of menarche in 17% of

women (statistically expected in 5.5%, p < 0.001), and in 38% in the 2 years

previous to and following menarche (expected in 22%, p < 0.001). Seizure

frequency increased in 29% of girls who had epilepsy previous to menarche, in

the time of menarche (Klein et al., 2003). Preexisting prepubertal epilepsy did not

show negative influence on the development of puberty itself (Morrell et al., 1998).

An external influencing factor on menstrual cycle during puberty is attributed

to the treatment with VPA. VPA elevates the serum concentrations of testosterone

(T) by inhibition of liver enzymes. In a comparison between 41 girls treated with

VPA aged 8–18 years and healthy, untreated controls, the serum concentrations

of T in the treated group exceeded the mean of the control group by 2 SD in 38%

of prepubertal, 36% of pubertal, and 57% of postpubertal girls with epilepsy
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( Vainionpää et al., 1999). Whether this laboratory finding actually causes clinically

relevant disorder of the menstrual cycle has not yet been examined, but appears

possible.

From a clinical point of view, an approximating comment with regard to

ovulatory and anovulatory cycles in women of reproductive age can be made.

In a study of 100 women with focal epilepsies, it was shown that a cycle length of

26–32 days was associated with an ovulatory cycle in 73%. This was far more rare

with cyclical lengths of 21–25 days (in 45.5%) and 33–35 days (in 50%). Cycles

under 21 days and over 35 days (in 0% and 11%, respectively) were not associated

with ovulation (Herzog and Friedman, 2001). Monitoring of serum progesterone

on day 21, 22, or 23 of the cycle is safer with day 1, being the first day of

the menstrual phase. Serum progesterone concentrations above 5 ng/ml give

evidence of ovulation (progesterone values very much depend on the laboratory).

Menopause may occur earlier in women with epilepsy than in the general

female population. In a series of 50 consecutive women with temporolimbic

epilepsy, Herzog et al. (1986) found that two women (i.e., 4%) had primary

gonadal failure with amenorrhea and values of follicle stimulating hormone

(FSH) above 50 IU/ml in their third decade of life as compared to an expected

occurrence of about 1% in the general population. In a recent study, perimeno-

pause or menopause before reaching the age of 40 years was demonstrated in

7 out of 50 (14%) women with epilepsy as compared to 3 out of 82 (4%) of a

similarly aged normal control group ( p < 0.05) (Klein et al., 2001). In another

study, a negative correlation between age at menopause and seizure group

(women with low, intermediate, or high seizure frequency) was established

(Harden et al., 2003). Onset of menopause was earlier in women with a high

seizure rate. The authors concluded that seizures may disrupt hypothalamic–

pituitary function or alter neurally mediated trophic eVects on the ovary.
III. Fertility of Women with Epilepsy
Generally speaking, women with epilepsy show reduced fertility. In the

Greater London area, a significantly reduced birth rate was documented in

women with epilepsy aged 25–39 years in comparison with women of the general

population (Wallace et al., 1998). The reasons for this are manyfold. An elevated

rate of anovulatory cycles in women with temporal lobe epilepsy (TLE) can be

regarded as an epilepsy-related cofactor. In this type of epilepsy, 25–30% of

menstrual cycles are anovulatory, by contrast, in women with idiopathic

generalized epilepsy (5%, i.e., in the range of anovulation in women of the general

population) (Bauer et al., 1998; Cummings et al., 1995).
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The prevalence of PCOS as a possible cause of chronic anovulation is

estimated to lie between 15 and 25% in (mostly) untreated women with TLE

(Meo and Bilo, 2003). Additionally, an induced increase in weight (particularly by

AED, such as VPA) of more than 5 kg or a body mass index (BMI) of >25 kg/m2

can contribute to an increased incidence of PCOS (Bauer et al., 2002). Not all

studies, however, gave evidence of such a profound diVerence in reproductive

functioning in the comparison of healthy women versus women with epilepsy

(Duncan et al., 1997; Jensen et al., 1990).

The influence of interictal epileptic activity on cyclical regularity becomes

evident on the analyses of menstrual cycles previous to and following the perfor-

mance of epilepsy surgery on the temporal lobe. Sixteen women were examined

preoperatively and followed up up to 12 months postoperatively. Eight patients

remained seizure-free; in four women, seizure frequency was substantially re-

duced. On stable medication, a postoperative elevation of serum adrostendione

was observed within 6 months. In four women, postoperative menstrual cyclical

changes occurred, two seizure-reduced women with previously regular cycles

suVered from oligomenorrhea (Bauer et al., 2000b).

Not only a possibly disturbed menstrual cycle, but also reduced libido can

influence the fertility of women with epilepsy (Harden, 2005b). Various analyses

of disturbed sexual function in women have shown that up to 50% of patients

complain of dyspareunia, vaginism, or insuYcient vaginal lubrication in the

presence of normal sexual appetite (Crawford et al., 1999). In further surveys,

sexual dysfunction was found in 17 out of 50 (34%) (Bergen et al., 1992), 126 out of

700 (18%) (Demerdash et al., 1991), 14 out of 30 (47%) (Ndgegwa et al., 1986), and

7 out of 22 (33%) women with epilepsy (StoVel-Wagner et al., 1998).

In women (and men) with epilepsy, reduced genital blood flow during erotic

stimulation via video was found. The examined women with epilepsy showed a

reduced elevation of genital blood flow during the presentation of erotic video

movies in comparison with healthy controls (11% vs 161%) (Morrell et al., 1994).

Irrespective of gender, sexual questionnaires revealed reduced libido more

commonly in right- as opposed to left-sided temporal lobe seizure origin (Daniele

et al., 1997). A compelling explanation remains to be found. Possibly, the right-

sided temporal lobe disturbance has a more pronounced influence on emotions

and therefore indirectly on libido. In a current study, a larger count of patients

with hyposexuality (more pronounced in men than in women) showed left-sided

TLE. Apart from gender and lateralization of focus, there appears to be a

correlation with duration of illness with the existence of disturbance of sexual

function or reduced libido (Helmstaedter and Elger, 2004).

These data are supplemented by findings in animal experiments. In one

study, the reduction of sexual interest in cats with TLE was demonstrated

(Feeney et al., 1998). In a rat model, epileptic foci in the basolateral amygdala
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lead to self-limiting hypogonadal functional disturbance in a maximal electro-

shock model (Edwards et al., 1999).

Following treatment by means of epilepsy surgery in men and women with

temporal lobe resection (N ¼ 58) and extratemporal resection (N ¼ 16), a change

in sexual well-being occurred within 3 months of temporal lobe operation in

particular (64% vs 25% following extratemporal operation). A right-sided tempo-

ral operation seemed to be followed by change in comparison with the left-sided

operation, further this occurred more commonly in women than in men. Devel-

opment towards normo- (22%), hyper- (40%), or hyposexual (38%) activity was

observed, findings which remained constant on follow-up (Baird et al., 2003).

Apart from the influence of epileptic activity on sexual steroid hormones and

the reduction of libido and arousability, AED can also exert an influence on

fertility. The example of PCOS will serve to illustrate this in detail (see below).

Additionally, other factors may also be of noticeable impact. In a review, the

retrospective analysis of menstrual cycle disturbances in 265 women with epilepsy

in comparison with 142 healthy women, a significant diVerence in the prevalence

of menstrual disturbances in women with and without epilepsy (48% vs 30.7%),

mono- and polytherapy (45.1% vs 62.2%), >5 seizures per annum oder seizure

freedom (66% vs 37.2%) as well as treatment with VPA versus carbamazepine

(CBZ) (62% vs 37.2%) was shown (Svalheim et al., 2003). The significance of

medication becomes obvious on analysis of cycles in women with idopathic

generalized epilepsies which do not show an influence on the menstrual cycle.

These patients, too, had increased rates of anovulatory cycles on treatment with

VPA (Morrell et al., 2002).
IV. Evaluation of Women with Epilepsy for Reproductive Endocrine Disorders
The possible occurrence of reproductive endocrine disorders in women with

epilepsy makes it important for the neurologist to recognize characteristic symp-

toms and signs. The evaluation of reproductive endocrine disorders typically falls

within the domain of the endocrinologist and gynecologist. The investigation of

endocrine problems in patients with epilepsy, however, may well require close

cooperation between neurologists and endocrinologists or gynecologists since

these specialists may not have a detailed understanding of the eVects of epilepsy
or AEDs on the endocrine system. One should pay attention to menstrual

irregularity, infertility, weight gain, hirsutism, and galactorrhea as possible symp-

toms of a clinically relevant endocrine disorder in women with epilepsy (Table I).

Tests include hormonal measurements, pelvic ultrasonography, and pituitary

imaging (Table II). Pelvic ultrasonography is indicated if clinical features or



TABLE I

CLINICAL FEATURES OF REPRODUCTIVE ENDOCRINE DISORDERS IN WOMEN WITH EPILEPSY (ADAPTED

FROM BAUER ET AL., 2002)

Symptom/sign Method Abnormal findings Comment

Menstrual irregularity Menstrual chart for at

least 6 months

<23 days:

polymenorrhea

Look for other

symptoms of

endocrine disorder

including thyroid

dysfunction,

investigate or refer

for investigation.

>35 days:

oligomenorrhea

No bleeding>6

months:

amenorrhea

Infertility Clinical history Inability to

conceive after

more than 12

months of

regular

unprotected

intercourse and

exclusion of

male causes

Assess menstrual

regularity.

Endocrinologist and/

or gynecologist

should be consulted

to exclude endocrine

disorders such as

PCOS, hypothalamic

amenorrhea,

hyperprolactinemia,

thyroid dysfunction.

Obesity and weight

gain

BMI: Weight (in kg)/

height (in cm) squared

Obese: BMI>25

kg/m2

Assess menstrual

regularity. In case of

cycle disturbance:

investigate or refer.

Significant weight

gain: >5 kg

WHR: Ratio of supine

circumference of

waist–hips

Truncal obesity:

WHR>0.9

Assess menstrual

regularity. In case of

cycle disturbance:

investigate or refer.

Hirsutism Inspection or

Ferriman–Gallwey

score

Male escutcheon May be genetic or

ethnic. Assess

menstrual regularity.

In case of cycle

disturbance:

investigate or refer.

Galactorrhea History Crusting on

nipples;

expression of

breast milk in

nonlactating

women

Assess menstrual

regularity, look for

hirsutism, signs of

hypothyroidism.

Investigate or refer.

BMI, body mass index; WHR, waist–hip ratio; PCOS, polycystic ovary syndrome.
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TABLE II

INVESTIGATION OF WOMEN WITH EPILEPSY AND SYMPTOMS OR SIGNS OF REPRODUCTIVE ENDOCRINE

DISORDER (ADAPTED FROM BAUER ET AL., 2002)

Test Method Abnormal findings Comment

LH, FSH Measurement of serum

levels (calculation

based on an average

of three estimations

taken 20 min apart

between days 3 and 6

of the cycle)

LH/FSH ratio>2 Suggestive of PCOS

FSH>35 IU/l Suggestive of menopause

LH>11 IU/l

LH<7 mIU/ml Suggestive of hypothalamic

amenorrhea

Prolactin Measurement of

morning resting

serum levels (not

postictal!)

>20 mg/l May be mildly raised in

patients with epilepsy. Rule

out hypothyroidism or

pituitary tumor

Drugs may have impact on

PRL levels.

Progesterone Measurement of serum

level (blood taken

during midluteal

phase according to

menstrual cycle)

<6 nmol/l Low levels indicate

anovulation. Common

cause: PCOS, HA, HPRL.

Testosterone Measurement of serum

level days 3–6 of the

cycle

>2.5 nmol/l Common cause: PCOS,

valproate. Nonclassical

adrenal hyperplasia may

cause modest elevation

of T.

>4.0 nmol/l Rule out adrenal/ovarian

tumor

Androstenedione Measurement of serum

level

>10.0 nmol/l Rule out nonclassical

congenital adrenal

hyperplasia

DHEAS Measurement of serum

level

Age 20–29 >3800

ng/ml

Rule out nonclassical

adrenal hyperplasia

Age 30–39 >2700

ng/ml

Glucose/insulin Fasting, morning levels

glucose/insulin ratio

Fasting glucose

>7.8 mmol/l

Suggestive of diabetes

Glucose/insulin

ratio>4

Suggestive of reduced

insulin sensitivity.

Associated with obesity

and PCOS.

(Continued )
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TABLE II (Continued )

Test Method Abnormal findings Comment

Pelvic ultrasound Transvaginal or

transabdominal (days

3–9 of the cycle)

>10 peripheral

cysts, 2–8 mm

diameter in one

ultrasound

plane, thickening

of ovarian

stroma

Polycystic ovaries.

Associated with PCOS.

Other structural

abnormalities of

ovaries

Tumors, atrophy,

multifollicular ovaries, etc.

N.B.: Exact values and units of measurement may vary from lab to lab. LH, luteinizing hormone;

FSH, follicle stimulating hormone; DHEAS, dehydroepiandrosterone sulfate; PCOS, polycystic ovary

syndrome; HPRL, hyperprolactinaemia; HA, hypophyseal adenoma.
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hormonal tests raise concern about ovarian pathology. Transvaginal ultrasound is

more sensitive than transabdominal ultrasound in the identification of structural

abnormalities of the ovaries including tumors and cystic change. Pituitary MRI

may be indicated if clinical (e.g., galactorrhea) or laboratory results (e.g., HPRL)

suggest an abnormality of the hypothalamic–pituitary axis. However, a small

pituitary lactotroph adenoma may not be detected if beyond the resolution of

magnetic resonance imaging (Bauer et al., 2002).

Apart from the entity of PCOS described below, evidence of other endocrine

disturbances can be found.

Hypothalamic amenorrhea (HA), also called hypogonadotropic hypogonad-

ism, has been found in 6 out of 50 (12%) consecutive women with TLE whereas it

is estimated to aVect 1.5% of the general population (Herzog et al., 1986). HA is

associated with a disturbed secretion of pituitary gonadotropins with low luteiniz-

ing hormone (LH) levels. HA causes amenorrhea or oligomenorrhea and infertili-

ty in the absence of signs of hyperandrogenemia (Bauer et al., 2002).

The prevalence of functional HPRL may also be increased in women with

epilepsy (Bauer et al., 1992; Molaie et al., 1986; Fig. 1). Functional HPRL causes

poly-, oligo-, or amenorrhea, subfertility, galactorrhea, and hirsutism.
V. Polycystic Ovary Syndrome
PCOS is a common cause of irregular periods in women. The prevalence of

PCOS in patients with TLE has been found to be 10–25% even if they were not

receiving AED (Herzog et al., 1984, 1986; Meo and Bilo, 2003). Its high
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prevalence stands in contrast to evidence of PCOS in 4–6.8% of women of

reproductive age (Knochenhauser et al., 1998).

PCOS is a form of hyperandrogenic chronic anovulation. Anovulation may

be indicated by low midluteal phase progesterone levels. The pathogenesis of

PCOS involves the acceleration of pulsatile gonadotropin releasing hormone

(GnRH) secretion, insulin resistance, hyperinsulinemia, and downstream meta-

bolic dysregulation. Abnormalities of the reproductive axis are manifested as

hypersecretion of LH, ovarian theca stromal cell hyperactivity, and hypofunction

of the FSH granulosa cell axis resulting in hyperandrogenism, hirsutism, follicular

arrest, and ovarian acyclicity (Yen, 1999).

PCOS should not be confused with isolated PCO (polycystic change without

symptoms, pathological signs, or hormonal abnormality). Isolated PCO is ob-

served in 17–22% of women in the general population although higher frequencies

have been reported (Michelmore et al., 1999; Polson et al., 1988). In a population

based study, PCO was detected in 74 out of 224 (33%) of women investigated

(Michelmore et al., 1999). Two-thirds of these women had menstrual irregularity

and four-fifths had at least one feature of PCOS including menstrual irregularity

(menstrual irregularity, acne, hirsutism, obesity, raised Tor LH). The high number

of women with PCOS in this study might result from the low recruitment

rate (22% of all women approached) introducing a bias towards women with

reproductive endocrine disorders.

Nowadays this diagnosis is founded on the guideline criteria of the National

Institute of Health, established in 1990 (Balen, 1999). These define a PCOS as

being present in the case of irregular cycles (polymenorrhoea, <23-day cycle or

oligomenorrhea, >35-day cycle or amenorrhoea, >6-month or sterility despite

sexual intercourse over 12 months or midluteal progesterone,<6 nmol/l as a sign

of anovulation) as well as clinical signs (hirsutism) or laboratory (androgen serum

concentration >2.5 nmol/l on phlebotomy on day 3, 4, 5, or 6 of the cycle), signs

of hyperandrogenemia following exclusion of hormone producing adrenal tumors

or adrenal hyperplasia as well as HPRL (postpartum or drug-induced).

Polycystic ovaries show more than 10 (often 20–100) cystic follicles of 2–8 mm

in diameter and thickening of the tunica of approximately 50%. The hilus cells

reach fourfold volume of a normal ovary with concomitant increase in cortical and

subcortical stroma. The impressive structural change of ovaries suggests the cause

of PCOS as lying within a primary ovarial disturbance. Many gynecologists would

disagree. The structural change of ovaries rather constitutes the end point of

hormonal malfunctioning. Causative factors may be entities such as hypothalamic,

pituitary, ovarial, or adrenal functional disturbance. The characteristic of polycys-

tic ovary develops following a prolonged anovulatory period (Polson, 2003).

The PCO structure is believed to develop in pubertal women due to a genetic

predisposition (Balen, 1999). Only some women with PCO will develop PCOS

with chronic oligo- or amenorrhea associated with increased serum androgen
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levels (Knochenhauser et al., 1998). There are many potential triggers for the

development of PCOS; weight gain is one such factor.

The development of PCOS can be explained most plausibly on the grounds of

the assumption of a primary functional disturbance of the hypothalamic–pituitary

axis. Many, but not all, women with PCOS show an elevated quotient of LH and

FSH (>3) due to an elevated level of LH (20–40% do not).

The elevation in amplitude (but not frequency) of LH is probably caused by a

changed pulsation of the hypothalamic GnRH (Kazer et al., 1987). Often a

change in amplitude and frequency of hypothalamic GnRH is causative of

PCOS, that is a central disturbance, which is inducible by the interictal influences

of a focal epilepsy. This in turn leads to the initiation of an albeit incomplete

follicular development in the ovary (due to the insuYcient eVect of FSH) which in

turn can lead to the structure of a secondary polycystic ovary.

The peripheral hormonal vicious circle also receives its contribution by the

various influencing factors of sexual steroid hormones on the hepatic binding of

sex hormone-binding globulin (SHBG). T elevates and estrogens reduce the

generation of SHBG. By this means, the concentration of SHBG is reduced in

women with PCOS and anovulation by 50% which in turn causes elevated

amounts of free and hence biologically active estrogen concentrations to exert a

negative eVect on the pathway of hypothalamic FSH. The consequence of this in

turn is an elevated quotient of LH and FSH.

The elevation of androgens thus has a major role in the development of

PCOS. Contrasting to male physiology, weight gain is further potential causal

aspect for the evaluation of the possible influence of side eVects of AED. Being

overweight as well as suVering from increased abdominal fat (i.e., suVering from

an android fat distribution) in turn causes hyperinsulinemia and imbalance of

glucose tolerance.

The eVect weight gain exerts on insulin concentration can become an essential

factor in the peripheral induction of PCOS. The reason for this is an enhanced

formation or availability of androgens. In this case, weight gain is potentially

relevant when BMI exceeds 25 kg/m2, the waist–hip ratio is higher than 0.9 and/

or body weight increases by 5 kg (Bauer et al., 2002).

Forty percent of all women with PCOS show elevated rates of insulin resistance,

especially, but not exclusively in the case of adipositas andwith advanced age (Knuth

et al., 2000). The glucose/insulin quotient rises to over four and stimulates insulin

formation within the ovaries. This occurs due to ovarial stimulation by means of

insulin or indirectly bymeans of elevated activity of insulin-like growth factor-I. This

factor in turn stimulates androgen formation in the ovary (Fig. 3).

The presence of elevated rates of insulin reduces the formation of the binding

globulin, insulin-like growth factors which as a result become more biologically

active. Simultaneously, the elevated insulin levels inhibit the hepatic production

of SHBG and hence elevate the biological impact of T. The majority of



FIG. 3. Increase in the ovarian testosterone (T) production induced by interictual epileptic

discharges of the temporal lobe (via hypothalamic–pituitary axis and increase in LH levels) and/or

antiepileptic drugs (via weight gain-induced serum insulin level increase). LH, luteinizing hormone;

FSH, follicle stimulating hormone.
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experimental data suggests that a dysfunctional insulin metabolism precedes a

dysfunctional androgen metabolism (Dunaif, 1999).

Jouko Isojärvi and his colleagues fromFinland have published studies describing

the impact of AED, particularly VPA, on the development of PCOS. In a first study

concerning 238 womenwith epilepsy, 45% of the 29women on treatment withVPA

suVered from cycle irregularities (amenorrhea, oligomenorrhea, prolonged cycles,

irregular menstruation), 60% of these women showed a polycystic ovary structure

and 30% had an elevated serum T concentration (Isojärvi et al., 1993).

One of the further studies included 65 women with epilepsy. In 14 out of 22

(64%) of patients treated with VPA polycystic ovaries and/or hyperandrogenemia

were found—in isolation or combination. Following a change to lamotrigine

features such as hyperinsulinemia, hyperandrogenemia, dyslipidemia, and poly-

cystic ovarian structure became significantly normalized in tandem with weight

loss over the period of 1 year (Isojärvi et al., 1998).

Meo and Bilo (2003) founded the definition of PCOS of the National Institute

of Health on the grounds of these and further studies on PCOS. From published

data, they calculated a prevalence of this syndrome in 3%. These results are far

below the estimations of the Finnish authors and are in the region of findings in

women of the general population (4–6, 8%) as well as those in women with

epilepsy without the influence of medication (15–25%).

The investigations of other authors did not assess the endocrinologically

negative impact of treatment with VPA (Genton et al., 2001). In our own analyses,
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we found PCOS in 10–11% of women irrespective of treatment with VPA or

CBZ or untreated individuals (Bauer et al., 2000a). Studies in Austria showed

identical prevalence of PCOS in women with epilepsy on treatment with VPA

(7.7%) or CBZ (7.5%) (Luef et al., 2002).

It must be assumed that the VPA-induced weight gain in some of the women

treated with VPA may induce the development of PCOS (Bauer et al., 2002). This

is strongly suggested by studies in which VPA was substituted by a diVerent AED
(usually LTG) resulting in normalized weight and in studies based on well

documented case reports (Isojärvi and Tapanainen, 2000; Isojärvi et al., 1998).

In animal experiments, it was attempted to analyze the influence of VPA as

well as the development of PCOS. VPA appeared to exert and influence on

steroid genesis and elevated the quotient of T and estradiol in ovary follicle in

pigs (Sveberg Røste et al., 2001, 2003; Taubøll et al., 1999). Continuous treatment

with VPA elevates the amount of follicular cysts and influences serum concentra-

tions of sexual steroid hormones (reduction of T and estrogen) in rats, while this

could not be proven in lamotrigine (Sveberg Røste et al., 2003).

Weight gain aside, VPA is associated with another phenomenon potentially

associated with the development of PCOS. VPA is an AED with an inhibitory

eVect on the hepatic P450 enzyme system. This enzyme system is linked to the

metabolism of sexual steroid hormones, for example, T. Following the adminis-

tration of VPA for 3 months, a significant elevation of serum T can be detected

(Morrell, 2003). By contrast, CBZ causes induction of the hepatic P450 enzyme

system, leading in turn to a contrary eVect on T (i.e., androgens).

Enzyme-inducing AEDs (such as CBZ, phenytoin, or phenobarbital) may exert

a protective eVect against the development of PCOS. The extent to which a drug-

related elevation of T leads to a relevant endocrinopathy, for example, PCOS, is not

known in detail. Lowering available free T by means of CBZ may contribute to less

evidence/detectability of hyperandrogenous anovulation in women on treatment

with CBZ than untreated patients (13% vs 30%) (Herzog et al., 1984).

While normalization of body weight leads to reversibility of PCOS in over-

weight women, its treatment in women of normal weight is far more complex.

As a rule, the only option in these women is the regulation of menstrual cycles by

means of oral contraceptive agents without influencing the causal (usually central)

process.
VI. Final Remarks and Conclusions
The most likely explanations for endocrine disorders related to epilepsy or

AEDs are a direct influence of the epileptogenic lesion, epilepsy, or AED on the

endocrine control centers in the brain, the eVects of AED on peripheral endocrine
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glands, the eVects of AED on the metabolism of hormones and binding proteins

and secondary endocrine complications of AED-related weight changes or

changes of insulin sensitivity.

A direct role for epilepsy in the pathogenesis of reproductive endocrine

disorders is suggested by acute changes in serum prolactin and gonadotropin

levels following seizures (Bauer, 1996), a possible relationship between the later-

ality of temporolimbic epileptiform discharges and the specific type of reproduc-

tive endocrine disorder (i.e., left unilateral temporolimbic epilepsy has been

associated with PCOS, right temporolimbic epilepsy with hypothalamic amenor-

rhea) (Herzog, 1993; Herzog et al., 1986, 2003a,b), and the normalization of

menstrual cycles after epilepsy surgery (Bauer et al., 2000b).

AEDs have direct eVects on peripheral female endocrine glands in animal

models. VPA has been shown to alter steroidogenesis and increase T to estradiol

ratios in porcine ovarian follicles (Gregoraszczuk et al., 2000). Long-term use of

VPA increased the number of follicular cysts and altered sex steroid hormone

levels in rats (Taubøll et al., 1999). VPA but not lamotrigine increased the number

of ovarian follicular cysts in rats (Sveberg Røste et al., 2001). All of this experi-

mental work was undertaken in nonepileptic animals. It remains to be proven that

direct gonadal AED eVects are clinically relevant in humans. Isojärvi et al. (1993,

1996, 2001) found an increased number of ovarian cysts in women on VPA

monotherapy. A normalization of such polycystic change was observed after

discontinuation of VPA. However, there were corresponding improvements of

insulin resistance and it is, therefore, uncertain whether VPA had a direct or

insulin-mediated eVect on the ovaries (Isojärvi et al., 1998).

AED may decrease or increase biologically active serum sex hormone levels.

Many of the older AEDs including CBZ, Phenobarbital, and phenytoin induce

hepatic cytochrome P450-dependent steroid hormone breakdown and the pro-

duction of SHBG, thereby reducing biologically active sex hormone serum

concentrations (Bauer et al., 2002; Beastall et al., 1985; Murialdo et al., 1998;

StoVel-Wagner et al., 1998; Victor et al., 1977) (Table III).

Decreases of free serum T levels during CBZ treatment due to an induction of

SHBG were documented (StoVel-Wagner et al., 1998). Free T serum concentra-

tion rises when patients are switched from CBZ to oxcarbazepine which causes

less hepatic induction (Isojärvi et al., 1995). A reduced rate of PCOS (a condition

characterized by a high T) in women treated for epilepsy with enzyme-inducers

compared to untreated women with epilepsy (13% vs 30%) was demonstrated

(Herzog et al., 1986). Other investigators found that enzyme induction in CBZ

treated women with epilepsy causes menstrual disturbance characterized by low

estradiol and a low estradiol/SHBG ratio in 25% of cases (Isojärvi et al., 1995).

Conversely, hepatic enzyme inhibitors can increase biologically active sex

hormone levels. In a prospective study, an increase in serum androgen concen-

trations was documented in women with newly diagnosed epilepsy who were



TABLE III

EFFECT OF CARBAMAZEPINE MONOTHERAPY ON HORMONES IN WOMEN WITH EPILEPSY

(STOFFEL-WAGNER ET AL., 1998)

Women with epilepsy

(N ¼ 22) median

Healthy women

(N ¼ 60) median

Testosterone (nM) 0.70 0.90

Free testosterone (pg/ml) 1.00 0.90

SHBG (nM) 95.00* 55.10

Cortisol (mg/dl) 9.70 10.20

DHEAS (mg/ml) 812.00** 2109.00

17�-Hydroxyprogesterone (mg/l) 0.90 1.25

Androstenedione (mg/l) 1.40 1.50

TSH (mU/ml) 0.48** 1.12

Free T4 (ng/dl) 0.99 1.18

Free T3 (pg/ml) 4.31 4.54

hGH (mg/l) 1.05 0.90

IGF-I (mg/l) 209.00 246.00

Prolactin (mg/l) 5.60*** 3.60

SHBG, sex hormone-binding globulin; DHEAS, dehydroepiandrosterone sulfate; TSH, thyroid

stimulating hormone; HGH, human growth hormone; IGF, insulin-like growth factor; T4, thyroxine;

T3, triiodothyronine.
*p < 0.01.
**p < 0.0001.
***p < 0.02.
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started on VPA (Rättyä et al., 2001). In girls treated with VPA for a mean of

2 years higher serum T levels were found than in untreated controls (Vainionpää

et al., 1999). T levels in excess of 2 SD of the mean were found in 38% of

prepubertal, 36% of pubertal, and 57% of postpubertal girls on VPA. It should

be pointed out that the clinical relevance of an elevated total and/or free T level

depends on the presence of symptoms of hyperandrogenism such as cycle distur-

bance, subfertility, male pattern hair loss, hirsutism, or acne. However, an in-

crease in serum total and/or free T may contribute to altered gonadotropin

secretion and lead to the manifestation of reproductive endocrine disorders so

that asymptomatic patients with an isolated elevation of total and/or free T

should be kept under endocrine review (Eagleson et al., 2000).

Several AEDs may cause weight gain. This adverse eVect has been described

with VPA, CBZ, vigabatrin, and gabapentin (Biton et al., 2001; Breum et al., 1992;

Rättyä et al., 1999). Weight gain and obesity have direct negative eVects on many

aspects of health and on life expectancy. Weight increase reduces insulin sensitivi-

ty and promotes PCOS development in predisposed women who had no previous

hormonal abnormality. Thus, AED-related weight increases could trigger the

manifestation of a clinically relevant endocrine disorder. Weight-related
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endocrine problems may be enhanced by the enzyme-inhibiting eVects of VPA
and masked by enzyme inducers like CBZ. Weight reduction after tapering oV
VPA has been shown to be associated with a normalization of menstrual cycles

and hormonal disturbances (Isojärvi et al., 1998). There are no studies of the

eVects of weight reduction without change of medication. It should be pointed out

that VPA-associated endocrine changes have also been observed in the absence of

weight gain (Isojärvi et al., 1996, 2001; Vainionpää et al., 1999).

The treatment of epilepsy aims for complete seizure control with as few side

eVects as possible. The choice of AED is driven by many considerations including

proven eYcacy for the particular seizure type, tolerability, the personal experi-

ence of the physician, and especially how comfortable the physician and the

patient feel using a specific agent. In the treatment of women with epilepsy, a

number of additional factors have to be considered. These include the safety of an

AED during pregnancy, the compatibility of the AED with hormonal contracep-

tion, and the potential impact on reproductive function as outlined above.

Physicians should be aware of reproductive endocrine dysfunction that may

occur in women with epilepsy during treatment (Bauer et al., 2002; Harden,

2005a) (Tables I and II). If a reproductive endocrine disorder is found, AEDs

should be reviewed in terms of their indication for the particular seizure type and

their tolerability vis-à-vis their potential for contributing to the endocrine problem.

The possible benefits of a change of AED treatment must be balanced against

seizure control and cumulative side eVect of alternative agents. Many of the newer

AEDs have not been studied with regard to (longer term) endocrine reproductive

side eVects and little is known about their safety in pregnancy. If a patient is

seizure-free on an AED, which could be the cause of adverse reproductive

endocrine eVects, a monotherapy switch is fraught with the risk of seizure relapse

and lower dose combination therapy with the risk of additional side eVects (Bauer
et al., 2002).
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Sexual dysfunction is a frequently encountered comorbid disorder in patientswith

neurological and psychiatric disorders. Importantly, sexual dysfunction can also occur

as a treatment emergent adverse effect of a number of commonly used psychotropic

and antiepileptic medications, and can include decreased libido, erectile dysfunction,

disordered arousal, delayed orgasm, and anorgasmia. These effects can occur in both

menandwomen, and canbe seen across age groups.Understanding the neurobiology

of normal sexual response, as well as the pharmacologic mechanisms of these com-

monly used medications can enable the clinician to predict howmedication use may

impact different phases of sexual response. Discussion of the current treatment

strategies for female sexual dysfunction is also elucidated in this chapter.
I. Effect of Psychotropic and Antiepileptic Drugs on Sexual Function
The two classes of psychotropic drugs most commonly associated with causing

sexual dysfunction in women are antidepressant and antipsychotic drugs, while

there is very limited literature regarding antiepileptic drugs (AEDs) (Gitlin, 2003).

Sexual dysfunction can have many causes, and medication should not be too

quickly blamed for preexisting dysfunction or other etiologies. A diVerential
ier Inc.
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diagnosis of drug-induced sexual dysfunction requires that the problem starts after

drug therapy begins or after a dose increase, the problem is not situation or

partner specific but tends to be present in all sexual situations, it is not explained

by ongoing disease or environmental stress, and the eVect dissipates with drug

discontinuation (Graziottin, 2006; Seagraves, 1997).

A. ANTIEPILEPTIC DRUGS

Assessing AED-induced sexual dysfunction is diYcult because seizure disorders

have been associated with sexual dysfunction, and AEDs have not been systemati-

cally studied for their eVect on sexual function (Crenshaw and Goldberg, 1996;

Gitlin, 2003). Furthermore, epilepsy and AEDs can alter sex hormone levels that

lead to both reproductive disorders and sexual dysfunction (Morrell et al., 2005).

Disorders of both sexual desire and arousal aVect 30–60% of women with epilepsy.

Sexual dysfunction is more common in women with localization-related epilepsy

(LRE), in women receiving phenytoin, and in womenwith low levels of estradiol and

dehydroepiandrosterone sulfate (Morrell et al., 2005). In a series of reviews in the

1980s, hyposexuality among patients with epilepsy was commonly reported

(Crenshaw and Goldberg, 1996). The incidence of decreased sexual desire and

responsiveness among men and women with temporal lobe epilepsy ranges from

31% to 67%.The relative role of epilepsy versus AEDs in causing sexual dysfunction

is diYcult to establish. The enzyme-inducing AEDs (phenobarbital, phenytoin,

carbamazapine, topiramate, and oxcarbazepine) increase hepatic synthesis of sex

hormone binding globulin (SHBG) which reduces testosterone availability, and they

also increase the metabolism of sex hormones and contraceptive hormones not seen

with nonenzyme-inducing drugs (lamotrigine, valproate, gabapentin, and vigaba-

trin) (Penovich, 2000). A consistent finding is that more sexual dysfunction occurs in

patients taking carbamazepine and phenytoin compared to patients taking lamotri-

gine or valproate (Herzog et al., 2005;Morrell, 2003).Women treated with valproate

for bipolar disorder, however, have been reported to have severely decreased libido

and anorgasmia,while there are case reports of gabapentin-associated anorgasmia in

women with epilepsy (Harden, 2005). A recent comprehensive review of pregabalin

eYcacy and tolerability makes no mention of sexual dysfunction as an observed

adverse eVect (Tassone et al., 2007). No specific treatment strategies have been

formulated for AED-induced sexual dysfunction beyond switching from enzyme-

inducing drugs to drugs like valproate or lamotrigine if clinically appropriate.

B. ANTIDEPRESSANT DRUGS

1. Incidence of Sexual Dysfunction

Antidepressant drugs, among all psychotropic drugs, are most likely to cause

sexual dysfunction, with delayed ejaculation and anorgasmia the most common

disturbance (Labbate et al., 1998). In most antidepressant clinical trials, orgasmic
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dysfunction is underestimated because of short study duration and reliance on

patient self-report to detect sexual dysfunction. In one large prospective study, the

incidence of SSRI-induced sexual dysfunction as given by self-report was 14%,

while use of a questionnaire with direct inquiry about sexual functioning yielded

an overall incidence of 58% (Montejo-Gonzalez et al., 1997).

2. DiVerences Among Antidepressant Drugs

Tricyclic antidepressants (TCAs) (e.g., amitriptyline, imipramine) and mono-

amine oxidase inhibitors (MAOIs) (e.g., phenelzine) are commonly associated with

sexual dysfunction. Very few studies were conducted in the past regarding these

drugs, so it is diYcult to compare their relative incidence of sexual dysfunction to

SSRIs. A 6-week placebo-controlled trial that compared imipramine (200–300 mg)

and phenelzine (60–90mg) reported delayed orgasm in 27% of womenwith imipra-

mine, while phenelzine was associated with orgasmic delay in 36% of women

(Harrison et al., 1986). Orgasmic delay was noted in 11% of women on placebo.

The SSRIs are the best studied antidepressants in relation to their likelihood of

causing sexual dysfunction. SSRIs can adversely aVect all three phases of sexual

function, though their most prominent eVect is causing delayed ejaculation in men

and anorgasmia in men and women (Labbate et al., 1998; Seagraves, 1998). SSRIs

have been reported to cause decreased libido (Montejo et al., 2001; Rosen et al.,

1999). SSRI-induced decreased libido may be understood through a mechanism of

increased serotonin causing decreased dopaminergic activity (Stahl, 2001a,b). The

association of antidepressant drugs and decreased libido must be viewed cautiously,

however, since 50–90% of untreated depressed patients experience decreased libido

as part of their depression (Rosen et al., 1999). Most depressed patients actually

experience increased libido from their antidepressant drug once the depression is

successfully treated. SSRIs have also been reported to cause arousal disturbances,

primarily decreased vaginal lubrication in women (Montejo et al., 2001; Rosen et al.,

1999). The diYculty in establishing a causal relationship of SSRIs to either de-

creased libido or arousal disorder reinforces the need for a careful baseline of

assessment of sexual functioning prior to initiation of SSRI drug therapy.

The most common sexual dysfunction caused by drugs with serotonin agonist

activity in women is anorgasmia (Labbate et al., 1998; Rosen et al., 1999;

Seagraves, 1998). Table I lists the observed frequency of anorgasmia seen in

two studies (Montejo et al., 2001; Montejo-Gonzalez et al., 1997). As can be

seen, SSRIs and venlafaxine cause anorgasmia in one-third to one-half of

patients. Venlafaxine, while it has a diVerent mechanism as a serotonin and

norepinephrine reuptake inhibitor, is still a potent serotonin agonist that will

commonly cause sexual dysfunction. Mirtazapine and nefazodone, though sero-

tonin (5-HT) agonists, have an additional mechanism of postsynaptic blockade of

the 5-HT-2 receptor that blocks the orgasmic dysfunction (Stahl, 1998; Stimmel

and Gutierrez, 2006). Bupropion, not included in these studies, has no direct

serotonin agonist activity, and also has a very low likelihood of causing sexual



TABLE I

OBSERVED FREQUENCY (%) OF ANTIDEPRESSANT-INDUCED ANORGASMIA IN MEN AND WOMEN

N ¼ 1022a N ¼ 344b

Fluoxetine 39 34

Paroxetine 53 48

Sertraline 47 37

Citalopram 52 nr

Fluvoxamine 38 31

Venlafaxine 42 nr

Mirtazapine 8 nr

Nefazodone 2 nr

aAdapted from Montejo et al. (2001).
bAdapted from Montejo-Gonzalez et al. (1997).

nr, not reported.
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dysfunction (Stahl, 1998; Stimmel and Gutierrez, 2006). In a more recent study,

there were no statistically significant diVerences between citalopram and paroxe-

tine in women with decreased desire (35% vs 26%, respectively) and orgasmic

dysfunction (29% vs 11%, respectively) (Landen et al., 2005). Two newer anti-

depressants, escitalopram and duloxetine, have not been compared in head-to-

head clinical trials with SSRIs for their relative sexual dysfunction adverse eVects.
Their premarketing clinical eYcacy trials show relatively low incidence of sexual

dysfunction, but these trials suVer from the same diYculties of reliance on patient

self-report and brief duration of clinical trials. Based upon both drugs being

potent serotonin agonists, it would be predicted that the likelihood of escitalopram

and duloxetine causing orgasmic dysfunction would be similar to other SSRIs.
3. Treatment Strategies for Antidepressant Drug-Induced Sexual Dysfunction

Both the identification and management of antidepressant-induced sexual

dysfunction are crucial. Sexual dysfunction has been cited as one of the most

common reasons for patients discontinuing treatment with antidepressants

(Montejo et al., 2001). Patients should be counseled about the potential for

antidepressant-induced changes in their sexual function, but if it occurs, they

need not discontinue treatment since it can be managed (Stimmel and Gutierrez,

2006). Possible options to manage and treat antidepressant-induced sexual dys-

function include waiting for tolerance to develop, decreasing the dose, giving drug

holidays, augmenting with an additional drug, or switching to an alternative

antidepressant drug less likely to cause sexual dysfunction (Zajecka, 2001). The

first two options have not been shown to be eVective. Few patients actually

experience less sexual dysfunction due to drug adaptation, and most find that
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the sexual dysfunction persists for as long as the drug is continued (Boyarsky and

Hirschfeld, 2000). Antidepressant-induced sexual dysfunction seems to be a dose-

related eVect, so dose reduction might seem an attractive strategy. However, all

depression treatment guidelines suggest that both continuation and maintenance

therapy with antidepressants be given in the same dose that was eVective for the

acute depressive episode. While dose reduction will likely decrease the severity of

the sexual dysfunction, it will also increase the risk of relapse (Rothschild, 2000).

Antidepressant drug holidays are an eVective strategy for some patients. Stopping

either sertraline or paroxetine for 2 days of a weekend for 1 month was shown to

improve sexual functioning in 50% of patients during the weekend (Rothschild,

1995). Drug holidays are not recommended for patients with a history of noncom-

pliance, for patients whose depressive symptoms are not in remission, or for patients

taking higher doses of SSRIs (Boyarsky and Hirschfeld, 2000; Zajecka, 2001).

A number of augmentation strategies have been tried in an attempt to treat

antidepressant-induced sexual dysfunction. Augmentation with a second drug is

most appropriate when the patient’s depression has been successfully treated, but the

sexual dysfunction persists and threatens compliance. Augmentation drugs that are

no longer recommended include cyproheptadine, yohimbine, and nefazodone.

Augmentation drugs that have only anecdotal reports of benefit, but lack suYcient

clinical evidence of eYcacy, include Ginkgo biloba, amantadine, and buspirone. The

most viable augmenting drug treatment options include bupropion, mirtazapine,

and sildenafil (Boyarsky and Hirschfeld, 2000; Zajecka, 2001). Bupropion is an

antidepressant virtually devoid of sexual dysfunction and devoid of direct activity

on serotonin, but with mixed reports of eYcacy (Rosen et al., 1999; Zajecka, 2001).

Addition of bupropion SR 150 mg daily for 6 weeks to patients experiencing sexual

dysfunction from SSRIs found no diVerence versus placebo on any measure of

sexual functioning (DeBattista et al., 2005). A placebo-controlled trial of adding

bupropion SR 150 mg twice daily to an SSRI found no diVerence in global sexual

functioning, orgasm, or arousal, but a significant diVerence in improved feelings of

desire and frequency of sexual activity (Clayton et al., 2004). Mirtazapine represents

a more logical augmenting agent since its mechanism of postsynaptic 5-HT-2 block-

ade will directly block the orgasmic dysfunction caused by serotonin agonist anti-

depressants (Stimmel and Gutierrez, 2006; Zajecka, 2001). Open label addition

of mirtazapine to SSRIs for 6 weeks was found to restore normal sexual function in

11/19 (58%) of patients, with another two patients experiencing significant improve-

ment in sexual function (Gelenberg et al., 2000). Sildenafil has the best evidence as an

eVective augmenting agent to SSRIs, though it ismore eVective inmen thanwomen.

Sildenafil is eVective on an as needed dosing basis, 50–100 mg given 30–60 min

before sexual activity (Zajecka, 2001). Though indicated only for treatment of

erectile dysfunction, sildenafil has shown eYcacy in improving antidepressant-

induced diYculties in libido, arousal, and orgasm delay. It is believed that sildenafil

is eVective for other phases of sexual function due to indirect eVects of increasing
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blood flow to improve and sustain arousal. Possible disadvantages of sildenafil

include the lack of proven eYcacy for women, unclear benefits for libido, and its

usual contraindications with nitrates and significant cardiovascular disease. In a

study in 98women, sildenafil augmentation resulted in significantly improved sexual

function rating scales compared to placebo (71% vs 35%, p < 0.001), while desire,

lubrication, arousal, orgasm, and satisfaction were improved with sildenafil but not

statistically significantly diVerent from placebo (Nurnberg et al., 2006).

The final treatment option for antidepressant-induced sexual dysfunction is to

switch from the oVending drug and substitute either bupropion or mirtazapine

(Stimmel et al., 1997; Walker et al., 1993; Zajecka, 2001). Switching antidepres-

sants is a reasonable first-line approach for those patients who are not responding

adequately to the initial antidepressant, or for patients refusing to continue taking

an antidepressant because of sexual dysfunction.

C. ANTIPSYCHOTIC DRUGS

1. DiVerences Among Antipsychotic Drugs

The most common eVect of antipsychotic drugs on sexual function is decreased

libido, due to dopamine antagonism. Increased prolactin levels caused by dopa-

mine blockade also contributes to decreased libido (Smith et al., 2002). The older

antipsychotic drugs (e.g., haloperidol, fluphenazine, and chlorpromazine) decrease

libido very commonly since they are potent dopamine blockers, with 30–60% of

patients experiencing disturbances in sexual function (Boyarsky and Hirschfeld,

2000). There is limited data regarding sexual dysfunction associated with the newer

atypical antipsychotic drugs (e.g., risperidone, olanzapine, quetiapine). A study of

636 patients receiving a single antipsychotic compared overall sexual dysfunction.

Frequency of sexual dysfunction was 38% with haloperidol, 43% with risperidone,

35% with olanzapine, and 18% with quetiapine (Bobes et al., 2003). In an open

6-week trial, sexual functioning in patients taking either risperidone or quetiapine

was compared (Knegtering et al., 2004). Sexual dysfunction, based upon the Anti-

psychotics and Sexual Functioning Questionnaire (ASFQ), was found in 16% of

quetiapine-treated patients and 50% of risperidone-treated patients ( p ¼ 0.006).

High rates of sexual dysfunction and hypogonadism were also demonstrated in 50

women being treated with antipsychotic drugs (Howes et al., 2007). Sixty-eight

percent of female patients reported sexual dysfunction compared to 14% of healthy

controls ( p < 0.001), and in the premenopausal women taking antipsychotic drugs,

79% had hypoestrogenism and 92% had low progesterone levels.

2. Treatment Strategies for Antipsychotic Drug-Induced Sexual Dysfunction

Management of antipsychotic drug-induced sexual dysfunction is primarily

directed toward avoiding the underlying mechanism of the adverse eVect—
dopamine blockade, elevated prolactin levels, or alpha-adrenergic blockade.
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Since these are dose-related eVects, a lower dose can be tried if clinically appro-

priate, or change to a diVerent atypical antipsychotic drug (Seagraves, 1997).

An open trial that switched from risperidone or haloperidol to quetiapine

demonstrated reduced prolactin levels and improved sexual dysfunction (Byerly

et al., 2004).
II. Treatment Strategies for Female Sexual Dysfunction
The most common female sexual dysfunction disorders, not related to drug-

induced causes, include lack of sexual desire and diYculty in achieving orgasm.

There are no approved pharmacologic treatments for female hypoactive sexual

desire disorder (HSDD) or female orgasmic disorder (FOD); female sexual arousal

disorder (FSAD) is treated with estrogen replacement therapy when indicated, or

vaginal lubricants.
A. HYPOACTIVE SEXUAL DESIRE DISORDER

There are no approved pharmacological treatments for HSDD in women. In

premenopausal women, any medical problem should be treated that might be

contributing to decreased desire (e.g., hypothyroidism, depression), and drug-

induced causes need to be managed. In postmenopausal women, in addition to

the above, signs and symptoms of estrogen deficiency can be treated with estrogen

replacement, and signs and symptoms of androgen deficiency can be treated with

androgen replacement. Testosterone replacement is more helpful in women after

oophorectomy or in women receiving estrogen replacement therapy. Use of

testosterone treatment in the absence of oophorectomy or ERT remains contro-

versial and further investigation is needed in women with normal testosterone

levels before testosterone treatment can be recommended (Shepherd, 2002). Side

eVects of testosterone occur in 5–35% of women and include decreased levels of

HDL, acne, hirsutism, clitorimegaly, and voice deepening (Phillips, 2000). Several

studies have demonstrated that testosterone can significantly increase sexual

desire, as well as arousal and orgasm, in women who have undergone surgical

menopause (Ragucci and Culhane, 2003). In a 24-week trial, a 300 mg testoster-

one patch was given to 533 surgically menopausal women on concomitant

estrogen therapy (Buster et al., 2005). Compared to baseline, the patch significant-

ly increased sexual desire and sexual activity ( p < 0.05). Androgenic side eVects
were rated as mild and well tolerated. Bupropion was studied in premenopausal

women with HSDD with mixed results (Segraves et al., 2004). Changes in sexual
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desire scores were not significantly diVerent than placebo, though total sexual

function and orgasm scores with bupropion were significantly greater than with

placebo.
B. FEMALE SEXUAL AROUSAL DISORDER

Current treatment of FSAD is limited to ERT and water-based vaginal

lubricants. Hypoestrogenism is the most common physiologic condition asso-

ciated with FSAD, which leads to urogenital atrophy and a decrease in vaginal

lubrication. Lack of lubrication can then contribute to dyspareunia and the

development of hyposexual desire disorder (Ragucci and Culhane, 2003). Long-

term use of estrogen vaginal creams is considered unopposed estrogen treatment

in women with an intact uterus, meaning progesterone is also required. Preme-

nopausal women with arousal disorders, women who do not respond to estrogen

therapy or who are unwilling to take estrogen represent diYcult patient groups

since so few treatment options are available (Phillips, 2000).

There was hope that, similar to erectile dysfunction in men, the phosphodies-

terase inhibitor drugs (e.g., sildenafil) would be eVective in women with arousal

disorders. Clinical studies thus far have reported mixed results, and PDE-5

inhibitors are not indicated in women for FSAD. Sildenafil 50 mg given to

postmenopausal women in an uncontrolled trial resulted in modest, statistically

insignificant improvement in lubrication, clitoral sensation, and orgasm frequency,

but no eVect on sexual desire or satisfaction with intercourse (Kaplan et al., 1999).

Seven of 33 patients experienced clitoral discomfort and oversensitivity. One

controlled trial of sildenafil 25 mg, 50 mg, or placebo in 51 premenopausal

women found more positive results (Caruso et al., 2001). Both doses of sildenafil

resulted in greater arousal, more frequent orgasms, and greater sexual satisfaction

compared to placebo. The equivocal eYcacy results with sildenafil in women have

caused the manufacturer to terminate further studies.
C. FEMALE ORGASMIC DISORDER

There are no pharmacological treatments for anorgasmia (Meston et al.,

2004). A careful history is most important for FOD, however, since it is often

secondary to disorders of desire or arousal, or may be medication induced. While

up to 70% of women may not be able to achieve orgasm with intercourse, only

4% are not able to achieve orgasm with masturbation. Thus, FOD can be very

responsive to therapy techniques that focus on maximizing stimulation and

minimizing inhibition (Phillips, 2000; Ragucci and Culhane, 2003).
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Every pregnancy, even under the best of circumstances, carries risks with it.

Having epilepsy and taking medications to treat seizures further increase these

risks and not all patients are willing to accept risks. The issues related to pregnan-

cy, epilepsy, and antiepileptic drugs and pregnancy are fraught with confusion

and misperceptions. Lay publications may misinform the public by assigning risks

to drugs not known to be teratogenic in humans. Women report that their

physicians have encouraged them to terminate otherwise wanted pregnancies

‘‘just to be on the safe side’’ which is clearly an excess of caution. In this chapter,

we review the most common risk factors and divide them in two broad categories:

(a) avoidable or modifiable risk factors and (b) unavoidable or non modifiable risk

factors. Physicians counseling women with epilepsy who are pregnant or are

planning a pregnancy should make every eVort to understand the nature and

magnitude of the risks associated with epilepsy and antiepileptic drugs in order to

ensure the best possible outcomes in these cases. We discuss preventive measures

that, when properly followed, can minimize risks and allow the vast majority of

women with epilepsy to give birth to normal children.
ier Inc.

served.

$35.00



170 JOHN DETOLEDO
I. Approach to Assessment
A. IS ANYTHING ENTIRELY ‘‘SAFE’’ IN PREGNANCY IN PATIENTS WITH EPILEPSY?

Every pregnancy, even under the best of circumstances, carries risks with it.

Having epilepsy and taking medications to treat seizures further increase these

risks. For the woman with epilepsy, the decision to become pregnant has to be

made taking into consideration the possibility of an adverse outcome. Not all

patients are willing to accept risks. If that is the case, this patient should be advised

not to become pregnant. Although there is always risk, it is helpful to remind the

patient that many risk factors can be reduced and more than 90% of patients with

epilepsy will have a healthy baby.
B. THE EXPERIMENT

Definitions of the word ‘‘experiment’’ in the Webster dictionary include:

(1) a test under controlled conditions that is made to determine the eYcacy of

something previously untried, (2) to try something new, especially in order to gain

experience, and (3) to examine the validity of a hypothesis. These definitions are a

reasonably accurate description of what takes place during the treatment of

epilepsy in pregnancy. Ultimately, the treatment of epilepsy in pregnancy is an

experiment and the hypothesis is that one can do good to the patient without

doing harm to the fetus. Like any other experiment in humans, this ‘‘experiment’’

requires an informed consenting on the part of the patient.

As the patient consents to adhere to the treatment recommended for her

seizures, she should only agree to do so, based on adequate knowledge of the

relevant facts. It is the responsibility of the physician, therefore, to thoroughly

discuss the issues so that the patient has the necessary information to make the

decision that suits her best. Conversely, it is the responsibility of the patient to

make the decision to voluntarily follow the physician’s recommendation (i.e., to

participate in the ‘‘experiment’’). The decision to become pregnant, to keep the

pregnancy and to accept the risks involved with drug treatments must be made by

the patient. If either the physician or the patient is uncomfortable with the terms

they see before them, a second opinion should be sought.

The assessment consists of a review of preventive measures and of risk factors

involved in a particular case. These risk factors fall within two broad categories:

(a) avoidable or modifiable risk factors and (b) unavoidable or non modifiable risk

factors.
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C. IS IT EPILEPSY?

Conditions that mimic epilepsy such as syncope and nonepileptic seizures are

common in women of child-bearing age and should be considered whenever one

encounters new onset of seizures or worsening of seizures in the setting of

pregnancy. Patients may either develop nonepileptic seizures or have a worsening

of preexisting nonepileptic seizures in situations of unwanted pregnancy

(DeToledo et al., 2000). Every eVort should be made to confirm the diagnosis of

epilepsy prior to initiating or continuing AED therapy in these cases.
D. WILL THE BABY BE NORMAL?

It is estimated that 1 in 33 babies are born each year with congenital

malformations in the United States [Centers for Disease Control and

Prevention (CDC), 2006]. Some of these malformations have genetic or environ-

mental causes but in about 70% of the cases, both parents are ‘‘normal’’ and the

cause of the birth defects are unknown [Centers for Disease Control and

Prevention (CDC), 2006]. Families should be counseled that having had a normal

child is no guaranty that the next pregnancy will be normal.
E. NORMAL AND ABNORMAL—THE INDIVIDUAL VARIABILITY

No two individuals are exactly identical. As discussed in previous chapter (8),

diVerences between individuals are determined by their genetic make-up and

external factors present during their development. By averaging individual varia-

tions among all members of a group one can define a ‘‘norm.’’ Individuals whose

features fall within this perceived norm, are classified as ‘‘normal’’ and those who

fall outside of these limits are ‘‘abnormal.’’ Since these structural congenital

abnormalities occur within a spectrum ranging from minimally abnormal to

maximally abnormal, there are as many definitions as there are disagreements

of what constitutes a congenital malformation (Table I).

The definition that major malformations are ‘‘gross structural defects present

at birth which requires corrective intervention’’ used by Strickler (Strickler et al.,

1985) is a simplification but permits a comparison of cases in diVerent published
series. Regardless of the definition used, in the eyes of parents, any deviation from

the norm is abnormal and quickly become a source of anxiety and concern.

Physicians should tell families that even the best studies do not discuss each and



TABLE I

VARIOUS DEFINITIONS OF CONGENITAL MALFORMATIONS

Congenital malformations [are] abnormalities of structure present at birth and attributable to faulty

development (Carter, 1963)

. . . a major anomaly is one which has an adverse eVect on either the function or the social acceptability

of the individual; a minor defect [on the other hand] is one which is neither of medical nor cosmetic

consequence to the patient (Marden et al., 1964)

A malformation is an abnormality in size, shape, location, or structure of any part caused by antenatal

disturbances in development (Potter, 1964)

. . . a defect of structure or form present at birth and noted at routine inspection within the first 10 days

of life . . . (Nelson and Forfar, 1969)

Even the slightest abnormality . . . (Endl and Schaller, 1973)

. . . a gross physical or anatomic developmental anomaly . . . present at birth or

. . . detected during the first year of life (Myrianthopoulos and Chung, 1974)

. . . conditions thought to be of prenatal origin whether or not they were manifest at birth [including]

structural defects, functional abnormalities, inborn errors of metabolism, and chromosomal

aberrations (Christianson et al., 1981)

. . . malformations are all-or-none traits, that is, they are not graded . . . and at their mild end do not

shade into normality (Opitz and Gilbert, 1982)

A major congenital anomaly [is] one that is incompatible with survival, is life threatening, or seriously

compromises an individual’s capacity to function normally in society (Otake et al., 1990).
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every malformation occurring with each drug and that we only have an imperfect

knowledge about the occurrence of more discrete structural defects with these

various drugs.
F. SEIZURES IN THE MOTHER

Patients must be informed that epileptic seizures by themselves may increase

the risk of birth defects. This was demonstrated by two studies that separated the

eVects of AEDs from those of seizures during pregnancy (Annegers et al., 1978;

Nakane et al., 1980). Parents should be made aware of the fact that under the best

of circumstances, any pregnancy may carry a 1–2% risk of having an oVspring
with a malformation and that, the fact that the mother has seizures may double

that risk (Annegers et al., 1978).

Many patients are aware of the fact that the use of AEDs during pregnancy

increases the risk of malformations and it is not uncommon for patients to

entertain the idea of stopping AED treatment as they plan for pregnancy. Clinical

experience and circumstantial evidence suggest that women with epilepsy who

have uncontrolled seizures during pregnancy have a significantly increased (up to

tenfold) morbidity and mortality as compared to the general population (Adab

et al., 2004). Patients should be advised that stopping AED treatment prior to

pregnancy is not an option for those cases with active seizure disorder.
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G. POSITIVE FAMILY HISTORY FOR MALFORMATIONS AND AEDS

Birth defects associated with use of medications often result from a combina-

tion of genetic make-up and environmental exposure, a ‘‘multi-factorial inheri-

tance.’’ In these cases, the individual may inherit one or more genes that increase

the predisposition to birth defects if there is exposure to certain environmental

substances (such as AEDs). These individuals have the genetic predisposition to a

birth defect but may not develop it unless there is exposure to that substance

during its early development. Having a previous case of congenital malformation

in the family is a red flag for this type of genetic susceptibility. These patients

should be advised that their risk of having another child with malformation may

be substantially increased. The treating physician should take a careful family

history in order to uncover these cases and to properly counsel the patient.
H. OTHER MATERNAL FACTORS

There are a number of maternal factors, including genetic, endocrine, infec-

tious, dietary, and use of medications or illicit drugs that can independently add to

the risk of birth defects in patients with epilepsy.

1. Endocrine

Maternal obesity by itself may increase the risk for birth defects, particularly

neural tube defects (Werler et al., 1996). Some endocrine conditions that are

common in overweight women may carry an added risk of birth defects, specifi-

cally diabetes, polycystic ovary syndrome, and gastric bypass surgery. These three

conditions are not uncommon in patients with epilepsy and each of themmay add

to the risk. In the case of obesity and diabetes, the two conditions may act

synergistically in the pathogenesis of congenital anomalies (Moore et al., 2000).

Two other factors contribute to the diYculty of managing these patients: (1) the

recommended daily dose of 400 mcg of folic acid does not seem to reduce the risk

of neural tube defect among these women (Werler et al., 1996) and (2) prenatal

diagnosis of neural tube defects with ultrasound and alpha fetoprotein testing is

less accurate in overweight women.

2. Folic Acid Deficiency

Studies show that women of child-bearing age may not remember being told

about topics which are significant for their own health and that of their children.

A survey in the UK showed that less than half of the patients taking AEDs

remembered being told that they should also take folic acid supplementation

(Bell et al., 2002). A written prescription of folic acid given to the patient following

the discussion of this topic may improve compliance. In addition to inadequate
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intake, a number of conditions can be associated with decreased serum levels of folic

acid and may increase the risk of defects. Virtually all weight loss diets are deficient

in folic acid (Table II). Overweight patients engaged in these diets would be at

greater risk. Patients with gastric bypass surgery (Madan, et al., 2006), pernicious

anemia, and on proton pump inhibitors (Russell et al., 1988) and oral contraceptives

(Barone et al., 1979) are also at risk of developing folic acid deficiency.

Another cause for folic acid deficiency is genetic defects of the enzyme that

catalyzes the conversion of an inactive precursor into the active folic acid in the

body (MTHFR) (van der Put et al., 1995). The prevalence of these enzymatic

defects varies among diVerent ethnic groups andmothers who are homozygous for

the defect may have a two-to sevenfold increased risk of having a child with neural

tube defect (Ou et al., 1996). In the presence of any of these risk factors, high dose

supplementation with 4–5 mg/day of folic acid is recommended (Wilson et al.,

2003). This supplementation should be taken as folic acid alone, not in a multivi-

tamin format due to risk of excessive intake of other vitamins such as vitamin A.

3. Tobacco, Alcohol, and Illicit Drugs

More than 90% of pregnant women take prescription or nonprescription

drugs or use tobacco and alcohol at some time during pregnancy. Nearly 4% of

pregnant women admit using illicit drugs such as marijuana, cocaine, ampheta-

mines, and heroin, according to a 2005 U.S. government survey (Substance

Abuse and Mental Health Administration, 2006). Pregnant women with epilepsy

who use illicit drugs are a high risk group for malformations and other complica-

tions during pregnancy. The fact that most of these patients also use alcohol and

tobacco adds to their overall risk of malformations.

4. Other Medications with Teratogenic Potential

The experience with isotretinoin is informative. The Retinoid Pregnancy

Prevention Program includes explicit and detailed printed warnings requires the

patient to sign a consent form indicating that they agree to use two eVective
TABLE II

VITAMIN CONTENT OF FIVE WEIGHT LOSS DIETS: PERCENT U.S.

RDA-RECOMMENDED DAILY ALLOWANCE

Vitamin Set point Fit for life Immune power Family circle Eat to succeed

Vitamin D 33 0 0 24 76

Vitamin E 30 83 18 99 117

Vitamin B6 75 151 103 124 135

Folate 74 130 65 79 81

Vitamin B12 51 6 42 33 82
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methods of contraception before therapy is started (Pastuszak et al., 1994). Since

the program was implemented in 1989, a substantial number of fetuses have been

exposed to the drug. As many as 30% of the women with exposed fetuses did not

use any mode of contraception, even though they were cognizant of the high risk

for the fetus. Many of these women explained that they did not believe they were

fertile, since they had not conceived during periods of months or years when they

had not used contraceptive methods (Koren, 1997). This type of observation

underscores the risks of assumptions. Is may be naive to assume that the patient

understands each aspect of their complex decisions. Fewer assumptions are more

likely to produce better decisions and outcomes; time should be taken to address

these issues as many times as necessary.
I. THE TIMING OF EXPOSURE

The occurrence and degree of an abnormality (i.e., deviation from the norm)

bear close relationship with the time of exposure, the ‘‘critical period.’’ Insults at

very early stages of development (first few hours or days) are more likely to aVect
primordial cell lines responsible for organ formation and result in significant

abnormalities or absence of all its subordinate structures. These are often lethal

defects. It is estimated that 40% of all pregnancies miscarry so early that women

do not realize they were pregnant as menstruation is on time or only minimally

disrupted. It is not known how often AEDs contribute to these very early losses.

Most of the recognized malformations associated with the use AED seem to aVect
organs that anatomically develop between 2 and 5 weeks of development but this

may be misleading (Fig. 1).

The period during which a given abnormality can be induced in the develop-

ing organism is known as the critical period. The ‘‘timing’’ of this critical period

varies depending on the method used to assess the abnormality. The critical

period for the molecular biologist occurs much earlier that the critical period

as defined by the histologist or anatomist (Kretchmer, 1982). In neurological

parlance, the ‘‘anatomic critical period’’ is the time of occurrence of a given

malformation (i.e., neural tube defects occur between 30 and 31 days). This is not

accurate in most instances. In the case of the neural tube for example, the critical

period for disruption of pluripotent neural crest cells as detected by the molecular

biologist certainly occurs before the anatomic occurrence of the spina bifida.

The practice of stopping AEDs by the second or third weeks of pregnancy

hoping to prevent early malformations is probably not be warranted, as irrevers-

ible AED induced changes may already have taken place at the molecular

level. For this reason, patients should be made aware of these facts and any

concerns about AED-induced malformations should be addressed prior to

pregnancy.
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FIG. 1. Hypothetical representation of how the syndrome of malformations produced by a given

agent might be expected to change when treatment is given at diVerent times (Wilson, 1965).
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J. LATE EXPOSURE

Susceptibility to developmental abnormalities is not limited to the first trimes-

ter of pregnancy. The central nervous system continues to grow and change

during pregnancy. Agents that interfere with neurocognitive development can

do so throughout that period. In some cases, the neurocognitive disorders can be

as devastating as a malformation on children and families. Valproic acid, pheno-

barbital, and primidone (Neri et al., 1983) can have adverse eVects on CNS

development (Adab et al., 2004; Meador et al., 2006). The mechanism of these

adverse CNS eVects has not been elucidated. Clinically, they are manifested as

small head circumference and various forms of attentional and learning deficits

that may go undetected until school years. Given the potentially serious cognitive

implications and the uncertainties in ascertaining causation, the use of valproic

acid phenobarbital, and primidone should, if at all possible, be avoided

throughout the duration of pregnancy.
K. THE SERUM LEVEL AND EXPOSURE TO THE FETUS

In experimental models of teratogenesis, the risk of a given agent to cause a

malformation often depends on the concentration of the agent. Although evi-

dence of this dose/eVect has been slow to come by in humans, classic teratology

showed more than 70 years ago that by manipulating the concentration of a
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teratogen, one can alter the degree of fusion of midline structures during

development (Weiss, 1939). Data from pregnancy registries have suggested this

to be the case in humans as well (Fig. 2) (Morrow et al., 2006). To the physician

and the patient, this should be a reminder that at the time of conception

one should use the smallest dose of AED that is suYcient to control seizures

in a given patient. Because pregnancy can alter the disposition of AEDs, continu-

ous monitoring and dose adjustments are needed during the pregnancy in

these cases.

Some of the congenital malformations reported with the use of diVerent AEDs

are remarkably similar and include congenital heart defects, cleft lip/palate, spina

bifida, anencephaly, and genitourinary malformations. These observations show

that the same type of malformation can be associated with the use of various

agents, and that various types of malformations can be associated with the use of a

same agent. The physician’s discussion with the patient who is considering

becoming pregnant should include all these abnormalities because unusual

outcomes can and do occur from time to time.
L. SAFETY OF NEWER DRUGS DURING PREGNANCY

Whereas it is true that much is known about the use of older AEDs and of

some of the newer AEDs in pregnancy (i.e., lamotrigine), this is clearly not the

case for some of the others (see previous chapters in this book). New drugs are

never tested in pregnant women prior to marketing in order to determine their

eVects on the fetus. Consequently, new drugs are not labeled for use during

pregnancy. Typically, the package inserts contain the statement, ‘‘Use in
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FIG. 2. Major congenital malformation role (%) by drug dose. CBZ, carbamazepine; LTG,

lamotrigine; and VPA, valproate (Meador et al., 2006).
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pregnancy is not recommended unless the potential benefits justify the potential

risks to the fetus’’ and it may take years before the safety of some compounds is

established. The association between the use of phenytoin and malformations was

first described in 1976, almost 40 years after the drug was introduced to clinical

use. The potential adverse eVects of phenobarbital to the fetus were first identified
more than 60 years after its introduction in 1912. Patients should be reminded

that absence of evidence can not be construed as evidence of absence.
II. Conclusion
The issues related to pregnancy, epilepsy, and antiepileptic drugs and preg-

nancy are fraught with confusion and misperceptions. Lay publications may

misinform the public by assigning risks to drugs not known to be teratogenic in

humans. Women report that their physicians have encouraged them to terminate

otherwise wanted pregnancies ‘‘just to be on the safe side’’ which is clearly an

excess of caution.

As it has been discussed throughout this book, if the proper recommendations

are followed, the vast majority of women with epilepsy will give birth to normal

children.

Physicians counseling women with epilepsy who are pregnant or are planning

a pregnancy should make every eVort to understand the nature and magnitude of

the risks associated with epilepsy and antiepileptic drugs in order to ensure the

best possible outcomes in these cases.
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Congenital malformations often the most concerning risk of taking antiepi-

leptic drugs (AEDs) during pregnancy for both the patient and the physician. This

chapter reviews aspects of the association between AEDs and congenital mal-

formations, including a historical perspective, type and patterns of congenital
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I. Introduction
Congenital malformations remain the most widely reported and clinically

dramatic adverse outcomes of pregnancy. Congenital malformations are defined

as a physical defect requiring medical or surgical intervention and causing major

functional disturbance. In North America, malformations account for 2–3% of all

live births. For infants of mothers with epilepsy (IME) exposed to antiepileptic

drugs (AEDs) in utero, the risks of malformations is doubled (Canger et al., 1999;

Fedrick, 1973; Speidel and Meadow, 1972; Thomas et al., 2001; Vajda et al., 2003;

Wide et al., 2004).
II. Historical Aspects
The first report of a malformation associated with AEDs described a child

exposed to mephenytoin in utero who developed microcephaly, cleft palate, mal-

rotation of the intestine, a speech defect, and an IQ of 60 (Mullers-Kupper, 1963).

The pregnancy was also complicated by vaginal bleeding. In 1964, Janz and

Fuchs (1964) performed a retrospective survey of AED-associated malformations

at the University of Heidelberg. Four hundred twenty-six pregnancies in 246

mothers with epilepsy were studied. The rates of miscarriages and stillbirths were

increased, but the malformation rate was only 2.2%, not significantly diVerent
from that of the general population of what was then known as West Germany.

The authors therefore concluded that AEDs were not associated with an

increased risk of malformations.

Though now recognized as the most common malformation seen with AED

exposure, Centa and Rasore-Quartino (1965) were the first to report a case of

congenital heart disease with in utero exposure to phenytoin and phenobarbital.

Melchior et al. (1967) provided one of the first descriptions of orofacial clefts with

exposure to primidone or phenobarbital.

In a letter to Lancet in 1968, S.R. Meadow reported six cases of children with

orofacial clefts, four of whom had additional abnormalities of the heart and

dysmorphic facial features. All of these children had been exposed to AEDs

in utero. He noted that similar abnormalities had been reported following the

unsuccessful use of abortifactant folic acid antagonists. Since some AEDs acted as

folic acid antagonists, he postulated that this might account for AED teratogenici-

ty and asked for other clinicians to inform him of similar cases (Meadow, 1968).

In the first report of a malformation associated with a specific AED, trimetha-

dione was implicated as a teratogen in 8 of 14 patients who took it in the first

trimester (German et al., 1970).
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Dr. Meadow’s 1968 request for information on other AED-associated mal-

formations resulted in the collection of 30 additional cases. This prompted a

retrospective survey in which 427 pregnancies in 186 women with epilepsy were

identified. For the first time, a clear increase in the malformation rates for IMEs

was demonstrated (Speidel and Meadow, 1972). From this information, it was

concluded that:

congenital malformations are twice as common in IMEs exposed to AEDs;

no single abnormality was specific for AED exposure; and

a group of these children would have a characteristic pattern of anomalies,

which at its fullest expression consisted of trigonocephaly, microcephaly,

hypertelorism, low set ears, short neck, transverse palmer creases, and

minor skeletal abnormalities.

These early observations have for the most part been borne out by subsequent

studies, although the exact increased risk with each AED is still under

investigation.
III. Is Increased Fetal Risk Related to Maternal Epilepsy or to AED Exposure?
The increased rate of malformations in the oVspring of mothers with epilepsy

appears to be related to AED exposure in utero. Evidence to support this associa-

tion comes from four observations.

1. Comparisons of the malformation rates in the oVspring of mothers with

epilepsy treated with AEDs as opposed to those with no AED treatment

reveal consistently higher rates in the children of the treated group

(Annegers et al., 1978; Jick and Terris, 1997; Lowe, 1973; Monson et al.,

1973; South, 1972).

2. Mean plasma AED concentrations are higher in mothers with malformed

infants than mothers with healthy children (Dansky et al., 1980).

3. Infants of mothers taking multiple AEDs have higher malformation rates

than those exposed to monotherapy (Lindhout et al., 1984; Nakane, 1979).

4. Maternal seizures during pregnancy do not appear to increase the risk of

congenital malformations (Fedrick, 1973).

Further elaboration of point 4 is merited, due to conflicting evidence. Most

investigators have found that maternal seizures during pregnancy had no impact

on the frequency of malformations, development of epilepsy or febrile convulsions

(Annegers et al., 1978; Morrow et al., 2005). However, Majewski et al. (1980)

described increased malformation rates and central nervous system injury in

IMEs exposed to maternal seizures, more recently, Lindhout and Omtzigt (1992)
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described a marked increase in malformations amongst infants exposed to first

trimester seizures (12.3%) compared to fetuses that were not subjected to any

maternal seizures (4.0%). Malformations were more often observed in infants

exposed to partial seizures than to generalized tonic clonic seizures. The contribu-

tion of maternal epilepsy itself (discussed in the following section) and other lifestyle

factors cannot be completely accounted for in these reports, and therefore seizures

themselves are not clearly an independent factor for increasing risk of

malformations.
IV. The Role of Maternal Epilepsy as a Confounder for Teratogenic Risk
While a strong relationship between anticonvulsant use in maternal epilepsy

and the development of congenital malformations has been established, the

degree of increased risk from AEDs may confounded by that imparted by the

genetic factors associated with epilepsy itself (Battino, 2001; Sankar, 2007).

A genetic susceptibility to the AED teratogenic eVect has been suggested by

family studies (Duncan et al., 2001; Erickson, 1974; Gardner et al., 2001;

Karpathios et al., 1989; Kozma, 2001; Lindhout et al., 1992; Malm et al., 2002).

Several case-control studies reported a higher proportion of relatives with epilepsy

in patients with cleft palate or lip (Abrishamchian et al., 1994; Erickson and

Oakley, 1974; Friis, 1979; Kelly et al., 1984b) or neural tube defects (NTDs)

(Lindhout and Meinardi, 1984; Robert and Guibaud, 1982). A number of cohort

studies evaluating pregnancy outcomes in maternal epilepsy identified a familial

occurrence of fetal abnormalities (Annegers and Hauser, 1982; Annegers et al.,

1974; Canger et al., 1999; Dansky, 1989; Dean et al., 2002; Elshove and van Eck,

1971; Kaneko et al., 1999; Moore et al., 2000; Nakane, 1982; Nakane et al., 1980;

Starreveld-Zimmerman et al., 1973; Weber et al., 1977), but the majority of the

studies reported conflicting findings (Beck-Mannagetta and Drees, 1982; Holmes

et al., 2001; Kaaja et al., 2003; Lindhout and Meinardi, 1984; Oguni et al., 1992;

Omtzigt et al., 1992; Sabers et al., 2004).

The issue of parental epilepsy increasing the risk of congenital malformations

was first raised by a prospective American and Finnish study (Shapiro et al., 1976)

reporting higher rates of malformations in children of treated epileptic mothers

and epileptic fathers. Later studies confirmed these findings and added that even

untreated epileptic mothers had a higher risk of having a child with birth defects

(Beck-Mannagetta and Drees, 1982; Fried et al., 2004; Friis and Hauge, 1985;

Koch et al., 1982, 1992; Meyer, 1973; Rating et al., 1987).

Interpretation of results should be cautious due to diVerences in ascertaining

cases and controls, since a meta-analysis has suggested that the malformation rate

among the oVspring of women with untreated epilepsy was similar to that of
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nonepileptic controls. An epilepsy and pregnancy registry from the United King-

dom, demonstrated similar malformation rates for infants of women with epilepsy

who had not taken AEDs during pregnancy (3.3%) and AED monotherapy

exposures (3.7%) (Morrow et al., 2005). In the aggregate data support the obser-

vation that AED treatment increases the risk of birth defects but also suggests that

the increased risk cannot be entirely ascribed to AEDs alone.
V. Type and Pattern of AED-Related Malformations
A wide variety of congenital malformations have been reported in children of

mothers with epilepsy, and every anticonvulsant medication (with the exception of

pregabalin, a recently approved AED for which we have no data), has been

implicated in the development of congenital malformations. Cleft lip and/or

palate and congenital heart disease account for a majority of all reported cases

(Annegers et al., 1978; Elshove and van Eck, 1971; Holmes et al., 2004).

Orofacial clefts are relatively common malformations in the general popula-

tion, occurring with a frequency of 1.5/1000 live births. IME have a rate of

orofacial clefting of 13.8/1000, a ninefold increase in risk (Kallen, 1986; Kelly

et al., 1984b). Early observations that persons with clefting of the lip or palate were

twice as likely to have family members with epilepsy as controls suggested that

orofacial clefts were associated with epilepsy (Friis, 1979). Subsequent studies of

the prevalence of facial clefts in the siblings and children of 2072 persons with

epilepsy found observed/expected ratios increased only for maternal epilepsy.

The risk was greater if AEDs were taken during pregnancy than if no AED

treatment was used. The authors concluded that there was no evidence that

epilepsy itself contributed to the development of orofacial clefts (Friis et al.,

1986). Israeli researchers have found that children with cleft lip/palate are four

times as likely to have a mother with epilepsy as the general population, and

mothers with epilepsy are six times as likely to bear a child with an orofacial cleft

as nonepileptic women (Gadoth et al., 1987). Hungarian investigators have

demonstrated an increase in posterior cleft palate in children of mothers with

epilepsy (Metneki et al., 2005). Orofacial clefts account for 30% of the excess of

congenital malformations in IMEs.

Congenital heart defects primarily midline defects are the most frequently

reported teratogenic abnormality associated with AEDs (Holmes and Wyszynski,

2004). IME have a 1.5–2% prevalence of congenital heart disease, a relative risk

(RR) of threefold over the general population (Kallen, 1986). Anderson prospec-

tively studied maternal epilepsy and AED use in 3000 children with heart defects

at the University of Minnesota. Eighteen IMEs were identified. Twelve of these
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had ventricular septal defects; 9 of the 18 children had additional noncardiac

defects, 8 of which were orofacial clefts (Anderson, 1976).

No AED can be considered absolutely safe in pregnancy, but for the vast

majority of drugs no specific pattern of major malformations has been identified.

The lack of a characteristic pattern of defects has been cited as evidence that

AEDs are not teratogenic. When phenobarbital was given during pregnancy for

conditions other than epilepsy, no increase in malformation rates has been was

demonstrated (Shapiro et al., 1976). The preponderance of evidence, however,

supports an eVect of AED on the development of malformations.
VI. Potential Mechanisms of AED-Related Teratogenicity
A body of evidence has accumulated supporting the hypotheses that an arene

oxide metabolite of phenytoin or other AED is the ultimate teratogen (Speidel

and Meadow, 1972), a genetic defect in epoxide hydrolase (arene oxide detoxify-

ing enzyme system) increases the risk of fetal toxicity (Fedrick, 1973), free radicals

produced by AED metabolism are cytotoxic (Canger et al., 1999), and a genetic

defect in free radical scavenging enzyme activity (FRSEA) increases the risk of

fetal toxicity (Thomas et al., 2001). Folate eYciency as a potential mechanism of

AED-induced teratogenicity will be discussed in Section VI. Other less estab-

lished but potential teratogenic mechanisms such as fetal hypoxic/reoxygenation

injury and glucocorticoid receptor-mediated injury in relation to phenytoin

teratogenicity are also discussed herein.
A. EPOXIDE METABOLITES OF AEDS AND TERATOGENICITY

A large number of chemicals are converted into epoxide intermediates by

reactions, reactions that are catalyzed by the microsomal monoxygenase system

( Jerina and Daly, 1974; Sims and Grover, 1974). Arene oxides are unstable

epoxides formed by aromatic compounds. Various epoxides are electrophilic

and may elicit carcinogenic, mutagenic, and other toxic eVects by covalent

binding to critical cell macromolecules (Nebert and Jensen, 1979; Shum et al.,

1979). Epoxides are detoxified by two types of processes: conversion to dihydro-

diols catalyzed by epoxide hydrolase in the cytoplasm (Speidel and Meadow,

1972) and conjugation with glutathione in the microsomes (spontaneously or

mediated by glutathione transferase) (Fedrick, 1973). Epoxide hydrolase activity

has been found in the cytosol and the microsomal subcellular fraction of adult and

fetal human hepatocytes. Interestingly, epoxide hydrolase activity in fetal livers is

much lower than that of adults (Pacifici et al., 1983). One-third to one-half of fetal
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circulation bypasses the liver, resulting in higher direct exposure of extrahepatic

fetal organs to potential toxic metabolites (Pacifici and Rane, 1982).

Arene oxides are obligatory intermediates in the metabolism of aromatic

compounds to trans-dihydrodiols. Phenytoin forms a trans-dihydrodiol metabolite

in several species (Chang et al., 1970). This metabolite is also formed by neonates

exposed to phenytoin in utero (Horning et al., 1974). In vitro studies have shown that

an oxidative (NADPH/02-dependent) metabolite of phenytoin binds irreversibly

to rat liver microsomes by a process that is reduced nicotinamide-adenine nucle-

otide phosphate and oxygen dependent (Martz et al., 1977). This binding is

increased by trichloroponene oxide, an inhibitor of epoxide hydrolase (TCPO)

and decreased by glutathione (Martz et al., 1977; Pantarotto et al., 1982; Wells and

Harbison, 1980). Using a mouse hepatic microsomal system to produce phenytoin

metabolites, and human lymphocytes to assess cell defense mechanisms against

toxicity, Spielberg et al. (1981) showed that cytotoxicity was enhanced by inhibitors

of epoxide hydrolase.

Using a mouse model, Martz et al. (1977) showed that treatment with an

inhibitor of epoxide hydrolase was associated with an increased in the rate of

orofacial anomalies in fetal animals exposed to phenytoin. Furthermore, there

was a correlation between the teratogenic eVect correlated with and the amount

of covalently bound material in fetal tissue.

Strickler and coworkers examined lymphocytes from 24 children exposed to

phenytoin during gestation and lymphocytes from their families using the Spiel-

berg test of cytotoxicity in order to elucidate the teratogenic mechanisms

(Spielberg et al., 1981; Strickler et al., 1985). In this system, a positive response

was highly correlated with major birth defects. Lymphocytes were incubated with

phenytoin in a mouse microsomal system. A positive response was defined as

increase in cell death over baseline. Cells from 15 children gave a positive

response, and each positive child had a positive parent. A positive in vitro response

was highly correlated with major birth defects. The authors concluded that a

genetic defect in arene oxide detoxification increased the risk of the child having

major birth defects (Strickler et al., 1985). However, no measurement of epoxide

hydrolase activity was included in this study.

The evidence that epoxide metabolites of phenytoin are teratogenic can be

summarized as follows: Phenytoin is metabolized to an epoxide metabolite that

binds to tissues. Inhibition of the detoxifying enzyme, epoxide hydrolase,

increases lymphocyte cytotoxicity, and increases the binding of epoxide metabo-

lite to liver microsomes and increases the rate of orofacial clefts in experimental

animals.

These facts cannot completely explain the teratogenicity seen in phenytoin or

other AEDs. The lymphocyte cytotoxicity mediated by epoxide metabolites

correlates with major but not minor malformations (Dansky et al., 1987b). Dys-

morphic abnormalities have been described in siblings exposed to ethotoin in utero
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even though ethotoin is not metabolized through an arene oxide intermediate

(Finnell and DiLiberti, 1983). Embryopathies have been described with exposure

to mephytoin, which does not form an arene oxide intermediate (Wells et al.,

1982). Trimethadione is clearly teratogenic but has no phenyl rings and thus

cannot form an arene oxide metabolite. Therefore, alternate mechanisms

must exist.
B. FREE RADICAL INTERMEDIATES OF AEDS AND TERATOGENICITY

Some drugs are metabolized or bioactivated by co-oxidation during prosta-

glandin synthesis. Such drugs serve as electron donors to peroxidases, resulting in

an electron deficient drug molecule, which by definition, is called a free radical.

In the search for additional electrons to complete their outer ring, free radicals

can covalently bind to macromolecules, including nucleic acids (DNA, RNA),

proteins, cell membranes, and lipoproteins resulting in cytotoxicity.

Phenytoin is co-oxidated by prostaglandin synthetase (PGS), thyroid peroxi-

dase, and horseradish peroxidase producing reactive free radical intermediates

that bind to proteins (Kubow and Wells, 1989). Phenytoin teratogenicity can be

modulated by substances that reduce the formation of phenytoin free radicals.

Acetylsalicylic acid (ASA) irreversibly inhibits PGS, caVeic acid is an antioxidant,

and alpha-phenyl-butylnitrone (PBN) is a free radical spin trapping agent. Pre-

treatment of pregnant mice with these compounds reduces the number of cleft lip

and palates secondary to phenytoin in their oVspring (Wells et al., 1989).

Glutathione is believed to detoxify free radical intermediates by forming a

nonreactive conjugate. N-acetylcysteine, a glutathione precursor, decreases phe-

nytoin induced orofacial clefts and fetal weight loss in rodents (Wong and Wells,

1988). BCNU (carmustine) inhibits glutathione reductase, an enzyme necessary to

maintain adequate cellular glutathione concentrations, and increases phenytoin

embryopathy at doses at which BCNU alone has no embryopathic eVect (Wong

and Wells, 1989). The metabolism of phenytoin or other AEDs to free radical

intermediates may be responsible for the teratogenicity seen in IMEs.
C. HYPOXIA/REOXYGENATION HYPOTHESIS

A group of European researchers have demonstrated fetal injury in in vitro

rodent models. In these systems, antiarrhythmic drugs inhibit potassium channels

resulting in fetal bradycardia and cardiac arrest. The fetal hypoxia is then

followed by reoxygenation and generation of reactive oxygen species The result-

ing reduction in oxygen saturation causes fetal injury. Low doses of phenytoin in

association with brief periods of clamping the uterine artery result in distal digital
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hypoplasia in animal models. Thus an alternate mechanism of anticonvulsant

teratogenicity has been proposed (Danielsson et al., 2001; Leist and Grauwiler,

1974; Webster et al., 1987). It may well be that a variety of mechanism may

operate on an individual fetus at any one time.
D. PHENYTOIN TERATOGENICITY AND GLUCOCORTICOID RECEPTORS

It has been proposed that the glucocorticoid receptor mediates the teratoge-

nicity of phenytoin. Arachidonic acid reverses clefting induced by glucocorticoids

in rats. Phospholipase inhibitory proteins (PLIPs) inhibit arachidonic acid release.

Glucocorticoid receptors mediate the induction of PLIPs. IME exposed to phe-

nytoin with the stigmata of fetal hydantoin syndrome have increased levels of

glucocorticoid receptors (Goldman et al., 1987).
E. POTENTIAL ROLE OF HOMEOBOX (HOX) GENES

Recently, mechanisms involving homeobox (HOX) genes have been proposed

to explain teratogenicity of AEDs (Nau et al., 1995). Retinoic acid signaling

regulates the transcription of these genes that are critical to early brain develop-

ment, and may respond to teratogens (Rodier, 2004). Such mechanisms include

alteration of the expression of retinoic acid receptor (Gelineau-van Waes et al.,

1999) or valproate inhibition of histone deacetylases (Bertollini et al., 1987;

Duncan et al., 2001; Gottlicher et al., 2001; Gurvich et al., 2005; Phiel et al.,

2001). This is considered to be a key element in regulating many genes, playing

an important role in cellular proliferation and diVerentiation (Faiella et al., 2000;

Kawanishi et al., 2003; Massa et al., 2005).
F. POTENTIAL AED-RELATED TERATOGENIC MECHANISMS

Other postulated mechanisms are tissue damage due to fetal hemorrhage,

possibly involving vitamin K deficiency (Howe et al., 1999) or interference with

placental carnitine transport (Wu et al., 2004).

Phosphodiesterase-mediated inhibition of cyclic adenosine monophosphate

(Gallagher et al., 2004), increase of reactive oxygen species levels (Na et al., 2003),

disruption of normal pH within the embryonic milieu (Scott et al., 1997), or

inhibition of the detoxifying epoxide hydrolase could also be relevant to the

teratogenic eVect of valproic acid (VPA) (Ingram et al., 2000).
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VII. Folate Deficiency as a Potential Mechanism of AED-Induced Teratogenicity
Maternal folate supplementation has been shown to reduce the risk of spina

bifida (SB) in the general population. This has led to a recommendation by the

Centers for Disease Control (CDC) for folate supplementation in all women of

child bearing age. In deriving this recommendation, the CDC reviewed eight

studies, four observational and four interventional. The interventional studies

randomly assigned women with a previous history of bearing a child with a NTD

to either 0.36, 4.0, 5.0 mg of folate daily or placebo. The observational studies

compared SB defect rates in children with or without in utero folate exposure. In 7

of the 8 studies, the risks of NTDs were reduced by 60–100% (Table I). The CDC

therefore recommended that all women of childbearing age take 0.4 mg of folate/

day (MMWR, 1992). These recommendations are not specific for WWE taking

AEDs, however.

In animal models, the eVect of folate on mitigating the risk of AED-related

birth defects has been variable. Co-treatment of mice with folate, with or without

vitamins and amino acids, reduced malformation rates and increased fetal weight

and length in mice pups exposed to phenytoin in utero (Zhu and Zhou, 1989).

However in other studies, folate administration failed to reduce NTDs and

embryotoxicity in rodent models (Hansen and Grafton, 1991; Hansen et al., 1995).

In the oVsping of women with epilepsy, the possibility of folate deficiency as a

potential mechanism for AED-induced teratogenicity was first postulated in 1968

(Meadow, 1968). Other investigators have found evidence for the role of folate in

AED-related teratogenicity. Dansky et al. (1987a) found significantly lower blood

folate concentrations in women with epilepsy with abnormal pregnancy out-

comes. Biale and Lewenthal (1984) reported a 15% malformation rate in IMEs

with no folate supplementation, whereas none of 33 folate supplemented children

had congenital abnormalities.

Unfortunately preconceptual folate supplementation may not consistently

prevent NTDs in children born to women with epilepsy. Craig et al. (1999)

reported a young woman whose seizures were controlled for 4 years by

2000 mg of VPA a day. Although she took 4.0 mg of folic acid a day for 18

months prior to her pregnancy, she delivered a child with a lumbosacral NTD, a

ventricular and atrial septal defect, cleft palate and bilateral talipes equinovarus.

Two Canadian women delivered children with NTDs despite folate supplemen-

tation. One taking 3.5 mg folic acid for 3 months prior to conception and

1250 mg of VPA aborted a child with lumbosacral SB, Arnold Chiari malforma-

tion and hydrocephalus. A second woman who took 5.0 mg of folic acid had one

spontaneous abortion of a fetus with an encephalocele and two therapeutic

abortions of fetuses with lumbosacral SB (Duncan et al., 2001). These cases

might have been predicted given the demonstrated failure of folate to reduce



TABLE I

PRECONCEPTUAL FOLATE, AFTER LEWIS ET AL.

Authors Study type N Dose of folate Results

Smithells

et al. (1983)

Non-

randomized,

controlled

Fully

supplemented ¼ 454

0.36 mg 86% risk reduction

Partially

supplemented ¼ 519

Unsupplemented ¼ 114

Seller and

Nevin

(1984)

Non-randomized Unsupplemented ¼ 543 0.36 mg Risk reduction

Supplemented ¼ 421

Mulinare

et al. (1988)

Case-control Case ¼ 181 Multivitamins

with folate

60% risk reduction

Control ¼ 1480

Milinsky

et al. (1989)

Cohort 23,491 ‘‘ 71% risk reduction

MRC (1991) Randomized,

double blind,

controlled

1195 4.0 mg 72% risk reduction

Czeizel and

Dudas

(1992)

Randomized,

controlled

Case ¼ 2420 0.8 mg No defects

with folate

supplementation

Control ¼ 2333

Werler

et al. (1993)

Case-control Case ¼ 436 ? 60% risk reduction

Control ¼ 2615

Werler

et al. (1996)

Case-control Case ¼ 604 Folate

supplements

Folate did not

decrease rates in

women >70 kg

Control ¼ 1658
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NTD and embryotoxicity in in vitro and in vivo rodent models (Hansen and

Grafton, 1991; Hansen et al., 1995). In fact not all research supports the associa-

tion with folate deficiency and malformations. Mills et al. (1992) found no diVer-
ence between serum folate levels in mothers of children with NTDs and controls.

A number of other studies reports also failed to demonstrate a protective eVect of
preconceptual folate (Bower and Stanley, 1992; Freil et al., 1995; Kirke et al., 1992;

Laurence et al., 1981; Vergel et al., 1990; Winship et al., 1984). These studies are
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problematic due to small sample sizes, failure to document folate supplementation

and recall bias in the retrospective investigation.

The protective eVect of folate may be variable simply because women with

similar folate intake may have diVerent serum concentrations due to diVerences in
folate metabolism. Absorption does not account for the diVerence in plasma

concentration between cases and controls (Davis et al., 1995). Whether women

with epilepsy taking AED will have their risk of congenital malformations reduced

is unclear. The recommended daily allowances (RDA) of folate have been

increased to 400 mg/day for nonpregnant, 600 mg/day for pregnant, and 500

mg/day for lactating women. The increased folate catabolism during pregnancy

coupled with the variation of requirements by individual women has led some

authorities to call for recommend higher folate supplementation doses on the

order of 500–600 mg/day (Oakley, 1998). Women with epilepsy like all other

women of childbearing age should take folate supplementation. However, the

dose recommended by the CDC of 400 mg/day may not be high enough for many

women who do not metabolize folate eVectively (CDC, 1992), or who are taking

AEDs with antifolate actions; many physicians recommend 1–5 mg/day of folate

for women taking AEDs although the evidence for the usefulness of this dose is

based more on speculation than fact.
VIII. NTDs and VPA Exposure
A. NTDS: EPIDEMIOLOGY AND PATHOGENESIS

NTDs are uncommon malformations occurring in 6/10,000 pregnancies.

SB and anencephaly are the most commonly reported NTD and aVect approxi-
mately 4000 pregnancies annually resulting in 2500–3000 births in the United

States each year (Hernandez-Diaz et al., 2000; Mulinare and Erickson, 1997). The

types of NTD associated with AED exposure are primarily myelomeningocele

and anencephaly which are the result of abnormal neural tube closure between

the third and fourth weeks of gestational age.

Previous thinking about NTD visualized the fusion of the neural tube as one in

which the lateral edges met in the middle and fused both rostrally and caudally

similar to a bidirectional zipper. Recent studies have suggested there are multiple

sites for neural tube closure (Rosa, 1991; VanAllen et al., 1993) and that diVerent
etiologies may result in diVerent types of abnormality.

There are four separate sites along the neural tube where neuralation

develops. The first is midcervical. The second is at the cranial junction of the

prosencephalon and mesencephalon. The third at the site of the future mouth or

stomadeum.This region fuses in a caudal direction only.The fourth is the regionover

the rhombencephalon between the second and third regions (VanAllen et al., 1993).
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There are diVerences in the specific sites and timing of the closure of each

individual region. The majority of human NTD can be explained by failure of one

or more closure sites. Anencephaly with frontal and parietal defects is due to

failure at closure site two. Holocrania which also involves defects of the posterior

cranium to the foramen magnum is due to failure of closure of areas two and four.

Lumbar spinal bifida results from failure of closure one. The development of

closure sites appears to be under genetic control and is also aVected by environ-

mental factors. In twins, concordance rates are only 56% for anencephaly but

71% for SB. In Great Britain, there is a male preponderance of lumbar SB and

female preponderance of holocrania and anencephaly. Even VPA appears to

have species diVerential eVects being associated with SB in humans and exence-

phaly in mice (Seller, 1995).

The risk of potential association of valproate with NTDs is further complicat-

ed because a number of risk factors are associated with NTDs. A previous

pregnancy with a NTD has the strongest predictive value with a RR of 20.

There are strong ethnic/geographic associations with NTDs. Rates per 1000

are 0.22 for Caucasians, 0.58 for persons of Hispanic descent, and 0.08 for

persons of African descent. The incidence of NTDs in Mexico is 3.26/1000, for

Mexican-born persons living in California 1.6/1000 and for United States born

persons of Mexican descent 0.68/1000 (Webster et al., 1987). Diabetic mothers

with diabetes have 7.9 times the rates of NTDs in their oVspring (Becerra et al.,

1990). Deficiencies of glutathione, folate, vitamin C, riboflavin, zinc, cyanocobal-

amin, selenium, and excessive exposure to Vitamin A have been associated with

NTDs. Higher rates are seen in children of farmers, cleaning women, and nurses

(Blatter et al., 1996; Matte et al., 1993). Prepregnancy weight has also been

demonstrated to be a factor. Werler and colleagues compared RR for NTDs in

control women weighing 50–59 kg and found the RR increased to 1.9 in women

weighing 80–8 kg and 4.0 for those weighing over 110 kg. Therefore, AED

exposure may be a necessary but not suYcient risk factor for the development

of NTDs (Werler et al., 1996).
B. THE ASSOCIATION OF NTDS WITH VALPROATE

It has been argued that for a substance to be classified as a teratogen a specific

clinical defect must consistently be demonstrated. Phocomelia associated with

exposure to thalidomide is an example. Although orofacial clefts and midline

heart defects are the most commonly reported malformations associated with

AED exposure, they are clearly not the majority of malformations. This has led

some investigators to contend that true teratogenicity is not associated with AEDs.

Experience with VPA has modified our thinking in this regard. Dysmorphism

has been associated with in utero exposure to VPA. The first such case was reported
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by Dalens et al. (1980), who described an infant exposed to VPA in utero who was

born with low birth weight, hypoplastic nose and fronto-orbital ridges, and

levocardia. The baby died at 19 days of life. Subsequent reports of dysmorphism

followed by Clay et al. (1981) and a child with lumbosacral meningocele was

described by Gomez (1981). Dickinson et al. (1979) had previously demonstrated

the ability of VPA to cross the placenta. Kaneko et al. (1988) found VPA to result

in the highest malformation rate of any AED utilized in 172 pregnancies. As

already noted, a fetal valproate syndrome has been described (DiLiberti et al.,

1984) and several additional cases were reported ( Jeavons, 1984; Tein and

MacGregor, 1985).

A report in Morbidity and Mortality Weekly Report (MMWR) in October

1982 made the first association of VPA with a specific malformation, NTDs. The

Institute European de Genomutations in Lyon, France, has developed a system of

birth defect surveillance and registered 145 cases of SB between 1976 and 1982.

They noted that of IME exposed to VPA, 34% had malformations, and 5 of 9

exposed to VPA monotherapy had SB, a rate 20 times that expected (MMWR,

1982).

Subsequent reports confirmed the linkage between intrauterine VPA expo-

sure and SB. Robert and colleagues sent questionnaires to 646 women with

epilepsy, aged 15–45 years. Of 280 responses they collected 74 deliveries, to

which they added 74 additional cases collected from women delivering in Lyon,

France. The malformation rate of the entire group was 13%, with a higher than

expected rate of NTDs in children exposed to VPA (Robert et al., 1986).

Stanley and Chambers (1982) reported an infant exposed to VPA in utero with

SB whose two normal siblings were not exposed to the drug. Lindhout and

Schmidt (1986) surveyed 18 epilepsy groups and collected 12 cases of infants

and epileptic mothers with NTDs. A higher rate was seen in children exposed to

VPA monotherapy (2.5%) than polytherapy (1.5%). The increased risk appears to

be limited to SB rather than other NTDs with an overall risk of an infant exposed

to VPA in utero of 1.5%.

Other reports have also implicated carbamazepine as a cause of SB apperta.

Further evaluations of these exposures have determined that it is SB apperta,

which is specifically associated with this exposure as opposed to other NTDs

(Kallen, 1994; Lindhout et al., 1992; Rosa, 1991). Methodological diYculties

make prevalence estimates imprecise, because most of the data published is are

in the form of case reports, case series, or very small cohorts from registries which

were not designed to evaluate pregnancy outcomes.

It has been estimated that the prevalence of SB following valproate exposure is

1–2% (Wells et al., 1982), and with following carbamazepine 0.5% (Rosa, 1991).

A prospective study in Holland, however, demonstrated a prevalence rate of SB

with valproate exposure of 5.4%. This increased rate was associated with higher

average daily doses (1640þ136 mg/day) of valproate in the aVected than in the
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unaVected IME (941þ48 mg/day). The authors therefore suggest that the dose

reduction be reduced practiced whenever valproate must be used in pregnancy

(Omtzigt et al., 1992). An Australian pregnancy and epilepsy registry has also

found a dose-dependent response of valproate and malformations with higher

rates (30.2%) at doses over 1100 mg daily than doses of less than 1100 mg (3.2%)

(Vajda et al., 2004).
C. POSSIBLE MECHANISMS OF VALPROATE TERATOGENICITY

The actual mechanism of VPA teratogenicity is unknown. A combination of

valpromide and carbamazepine results in an increase in carbamazepine 10–11

epoxide (Pacifici et al., 1985). Valpromide and valproate inhibit epoxide hydrolase

(Kerr et al., 1989). Epoxides have been implicated as teratogens, but carbamaze-

pine’s epoxide is quite stable, and there appears to be a greater risk of SB with

VPA monotherapy than polytherapy. VPA appears to be embryotoxic to cultured

whole rat embryos, but none of the hydroxylated metabolites have exhibited a

significant embryotoxicity (Rettie et al., 1986). This implies a direct teratogenic

eVect of the parent drug. Weak acids are frequently teratogenic. The intracellular

pH of mouse and rat embryos is higher than maternal plasma. Valproate and its

4en metabolite accumulate in embryonic tissue. Alterations in intracellular pH

may explain the teratogenicity of VPA (Nau and Scott, 1986). Lindhout (1989)

has proposed diVerent mechanisms, such as interference with lipid metabolism,

alterations in zinc concentrations, or disruption of folate utilization.
IX. Carbamazepine and NTDs
An association of carbamazepine and SB has been proposed. Data from

Michigan Medicaid Registry revealed four cases of SB in 1490 births to women

with epilepsy between 1980 and 1988 or 0.2%. Of the four cases, three were

exposed to carbamazepine, but all three were also exposed to VPA, phenytoin, or

a barbiturate (Rosa, 1991). A Danish study described 6 of 9 IME exposed to

carbamazepine in utero developed SB. This out of a cohort of 3635 children

(Kallen, 1994). All cases were identified between 1984 and 1986. No new NTD

and carbamazepine cases being described subsequently. While there is a sugges-

tion that carbamazepine may be associated with SB, the data is sparse and lacks

statistical significance. Improved prenatal diagnostic techniques make determina-

tion of associations more diYcult now than ever before. More recent registry

reports from Sweden and the United Kingdom suggest that carbamazepine’s risks

of developing malformations may be much less than previously thought ranging
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from 2.1% to 4% lower than with other commonly used AEDs (Morrow et al.,

2006; Wide et al., 2004).
X. Phenobarbital Teratogenicity
The North American pregnancy and epilepsy registry established in 1996 has

prospectively enrolled over 5000 women, 2970 of whom were on monotherapy.

Higher than expected risk of malformations have been identified with phenobar-

bital; 5 of 72 monotherapy exposed children or 6.3% had major congenital

malformations (95% C.I. 1.9–9.6) (Holmes et al., 2004). Others have found

lower malformation rates with phenobarbital; in one study 5 of 172 children

had congenital malformations, resulting in a rate of 2.6% (95% C.I. 0.8–5.3)

(Samren et al., 1999) Using case-control methods, the same investigators found a

higher rate of 1 of 17 phenobarbital or 16.6%, however; this result is not

significant as evidenced by a wide confidence interval of 0.3–23% (Samren

et al., 1997).
XI. Conclusions
Reports of malformation rates in various populations of IMEs range from

1.25% to 11.5% (Canger et al., 1999; Fedrick, 1973; Kelly et al., 1984a; Morrow

et al., 2005; Nakane et al., 1980; Philbert and Dam, 1982; Speidel and Meadow,

1972; Steegers-Theunissen et al., 1994; Thomas et al., 2001; Vajda et al., 2003;

Wide et al., 2004). These combined estimates yield a risk of malformations in an

individual pregnancy of a woman with epilepsy of 4–6%.

AEDs are associated with an increased risk of malformations in exposed

oVspring of mothers with epilepsy. The most commonly reported are midline

heart defects and oral facial clefts. There is convincing evidence of an association

between NTDs and valproic acid. Though data is limited on all AED, there are

case reports of malformations for all of the commonly used medications with the

exception of pregabalin, which has been marketed only recently. One should

interpret this information cautiously, however. Epilepsy remains a serious condi-

tion with significant morbidity and mortality. While uncontrolled seizures do not

increase the risk of malformations, they do increase the risk of maternal and fetal

injury, developmental delay, and death. Clinicians must proceed carefully when

managing women with epilepsy in the childbearing years, but none of the data

would support discontinuation of AED unless it was clear that it was not medically

necessary for seizure control.
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Antiepileptic drug (AED) exposure in utero has been associated with major

congenital malformations (MCMs) and adverse cognitive outcomes in the

oVspring of women with epilepsy (WWE). However, determining the exact risk

and the relative risks of AEDs for these outcomes has been challenging, and only in

recent years has improved study designs enabled us to get a clearer picture of the

risks. Still, there is a startling lack of information for many of the newer and widely

used AEDs. At this point of time, studies clearly show that valproate (VPA) as a part

of polytherapy or when used as a monotherapy is associated with an increased risk

of MCMs, and that it poses about threefold the risk of carbamazepine (CBZ). It is

unclear if any other AEDs studied pose an increased risk of MCM occurrence; in

the best available large study the absolute rates of MCMs with other several other

AEDs were not diVerent from untreated WWE. The absolute risks have been

reported as CBZ 2.2%, lamotrigine (LTG) 3.2%, phenytoin (PHT) 3.7%, untreated

WWE 3.5%, with VPA as the outlier at 6.2%. In utero VPA exposure is also

associated with a risk of lower verbal intelligence quotient (IQ) in children, at �10

points lower than controls. CBZ appears to pose no risk to cognitive outcome, and

there is some evidence that PHTand phenobarbital (PB) may be associated with risk
c.

d.

0
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of reduced cognitive outcome. Polytherapy is associated with greater risk than

monotherapy for both MCMs and cognitive outcome.

Although more information is needed and hopefully will be obtained from

ongoing prospective studies, it is clear that WWE taking VPA and planning

pregnancy should have a discussion with their physician about considering

changing to another AED before pregnancy, if possible.
I. Introduction
The magnitude of teratogenic risks due to antiepileptic drugs (AEDs) has been

a moving target since the association was first put forth in 1964 ( Janz and Fuchs,

1964). Since then, hundreds of reports have emerged associating every available

AED with minor and major congenital malformations (MCMs). With all this data,

how can the absolute magnitude of risk and the relative risks of AED-related

teratogenesis can be determined when many articles are confined to retrospective

series from one hospital or even from a single neurologic practice? Further, it

remains a frustrating and unsatisfying phenomenon that human AED-related

teratogenic information is gathered only well after AEDs are marketed; this has

been the case in the United States and in other countries as well. This situation

cannot help but give the impression that the outcome of pregnancies to women

with epilepsy (WWE) is a low priority, although there are many highly vested

groups involved, including patients, physicians, economists, the pharmaceutical

industry, and the American Food and Drug Administration. Most disconcerting is

that some of the most widely used of the newer generation of AEDs have been

used worldwide for 8–12 years and there is still little information available with

which to advise our female patients of child-bearing potential.

Fortunately, AED-pregnancy outcome registries have been established across

the globe over the past 10–15 years, and the valiant eVorts of these investigators
are bringing us closer to the true picture of AED-related teratogenic risks. The

data discussed in this chapter will be confined to those registries and prospective

studies that comprise some of the most scientifically rigorous, peer-reviewed

evidence on this topic; it is hoped that this information is improving both the

precision and accuracy of the ‘‘moving target’’ of AED-related teratogenesis.
II. Criteria for High-Quality Studies that Assess AED-Related Teratogenesis
The most scientifically rigorous studies evaluating causative factors choose

subjects to enroll in the most unbiased manner possible and follow subjects

prospectively. For AED-related teratogenesis, this means that women should be
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enrolled before knowing any information regarding the progress of their preg-

nancy, basically before the first ultrasound is performed. The studies should be

population based or population representative, which are sometimes the most

diYcult research criteria to achieve. However, it is more easily accomplished in

countries when health care is provided from a national system and much less

easily accomplished in the United States. Known and accepted confounders

should be taken into account in the statistical analysis. For the analyses under

consideration here, the confounders would include maternal age and socioeco-

nomic status, and in particular maternal intelligence quotient (IQ) for cognitive

teratogenesis, since this is the single most important influence on the child’s IQ in

group studies (Sattler, 1992). Although the outcome for MCMs is so objective as

to not require blinding as to AED exposure, the cognitive outcomes are more

subtle and high-quality studies would include a blinded or masked assessment.

Neither evaluation (MCMs or cognitive outcomes) is amenable to a randomized

paradigm, in that the AED treatment for the mother’s seizures is already deter-

mined and randomization would be unethical. The studies discussed herein

generally meet or approach these rigorous criteria. For clarification, MCMs are

defined as structural abnormalities with surgical, medical, or cosmetic importance

according to the definition of Holmes et al. (2001).
III. The Risk of MCMs with AEDs Overall Among WWE
Comparing the outcomes in the oVspring of WWE taking AEDs to those not

taking AEDs is a strategy that attempts to control for a confounding factor that

still has not been well sorted out, that of the contribution of maternal epilepsy. It is

thought that the risk imparted by epilepsy itself is minimal (Fried et al., 2004), but

there are confounding factors that cannot be equal between these two groups,

with seizure frequency and severity being the most obvious. Therefore, even when

using WWE not taking AEDs as a comparator group for WWE taking AEDs, the

confounding factor of epilepsy itself cannot be completely eliminated.

That being stated, when using the single available rigorous study with large

numbers of treated (n ¼ 3186) and untreated WWE (n ¼ 227) (Morrow et al.,

2006), it is actually diYcult to find evidence that taking AEDs in general increases

the risk of MCMs. In this study, the relative risk was 1.19 (0.59–2.40) and the

results are not significant as shown by wide confidence intervals. Two smaller

retrospective studies, however, found significantly increased risks of MCMs with

maternal AED exposure compared to an untreated group of WWE (Holmes et al.,

2001) [OR 3.92 (1.29–11.90)], and Artama et al. (2005) [OR 1.70 (1.07–2.68)].

When analyzing the data further, valproate (VPA) exposure was responsible

for the overall increased risk in the study by Artama et al. (2005). When VPA was
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excluded from the analysis, the risk became nonsignificant and the overall risk

estimate became less than one. This eVect was also present when the same type of

analysis was performed using the data byMorrow et al. (2006). VPA, whether used

in polytherapy or as monotherapy contributed to an increased risk of MCMs in

the exposed oVspring, and no significant risk was imparted by the other AEDs as

either polytherapy or monotherapy. The absolute risk of MCMs in the VPA

exposed oVspring was 6.2% in Morrow et al. (2006).

These analyses give us a clearer picture that VPA is teratogenic and further

provide little evidence that other AEDs are significantly teratogenic. It should be

kept in mind, however, that none of these studies include significant numbers of

the newer AEDs.

These data also raise the question as to whether these studies found any

nonteratogenic AEDs. Morrow et al. (2006), is the only study with substantial

numbers of WWE treated with specific AEDs. The findings suggest no increased

risk of MCMs for carbamazepine (CBZ) [RR 0.63 (0.28–1.41)] and for lamotri-

gine (LTG) [RR 0.92 (0.41–2.05] exposure, although wide confidence intervals

indicate that possibility of some increased risk cannot be excluded. The absolute

rate of MCMs for CBZ was 2.2% and for LTG was 3.2%, both of which are lower

that the rate in untreated WWE of 3.5%.
IV. Are Some AEDs Associated with More Risk of MCMs than Others?
It follows from the previous discussion that VPA likely poses more risk than

other AEDs. Indeed, two large, prospective, population-representative studies

that VPA is associated with a greater risk for MCMs than CBZ, with �2.5 to

3-fold greater risk with VPA than CBZ (Morrow et al., 2006; Wide et al., 2004)

Further, VPA as a part of polytherapy was associated with 2.5-fold greater risk

than polytherapy without VPA (Morrow et al., 2006). In the study by Artama et al.

(2005), there is negligible diVerence in risk between VPA as a part of polytherapy

versus VPA as monotherapy [OR 0.85 (0.63–1.13]. Other studies showed that

VPA is associated with a ninefold greater risk than phenytoin (PHT) (Samren

et al., 1999), a sixfold greater risk than LTG (Vajda et al., 2006) and a sixfold

greater risk than phenobarbital (PB) (Canger et al., 1999).

Therefore, although much information is lacking regarding the newer AEDs,

there is clear evidence that VPA carries more teratogenic risk than CBZ and when

used as part of polytherapy, and likely carries more risk than LTG, PHT, and PB.

Little diVerence in the absolute risk between LTG, PHT, and CBZ is present in

Morrow et al. (2006); the absolute risk for PHT was 3.7% in this data set. Overall,

no significant diVerences between the risks of AEDs other than with VPA can be

discerned.
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V. Polytherapy Versus Monotherapy MCM Risk
In the most rigorous study addressing the question of polytherapy versus

monotherapy, Morrow et al. (2006) showed an increased risk with polytherapy

versus monotherapy [RR 1.62 (1.14–2.31)]. Many other studies, which were

usually not population representative, prospective, or assessing large numbers of

subjects, showed an increased risk as well, but did not reach significance. Impor-

tantly, no study showed a decreased risk with polytherapy versus Monotherapy;

therefore, this is a situation in which a large, carefully performed study was

needed to prove what was strongly suggested in previous work.
VI. Relationship of Dose to Malformations
Many studies have found a relationship between VPA dose and MCMs

(Artama et al., 2005; Canger et al., 1999; Mawer et al., 2002; Meador et al.,

2006; Omtzigt et al., 1992; Samren et al., 1997, 1999; Vajda et al., 2006). The

cutoV point for VPA dose above which MCMs were significantly more likely to

occur was not consistent, but was �1000 mg per day in five studies (Mawer et al.,

2002; Omtzigt et al., 1992; Samren et al., 1997, 1999; Vajda et al., 2006). In

Morrow et al. (2006), a relationship between AED dose and MCMs was reported

for LTG but not for VPA, however, a relationship between dose and MCMs for

LTG was not found in the Lamotrigine Pregnancy Registry, which has assessed

several thousand LTG-exposed pregnancies (Cunnington and Tennis, 2005).

Therefore, at this time, there is a body of evidence suggesting a dose-

malformation relationship with VPA, and emerging evidence regarding LTG;

whether this dose-malformation relationship for LTG is borne out in other studies

remains to be seen.
VII. AED-Specific MCMs
AED-related MCMs fit into a pattern of teratogenicity, therefore all of the

outcomes discussed herein have been reported with each AED. However, some

MCMs occur more frequently in relationship to a single AED. There is strong

evidence from multiple studies that VPA is associated with neural tube defects

including spina bifida, as well as midline defects of hypospadias, and facial clefts

(Arpino et al., 2000; Bertollini et al., 1985; Morrow et al., 2006; Samren et al., 1999).

There is also evidence for an increased risk for cleft palate with PHTand posterior
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cleft palate with CBZ (Puho et al., 2007). Cardiac malformations appear to be

specifically associated with PB (Arpino et al., 2000; Canger et al., 1999). More

information about specific malformations in relationship to other AEDs, particu-

larly for facial clefts with LTG, will be forthcoming as more data from pregnancy

registries emerge.
VIII. AED-Related Cognitive Teratogenesis
The assessment for cognitive teratogenesis is quite diVerent than for MCMs.

The studies must be blinded or masked due to the relative subjectivity of the

outcome. Confounders, such as social environment and maternal IQ, must be

accounted for in the analysis. Further, the intellectual assessment of young

children begins to be reliable only after the age of 2 years, therefore the studies

must be long term in design. Another consideration is the timing of exposure for

cognitive versus structural teratogenesis. MCMs develop within the first 13 weeks

of gestation; however, there is evidence that perhaps later exposure during

pregnancy has a impact on cognitive outcomes (Reinisch et al., 1995). Given

these considerations, there are several well-performed studies that shed light on

this important concern for WWE. Firstly, similar to the risks for MCMs, several

studies indicate that AED polytherapy exposure during pregnancy poses an

increased risk for adverse cognitive outcome compared to monotherapy (Gaily

et al., 2004; Koch et al., 1999; Lösche et al., 1994).

There is some information regarding the risks of specific AEDS. VPA is

associated with reduced cognitive outcomes in children exposed in utero (Adab

et al., 2004; Gaily et al., 2004). In both studies, the risks for VPA were dose

dependent and were greater for children exposed to CBZ and than nonexposed

controls. Both studies also found that verbal IQ was specifically aVected and that

it was �10 points lower than controls or CBZ-treated patients. In one of these

reports, the risk was also greater for VPA than for PHT exposure (Adab et al.,

2004).

However, five studies show that CBZ does not increase the risk of reduced

cognitive outcome compared to unexposed controls (Adab et al., 2004; Eriksson

et al., 2005; Gaily et al., 2004; Scolnik et al., 1994; Wide et al., 2002). Three studies

also suggest an increased risk of PHT exposure for reduced cognitive outcomes

(Scolnik et al., 1994; Vanoverloop et al., 1992; Wide et al., 2002).

One interesting report indicates that in utero exposure to PB is associated with

reduced cognitive abilities, specifically verbal IQ, when subjects were tested as
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adults; this study was only performed in men, which potentially limits its general-

izability (Reinisch et al., 1995).

A reassuring finding in this realm is that cognitive outcome appears not to be

reduced in children of WWE unexposed to AEDs (Gaily et al., 2004; Holmes et al.,

2000). However, VPA is associated with a risk of adverse cognitive outcome.

Lesser evidence suggests that PHT and PB may pose some risk to cognition for

children exposed in utero, but it is reassuring that CBZ does not appear to be

associated with risk to cognitive outcome.
IX. Minor Malformations
Minor malformations have not been addressed herein and are in general a

diYcult outcome to assess. Because of the subtlety of the findings, examiners must

be blind to any exposures and these findings require long-term follow-up, since

they can change over time. In general, hypoplasia of the midface and fingers are

thought to be minor malformations that could be related to in utero AED exposure.

The significance of these minor malformations has also been unclear. However,

one recent report indicated that the presence of these specific minor anomalies

can be associated with cognitive developmental delay later in life (Holmes et al.,

2005). Seventy-six children whose mothers took AEDs in pregnancy underwent

systematic evaluation of physical features and of intelligence using the Wechsler

Intelligence Scale for Children scores. Midface or digit hypoplasia correlated

significantly with deficits in verbal IQ , performance IQ , and full-scale IQ .

Interestingly, there was no decrease in IQ in association with major malforma-

tions. The authors concluded that minor malformations should prompt cognitive

evaluation in such children.
X. Conclusions
The important risks associated with AEDs during pregnancy are slowly

becoming clearer. Much information still remains to be discerned, particularly

how to mitigate risks, safe alternatives to VPA, the risks or safety of polyther-

apeutic AED combinations that exclude VPA. VPA is clearly associated with

more risk for MCMs and adverse cognitive outcomes, and appears to have about

threefold the risk for MCMs compared to CBZ, PHT, and LTG for MCMs. The

absolute risk of MCMs with VPA is �6% from the best available data. It is
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unclear whether there is any increased risk of MCMs with CBZ, LTG, or PHT

either as monotherapy or polytherapy; there appears to be a possibility that there

is actually no increased risk with these AEDs. Reliable estimates of risks associated

with other AEDs are still outstanding.

WWE taking AED should be advised to discuss reasonable options to VPA

with their physicians before becoming pregnant and should use eVective birth

control until a course of action is determined. LTG, topiramate, and levetirace-

tam may all be appropriate AEDs to maintain seizure control for WWE with

primary generalized epilepsy in particular, but as yet there is little information

regarding the safety of topiramate and levetiracetam during pregnancy. It is

hoped that information from multiple pregnancy registries will soon be forthcom-

ing and to help us further guide our patient. Ongoing long-term studies such as

the NEAD study (neurodevelopmental eVects of antiepileptic drugs) will help to

clarify the relative risks to cognitive outcome of VPA, CBZ, LTG, and PHT.
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The teratogenic potential of an antiepileptic drug is determined by the

chemical attributes of the molecule under discussion and the genetic attributes

of the host. The role of the hepatic mixed function oxidase system may be

especially important in conferring teratogenic risk. However, systems such as

epoxide hydrolase, glutathione reductase, and superoxide dismutase and other

toxin scavenging systems may be important modifiers that lower the risk. Genetic

variability in these systems is important in determining the type and severity of the

final outcome. While our knowledge of these factors is incomplete, progress can

be achieved by beginning to include these concepts in our discussion on the topic

and by promoting research that may improve our ability to individualize the

analysis of risk for a specific patient with regard to specific antiepileptic drugs.

Such an approach will most likely involve DNAmicrochip technology and has the

potential to overcome some of the limitations of pregnancy registries. Such an

approach may also lead to novel interventions and therapeutics design to

lower the teratogenic potential of pharmacologic treatment of epilepsy during

conception.
I. Introduction
One of the greatest concerns of women with epilepsy is having a successful

pregnancy and delivering a healthy baby. Through clinical experience and

pregnancy registries, it is known that there is an increased risk of birth defects
c.

d.

0
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while taking certain antiepileptic drugs (AEDs) during pregnancy. While these

registries are successful at documenting rates and types of birth defects they fail to

evaluate the underlying cause and pathophysiology. The registries are simply

designed to monitor the number of pregnancies, AEDs being taken and the

outcomes of the pregnancies. It is much more likely that to accurately predict

occurrence rates and even help prevent defects in the future we must undertake

evaluations at the molecular level, specifically at the interaction between the AED

and organ morphogenesis. The mechanisms of metabolism of the medications

and the underlying genetic makeup of each individual person are key elements in

this interaction (Sankar, 2007). This interaction is determined by the chemical

nature of the AED as well as the genetic endowment of the individual host.

Nutrition and environmental exposures also have a role in modifying the actions

of metabolism and possible teratogenicity.

Drug metabolism plays an important role in teratogenesis. One of the most

prominent enzyme systems that has evolved to tackle the detoxification and

excretion of foreign compounds (xenobiotics) is the cytochrome P-450 (cyt P-

450) family of enzymes. The role of the cyt P-450 family is to oxidize (adding

functional group such as a hydorxyl group suitable for conjugation) foreign

compounds such as medications to make them water soluble for excretion. This

reaction can be summarized as

RHþ NADPHþHþ þO2 ! R�OHþ NADPþ þH2O

Most central nervous system (CNS)-active drugs possess high lipid solubility

and require conjugation to a water-soluble moiety such as glucuronic acid to

allow them to be excreted. This mechanism is used during the metabolism of

many of the AEDs, including phenytoin (PHT) and carbamazepine (CBZ), and is

completed in two phases. The phase 1 reaction (Fig. 1) is actually a two-step

process catalyzed by cyt P-450 that produces an intermediate. These intermediate

structures are frequently chemically reactive electrophiles and are often suscepti-

ble to a nucleophilic attack by biomolecules, including nucleic acid bases, which

can contribute to teratogenesis. They can also interact with proteins to modify

gene expression and influence morphogenesis. Interaction with proteins that

result in covalent binding is also an important step in the generation of haptens

that elicit hypersensitivity reactions (Leeder, 1998). The final product of the phase

1 reaction is converted to a glucuronide by the transfer of the glucuronide moiety

from UDP-glucuronic acid (UDPGA). This step is catalyzed by UDP-glucuronyl-

transferase (Fig. 2).

Drugs that contain an aromatic ring, such as CBZ and lamotrigine (LTG),

produce a highly reactive epoxide or arene oxide with great potential which

interact with other biological macromolecules with a variety of outcomes. In the
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majority of cases, this intermediate is made innocuous through a variety of

mechanisms, including conversion to a phenolic hydroxyl group (easily glucur-

onidated for urinary excretion) or reacting with glutathione (containing a

neucleophilic sulfhydryl group that reacts with the electrophilic site of themolecule).

Other enzyme systems that could play a critical part in the scavenging of reactive

intermediates capable of lipid peroxidation include catalase and superoxide
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dismutase. In the case of PHT, the CYP2C9 and CYP2C19 types of cyt P-450 are

involved. The interaction between teratogenic exposure of PHTand relevant tissues

(maternal liver and placenta) has been studied in mice, and the results support the

notion that the activity of reactive intermediate-scavenging systems such as glutathi-

one reductase, superoxide dismutase, catalase, and others may play a role in

teratogenesis (Amicarelli et al., 2000). Interaction of the arene oxide with a protein

can form a hapten capable of eliciting an immunological reaction. This can increase

the probability of Stevens-Johnson syndrome (SJS) when a severe and sometimes

fatal rash is caused by a cutaneous reaction involving a hapten produced in this

manner (Leeder , 1998). If the arene oxide reacts with a nucleic acid, this can alter

transcription which may be a major cause of teratogenicity. The primary goal is to

get the intermediate to Phase 2 reaction (glucuronidation) which is catalyzed

by UDP-glucuronyltransferase and produces a highly water-soluble product for

urinary excretion.
II. Drug Metabolism
The metabolism of CBZ (briefly discussed above, Fig. 3), PHT, LTG (Fig. 4),

and valproic acid (VPA, Fig. 5) provide excellent examples of the mechanisms and

theories discussed. The structure of CBZ consists of two aromatic rings linked by a

double bond. Phase 1 is catalyzed by the CYP3A4 form of cyt P-450. The

intermediate structure formed is a highly reactive epoxide. CYP3A4 is a highly

inducible enzyme by many drugs including many of the AEDs. Phase 2 is

catalyzed by microsomal epoxide hydrolase (mEH, gene symbol EPHX1) which

is known to exhibit polymorphisms (Hassett et al., 1997) which result in a large

variation in how individuals hydrolyze epoxide intermediates.
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PHT metabolism produces an arene oxide intermediate in the process of

conversion to a hydroxylated product. Animal studies (Martz et al., 1977) have

shown that mice exposed to PHT in addition to a mEH inhibitor (trichloropro-

pene oxide) displayed an increased incidence of cleft lip and cleft palate in their

oVspring as well as embryo demise. On further examination increased covalent

binding attributed to the arene oxide intermediate metabolite was seen in

placental and fetal tissues. Buehler et al. (1990) monitored pregnant females

taking PHT and found that the 4/19 infants had findings consistent with fetal

hydantoin syndrome also had much lower levels of mEH activity compared to the

unaVected infants.

During the metabolism of LTG, a quaternary ammonium-linked glucuronide

is created as one of the metabolites (Fig. 4). This occurs when the LTG molecule

interacts with a UDPG-transferase. If, however, cyt P-450 acts on the LTG

structure, an arene oxide is formed which can interact with a protein forming a

hapten and possibly causing SJS. This is not typically favored since the two

chlorine substituents on the ring make the ring less active. However, with very

high doses of LTG or a second medication that induces metabolism, the cyt P-450

pathway may be favored. This is also the case when VPA or another enzyme

inducer is given along with the LTG. VPA not only antagonizes UDPG-transfer-

ase, but also inhibits mEH which normally would act as a ‘‘rescue’’ system and

decrease the levels of the arene oxide produced. Combining this with the inherent

high levels of cyt P-450 in children may explain the increased incidence of SJS in

this age group. An examination of this pathway also provides a plausible
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explanation for the observation by Morrow et al. (2006), as well as the observation

that VPA may exacerbate both the cutaneous toxicity (Schlienger et al., 1998) and

teratogenicity (Cunnington and Tennis, 2005) of VPA.

VPA is typically metabolized by three diVerent pathways (Fig. 5): mitochon-

drial �-oxidation, glucuronidation with UDP-glucuronyltransferase, and through

the microsomal cyt P-450 pathway. However, if there is excess VPA, there may be
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a spill over pushing metabolism toward microsomal oxidation and the cyt P-450

pathway (Anderson et al., 1992). Inducers of cyt P-450 subspecies may also make

this probability of microsomal activation of VPA higher (Levy et al., 1990). This

pathway produces 2-ene and 4-ene intermediates. The production of the 4-ene

intermediate may involve specific isoforms of cyt P-450 (CYP2C9 and CYP2A6)

in the human (Sadeque et al., 1997). The 2-ene intermediate is considered

nontoxic; however, the 4-ene metabolite may be hepatotoxic. Both may be

further converted to problematic derivatives. Levy et al. (1990) found that coad-

ministration of stiripentol (STP) with VPA decreased the formation of the 4-ene

metabolite. Both mEH and the glutathione system could modify the toxicity of

these derivatives, but are subject to the influences of genetic polymorphisms as

well the presence of xenobiotics.

In reviewing the mechanisms of metabolism, it is apparent that the classical

thinking that the best pregnancy outcomes occur withmonotherapy may not always

be entirely correct. Even though the results from the diVerent pregnancy registries
appear to conclude that one medication is better, the available data is generally

confounded by a high incidence of polypharmacy involving enzyme inducers. The

Lamictal Pregnancy Registry reevaluated the rate of major congenital malforma-

tions (MCM) which, in the LTG monotherapy population was 2.9% while the

MCM in polytherapy (not including VPA) was not elevated (2.7%) (Cunnington

and Tennis, 2005). This supports the idea that polytherapy is not always inferior to

monotherapy and it is likely that the patients taking multiple medications may have

been on lower doses of each. It is also essential to evaluate all other medications

prescribed along with an AED like LTG. The minimal enzyme inducing activity of

the newer AEDs on the market may be their greatest advantage.

Inhibition of cyt P-450-mediated activation may also influence the teratoge-

nicity of certain AEDs (Finnell et al., 1992, 1994, 1995, 1999). Mice given PHT

with STP, an AED that is also a cyt P-450 inhibitor, were found to have lower rates

of malformations in their oVsprings, including cleft lip and cleft palate (Finnell et al.,
1999). Indeed, the teratogenicity of CBZ could be increased by phenobarbital

pretreatment while STP cotreatment was protective (Finnell et al., 1995). Thus, the

guidelines that advocate against polypharmacy on an absolute basis can be

challenged, in principle. Unfortunately, we do not have the clinical data at the

present time to demonstrate clearly that certain combinations may be safer.
III. Genetics
The role of polymorphisms in cyt P-450 genes such as CYP1A1 and

glutathione-S-transferase (GST) in modifying the interactions of xenobiotics

with the biological system to produce malformations is beginning to receive
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attention (Kurahashi et al., 2005). A detailed discussion of cyt P-450 isoforms, their

role in AED metabolism, and known human polymorphisms of each isoform are

beyond the scope of this chapter. The role of genetics is one possible explanation

for the variance between the benign outcome reported by Morrow et al. (2006)

pertaining to pregnancies with exposure to CBZ and the results of a study in Israel

(Ornoy and Cohen, 1996) that reported a significantly poorer pregnancy outcome

with CBZ monotherapy in terms of dysmorpholoy and cognitive functioning

compared to those that did not involve that AED.

The concept that genetics may play a very important role is supported by the

variability seen in the susceptibility of individuals to a variety of adverse events

and teratogenicity. A recent study from Taiwan (Yang et al., 2007) reported that a

subpopulation of the Han Chinese had HLA-B(*)1502 which predisposed them to

CBZ-associated SJS and toxic epidermal necrolysis (TEN). However, Lonjou et al.

(2008), in a study of SJS and TEN associated with several high risk drugs, found

that an HLA-B association was insuYcient to explain the risk. This suggests that

the determinants for risk for SJS and TEN are likely to be related to multiple

genes and more specifically to complex interactions among those genes in an

individual. Indeed, knowledge about the polymorphisms associated with the

various cyt P-450 isoforms has not led to clear understanding of their relationship

to adverse drug reactions (Pirmohamed and Park, 2003). This is likely because

other genetic attributes (glutathione system, for example) may modify the risk.

The teratogenic eVects of VPA may involve numerous genes, but the expres-

sion of many of those may be regulated by histone deacytelase (HDAC) (Kultima

et al., 2004). VPA by itself, and some of the metabolites, like the 4-ene, can

mediate teratogenesis by inhibition of HDACs (Eikel et al., 2006). The diYculty

inherent in attempting a correlation with any one molecular function is high-

lighted by a recent study (Eyal et al., 2004) of the eVects of various AEDs on

HDAC and histone acetylation. The authors confirmed a high rate of acetylation

in the presence of VPA, but little eVect by some of the known teratogens such as

CBZ and PHT. They also noted that topiramate had an eVect on HDAC that was

quantitatively less than that of VPA, and that levetiracetam exhibited no eVect on
its own, but its metabolite 2-pyrrolidinone-n-butyric acid showed a modest eVect.
VPA itself as well as its metabolite 4-ene can inhibit HDACs, which may be a

factor in teratogenicity.

Peroxisome proliferator-activated receptor delta (PPAR-�) is activated by

VPA and the known teratogenic analogues of VPA (Lampen et al., 1999, 2001).

That PPAR-� may be involved in the teratogenicity of VPA in particular, neural

tube toxicity, is suggested by the high levels of the receptor expressed during tube

development. PPAR-� may serve as a specific marker for the teratogenic eVects of
VPA. VPA and its teratogenic derivatives but not the non-teratogenic derivatives

induce expression of other molecules possibly involved in teratogenesis, including

neural cell adhesion molecule (NCAM) and polysialyltransferase (PST), the roles
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of which are being actively evaluated (Skladchikova et al., 1998). Also, a blocking

agent of PPAR-� has been shown to prevent the increased expression of NCAM.
IV. Conclusion
As pharmacogenomics evolves, we anticipate improving capability in the

hands of the clinician to screen patients for vulnerabilities related to a large

number of genetic polymorphisms with DNA microchip technology. The chal-

lenges in linking genetic polymorphism to fetal phenotype as expressed by birth

defects have been reviewed by Van Dyke et al. (2000). At the time of their review in

2000, insuYcient correlations between polymorphism and phenotype were avail-

able. However, phenotypic correlations with a specific polymorphism may not be

readily discerned due to possible coexistence of polymorphisms in other genes

that may modify the risk.

We anticipate that research in pharmacogenomics and bioinformatics will

evolve to the point that clinicians are given the tools to screen patients for genetic

polymorphisms with DNA microchip technology. This would be the first step to

determining a pharmacological plan when treating patients, and the risk for a

particular patient may based on that patient’s genetic endowments, play a more

important role in decision making than population-based data. The future may

well accommodate ‘‘rational polypharmacy’’ where ‘‘rational’’ requires taking

into account not only the pharmacodynamic and pharmacokinetic aspects of

the AED to enhance anticonvulsant (and perhaps, antiepileptogenic) eYcacy,

but also the pharmacogenomically determined propensity of a particular patient

to experience significant adverse events or sustain injury to her oVspring. The
possibility exists that we can develop nontoxic supplements to mitigate teratoge-

nicity in a manner analogous to the use of N-acetyl cysteine to rescue patients form

acetaminophen-induced hepatotoxicity. Even nutritional interventions similar

to folic acid, to not only prevent teratogenesis but also to alleviate idiosyncratic

side eVects, may emerge.
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The ideal management of women with epilepsy during pregnancy involves

achieving an optimal balance between minimizing fetal exposure to the deleteri-

ous influences of both antiepileptic drugs (AEDs) and of seizures. Women with

increased seizures during pregnancy tend to have subtherapeutic AED concen-

trations. Multiple physiological changes during pregnancy influence drug dispo-

sition, including increased volume of distribution, increased renal elimination,

altered hepatic enzyme activity, and a decline in plasma protein concentrations.

Many of the AEDs are characterized by significant increases in clearance during

pregnancy. Studies performed thus far provide convincing findings for significant

increases in the clearance of lamotrigine and phenytoin during pregnancy; other

studies support that phenobarbital, oxcarbazepine, and levetiracetam clearances

also most likely increase during pregnancy. Therapeutic drug monitoring of

lamotrigine with adjustment of dosages during pregnancy to maintain that indi-

vidual’s target concentration has been shown to decrease the risk for increased

seizure frequency. Reports of seizure worsening with decreased concentrations of
ier Inc.

served.
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228 PENNELL AND HOVINGA
other AEDs have been reported but not studied in similar formal protocols.

Future studies of formal pharmacokinetic modeling of AEDs during pregnancy,

with assessment of maternal and fetal/newborn consequences, could provide an

important step toward achieving eVective drug dosing to maintain therapeutic

objectives for the mother but at the same time minimize fetal drug exposure.
I. Introduction
Approximately 1.1 million women with epilepsy are of child-bearing age in

the United States and give birth to over 20,000 babies each year (Yerby, 2000).

Pregnancy in women with epilepsy is accompanied by increased maternal risks

and increased adverse neonatal outcomes compared to the general population,

not only due to antiepileptic drugs (AEDs) but also due to seizure occurrence.

Over the past decade, consensus guidelines have emphasized minimizing the

associated risks by optimizing a woman’s AED regimen and initiating supplemen-

tal folic acid prior to conception (Report of the Quality Standards Subcommittee

of the American Academy of Neurology, 1998). However, there are no guidelines

regarding the best management once a woman with epilepsy is pregnant. It is

generally agreed that avoidance of generalized tonic-clonic seizures during preg-

nancy is paramount, and that avoidance of all seizure types is desirable for

psychosocial and socioeconomic reasons as well as for the physical well-being of

the mother and the fetus (Zahn et al., 1998). Maintaining seizure control during

pregnancy requires an understanding of the time course and magnitude of

gestation-induced alterations in AED pharmacokinetics. Clinical decisions

regarding management of AEDs during pregnancy also need to consider the

potential eVects of fetal exposure through transplacental transfer. After birth,

the newborn may continue to receive exposure to an AED through ingestion of

breast milk. Fetal and neonatal exposure to AEDs through transplacental and

breast milk passage is discussed in detail in the following chapter.
II. Seizure Frequency and AED Concentrations
Some studies have examined the correlation of AED concentrations during

pregnancy and seizure occurrence. Although reduction of the AED concentration

is not always accompanied by an increase in seizure frequency, it is remarkable

that many of these studies report that the women with increased seizures

tended to have subtherapeutic AED concentrations (Dansky et al., 1980, 1982;
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Janz, 1982; Otani, 1985; Pennell, 2003; Schmidt et al., 1982, 1983). A study by

Dansky et al. (1980) of women on phenytoin (PHT) during pregnancy reported

that approximately half of the women who had at least a 25% decrease in their

total PHT level/dose ratio demonstrated an increase in seizure frequency.

Krishnamurthy et al. (2002) followed 23 pregnancies of women on monotherapy

with phenobarbital (PB), PHT, carbamazepine (CBZ), or valproic acid (VPA).

Half of these pregnant women on PB, PHT, or CBZ were associated with

breakthrough seizures when the drug levels fell below the patient’s therapeutic

range. A more recent detailed prospective study of lamotrigine (LTG) and seizure

frequency in women with epilepsy during pregnancy reported that the risk for

seizure worsening occurred when the serum LTG concentration fell to less than

65% of the target concentration, determined for each individual based on

prepregnancy information (Pennell et al., 2008).

In addition to the direct eVects of pregnancy on AED concentrations, non-

compliance may play a major role in women with increased seizures (Otani, 1985;

Schmidt et al., 1983). Pregnancy is also associated with other physiologic and

psychological factors that can alter seizure control, including marked increases in

sex steroid hormone concentrations, anxiety and stress, and sleep deprivation.
III. AEDs During Pregnancy
Multiple physiologic changes occur during the course of pregnancy that

influence drug disposition (DeVane et al., 2006; Leppik and Rask, 1988;

McAuley and Anderson, 2002; Pennell, 2003; Tomson and Battino, 2007).

These are summarized in Table I. The expansion of plasma volume alters the

volume of distribution and therefore the elimination half-life of drugs. Increased
TABLE I

PHYSIOLOGIC CHANGES DURING PREGNANCY: EFFECTS ON DRUG DISPOSITION

Parameter Consequences

" Total body water, extracellular fluid Altered drug distribution

" Fat stores # Elimination of lipid soluble drugs

" Cardiac output " Hepatic blood flow leading to " elimination

" Renal blood flow and glomerular flow rate " Renal clearance of unchanged drug

Altered CYP450 activity and UGT activity Altered systemic absorption & hepatic elimination

# Maternal albumin Altered free fraction; increased availability of drug

for hepatic extraction

UGT, UDP-glucuronosyltransferase. CYP450, cytochrome P450.
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cardiac output and renal blood flow often leads to enhanced renal drug elimina-

tion. Hepatic microsomal enzyme activity can be induced by increased endoge-

nous steroids but competitive inhibition may also occur. A decrease occurs in the

concentrations of the main plasma proteins albumin and alpha 1-acid glycopro-

tein (�-AGP) that are responsible for the binding of many acidic and basic drugs,

respectively. These changes will aVect the free (unbound) fraction that determines

the amount of drug in plasma that is available for therapeutic and adverse eVects
at the site of action, tissue distribution, metabolism, and elimination. Albumin

concentration falls from 35 g/liter to 25–30 g/liter during the first half of preg-

nancy (Krauer et al., 1980), and the free fraction of the AEDs with high protein

binding increases during pregnancy (Perucca and Crema, 1982).

Yerby et al. (1990, 1992) investigated the discrepancy between total AED

concentrations and free AED concentrations of four AEDs that are highly protein

bound: PHT, CBZ, PB, and VPA. They performed prospective, cohort studies of

51 women with epilepsy who were enrolled prior to their second trimester. AED

concentrations at 8 weeks postpartum were used as patient baseline values.

Approximately 80% of the women were on AED monotherapy. AED (total and

free) concentrations were measured monthly at clinic visits until 8 weeks postpar-

tum. Data were organized into subgroups by stage of pregnancy and mean

measures were compared with baseline measures. Although these studies were

limited by lack of correction for dosage and weight changes, this large data set

does provide information on many of the older AEDs. They reported that the free

concentrations did not change as dramatically as the total concentrations, but

were lower than baseline during at least one stage of pregnancy.

Almost all studies of AED levels during pregnancy demonstrate that plasma

concentrations decrease even in the face of constant and, in some cases, increasing

doses, and plasma concentrations tend to increase postpartum (McAuley and

Anderson, 2002; Pennell, 2003; Tomson and Battino, 2007). But the dynamic

changes during pregnancy that influence drug disposition result in varying and

often unpredictable drug dosage requirements in the individual patient. The

diVerent routes of metabolism for individual AEDs are a major factor in the

alterations that occur during pregnancy (Table II). The primary route of metabo-

lism for most of the older AEDs involves the cytochrome P450 (CYP450) path-

way, with the exception that VPA is metabolized by b-oxidation (40%) and

glucuronide conjugation (30–50%) (Faught, 2001). LTG is extensively hepatically

metabolized by an isozyme of the UDP-glucuronosyltransferase (UGT) family of

enzymes to the 5N and 2N glucuronide metabolites (Green et al., 1995). The

active metabolite of oxcarbazepine (OXC), the monohydroxy derivative (MHD),

also undergoes significant glucuronidation. Renal elimination is a major pathway

for many of the other newer AEDs.

Several small to moderate-sized studies have investigated the changes in specific

AED concentrations during pregnancy and the puerperium. However, details of



TABLE II

PHARMACOKINETIC CHARACTERISTICS OF THE MAJOR AEDS

AED Major route of metabolism Protein binding

PHT CYP2C9 major; CYP2C19 minor; saturable metabolism High

PB 30% CYP2C9/CYP2C19; 25% renal; 30% N-glucoside

CBZ 85% CYPs (CYP3A4 major); 15% glucuronidation;

10,11-epoxide metabolite

High

VPA 50% by glucuronide conjugation; 40% by

beta-oxidation; 10% by CYP

High, but saturable

binding

PB CYP2C9 and 2C19 High

PRM Hepatic biotransformation to PB; renal excretion of

parent drug

<20%

LTG 70–90% glucuronidation by UGT1A4 and UGT1A3;

Increases/decreases in presence of other meds

55%

TPM 60–80% excreted unchanged; 20–40% CYP; clearance

increases in presence of CYP inducers

15%

OXC Keto-reduction to MHD, then 50% glucuronide

conjugation; 27% renal excretion; minor CYP

40%

LEV 66% renal excretion; 24% extrahepatic hydrolysis 0%

ZNS 50% CYP 3A4; 15% N-acetylation, oxidation; 35%

renal excretion

60%

PGB Renal excretion 0%

AED ¼ antiepileptic drug; PHT ¼ phenytoin; CBZ ¼ carbamazepine; VPA ¼ valproic acid;

PB ¼ phenobarbital; PRM ¼ primidone; LTG ¼ lamotrigine; TPM ¼ topiramate; OXC ¼ oxcarba-

zepine;MHD¼monohydroxy derivative of oxcarbazepine; LEV¼ levetiracetam; ZNS¼ zonisamide;

PGB ¼ pregabalin.
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concomitant influential factors on AED concentrations such as weight, polytherapy

with other AEDs, other medications and illnesses, time of sampling relative to dose,

and even dosage changes were often lacking. Even fewer studies reported on free

levels for the AEDs that are highly protein bound. These studies of AED metabo-

lism during pregnancy use diVerent measures and varying terminology. The term

‘‘clearance’’ is often used to represent the ratio of ‘‘daily dose/steady-state concen-

tration’’ and may include adjustments for weight. This term allows for comparisons

when the dosing has been changed during pregnancy for an individual patient.
A. PHENYTOIN

Previous studies of PHT suggest that apparent clearance increases during

pregnancy by 20–150% and is often associated with increased seizures (Bossi et al.,

1980; Chen et al., 1982; Dansky et al., 1982; Lander et al., 1980; Tomson et al.,

1994). PHT clearance decreases again to pregestational levels over the first 12
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weeks postpartum. One case report described a substantial decrease in PHT

absorption that led to status epilepticus during pregnancy (Ramsey et al., 1978).

Malabsorption may sometimes be related to use of antacids, which can form

insoluble complexes with PHT. However, the most common factor responsible for

the decrease in PHT concentrations during pregnancy is likely the increased

hepatic metabolism by the CYP450 system.

Although the ratio of free PHT to total plasma drug concentration increases

during pregnancy, most studies have reported that the actual free-drug concen-

tration still declines significantly (Chen et al., 1982; Perucca and Crema, 1982;

Tomson et al., 1994).

Tomson et al. (1994) performed a population-based prospective study of 93

pregnancies in 70 women with epilepsy. The vast majority were on AED mono-

therapy, with 29 patients on PHT monotherapy and 7 on polytherapy. Dosages

were kept constant unless poor seizure control occurred. Total PHT levels

decreased steadily throughout pregnancy and by 61% at the end, but free levels

only dropped by 16% compared to baseline.

Yerby et al. (1990) reported that the mean concentration of PHT declined by

56% ( p 0.005) with the sharpest decline occurring during the first trimester.

Although the free concentrations did not change as dramatically, the free con-

centrations of PHT during all three trimesters were significantly diVerent from
baseline ( p < 0.05), with an overall decrease in free concentration of 31%.

Dickinson et al. (1989) performed an elegant study with use of stable isotope-

labeled PHT given intravenously to five women during diVerent time points in

pregnancy and postpartum (nonpregnant baseline), for a total of 14 pharmacoki-

netic studies (Table III). Use of this compound eliminated the impact of bioavail-

ability. The mean � SD half-life for PHT was significantly shorter in pregnancy

than postpartum (31 � 14 vs 39 � 28 h). The mean � SD for whole plasma

clearance was also significantly greater (0.025 � 0.012 vs 0.021 � 0.013 kg�1

h�1), and the mean � SD Vmax for PHT elimination was significantly greater in

pregnancy (1170 � 600 mg/day) than postpartum (780 � 470 mg/day).

Lander et al. (1981) prospectively studied 30 women on PHT monthly during

pregnancy. The mean ratio of the plasma PHT clearance in the third trimester to

that in the pre- or postpregnancy state was 2.5:1 ( p < 0.001), although the

limitations of using plasma clearance calculations for PHT, which is eliminated

primarily by Michealis–Minten kinetic mechanisms, was noted by the authors.
B. CARBAMAZEPINE

A prospective study by Tomson et al. (1994) was fairly large with 50 pregnan-

cies including 35 on CBZ monotherapy without a change in dosage. Despite this,

results were mixed. Total CBZ concentrations were only slightly lower during the



TABLE III

ALTERATIONS OF AED CLEARANCE AND/OR CONCENTRATIONS DURING PREGNANCY: SUMMARY OF CLASS I, II, AND III STUDIES

AED

Reported increases

in clearance

Reported decreases

in total concentrations

Reported changes in free

AED or metabolites References

PHT 19–150% 60–70% Free PHT clearance increased in

TM3 by 25%, free PHT

concentration decreased by

16–40% in TM3.

Bardy et al. (1987), Dickinson

et al. (1989), Lander et al. (1980),

Tomson et al. (1994), Yerby

et al. (1990), Chen et al. (1982)

CBZ –11% to þ27% 0–12% No change Battino et al. (1985), Tomson

et al. (1994), Yerby et al. (1985),

Yerby et al. (1992)

PB 60% 55% Decrease in free PB

concentration by 50%

Battino et al. (1984), Lander

et al. (1981), Yerby et al. (1990)

PRM Inconsistent Inconsistent Decrease in derived PB

concentrations, with lower

PB/PRM ratios.

Battino et al. (1984), Rating

et al. (1982)

VPA Increased by TM2

and TM3.

No change in clearance of free

VPA. Free fraction increased

by TM2 and TM3.

Koerner et al. (1989)

ESX Inconsistent Inconsistent Kuhnz et al. (1984), Tomson et al.

(1990)

LTG 65–230%, substantial

interindividual

variability

89% increase in clearance

of free LTG

de Haan et al. (2004), Ohman

et al. (2000), Pennell et al. (2004),

Pennell et al. (2008), Petrenaite

et al. (2005), Tran et al. (2002)

OXC MHD & active moiety

decreased by 36–61%.

Christensen et al. (2006),

Mazzucchelli et al. (2006)

LEV 243% 60% by TM3 Tomson et al. (2007)

AED, antiepileptic drug; TM, trimester; PHT, phenytoin; CBZ, carbamazepine; PRM, primidone; PB, phenobarbital; VPA, valproic acid; ESX,

ethosuximide; LTG, lamotrigine; OXC, oxcarbazepine; MHD, monohydroxy derivative of oxcarbazepine; LEV, levetiracetam.

2
3
3
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third trimester and the free CBZ concentrations were unchanged. Plasma clear-

ance of both total and free CBZ actually decreased during pregnancy compared

to baseline. Other studies have supported little (<15%) to no change in CBZ

clearance during pregnancy (Battino et al., 1985; Yerby et al., 1985, 1992). Find-

ings for free CBZ and CBZ-epoxide concentrations are inconsistent, although

some studies indicate that the ratios of these to CBZ tend to increase during

pregnancy (Battino et al., 1985; Yerby et al., 1992). CBZ binds to both albumin and

�-AGP, which may work together to resist changes in protein binding during

pregnancy (Perucca and Crema, 1982).

C. PHENOBARBITAL

Limited studies of PB during pregnancy suggest that clearance increases

throughout pregnancy (Battino et al., 1984; Lander et al., 1981; Yerby et al.,

1990). Yerby et al. (1990) reported that the mean concentrations of total PB

declined by 55% as pregnancy progressed ( p < 0.005), with the sharpest decline

during the first trimester. Free concentration decreases of PB were statistically

significant ( p < 0.005), with a decrease of 50%. Despite prospectively studying

only seven women on PB monthly during pregnancy, Lander et al. (1981) were

able to determine that the mean ratio of PB plasma clearance in the third

trimester to clearance in the pre- or postpregnancy state was 1.6:1 ( p < 0.001).

D. PRIMIDONE

A study of primidone (PRM) in nine women demonstrated that PRM con-

centrations tended to increase during the second quarter of pregnancy, but with a

lower concentration of derived PB (Battino et al., 1984). Another prospective study

in 14 women suggested that both PRM and PB levels decrease, but still with an

overall lower PB/PRM ratio (Rating et al., 1982).

E. VALPROIC ACID

Koerner et al. (1989) reported on nine women on VPA with prospective

monthly visits. VPA clearance increased in the second trimester and later, but

free VPA clearance did not change, consistent with an increase in the free fraction.
F. ETHOSUXIMIDE

Studies of ethosuximide (ESX) metabolism demonstrate inconsistent changes

during pregnancy (Kuhnz et al., 1984; Tomson et al., 1990).
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G. LAMOTRIGINE

The magnitude of the reported increases in LTG clearance during pregnancy

exceeds that described for AEDs that are primarily eliminated via the cytochrome

P450 system. Greater than 90% of LTG is glucuronidated and is controlled

primarily by UGT1A4 and to a lesser extent by UGT1A3 (Chen et al., 2005;

Green et al., 1998; Green and Tephly, 1996). One theory is that the rising sex

steroid hormone concentrations enhance expression of UGTs (Chen et al., 2005).

An early retrospective study reported an �150% increase in LTG Cl in the

second and third trimesters of pregnancy (n ¼ 11)(Petrenaite et al., 2005), asso-

ciated with seizure worsening in 45% of the pregnancies and specifically occur-

ring in women that had >60% change in level/dose ratio. Other studies also

noted up to 75% of women experienced seizure worsening during pregnancies on

LTG or complications of convulsive seizures, status epilepticus, and even fetal loss

(de Haan et al., 2004; Tran et al., 2002; Vajda et al., 2006).

Two Class II studies showed an increase in the LTG clearance (Pennell et al.,

2004; Tran et al., 2002). The first study by Tran et al. (2002) showed >65%

increase in clearance between prepregnancy baseline and second and third

trimesters, although women on interacting AEDs were included. The second

study by Pennell et al. (2004) reported that LTG clearance increased until 32

weeks of gestational age, with a peak of 230% above prepregnancy baseline.

A more recent Class I study by Pennell et al. (2008) of 53 pregnancies in 53

women, using 305 samples throughout preconception baseline, pregnancy and

postpartum reported that both LTG free and total clearance were increased

during all three trimesters, with peaks of 94% (total) and 89% (free) in the third

trimester. Clearance of free LTG was significantly higher in whites compared to

black patients. These studies noted substantial interindividual variability, which

may be related to UGT polymorphism variants (Ehmer et al., 2004).

This study also examined therapeutic drug monitoring and seizure frequency,

and changes in LTG dosing to avoid postpartum toxicity. The authors reported

that seizure frequency significantly increased when the LTG level decreased to

65% of the preconceptional individualized target LTG concentration. This

finding supports the recommendation to monitor levels of LTG and possibly

other AEDs for which the levels decrease during pregnancy.

Previous studies on LTG noted a rapid decrease in LTG Cl during the early

postpartum period with reports of symptomatic toxicity (de Haan et al., 2004;

Tran et al., 2002). Pennell et al. (2007) also examined the eVectiveness of using an
empiric postpartum taper schedule for LTG, with steady decreases in dosing at

postpartum days 3, 7, and 10, with return to preconception dose or preconception

dose plus 50 mg to help counteract the eVects of sleep deprivation. Patients were

assessed for symptoms of LTG toxicity (dizziness, imbalance, and blurred or
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double vision). Nonadherence to the standard taper schedule was associated with

significantly higher risk of experiencing postpartum toxicity ( p ¼ 0.04).
H. OXCARBAZEPINE

OXC undergoes keto-reduction to the active MHD. Approximately 50% of

MHD undergoes glucuronidation, and the remainder is eliminated via renal excre-

tion and CYP450 metabolism. Not surprisingly, seizure worsening during pregnan-

cy has also been reported for women onOXC. The international EURAP Epilepsy

Pregnancy Registry reported on 1956 pregnancies in 1,882 women with epilepsy

(2006). Seizure frequency remained unchanged throughout pregnancy in 63.6%,

was increased in 17.3%, and decreased in 15.9%. Factors that were associated with

an increased risk for occurrence of all seizures were localization-related epilepsy

(OR: 2.5; 1.7–3.9) and polytherapy (OR: 9.0; 5.6–14.8). OXC monotherapy was

associated with a greater risk for occurrence of convulsive seizures (OR: 5.4;

1.6–17.1). The number or dosage ofAEDsweremore often increased in pregnancies

with seizures (OR: 3.6; 2.8–4.7) or pregnancies treated with OXC monotherapy

(OR: 3.7; 1.1–12.9) or LTG monotherapy (OR: 3.8; 2.1–6.9).

Two Class III studies have examined OXC concentrations during pregnancy.

Christensen et al. (2006) reported retrospectively on nine pregnancies in seven

women. The mean dose-corrected concentrations ofMHDwere decreased during

pregnancy ( p ¼ 0.0016), and were 72% (SD ¼ 13%) in the first trimester, 74%

(SD ¼ 17%) in the second trimester, and 64% (SD ¼ 6%) in the third trimester,

versus dose-corrected concentration before pregnancy. Mazzucchelli et al. (2006)

reported on five pregnancies, with measurements of OXC, its active R-(�)- and

S-(þ)-MHD, and the metabolite CBZ-10,11-trans-dihydrodiol (DHD) at regular

intervals. The active moiety was defined as the molar sum of OXC, R-(�)-MHD,

and S-(þ)-MHD. Alterations were significant for R-(�)-MHD ( p < 0.02) and

borderline for the active moiety ( p ¼ 0.086). The mean concentration/100 mg

dose was 45% lower in the second trimester compared to the puerperium.
I. LEVETIRACETAM

Levetiracetam (LEV) is primarily eliminated via renal excretion (66%), with

the remaineder via extrahepatic hydrolysis. One Class II study prospectively

examined LEV trough concentrations in 15 pregnancies in 14 women every

trimester and at least 1 month postpartum (Tomson et al., 2007). Tomson et al.

(2007) reported that in the seven women without dosage changes, plasma

LEV concentrations during the third trimester were only 40% of baseline con-

centrations outside pregnancy ( p < 0.001). For all 12 pregnancies, clearance of
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LEV was significantly higher during the third trimester, with an increase from

124.7 � 57.9 (mean � SD) liter/day at baseline to 427.3 � 211.3 ( p < 0.0001),

an increase of 243%.
IV. Summary
The ideal management of women with epilepsy during pregnancy and the

postpartum state involves achieving an optimal balance between minimizing fetal

and neonatal exposure to the deleterious influences of both AEDs and seizures.

EVectiveness of therapeutic drug monitoring has been demonstrated for LTG

(Pennell et al., 2008), but future studies should be performed to determine if it is

possible to reduce the percentage of women who experience seizure worsening by

aggressive AED concentration monitoring and dosage adjustments for each of the

AEDs. The evidence for gestational-induced alterations in clearance is most con-

vincing for PHT and LTG, moderately convincing for PB, OXC, and LEV, and

contradictory or lacking for CBZ, VPA, ESX, and PRM. However, because of the

myriad of factors that can contribute to the decrease in all AED concentrations

during pregnancy (including noncompliance, enhanced metabolism, and excretion)

and large intraindividual and interindividual variability, some authors have recom-

mended at least monthly monitoring of all AED concentrations, with obtaining free

(unbound) measurements for those medications that are highly protein bound

(Krishnamurthy et al., 2002; Levy and Yerby, 1985; Pennell, 2003; Yerby, 2000).

For each individual patient, the ideal AED (free) level should be established for each

patient prior to conception, and should be the level at which seizure control is the

best possible for that patient without debilitating side eVects. Future studies with

formal pharmacokinetic modeling of each of the AEDs during pregnancy in women

with epilepsy could be very helpful in achieving maternal seizure control while

minimizing fetal AED exposure. With identification of additional pharmacogenetic

factors, these models can be adapted for critical individualization for each woman

with epilepsy.
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The issue of how much an antiepileptic drug (AED) crosses the placenta and

relative safety of lactation inmothers receiving AEDs are common clinical questions.

Educating potential mothers with epilepsy regarding available information is

warranted so that informed decisions and any needed neonatal monitoring is

performed. Unfortunately, there is still limited data regarding the degree in which

anticonvulsants cross the placenta and penetrate into breast milk. There is a greater

appreciation of the factors that influence AED passive transfer across the placenta

and into breast milk, as well as factors that ultimately influence neonatal AED

distribution. In general, women with epilepsy can have healthy babies even with

significant placental exposure and can breast-feed their babies safely with some

cautions. Phenobarbital and primidone should be avoided in parents wishing to

breast-feed. For the AEDs ethosuximide, levetiracetam, lamotrigine, topiramate,
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and zonisamide, there is a potential for significant breast milk concentrations;

however, there are no firm guidelines on whether lactation is safe. In all cases,

parents should be counseled to monitor their child for side eVects and the need for

routine monitoring.
I. Introduction
Indirect neonatal anticonvulsant exposure comes from two situations. First,

involuntary exposure occurs in utero through placental transfer inmothers receiving

anticonvulsants. The second is through ingestion of milk containing anticonvul-

sants in mothers with epilepsy. The latter is elective and dependent upon care-

givers’ knowledge and wishes regarding the benefits of breastfeeding and the

potential risk of drug exposure in the neonate. The positive eVects of breastfeeding
are well recognized and make it an increasingly attractive practice for parents with

newborns. This is also true of mothers who happen to have epilepsy. The question

as to whether breastfeeding is safe in this population is a common clinical question

to those who treat women with epilepsy and in pediatricians who follow the

newborn. Perinatal counseling of families with available information is warranted

so that informed decisions and any neededmonitoring is performed. Unfortunately,

there still is limited data regarding the degree in which antiepileptic drugs (AEDs)

cross the placenta and penetrate into breastmilk. Available studies tend to be limited,

in that they are small in sample size, lack complete sampling, and fewhave long-term

follow-up. Polytherapy is still common in these studies and adverse eVects, particu-
larly cognitive ones are not systematically evaluated. This chapter will review factors

that influence anticonvulsant transfer across the placenta and into breast milk.

It will also discuss neonatal factors that influence the relative risk of exposure in

the neonate. Lastly, it will review individual anticonvulsants and what is known

regarding exposure through placental and lactation exposures.
II. Factors Influencing Anticonvulsant Distribution to the Neonate
A. ANTICONVULSANT PROPERTIES

Many of the factors that determine placental and milk transfer are similar.

Passive diVusion is the most common means by which drugs reach the neonate.

In such instances, the amount of drug that crosses a membrane per unit of time

is dependent on the diVerence in concentration of drug in the maternal and

fetal or neonatal circulations, its physiochemical properties, and the rapidity of

maternal drug clearance. Lipid soluble, un-ionized drugs with lowmolecularweights
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(<500Daltons) tend to diVusemore readily. It is important to remember that it is the

sum of all these drug properties that results in the extent of transfer, not simply one.

In some cases, this makes precise estimates of anticonvulsant drug exposure diYcult.

Because only free anticonvulsants can cross biologicalmembranes, the percentage of

drug unbound aVects the extent a drug passes to the neonate. This is an inverse

relationship with the drugs possessing a higher degree of protein binding resulting in

less drug passive exposure. The relative concentration and aYnity of maternal as

compared to fetal or neonatal albumin can also aVect neonate anticonvulsant

exposure transplacentally. Ionized (charged) drugs do not readily cross membranes,

and pH is an important regulatory of the degree of drug polarity. As a general rule,

anticonvulsants with salt forms ending in an anion (e.g., chloride) tend to be weak

bases and those with a cation (sodium) tend to be weak acids. Most AEDs tend to be

either weak acids or weak bases; therefore, the drug’s pKa and maternal/neonatal

blood pH ratio aVects its relative ionization. Because fetal pH tends to be slightly

lower than maternal pH, basic drugs can be expected to pass more easily across the

placenta than do acidic ones (Syme et al., 2004). In cases of neonatal acidosis, the

degree of neonatal transfer can significantly increase. Breastmilk is also slightlymore

acidic (pH 7.2) as compared to plasma (pH 7.4), and it is also expected that weak

acids would transfer less readily in to milk than anticonvulsants that are weak bases

(Hibberd et al., 1982; Neville 2001). Weak bases once transferred into milk remain

ionized and are trapped and concentrate in breast milk.

DiVerences in lipid solubility can significantly aVect the degree of neonatal

AED exposure via breast milk (Hägg and Spigset, 2000). Many AED passive drug

exposure studies are performed during the first few days postnatally and fail to

describe from which milk fraction the sample is obtained. There are dramatic

changes inmilk composition during the first month of life with maternal milk being

mostly comprised of protein (colostrums) initially and triglyceride content gradu-

ally increasing during the following weeks (Hibberd et al., 1982; Neville 2001).

The amount of triglyceride also varies in each milk fraction (foremilk vs hindmilk),

as well as the maturity of lactation. Because it depends on maternal diet, the extent

of transfer can vary across the course of a day or between days. AEDs with greater

lipid solubility tend to distribute more readily into breast milk. However, distribu-

tion may not be uniform across milk fractions. This is particularly true for mature

milk, hindmilk, and postfeed milk which tend to be of higher triglyceride content,

and therefore may contain higher concentrations of lipophilic AEDs.
B. PLACENTAL FACTORS

In the case of placental transfer, there is an increasing appreciation of

drug transporters or eZux proteins that regulate AED passage into the fetal

circulation. Many of the drug transporters are located at the blood–brain bar-

rier [P-glycoprotein aka. MDR1 (Atkinson et al., 2007; Syme et al., 2004)].
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Although the placenta expresses many CYP450 (including CYP1A1, 2E1, 3A4,

3A7, 4B1) and uridine diphosphate glucuronosyltransferase (UGT) isoenzymes, it

is felt that AED metabolism through this route has a relatively minor impact on

neonatal drug concentrations; however, this is an area of continued research.

Recently, more attention is being paid to placental drug transporters and eZux

proteins. Attention within the area of epilepsy first arose from the discovery that

these drug transporters have increased blood–brain barrier expression in those

with refractory epilepsy. Transporters like MDR1, multidrug resistance protein

1 and 2 (MRP1, MRP2), and monocarboxylate transports are located at the

apical membrane of the syncytiotrophoblast where they extrude drugs from

the fetal circulation back into the maternal one (Atkinson et al., 2007; Syme

et al., 2004). Most of the currently available AEDs are substrates for one of

more of these transporters, and therefore are of clinical importance. There are

also less commonly known transporters that may be active in transporting AEDs

[e.g., carbamazepine (CBZ) and primidone (PRM)] to the fetus as well such as

sodium/multivitamin transporter (SMVT).
C. NEONATAL PHARMACOKINETICS

It is important to understand that the same quantity of AED delivered to

the neonate does not necessarily result in a similar concentration in diVerent
neonates. In predicting the relative magnitude of AED drug exposure in the

neonate, an appreciation of developmental pharmacokinetics is important. Both

the gestational age and postnatal age aVect the pharmacokinetics of AEDs

(Battino et al.,1995a,b; Hines and McCarver, 2002; McCarver and Hines,

2002). Body composition and maturity of elimination pathways varies dramati-

cally over the first weeks and months of life (Kearns et al., 2003). Neonates have

decreased bioavailability of many drugs secondary to erratic absorption and

alkaline gastrointestinal pH. AED distribution may be aVected both because

total body water and adipose stores are diVerent in neonates and adults. Fetal

and neonatal albumin may be decreased and have decreased aYnity for certain

specific drugs. This means the unbound fraction of drugs may be increased.

Hepatic and renal elimination pathways are relatively immature, making neo-

nates prone to drug accumulation. Irrespective of gestational age, hepatic metab-

olism begins to mature at birth. Certain CYP450 enzymes are particularly

relevant to antiepileptic medications, namely, CYP3A4/5/7 and CYP2C9/19.

CYP3A4/5/7 is responsible for the metabolism of many antiepileptic medica-

tions, including CBZ, ESX, felbamate, tiagabine, and ZNS (Battino et al., 1995a,

b; Perucca, 2006). While CYP2C9/ is involved in the elimination of phenytoin

(PHT), CYP2C19 metabolizes both PHTand phenobarbital (PB). Although there

are subtle diVerences, examination of the ontogeny of these enzyme subfamilies



ANTIEPILEPTIC DRUG THERAPY IN PREGNANCY 245
reveals that expression is reduced or nonexistent in early fetal development and in

neonates and increases during infancy (Hines and McCarver, 2002; McCarver

and Hines, 2002). The Phase II reactions relevant to epilepsy are catalyzed by the

UGTs. Lamotrigine (UGT1A4), valproate (VPA) (UGT2B1), and oxcarbazepine

(OXC) all are metabolized in various degrees by UGT isoenzyme enzymes. In

contrast to the CYP450 systems, substrate specificity is less well defined for UGT

isoenzymes. Interestingly, maturation of UGT isoenzymes occurs much more

slowly than the CYP450 system with some isoenzymes not reaching maturation

until early adolescence (DeWildt et al., 1999). In some instances, in utero exposure

to hepatic enzyme inducing AEDs, clearance maturation pathways may be more

rapid. This immaturity has been implicated in some of the severe idiosyncratic

drug reactions that have been observed in pediatric patients receiving certain

medications including LTG and VPA (Anderson, 2002).

Renal maturation is highly dependent upon gestational age and tends to

develop more slowly in the preterm neonate (Kearns et al., 2003). However, in

the preterm and term neonate elimination is reduced because of a decrease in the

number of functioning nephrons. Regardless of gestational age in both groups,

there is significant maturation of renal function during the first 2 weeks of life.

This is due to redistribution of renal blood flow which permits the recruitment of

additional functional nephrons. However, renal function at this stage is still

reduced and is ~25% of that observed in the adult. This is believed to contribute

to the prolonged half-life of PB observed in this group because unlike in the adult

and older child this medication is eliminated primarily renally. By 6 months renal

function is 50–75% of that observed in the adult and by 2–3 years of age renal

function approximates that in the adult. If one examines filtration and secretion

separately, a discrepancy in functional maturation is observed. Specifically, for up

to 6 months of age glomerular filtration matures more rapidly than tubular

function, so drugs in which tubular secretion is involved are eliminated much

more slowly in those younger than 6 months of age. This suggests that renally

eliminated AEDs [particularly LEV, gabapentin (GBP), pregabalin] may have

prolonged elimination in neonates (Perucca, 2006).
III. Quantifying AED Exposures
There is no universally accepted threshold concentration that defines signifi-

cant placental- or lactation-associated exposure. Various methods have been put

forth reflecting the relative amount of placental/maternal plasma concentrations

at birth or milk/maternal plasma concentrations (M/P) (Begg and Atkinson,1993).

Because of the wide variability of drug concentrations in each phase across a

dosing interval, multiple milk and blood samples are recommended so that a
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larger estimate of exposure can be made [i.e., calculation of the area under curve

(AUC) for the milk or plasma ratio MAUC/PAUC]. Unfortunately, this is rarely

done and lessens the sensitivity of this calculation. Intuitively, ratios of 1 would

signify significant transfer; however, this fails to be sensitive to the absolute

amount of drug received by the neonate and it does not consider the adverse

eVect potential of the drug. Calculating the relative infant dose (RID) is another

method of normalizing the quantity of drug the neonate is exposed to the mother’s

dose, U.S. Department of Health and Human Services, FDA, Guidance for

industry. First the infant’s dose (Dinfant) is estimated (1). Then the infant dose is

normalized to that received by the mother and is expressed as a percentage (2).

Dinfantðmg=kg=dayÞ ¼ Cmaternalðmg=lÞ �MAUC

PAUC
� Vinfantðl=kg=dayÞ ð1Þ

where Cmaternal (drug concentration in mother) and Vinfant (volume of milk

ingested by infant) can be measured and estimated to be 0.150 l/kg/day in

term neonates.

RID ¼ Dinfant

Dmaternal

� 100 ð2Þ

In cases in which the drug is used in children, the infant dose can also be

normalized to the commonly used pediatric dose. An RID of 10% has been used

as an arbitrary cut oV, with concentrations less than 10% being considered

relatively safe. However, there are many medications that have been found to

violate this rule. For example, many immunosuppressant and isotretinoin have

RIDs less than 10%, yet their risk for toxicity makes them contraindicated or not

recommended in breastfeeding. Most of the literature involving mothers with

epilepsy focusing on lactation contains women receiving polytherapy. The poten-

tial for drug interactions and pharmacodynamically associated side eVects makes

the RID less sensitive in this population. Another method of identifying significant

AED exposure that may pose a significant risk to the neonate is to define a

threshold proportion for the observed placental or breast milk transfer. This

assessment has the advantage that it is independent of maternal dose and phar-

macokinetic confounders. A transfer rate (umbilical or neonatal: maternal plasma

concentration ratio or a milk: maternal concentration ratio) of greater than 0.6 is

a reasonable estimate of a threshold for clinical significance. To assess neonatal

accumulation, a change in the neonatal plasma concentration following lactation

can be used. In such instances, a reasonable threshold would be a trend of

increasing neonatal AED plasma concentrations (>25%) over the evaluated

period (generally over 3 days to up to 1 month). Such methodology has the

potential advantage of examining the aVects of maturation on passively acquired

drug clearance.
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IV. Review of AEDs and Transplacental and Lactation Exposures
With the exception of felbamate, pregabalin, and tiagabine, most AEDs have

some data regarding the degree of placental transfer and extent ofmilk penetration.

The available data for each AED will be discussed (Table I).

A. CARBAMAZEPINE (CBZ)

Approximately 69–78% of total CBZ and 75% of CBZ-epoxide crosses the

placenta (Kuhnz et al., 1983; Niebyl, J. R. et al., 1979; Pynnonen and

Sillanpaa,1975; Pynnonen et al., 1977; Takeda et al., 1992; Yerby et al., 1990).

These are significantly less than observed in the mother. In contrast, free CBZ

concentrations tend to be comparable or exceed that found in the mother (100–

140%). These values are consistent whether CBZ is given as mono- or polyther-

apy. In breast-fed neonates, M/P ratios for CBZ and the epoxide are 0.36–0.41

and 0.49–0.53, respectively (Froescher et al., 1984; Kuhnz et al., 1983, Niebyl, J. R.

et al., 1979). CBZ concentrations in breast-fed neonates are below the normal

therapeutic range, with most being ~1–2 mg/l (range 4–12 mg/l) or less than

20% of maternal concentrations. In breast-fed infants, concentrations generally

decrease in the infant over time. Across all studies, the RID ranges from 0.4% to

8% even when the epoxide is included in the estimation. CBZ elimination is

prolonged in these neonates (half-life of 8–36 h); however, there is no accumula-

tion even with continued lactation (Froescher et al., 1984; Kuhnz et al., 1983;

Niebyl, J. R. et al., 1979; Rane et al., 1975). A case report of a woman receiv-

ing CBZ 1 g/day showed CBZ distributes more readily into nonfat portion

(skimmed 2.3 mg/l) when compared to the fat-containing portion (1.4 mg/l).

The incidence of side eVects in neonates exposed to CBZ through lactation is

relatively low and most neonates experience no problems with lactation. How-

ever, there have been reports of sedation, poor suckling, vomiting with poor

weight gain, withdrawal reactions, and rare cases of hepatic dysfunction (Frey

et al., 1990, 2002; Froescher et al., 1984; Kuhnz et al., 1983; Wisner and Perel,

1998). These seem to be uncorrelated with maternal CBZ dose or neonatal

plasma concentrations. The American Academy of Pediatrics (AAP) guidelines

states that CBZ is potentially safe with breastfeeding (AAP, 2001).
B. ETHOSUXIMIDE (ESX)

ESX almost completely crosses the placenta (97%), with many exposed

neonates achieving plasma concentrations within the therapeutic range (Kuhnz

et al., 1984). Half-life in exposed neonates at 4 days of life has been 32–38 h.



TABLE I

SUMMARY OF ANTIEPLEPTIC DRUG EXPOSURE ACROSS THE PLACENTA AND IN LACTATION

Antiepileptic

drugs

Umbilical cord

(UC)/Maternal

plasma

concentration

(M/P)

Concentrations

crossing

placenta

significant

(UC/P>0.6)

Breast milk/

Maternal plasma

concentration

(M/P)

Relative

infant dose

(RID, %)

Concentrations

in milk

significant

(M/P>0.6 or

RID>10%)

AAP

compatibility

with

lactationa

Neonatal

half-life

(h)

Adult

half-life

(h)

Possible neonatal

side eVects

Carbamazepine Total CBZ Yes CBZ 0.4–8 No Potentially

safe

8–36 8–25 Sedation, poor suckling,

vomiting, lack of weight

gain, withdrawal

reactions, hepatic

dysfunction

0.69–0.78 0.36–0.41

Free CBZ CBZ-epoxide

0.49–0.53

1.0–1.4

CBZ-epoxide 0.75

Ethosuximide 0.97 Yes 0.86–1.36 32–115 Yes Usually

compatible

32–38 32–60 Sedation, poor feeding,

hyperactivity, and

withdrawal symptoms

Phenobarbital Total 0.7–1.0 Yes 0.36–0.46 <350 Yes Use with

caution

100–500 75–25 Poor feeding, jitteriness,

sedation, tremor,

unmotivated crying,

and withdrawal

symptoms have been

described in neonates

exposed to PB

Free 0.98

Primidone PRM 0.88–0.99 Yes PRM 0.72 18 Yes Use with

caution

7–60 4–12

PEMA 0.97–1.05 PEMA

0.64–0.76

PB 0.84–1.0 PB 0.36–0.41

(Continued )



TABLE I (Continued )

Antiepileptic

drugs

Umbilical cord

(UC)/Maternal

plasma

concentration

(M/P)

Concentrations

crossing

placenta

significant

(UC/P>0.6)

Breast milk/

Maternal plasma

concentration

(M/P)

Relative

infant dose

(RID, %)

Concentrations

in milk

significant

(M/P>0.6 or

RID>10%)

AAP

compatibility

with

lactationa

Neonatal

half-life

(h)

Adult

half-life

(h)

Possible neonatal

side eVects

Phenytoin Total 0.86–1.0 Yes 0.06–0.19 <10 No Usually

compatible

15–105 12–15 Drowsiness, poor feeding,

irritability, and rare

instances of

methehemoglobinemia

Free 1.1–1.25

Valproate Total 1.59–1.71 Yes 0.01–0.1 <7 No Usually

compatible

30–60 6–20 Hypotonia, excitability,

and sleepiness shortly

after birth but in many

instances patients were

also on phenobarbital

or primidone, rare

thrombocytopenia,

anemia, and petechiae

Free 0.5–0.82

Gabpapentin 1.74 (1.3–2.1) Yes 0.7–1.3 1.3–3.8 Yes NA 14 7–9 Reversible hypotonia

Levetiracetam 1.14 (0.56–2.0) Yes 1.0–3.09 8 Yes NA 16–18 6–8 None reported

Lamotrigine 0.9 (0.6–1.3) Yes 0.61 (0.5–0.77) 2–20 Yes NA NA 30 None reported

Oxcarbazepine 0.92–1.0 Yes 0.5–0.65 NA No NA 17–22 19.3 � 6.2 None reported

Topiramate 0.95 (0.85–1.06) Yes 0.86 (0.67–1.1) 3–23 Yes NA 24 21 Rare hypocalcemic

seizures

Zonisamide 0.92 Yes 0.41–0.93 23–28 Yes NA 61–109 63 None reported

AAP, American Academy of Pediatrics Guidelines; CBZ, Carbamazepine; PRM, Primidone; PB, Phenobarbital, NA, Not addressed
aRecommendation from the American Academy of Pediatrics.
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Milk penetration is significant (M/P ¼ 0.86–1.36) and results in neonatal plasma

concentrations in the range of 25–75% of ESX maternal concentrations (Koup

et al., 1978; Kuhnz et al., 1984; Rane and Tunell, 1981; Soderman and Rane,

1986; Tomson, 1994). TheM/P in colostrum is comparable to that in whole milk

(0.79–1.0) (Soderman and Rane, 1986). It is estimated that the RID for ESX-

exposed neonates is in the range of 32–115%, which also supports extensive

passive exposure. Sedation, poor feeding, hyperactivity, and withdrawal symp-

toms have been observed in ESX-exposed infants; however, the interpretation of

this is complex, in that these patients were also exposed to PB, PRM, or clonaze-

pam. In spite of extensive exposure, the AAP currently states that ESX is usually

compatible with lactation (AAP, 2001).
C. PHENOBARBITAL/PRIMIDONE (PB/PRM)

PB significantly crosses the placental with the proportion of total and free PB

transferring ranging from 0.7 to 1.0 and 0.98, respectively (Gomita et al., 1995;

Ishizaki et al., 1981; Takeda et al. , 1992; Yerby et al., 1990). PRM distribution is

similar with a PRM umbilical cord/maternal concentration of 0.88–0.99, for

phenylethylmalonamide (PEMA) (0.97–1.05) and for PRM-derived PB (0.84–1.0)

(Kuhnz et al., 1988; Nau, 1980). PB’s penetration into breast milk is slightly less

than is PRM (M/F PB ¼ 0.36–0.46, PRM ¼ 0.72, PEMA ¼ 0.64–0.76, PRM-

derived PB ¼ 0.36–0.41) (Kaneko et al., 1979; Kuhnz et al., 1988; Nau, 1980).

Elimination for both PB and PRM is significantly prolonged in the neonate even

with prenatal hepatic induction of metabolism (half-life neonate/adult: PB 100–

500 h/75–125 h; PRM 7–60 h/4–12 h). The reported RDIs for PB and PRM are

considered significant (PB up to 350%; PRM 18%) (Kaneko et al., 1979; Nau,

1980). Unfortunately, many of the available studies for these AEDs fail to report

maternal doses and RID calculations are not possible. Poor feeding, jitteriness,

sedation, tremor, unmotivated crying, and withdrawal symptoms have been

described in neonates exposed to PB. This can be observed in up to 50% of

exposed neonates (Gomita et al., 1995; Ishizaki et al., 1981; Nau, 1980). The risk

for adverse eVects in the neonate is concerning and has made the AAP classify PB

and PRM as a drug that should be used with caution in mothers wishing to breast-

feed (AAP, 2001).
D. PHENYTOIN (PHT)

Total and free PHT readily distribute across the placenta with a umbilical

cord/maternal concentration of 0.86–1.0 and 1.1–1.25, respectively (Ishizaki et al.,

1981; Mirkin, 1971; Takeda et al., 1992; Yerby et al., 1990). PHT excretion into

breast milk is minimal, withM/P ratios 0.06–0.19 in most women, and has rarely
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been as high as 0.69 (Kaneko et al., 1979, Mirkin, 1971, Shimoyama et al., 1998,

Steen et al., 1982). The RDI is generally less than 10% in breast-fed neonates.

PHT’s estimated half-life in neonates (15–105 h) is markedly variable and pro-

longed when compared to that in adults (12–15 h). In breast-fed neonates, PHT

concentrations rarely are greater than 2 mg/l and well below those used clinically.

Studies examining PHT during lactation have been confounded largely because

they have been in women receiving polytherapy. Drowsiness, poor feeding, irrita-

bility, and rare instances of methehemoglobinemia have been described in Finch

and Lorber (1954). It is diYcult to draw a definite causal relationship for these

adverse eVects given PHT’s low potential for exposure. The AAP currently

classifies PHTas usually compatible with breastfeeding (AAP, 2001).
E. VALPROATE (VPA)

Total VPA concentrations cross the placenta and are greater in the neonate

than in the maternal plasma [umbilical cord/maternal concentration ¼ 1.59–

1.71 (Ishizaki et al., 1981; Nau et al., 1981, 1984; Takeda et al., 1992)]. In contrast,

free VPA concentrations are markedly less in the cord blood (umbilical cord/

maternal concentration ¼ 0.5–0.82) and suggest the interpretation of total VPA

concentrations may be misleading in assessing active drug (i.e., free VPA) expo-

sure. VPA concentrations decrease more slowly in neonates than in adults.

Estimated half-life in neonates (30–60 h) are significantly longer than those

observed in adults (6–20 h) (Nau et al., 1981). Because of VPA’s high degree of

protein binding, its penetration into breast milk is limited, with M/P ratios of

0.01–0.10 (Nau et al., 1981, 1984; Von Unruh et al., 1984). The RID is less than

7% and neonatal plasma concentrations following breastfeeding are well below

that observed in mothers receiving VPA for epilepsy (<8%). Rarely there have

been reports of hypotonia, excitability, and sleepiness shortly after birth, but in

many instances patients were also on PB or PRM. There have also been instances

of blood dyscrasias (thrombocytopenia, anemia) and petechiae in neonates

exposed to VPA through lactation (Stahl et al., 1997). The risk of these side eVects
is considered low because of the small percentage of VPA that reaches the neonate

from lactation. Therefore, the AAP currently considers VPA usually compatible

with breastfeeding (AAP, 2001).
F. GABAPENTIN (GBP)

A study with six women showed that the transplacental transfer of GBP

is extensive, with mean (range) umbilical/maternal concentrations of 1.74%

(1.3–2.1) (Ohman et al., 2005). After 24 h, mean GBP concentrations in exposed
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neonates were 27% (12–36) of umbilical cord concentrations. GBP’s half-life is

14 h, which is prolonged when comparing older children (5.5 � 0.8 h) and adults

(7–9 h) (Tallian et al., 2004). At 2 weeks to 3 months, GBP’s M/P ratio is 1.0%

(0.7–1.3) and the RID is 1.3–3.8% (Ohman et al., 2005). GBP plasma concentra-

tions in breast-fed neonates are <12% of maternal concentrations. One neonate

exposed to GBP had reversible hypotonia which resolved quickly. Another case

report in neonates born to women receiving GBP for other indications are

consistent with this finding, with neonatal plasma concentrations <7% (following

an RID of 2.3%) than maternal concentration (Kristensen, 2006). The AAP

guidelines do not address GBP; however, existing studies fail to show any clear

side eVect risks following passive exposure with GBP.
G. LEVETIRACETAM (LEV)

LEV placental transfer is complete with cord samples in the equivalent to that

found in the mother, with the mean (range) in two studies 1.14 (0.97–1.45) and

1.15 (0.56–2.0) (Johannessen et al., 2005; Thomson et al., 2007). In spite of

extensive transfer, LEV concentrations decrease fairly rapidly with a half-life of

16–18 h in exposed neonates (Allegaert et al., 2006; Thomson et al., 2007). This is

significantly longer than that observed in infants/children (2–46 months, t1/2 ¼
5.3�1.3 h) and adults (t1/2 ¼ 7�1 h) (Glauser et al., 2007). Mean breast milk

penetration (M/P) is also extensive, 1.0–1.05 (up to 3.09) (Johannessen et al., 2005;

Kramer et al., 2002; Thomson et al., 2007). However, the RID is ~8% and there is

little accumulation in breast-fed neonates. The infant/maternal plasma concen-

tration is low following lactation (0.13, range 0.07–0.22). By 36 h, concentrations

in neonates irrespective of whether breastfeeding or not decline to minimal levels

(20% of cord values at birth) and are significantly below maternal values (Thom-

son et al., 2007). This is interesting given the immaturity of the kidney and the fact

that LEV is primarily renally eliminated. There is little change in concentrations

inM/P ratio in up to 10 months of follow-up, suggesting accumulation is unlikely

( Johannessen et al., 2005). Although no formal assessments have been performed,

routine monitoring of neonates exposed to LEV transplacentally and/or through

lactation has shown no acute adverse eVects. The AAP guidelines do not include

LEV (AAP, 2001).
H. LAMOTRIGINE (LTG)

LTG eYciently crosses the placenta with an umbilical cord blood/maternal

median LTG concentration ratio was 0.9 (range 0.6–1.3) (Ohman et al., 2000).

Over the next 72 h, neonatal LTG concentrations only decrease 25% when



ANTIEPILEPTIC DRUG THERAPY IN PREGNANCY 253
compared to cord. At 2–3 weeks, median breast M/P ratio is 0.61 (range

0.5–0.77), giving neonatal plasma concentration ~30% (range 23–60%) of that

measured in the mother. It is estimated that neonates receive a minimum of

0.2–1 mg/kg/day when breast-fed or a median RID of 9% (2–20%). Other

studies show comparable neonatal exposure through lactation with RID of

5.7–9.9% (Page-Sharp et al., 2006). It has been reported that LTG concentrations

in breast-fed infants do not decrease as rapidly other AEDs and can remain at

22–23% of that found in maternal plasma for periods of at least 2 months. This is

likely due to immaturity in UGT transferases when compared to other hepatic

and renal elimination pathways. No adverse eVects including rash have been

reported in LTG-exposed neonates. However, the immediate lack of decay in

LTG concentrations has made some question as to whether women electing to

breast-feed should also use formula supplements and/or defer lactation in their

infants (Liporance, J. et al., 2004). The AAP has not evaluated the relative risk

of LTG in lactation (AAP, 2001).
I. OXCARBAZEPINE (OXC)

Both OXC and the 10-OH-OXC (MHD) cross the placenta to a great extent

(umbilical cord/plasma ¼ 0.92–1.0) (Bülau et al., 1988; Myllynen et al., 2001).

Both OXC and 10-OH-OXC are eliminated without accumulation regardless of

intake through breast milk. By 5 days, 7–12% of OXC and 10-OH-OXC remain

in the neonatal plasma. It is estimated that in exposed neonates, OXC and

10-OH-OXC have a half-life of 22 and 17 h, respectively. This is in the range

found in adults receiving OXC (10-OH-OXC ¼ 19.3 � 6.2 h) (Kristensen et al.,

1983). The milk concentration of OXC and 10-OH-OXC is approximately half

of that found in the maternal plasma (M/P ¼ 0.5–0.65) (Bülau et al., 1988). No

acute side eVects have been noted in these neonates. Currently, the AAP guide-

lines do not address OXC; however, the available information does not suggest

significant risk to the neonate (AAP, 2001).
J. TOPIRAMATE (TPM)

A series of five women receiving TPM suggests its mean placental transfer is

extensive (umbilical cord/maternal concentrations ¼ 0.95, 0.85–1.06) (Ohman

et al., 2002). In the three neonates studied at 3 h, TPM plasma concentrations

had decreased to 40% of that measured in the cord sample and a concentration

54% lower than that found in maternal plasma. The observed neonatal half-life

of 24 h is comparable to that found in healthy adults receiving TPMmonotherapy

(Johannessen 1997). In neonates not undergoing breastfeeding,TPMconcentrations
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were undetectable by 48 h.After 3weeks following delivery, the TPMM/P ratiowas

0.86 (0.67–1.1) and an estimatedRIDof 3–23%orneonatal dose of 0.1–0.7 mg/kg/

day. All mothers were receiving TPM in combination with either CBZ or VPA. At

this time, neonates who were breast-fed had TPM concentrations ~10–20% of

maternal concentrations. No side eVects were reported in these neonates. Recently,

there has been a case of neonatal hypocalcemic seizures in two separate neonates

born fromamother receivingTPMduring pregnancy (Gorman andSoul, 2007). It is

hypothesized that in utero exposure caused a transient hypoparathyroidism in these

neonates. The AAP guidelines do not include TPM; however, the available data

TPM does not accumulate or commonly lead to acute side eVects in neonates

indirectly exposed to TPM (AAP, 2001).
K. ZONISAMIDE (ZNS)

Information regarding ZNS transfer comes in many cases. In one of two

neonates born to a mother receiving ZNS, the umbilical/maternal plasma con-

centration ratio was 0.92 (Kawada et al., 2002). The M/P ratio ranged from 0.41

to 0.57 during the first 10 days after delivery. Whey and maternal-free ZNS

concentrations were similar (10.7–13.3 mg/l). In the neonates, ZNS half-life is

61 and 109 h, which is comparable or prolonged compared to the average half-

life of 63 h in adults (Kawada et al., 2002; Sills and Brodie, 2007). In the first week

following delivery, the ZNS concentration in these infants was 11–14 mg/l;

subsequently it decreased at 24 days to 3.9 mg/l even with breastfeeding. This

represented ~15% of the maternal concentration. In another case, the M/P was

~0.93 � 0.09 and the RID in these studies was ~23–28% (Kawada et al., 2002;

Shimoyama and Ohkubo, 1999). No side eVects were noted in these cases and

no conclusions can be drawn from these cases regarding the risk to the neonate.

The AAP guidelines do not include ZNS (AAP, 2001).
V. Summary
The ideal counseling of women with epilepsy during pregnancy and in making

the decisions regarding lactation necessitates communicating the currently avail-

able information regarding potential neonatal exposure secondary to placental

transmission and through breastfeeding. Many of the available AEDs cross the

placenta and are available in the breast milk (Table I). In general, women with

epilepsy can have healthy babies and can breast-feed their babies, safely. Parents

should be counseled on the available information and possible side eVects. PB and

PRM should be avoided in parents wishing to breast-feed. For the AEDs ESX,
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LEV, LTG, TPM, and ZNS there is a potential for significant breast milk

concentrations; however, there are no firm guidelines on whether lactation is

safe. In general, the lowest eVective dose to achieve seizure control in the mother

should be used and in these instances, parents should be advised to report any

excessive, sedation, irritability, feeding diYculty, or failure to gain weight. If this

occurs, supplementation with formula or discontinuation of lactation may be

needed. Future studies of AEDs during pregnancy and lactation should be

designed to provide accurate pharmacokinetic and pharmacogenetic models to

predict relative neonatal drug exposure and the long-term eVects of passive drug
exposure on neurological development.
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Pynnonen, S., Kanto, J., Sillanpää, M., and Erkkola, R. (1977). Carbamazepine: placental transport,

tissue concentrations in foetus and newborn, and level in milk. Acta. Pharmacol. Toxicol. (Copenh) 41,

244–253.

Rane, A., Bertilsson, L., and Palmer, L. (1975). Disposition of placentally transferred carbamazepine

(Tegretol) in the newborn. Eur. J. Clin. Pharmacol. 8, 337–341.

Rane, A., and Tunell, R. (1981). Ethosuximide in human milk and in plasma of a mother and her

nursed infant. Br. J. Clin. Pharmacol. 12, 855–858.

Shimoyama, R., Ohkubo, T., Sugawara, K., Ogasawaea, T., Ozaki, T., Kagiya, A., and Saito, Y.

(1998). Monitoring of phenytoin in human breast milk, maternal and cord blood plasma by solid-

phase extraction and liquid chromatography. J. Pharm. Biomed. Anal. 17, 863–869.

Shimoyama, R., and Ohkubo, T. (1999). Monitoring of zonisamide in human breast milk and

maternal plasma by solid-phase extraction HPLC method. Biomed. Chromatogr. 13, 370–372.

Sills, G. J., and Brodie, M. J. (2007). Pharmacokinetics and drug interactions with zonisamide. 48,

435–441.

Soderman, P., and Rane, A. (1986). Ethosuximide in human milk and in plasma of a mother and her

nursed infant. Acta. Pharmacol. Toxicol. 59(Suppl 5 pt 2), 513.

Stahl, M. M. S., Neiderud, J., and Vinge, E. (1997). Thrombocytopenia purpura and anemia in a

breast-fed infant whose mother was treated with valproic acid. J. Pediatr. 130, 1001–1003.

Steen, B., Rane, A., Lönnerholm, G., Falk, O., Elwin, C. E., and Sjöqvist, F. (1982). Phenytoin
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I. Introduction
A. SEIZURES IN PREGNANCY

The majority of seizures during pregnancy are due to already declared

epilepsy (To and Cheung, 1997). De Novo seizures in the absence of signs of

preeclampsia require exclusion of acute metabolic alterations [e.g., hyponatre-

mia, hypoglycemia, hyperglycemia or acute hepatic failure from fatty liver of

pregnancy or viral hepatitis, and structural lesions] (Donaldson et al., 1983; Tank

et al., 2002). Gestational epilepsy refers to seizures occurring only during preg-

nancy. Gestational- onset epileptic patients have their initial seizure during

pregnancy and then have recurrent unprovoked seizures. Eclampsia is the most

common cause of new-onset seizures during pregnancy.
B. EFFECTS OF PREGNANCY ON SEIZURE CONTROL IN WWE

Two thirds of women with epilepsy (WWE) will continue their prior level of

seizure control during pregnancy or will improve (Bardy, 1987; Gjerde et al., 1988;

Schmidt et al., 1983). Nearly 60% are likely to remain seizure-free, whereas

15–30% may have an increase in frequency during pregnancy (EURAP Study

Group, 2006). Risk for deterioration in seizure control has been associated with

focal onset epilepsy, polytherapy, monotherapy with oxcarbazepine or lamotri-

gine, and poor compliance associated with lack of prepregnancy planning

(de Haan et al., 2004; EURAP Study Group, 2006; Lopes-Cendes et al., 1992;

Tomson et al., 1994). There is intraindividual variability in patterns of seizure

control in successive pregnancies, and interindividual variability among WWE

(Kilpatrick and Matthay, 1992; Shehata and Okosun, 2004). Several factors, such

as hormonal hepatic microsomal enzyme induction aVecting the metabolism of

antiepileptic drugs (AEDs); alterations in protein binding and changes in the

volume of distribution aVecting unbound AED and total AED levels; increased

renal clearance; impaired intestinal absorption; and variable compliance, influence

seizure control during pregnancy.

It has been recommended to make only essential changes to AEDs once

pregnancy is confirmed in WWE.

For valproate or phenobarbital, Meador (2007) make a persuasive argument

that with such a significant risk for IQ drops on these agents when measured in the

children at 2–3 years, that perhaps we should switch them oV these agents,

particularly if they are not brittle epileptics. There is some evidence that a

moderate dose, frequent low dosing, or long-acting formulations of valproate,

which reduce peak levels, may reduce risk. It is important to ensure good
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compliance with AEDs throughout pregnancy to avoid relapse of seizures, espe-

cially because some patients may discontinue AEDs due to a perceived risk,

without discussing these issues with their doctors (EURAP Study Group, 2006).

Seizures are most likely to occur in the first trimester and in the peripartum

period. Nearly 5% of WWE will have peripartum seizures, representing a three-

fold increase compared to the rest of pregnancy. This is likely due to factors such

as poor compliance, dehydration, decreased oral intake, and intercurrent medi-

cations (Bardy, 1987; EURAP Study Group, 2006; Gjerde et al., 1988). During

pregnancy, AED dose may require an increase in some patients, if free drug levels

fall, or if simple partial seizures or nonconvulsive generalized seizures increase,

or if complex partial or generalized seizures occur.
C. STATUS EPILEPTICUS

The risk for status epilepticus during pregnancy is about 1–2%. Status had

been reported to have high risk for maternal morbidity and mortality as well as

fetal mortality in older studies, but this risk appears to be lower with modern care

(EURAP Study Group, 2006). In this study of 1956 pregnancies, there were 36

cases of status epilepticus of which 12 were convulsive. These resulted in no

maternal mortality or miscarriage, but a single stillbirth. Standard treatment

protocols for SE should be employed quickly; as the duration of convulsive status

is the primary risk factor for morbidity and mortality.

Seizures during pregnancy create risk to both mother and fetus, convulsions

may cause lactic acidosis and transient increases in uterine pressure and blood

flow. It is recommended for the patient to be placed in the left lateral decubitus

position to facilitate fetal blood flow and to reduce the possibility of aspiration

(Barrett and Richens, 2003).

Oxygen, intravenous fluids, and glucose should be given; lorazepam should be

used initially to stop the seizures (Pennell, 2003). Electrolytes, complete blood count

(CBC), calcium, magnesium, glucose, and antiepileptic drug levels should be

obtained quickly. Intramuscular thiamine should be administered if there is any

possibility of deficiency or alcoholism. Although intravenousmagnesium is the agent

of choice for eclampsia, it is not used for noneclamptic seizures, and conventional

AEDs are appropriate. If the patient is already taking a knownAED, then additional

doses of that medication should be given. Although no drugs are absolutely contra-

indicated for status treatment during pregnancy, unless valproate or phenobarbital

are already part of the patient’s regimen, the seizures are related to valproate or

phenobarbital withdrawal, or have responded well in the past to valproate or

phenobarbital, then these drugs should be avoided. As seizures are more frequent

and problematic during labor, potential causes such as dehydration, sleep depriva-

tion, and analgesics which decrease seizure threshold (such as meperidine) should be

avoided.
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II. AED Pharmacokinetics in Pregnancy
Knowledge of the pharmacokinetics of the diVerent AEDs during pregnancy

is necessary to appropriately anticipate and implement necessary medication

changes (Perucca, 1987). A major factor is decreased binding to plasma proteins,

which causes lower total plasma levels, but generally free (unbound) and active

drug concentrations remain stable. Thus total serum levels may be misleading,

unfortunately free levels often require more time before getting results.

Battino et al. (1984) found that total and unbound plasma concentrations of

phenobarbital decline throughout pregnancy by nearly 50%. Yerby et al. (1992)

reported no significant changes in free valproate levels, although total levels

declined significantly. They also reported a 42% decrease in total plasma carba-

mazepine levels along with a 22% decrease in free carbamazepine. However,

Tomson et al. (1994) found much less reduction in levels. Both these groups found

a 40% decrease in total phenytoin levels and a 20% decrease in free levels.

Levels of lamotrigine are dramatically aVected during pregnancy (Öhman

et al., 2000). By the 32nd week of gestation, clearance may increase more than

threefold (Pennell et al., 2004; Tran et al., 2002). This is a greater decrease in drug

levels compared to older AEDs and may cause increased seizure frequency or

severity, which can be addressed by escalating doses. If raised during pregnancy,

the dose needs to be reduced after delivery to reduce postpartum toxicity

(de Haan et al., 2004).

The eVects of pregnancy on the pharmokinetics of the other newer AEDs are

not clear, although oxcarbazepine’s monohydroxy derivative (its active metabo-

lite) may also be reduced by induction of hepatic glucuronidation. If steady-state

drug levels prior to pregnancy are available, they can guide timing for diagnostic

and therapeutic changes during pregnancy. Monitoring of drug levels is probably

most useful for phenytoin, lamotrigine, and oxcarbazepine, although it is proba-

bly appropriate for all of the newer drugs where pregnancy-induced metabolic

changes have not yet been fully identified. Some authors recommend checking

levels each trimester and after delivery, or even more frequently with some AEDs.
III. Seizures in Nonepileptic Patients During Pregnancy
There are both structural and metabolic changes that may precipitate seizures

during pregnancy. The structural causes include intracranial hemorrhage of multi-

ple types, cerebral venous sinus thrombosis, ischemic stroke and eclampsia (which is

addressed later in this chapter). Metabolic causes include hyperemesis gravidarum,

acute hepatitis (due to fatty liver of pregnancy or viral hepatitis; Jaiswal et al., 2001),

rare metabolic diseases, such as AIP, or infections, such as malaria.
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A. INTRACRANIAL HEMORRHAGE

Munnur et al. (2005) reported that intracranial hemorrhage was seen in 1% of

ICU pregnancy cases. In other studies, mortality from intracerebral hemorrhage

(ICH) ranges from40% to 70% (Shehata andOkosun, 2004). Typical causes include

rupture of aneurysms or arteriovenous malformations (AVMs), or more rarely from

bleeding into a tumor. Intraparenchymal hemorrhage may be related to hyperten-

sion, or therapeutic, autoimmune, or genetic anticoagulation. Kittner et al. (1996)

reported the relative risk of ICH during pregnancy was 2.5 and increased to 18.2 in

the immediate postpartum period in a large study from Baltimore.
B. SUBARACHNOID HEMORRHAGE

Carhuapoma et al. (1999) report a threefold increase in subarachnoid hemor-

rhage in pregnancy, with 85% of occurring after the first trimester; and into the

puerperal period. This is likely related to increases in blood and stroke volume

and increased cardiac output; as well as hormonal eVects on the vasculature

(Gonik et al., 1991). Initial mortality approaches 50%, and overall mortality

may be as high as 75%. Diagnosis and treatment are similar to that for nonpreg-

nant patients with appropriate protection to the fetus. Similar problems occur

with eclampsia, more often with the HELLP syndrome (see below).

Early surgery is favored as in nonpregnant patients. Awake patients, with

grades I to III Hunt and Hess scores, should probably have aneurysm clipping

within the first few days (Dias and Sekhar, 1990). In the event of vasospasm,

hypervolumic, hypertensive therapy is helpful once the aneurysm has been

clipped (Roman et al., 2004). Patients with more severe initial insults have a

high operative mortality and are usually treated medically. Appropriate antiepi-

leptic drug treatment should be instituted.

AVMs appear more than 10 times more likely to bleed during pregnancy, and

account for nearly half of ICH in pregnancy (Trivedi and Kirkpatrick, 2003).

Bleeding risk is highest during the first pregnancy, but after the initial hemor-

rhage, about 30% of AVMs tend to rebleed in subsequent pregnancies.

Diagnosis can be made by MRA or intravenous contrast angiography. Treat-

ment should include reduction of intracranial pressure and prophylactic antiepi-

leptic drug treatment, using oral or currently available intravenous drugs such as

levetiracetam and phenytoin or fosphenytoin. Valproate may be more risky due to

its eVect on platelet function (Gidal et al., 1994).

Surgical removal, focused radiation, or endovascular embolization have all

been used eVectively, although the timing of these interventions is dependent on

factors such as the size of the hematoma, stage of pregnancy, extent of neurologic

deficit, and other risk factors. Small AVMs with minor hemorrhage and
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associated small deficits can probably have treatment deferred until after delivery

(Trivedi and Kirkpatrick, 2003).

Embolization of aneurysms and AVMs with interventional radiology has an

expanding role, although careful fetal protection is required (Kizzilkilic et al.,

2003). Patients with adequately embolized aneurysms and AVMs may be treated

primarily according to obstetric concerns. Obstetrical considerations may also

determine the need for Caesarian section, although vaginal birth is safe with

adequate pain and blood pressure control and facilitated delivery.
C. CEREBRAL VENOUS THROMBOSIS

Although about three quarters of cerebral venous thromboses (CVT) occur

peripartum, there is an increased risk throughout pregnancy (Ferro et al., 2004).

The prothrombotic state associated with pregnancy may be due to increases in

factors II, VII, and X, in addition to impaired fibrinolysis, and/or to a decrease in

anticoagulant factors such as protein S (Toglia and Weg, 1996). The hypercoagu-

lable state in pregnancy is enhanced by dehydration, hyperemesis, infection, and

hypertension (Kimber, 2002). Cerebral venous thrombosis and dural sinus throm-

bosis appear to be more prevalent underdeveloped nations (Munnur et al., 2005).

Cerebral venous thrombose presents with headache in 95% of patients; about

50% will have seizures or focal neurologic deficits. Papilledema or altered mental

status is present in about a third of patients (Kimber, 2002). The ‘‘empty delta

sign,’’ where the clot is a delta-shaped or circular-filling defect near the confluence

of the sagittal and transverse sinuses, is the classical finding with contrast compu-

terized tomography (CT). Magnetic resonance venography is more sensitive and

specific, generally avoiding contrast angiography. Treatment includes anticoagu-

lation with heparin. Hemorrhagic cerebral infarcts are also common.
D. METABOLIC CAUSES OF STROKE IN PREGNANCY

In addition to acute electrolyte disturbances, hepatic failure, renal insuY-
ciency, and AIP may first present with seizures in pregnancy, often associated with

confusion, abdominal pain, and weakness ( Jaiswal et al., 2001; Kaupinnen, 2005).

Because some of these symptoms also occur in eclampsia, porphyria should be

considered in the diVerential diagnosis of eclampsia.

The various porphyrias are diagnosed by urine porphyrins and porphoblino-

gens, and by specific assays of their metabolic enzymes. Stress, dehydration,

infection, and enzyme-inducing drugs, as well as hormonal changes during

pregnancy, may precipitate the syndrome. Because the older AEDs and some of

the newer ones (in a dose-dependent manner) may exacerbate or precipitate
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porphyria, the initial choice of AED should be narrowed to gabapentin, prega-

balin, and levetiracetam (Hahn et al., 2006). Treatment also requires high doses

glucose and sometimes intravenous infusion of hematin (Kaupinnen, 2005).

Refractory status epilepticus may occur.
IV. Eclampsia
Eclampsia is one of the most frequent causes of seizures during pregnancy and

remains a significant cause of perinatal morbidity and death. Worldwide, there

are about 600,000 maternal deaths with maternal mortality ranging from 1.8% to

5% (Cunningham et al., 1993; WHO/UNICEF, 1990). Even in Western

countries, it occurs in about 1 in 2000 pregnancies, with an even higher incidence

of 1 per 33–1700 pregnancies in third world nations (Douglas and Redman,

1994). It is still a major cause of death in the United States, United Kingdom,

and Scandinavia (Roberts and Redman, 1993). In the United States, 5–10% of

Caucasian women are aVected, and an even greater percentage of black primi-

gravida women (15–20%) are aVected (Sibai et al., 1986). Furthermore, one study

indicated that subsequent pregnancies were prone to a 46.8% incidence of

eclampsia if the first pregnancy was eclamptic (Sibai et al., 1986).

The hallmark of eclampsia is the presence of hypertension in pregnancy. The

typical triad of clinical features in preeclampsia consists of gestational hyperten-

sion along with edema and proteinuria (preeclampsia), which is termed eclampsia

once seizures or coma appear. Of diagnostic importance is that the full triad is

often not present, with one of the three features missing. Even so, most women

have one or more heralding features prior to the seizure. A retrospective study of

383 cases of eclampsia in Great Britain noted about 60% (227/383) had visual

changes, headache, or epigastric pain. In 38%, seizures occurred before the

appearance of either proteinuria or hypertension had been noted (Douglas and

Redman, 1994). Eclampsia can thus supervene without the appearance of the

apparently heralding features of preclampsia, and there is compelling opinion

that the diVerent clinical manifestations and their severity do not represent a

continuum that predicts subsequent, signs, symptoms or progression to eclampsia

(Katz et al., 2000), HELLP or intracranial hemorrhage. In any case, other causes

or explanations for seizures must be excluded to make the diagnosis.

Gestational hypertension (GH) has replaced pregnancy-induced hypertension

when referring to an elevated blood pressure without proteinuria after 20 weeks of

gestation (NHBPEPWG, 2000). The cut-oV is a systolic pressure above 140 mmHg

or a diastolic pressure above 90 mm Hg. About a quarter of women with GH

develop proteinuria. Other frequent features are epigastric pain (often from

intrahepatic hemorrhage), headache, and visual loss. Visual changes may aVect
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the visual pathways anywhere between the retina (detached) through to pre- and

postchiasmatic pathways and the visual cortex (edema, micro-, and macrohemor-

rhages; Sheehan and Lynch, 1973). There are several CNS problems that may

supervene in the pre-, intra-, and postpartum periods including small and large

forebrain and brainstem bleeds, edema and raised intracranial pressure, and

venous sinus thrombosis.

A clotting disorder and bleeding diathesis that further complicates the brain

compromise in the presence of intracranial hypertension is that of the HELLP

syndrome (Lain and Roberts, 2002). This condition is characterized by hemolysis,

elevated liver enzymes, and low platelets, and may lead to devastating intracranial

hemorrhage with a high morbidity and mortality (Redman and Roberts, 1993),

even in the absence of hypertension. End-organ damage from hypertension with

or without HELLP can lead to cardiac decompensation, renal damage, pulmo-

nary and peripheral edema, hepatic pain and clotting abnormalities, and myriad

neurological problems.

Eclampsia has been subdivided according to whether it presents before (ante-

partum), during (intrapartum), shortly after (early postpartum), or late (>48 h)

after birth of the child. About 44% of cases occur postpartum, 12% after the first

2 days (Roberts and Redman, 1993). Some patients present more than 7–25 days

after delivery. Postpartum eclampsia often includes severe headache, visual

changes, photophobia, scotomata, epigastric pain, and increased uric acid

(Lubarsky et al., 1994). Confusing the issue, is that in many cases, GH was the

principal or only heralding feature. This is all the more concerning, as postpartum

eclampsia carries a worse prognosis with more frequent associated adult respira-

tory distress syndrome and disseminated intravascular coagulation.

Proteinuria (protein in the urine), is defined as >300 mg/24 h, but with a

dipstick, 1þ proteinuria in the absence of a urinary tract infection is concerning

(ACOG, 1996). Fifteen to twenty percent of eclamptic women have no proteinuria

before the eclamptic seizure.

Severe preeclampsia is defined by BP >160 mm Hg systolic or 110 mm Hg

diastolic on two occasions at least 6 h apart; proteinuria >5g/24 h or 3þ dipsticks

on two random samples 4 h apart. Other features include abnormal liver func-

tion, cyanosis, pulmonary edema, cerebral, or visual problems, epigastric pain,

low platelets, impaired fetal growth, or urine output < 0.5 liter/24 h (ACOG,

2002).

HELLP syndrome is defined as the presence of hemolysis (abnormal periph-

eral blood smear; bilirubin > 1.2 mg/dl or LDH > 600 IU/liter), and a platelet

count <100–150,000/ml with elevated liver enzymes (more than twice normal

AST; Martin et al., 2002; Sibai et al., 1993, 1995; Sullivan et al., 1994; Weinstein,

1982). This dire condition may aVect up to one fifth of women with severe

eclampsia and along with a ruptured liver have a much increased morbidity

and mortality (Martin et al., 2002; Sibai et al., 1993, 1995; Sullivan et al., 1994).
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There are many theories about the causes of preeclampsia and eclampsia with

one, suggesting that there is impaired and abnormal cytotrophoblastic invasion of

the uterine myometrium. This decreases the release of blood pressure-lowering

modulators, thus favoring hypertension. Maternal mitochondrial defects

(Widschwendter et al., 1998) with loss of cristae and swelling (Clarke, 1990) have

been found to be associated with eclampsia. The eNOS gene has been suggested

(Amgrmsson et al., 1997).

Along with the clinical features suggesting an eclamptic diagnosis, MRI can

show characteristic serpiginous, multifocal curvi-linear T2 weighted changes

along the watershed zones (Crawford et al., 1987; Digre et al., 1993; Raroque

et al., 1980), particularly in the occipital lobes. Additionally, changes indicative of

edema, of small and large hemorrhages or infarcts, can be identified. Hemorrhage

aside, CT head scans are much less sensitive. These typical radiological features

are essential in distinguishing eclampsia from other causes of seizures.
A. MANAGEMENT OF ECLAMPSIA

The great majority of eclamptic patients are treated by obstetricians with

neurologists having a consultative role for neurologic problems. Therapy is largely

aimed at controlling hypertension, identifying and treating coagulopathy and

other target organ decompensation including pulmonary edema, ARDS, renal

failure, and intracranial swelling, infarcts, and bleeds. Antihypertensive agents

favored include hydralazine, labetalol, nicardipine, and nifedepine, and are used

often when diastolic pressure exceed 100 mm Hg, or a mean arterial blood

pressure of 125 mm Hg (Easton et al., 1998; Sibai and Ustav, 1995). Several trials

over the last dozen years have suggested the benefit of magnesium sulfate in

decreasing progression from GH to eclampsia (Lucas et al., 1995), and the

recurrence of seizures in eclampsia (Duley and Johanson, 1994). Empirically

magnesium sulfate has been demonstrated to confer a 67% lower risk than

phenytoin, and 52% lower risk than diazepam in this study of 1687 randomized

patients (Duley and Johanson, 1994). Study drawbacks were the lack of blinding

by physicians to the treatment arm, lack of data on phenytoin levels and individ-

ual patient blood pressures. The Parkland Study in 2138 women with GH (Lucas

et al., 1995) found that 10 of 1089 women on phenytoin, versus none of 1049 on

magnesium sulfate progressed from GH to having seizures. This represented only

a 1% absolute decrease in seizures. Furthermore, only 20% of women with GH

had other signs of preeclampsia. In addition to magnesium sulfate, AEDs have

been used successfully to decrease recurrent seizures (Appleton et al., 1991; Coyaji

and Otiv, 1990; Crowther, 1990; Slater et al., 1987; TuVnell et al., 1989). Paren-
teral anticonvulsants including phenytoin and benzodiazepines have also been

used (Tufnell et al., 1984). The role of newer agents such as levetiracetam is
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unknown. It would seem inadvisable to use valproate (with its platelet-lowering

eVect) in this condition.

The cornerstone of treatment remains the expeditious delivery of a viable

baby which often reverses the course of this progressive and fatal disease. After

delivery, maternal hypertension can be more intensively managed without risk to

the fetus of placental hypo-perfusion.

Although magnesium sulfate is not a true anticonvulsant, it exhibits an anti-

vasospastic eVect beyond its transient lowering of blood pressure. There is a

consequent increase in cerebral blood flow and middle cerebral artery perfusion

(Belfort and Moise, 1992), thus decreasing cerebral ischemia. Furthermore, it

increases prostacyclin production which in turn acts as an endothelial vasodilator

(Sipes et al., 1994).
B. PROGNOSIS

Ten percent of eclamptic women have repeated seizures if not treated, but a

similar percentage will have repeated seizures even when treated with magnesium

sulfate. One fifth of maternal deaths are attributable to intracerebral hemorrhage,

frequently in patients with a blood pressure of over 170/120 mm Hg (Sibai, 1990).

Hepatic, renal, and pulmonary damage largely reverse with treatment of

hypertension and delivery of the baby, in the absence of intraorgan hemorrhage.

Similarly, cerebral edema reverses.
C. ECLAMPSIA; SUMMARY

Eclampsia poses a significant worldwide risk for seizures and combined

maternal–fetal morbidity and mortality. More intensive treatment, earlier diagnosis

and management in intensive care setting by obstetricians with the help of neurol-

ogists have lowered the death rate. Expeditious fetal delivery, the correct use of

antihypertensive drugs, magnesium sulfate, and antiepileptic medications, and the

management of multiorgan failure are key to a good maternal–fetal outcome.
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Women with epilepsy who take antiseizure medicines have successful and

unremarkable pregnancies the majority of the time. Achieving seizure freedom is

important for successful pregnancies, and it is also highly predictive of seizure

freedom during pregnancy. From data derived from the general population,

vitamin supplementation is important to prevent birth defects, and women with

epilepsy of child-bearing potential should be encouraged to take folic acid supple-

ments daily. Pregnant women with epilepsy should have their pregnancies

screened for neural tube defects with a maternal serum alpha-feto-protein level

at 15–16 weeks of gestational age and an anatomical survey by ultrasound at

18–22 weeks of gestation. Pregnant women with epilepsy do face a higher risk of

both non-proteinuric hypertension and induction of labor than do then general

population, as well as an approximately twofold risk of cesarean section. However,

the indication for cesarean section is unclear and appears not to be related to

fetal distress and may in part be influenced by caution at the time of delivery for

such patients. Collaboration between the patient, neurologist, and obstetrician is

important for managing this dynamic and complex clinical situation.
c.

d.

0
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I. Introduction
The management of a pregnant woman with seizure disorder is optimized if a

neurologist and an obstetrician collaborate and if the patient receives preconcep-

tual counseling. Nonetheless, a considerable number of pregnancies are un-

planned, and an obstetrician may not become involved until the pregnancy is

well into the first trimester or even later. Therefore, it is essential that neurologists

looking after women in their reproductive years be well versed in the management

of seizure disorders during this life epoch. This chapter focuses on themanagement

of epilepsy in pregnancy.
II. Preconception
Preconception counseling is important for women with epilepsy and is a time

to educate and inform these patients about optimal care before, during, and after

pregnancy. It should be acknowledged that once women become of reproductive

age the pregnancy is possible, whether planned or not, and preconception

counseling should be an ongoing conversation over the years of routine neurolog-

ical visits. It is important that women with a history of seizure disorder and those

on antiseizure medications realize that the majority of women taking such drugs

(80–96%) have successful and unremarkable pregnancies. Before planning a

pregnancy, the patient’s seizure history and antiepileptic medications should be

reviewed to determine if she is on the optimal regimen for pregnancy, regarding

low risk to the developing fetus as well as good seizure control. Other issues that

should be addressed include the risk of fetal anomalies, prenatal diagnostic

procedures, risk for poor maternal and fetal outcome with recurrent seizures,

and the importance of the patient’s good self-care, including a healthy diet and

adequate sleep.

An important part of pregnancy planning is birth control, and the neurologist

should routinely inquire if the patient is sexually active and if she is using birth

control. All methods of contraception can be considered for women with epilepsy.

If hormonal contraception is being used, the health care provider should be

aware that estrogen can be excitatory and decrease seizure threshold and that

progesterone can be sedative and increase seizure threshold. However, it should

be recognized that these theoretical observations rarely aVect the choice of

hormonal contraception if that is the desired method. For women with increased

seizures at menses (catamenial epilepsy) continuous hormonal methods may be

considered.
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III. Assessment of Seizure Control
The assessment of a woman’s seizure activity is imperative when considering

reproductive options. It is recognized that seizure activity increases in pregnancy in

about a quarter of women, decreases in about a quarter, and has no change in about

half. Investigators evaluating the course of epilepsy during pregnancy have shown an

increase in 24% (Schmidt, 1982), 37% (Schmidt et al., 1983), and 15% (Tomson et al.,

1994); a decrease in 23% (Schmidt, 1982), 13% (Schmidt et al., 1983), and 24%

(Tomson et al., 1994); and no change in 53% (Schmidt, 1982), 50% (Schmidt et al.,

1983), and 61% (Tomson et al., 1994). These studies and recent work (Vajda et al.,

2008) also bear out the finding that being seizure free prior to pregnancy is associated

with seizure freedom during pregnancy. In one recent study (Vajda et al., 2008), 80%

of women who were seizure free in the year prior to pregnancy also had no seizures

during pregnancy. This study also showed that women with epilepsy who had

seizures during the pregnancy were 22 times more likely to have a seizure during

labor. Status epilepticus is reported in 0.5% of pregnant women, (Schmidt, 1982),

which is not greater than that seen in the general population of persons with epilepsy.

When integrating the ramifications of a woman’s seizure disorder into her

reproductive choices, an assessment of the severity of her seizure disorder is an

obvious place to start. How well are her seizures controlled? How often does she

have seizures and how severe are they? When was her last seizure? If the last

seizure was over 2 years ago and pregnancy is planned, a trial without medication

should be considered. What medications is she on and how well do they work?

The rationale for taking antiepileptic medications during pregnancy include:

avoidance of maternal injury, prevention of fetal asphyxia (a fetal death has been

reported after seizure in pregnancy (MinkoV et al., 1987), prevention of status

epilepticus, and psychosocial reasons. Since good seizure control before pregnancy

is associated with a seizure-free pregnancy, patients should be informed of the

option to defer pregnancy until seizure control has been optimized. Reasons for

failure of antiepileptic drugs in pregnancy include, noncompliance, vomiting,

decreased intestinal absorption, maternal CVS changes, decreased protein bind-

ing, increased hepatic metabolism, increased plasma volume, and increased renal

blood flow with increased drug clearance.
IV. Considerations for Antiseizure Medicine Management During Pregnancy
The basic tenet of pharmacotherapeutics during pregnancy is to simplify drug

regimens. In particular, polypharmacy with multiple antiepileptic drugs is to

be avoided. The rationale for simplicity is the potential for teratogenicity.
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In addition, the changes in physiology associated with pregnancy can aVect drug
levels and, therefore, make the management of multiple agents complicated.

It should be recognized that seizure prevention is the main goal of the therapy,

and if this can only be achieved by a combination of drugs then that is the

appropriate choice.

In the late 1980s, it was reported that polypharmacy was associated with a

higher risk of congenital abnormality (Hanson and Smith, 1975). When reports of

teratogenicity of antiepileptic medications started appearing, it was thought that

there were particular syndromes related to particular medications. For example,

the ‘‘hydantoin syndrome’’ was thought to be associated with phenytoin. This

syndrome consisted of craniofacial defects, hypoplasia of nails and distal phalan-

ges, and mental retardation ( Jones, 1989). Similarly, carbamazepine was reported

to be associated with craniofacial defects and nail hypoplasia (Gaily et al., 1988).

However, a blinded review of 121 aVected children did not confirm a specific

pattern of teratogenic pattern for antiepileptic medications ( Jones, 1989). It is

now thought there is a nonspecific connotation of congenital abnormalities for

antiepileptic drug syndrome.
V. Prenatal Vitamins and Seizure Disorder
Vitamin supplementation is routinely used by women planning pregnancy to

ensure an adequate nutritional status. The inclusion of vitamin supplementation

is important for the prevention of fetal abnormality. An early landmark large,

randomized, controlled trial evaluating vitamin dietary supplementation begin-

ning at least 28 days before conception until at least two menses were missed

showed fewer malformations in the vitamin supplemented group (13.3 vs 22.9 per

1000). In addition, it was shown that there were no neural tube defects in the

vitamin supplemented group (0 vs 6) (Czeizel and Dudas, 1992). Folic acid

supplementation appears to be of particular importance in the prevention of

neural tube defects. It has been suggested that the incidence of major congenital

malformations may be increased where supplemental folic acid is lacking (Vajda

et al., 2003; Betts and Fox, 1999).

Centers for Disease Control and Prevention recommends that all women take

0.4 mg/day of folic acid as a dietary supplementation prior to and during

pregnancy, and the available evidence suggests that this is a reasonable recom-

mendation for women with epilepsy who are receiving antiepileptic drugs.

Women with a history of a prior neural tube defect take 4 mg/day of folic acid.

While it may be suggested that women with a history of seizure disorder be

encouraged to take between 2 and 4 mg of folic acid daily prior to conception
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and during pregnancy; the evidence defining the precise dose of folic acid in

women receiving antiepileptic drugs is still lacking.
VI. Prenatal Care
During pregnancy, patients with seizure disorder are for the most part cared

for like any other pregnant woman. The main diVerences are that women with

epilepsy are followed for their seizure activity and they may be screened more

intensively for fetal anomalies.
VII. Screening for Fetal Abnormalities
All pregnant women should be oVered screening for aneuploidy and/or

invasive diagnosis for chromosomal abnormalities (first trimester chorionic villous

sampling or second trimester genetic amniocentesis). There are several screening

tests available for trisomy 13, 18, and 21. The most common of which is trisomy

21 which is also known as Down’s syndrome. All of these aneuploidies increase in

incidence as women age. The number of screening tests available has recently

increased. There is now a range of screening tests that combine first trimester

ultrasound (measurement of the fetal nuchal translucency, a sonolucent area at

the back of the fetus’s neck, and the presence or absence of the fetal nasal bone)

with first and second trimester maternal serum analytes. These include first

trimester placental associated pregnancy protein A [PAPP-A] and beta human

chorionic gonadotropin [hCG] and second trimester alpha fetoprotein [MSAFP],

inhibin, beta human chorionic gonadotropin [BhCG], and estriol. The choice of

test depends on availability depending on where in the country the patient lives as

well as the patient’s choice. Besides being associated with an increased risk for

trisomy 21, an enlarged nuchal translucency measurement may be associated

with an increased risk for congenital heart defects and for other fetal anomalies.

In addition to being used in anueploidy screening, maternal serum alpha

fetoprotein MSAFP can be used to screen for fetal anatomical defects. AFPis a

protein produced in the fetal liver which ends up in the fetal circulation, the

amniotic fluid, and to a lesser extent the maternal circulation. A higher level of

MSAFP is present in a number of fetal abnormalities including neural tube

disorders (spina bifida), anterior abdominal wall defects (omphalocele and gastro-

schisis), and renal abnormalities.

In routine obstetrics it may be reasonable to choose a screening test which does

not include MSAFP. After all, the anatomical ultrasound also screens for neural

tube defects and other structural abnormalities associated with a high MSAFP.
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However, the authors feel that in a pregnant women with a seizure disorder, who is

taking a medication that may increase the risk of a neural tub defect, it is very likely

that using a test that includes MSAFP will increase the sensitivity of screening for

open neural tube defects. Therefore, such women should be oVered an aneuploidy

screening test that includes an assay of MSAFP at 15–16 weeks gestational age.

If opting to go for a definitive test for prenatal diagnosis, amniocentesis may oVer
the advantage of being able to screen for neural tube defect with amniotic fluid AFP

and acetylcholinesterase. This may guide a woman toward the choice of amniocen-

tesis. However, if the risk of aneuploidy is very high this advantage may be over-

ridden by the much earlier results that are aVorded by chorionic villous sampling.

An anatomical survey should be obtained around 18–22 weeks. The purpose of

this screening test is to look for possible anatomical abnormalities. All anatomical

structures routinely assessed in routine care should b evaluated. Particular to

teratogenic eVects associated with antiseizure medications, the head and spinal

cord should be evaluated to look for signs and symptoms of a neural tube defect

(Fig. 1). Views of face and nose are needed to evaluate for cleft lip or palate (Figs. 2

and 3). Likewise, the heart should be evaluated carefully and a fetal echocardiogram

may be considered (Fig. 4). The full anatomical survey should also be completed.
VIII. Obstetrical Risks and Management During Labor
For the most part, patients with seizure disorders do well in pregnancy. For

example, Richmond et al. reported on 414 births and 314 women from 1978 to

2000 with seizure disorder (Richmond et al., 2004). While they did find an

increased risk for nonproteinuric hypertension (p < 0.05) and induction of labor

(p < 0.001), they found that these patients had fewer instrumental vaginal

deliveries. More than one antenatal seizure did not have an eVect on antenatal

outcome. Likewise, there was no diVerence in other complications of pregnancy

and only a small increase in caesarean delivery rates.

Several other studies have shown a clear increased risk of caesarian section in

women with epilepsy (Laskowska et al., 2001; Olafsson et al., 1998; Pilo et al., 2006;

Sawhney et al., 1996) and no studies show an absence or an increased risk. The

overall risk is around twofold; however, the reason for the increased c-section rate

is unclear. It does not appear to be related to an increased occurrence of fetal

distress (Sawhney et al., 1996) and may, at least in part, be influenced by caution at

the time of delivery for these women.

Nonetheless, besides having their antiepileptic drug serum concentrations

monitored serially throughout pregnancy, patients with epilepsy should be fol-

lowed closely for signs and symptoms of pregnancy complications. For example,

serial growth scans are suggested to rule out growth abnormalities such as



FIG. 1. (A) Lemon sign: Ultrasound finding associated with open neural tube effects. (B) Open

neural tube effect.
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intrauterine growth restriction. Blood pressure should be monitored for signs and

symptoms of preeclampsia. Likewise, they should be watched for signs and

symptoms of preterm labor.

The risk of hemorrhage in neonates born to women with epilepsy who were

taking enzyme inducing AEDs during pregnancy is also of concern. Prevention of

neonate bleeding has only been evaluated in studies where the newborns all received

intramuscular vitamin K 1mg at birth. Whether AEDs would be associated with

increased rates of hemorrhage in the newborn if this dose of vitamin K were not

given remains unclear. Nonetheless, vitamin K supplementation (10–20 mg/day of

oral vitaminKduring the last 2–4weeks of pregnancy or 10 mg intravenously during

labor) is suggested, but again not proven, to prevent bleeding in newborn.



FIG. 2. Normal fetal face in 3D at 25 weeks gestation.

FIG. 3. Cleft lip in 3D at 28 weeks gestation.
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FIG. 4. Tetrology of Fallot: Overring aorta.
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Once in labor, they should be continued on their antiepileptic drug regimen.

If required, intravenous phenytoin can be used (10–15 mg/kg; max rate 50 mg/

min with cardiac monitoring), as can intramuscular phenobarbital (60–90 mg).

If preeclampsia is suspected, parenteral magnesium sulfate may be used.

In the postpartum period, medications will likely need readjustment. While

breast feeding is not discouraged, the mother should be aware of neonatal

absorption of medications and potential sequelae. In addition, contraception

should be addressed.
IX. Conclusion
In conclusion, for the most part patients with seizure disorder who become

pregnant have good perinatal outcomes. Nonetheless, epilepsy is a significant

issue in pregnancy and specialist care is required. Collaboration between neuro-

logy and obstetrics is optimal as is careful pregnancy planning. Medications

should be prescribed appropriately and monitored throughout pregnancy and

the postpartum periods. Monotherapy is preferred. The best medication is the

safest one that controls seizures for the particular patient. It is hoped that the new

generation of antiepileptic drugs will be associated with fewer fetal risks; this

remains to be borne out in emerging research. In addition to routine obstetric

care, these patients require careful screening for fetal anatomical abnormalities.
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Likewise, women with seizure disorder should be followed for signs and symptoms

of pregnancy complications. Antiepileptic drug treatment should be continued

during labor and readjusted in the postpartum period.
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The chronic nature of epilepsy treatment, as well as the peak in incidence in

children and adolescents, makes it likely that women of childbearing age will be

exposed to antiepileptic drugs (AEDs). This has led to the establishment of several

pregnancy registries to monitor the safety of anticonvulsants in terms of the risk of

major birth defects following in utero exposure. Many registries are now
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approaching their second decade of data collection. With the release of substantial

information on a range of AEDs (both older and newer generation drugs), it

becomes increasingly important to understand how the methodological variations

between cohorts may aVect the risks of major birth defects being reported. This

chapter explores the key methodological elements of these registries in terms of

patient enrolment, the source of exposure and outcome information, outcome

definition and ascertainment and comparator groups and how these elements

may influence the reported risk estimates.

With multiple registries collecting and releasing substantial data on AED

safety in pregnancy, the chapter also reflects on how an increasing number of

‘‘signals’’ around increased risk of specific birth defects is likely. Possible methods

for interpreting such signals, that the registries were not originally designed to

detect and interpret, are also discussed.
I. Introduction
Since the thalidomide disaster of the mid-1950s, the United States (US) Food

and Drug Administration (FDA) has required, that prior to approval, all new

medicinal products undergo animal testing to assess the potential teratogenic

eVects of exposure during pregnancy. However, the results of animal experiments

do not always transfer to the clinic (Mitchell, 2003) and given the necessity of

excluding pregnant women from clinical trials, robust data on the safety of a new

medication in pregnancy are extremely limited both pre- and post-approval.

Until the 1980s, postmarketing assessment of drug safety in pregnancy relied

upon a spontaneous reporting system with healthcare professionals and patients

reporting adverse events to the pharmaceutical companies who were required to

report these events in turn to the regulators. While such reports can generate

signals that should be further investigated through pharmacoepidemiological

studies, case reports tend to be biased toward the reporting of more severe events

and may not be reflective of the pattern of events in the general exposed popula-

tion. In addition, they cannot diVerentiate between coincidence and causation

and cannot be used to quantify the risk associated with the exposure of interest

(US DHHS FDA, 2005). This failure to systematically collect robust data on

pregnancy outcomes following in utero drug exposure led to the establishment of

pregnancy registries from the late 1980s onward. This methodological progress

coincided with the development and launch of a new generation of antiepileptic

drugs (AEDs), and pregnancy registries have proved a popular tool for monitoring

the safety of both the older and newer generations of AEDs (Cunnington and
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Tennis, 2005; Holmes et al., 2004; Morrow et al., 2006; Tomson et al., 2004). While

the epilepsy field is fortunate to have several independent registries amassing

substantial safety data, an understanding of the methodological diVerences that
can exist between pregnancy registries is vital to ensure correct interpretation and

comparison of these data.
II. Background
A. WHAT IS A PREGNANCY REGISTRY?

A pregnancy registry is a prospective, observational, exposure-registration, and

follow-up study. Data collection within the registry is active with women being

enrolled prior to knowledge of the pregnancy outcome and as close to the time of

exposure as possible (prospective recruitment). The primary endpoint of a preg-

nancy registry is an estimate of the overall risk of major birth defects (though some

are now extending infant follow-up to capture the risk of developmental delay;

Keppra Pregnancy Registry, Magnus, 2004). Although a teratogen is unlikely to

result in increases in all birth defect types simultaneously, a major teratogen will

increase the risk of a spectrum of defects or a specific defect suYciently for an

increase in the overall risk of all defects to be noted. Pregnancy registries are

therefore powered to detect a signal ofmajor teratogenicity and can providemargins

of risk associated with a drug. Because the background risk of any single defect is low

(e.g., for the more common birth defects approximately 1 in 1000 for oral clefts and

4.5 in 1000 for ventricular septal defects, Correa et al., 2007), registries are not

designed to detect increases in single defects unless those increases are in the 10- to

100-fold range and thus aVect the overall defect rate significantly. The registries may

also generate hypotheses around more moderate teratogenic eVects on specific

defects types or eVects by dose and timing of exposure (US DHHS FDA, 2002).

Pregnancy registries may collect data on a single drug or many drugs within a class.

The registries may be based in a single country or may involve international

networks.
B. PREGNANCY REGISTRIES: WHEN DO WE NEED THEM?

Despite the paucity of data on drug safety during pregnancy, it is clear that

pregnancy registries are not in existence for the majority of currently marketed

drugs. As active surveillance through a pregnancy registry is a large task,

both practically and financially, guidelines have been issued by both FDA and the

European Medicines Evaluation Agency (EMEA) on when it is appropriate to

establish a pregnancy registry (Table I; US DHHS FDA, 2002; CHMP, 2005).



TABLE I

GUIDELINES ON WHEN TO ESTABLISH A PREGNANCY REGISTRY

�When the medication has a high likelihood of being used in women of childbearing age making

inadvertent exposure to the drug in pregnancy likely.
�When the medication is for chronic therapy that should not be discontinued in pregnancy.
� The medication represents special circumstances such as potential for maternal fetal infection

through administration of live attenuated vaccines.
� Animal reproductive studies have shown the potential for fetal harm.
� Human case reports have shown the potential for fetal harm.
�When the medication belongs to a class of substances, having similar chemical structure or

mechanism of action, with suspected or proven teratogenic eVects.
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AEDs meet many of these criteria. Epilepsy is a chronic, often lifelong

neurological condition with incidence peaks in infancy through to adolescence

and in the elderly. With onset of epilepsy early in life, it is common for women of

childbearing age to need to be exposed to AEDs and failure to continue medica-

tion during pregnancy could result in harm to both mother and fetus.The terato-

genic effects of some of the older AEDs (e.g. hydantoins) have long been suspected

(Hanson 1976). Despite the diVerences in chemical structure and mechanism of

action between the older and newer generations of AEDs, the safety concerns

associated with the older generation have increased interest in the safety of the

newer AEDs. This interest has led to the establishment of several pregnancy

registries monitoring various combinations of AEDs across different countries.
III. Design of a Pregnancy Registry
The past decade has seen an increasing number of US government initiatives

and updated European pharmacovigilance legislation to facilitate a discussion of

the issues associated with the design and implementation of studies to monitor

drug safety in pregnancy. Such initiatives included the development and review of

FDA guidance on methodological and logistical points to consider when establish-

ing a pregnancy registry. The critical elements to consider are described below

(Table II). The guidelines encompass broad recommendations with a description

of a number of methodological options to consider.
A. OBJECTIVES AND SAMPLE SIZE

The desired sample size for a registry will depend on the aim of the registry

(magnitude of increase in risk to be detected), the frequency of the outcome of

interest in both the exposed and comparator group, and the frequency of



TABLE II

CRITICAL ELEMENTS TO CONSIDER WHEN DESIGNING A PREGNANCY REGISTRY

� Objectives of registry
� Sample size to rule out a diVerence between exposed and comparator groups or to detect a

predetermined level of risk (and how long it may take to reach this sample size)
� Comparison groups
� Eligibility for enrolment
� Source of information on drug exposure and pregnancy outcome
� Definition of congenital defects (inclusion/exclusion criteria) and period of time for defect

ascertainment after birth
� Data to be collected on mother, pregnancy, and infant
� Methods to be used in assessing drug associated risk—statistical plan
� Importance of independent data monitoring committee
� Method of obtaining institutional review board review and informed consent
� Criteria for closing a registry

Adapted from US DHHS FDA guidance for industry: Establishing pregnancy exposure registries,

2002.
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exposure in the population. Although all AED pregnancy registries aim to detect

or refute a signal of major teratogenicity, a failure to quantify this signal and

diVerences in the comparator groups have led to a lack of a priori sample size and

power calculations. The underlying assumptions can significantly impact the

required sample size. For example, a cohort of 280 individuals is needed to detect,

with 80% power a twofold increase in risk, assuming a background population

birth defect risk of 3%. The cohort size increases to 420 exposed individuals if the

underlying population risk is assumed to be 2% and nearly 2000 individuals are

needed to detect a 1.5-fold increase with 80% power, given the same 2% baseline

(Fleiss et al., 2003; Machin et al., 1997).
B. SELECTION OF COMPARISON GROUP

The comparator group can be either internal or external. Within multidrug

pregnancy, registries internal comparator groups can include women with the

same underlying indication taking diVerent medications or not taking medication.

External comparator groups use data collected by diVerent investigator groups
for diVerent underlying reasons and can include other pregnancy registries, other

cohort studies targeted to the same outcomes of interest, or surveillance systems at

the hospital, state, or national level. While smaller population-based surveillance

programs (e.g., Metropolitan Atlanta Congenital Birth Defects Program; Correa

et al., 2007) may allow more active identification of defects to a more defined case

definition, the results may not be generalizable to the population at the country
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level (e.g., diVerent ethnic distribution, smoking patterns). Larger population-

based surveillance programs (e.g., March of Dimes, www.marchofdimes.com)

reflect data from a wider population base, but data from national defect registries

should be viewed with caution as passive reporting may underestimate defect rates

(though this varies greatly by country) and are often fail to mirror the strict

case definitions and inclusion/exclusion criteria applied by pregnancy registries

reducing comparability. As external comparators do not commonly reflect a

population with the same underlying condition, descriptive comparisons may be

more appropriate.
C. ELIGIBILITY REQUIREMENTS

Prospective enrolment into pregnancy registries is the key eligibility require-

ment meaning the pregnancy should be registered with exposure to the drug of

interest prior to conception and prior to knowledge of the pregnancy outcome,

including results of ultrasound studies.

Retrospectively reported pregnancy outcomes may be collected and reviewed

by the registries, but should not be included in risk estimates.
D. SOURCE OF EXPOSURE AND OUTCOME DATA

Active recruitment of exposed pregnancies, and data collection, is recom-

mended either indirectly through healthcare providers (e.g., neurologists, epilepsy

specialists, primary care practitioners, obstetricians, midwives) or directly with

pregnant women telephoning an advertised toll free number.

The method of data collection will depend on the method of patient recruit-

ment and can include mailed questionnaires, telephone interviews, or medical

record reviews.
E. DEFINITION OF PREGNANCY OUTCOMES

Pregnancy outcomes include spontaneous losses (before 20 weeks gestation),

induced terminations, fetal/stillbirths (loss after 20 weeks gestation), and live

births. The presence or absence of birth defects should be assessed within each

outcome group.

As birth defect outcomes are not consistently ascertained across induced

terminations and fetal/stillbirths, most pregnancy registries exclude those preg-

nancy outcomes without reported defects as one cannot be certain this is an

accurate reflection. Including defect cases from pregnancy losses within the
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numerator, while excluding pregnancy losses without reported defects from the

denominator, reflects a conservative approach biasing the risk estimate upward.

In addition, spontaneous losses are commonly excluded from risk analyses as

reported rates of spontaneous loss underestimate this outcome which is very diYcult

to capture accurately, especiallywhenoccurring in the very early stages of pregnancy.

All pregnancy registries are focused on the overall rate of congenital malforma-

tions. The precise definition of birth defects diVers somewhat between registries

and although there is no universally accepted definition scheme, the pregnancy

defects to be included in risk estimates should be defined a priori. For example,

some birth classification schemes include chromosomal defects (e.g., Center for

Disease Control and Prevention (CDC), Metropolitan Atlanta Congential Defects

Monitoring Program (MACDP), 1998), while others exclude both chromosomal

andMendelian genetic disorders (e.g., Brigham andWomen’s Hospital Survillence

Program; Nelson and Holmes, 1989). It is also necessary to define a period of

ascertainment of defects (e.g., within the first 5 days of life, up to 3 months after

birth). Ideally, reports of congenital abnormalities should be reviewed by a specialist

in the field, which will prevent misclassification or inappropriate groupings of

defects which could hide teratogenic patterns. A consistent method of ascertain-

ment and classification of outcomes is recommended for the comparator group to

increase the robustness of comparisons.
F. DATA COLLECTION

The critical data to be collected at enrolment include the following:

� Patient identifier;
� Healthcare provider details;
� Date of last menstrual period and expected delivery date;
� Exposure to medication of interest (including date and dose);
� Indication for taking medication of interest;
� Additional exposures of interest (other prescription and over the counter

medications, dietary supplements specifically folic acid, vaccines, insert-

able/implantable medical devices); and
� Other medical conditions of interest.

Patient follow-up will provide the opportunity to review the exposure data,

especially any changes in medication exposure during pregnancy, and the rele-

vant information on the infant:

� Gestational age
� Gestational outcome
� Mode of delivery
� Results of neonatal physical examination
� Neonatal illnesses, hospitalization, drug therapy
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Additional information on the mother and infant may be available (e.g.,

maternal race, occupation, obstetric history) but will depend on the source of

the data.
G. DATA PRESENTATION

FDA recommends the separate presentation of prospectively and retrospec-

tively collected data; the inclusion of only prospectively collected data in risk

estimates of birth defects and the presentation of all risk estimates with 95%

confidence intervals. Confidence intervals are commonly calculated with a conti-

nuity correction method (e.g., Wilson Score method) to account for the relatively

small numerical risks under consideration (Fleiss et al., 2003; Newcombe, 1998).

Separate risk estimates are calculated by trimester of exposure and by therapy

type (monotherapy vs polytherapy).
H. USE OF INDEPENDENT DATA MONITORING COMMITTEE

To ensure scientific integrity, pregnancy registries are advised to use independent

data monitoring committees comprising of experts in epilepsy, obstetrics, teratology,

pediatrics, epidemiology, and pharmacology. The committee should be involved in

the review of data, classification of birth defects, and dissemination of data.
I. STRATEGY FOR PATIENT PRIVACY AND HUMAN SUBJECT DATA PROTECTION

Although it is recommended for each pregnancy registry to consult with an

institutional review board, informed consent is commonly waived for registries

recruiting women indirectly through healthcare providers where patient anony

mity is maintained. Applying informed consent to such a model would likely

result in greatly reduced response rates. However, in those registries enrolling

women directly, or requesting a review of the maternal or infant medical records,

informed consent must be obtained.
IV. A Brief History of AED Pregnancy Registries
The first pregnancy registry to monitor the safety of an AED was the Interna-

tional Lamotrigine Pregnancy Registry, established by Burroughs Wellcome (now

GlaxoSmithKline) in 1992 (Cunnington and Tennis, 2005). This followed the
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design of the original pregnancy registry, established by Burroughs Wellcome for

acyclovir in 1984, with healthcare providers enrolling women exposed to lamo-

trigine within the month prior to becoming pregnant or at some point during

pregnancy on a voluntary basis. Close to the expected date of delivery the

reporting healthcare provider is approached to report data on the primary

endpoint of interest: major structural birth defects. The International Lamotri-

gine Registry is coordinated by a contract research organization (Kendle Interna-

tional) and data are reviewed by an independent scientific committee who

endorse biannual reports.

Subsequent AED pregnancy registries have been established by independent

academic groups or physician networks with the exception of the single drug

Keppra Pregnancy Registry established in 2004 by UCB Pharma (Magnus, 2004).

The first multidrug AED pregnancy registry was initiated in the UK in 1996 with

educational grants from the Epilepsy Research Foundation and various pharma

companies. In addition to voluntary reports from healthcare providers, women

can directly enroll themselves in the UK Epilepsy and Pregnancy Registry by

telephoning a toll free number, though all exposure and follow-up information is

sought through the healthcare provider (Russell et al., 2004). The multipharma

company-sponsored North American AntiEpileptic Drug (NAAED) registry (also

known as the AED Pregnancy Registry), also established in 1996, followed

collecting data across the United States and Canada. This was the first registry

to rely solely on women directly enrolling themselves with telephone interviews at

enrolment, during pregnancy and after delivery. Informed consent is additionally

sought for medical record review of outcomes (Holmes et al., 2004).

The European Registry for AntiEpileptic Drugs (EURAP) was the last multi-

AED registry to be formed in 2000 and has grown to collect data in more than 40

countries across Europe, Asia, and South America (Tomson et al., 2004). Although

an international registry oVers many advantages, including increased recruitment

and greater generalizability, there are also significant challenges in working across

diVerent healthcare settings. EURAP has met these logistic challenges by working

to a standardized protocol and ensuring a consistent case definition with all

defects reviewed by two physicians at the central coordinating center (Tomson

et al., 2004). The single country AED pregnancy registries in the UK and Australia

also report into EURAP. A reflection of the methodological variations across

these AED pregnancy registries is presented in Table III.

Although not strictly pregnancy exposure registries, additional data on expo-

sure to AEDs in pregnancy can be collected through teratology information

services and through national birth registries. Women, or patients of healthcare

providers, contacting local teratology information services due to concerns

around exposure to drugs in pregnancy can be recruited into cohorts and followed

throughout pregnancy. However, the large services such as the Organization for

Teratology Information and Specialists (OTIS, www.otispregnancy.org) in the



TABLE III

OVERVIEW OF METHODOLOGY OF EXISTING AED PREGNANCY REGISTRIES

Registry Eligibilitya Recruitment Latest enrolment Data collection

Follow-up

after birth

Definition of

major birth

defects Comparator

LTG International Prospective Indirect through

healthcare

providers

Anytime in

pregnancy if

outcome not

known

Questionnaire to

healthcare

provider

Mostly at

birth. Can

be up to

6 years

MACDP External—MACDP

EURAP

International

Prospective Indirect through

healthcare

providers

16 weeks gestation Questionnaire to

healthcare

provider

14 months EUROCAT Internal—other

AEDSs and

women with

epilepsy not

taking AEDs

UK Prospective Indirect through

healthcare

providers and

direct

Anytime in

pregnancy if

outcome is not

known

Questionnaire to

healthcare

provider

3 months EUROCAT Internal—other

AEDs and

women with

epilepsy not

taking AEDs

NAAED US and

Canada

Prospective Direct Anytime in

pregnancy if

outcome is not

known

Telephone

interview with

women and

medical record

review

5 days Structural

defect of

surgical,

medical or

cosmetic

importance

External—

Brigham and

Women’s Hospital

Surveillance

program

Keppra North

America

Prospective Indirect through

healthcare

providers and

direct

Anytime in

pregnancy if

outcome is not

known

Questionnaire to

healthcare

provider

five years

after birth

MACDP External - MACDP

aFor inclusion in risk estimates.

2
9
2
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United States and the European Network of Teratology Information Services

(ENTIS, www.entis-org.com) have yet to publish on cohorts of women exposed to

AEDs. Data have been published from several large European population-based

birth and pharmacy registries, including the Swedish Medical Birth Register. This

collects drug exposure data through midwife interviews in the first trimester of

pregnancy. Exposure data are then linked to birth outcomes captured through the

national birth, hospital, and congenital defects registers using unique individual

identifiers (Wide et al., 2004). As reporting to these registers is mandatory, the

Swedish medical birth register is estimated to capture over 95% of national births.
V. Impact of Registry Design on Data Interpretation
Current regulatory guidance on establishing pregnancy registries oVers many

methodological options while maintaining scientific rigor. While there are no

strictly right or wrong approaches, an understanding of the potential biases

introduced through the diVerent approaches and the impact on the final risk

estimates is essential for data interpretation. This is particularly pertinent given

the number of ‘‘mature’’ registries in the field of AED surveillance with substantial

data being released and compared across registries.
A. PATIENT ELIGIBILITY

The key strength of the pregnancy registry design is enrolment of women

exposed to the AED prior to conception and before the pregnancy outcome is

known. This increases the accuracy of the exposure reporting and reduces the bias

associated with retrospective reporting which can overrepresent more severe and

unusual cases. However, the prevalence and timing of antenatal testing has made

it increasingly diYcult to recruit women into the registries before they have any

knowledge of fetal health. Various approaches have been taken to deal with this

issue.

The International Lamotrigine Registry includes pregnancies as prospective,

if enrolment occurs prior to prenatal screening and as long as a defect was not

identified through prenatal screening. If an exposed pregnancy is reported after a

defect has been identified through prenatal screening, the pregnancy is classed as

retrospective. The diVerential inclusion of pregnancies without a defect identified

through prenatal screening could introduce a selection bias, though 70% of

pregnancies are enrolled before 20 weeks gestation (60% before week 16) when

targeted ultrasound investigations for birth defects are unlikely to have occurred

(http://pregnancyregistry.gsk.com). This potential bias is oVset against the recruitment
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issues that would arise if women were required to have had no prenatal screening

prior to enrolment.

The North American Anti-Epileptic Drug (NAAED) has addressed this po-

tential bias by introducing a subdivision of prospective enrolment. ‘‘Pure prospec-

tive’’ cases are defined as women enrolled prior to prenatal testing (an

amniocentisis or chorionic villus sampling, though a women with a nuchal

translucency test before 15 weeks gestation are included). ‘‘Traditional prospec-

tive’’ enrolment allows the inclusion of women with prenatal tests or an ultra-

sound after gestational week 15 as long as the pregnancy was enrolled prior to

delivery (Holmes et al., 2004). To date, the two groups have been combined for the

calculation of risk estimates to increase the denominator and power to detect a

signal, but as the registry grows a comparison of risk estimates between the two

prospective enrolment groups may give insight into any bias introduced through

the inclusion of women with knowledge of fetal health through prenatal screening.

The eVect of this potential bias on risk estimates is diYcult to predict. Several

issues may arise:

� The exclusion of defects identified by prenatal screening, but inclusion of

pregnancies without any evidence of a defect on the same prenatal tests

could diVerentially exclude high-risk pregnancies biasing the estimate

downward.
� A failure to report evidence of prenatal screening, despite knowledge of the

defect by the women or healthcare provider, could increase the probability

of participation in the registry and inclusion of high-risk pregnancies

biasing the risk estimate upward.

To overcome these uncertainties, registries can only encourage recruitment as

early in pregnancy as possible prior to prenatal screening. This most rigorous

approach has been adopted by EURAP, which only includes pregnancies enrolled

prior to 16 weeks gestation when the likelihood of detailed ultrasound examina-

tions to identify birth defects is low (Tomson et al., 2004).
B. PATIENT RECRUITMENT AND DATA COLLECTION

The two options for patient recruitment into an AED pregnancy registry are

direct enrolment by the patient or indirect enrolment through a healthcare

provider. While many pregnancy registries rely on a single reporting physician,

most commonly the obstetrician, the chronic and continuous nature of epilepsy

management means that AED registries have advertised to a broader range of

healthcare workers including neurologists, general practitioners and epilepsy

nurses, to report AED exposures during pregnancy.
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Each reporting source has advantages and disadvantages. Reporting by

healthcare providers may provide more detailed and accurate medical informa-

tion (e.g., exposure dose, infant outcome). However, the primary reporting

healthcare provider may not have direct access to all the necessary medical

information which can increase the chance of the case being lost to follow-up.

For example, if the neurologist reports the exposure during pregnancy, he or she

will rely on the infant’s pediatrician to provide accurate outcome information.

While a woman directly enrolling herself in a registry may not be expected to

provide detailed medical information, inaccuracies, and missing data can be

assessed by asking permission for the release of medical records for review. This

practice has been adopted by NAAED which is the only registry to rely solely on

direct enrolment by the women themselves (Holmes et al., 2004). Conversely,

being able to interview the women directly may allow the collection of data on a

wider range of covariates that are not always captured in medical records (e.g.,

socio-demographics, family history).

Whatever the mode of enrolment, participation is on a voluntary basis and it is

this that can increase the risk of loss to follow-up. Loss to follow-up tends to be

highest in those registries relying on voluntary reporting through healthcare

providers where traditionally incentives for complete reporting have not been

provided (Table IV). The exception to this rule is the UK register (Morrow et al.,

2006), which may be explained by reporting through general practitioners, who in

the UK, act as a central coordinating point in the healthcare system for medical

data collection and patient follow-up.

Loss to follow-up in EURAP may be amplified by a calculation of the rate of

loss after 14-month follow-up, a much longer follow-up than in the other AED

registries increasing the opportunities for a case to be lost to follow-up (www.

eurapinternational.org/registry/reports). However, this may be oVset by the

more complete reporting of defects, data on the natural history of outcomes in
TABLE IV

EXPOSED PREGNANCIES LOST TO FOLLOW-UP OR WITHDRAWN FROM SEVERAL LARGE AED

PREGNANCY REGISTRIES

Registry Follow-up after birth Loss to follow-up

International Lamotriginea At birth, can be for up to 6 years 24.5%

EURAPb 14 months after birth 22.3%

UKc 3 months after birth 8.1%

NAAEDd 5 days after birth 7.2%

aCunnington and Tennis (2005).
bwww.eurapinternational.org/registry/reportsDecember 2006.
cMorrow et al. (2006).
dHolmes et al. (2004).
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exposed infants and multiple opportunities to collect a richer dataset with more

information on potential confounders including family history.

The loss to follow-up rate in NAAED has to date been low, reflecting the

increased motivation of women who enroll themselves in the registry.

It is very important to minimize loss to follow-up as high rates introduce more

uncertainty around the risk estimate, making it diYcult to assess how generaliz-

able the results are to the general exposed population.
C. OUTCOME ASCERTAINMENT/CLASSIFICATION

While all registries require an expert review of the reported defect cases, the

inclusion and exclusion criteria used for major birth defects diVers and can

therefore influence the final risk estimate.

Antiepileptic drug pregnancy registries concentrate on the risk of major birth

defects. The exclusion of minor birth defects or patterns of minor defects (e.g.,

fetal alcohol or fetal phenytoin syndrome) ensures greater consistency between

registries and between reporting centers within a study as minor defects are

inconsistently ascertained. There are several classifications of birth defects by

independent groups including European network of Congenital Anomoly and

Twin registers (EUROCAT, 2002) and CDC (MACDP, 1998). Although these

give broadly consistent groupings, there is still scope for individual registries to

add diVerent interpretations. For example, most registries exclude chromosomal

abnormalities which are very unlikely to be due to drug exposure, but some

registries may have more stringent criteria concerning the additional exclusion

of monogenic or Mendelian traits (Holmes et al., 2004; eurapinternational.org/

registry/reports). However, the length of follow-up of the infant after birth may

influence how accurate these exclusion criteria can be (i.e., will the necessary

confirmatory tests be possible). It is important to ascertain whether such defects

are included or excluded when comparing risk estimates across registries

(Table V).
TABLE V

EXCLUSION OF CHROMOSOMAL ABNORMALITIES FROM RISK ESTIMATE IN AED PREGNANCY REGISTRIES

Registry Chromosomal abnormalities

Lamotrigine International Excluded

EURAP Excluded plus monogenic traits

UK Epilepsy and Pregnancy Excluded

NAAED Excluded plus Mendelian traits

Keppra Excluded
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Further diagnostic criteria may be applied to the recognition of birth defects.

For example, NAAED recognizes major birth defects within the first 5 days of

birth as those of externally visible in the delivery room and of major structural

importance requiring intervention (Holmes et al., 2004). As some defects may not

be externally evident (e.g., ventricular septal defects), this could bias the risk

estimate downward compared to registries allowing the inclusion of defects only

evident through various imaging examinations before or after birth.
D. LENGTH OF FOLLOW-UP

The length of follow-up in a registry can influence the probability that a birth

defect is recognized and the corresponding risk estimate. Therefore, the chance of

defects being diagnosed is higher for registries, such as theUK register (Morrow et al.,

2006) and EURAP (Tomson et al., 2004), following infants for 3 months and 14

months, respectively, compared to the International Lamotrigine Registry where the

majority of defects are reported at birth (Cunnington and Tennis et al., 2005). The

impact of lengthof follow-upon the risk estimatemayvarybydefect typediVerentially
aVecting those defects not visible externally at birth (e.g., ventricular septal defects).

Longer follow-up and an increased number of contact points with patients

and infants can allow additional opportunities to confirm exposure and outcome

data increasing the robustness of the data. It may also result in the collection of a

richer dataset in terms of covariates of interest (e.g., underlying seizure type,

family history). Some registries are now extending infant follow-up out for several

years to extend the outcomes of interest to developmental delay (EURAP and

Keppra) (Tomson, personal communication; Magnus, 2004).
E. COMPARATORS

The choice of comparator groups for AED pregnancy registries has proved

challenging. Multi-AED pregnancy registries have the advantage of utilizing

diVerent AEDs acting as internal comparators. As lack of therapy is not an option

for the majority of women with epilepsy, it is most useful for the patient and

physician to be able to directly compare the safety profile of the diVerent treat-
ment options. Another internal comparator used by the multi-AED registries is

women with epilepsy not taking medication. In theory, this is the ideal compar-

ator with the same underlying indication making medication exposure the only

diVerence. However, the severity of epilepsy in women not taking or requiring

medication is likely to be very diVerent from those on chronic therapy. Therefore,

any comparisons should be viewed with caution due to potential confounding by

indication. Alternative internal comparators include women exposed to AEDs in
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the second or third trimester of pregnancies after the period organogenesis.

However, this option has not been used within AED pregnancy registries proba-

bly reflecting the chronic nature of AED therapy.

Over recent years a complication associated with the use of internal compara-

tors has arisen with the inclusion of women taking an AED for an indication other

than epilepsy. For example, lamotrigine is now indicated for bipolar disorder and

gabapentin is indicated for neuropathic pain. To date, this may have aVected
relatively small numbers of women being recruited into the registries, but should

be borne in mind when comparisons are being made between drugs in case there

are substantial diVerences in the underlying birth defect risks associated with

diVerent indications.
Single drug pregnancy registries do not enjoy these internal comparator options

and a range of external comparators are more commonly used. These include data

from general population surveillance programs or studies of birth defects in epileptic

and general populations. Although it is useful to provide a general population

context, only descriptive comparisons are appropriate given potential diVerence in
the underlying risk of birth defects between the general and epileptic populations as

well as diVerences in the selection of the patient populations and reporting of birth

defects. One solution is to employ several comparator groups allowing a check of

consistency against the risk comparisons generated (US DHHS FDA, 2005). Using

data fromapregnancy registry for a drug knownnot to be a teratogen (e.g., acyclovir)

would be one way of solving this last issue around population selection diVerences,
but this option has yet to be explored by the AED pregnancy registries.

The choice of comparator group will greatly influence any relative risk calcula-

tionswhen the risk of birth defects in the exposed treatment group is comparedwith

the risk in the comparator group. Such calculations are only appropriate when data

are collected consistently across the exposed and comparator groups and the

comparator groups are representative of the same overall population. Additional

caution is needed when comparing relative risks for the same AED across diVerent
pregnancy registries as these will be highly dependent on the birth defect risk in the

comparator group (see Table VI for general population risk range). Therefore,
TABLE VI

RISK OF MAJOR BIRTH DEFECTS ACROSS GENERAL POPULATION SURVEILLANCE PROGRAMS

General population surveillance program Risk of major birth defects

Brigham and Women’s hospital surveillance programa 1.6–2.2%

CDC’s metropolitan Atlanta congenital birth defects programb 2.7%

March of Dimesc 3%

aNelson and Holmes (1989).
bCorrea et al. (2007).
chttp://www.marchofdimes.com/peristats/.
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a high relative risk associated with a treatment group in one registry could be partly

due to the low birth defect risk in the comparator group used by that registry. The

great variation in comparator groups used by the diVerent registries is one of the
main issues in comparing data from the diVerent studies.
VI. Interpretation of Signals
A. WHAT IS A SIGNAL?

Pregnancy registries aim to determine the overall prevalence of all major birth

defects, following in utero drug exposure and therefore detect or refute a signal of

major teratogenicity. In addition, signals may be generated around specific defects

as well as for trends with dose and timing of exposure. A signal can be defined as a

report or reports of an event with an unknown causal relationship to treatment

that is recognized as worthy of further exploration and continued surveillance.

A signal is not a confirmed finding, but is generally referred to as a hypothesis-

generating situation that must be confirmed or refuted (CIOMS, 2005).

Although FDA guidance indicates that registries may serve as hypothesis

generating tools, there is no indication of what may constitute a signal worthy

of further assessment. Many pregnancy registries have adopted the ‘‘rule of

three,’’ originally developed by the Antiretroviral Pregnancy Registry (APR)

scientific committee. This rule considers three of the same defect type to constitute

a signal as in a cohort �600 the probability of observing three of the same defect

type is<5% (Covington et al., 2004). Even then, it is diYcult to put the signal into

a context that will help inform patients and physicians. The confidence intervals

around the absolute risk estimate are likely to be very wide and the relative risk

estimate can vary widely depending on the comparator group employed by the

individual registry. With several AED registries reaching substantial sample sizes,

there is an increasing probability of signals, both real and spurious, due to

registries achieving adequate power for detection or through chance associated

with study multiplicity. There is, therefore, a growing need for a scientific

framework to interpret these signals.
B. USING PREGNANCY REGISTRY DATA TO INTERPRET SIGNALS

FDA guidelines state that data from all available sources should be reviewed

to assess the strength and validity of any observed association between drug

exposure and pregnancy outcome. The existence of multiple AED pregnancy

registries with substantial data oVers the opportunity to follow this guidance.
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The simplest approach is to review the data from each individual registry to

ascertain whether there is consistency across registries in the reproduction of the

specific signal. However, as registries are not generally powered to detect all but

very large increases in the risk of specific defect types, a failure to replicate a signal

may represent a power issue.

The combination of data from diVerent registries, most commonly in aggre-

gate form, may appear attractive to increase the power to detect increases in rare

events and this can take several approaches: pooling or meta-analysis. Pooling is

the simple combination of data where all registries are given an equal weighting.

No account is taken of diVerences in the robustness of data due to variation in

registry sample sizes or methodologies. If one calculates a relative risk estimate,

one chooses a single comparator group which will not take into account underly-

ing population diVerences reflected by the various registries.

Some of these issues can be overcome by using a meta-analysis. A meta-

analysis is a statistical technique for combining data from independent studies.

The individual relative risks (risk of outcome in treated versus untreated group)

from each registry are entered in a regression model which weights the diVerent
studies according to their size. More complex weights can be developed that

account for other methodological strengths and weaknesses across studies. The

meta-analysis gives an overall estimate of the treatment eVect on outcome (rela-

tive risk). The robustness of a given signal can be investigated through a sensitivity

analysis including and excluding the registry data providing the signal to give a

measure of the heterogeneity the signal generator is introducing (i.e., howmuch of

an outlier it is?).

Although the meta-analysis is also reliant on the comparator group of each

registry, the approach is more flexible as each individual registry can utilize the

most appropriate comparator to calculate the registry specific relative risks that

are inputted into the meta-analysis regression model. However, this does mean

that the choice of individual comparators for each registry included in the analysis

can inflate or decrease the individual relative risks being considered and therefore

the final relative risk estimate. To remove this issue of the impact of heterogeneous

comparator groups, individual level data from each registry is needed which to

date has not been provided through any collaborations. Without individual level

data, the interpretation of summary relative risks from meta-analyses is addition-

ally problematic due to an inability to assess the role of potential confounders for

which information is not available.

A further complication of both the pooled and meta-analysis approaches is the

assumption that the registries are independent. It is possible for a women exposed

to an AED to be enrolled in multiple registries; for example, her healthcare

provider may enroll her in the Lamotrigine Pregnancy Registry, and she may

then directly enroll herself in NAAED. Indeed, a study of these two registries

identified a 7.5% overlap in lamotrigine monotherapy exposed individuals (using
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the International Lamotrigine Registry as denominator—Wysynski personal

communication). Some registries do not collect patient identifiers, as a means of

dealing with data privacy issues, and others cannot share identifiers to protect

patient confidentiality. It is, therefore, very diYcult to identify duplicates between

registries, especially where no birth defect was recorded. As such, it is very

unlikely that any data combination technique would be able to remove all

duplicates invalidating the assumption of data independence.
C. METHODOLOGIES BEYOND REGISTRIES

Case control studies are often considered more eYcient for the study of rare

outcomes presenting the opportunity to test hypotheses generated by pregnancy

registries. Rolling case control studies to monitor birth defects in relation to

maternal drug exposure during pregnancy now exist across the United States

and in Europe (Slone—Mitchell et al., 1981; CDC National Birth Defects Preven-

tion Study—Yoon et al., 2001; Hungarian case control study—Czeizel, 1997;

EUROCAT—www.eurocat.ac.uk). However, these studies tend to rely on mater-

nal interviews after birth to establish data on drug exposure during exposure

which can introduce some recall bias (Mitchell et al., 1981; Yoon et al., 2001).

There are also variations in the available control group. The Slone rolling case

control study includes a group of normal infant controls (Mitchell et al., 1981),

whereas the EUROCAT network of congenital malformation registries only

collects data on malformed individuals meaning control groups consist of infants

with chromosomal abnormalities (where the outcome is considered very unlikely

to be related to drug exposure) or infants with malformations other than the defect

of interest (www.eurocat.ac.uk). The latter control groups complicate the inter-

pretation of the treatment eVect estimate as there is no general population

baseline.

Large computerized healthcare databases are increasingly being used to

monitor exposure during pregnancy with the development of maternal–infant

record linkage algorithms. These databases, based on primary care data in

Europe and health maintenance organization, private insurance claims, or med-

icaid data in the United States, represent large populations giving studies sub-

stantial power. Internal control groups are available representing the general

population and women with the same underlying condition exposed to no drug

or other drugs within the class of interest. Many of the logistical issues associated

with registries are avoided due to the data already being in place for purposes

other than epidemiological surveillance. Although, the bias associated with self-

reported exposure data does not exist with these data sets, exposure data are

based on prescription records which assume that the women took the medication

close to the time the prescription was written as instructed. Validation of birth
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defects data is also needed if a medical record review is not possible and data on

confounding variables are commonly more limited. In addition, these databases

will be of only limited use in the first few years after the drug is launched until

suYcient numbers of exposures have been amassed. The initial surveillance for a

signal of teratogenicity, therefore, remains with the pregnancy registries.
VII. The Future
A. WHEN TO STOP A REGISTRY

Extensive guidance exists on when to establish a registry, but there is little

direction on when to close a registry. Monitoring the power of a registry to detect

certain levels of increased risk above a baseline can indicate when a signal of

major teratogenicity can be refuted (e.g., the registry has the power to detect a

1.2-/1.5-/2.0-fold increase in risk). However, guidance is needed as to the defini-

tion of the level of risk that should be refuted, and the feasibility of detecting this

increase will depend on the comparator used which varies across registries.

Few registries have been established with predefined closure or data release

criteria. The NAAED oVers the clearest direction only releasing data on a specific

AED when a twofold increase in risk has been proven or refuted against the risk of

1.6% in the general population comparator utilized by the registry (Holmes et al.,

2004). However, this low baseline risk means relatively large sample sizes are

needed to detect even a twofold increase in risk reflected by data release on only

two AEDs (phenobarbital and valproate) over the first 10 years of data collection

(Holmes et al., 2004; Wyszynski et al., 2005). Other registries have opted to release

data at regular intervals which ensures transparency, but an ever increasing

sample size can lead to the generation of increasing numbers of signals that are

diYcult to interpret.

Many AED pregnancy registries are struggling to meet the balance between

ensuring that robust data are available to prescribers and patients in a timely and

transparent manner without misinterpretation of data that may still be under-

powered. Guidance is lacking in this area and could greatly facilitate the commu-

nication of important safety data to prescribers and patients.
B. FUTURE ROLES AND RESPONSIBILITY

To date the primary responsibility of monitoring for the potential teratogenic

eVects of drugs has rested with the pharmaceutical companies through the direct

coordination of pregnancy registries or through the sponsorship of registries
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coordinated by independent research groups. The recognition of the critical

nature of postmarketing monitoring of drug safety in pregnancy due to the serious

individual and societal consequences of birth defects, as well as the potential

harm of withholding important treatments due to lack of knowledge, means

that the number of studies monitoring for teratogenicity is set to increase. While

regulatory bodies have recognized this expansion and have attempted to give

direction through guidelines for establishing pregnancy registries, there is still

great variation in the conduct of pregnancy registries making it diYcult to directly

compare studies and use all available data. Concern around the safety of AEDs in

pregnancy has led to the establishment of several large registries. If this trend

continues across diVerent therapy areas, greater methodological consistency will

become increasingly important to ensure that all data can be used informatively

and that resources are not wasted.

Methodological variation can have substantial impact on the robustness of

data and on interpretation. Greater consistency may also allow potential colla-

borations to monitor for drug eVects on rarer outcomes (specific defects or by

dose). AED pregnancy registries are increasingly facing the challenge of inter-

preting signals for specific defects, signals that are ever more common due to the

existence of multiple pregnancy registries of substantial size. The availability of

multiple data sources should oVer the answer as to how to interpret such signals,

but this can only be the case if registries employ more consistent methodologies

and are open to collaboration. These have been few and far between in the

epilepsy world and rarely result in publication. In the future, the outstanding

questions of importance to patients and physicians are increasingly likely to need

the large datasets that only registry collaborations can bring as well as an

understanding of methodological subtleties that will determine if and how data

should be combined and presented.
References
CIOMS (2005). Report of the CIOMS Working Group VI. Management of safety information from

clinical trials. ISBN 92 9036 079 8.

Committee for Medicinal Products for Human Use (CHMP) (2005). Guideline on exposure to

medicinal products during pregnancy: Need for post-authorisation data. EMEA/CHMP/

313666/2005. http://www.emea.europa.eu/pdfs/human/phvwp/31366605en.pdf.

Correa, A., Cragan, J. D., Kucik, J. E., Alverson, C. J., Gilboa, S. M., Balakrishnan, R.,

Strickland, M. J., Duke, C. W., O’Leary, L. A., Riehle-Colarusso, T., Siffal, C., Gambrell, D.,

et al. (2007). MACDP: 40th Anniversary Special Edition Surveillance Report. Birth Defects Res. A

Clin. Mol. Teratol. 79(2), 1–177.



304 CUNNINGTON AND MESSENHEIMER
Covington, D., Tilson, H., and Elder, J. (2004). Assessing teratogenicity of antiretroviral drugs:

Monitoring and analysis plan of the antiretroviral pregnancy registry. Pharmacoepidemiol. Drug Saf.

13, 537–545.

Cunnington, M., and Tennis, P. (2005). International Lamotrigine Pregnancy Registry Scientific

Advisory Committee. Lamotrigine and the risk of malformations in pregnancy. Neurology 64,

955–960.

Czeizel, A. E. (1997). First 25 years of the Hungarian Congenital Abnormalities Register. Teratology 55,

299–305.

Fleiss, J. L., Levin, B., and Paik, M. C. (2003). ‘‘Statistical Methods for Rates and Proportions,’’ 3rd ed.

John Wiley and Sons, New York.

Hanson, J. W., Myrianthopoulos, N. C., Harvey, M. A., and Smith, D. W. (1976). Risks to the

oVspring of women treated with hydantoin anticonvulsants with emphasis on fetal hydantoin

syndrome. J. Paediatr. 89, 662–668.

Holmes, L. B., Wyszynski, D. F., and Lieberman, E. (2004). The AED (Antiepileptic Drug) pregnancy

registry. A 6-year experience. Arch. Neurol. 61, 673–678.

Machin, D., Campbell, M., Fayers, P., and Pinol, A. (1997). ‘‘Sample Size Tables for Clinical Studies,’’

2nd ed. Blackwell Science, Madden, MA.

Magnus, L. (2004). The Keppra (levetiracetam) Pregnancy Registry. Presented 58th Annual Meeting

of the American Epilepsy Society.

Metropolitan Atlanta Congenital Defects Program (1998). In ‘‘Surveillance Procedure Manual and

Guide to Computerized Anomaly Record.’’ Centers for Disease Control, Atlanta, GA.

Mitchell, A. (2003). Systematic identification of drugs that cause birth defects – a new opportunity.

N. Eng. J. Med. 349, 2556–2559.

Mitchell, A., Rosenberg, L., Shapiro, S., and Slone, D. (1981). Birth defects related to Bendectin use in

pregnancy. Oral clefts and cardiac defects. JAMA 245, 2311–2314.

Morrow, J. I., Russell, A., Gutherie, E., et al. (2006). Malformation risks of antiepileptic drugs in

pregnancy: A prospective study from the UK Epilepsy and Pregnancy Register. J. Neurol. Neurosurg.

Psychiatry 77, 193–198.

Nelson, K., and Holmes, L. B. (1989). Malformations due to presumed spontaneous mutations in

newborn infants. N. Eng. J. Med. 320, 19–23.

Newcombe, R. (1998). Two-sided confidence intervals for the single proportion: Comparison of seven

methods. Stat. Med. 17, 857–872.

Russell, A. J. C., Craig, J. J., Morrison, P., Irwin, B., Waddell, R., Parsons, L., et al. (2004). UK

epilepsy and pregnancy group. Epilepsia 45, 1467.

Tomson, T., Battino, D., Bonizzoni, E., et al. (2004). EURAP: An international registry of antiepileptic

drugs and pregnancy. Epilepsia 45, 1463–1464.

US Department of Health and Human Sciences Food and Drug Administration (2002). Guidance for

Industry. Establishing Pregnancy Exposure Registries.

US Department of Health and Human Sciences Food and Drug Administration (2005). Reviewer

Guidance. Evaluating the risks of drug exposure in human pregnancies.

Wide, K., Winbladh, B., and Kallen, B. (2004). Major malformations in infants exposed to anti-

epileptic drugs in utero with emphasis on carbamazepine and valproic acid: A nation-wide,

population based register study. Acta Paediatr. 93, 174–176.

Wyszynski, D. F., Nambisan, M., Surve, T., et al. (2005). Increased rate of major malformations in

oVspring exposed to valproate during pregnancy. Neurology 64, 961–965.

Yoon, P., Ramussen, S. A., and Lynberg, M. (2001). The National Birth Defects Prevention Study.

Public Health Rep. 116(S1), 32–40.



BONE HEALTH IN WOMEN WITH EPILEPSY: CLINICAL
FEATURES AND POTENTIAL MECHANISMS
Alison M. Pack and Thaddeus S. Walczak*

Columbia University, New York, NY 10032, USA
*MINCEP Epilepsy Care, Minnea Polis, MN 55416, USA
I.
INTE

NEUR

DOI:
I

R

1

ntroduction
NATIONAL REVIEW OF 305
OBIOLOGY, VOL. 83

Copyright 2008, Elsev

All rights re

0.1016/S0074-7742(08)00018-4 0074-7742/08
II.
 B
one Physiology
III.
 A
ssessment of Bone Health
A. B
one Mineral Density
B. C
alcitropic Hormones and Vitamin D Metabolites
C. B
one Turnover Markers
IV.
 F
racture Risk in Persons with Epilepsy
V.
 A
ED EVects on Bone
VI.
 P
otential Mechanisms to Explain Changes in Bone Health in Persons with Epilepsy
A. A
 Statement of the Prevailing Model
B. E
vidence Supporting the Prevailing Model
C. E
vidence Against the Prevailing Model
D. A
lternative Mechanisms for Poorer Bone Health in Persons with Epilepsy
VII.
 T
reatment
VIII.
 C
onclusion and Recommendations
R
eferences
Bonedisease is recognizedas an importantpathologicprocess to identify and treat

in women. Women are at greater risk than men secondary to multiple factors

including estrogen loss in menopause. The most important consequence of bone

disease is fracture. Fracture rates are higher in persons with epilepsy treated with

antiepileptic drugs (AEDs). Increased bone turnover secondary to AED exposure,

higher rates of osteoporosis, adverse effects on bone quality, seizures, and impaired

coordination may all contribute. There is a differential effect of AEDs on bone.

Although results are mixed for some AEDs, phenytoin use is consistently associated

with lower bone mineral density (BMD). As most evidence associates cytochrome

P450 enzyme-inducing AEDs with abnormalities in bone, the induction of these

enzymes has been proposed as themainmechanism to describe this effect.However,

data suggest that this theorydoesnot explainall findings.Many therapiesareavailable

for the treatmentofbonedisease,but there is limited study inpersonswithepilepsy.All

patients should receive at least the recommended daily allowance of calcium and

vitamin D and obtain vitamin D status screening. For prolonged AED exposure,

BMD screening is available, particularly if the patient has other risk factors.
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I. Introduction
Bone disease is increasingly recognized as an important pathologic process to

identify and treat, particularly in women. Although men and women may be

aVected, women are at greater risk secondary to multiple factors including

estrogen loss in menopause. The most important consequence or sequelae of

bone disease is fracture. It is estimated that 1.5 million Americans suVer fracture
secondary to weak bones and by the year 2020, more than 50% of Americans

over age 50 will be at risk for a fracture (U.S. Department of Health and Human

Services, 2004). In recognition of this growing concern, the United States is

currently participating in a WHO-sponsored worldwide initiative, the Decade

of the Bone and Joint (2001–2011), to promote education and research about the

importance of bone health. In addition, the US Surgeon General issued the first

ever report on bone health and osteoporosis in 2004. The report aims to improve

individual’s literacy about bone health and calls on health care professionals to

help Americans maintain healthy bones by evaluating risks for bone disease and

fracture (U.S. Department of Health and Human Services, 2004).

Fracture rates are higher in persons with epilepsy treated with antiepileptic

drugs (AEDs). Increased bone turnover secondary to AED exposure, higher rates

of osteoporosis, adverse eVects on bone quality, seizures themselves, and impaired

coordination secondary to AEDs may all contribute. As neurologists, it is impor-

tant and necessary that we recognize persons at risk for bone disease. The costs

associated with fractures are tremendous. Caring for bone fractures costs the

United States at least $18 billion a year in direct medical costs including visits to

doctor’s oYces and emergency rooms, hospitalizations, and admissions to nursing

homes (U.S. Department of Health and Human Services, 2004). The total cost

is even higher secondary to loss of daily functioning and jobs and increased

caretaker burden.
II. Bone Physiology
Before discussing the pathology in bone associated with epilepsy and AED

exposure, the question of why is bone important should be addressed. Bone has

multiple functions. Strong bones support us and allow us to move. Bones are a

storehouse for vital minerals including calcium and play an integral role in the

homeostasis of these minerals. Finally, they protect vital organs including the

heart and lungs.

The life span of bone has several distinct phases in women. In childhood, bone

elongates and increases in diameter, with the most dramatic changes being in
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infancy and adolescence. Peak bone mineral density (BMD) is then obtained

between the ages 20 and 30. Throughout the remaining years of a woman’s life,

BMD typically decreases, with the most significant loss occurring in the early

menopausal years. The processes of increasing and maintaining BMD is the result

of a coupling of bone cells responsible for resorption (osteoclasts) and formation

(osteoblasts). An uncoupling of these cells functions results in either high bone

turnover or low bone turnover. In childhood, this uncoupling would aVect
accumulation of peak BMD whereas in adulthood there would be loss in BMD.

Calcium homeostasis is a tightly regulated process and an integral function of

bone. Of the three fractions of calcium, the ionized one is most significantly

maintained. Vitamin D, the parathyroid gland, and calcitonin are all directly

and indirectly involved.

As the concentration of the ionized fraction of calcium changes, the parathy-

roid gland alters parathyroid hormone (PTH) levels. If the calcium concentration

is low, PTH is elevated. PTH acts to restore the ionized calcium concen-

tration level in several ways, including increasing distal renal tubule reabsorption

and facilitating bone resorption. PTH enhances renal synthesis of the most

active metabolite of vitamin D, 1,25-dihydroxyvitamin D [1,25(OH)2D] and

also slows its degradation. As part of a feedback mechanism, 1,25(OH)2D

decreases secretion of PTH by inhibiting PTH gene transcription.

Vitamin D plays a critical role in calcium homeostasis and has direct eVects on
bone such as promoting diVerentiation of osteoclasts. There are two formulations of

vitamin D: vitamin D2 or ergocalciferol and vitamin D3 or cholecalciferol. Vitamin

D2 is synthesized by irradiation of ergosterol and is used in many vitamin D

supplements. Vitamin D3 is the predominant source of vitamin D as it is synthesized

by solar irradiation of 7-dehydrocholesterol in the skin and can be obtained from a

few naturally occurring dietary sources or from vitamin supplements. As vitaminD3

has been more extensively studied, its metabolism will be discussed.

Vitamin D3 metabolism occurs through a series of oxidative pathways involv-

ing multiple hepatic and renal cytochrome (CYP) 450 isoenzymes (Table I).
TABLE I

HEPATIC AND RENAL CYP450 ISOENZYMES RESPONSIBLE FOR VITAMIN D METABOLISM

CYP450 Isoenzyme Function

Hepatic CYP27A � Hydroxylates D3 to 25OHD

Hepatic CYP2R1 � Hydroxylates D3 to 25OHD

Renal CYP27B1 � Hydroxylates 25OHD3 to 1,25(OH)2D

Hepatic CYP24A1 � Catabolizes majority of 25OHD
� Inactivates majority of 1,25(OH)2D

CYP, cytochrome.
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Vitamin D3 is hydroxylated to 25-hydroxyvitamin D3 (25OHD3), the major

circulating form of vitamin D, in the liver. Although 25OHD3 is the most com-

monly used index of vitamin D status, it probably has little direct eVect on bone.

25OHD3 is further hydroxylated to several metabolites (Holick and Adams, 1998;

Omdahl, 2001) including 24,25-dihydroxyvitamin D3 (24,25(OH)2 D3) and 1,25

(OH)2D3. 24,25(OH)2D3 also has little eVect in bone, whereas 1,25(OH)2D3 is

responsible for the majority of the biological eVects of vitamin D3. 1,25(OH)2D3

binds with a nuclear vitamin D receptor (VDR) which then forms a heterodimeric

complex with retinoic acid X receptor (RXR). This complex binds to specific

vitamin D response elements to induce gene expression resulting in the various

physiologic functions of D3 (DeLuca, 2004; Jones et al., 1998). This same

1,25(OH)2 D3–VDR–RXR complex induces catabolism of 1,25(OH)2D3 by

increasing cyp24 gene expression (Pascussi, 2005). 1,25(OH)2D3 maintains calci-

um concentration by increasing gut absorption of dietary calcium, by facilitating

PTH-induced bone resorption, and by increasing distal renal tubule absorption of

calcium (DeLuca, 2004;Holick andAdams, 1998). Calcitonin, a hormone secreted

from neural crest tissue associated with the thyroid gland, inhibits PTH-induced

bone resorption and decreases serum calcium.

Reproductive hormones also directly and indirectly impact bone. Estrogen

reduces bone resorption by inhibiting both the genesis and the function of

osteoclasts (Waters and Gonadal, 2006). In the menopausal years, estrogen

deficiency is thought to result in the reduction seen in bone mass. This is

supported by the eYcacy of estrogen replacement in treatment of menopausal

osteoporosis. Interestingly, estrogen receptors have been identified on both osteo-

clasts and osteoblasts, suggesting direct eVects on these bone cells (Waters and

Gonadal, 2006). The role of progesterone is not as well defined. Similar to

estrogen, progesterone therapies in the menopausal years improves BMD and

osteoblast cells have progesterone receptors (Waters and Gonadal, 2006).
III. Assessment of Bone Health
A. BONE MINERAL DENSITY

BMD currently is the most significant predictor of fracture as seen in multiple

epidemiological studies. The most sensitive as well as most studied and under-

stood technique to assess BMD is dual-energy X-ray absorptiometry (DXA).

Typically, DXA assesses bone mass at central sites, specifically the hip and

spine. Devices providing peripheral site measurements such as the heel are

available but they are not as accurate. By aiming two X-ray beams at a patient’s

bones, a DXA device determines BMD by the absorption of each beam by bone
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after soft tissue absorption is subtracted out. The obtained BMD measurement is

in gm/cm2 and is compared to large databases maintained by the manufacturers

of the DXA devices. This comparison yields two standard deviation scores:

T-score and Z-score. The T-score compares the obtained BMD measurement

to a sex- and race-matched population at peak BMD, whereas the Z-score

compares the BMD measurement to an age-matched population. For children

and younger persons, it is important to use the Z-score as you may falsely diagnose

people with low BMD if they have not yet obtained peak BMD. The WHO

defines osteoporosis and osteopenia in postmenopausal women and older men

using the T-score (Table II). The International Society of Clinical Densitometry

has recently refined its definitions (Table II).
B. CALCITROPIC HORMONES AND VITAMIN D METABOLITES

Calcium, phosphate, and PTH are measured in serum. The obtained calcium

concentration reflects total calcium. Vitamin D metabolites are also serologic

measurements. 25OHD is the most commonly used index of vitamin D status, but

1,25(OH)2D concentrations can also be ascertained. These measurements are not

always reliable as shown in recent studies (Binkley, 2004). They are also sensitive

to the time of year when they are drawn; for instance, the concentrations may be

lower during the winter months when there are shorter days and less sunlight

exposure.
TABLE II

WORLD HEALTH ORGANIZATION (WHO) AND INTERNATIONAL SOCIETY FOR CLINICAL DENSITOMETRY

(ISCD) CRITERIA FOR OSTEOPENIA, OSTEOPOROSIS, AND LOW BONE MINERAL DENSITY

WHO Osteopenia

� In postmenopausal women and older men T-scores between �1.5 and �2.5

Osteoporosis

� In postmenopausal women and older men T-scores � �2.5

ISCD Postmenopausal women and men older than 50

� Use T-scores
� Use WHO classification

Females before menopause and men younger than age 50

� Use Z-scores
� Z-score > �2.0 within the expected range for age
� Z-score < �2.0 below expected range for age
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C. BONE TURNOVER MARKERS

Bone turnover markers are measurements of bone formation and bone

resorption. In the ideal state, bone formation and bone resorption are coupled

with no net loss of bone; however, as discussed previously, there may be states of

high or low turnover resulting in bone loss. Multiple markers of bone turnover are

available (Table III). However, at this time the clinical utility of these markers is

limited as they may not be good surrogates for BMD as a predictor of an

individual’s risk of fracture and standardization among labs has proven to be

diYcult (Khosla and Kleerekoper, 2006).

Osteoblasts are the cells responsible for bone formation. Individual bone forma-

tionmarkers measure either collagenous or noncollagenous products synthesized by

these cells (Table III). The two commonly measured noncollagenous products are

osteocalcin and bone-specific alkaline phosphatase.Osteocalcin or boneGla protein

is incorporated into bone and then released into circulation during bone resorption

and is therefore really a marker of bone turnover as at any one time it has a

component of bone formation and resorption. Total alkaline phosphatase is derived

from many tissues. Techniques are available to measure the bone isoenzyme.

As bone is resorbed by osteoclasts, collagen breakdown products are released.

These products are further metabolized in the liver and kidney. Assays are available

to measure these collagen breakdown products in the urine or serum (Table III).
TABLE III

BONE TURNOVER MARKERS

Bone formation

markers

Collageneous

� Carboxyterminal propeptide of type I collagen (PICP)
� Aminoterminal propeptide of type I collagen (PINP)

Non-collageneous

� Osteocalcin
� Bone-specific alkaline phosphatase

Bone resorption

markers

Urine

� Free and total pyridinolines (Pyd)
� Free and total deoxy pyridinolines (Dpd)
� N-telopeptide of collagen cross-links (NTx)
� C-telopeptide of collagen cross-links (CTx)

Serum

� Cross-linked C-telopeptide of type I collagen (ICTP)
� Tartrate-resistant acid phosphatase 5b (TRACP5b)
� N-telopeptide of collagen cross-links (NTx)
� C-telopeptide of collagen cross-links (CTx)
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IV. Fracture Risk in Persons with Epilepsy
Multiple studies have identified epilepsy and AED therapy as being associated

with fracture. Many factors likely influence the increased fracture rate, including

adverse eVects of AEDs on bone, side eVects of AEDs resulting in instability or

poor coordination, and seizure-related injuries. Figure 1 illustrates potential

contributing factors and relationships between them. A meta-analysis of 11

studies highlights that multiple factors may be contributing to the increased

fracture risk in persons with epilepsy (Vestergaard, 2005). In this analysis, BMD

was significantly decreased and fracture risk was significantly increased with a

relative risk of 2.2 (95% CI: 1.9–2.5). However, after analyzing the studies

associating BMD with fracture risk, the investigators concluded that the observed

deficit in BMD was too small to explain all of the observed increase in fracture

risk, and therefore bone disease and seizure-related injury together interact to

increase the risk of fractures in patients with epilepsy. In support of the concept of

seizures contributing to fracture risk, a large case control study of 3478 patients

with epilepsy (Souverein, 2006) found that seizure severity was associated with

fracture. Characteristics associated with greater severity of epilepsy, including

number of medical visits, prescriptions for rectal benzodiazepines, and polyphar-

macy, were more commonly found in the patients with fractures than in those

without fractures. Interestingly, polypharmacy is a marker for more severe

seizures and is associated with greater gait instability, and the use of multiple

AEDs may have additive eVects on bone and mineral metabolism. These studies

support that multiple factors may contribute to the increased risk of fracture in

persons with epilepsy.
Neurologic
deficits

Fall

Fracture

AED
toxicity

Seizure

Decreased BMD or
bone strength

↑ Vitamin D
metabolism or
other mechanism

Other causes

AED

FIG. 1. Factors potentially responsible for fractures in people with epilepsy and their relationships.

AED, antiepileptic drug; BMD, bone mineral density.
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DiVerent demographic factors are associated with the risk of fracture in

persons with epilepsy. Not surprisingly, in patients with epilepsy older age is

associated with higher fracture risk (Souverein, 2005). However, children and

young adults may also have an increased risk of fractures compared with controls

(Sheth, 2004). Some studies suggest that men with epilepsy are at higher risk of

fracture than are women, whereas others suggest that the risk is higher in women

(Persson, 2002; Souverein, 2005).

Predisposition to fractures is due to an interaction between forces applied to

bone and ability of bone to tolerate these forces without fracture. In epilepsy,

abnormal forces applied to bone are due to the forces resulting from tonic-clonic

seizures or due to increased risks of falls. Falls in turn can be related to the seizures

themselves. Multiple studies support that injury secondary to seizures contributes

to the increased risk of fracture in persons with epilepsy. Patients with generalized

tonic-clonic seizures are at higher risk for fracture than are patients with partial

seizures (Persson, 2002). Fracture risk is higher during the first or second year after

diagnosis of epilepsy than later (Persson, 2002; Vestergaard, 1999), suggesting that

seizure control achieved over time may decrease the risk of fracture. Interestingly,

one study in women with epilepsy found a higher relative risk of hip versus

forearm fracture (Koppel, 2005). The increased risk for hip fracture compared

to that for forearm fracture may be a result of the person being unable to use the

hands to break a fall during a seizure.

However, population-based studies (Annegers, 1989; Grisso, 1991) find that

trauma related to seizures is not associated with fractures. In persons with

epilepsy residing in nursing homes (Lidgren and Walloe, 1977) or presenting

to tertiary hospitals (Desai et al., 1996; Nilsson, 1986; Vestergaard, 1999), 0–37%

of fractures are potentially related to seizures. Determining the relative contri-

butions of potential causes of fractures in persons with epilepsy requires a multi-

variate analysis of a large group of subjects and controls. Four studies analyze

some of the potential causes outlined in Fig. 1 (Bohannon, 1999; Cummings,

1995; Grisso, 1991; Souverein, 2006), but only one is concerned specifically with

persons with epilepsy (Souverein, 2006). Overall, these studies indicate that

stroke, generalized weakness, visual impairment, and treatment with AEDs are

independent risk factors for fracture. As such, falls may be related to continuously

present neurological deficits. These deficits may be due to neurological conditions

causing the epilepsy or AED toxicity. Epileptogenic lesions may cause hemi-

paresis, visual field deficits, or sensory deficits and may increase the risk of fall.

There is, surprisingly, little high-quality information regarding incidence of and

risk factors for falls in persons with epilepsy. In large hospital-based studies,

falls are more common in people with epilepsy (Guse and Porinsky, 2003;

Stolze, 2004), but reasons have not been well studied and to our knowledge

there are no prospective studies that might inform strategies for prevention in

this population.
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AED exposure may contribute to fracture risk. For instance, the Study of

Osteoporotic Fractures found that postmenopausal Caucasian women treated

with AEDs had double the rate of hip fracture compared to a control group of

postmenopausal women (Cummings, 1995). Similarly, a meta-analysis of five

studies found AED use to be a significant risk factor for fracture, with a relative

risk or odds ratio of 2.64 (95% CI: 1.82–3.82) (Espallargues, 2001). A case control

study among over 3000 patients with epilepsy found that the risk of fractures

increased with duration of AED therapy; treatment longer than 12 years was

associated with an adjusted odds ratio of 4.15 (95% CI: 2.7–6.34) for fracture

(Souverein, 2006). However, these studies are not able to control for previously

discussed factors associated with epilepsy including seizures that result in falls.

Interestingly in the Study of Osteoporotic Fractures (Cummings, 1995) after

adjustment for previous fractures or calcaneal BMD, AED use was no longer

associated with fracture, suggesting that the risk for fractures conferred by AEDs

is related to the eVect of AEDs on BMD.

There may be a diVerential eVect of individual AEDs on fracture risk. A

population-based study in Denmark supports this potential eVect (Vestergaard
et al., 2004). Over one hundred thousand subjects who had had a fracture from a

national hospital discharge register were identified and matched by age and

gender to three controls. Drug exposure was assessed through a national pharma-

cologic database. After adjusting for possible confounders, including a diagnosis

of epilepsy, certain AEDs (carbamazepine, clonazepam, phenobarbital, and

valproate) were statistically associated with fracture risk (relative risk varied

between 1.14 and 1.79). Other AEDs were not statistically associated with

fracture risk. However, the estimated relative risks were modest and in the same

range for both significant and nonsignificant associations. A dose relationship was

found for those AEDs that were significantly associated with fractures. These

studies suggest that prolonged AED treatment increases the risk of fracture.
V. AED Effects on Bone
Early studies found that AED exposure resulted in osteomalacia or rickets.

Osteomalacia literally means softening of bone and occurs after cessation of growth.

Rickets is a pathologic process in children involving the growth plate. Drug-induced

osteomalacia and rickets occur secondary to either insuYcient availability of calci-

um, phosphate, and active vitamin D or interference with the deposition of calcium

and phosphate in bone. Osteomalacic biopsy specimens exhibit abnormally thick

osteoid (unmineralized bone) seams, a prolonged mineralization lag time, and a

decrease in the adjusted apposition rate. However, these studies primarily included

institutionalized patients treated with phenytoin, primidone, and phenobarbital.
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In current reports of ambulatory persons, osteomalacia and rickets are rarely seen.

Recent biopsy studies have found normal osteoid seam width and mineralization

rates that are consistently normal or increased (Mosekilde and Melsen, 1980;

Weinstein, 1984). These results suggest that bone disease in persons with epilepsy

treated with AEDs is a disorder of increased remodeling rather than abnormal

mineralization, resulting in osteoporosis.

Osteoporosis is a skeletal disorder characterized by decreased bone strength

leading to an increased risk of fracture. Osteoporosis, whether manifested by low

BMD or fractures, is most common in postmenopausal women in whom the eVects
of aging and estrogen deficiency cause bone to be lost more rapidly. Secondary

osteoporosis may develop because of lifestyle and nutrition factors, underlying

medical conditions, or medications (Table IV) (Painter et al., 2006). Studies suggest

that AED use can result in secondary osteoporosis (Painter et al., 2006).
TABLE IV

SECONDARY CAUSES OF OSTEOPOROSIS

Lifestyle/Nutrition Eating disorders

Vitamin D and/or calcium deficiency

Alcoholism

Smoking

Medical diseases Hyperthyroidism

Hyperparathyroidism

Gastrointestinal malabsorption (e.g., celiac disease, postoperative states)

Cushing’s syndrome

Hypogonadism

Hypercalciuria

Renal disease

Liver disease

Osteogenesis imperfecta

Marfan’s syndrome

Homocystinuria

Rheumatoid arthritis

Medications Glucocorticosteroids

Immunosuppressants (cyclosporine)

Antiepileptic drugs

GnRH agonists

Heparin

Chemotherapeutics

Depot medroxyprogesterone acetate

Excess thyroid hormone

Antiretroviral drugs

Proton pump inhibitors

GnRH, gonadotropin-releasing hormone.
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The advent ofDXAallowednoninvasivemeasurement of bone health inpersons

with epilepsy. BMD measurements found osteopenia or osteoporosis in 38–60% of

persons with epilepsy treated with AEDs in tertiary epilepsy clinics (Andress, 2002;

Farhat, 2002; Sato, 2001). Longer AED use was associated with decreased BMD in

studies examining this association (Andress, 2002; Farhat, 2002; Sheth, 1995).

Several studies reported eVects of individual AEDs on BMD. Phenytoin use was

associated with decreased BMD in four of five studies examining the association

(Chung and Ahn, 1994; Kubota, 1999; Pack, 2005; Sato, 2001; Valimaki, 1994),

phenobarbital in two of two studies (Chung and Ahn, 1994; Kubota, 1999), and

valproic acid in three of four studies (Kafali et al., 1999; Pack, 2005; Sato, 2001;

Sheth, 1995). Interestingly, carbamazepine use was associated with decreased BMD

in only one of five studies examining this association (Kafali et al., 1999; Kim, 2007;

Pack, 2005; Sheth, 1995; Valimaki, 1994), though serologic indicators of increased

bone turnover have been occasionally reported in persons with epilepsy treated with

this medication (Bramswig et al., 2003; Mintzer, 2006; Verrotti, 2000, 2002). BMD

following brief treatment with lamotrigine did not diVer fromBMD following longer

treatment with inducing AEDs in a single study (Pack, 2005). There is no other

information regarding eVects of newer AEDs on BMD.

Most of these studies are diYcult to interpret for several reasons. First, the

majority have cross-sectional design rendering the findings diYcult to interpret as

BMD has diVerent rates and directions of change throughout the life cycle.

Longitudinal evaluation of serial BMD measures in persons with epilepsy treated

with AEDs and age-matched controls permits an assessment as to whether AEDs

cause BMD changes diVerent from those expected in a population not using

AEDs. Second, many factors have been conclusively associated with decreased

BMD (Cummings, 1995; Eastell, 1998). Of these, decreased physical activity,

inadequate calcium and protein intake, poorer general health, and depression are

likely to be more common among persons with epilepsy and may account for the

decreased BMD. For instance, in one study of children treated with valproic acid

and lamotrigine, reduced BMD was most significantly associated with reduced

exercise in the children with epilepsy (Guo et al., 2001). Third, the above studies

are typically based at tertiary epilepsy clinics where severe epilepsy is more

prevalent, limiting their generalizability to the general community.

Several longitudinal studies address these limitations (Ensrud, 2004; Kim,

2007). The Study of Osteoporotic Fractures (Ensrud, 2004) is a population-

based study that measured serial BMD determinations at both the hip and

calcaneus together with many clinical risk factors for low BMD in more than

6000 postmenopausal women. Although depression, poorer general health, and

decreased physical activity were more common in postmenopausal women trea-

ted with phenytoin, BMD at both the hip and calcaneus declined twice as fast in

women treated with phenytoin after adjustment for the above and other factors.

Furthermore, decline in BMD statistically attributable to phenytoin was the most
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significant of the factors found to aVect BMD, exceeding the benefit conferred by

hormone replacement therapy. Similarly, a prospective study of premenopausal

women treated with phenytoin sustained significant bone loss at the femoral neck

of the hip (Pack et al., 2008). This bone loss was not seen in the women treated with

carbamazepine, valproic acid, or lamotrigine. Significant factors aVecting bone

loss, including age at menarche, exercise, and diet, did not diVer among the groups

of women. A 6-month longitudinal study of Korean AED naı̈ve men and women

with epilepsy found a significant decrease in BMD and a decrease in vitamin D

metabolites in association with carbamazepine but not lamotrigine or valproate

treatment (Kim, 2007). Overall, there is strong evidence that phenytoin use is an

important factor in decline of BMD in women with epilepsy treated with this drug.

However, information regarding other AEDs is not as convincing.

Bone turnover markers may also be obtained as elevated bone turnover markers

reflect increased bone remodeling activity, are associated with higher rates of bone

loss, and are independent predictors of fracture (Khosla and Kleerekoper, 2006).

Elevations in bone formation and resorption markers have been reported during

long-term AED therapy (Akin, 1998; Ensrud, 2004; Oner, 2004; Pack, 2005; Sato,

2001; Valimaki, 1994), as well as after initiation of AED therapy (Verrotti, 2000,

2002). For instance, serum alkaline phosphatase including the bone-specific isoen-

zyme (Okesina et al., 1991; Pack, 2005; Skillen and Pierides, 1976) as well as osteo-

calcin and C-terminal extension peptide of type I procollagen have been reported as

being increased in adults receiving some AEDs (Gough, 1986; Valimaki, 1994;

Verrotti, 2000). Not surprisingly, markers of bone resorption such as carboxyl-

terminal telopeptide of human type I collagen and cross-linked N-telopeptides of

type I collagen may be elevated as well (Sato, 2001; Valimaki, 1994; Verrotti, 2000,

2002). These findings although not always consistent have been described in associa-

tion with phenytoin, carbamazepine, valproic acid, and lamotrigine. However, as

discussed above, there are limitations to the interpretation of these results. The most

interesting findings are in those studies of patients with new-onset epilepsy and no

prior exposure to AEDs. Verrotti and colleagues (Verrotti, 2000, 2002) found signifi-

cant changes in markers of bone turnover when compared to a matched control

population after 1 and 2 years of carbamazepine treatment. However, as mentioned

previously, the utility of these markers in clinical practice at this time is limited.
VI. Potential Mechanisms to Explain Changes in Bone Health in Persons with Epilepsy
As most evidence associates CYP450 enzyme-inducing AEDs with abnormal-

ities in bone, the induction of these enzymes have been proposed as being the main

mechanism to describe this eVect. However, there is data to suggest that this theory

does not wholly explain previously discussed findings. This section will review the
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prevailing model as to why persons with epilepsy treated with AEDs are at risk for

changes in bone and mineral metabolism. This discussion will include supportive

and contradictory data. In addition, other potential mechanisms will be presented.
A. A STATEMENT OF THE PREVAILING MODEL

The prevailing model explaining AED-associated bone disease states that AED-

induced disruption of vitamin D metabolism causes osteopenia and osteomalacia

(Drezner, 2004; Fitzpatrick, 2004; Hahn, 1972a; Heller and Sakhaee, 2001).

According to this model, treatment with liver-inducing AEDs increases the activity

of hepatic mixed function oxidases and thus accelerates metabolism of vitamin D

and its various metabolites. Furthermore, the majority of the resulting compounds

are polar metabolites with no biological activity (Hahn, 1972b). Because the avail-

able supply of vitamin D is shunted into these inactive metabolites, less biologically

active 1,25(OH)2D is available. This results in decreased intestinal calcium absorp-

tion, decreased serum calcium concentration, and a compensatory increased serum

PTH concentration (Heller and Sakhaee, 2001). Initially, this secondary hyperpara-

thyroidism increases bone turnover but BMD is maintained. At this point, markers

of bone turnover may be increased but BMD measurements are normal.

With persistent hyperparathyroidism, BMD decreases at which point standard

clinical tests demonstrate osteopenia and osteoporosis and fracture risk is increased.

Chronic depletion of vitamin D and calcium eventually results in overt mineraliza-

tion defect and the clinical picture of osteomalacia (Drezner, 2004; Pack, 2005).

Recent work suggests that an important means of regulating enzymes and

transporters responsible for elimination of potentially toxic compounds is

involved in disruption of vitamin D metabolism. This may provide a molecular

biological explanation for this model. Interestingly, the pregnane X receptor

(PXR) and the VDR share a significant homology of amino acid sequence in

the DNA-binding domain of the promoter region of CYP24 (Pascussi, 2005;

Pascussi et al., 2006). PXR activated by compounds such as phenobarbital could

therefore mimic an activated VDR, increase CYP24 expression, shift vitamin D

metabolism toward the production of inactive metabolites (Fig. 2), and disrupt
D3 25OHD3 1,25(OH)2D3 

24,25(OH)2D3 1,24,25(OH)2D3 

Renal MFO

Hepatic CYP24A1 Hepatic CYP24A1

Hepatic MFO

FIG. 2. Important vitamin Dmetabolites and responsible enzymes (see text). MFO, mixed function

oxidase.
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bone health. A series of experiments in human hepatocyte preparations strongly

supported this mechanism (Pascussi, 2005; Pascussi et al., 2006); however, another

group (Xu, 2006; Zhou, 2006) found that this mechanism does not appear to play

a large role.
B. EVIDENCE SUPPORTING THE PREVAILING MODEL

Direct measurements of tritiated vitamin D found increased half lives (Hahn,

1972b) and clearance (Matheson, 1976) in a total six patients treated with

phenobarbital. Chromatographic evidence suggested increased levels of

25OHD products with high polarity in three of the above subjects (Hahn,

1972b). Most evidence supporting the prevailing model is indirect. Almost all

studies demonstrate lower serum calcium concentrations in persons with epilepsy

treated with inducing AEDs than in normal controls though overt hypocalcemia

is rare (Gough, 1986; Hahn, 1972a; Valimaki, 1994; Weinstein, 1984). Serum

25OHD is lower in many (Gough, 1986; Hahn, 1972a; Mintzer, 2006; Sato,

2001; Stephen, 1999) but not other (Pack, 2005; Verrotti, 2000, 2002; Weinstein,

1984) studies. Furthermore, serum 25OHD is abnormally low in 8–35% of

ambulatory persons with epilepsy treated with hepatic enzyme-inducing AEDs

(Gough, 1986; Weinstein, 1984) but is normal in ambulatory persons with epilep-

sy treated with AEDs that do not induce hepatic enymes (Gough, 1986; Sato,

2001; Stephen, 1999). Finally, serum PTH levels in persons with epilepsy treated

with AEDs are higher than in control subjects in some (Sato, 2001; Valimaki,

1994; Weinstein, 1984) but not other (Pack, 2005; Verrotti, 2000, 2002) studies.
C. EVIDENCE AGAINST THE PREVAILING MODEL

It is increasingly recognized that vitamin D deficiency is distressingly com-

mon. Although the precise definition of vitamin D deficiency continues to be

debated, most authorities now believe that 20–50% of healthy individuals suVer
from vitamin D deficiency or insuYciency and the rates are even higher in

populations with chronic disease similar to persons with epilepsy (Holick, 2006;

Holick, 2007; MacFarlane, 2004; Nesby-O’Dell, 2002). Because vitamin D defi-

ciency is so very common in the general population, it will be diYcult to

demonstrate that AED use specifically plays a role in the vitamin D deficiency.

Furthermore, risk factors for vitamin D deficiency (poorer nutrition, less mobility,

less sunlight exposure) may be more prevalent among persons with epilepsy and

account for the vitamin D deficiency found in this population (Ensrud, 2004).

None of the studies reporting decreased vitamin D deficiency in persons with

epilepsy measure or adjust for these potential confounders. Therefore, vitamin D
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deficiency in persons with epilepsy may be due to baseline high rates in the

general population or to other accepted etiologies rather than due to AED use.

Other observations also argue against the model. First, the reported eVects of
specific AEDs on BMD are not consistent with what the model would predict.

Carbamazepine, a known inducer of hepatic mixed function oxidases, is not

associated with decreased BMD in recent studies (Kafali et al., 1999; Pack,

2005; Sheth, 1995; Valimaki, 1994) while valproic acid, which does not induce

liver mixed function oxidases, often is (Kafali et al., 1999; Sato, 2001; Sheth,

1995). Second, 25OHD levels do not diVer significantly between persons with

epilepsy treated with inducing AEDs and noninducing AEDs when these groups

are compared in the same study (Pack, 2005; Stephen, 1999). Third, the amount

of vitamin D supplementation needed to maintain normal levels of 25OHD in

vitamin D deficient persons with epilepsy is in the range necessary to maintain

normal levels in control subjects (Collins, 1991; Heaney, 2003; Mikati, 2006). This

argues that the prevailing risk factors for vitamin D deficiency in persons with

epilepsy do not diVer from those found in the general population. Finally, signifi-

cant osteopenia and other convincing evidence of increased bone turnover has

been found in a series of persons treated with AEDs even though 25OHD3

(Verrotti, 2000, 2002; Weinstein, 1984) and PTH levels (Verrotti, 2000, 2002)

were normal. These data indicate that aberrant vitamin D metabolism does not

account for all of the changes in bone health observed in persons with epilepsy

treated with AEDs.
D. ALTERNATIVE MECHANISMS FOR POORER BONE HEALTH IN PERSONS

WITH EPILEPSY

Mechanisms other than disruption of vitamin Dmetabolismmay explain poor

bone health in many persons with epilepsy treated with AEDs, but their contri-

bution has not been extensively studied. Several possibilities have been suggested.

AEDs could have a direct impact on calcium absorption or on bone cells

themselves. AEDs could disrupt vitamin K metabolism in a manner similar to

that proposed for vitamin D. AEDs could aVect calcitonin secretion. Finally, there
is the intriguing possibility that epilepsy disrupts central nervous system control of

bone metabolism and that AEDs do not play an important role.

AEDs may have direct eVect on intestinal calcium absorption that is indepen-

dent of the eVect of vitamin D. For example, phenytoin inhibited calcium

absorption from the gut in some (Corradino, 1976) but not other (Bell, 1979)

studies. Phenytoin (Feldkamp, 2000; Hahn et al., 1978; Jenkins et al., 1974),

phenobarbital (Hahn et al., 1978), carbamazepine (Feldkamp, 2000; Verrotti,

2000, 2002), and valproic acid (Cho, 2005; Schroeder and Westendorf, 2005)

have direct eVect on cultured bone cells. DiVerent eVects are reported in diVerent
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studies of the same AED (see Nissen-Meyer, 2007, for review), and phenytoin

appears to have diVerent eVects at low and high levels (Feldkamp, 2000). Levetir-

acetam in low levels but not high levels decreases bone strength without aVecting
BMD (Nissen-Meyer, 2007). This is associated with lower osteocalcin levels and

increased amounts of cartilage remnants with electron microscopy and mecha-

nism remains unclear (Nissen-Meyer, 2007). Thus, there is strong evidence that

AEDs can aVect bone directly but no consistent pattern emerges.

AEDs may disrupt vitamin K metabolism in a manner similar to that pro-

posed for vitamin D and may thus impair bone health. Vitamin K is a cofactor

required for the carboxylation of Gla-proteins. Three of these are synthesized by

osteoblasts of which osteocalcin is the most abundant. Poorly carboxylated osteo-

calcin is associated with decreased BMD and increased fracture risk (Knapen,

1998; Vergnaud, 1997). High-dose vitamin K2 supplementation modestly

increases BMD (Iwamoto et al., 2006; Shiraki, 2000), increases bone strength

(Iwamoto et al., 2006; Knapen et al., 2007), and decreases vertebral fracture risk

(Shiraki, 2000). Phenytoin administration decreases serum vitamin K2, serum

osteocalcin, and BMD in animal models and these eVects are reversed with

aggressive vitamin K2 supplementation (Onodera, 2002, 2003; Vernillo et al.,

1990). This is consistent with the idea that inducing AEDs increase vitamin K2

clearance in a manner similar to that thought to occur with vitamin D. Vitamin

K2 deficiency or clearance has not been investigated in persons with epilepsy

though high-dose K2 supplementation improved BMD in a small group of

persons with epilepsy treated with inducing AEDs. Thus, some data suggest

that AED disruption of vitamin K metabolism or function may worsen bone

health in persons with epilepsy but many questions remain.

AEDsmay disrupt calcitonin secretion. It will be recalled that calcitonin inhibits

PTH-induced bone resorption (see the earlier description), and indeed salmon

calcitonin modestly increases BMD in humans and is used to treat osteoporosis.

Phenytoin treatment decreases calcitonin secretion in animal models (Pento et al.,

1973, 1996). Treatment with a variety of AEDs is associated with decreased serum

calcitonin in humans (Bogliun, 1986; Kruse, 1980). Calcium-stimulated secretion

of calcitonin is decreased in pediatric persons with epilepsy treated with phenytoin

or primidone but not in pediatric persons with epilepsy treated with valproic acid or

carbamazepine (Kruse, 1987). Although data is sparse, AEDs appear to decrease

calcitonin secretion in humans by a mechanism not associated with hepatic induc-

tion. The resulting calcitonin deficiency may further aggravate bone resorption due

to secondary hyperparathyroidism.

Finally, recent discoveries that the central nervous system plays an important

role in regulating bone metabolism (Ducy et al., 2000) raise the possibility that

epilepsy rather than AEDs may play a role in decreased bone health in persons

with epilepsy. Brain regulation of bone metabolism is thought to be mediated by

the hormone leptin. Leptin is secreted by adipocytes, crosses the blood–brain
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barrier, and binds with specific hypothalamic receptors resulting in activation of

the sympathetic nervous system. The consequent activation of adrenergic recep-

tors on the surface of osteoblasts decreases osteoblast numbers and bone forma-

tion (Cock and Auwerx, 2003; Ducy et al., 2000; Karsenty, 2006; Takeda, 2002).

Interestingly, recurrent seizures in kindled mice increase serum leptin levels

(Bhatt, 2006) and could thus potentially decrease bone formation. Persistent

seizures could also disrupt brain leptin signaling. While the discovery that

the brain has an eVect on bone metabolism is an important recent advance,

many questions remain regarding its relevance even in the healthy human

condition. For example, the fact that both leptin levels and BMD are elevated

in obesity in humans appears inconsistent with the notion of leptin as anorexiant

and antiosteogenic consistently found in animal studies. This and other questions

are being actively addressed (Coen, 2004; Morberg, 2003; Thomas, 2004).

Clarifying these issues could inform attempts to untangle the more complex

relationships between weight change, leptin signaling, AED treatment, and

BMD in persons with epilepsy.

Bone metabolism is complex, and it is likely that multiple pathophysiologic

mechanisms are operational in a complex and variable pathologic state such as

epilepsy that is treated with diVerent AEDs, each of which can have a variety of

eVects. The challenge of future research will be to confirm some of the

promising mechanisms for which data are presently incomplete and then sort

through the relative importance of multiple mechanisms simultaneously in

relevant models.
VII. Treatment
Multiple therapies are available for the treatment of bone disease (Table V).

Some are recommended in specific clinical situations. For instance, hormone

replacement therapy may be useful in a menopausal woman with other significant

symptoms including hot flashes. However, if the woman has epilepsy she may be

at risk for increased seizure activity (Harden, 2006). Bisphosphonates are known

to increase BMD and reduce the risk of fracture but are not routinely recom-

mended in premenopausal women particularly as the teratogenic potential is

unknown. Limited study is available on these treatments in persons with epilepsy

treated with AEDs. A recent randomized double blind trial over 1 year compared

low-dose (400 IU/day for adults and children) and high-dose (4000 IU/day for

adults and 2000 IU/day for children) vitamin D supplementation (Mikati, 2006).

In the adults, the baseline BMD was reduced at all sites when compared to age-

and gender-matched controls. After 1 year, there were significant increases in

BMD at all sites in those receiving high-dose vitamin D but not in those receiving



TABLE V

AVAILABLE TREATMENTS FOR OSTEOPOROSIS

� Calcium and vitamin D supplementation

� Bisphosphonates

Alendronate sodium

Alendronate sodium plus 2800 IU vitamin D3

Ibandronate sodium

Risedronate sodium

Risedronate sodium plus 500 mg calcium carbonate

� Hormone therapy
� Selective estrogen receptor modulators

Raloxifene

� Parathyroid hormone

IU, international unit.
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low-dose vitamin D. The children had normal BMD when compared to age- and

gender-matched controls and had significant and comparable increases in BMD

in both treatment groups. This study suggests that persons with epilepsy treated

with AEDs should be counseled about adequate vitamin D intake. For those

taking enzyme-inducing AEDs, higher doses of vitamin D than currently recom-

mended are suggested. In addition, adequate calcium intake and supplementation

if necessary are advised.
VIII. Conclusion and Recommendations
Persons with epilepsy and, in particular, women are at increased for bone

diseases, most notably fracture. Fractures rates are higher in persons with epilepsy

when compared to the general population. The increased risk is likely secondary

to multiple factors including adverse eVects of AEDs on bone, side eVects of AEDs

resulting in instability or poor coordination, and seizure-related injuries. Al-

though results are mixed for some of the AEDs, phenytoin use is consistently

associated with lower BMD. It is recommended that all patients receive at least

the recommended daily allowance of calcium and vitamin D and that routine

screening of vitamin D status be performed to avoid vitamin D insuYciency

(current standard for 25OHD: >30 ng/m1). For prolonged AED exposure,

BMD screening should be performed particularly if the patient has other risk



BONE HEALTH IN WOMEN WITH EPILEPSY 323
factors for low BMD (Table IV). If evidence of osteoporosis or low BMD is found,

we suggest evaluating the patient for fracture risk including factors discussed

above, consider changing AED therapy if the woman is prescribed phenytoin,

and refer for possible intervention as many therapies exist for the treatment of

osteoporosis.
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Epilepsy is a chronic disorder often requiring years of treatment. Accordingly,

adverse eVects of epilepsy and its treatment can impact general health for many

decades. The psychological consequences of epilepsy are well documented, al-

though the metabolic consequences of the treatment of epilepsy have only

recently received attention. Antiepileptic drugs (AEDs) are well known to alter

weight, causing either weight gain or weight loss. The mechanism by which this

occurs remains to be fully understood, although there appears to be an eVect on

lipid and glucose metabolism. This chapter examines current data available on

the adverse eVects of individual AEDs on somatic weight, serum lipid profile, and

glucose metabolism. These issues are of importance to neurologists caring for

patients with epilepsy.
I. Introduction
The relationship between epilepsy and metabolic disorders is multifaceted.

Metabolic disorders such as mitochondrial disorders and etiologies associated

with the progressive myoclonus epilepsies are an important cause of seizures
ier Inc.
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(Acharya et al., 1995). Furthermore, acute metabolic derangements can cause

seizures or alter the frequency of seizures in an otherwise stable epilepsy. On the

contrary, seizures, particularly if prolonged, can result in a variety of metabolic

derangement (Lothman, 1990). Aspects of the relationship between epilepsy and

metabolic disorders have been previously addressed and will not be reviewed in

the current chapter (Boggs, 1997; DeLorenzo et al., 1995).

The focus of this chapter will be the metabolic changes, including weight, lipid

metabolism, and g changes, that can be associated with antiepileptic drug (AED)

treatment. Many patients, however, face lifelong exposure to medication treat-

ment and such changes can be cumulative. Accordingly, minor metabolic

derangements that may not be seen over several weeks or months have the

potential over many years to become an issue due to concern about the cumula-

tive adverse eVects of treatment. Hormonal changes associated with AEDs are an

important issue that will be addressed in a diVerent section.
This chapter will address AED-associated changes in body weight, bone

disorders, metabolic acidosis, and renal stones. These issues have important

implications for the optimal long-term management of epilepsy and will be the

major focus of this chapter.
II. Body Weight and AEDs
Obesity has become a national epidemic (Aronne, 2002a). Obesity trends

have steadily increased since the 1960s, where �25–30% of the adult population

met criteria for being either overweight (body mass index, BMI >25) or obese

(BMI>30). Currently, more than half of the adult US population is categorized as

being either overweight or obese (Fig. 1) (Willett et al., 1999). Patients with

epilepsy have an increased rate of obesity, some iatrogenically related to the

prescribed AED treatment and others linked to the high prevalence of depression

in patients with epilepsy (Thearle and Aronne, 2003).

The pathologic consequences of obesity include deleterious eVects on insulin

resistance, reproductive disorders, cardiovascular disorders, gall bladder disease,

bone and joint disease, and cancer (Aronne, 2002b). Insulin resistance is strongly

linked to intra-abdominal fat which is the characteristic location of adipose tissue

that is seen in the metabolic syndrome (Prabhakaran and Anand, 2004). Further-

more, iatrogenic weight gain often results in medication noncompliance and

increased seizures. Often, less well recognized is the psychological eVect (Nelson

et al., 2004) of increased weight. Increases in body weight often adversely impacts

body image and self-confidence. This can be a diYcult problem at any age but

can be particularly problematic in adolescence, which is a period of heightened

awareness of body image and body weight (Sheth, 2002). AEDs are often
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associated with a modest increase in weight, although increases in body weight

as little as 5–7 kg weight are associated with increased risk of cardiovascular

complications (Must et al., 1999).
A. WEIGHT GAIN ASSOCIATED WITH AEDS

AEDs can be associated with either an increase or a reduction in body weight,

although most medications are weight neutral (Biton, 2003). However, since most

reported retrospective studies are not powered to examine the eVects on weight,

these should be interpreted cautiously. Pooled data from clinical trials with

valproate showed the incidence of weight gain to be as low as 3%, whereas studies

specifically assessing weight show up to 71% of patients treated with valproate

gaining weight (Biton, 2003).

AEDs that appear to be most consistently associated with weight increase

include valproate (þ40 to þ50%), carbamazepine (þ32%), gabapentin (þ15 to

20%), and pregabalin (þ10 to 15%). Valproate treatment can be associated with

weight gain in 40– 50% of patients. Biton et al. (2001) examined weight-associated

changes in a double-blind controlled study designed to evaluate weight changes

with valproate and lamotrigine treatment. They found that patients treated with

10–60 mg/kg/day of valproate had a 5.8 � 4.2 kg increase in weight compared
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to the lamotrigine-treated group where weight changes of 0.6 � 5.4 kg were

noted. Interestingly, over the 32 weeks of the study there appeared to be steady

weight increase (Fig. 2). The absence of a trend toward plateau in weight change is

of concern, suggesting that over the course of many years of treatment there could

be a cumulative eVect on weight.

1. Valproate

The predictors of valproate-associated weight gain remain unclear. A mis-

match between energy expenditure over caloric consumption was suggested as

one mechanism that may underlie this process (Gidal et al., 1996). More recently,

valproate-induced hyperinsulinemia is thought to cause the metabolic syndrome

with centripetal obesity, lipid abnormalities, and polycystic ovaries/hyperandro-

genism in women with epilepsy (Isojarvi et al., 1998). Recently, Luef et al. (2004)

found that 61% of their patients treated with valproate had hepatic steatosis on

ultrasonic examination of the liver compared to 21% for carbamazepine-treated

patients. This nonalcoholic intrahepatic accumulation of fat is seen in patients

with insulin resistance. Importantly, increased body weight appears to be an

important risk factor for the development of nonalcoholic fatty liver disease

(Luef et al., 2004). The authors found that patients treated with valproate had

higher insulin levels compared to the carbamazepine-treated group. This raises

the possibility that valproate-associated weight gain may be an eVect of relative
insulin resistance.

2. Carbamazepine

Carbamazepine treatment can be associated with weight gain in up to one

quarter of patients (Corman et al., 1997; Mattson et al., 1992; Richens et al., 1994).

Although this figure is lower than that for valproate, carbamazepine is the most
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commonly used AED after phenytoin, and has the potential to impact a larger

number of patients. Interestingly, the widespread awareness of the weight gain

potential for valproate may have reduced the expectation for carbamazepine. In

an interesting study on 260 children, Easter et al. found that by report patients and

physicians were more likely to identify valproate-associated weight increase;

however, when actual weight measurements were analyzed they found that the

incidence of weight gain was similar for both agents. They did find that the degree

of weight gain was higher for valproate.
3. Oxcarbazepinearbazepine

Oxcarbazepinearbazepine is not reported to be associated with significant

change in weight. In randomized control trials, increases in body weight were

reported in 2% of patients taking 1200–2400 mg of oxcarbazepinearbazepine per

day compared to a 1% rate for the placebo group (Glauser, 2001). However, as

with other agents in the absence of trials designed to assess weight changes, the

apparent absence of eVect should be interpreted cautiously.
4. Gabapentin and Pregabalin

Gabapentin was associated with weight gain consistently found in six reported

studies. Over half of the 44 patients treated for epilepsy with gabapentin experi-

enced weight gain (DeToledo et al., 1997). The authors found that at least a 10%

increase in basal weight occurred in 10 patients and that 15 patients gained

5–10%. Of the 44 patients 16 patients had no change in weight while 3 patients

lost 5–10% of their initial weight. Weight increase started between the second and

third months of therapy and stabilized after 6–9 months of the study. As with

other AEDs, the mechanism of the weight increase remains unknown with

gabapentin. Interestingly, pregabalin, a new AED, appears to be also associated

with dose-related weight gain (Arroyo et al., 2004). Pregabalin at doses of 600 mg/

day was associated with weight gain in 14% compared to 7% on 150 mg/day and

2% for control patients (Arroyo et al., 2004). In a long-term trial, vigabatrin also

appeared to be associated with a weight gain of 3.7� 0.2 kg over the study period

(Guberman and Bruni, 2000).

AED-associated body weight changes are also seen in the pediatric population.

Adolescence is a period of heightened awareness of body image and bodyweight. As

in adults with epilepsy, AEDs such as valproate, carbamazepine, and gabapentin are

associated with significant weight gain in adolescents. Adolescents who perceive that

their AED is causing an increase in weight often become noncompliant with treat-

ment. Ideally, weight-neutral medications such as lamotrigine and leviteracetam are

ideally suited for use in adolescents (Devinsky et al., 2000; Gidal et al., 2003).
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B. WEIGHT LOSS ASSOCIATED WITH AEDS

AEDs most consistently associated with weight loss include felbamate (�2% to

�75%) and topiramate (�10% to �20%) (Corman et al., 1997; Dinesen et al.,

1984; Ketter et al., 1999; Novak et al., 1999). With topiramate, weight loss is dose

related and can range from 9% to 11% when used in a dosage of 100–200 mg/

day. Ben-Menachem et al. (2003) showed in an uncontrolled prospective topir-

amate trial for patients 16 years and older that 82% of patients lost weight after 3

months of treatment and 86% lost weight after 12 months of treatment. The

average weight loss was 3.0 kg (a 3.9% reduction from baseline body weight). In

obese patients (BMI>30 kg/m2), mean weight loss was 4.2 kg at 3 months and

10.9 kg at 12 months of treatment. They found that patients with a BMI> 30 lost

12% of body weight compared to those with a BMI < 30 who lost 5% of body

weight. Importantly, they found that body fat loss represented 60–70% of the

weight loss. Interestingly, serum glucose levels and glucose tolerance test and

blood lipid profiles also improved and serum leptin levels were reduced (Fig. 3)

(Ben-Menachem et al., 2003). These findings oVer the possibility in the obese patient
of selecting an agent in an appropriate clinical setting such as topiramate to treat

seizures as well as to induce weight loss. In clinical practice, discussing adverse eVect
profiles of AEDs and treatment options many patients appear to favor topiramate.

Felbamate is associated with anorexia and weight loss of 3– 5% of body weight

in children occurs mostly during the first 3 months of therapy (Bourgeois, 1997).

However, in some patients the degree of weight loss can be severe, leading to

discontinuation of the medication.

C. BODY WEIGHT AND NONEPILEPTIC EVENTS

It has been long recognized that patients with epilepsy have an increase in

psychiatric comorbidity (Gilliam et al., 2003). Psychiatric illness can be associated with

weight increase. Marquez et al. (2004) examined BMI in patients with video-EEG
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confirmed nonepileptic events. They found that patients with nonepileptic events had

a BMI of 30.5 compared to controls in whom the index was 26.1. Importantly, this

eVect was present even after controlling for weight-gain properties of antiepileptic drugs.
III. Lipid Metabolism and AEDs
Antiepileptic medications have been shown to aVect serum lipid concentration

and glucose, insulin, and leptin levels to varying degrees. In some patients the

metabolic impact of AEDs may be significant and may be associated with clinical

consequences.
A. SERUM LIPID CONCENTRATIONS

Changes in serum lipid concentrations have been associated with AEDs for

some time now. Most of the published studies evaluating the eVects of antiepilep-
tic medications on lipids have been conducted in children, although a few studies

in adults have also been reported.

Total cholesterol, triglycerides, low- and high-density lipoprotein cholesterol

(including the high-density lipoprotein-2 and high-density lipoprotein-3 subtrac-

tions), and apolipoproteins A1 and B were measured in 120 adult epileptic

patients treated with carbamazepine (n ¼ 42), sodium valproate (n ¼ 38), and

phenytoin (n ¼ 40) and compared with the values of 48 healthy subjects(Pita-

Calandre et al., 1998). They found that carbamazepine-treated subjects showed

specifically an increase in the high-density lipoprotein-2 cholesterol, whereas

phenytoin-treated subjects showed specifically an increase in triglycerides.

These changes with the exception of high-density lipoprotein cholesterol and

apolipoprotein all were significantly elevated in women but not in men. There

was no correlation with serum concentrations of AEDs and specific lipid changes.

Interestingly, valproate-treated patients had no significant diVerences from con-

trols. These findings suggest that enzyme-inducing antiepileptic medications alter

serum lipid concentrations, whereas those not aVecting the cytochrome P450

system were not associated with lipid changes. This study suggested that

there were gender-specific diVerences in serum lipid changes (Pita-Calandre

et al., 1998).

Serum lipid changes appear to occur across the life cycle. Children appear to

experience similar changes in serum lipid concentrations as adults. In 208 chil-

dren with epilepsy, the influence of AEDs on total cholesterol, high-density

lipoprotein cholesterol, and triglyceride levels was compared to that in 175

normal children. As in adults, a significant increase in total cholesterol plasma

levels was observed with enzyme-inducing AEDs, including carbamazepine,
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phenobarbital, and phenytoin. Children treated with valproate had similar lipid

profiles as the control population. Hepatic induction by AEDs altering the

cytochrome P450 system may underlie these findings. High-density lipoprotein

and triglycerides were not altered by any of the AEDs. The authors recommen-

ded monitoring of total cholesterol levels in patients receiving carbamazepine,

phenobarbital, and phenytoin (Franzoni et al., 1992).

More recently, 64 children between the ages of 1 and 15 years and treated

with phenobarbital, carbamazepine, and valproate were studied with regards to

the serum lipid profiles and lipoprotein. In a longitudinal study, plasma lipopro-

tein, total cholesterol, triglycerides, low-density lipoprotein cholesterol, high-

density lipoprotein cholesterol, apolipoprotein A and apolipoprotein B levels,

and liver enzymes alanine aminotransferase, aspartate aminotransferase, alkaline

phosphatase, and �-glutamyltransferase were examined before the initiation of

treatment and at 3, 6, and 12 months of the treatment period. Mean lipoprotein

levels were significantly increased in all groups at 3, 6, and 12 months of the

treatment period. The increase in alanine aminotransferase, aspartate amino-

transferase, alkaline phosphatase, total cholesterol, low-density lipoprotein cho-

lesterol, high-density lipoprotein cholesterol at 3, 6, and 12 months was

statistically significant in the phenobarbital-treated group. The higher levels of

lipoprotein were observed only in the carbamazepine-treated group at 6 and 12

months. The percentage of children with lipoprotein levels over 30 mg/dl was

44%, 63%, and 33% in the phenobarbital-, carbamazepine-, and valproate-

treated children, respectively (Sonmez et al., 2006).

Diet may also alter the impact of enzyme-inducing antiepileptic medications

on lipid concentrations. Castro-Gago et al. (2006) reported on the evolution of

serum lipids and lipoprotein(a) levels in children with epilepsy treated with

carbamazepine, valproate, and phenobarbital with diet. In this study, the concen-

tration levels of serum lipids and lipoprotein(a) were measured in 20 children

receiving carbamazepine, 25 receiving valproate, and 5 children receiving phe-

nobarbital while consuming a normal diet and subsequently following the initia-

tion of a low-fat diet (children treated with carbamazepine and phenobarbital

with high levels of total cholesterol, high-density lipoprotein cholesterol, and low-

density lipoprotein cholesterol) and 3 months after the end of treatment with

antiepileptic drugs. They found that patients consuming a regular diet had

significant changes in lipids, but those receiving a low-fat diet had normalized

all lipid parameters. These findings suggest that changes associated with AED

treatment could be reversed by diets with lowered fat content.

In another study of 30 children treated with carbamazepine monotherapy,

ages 30 months to 14 years, with idiopathic or cryptogenic partial or generalized

tonic clonic seizures, serum lipids were evaluated at the onset and at the third

month of therapy. Again, mean total cholesterol, low-density lipoprotein, very

low-density lipoprotein, and triglyceride levels were found to be significantly
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increased during treatment, but mean high-density lipoprotein levels were not

found to be significantly changed during the study. This study adds further

support to previous findings that carbamazepine treatment alters the serum

lipid profile in children and could predispose these children to the possibility of

developing atherosclerosis later in life (Mahmoudian et al., 2005).

Further studies evaluating alterations in lipid concentration in patients treated

with carbamazepine and valproate following 2 years of treatment confirm the

findings seen in earlier studies. In a comparison of treatment of children with

carbamazepine versus valproate monotherapy, serum total cholesterol, triglycer-

ides, high- and low-density lipoprotein cholesterol, apolipoproteins AI and B

concentrations, and serum concentration of biochemical markers of liver and

renal function were measured before and at 6, 12, and 24 months of treatment.

Serum concentration of lipoprotein(a) was found to be increased at 6, 12, and 24

months of carbamazepine and valproate monotherapy. These authors also sug-

gested measuring serum lipoprotein (a) concentration routine in epileptic children

taking these AEDs (Voudris et al., 2006).

The clinical relevance of the alterations in lipid concentrations and the long-

term eVects were addressed by Isojarvi et al. (1993). As previously shown, serum

lipid levels change during treatment with carbamazepine. The increase in serum

concentrations of total cholesterol and high-density lipoprotein cholesterol appear

to persist, but the increase in serum low-density lipoprotein cholesterol and

triglyceride levels were transient. Change in lipid metabolism may be associated

with induction of the liver enzymes during carbamazepine medication. The

increase in serum cholesterol and high-density lipoprotein cholesterol levels may

have clinical relevance with regard to the incidence of atherosclerosis and coro-

nary heart disease in patients with epilepsy receiving carbamazepine medication

(Isojarvi et al., 1993). Eiris et al. (1995) also confirm that the risk of atherosclerosis-

related disease may be related to the eVects of long-term treatment with drugs

such as phenobarbital and carbamazepine in children with epilepsy.

The onset of changes in lipid concentration have been shown to occur early in

treatment. In a study comparing phenobarbital, carbamazepine, and valproate-

treated children, (n¼ 53), serum total cholesterol levels increased after 3 months of

treatment with carbamazepine and with phenobarbital and remained high for

1 year. Serum lipid concentration did not change during valproate treatment (total

cholesterol, high- and low-density lipoprotein, triglycerides) (Yilmaz et al., 2001).

In a study comparing enzyme-inducing antiepileptic medications and none-

nzyme inducers, Nikolaos et al. (2004) reported the long-term eVects of carbamaz-

epine, phenobarbital, valproate, and phenytoin treatment on cholesterol and

lipoprotein serum levels . The findings related to carbamazepine and phenobar-

bital demonstrated the same results as described in previous studies. Patients on

phenytoin showed significantly higher low-density lipoprotein-C values and non-

significant diVerences in the rest of the parameters, while those on valproate
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showed significantly lower total cholesterol, low-density lipoprotein-C, and tri-

glyceride values and nonsignificant diVerences in high-density lipoprotein-C

values. As noted elsewhere, dietary changes may be of benefit. A low-cholesterol

diet was suggested in those patients treated with carbamazepine and phenytoin

(Nikolaos et al., 2004).
B. GLUCOSE, INSULIN, AND LEPTIN LEVELS

Glucose, insulin, and leptin levels are also impacted by antiepileptic medica-

tions. Both first-generation and second-generation antiepileptic medications have

been reported to alter insulin and glucose levels. Data available for phenytoin,

gabapentin, valproate, and topiramate will be reviewed.

1. Phenytoin

Phenytoin is known to induce hyperglycemia. The mechanism has generally

been considered primarily an inhibition of insulin release. In a case report,

al-Rubeaan and Ryan reported a case of a patient who became hyperglycemic

on phenytoin and whose markedly increased insulin requirements suggested an

insulin-resistant state. Reduction of the phenytoin dose resulted in amelioration of

the hyperglycemia. In vitro studies of phenytoin in a primary culture system of

adipocytes that allowed assessment of both insulin receptor-binding and post-

binding function showed a 57% reduction in maximum [14C]3-0-methylcglucose

transport in the presence of phenytoin while having no eVect on maximum insulin

binding. These results suggest that phenytoin administration can result in insulin

insensitivity by inducing a post-binding defect in insulin action (al-Rubeaan and

Ryan, 1991).

Carter et al. (1981) reported a case of phenytoin-induced hyperglycemia

prescribed following a right-sided focal seizure during a hospitalization for non-

ketotic hyperosmolar coma. In this case, phenytoin was discontinued as the

seizure disorder was considered to be secondary to the previous episode of

hyperosmolar coma. The authors suggest that if ‘‘hyperglycemia occurs in a

patient taking phenytoin, especially after starting phenytoin therapy of increasing

the dose, drug-induced hyperglycemia should be considered in the diVerential
diagnosis. Phenytoin inhibits glucose-induced insulin release from pancreatic

islets by a mechanism that is unknown. In a study published in 2006 (Nabe

et al., 2006) phenytoin was shown to suppress glucose-induced insulin release

concentration dependently. This study noted that phenytoin increased cytoplas-

mic pH in the presence of high glucose, but was abolished under Naþ-deprived
conditions and HCO3

�-deprived conditions, suggesting that the Naþ and

HCO3
� transport across the plasma membrane are involved in the increase in

cytoplasmic pH by phenytoin. Phenytoin was also shown to suppress
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mitochondrial ATP production by reducing the Hþ gradient across mitochondri-

al membrane. Phenytoin inhibits glucose-induced insulin secretion not only by

inhibiting mitochondrial ATP production but also by reducing Ca2þ eYcacy in

the exocytotic system through its alkalizing eVect on cytoplasm.

2. Gabapentin

Gabapentin-induced hypoglycemia is reported in a single case of long-term

peritoneal dialysis. This patient was treated with gabapentin and was noted to have

high insulin and C-peptide levels during the hypoglycemic episode which returned

to normal after gabapentin was discontinued. Since the discontinuation of gaba-

pentin, no further hypoglycemic episodes were reported (Penumalee et al., 2003).

3. Topiramate

Topiramate reduces body weight and ameliorates glycemic control in obese

patients with diabetes. In rodent models of obesity and diabetes, topiramate

treatment counteracts hyperglyemcia and increases insulin levels on glucose

tolerance test. These observations suggest that topiramate might exert direct

action on insulin-secreting cells, in particular regarding obesity-associated beta-

cell dysfunction. In this study, topiramate counteracted oleate-induced lipid load

and restored glucose-stimulated insulin secretion, in this case, by maintaining low

insulin release at basal glucose (Frigerio et al., 2006).

4. Valproate

Valproate treatment has been reported to be associated with obesity and high

fasting serum insulin concentrations, although themechanism remains to be defined.

Pylvanen et al. (2006) examined fasting plasmaglucose, serum insulin, proinsulin, and

C-peptide concentrations, taken after overnight fast in 51 patients receiving valpro-

ate monotherapy, and compared them to those in 45 control subjects. Valproate-

treated patients demonstrated a fasting hyperinsulinemia, although the fasting serum

proinsulin andC-peptide concentrations were not significantly higher in the patients

than in the controls. Proinsulin/insulin and C-peptide concentrations were lower in

the valproate-treated group. They also had lower fasting plasma glucose concentra-

tions. The findings in this study suggest that valproate does not induce insulin

secretion but might interfere with the insulin metabolism in the liver, resulting in

higher insulin concentrations in the peripheral circulation. These findings were

seen irrespective of concomitant weight gain, suggesting that increased insulin

concentrations induce weight gain and not vice versa.

Age-related insulin resistance is reported by Tan et al. (2005). In this study,

prepubertal girls with epilepsy were evaluated analyzing fasting serum insulin and

glucose levels as well as hormonal levels. The findings demonstrated that valproate

may lead to hyperinsulinemia which may not require a mature adult endocrine

system. As previously described, weight gain has been associated with valproate
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among other antiepileptic medications (carbamazepine, gabapentin, pregabalin).

Studies evaluating valproate have shown that the decreased blood glucose level,

impairment of beta-oxidation of fatty acids, and increased insulin levels are some of

the possible mechanisms (Aydin et al., 2005). In the study reported by Aydin et al.

(2005), BMI and fasting insulin glucose ratio were calculated and serum glucose,

insulin, cortisol, leptin, and neuropeptide Y levels were measured. At the end of

3 months, the mean BMI values and the mean serum insulin, fasting insulin glucose

ratio, and neuropeptide Y levels increased, whereas the serum glucose levels

decreased. After 6 months of treatment, the mean serum cortisol and leptin levels

were high, in addition to the BMI, neuropeptide Y level, and fasting insulin glucose

ratio, suggesting that weight gain may be related to low glucose and high insulin,

cortisol, leptin, and neuropeptide Y levels.

Weight gain appears to influence insulin and leptin levels. Greco et al. (2005)

also noted in 40 patients treated with valproate, 15 (37.2%) having gained weight,

that circulating leptin and insulin levels were higher and adiponectin levels were

lower in those who did not gain weight.

Similar findings were reported by Verrottti et al. (2005) who found during

valproate monotherapy, a significant increase in serum leptin levels in epilepsy

patients who became obese, whereas valproate-treated patients who remained

lean did not show any significant changes in leptin levels. Moreover, insulin

resistance was seen only in those who became obese during valproate therapy

and not in those who remained lean (Verrotti et al., 2005). The mechanism of

insulin level alteration may be related to valproate’s mechanism of action.

Valproate is a fatty acid derivative, competes with free fatty acids for albumin

binding, and acts as a �-aminobutyric acid (GABA)-ergic agonist, mechanisms

which are known to be involved in pancreatic beta-cell regulation and insulin

secretion (Luef et al., 2002).

The impact of antiepileptic medications on lipid concentration and glucose,

insulin, and leptin levels suggests that monitoring be considered to possibly

prevent long-term consequences on general health. The onset of metabolic

derangement following initiation of antiepileptic medication should be evaluated

carefully as to etiology. In addition, concurrent conditions should be considered

when choice in antiepileptic medication is undertaken.
IV. Metabolic Acidosis
Metabolic acidosis results either when the kidney is unable to excrete dietary

Hþ load or from an excessive loss of HCO3
� secondary to reduced renal tubular

reabsorption. This latter condition is referred to as renal tubular acidosis and

consists of three types. The mildest and self-limiting form is renal tubular acidosis
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Type 2 where the primary defect is in the proximal renal tubule. Typically, plasma

HCO3
� concentrations are mildly reduced in the 14–20 mEq/l range. Renal

tubular acidosis Type 2 associated with decreased serum bicarbonate is referred to

as hyperchloremic, nonanion gap metabolic acidosis.

Three AEDs are typically associated with metabolic acidosis, acetazolamide,

zonisamide, and topiramate. This eVect appears to be a function of their property

to inhibit the enzyme carbonic anhydrase. Acetalzolamide, zonisamide, and

topiramate are all associated with varying degrees of renal tubular acidosis

(Ballaban-Gil et al., 1998; Bell and Key, 1994; Elinav et al., 2002; Ikeda et al.,

2002; Inoue et al., 2000; Izzedine et al., 2004; Ozawa et al., 2001).

Topiramate is associated with a mild hyperchloremic, nonanion gap metabolic

acidosis manifested by a persistent low bicarbonate in 23–67% of patients com-

pared to 1–10% of patients receiving placebo. However, the incidence of markedly

low serum bicarbonate in clinical trials ranges from 3% to 11% for topiramate and

0–<1% for placebo. Bicarbonate decrements are usually mild-moderate, with an

average decrease of 4 mEq/l at daily doses of 400 mg in adults and�6 mg/kg/day

in pediatric patients, although rarely values below 10 mEq/l can be found. The

timing of the metabolic acidosis is typically soon after initiation of therapy.

Conditions or therapies that predispose to acidosis (such as renal disease,

severe respiratory disorders, status epilepticus, diarrhea, surgery, ketogenic diet,

or drugs) may be additive to the bicarbonate-lowering eVects of topiramate.

Some manifestations of acute or chronic metabolic acidosis may include hyper-

ventilation, nonspecific symptoms such as fatigue and anorexia, or more severe

sequelae including cardiac arrhythmias or stupor. Chronic, untreated metabolic

acidosis may increase the risk for nephrolithiasis or nephrocalcinosis, and may also

result in osteomalacia (referred to as rickets in pediatric patients) and/or osteopo-

rosis with an increased risk for fractures. Chronic metabolic acidosis in pediatric

patients may also reduce growth rates. A reduction in growth rate may eventually

decrease the maximal height achieved. The eVect of topiramate on growth and

bone-related sequelae has not been systematically investigated.

For adults on topiramate, persistent treatment-emergent decrease in serum

bicarbonate (defined as <20 mEq/l) occurring on two consecutive visits or at the

final visit was 32% for 400 mg/day, compared to 1% for placebo. This eVect can
be observed on doses of 50 mg/day. In patients younger than 16 years of age with

refractory epilepsy treated with topriamate 6 mg/kg/day, the incidence of

treatment-emergent decreases in serum bicarbonate was 67% compared to

10% for placebo. Marked reductions in serum bicarbonate occurred in 11% of

patients and did not occur in the placebo group. This eVect has been observed in

infants at doses of 5 mg/kg/day or higher (Philippi et al., 2002).

Measurement of baseline and periodic serum bicarbonate during topiramate

treatment is recommended. If metabolic acidosis develops and persists, consider-

ation should be given to reducing the dose or discontinuing topiramate (using
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dose tapering). If the decision is made to continue patients on topiramate in the

face of persistent acidosis, alkali treatment should be considered.
V. Renal Stones
Zonisamide and topiramate are two agents that are associated with a mild

increase in the incidence of renal stones. Zonisamide is associated with a 4% rate

of renal stones. Of these, 12 were symptomatic, and 28 were described as possible

kidney stones based on sonographic detection. In nine patients, the diagnosis was

confirmed by a passage of a stone or by a definitive sonographic finding. The rate of

occurrence of kidney stones was 28.7 per 1000 patient-years of exposure in the first

6 months, 62.6 per 1000 patient-years of exposure between 6 and 12 months, and

24.3 per 1000 patient-years of exposure after 12 months of use. There are no

normative sonographic data available for either the general population or patients

with epilepsy. The clinical significance of the sonographic finding is unknown. The

analyzed stones were composed of calcium or urate salts. In general, increasing fluid

intake and urine output can help reduce the risk of stone formation, particularly in

those with predisposing risk factors. It is unknown, however, whether thesemeasures

will reduce the formation of renal stones.

Approximately 1.5% of patients treated with topiramate develop kidney stones

compared to the 0.5% incidence of renal stones in the general population. Men are

more at risk of developing kidney stones and the associationhas not been reported for

children treated with topiramate. This eVect may also result from the weak carbonic

anhydrase property of the agent. Acetazolamide promotes stone formation by

reducing urinary citrate excretion and by increasing urinary pH. Accordingly, it is

not advisable to use concomitant treatment with these agents or the ketogenic diet.

Factors that generally appear to reduce the risk of renal stones include increased fluid

intake and lowering the concentration of substances involved in stone formation.

Ketogenic diet may be associated with renal stones (Ballaban-Gil et al., 1998;

KossoV et al., 2002; Maydell et al., 2001). This association has given concern for

the potential theoretical additive eVects of carbonic anhydrase inhibitors with the

ketogenic diet. KossoV et al. (2002) examined this issue in 301 children treated

with the ketogenic diet. They found that the incidence of renal stones was 6.7%

for patients on the ketogenic diet but not receiving a carbonic anhydrase inhibitor

compared to 6.5% for the combined use of carbonic anhydrase inhibitor and the

ketogenic diet. They recommend increased hydration in patients treated with

combination therapy and that urine alkalinization be considered for children

having a family history of renal stones or prior history of renal abnormalities.

Clinicians need to become familiar with the metabolic issues that accompany

AEDs. Many of the metabolic issues are insidious in presentation and do not

manifest for years. Further study is required to better define the diVerential
adverse eVect profile of the currently available AEDs.
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Psychiatric disorders can be identified in 25–50% of patients with epilepsy,

with higher prevalence among patients with poorly controlled seizures. These

disturbances include depression, anxiety, psychotic disorders, cognitive, and per-

sonality changes occurring in the interictal or ictal/postictal states. In this chapter,

we describe four areas of focus in women with epilepsy: comorbid primary

psychiatric processes, integrated symptoms secondary to epilepsy, stigma and

psychosocial consequences of epilepsy, and nonepileptic seizures.
I. Comorbid Disorders in Epilepsy
Patients with epilepsy (PWE) have been found to be at higher risk of suVering
from mood, anxiety, psychotic, and attention deficit disorders (ADDs) (Blum et al.,

2002; Bredkjaer et al., 1998; Brown et al., 2001; Currie et al., 1971; Edeh and Toone,

1987; Jacoby et al., 1996; Kessler et al., 1994; Kogeorgos et al., 1982; McDermott

et al., 1995; Mendez et al., 1986; O’Donoghue et al., 1999; Onuma et al., 1995;

Pariente et al., 1991; Perini et al., 1996; Regier et al., 1993; Roy-Byrne et al., 1999;

Rutter et al., 1970; Schmitz and Wolf, 1995; Semrud-Clikeman and Wical, 1999)

(see Table I). By the same token, there is evidence of a bidirectional relationship

between some psychiatric disorders and epilepsy. Patients with a history of major

depressive disorders or suicidality (independent of a major depressive disorder) have

a 4 to 7 times greater risk of developing epilepsy (Forsgren and Nystrom, 1990;

HesdorVer et al., 2000, 2006). Further support of the bidirectional relationship

comes from a recent study of patients with chronic temporal lobe epilepsy (TLE),

revealing progression of psychiatric comorbidity even after controlling for premor-

bid psychiatric history ( Jones et al., 2007a). Children with a history of ADD of the

inattentive type have a 3.7-fold higher risk of developing epilepsy (HesdorVer et al.,
2004). Jones et al. (2007b) found that 45% of adolescents with new-onset epilepsy

met criteria for an axis I diagnosis according to the Diagnostic and Statistical Manual of

Mental Disorders (DSM-IV-TR) classification, while McAfee et al. recently reported

that children with a psychiatric comorbidity were almost 3 times more likely to

develop epilepsy than those without (McAfee et al., 2007). Clearly, the relationship

between psychiatric disorders and epilepsy is complex, and the symptoms are not

only the consequence of the epilepsy.



TABLE I

PREVALENCE RATES OF PSYCHIATRIC DISORDERS IN EPILEPSY AND THE GENERAL POPULATION

Psychiatric disorder

Prevalence rates (%)

Patients with epilepsy General population

Depression 11–80 3.3: Dysthymia

4.9–17: Major depression

Psychosis 2–9.1 1: Schizophrenia

0.2: Schizophreniform disorder

Generalized anxiety disorders 15–25 5.1–7.2

Panic disorder 4.9–21 0.5–3

ADHD 12–37 4–12

ADHD, attention deficit hyperactivity disorder
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The wide prevalence ranges reflect the diVerent patient populations surveyed
and the diVerent assessment techniques.
A. SOME GENERAL PRINCIPLES

The evaluation of any type of psychopathology in PWE must be approached

with the following questions in mind.

(1) Is this psychiatric disturbance temporally related to the occurrence of

seizures?

(2) Is the onset of psychiatric symptoms associated with the remission of

seizures?

We consider the peri-ictal psychiatric symptoms (preictal and postictal) as well as interictal

symptoms associated with the onset or remission of seizures as an expression of a paraictal process.

(3) Are the psychiatric symptoms the result of the introduction of an antiepi-

leptic drug (AED) with potential negative psychotropic properties, or did

they appear after discontinuation of an AED with positive psychotropic

properties (mood stabilizing, antidepressant, and anxiolytic properties)?

(4) Do the symptoms meet diagnostic criteria of the DSM-IV, or the Interna-

tional Classification of Diseases (ICD) or do these symptoms present as an

atypical disorder?

(5) What is the impact of the psychiatric disorder at hand on the quality of life

of patients?

(6) What is the treatment for the psychiatric disorder? If pharmacotherapy is

required, how do psychotropic drugs interact with AEDs and what is the

impact of psychotropic drugs on the seizure threshold?
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The question of focal epilepsy and its relation to a higher prevalence of

psychiatric disorders is raised in temporal and frontal epilepsies. Some researchers

have hypothesized that patients with TLE with involvement of temporomesial

limbic structures show more psychiatric symptoms compared with extra-TLE

patients. While some researchers showed higher depression scores in localization-

related epilepsies (Quiske et al., 2000), other researchers did not find symptomatic

diVerences between patients with TLE and extra-TLE patients (Swinkels et al.,

2006). Given the frontal lobe dysfunction found in juvenile myoclonic epilepsy

( JME), psychiatric disorders have been investigated in this population also. In a

comparison of 100 patients with JME with 100 healthy controls, psychiatric

diagnoses were found in 49 patients with JME. Anxiety and mood disorders,

present in 23 and 19 patients, respectively, were the most frequently observed and

20 had personality disorders (de Araujo Filho et al., 2007).
II. Depression in Epilepsy
Depression is the most frequent psychiatric disorder in PWE. It is more

common in patients with partial seizure disorders of temporal or frontal lobe origin

and among patients with poorly controlled seizures (Edeh and Toone, 1987; Jacoby

et al., 1996; Mendez et al., 1986; O’Donoghue et al., 1999). In three community-

based studies, prevalence rates of depression ranged between 21% and 33% among

patients with persistent seizures and 4–6% among seizure-free patients (Edeh and

Toone, 1987; Jacoby et al., 1996; O’Donoghue et al., 1999). Similar results were

found in a recent Canadian population-based study of psychiatric disorders in PWE

(Tellez-Zenteno et al., 2007). Ettinger et al. reported the results of a population-based

survey that investigated a lifetime prevalence of depression, epilepsy, diabetes, and

asthma in 185,000 households (Ettinger et al., 2004). Among the 2900 PWE, 32%

reported having experienced at least one episode of depression. This contrasted

with 8.6% prevalence among healthy respondents, 13% among patients with

diabetes, and 16% among people with asthma. Using the same population, these

investigators found that 13% of PWE had experienced symptoms of manic depres-

sive illness compared to 2% of healthy controls (Ettinger et al., 2005).
A. SUICIDALITY IN PATIENTS WITH EPILEPSY

The suicide rate in depressed PWE is 9–25 times higher in patients with partial

seizures of temporal lobe origin than expected in the overall population (Nilsson

et al., 1997; Rafnsson et al., 2001; Robertson, 1997). In a review of the literature,

Gilliam and Kanner concluded that suicide has one of the highest standardized
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mortality rates (SMR) of all causes of death in PWE (Gilliam and Kanner, 2002).

Robertson reviewed 17 studies pertaining to mortality in epilepsy and found that

suicide was 10 times more frequent than in the general population (Robertson,

1997). Rafnsson et al. reported the results of a population-based incidence cohort

study in PWE from Iceland in which suicide had the highest SMR (5.8) of all causes

of death (Rafnsson et al., 2001). A Swedish study of cause specific mortality among

9000 previously hospitalized PWE found an SMR of 3.5 (Nilsson et al., 1997). In a

UK population-based study, the highest risk of suicide in PWE occurred within 6

months after a new diagnosis of epilepsy was made (Christensen et al., 2007).
B. DEPRESSION AS A PARAICTAL PHENOMENON

Preictal symptoms of depression and depressive episodes typically present as a dysphoric

mood in which the prodromal symptoms may extend for hours or even 1 to 3 days

before the onset of a seizure. In children, this dysphoric mood often takes the form

of irritability, poor frustration tolerance, and aggressive behavior. Blanchet and

Frommer (1986) assessed mood changes for 56 days in 27 PWE who rated their

mood on a daily basis. Mood ratings pointed to a dysphoric state 3 days before a

seizure in 22 (81%) patients. This change in mood was greatest during the 24 h

preceding the seizure. Patients or parents of children with epilepsy often report

that dysphoric symptoms completely resolve the day after the ictus.

Postictal symptoms of depression and depressive episodeshavebeen recognized for decades

but have been investigated in a systematic manner in only one study (Kanner et al.,

2004). The presence of postictal symptoms of depression was identified in 43 of 100

consecutive patients with refractory partial seizure disorders. These symptoms

occurred after more than 50% of seizures and their duration ranged from 0.5 to

108 h, with a median duration of 24 h. Other studies have shown that symptoms of

depression can outlast the ictus for up to 2 weeks, and, at times, have led patients to

suicide (Anatassopoulos and Kokkini, 1969; Hancock and Bevilacqua, 1971).

Ictal symptoms of depression or a depressive episode are the clinical expression of a

simple partial seizure in which the depressive symptoms are the sole (or predomi-

nant) semiology. Ictal symptoms of depression ranked second after symptoms of

anxiety/fear as the most common type of ictal aVect in one study (Williams, 1956).

This presentation occurred in 21% of 100 PWE who reported auras consisting of

psychiatric symptoms (Daly, 1958; Weil, 1955). Yet, the actual prevalence of ictal

symptoms of depression is yet to be established in larger studies. The most

frequent symptoms include feelings of anhedonia, guilt, and suicidal ideation.

Such mood changes are typically brief, stereotypical, occur out of context, and are

associated with other ictal phenomena. More typically, however, ictal symptoms

of depression are followed by an alteration of consciousness as the ictus evolves

from a simple to a complex partial seizure.
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C. DEPRESSION AS A COMORBID DISORDER: INTERICTAL DEPRESSIVE DISORDERS

Interictal forms of depression in epilepsy can be identical to depressive disorders

described in patients without epilepsy (i.e., major depression, bipolar disorder,

cyclothymia, dysthymia, and minor depression). Nevertheless, a review of the

literature has clearly shown an atypical clinical presentation of interictal depressive

episodes that fail to meet any of the DSM categories. Blumer coined the term,

Interictal Dysphoric Disorder, to describe this atypical presentation, found in about

one third of patients with mood disorders in epilepsy (Blumer and Altshuler, 1998).

It is characterized by a chronic ‘‘dysthymic-like’’ state, where symptoms tend to

occur intermittently, intermixed with brief euphoric moods, explosive irritability,

anxiety, paranoid feelings, and somatoform symptoms (anergia, atypical pain, and

insomnia). This type of depression is often unrecognized in epilepsy.
D. DEPRESSION AS AN IATROGENIC PROCESS

AEDs can cause psychiatric symptoms (McConnell and Duncan, 1998).

AEDs with GABAergic properties, primarily phenobarbital, primidone, the ben-

zodiazepines, tiagabine, and vigabatrin (Barabas andMatthews, 1988; Brent et al.,

1987; Ferrari et al., 1983; Ring and Reynolds, 1990; Smith et al., 1987), are more

likely to cause depression. Other AEDs that have been linked to depression

include felbamate, topiramate, levetiracetam, and zonisamide (Kanner et al.,

2003; McConnell et al., 1994; Mula and Trimble, 2003). The addition of AEDs

with mood-stabilizing properties, such as carbamazepine, valproic acid, and

lamotrigine, can occasionally cause depressive episodes, albeit with a significantly

lower frequency than other AEDs. More often than not, these AEDs are asso-

ciated with the occurrence of depression upon their discontinuation in patients with a

prior history of depression or panic disorder, which had been kept in remission by

these AEDs (Ketter et al., 1994).
E. DEPRESSION FOLLOWING EPILEPSY SURGERY

There have been an increasing number of reports of depressive disorders

following an antero-temporal lobectomy (Savard et al., 1998). It is not unusual to

see ‘‘mood lability’’ within the initial 6 weeks to 3 months after surgery. Often

these symptoms subside, but in up to 30% of patients, overt symptoms of

depression become apparent within the first 6 months. Characteristically, symp-

toms of depression vary in severity from mild to very severe, including suicide

attempts. In most instances, these depressive disorders respond readily to phar-

macologic treatment with antidepressant drugs (ADs) (see below). Patients with a
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prior history of depression are at greater risk. A German study found that patients

with personality disorders are at higher risk of suVering from postoperative

psychiatric complications as compared with patients with other preoperative psy-

chiatric conditions (such as depression) or with patients with no preoperative

psychiatric diagnosis whatsoever (Koch-Stoecker, 2002). While some studies

have not found a relation between depression with the postsurgical control of

seizures, others have (Balabanov and Kanner, in press; Pintor et al., 2007). All

patients undergoing epilepsy surgery, therefore, should be advised of this potential

complication, prior to surgery.
III. Treatment of Depression in Epilepsy
Before starting a patient on an AD, it is important to determine if the seizures

maybe related to starting or stopping an AED.

In all cases inquiry into suicidality is mandatory.

Do ADs worsen seizures? A review of the literature has found an increased

incidence of seizures with the use of four specific ADs : maprotiline, amoxepine,

clomipramine, and bupropion (McConnell and Duncan, 1998; Swinkels and

Jonghe, 1995). Increased seizures have been identified in patients without epilepsy

taking tricyclic antidepressants (TCAs), but these seizures have been associated

with the following variables: (1) high plasma serum concentrations; (2) rapid dose

increments; (3) the presence of other drugs with proconvulsant properties; and (4)

the presence of central nervous system (CNS) pathology, abnormal electroenceph-

alographic (EEG) recording, and personal and family history of epilepsy (Curran

and de Pauw, 1998; Preskorn and Fast, 1992; Rosenstein et al., 1993; Swinkels and

Jonghe, 1995). Based on the evidence suggesting a bidirectional relation between

depression and epilepsy that suggests a higher incidence of seizures in patients with

depression, it is important to reconsider the question of whether ADs increase

the risk of seizures or whether we are identifying the seizure occurrence associated

with such increased risk. A recent study appears to support this view.

Alper et al. (2007) compared the incidence of seizures between depressed

patients randomized to selective serotonin reuptake inhibitors (SSRIs), serotonin-

norepinephrine reuptake inhibitors (SNRIs), or mirtazapine and placebo in the

course of multicenter placebo-controlled studies of these drugs submitted to the

Food and Drug Administration for approval. Compared to the expected inci-

dence of seizures in the general population, all depressed patients had a higher

incidence. Nonetheless, patients randomized to placebo had a significantly higher

incidence of seizures than did those treated with the actual ADs.

In general, the SRI class is safe in PWE. In one study, sertraline was found to

definitely worsen seizures in only 1 out of 100 patients with refractory epilepsy
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(Kanner et al., 2000). Blumer has also reported using TCAs alone and in combi-

nation with SSRIs in PWE without seizure exacerbation (Blumer and Zielinksi,

1988). Monoamine oxidase-A-inhibitors (MAO-I) are not known to cause seizures

in patients without epilepsy. Patients treated with TCAs should be started at low

doses with small increments until the desired clinical response is reached. This will

minimize the risk of causing or exacerbating seizures.
A. PHARMACOKINETIC INTERACTIONS BETWEEN ADS AND AEDS

Most ADs are metabolized in the liver, and their metabolism is accelerated in

the presence of AEDs with enzyme-inducing properties, which include phenytoin,

carbamazepine, phenobarbital, primidone at regular doses, and oxcarbazepine

and topiramate at higher doses. This pharmacokinetic eVect is not observed with

the new AEDs gabapentin, lamotrigine, tiagabine, levetiracetam, and zonisa-

mide. Conversely, some of the SSRIs are inhibitors of one or more isoenzymes

of the cytochrome P450 (CYP 450) system. These include fluoxetine, paroxetine,

fluvoxamine, and, to a lesser degree, sertraline (Fritze et al., 1991; Grimsley et al.,

1991; Pearson, 1990). Citalopram on the contrary does not have pharmacokinetic

interactions with AEDs (McConnell and Duncan, 1998). Sertraline has been

shown rarely to increase phenytoin levels, and this is thought to be associated

with displacement by tight protein binding, or by inhibition of the CYP 450

system (Haselberger et al., 1997; PDR, 2002).
B. CHOICE OF AD

The SSRI class should be considered as the first-line treatment in depressed

PWE. They are safe with respect to seizure propensity, are less likely to result in

fatalities after an overdose, and generally have a favorable adverse eVects profile.
Furthermore, their eYcacy in dysthymic disorders and in symptoms of irritability

and poor frustration tolerance makes this class of ADs more attractive among

PWE that have atypical forms of depression. SSRIs with no or minimal eVects on
CYP 450 isoenzymes, such as citalopram and sertraline, should be considered in

patients taking hepatically metabolized AEDs to avoid pharmacokinetic

interactions.

In open, uncontrolled trials, TCAs have also been reported to yield a good

clinical response, but the cardiotoxic eVects and severe complications seen in

overdose make these drugs a second-line AD choice. Blumer has anecdotal

reports of the utility of low-dose TCAs in PWE and interictal dysphoric disorder

(Blumer and Zielinksi, 1988).
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A cautionary note is in order. Before starting an AD, clinicians must rule out a

history of a manic or hypomanic episode that maybe suggestive of a bipolar

disorder, as ADs can potentially trigger a manic or hypomanic episode in the

short term, while it may worsen the course of the bipolar disorder in the long

term, particularly in the case of rapid cycling bipolar disease. In such cases, an

AED with mood stabilizing and antidepressant properties, such as lamotrigine,

must be considered. Carbamazepine and valproate maybe added in case of

persistent symptoms. Lithium should be considered if these AEDs cannot yield

a euthymic state. If an antidepressant is required, it should not be started in the

absence of a mood stabilizing drug in the patient with mania.
C. OTHER TYPES OF PSYCHIATRIC TREATMENTS

Lithium was the first ‘‘mood stabilizing drug’’ used for the treatment of

patients with bipolar disorder. Its use in epileptic patients with aVective disorders,
however, has been fraught with several problems, including changes in EEG

recordings and proconvulsant eVects at therapeutic serum concentrations in

patients without epilepsy (Bell et al., 1993). Lithium’s neurotoxicity and related

seizure risk increase with the concurrent use of neuroleptic drugs, in the presence

of EEG abnormalities and with a history of CNS disorder.

Electroconvulsive therapy (ECT) is not contraindicated in depressed PWE (Fink

et al., 1999; Regenold et al., 1998; Sackeim et al., 1983). It is a well-tolerated

treatment and is worth considering in PWE with very severe depression that fails

to respond to ADs. Furthermore, there is no evidence that ECT increases the risk

of epilepsy (Blackwood et al., 1980).

In addition to pharmacological intervention, the value of psychotherapy for

the treatment of depression in PWE should not be overlooked. Surveys reveal that

fear of the next seizure is rated as the greatest concern in PWE (Fisher et al., 2000).

Counseling and psychotherapy can be very useful in helping the patient deal

with the stressors and limitations of living with epilepsy. Studies reveal that

psychotherapy may also reduce epileptic seizures (Reiter and Andrews, 2000).
IV. Anxiety Disorders in Epilepsy
Anxiety is the second most common psychiatric comorbidity in PWE, with an

estimated prevalence between 15% and 25% (Edeh and Toone, 1987; Jacoby

et al., 1996; Jones et al., 2003; O’Donoghue et al., 1999; Vazquez and Devinsky,

2003). In 174 consecutive PWE from five epilepsy centers, a current DSM-IV

diagnosis of anxiety disorder was found in 30% of patients ( Jones et al., 2003).
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The various forms of anxiety disorders (generalized anxiety disorder, panic

disorder, phobias, obsessive compulsive disorder, and post-traumatic stress disor-

der) can present interictally with the same clinical manifestations as anxiety dis-

orders in the general population. The peri-ictal presentations of anxiety

symptoms often diVer from their interictal manifestations, however.
A. ANXIETY EPISODES AS PARAICTAL PROCESSES

Ictal fear or panic is the most frequent ictal psychiatric symptom. It is the sole

or predominant clinical expression of a simple partial seizure (aura) or the initial

symptom of a complex partial seizure and usually has a mesial temporal lobe

origin. Seizures of mesial frontal origin involving the cyngulate gyrus can also be

associated with a panic feeling as an expression of the aura. Relying on electro-

graphic interictal and ictal data to document a diagnosis may often yield false

negative results. Indeed, simple partial seizures originating from mesial frontal

regions are often undetected in scalp EEG recordings as the location of the

epileptogenic zone (in cyngulate gyrus) relative to the angle subtended by scalp

electrodes positioned at the midline and over suprasylvian regions may not permit

the detection of the epileptiform discharges or ictal patterns. Likewise, scalp

recordings are unlikely to detect any epileptiform activity from simple partial

seizures of mesial temporal lobe origin, particularly those in which the epilepto-

genic area is in the amygdala, as this structure generates epileptiform discharges

with a very narrow electric field. By the same token, interictal recordings may fail

to recode any interictal discharges, even with the use of basal and antero-temporal

electrodes. In these instances, the use of sphenoidal electrodes placed under

fluoroscopic guidance will be necessary. It should be emphasized that the place-

ment of sphenoidal electrodes without fluoroscopic guidance does not yield any

advantage over antero-temporal and basal temporal electrodes (Kanner and

Jones, 1997).

A careful history can help distinguish interictal panic from ictal panic. Ictal

panic is typically less than 30 s in duration, is stereotypical, occurs out of context

to concurrent events, and is associated with other ictal phenomena such as periods

of confusion of variable duration and subtle or overt automatisms. The intensity

of the sensation of fear is mild to moderate and rarely reaches the intensity of a

panic attack. On the contrary, interictal panic attacks consist of episodes of 5–20

minutes duration, which at times may persist for several hours. The feeling of fear

or panic is very intense (‘‘feeling of impending doom’’) and is associated with a

variety of autonomic symptoms, including tachycardia, diVuse diaphoresis, and

dyspnea. Patients may become so completely absorbed by the panic that they may

not be able to report what is going on around them; however, there is no

confusion or loss of consciousness, as seen in complex partial seizures. It is not
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infrequent for patients to develop agoraphobia due to the fear of experiencing a

panic attack. As stated above, EEG recordings with sphenoidal electrodes placed

under fluoroscopic guidance may be necessary to demonstrate the mesial tempo-

ral lobe epileptiform activity that generates ictal panic (Kanner and Jones, 1997;

Kanner et al., 1995).

Patients with ictal panic may also suVer from interictal panic attacks, which

have been identified in up to 25% of PWE (Vazquez and Devinsky, 2003).

Postictal symptoms of anxiety can be relatively frequent among patients with

refractory partial epilepsy. In a recently published study of 100 consecutive

patients with pharmacoresistant partial epilepsy, we identified a mean of 2 � 1

postictal symptoms of anxiety (range: 1–5; median ¼ 2) in 45 patients (Kanner

et al., 2004). These symptoms occurred after more than 50% of their seizures and

had a median duration of 24 h (range: 0.5–148 h). Thirty-two patients reported

symptoms of generalized anxiety and/or panic; an additional 10 patients also

reported symptoms of compulsions and 29 patients experienced postictal symp-

toms of agoraphobia. In 44 of these 45 patients, postictal symptoms of depression

were also reported, which included anhedonia, feelings of helplessness, crying

bouts, suicidal ideation, and feelings of guilt.
B. TREATMENT OF ANXIETY DISORDERS IN EPILEPSY

Antidepressants belonging to the SSRI class can prevent the occurrence of

interictal panic attacks as well as treat generalized anxiety disorders. On the

contrary, there is as of yet no evidence that these drugs have any impact on

postictal psychiatric symptoms. ADs of the SNRI family have also been used with

success, but no controlled studies exist in PWE. Benzodiazepines have been used

for years in the management of anxiety disorders. We do not recommend their

chronic use because of the development of tolerance and sedating adverse events.

However, short trials with clonazepam can be quite eVective.
V. Psychosis of Epilepsy
Psychotic disorders are more frequent in PWE than in the general population,

with some studies suggesting prevalence rates of up to 10%. Psychotic disorders

can present as a schizophreniform disorder, indistinguishable from those of

patients without epilepsy. However, the term psychosis of epilepsy (POE) implies

the presence of certain characteristics that distinguish these disorders from those

of patients without epilepsy.
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A. POSTICTAL PSYCHOTIC SYMPTOMS AND PSYCHOTIC EPISODES

Postictal psychotic phenomena can present in the form of isolated symp-

toms or as psychotic episodes defined as a cluster of symptoms of at least

24-h duration. The prevalence of postictal psychotic disorders in PWE is yet

to be established, but has been estimated to range between 6% and 10%

(Dongier, 1959; Kanner et al., 1996). Recurrent postictal psychotic symptoms

have been found in 7% of 100 consecutive patients with refractory partial

epilepsy (Kanner et al., 2004). Common findings include the following: (1) A

delay between the onset of psychiatric symptoms and the time of the last

seizure. (2) A relatively short duration (from hours up to a few weeks long).

(3) An aVect-laden symptomatology. (4) The clustering of symptoms into

delusional and aVective-like psychosis. (5) An increase in the frequency of

secondarily generalized tonic-clonic seizures preceding the onset of postictal

psychosis (PIP). (6) The onset of PIP after having seizures for a mean period

of more than 10 years. (7) A prompt response to low-dose neuroleptic

medication or benzodiazepines (Devinsky et al., 1995; Kanner et al., 1996;

Lancman et al., 1994; Logsdail and Toone, 1988; Umbricht et al., 1995). In a

study with eight years of follow-up on patients with PIP, three developed

chronic psychosis and four of 14 patients died (Logsdail and Toone, 1988).

In most cases, insomnia is the initial presenting symptom. In patients with

recurrent postictal psychotic episodes, families need to learn to recognize these

symptoms so that a timely administration of 1–2 mg of risperidone may avert the

episode. It should be given for 2 to 5 days and then discontinued.

The occurrence of postictal psychotic episodes also has important localiz-

ing implications. PIP suggests the presence of bilateral independent ictal foci

(Devinsky et al., 1995; Logsdail and Toone, 1988; Umbricht et al., 1995). In a

recent study, Kanner and Ostrovskaya have demonstrated that the presence

of postictal psychotic episodes suggest the presence of bilateral ictal foci in

close to 90% of patients with refractory partial epilepsy (Kanner and

Ostrovskaya, 2008). Accordingly, patients undergoing surgical evaluation

may require longer video EEG (vEEG) monitoring studies and possibly the

use of intracranial electrodes. If recordings with depth or subdural electrodes

are used, prophylactic treatment with low-dose risperidone or haloperidol can

avert the occurrence of such episodes during the invasive vEEG monitoring

studies (Kanner et al., 1996).

Ictal psychotic symptoms or episodes should always be considered in the diVerential
diagnosis of PIP and POE, as a whole. It is typically due to nonconvulsive status

epilepticus. The presence of unresponsiveness and automatisms should increase

the suspicion. Yet, confirmation with EEG recordings is of the essence as certain

psychotic processes, such as catatonic states, can be associatedwith unresponsiveness

and mannerisms that mimic automatisms.
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B. ALTERNATIVE PSYCHOSIS OR ‘‘FORCED NORMALIZATION’’

The concept of alternative psychosis, developed from observations by Land-

oldt in 1953 (Blanchet and Frommer, 1986; Landoldt, 1953), implies an inverse

relation between seizure control and psychotic symptom occurrence. He de-

scribed a ‘‘normalization’’ of EEG recordings with the appearance of psychiatric

symptoms and coined the term ‘‘forced normalization.’’ Forced normalization has

been reported in patients with TLE and generalized epilepsies. Dongier reported

the disappearance of a focal discharge during a psychotic episode in 15% of 318

patients with peri-ictal psychoses (Dongier, 1959). Prevalence rates of alternative

psychosis are reported to be 11–25% (Trimble and Schmitz, 2002). As with other

forms of POE, the psychotic manifestations were identified after a 15.2-year

history of epilepsy in 23 patients reported by Wolf (Wolf and Trimble, 1985).

The dopamine (DA) system has been implicated in forced normalization. DA

antagonists provoke seizures, and DA agonists have anticonvulsant properties but

may precipitate psychosis. Both Landoldt and Wolf reported a pleomorphic

clinical presentation with a paranoid psychosis without clouding of consciousness

being the most frequent manifestation. A premonitory phase involving insomnia,

anxiety, a feeling of oppression, and social withdrawal may occur in a prodromal

phase. Forced normalization may then manifest as psychosis, conversion symp-

toms, hypochondriasis, depression, or mania.

Interictal psychotic disorders can present with delusions, hallucinations, ref-

erential thinking, and thought disorders, as in patients without epilepsy. Slater

coined the term interictal POE to describe certain clinical characteristics, partic-

ularly, psychotic episodes seen interictally in patients with chronic epilepsy (Slater

et al., 1963). The description of these cases is remarkable for the absence of negative

symptoms, better premorbid history, and less common deterioration of the

patients’ personality. The psychosis is less severe and more responsive to therapy.
C. IATROGENIC PSYCHOTIC DISORDERS

1. AED-Related Psychosis

Psychotic disorder as an expression of a drug toxicity has been reported with

several AEDs, most prominently ethosuximide, phenobarbital, and primidone as

well as the newer AEDs topiramate and levetiracetam (McConnell and Duncan,

1998). Psychotic disorders can occasionally follow the discontinuation of AEDs,

particularly those with mood-stabilizing properties. Ketter et al. reported the

development of some cases who experienced psychosis among 32 inpatients

who were withdrawn from carbamazepine, phenytoin, and valproic acid (Ketter
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et al., 1994). Acute withdrawal from benzodiazepines is well known to result in an

acute psychotic episode (Sironi et al., 1979).

2. Psychosis Following Temporal Lobectomy

Temporal lobectomy has been associated with postoperative psychosis. In a

series of 100 of Falconer’s patients, Taylor reported seven with de novo postopera-

tive psychosis (Taylor, 1972). Jensen and Vaernet reported de novo psychotic

disorders in nine of 74 patients ( Jensen and Vaernet, 1977). Trimble calculated

postoperative de novo psychoses to range between 3.8% and 35.7% (mean, 7.6%)

of patients and suggested that in at least some cases a causal relation by way of

forced normalization was possible (Trimble, 1992).

Many epilepsy centers currently do not consider patients with a preoperative

history of psychosis candidates for epilepsy surgery. Thus, more recent reports of

postsurgical psychosis in patients are primarily de novo psychoses, which would be

expected to be of lower incidence than postoperative exacerbations of preexisting

psychosis.

Yet, a history of psychosis should not be considered an absolute contraindica-

tion to epilepsy surgery, provided that the patient can cooperate during the

presurgical evaluation, has a clear understanding of the nature of the surgical

procedure, and can provide a fully informed consent.
D. DRUG TREATMENT OF PSYCHOSIS IN PATIENTS WITH EPILEPSY

Antipsychotic drugs (APDs) are necessary in the management of psychotic

disorders in patients with epilepsy despite their proconvulsant properties. While it

is essential that the risk of seizure occurrence be always carefully considered when

starting APDs in these patients, it should never be a reason not to treat a patient in

need of antipsychotic medication. APDs can be separated into two classes: the

‘‘conventional’’ APDs (CAPDs) and ‘‘atypical’’ APDs (AAPDs). The former include

18 drugs developed between the 1950s and the 1970s. Their mechanism of action

resides in their ability to block DA-2 receptors, both at the level of meso-cortical,

nigrostriatal and tubero-infundibular DA pathways (Stahl, 2000). Blockade of the

DA receptors at the former pathways is responsible for their antipsychotic eVect,
but results as well in ‘‘emotional blunting’’ and cognitive symptoms that often lead

to confusion with the ‘‘negative’’ symptoms of schizophrenia. Blockade at the

nigrostriatal pathways results in acute and chronic movement disorders, presenting

as Parkinsonian symptoms, as well as dystonic and dyskinetic movements, while

blockade at the tubero-infundibular pathways results in increased secretion of

prolactin. In addition to their DA blockade properties, most of these CAPDs have

muscarinic cholinergic, alpha-1-, and histaminic-blocking properties, responsible for
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anticholinergic adverse eVects, weight gain, sedation, dizziness, and orthostatic

hypotension.

AAPDs are dopamine-serotonin antagonists that target DA-2 and 5HT-2A

receptors (Stahl, 2000). Their main diVerence with CAPDs is the absence or mild

occurrence of extrapyramidal adverse events and of hyperprolactinemia. In addi-

tion, this class of drugs has a lesser blunting of aVect and several of these AAPDs have
mood-stabilizing properties. Hence, AAPDs have in large part replaced convention-

al APDs. Today, seven AAPDs have been introduced in the USA: clozapine

(Clozaril), risperidone (Risperidal), olanzapine (Zyprexa), ziprasidone (Geodon),

quetiapine (Seroquel), aripiprazole (Abilify), and paliperidone (Invega).

The seizure rate associated with the use of APDs has ranged between 0.5%

and 1.2% among nonepileptic patients (Whitworth and Fleischhacker, 1995). The

risk is higher with certain drugs, and in the presence of the following factors: (1) a

history of epilepsy; (2) abnormal EEG recordings; (3) history of CNS disorder; (4)

rapid titration of the APD dose; (5) high doses of APD; and (6) the presence of

other drugs that lower the seizure threshold (McConnell and Duncan, 1998). For

example, when chlorpromazine is used at doses above 1000 mg/day, the inci-

dence of seizures was reported to increase to 9%, in contrast to a 0.5% incidence

when lower doses are taken (Logothetis, 1967). Clozapine has been reported to

cause seizures in 4.4% when used at doses above 600 mg/day, while at a doses

lower than 300 mg, the incidence of seizures is less than 1% (Toth and

Frankenburg, 1994). While these two drugs have been associated with the higher

frequencies of seizures, most APDs have been associated with seizure occurrence

in the presence of the risk factors cited above.

With the exception of clozapine, AAPD-related seizure incidence has not

been higher than expected in the general population (Toth and Frankenburg,

1994). This finding was confirmed by Alper et al. in a study comparing the

incidence of seizures of psychotic patients without epilepsy randomized to either

placebo or one of the AAPDs (risperidone, olanzapine, quetiapine, and aripipra-

zole) in regulatory studies submitted to the FDA. Thus, during premarketing

studies of patients without epilepsy taking AAPDs, seizures were reported in 0.3%

of patients given risperidone, 0.9% given olanzapine, 0.8% given quietapine (vs

0.5% on placebo), and 0.4% of patients treated with ziprasidone [data in PDR]

(PDR, 2002).

The risk of seizure occurrence or worsening of seizures with AAPDs in PWE

has not been well studied. Pacia and Devinsky reviewed the incidence of seizures

among 5629 patients treated with clozapine (Pacia and Devinsky, 1994). Sixteen

of these patients had epilepsy before the start of this APD and all patients

experienced worsening of seizures while on the drug: eight patients at doses

lower than 300 mg/day, three patients at doses between 300 and 600 mg/day,

and five at doses higher than 600 mg/day. Higher doses of clozapine were

associated with greater risk of seizures than lower dose therapy (Pacia and
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Devinsky, 1994). It goes without saying that clozapine should be avoided or used

in exceptional circumstances with extreme caution in PWE.

Most APDs can cause EEG changes consisting of slowing of the background

activity particularly when used at high doses. In addition some of these drugs,

particularly clozapine, can cause paroxysmal electrographic changes in the form

of interictal sharp waves and spikes. This type of epileptiform activity, however, is

not predictive of seizure occurrence. Data from studies by Tiihonen et al. suggest

that a severe disorganization of the EEG recordings is a better predictor of seizure

occurrence (Tiihonen et al., 1991).

Clozapine followed by chlorpromazine and loxapine are the three APDs with

the highest risk of seizure occurrence. Those with a lower seizure risk include

haloperidol, molindone, fluphenazine, perphenazine, trifluoperazine, and the

atypical, risperidone. The PDR data available on the atypicals report seizures

during clinical trials occurring with olanzapine (0.9%), quetiapine (0.8%), risperi-

done (0.3%), and ziprasidone (0.4%) (PDR, 2002) Whether the presence of AEDs

at adequate levels protects PWE from breakthrough seizures upon the introduc-

tion of APDs with proconvulsant properties is yet to be established. AEDs are

sometimes started when clozapine is used at greater than 600 mg/day.

In addition to the proconvulsant properties of APDs, clinicians must also

consider the pharmacokinetic and pharmacodynamic interactions between

APDs and AEDs. Induction of hepatic enzymes upon the introduction of

enzyme-inducing AEDs may result in an increase in the clearance of most

APDs. By the same token, discontinuation of an AED with enzyme-inducing

properties may result in a decrease in the clearance of APD, which in turn can

lead to extrapyramidal side eVects caused by an increase of their serum concen-

trations. Finally, certain AEDs, like valproic acid, can inhibit the glucuronidation

metabolism of APDs like clozapine.
VI. Attention Deficit Disorders and Behavior Disturbances
While the adult epilepsy literature has characterized the full spectrum of

DSM- and ICD-defined psychiatric disorders (Swinkels et al., 2005), similar eVorts
in the pediatric epilepsy literature have essentially just begun (Caplan et al., 2005;

Jones et al., 2007b; McLellan et al., 2005; Ott et al., 2001), again with a focus on

children with chronic epilepsy. Of the potential psychiatric comorbidities of

childhood epilepsy, attention deficit hyperactivity disorder (ADHD) has been of

long-standing interest. Ounsted (1955) was among the first to call attention to the

syndrome of hyperkinetic disorder and its complications in children with epilepsy.

A growing literature has characterized disorders of attention in youth with

epilepsy using a diversity of methods including proxy (parent, teacher) rating
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scales, behavioral checklists, or formal cognitive tests (Dunn and Kronenberger,

2005). However, only three investigations determined the rate of ADHD and its

subtypes in pediatric epilepsy using contemporary diagnostic criteria that now

recognize specific subtypes of the disorder (DSM-IV ) (TaskForceonDSM-IV,

1994). One of these studies was population based (HesdorVer et al., 2004), while
the others were derived from tertiary care clinical settings (Dunn et al., 2003;

Sherman et al., 2007). All studies reported a significantly elevated rate of ADHD

in childhood epilepsy with an overrepresentation of the inattentive subtype; a

distribution that appears diVerent compared to clinically derived samples of

ADHD children seen in tertiary care centers where the combined subtype pre-

dominates. None of the studies of ADHD in epilepsy examined the neurobeha-

vioral or neuroradiological complications compared to children with epilepsy

without ADHD or healthy controls.

In a population-based study carried out in the Isle of White in Great Britain,

Rutter and collaborators found behavioral disorders in 28.6% of children with

uncomplicated seizures, and 58.3% of children with both seizures and additional

CNS pathology (Rutter et al., 1970). In a separate population-based study of

children with seizures, cardiac disorders, and controls, McDermott and colla-

borators found that children with epilepsy had more behavioral problems than

either the children with cardiac disease or the controls. The children with epilepsy

presented with higher rates of hyperactive behavior (28.1% vs 12.6% in cardiac

children and 4.9% in controls), headstrong or oppositional behavior (28.1% vs

18.3% of cardiac children and 8.6% of controls), and antisocial behavior (18.2%

vs 11.6% of cardiac children and 8.8% of controls) (McDermott et al., 1995).
A. PREICTAL SYMPTOMS AND EPISODES

Preictal irritability, impulsive behavior, and poor frustration tolerance have

been frequently reported by parents of children with epilepsy without ADHD.

Their actual prevalence rates are yet to be established, however. Blanchet and

Frommer identified preictal irritability as a prominent symptom, associated with

symptoms of depression (Blanchet and Frommer, 1986). These changes were

more accentuated during the 24 h preceding the seizure.
B. POSTICTAL SYMPTOMS OF ADD AND BEHAVIORAL DISTURBANCES

In the study on clinical characteristics and prevalence of postictal psychiatric

symptoms cited above (Kanner et al., 2004), we found postictal irritability in 30

patients and poor frustration tolerance in 36, with a median duration of 24 h for

each symptom (range: 0.5 –108 h).
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C. ADD AND BEHAVIOR DISTURBANCES AS AN EXPRESSION

OF PARAICTAL PROCESSES

Behavior disturbances and ADD are frequent expressions of paraictal pro-

cesses, remitting or improving significantly upon reaching seizure control. Exam-

ples include ‘‘epileptic encephalopathies’’ such as the acquired epileptic aphasia of

childhood (also known as Landau-KleVner Syndrome) (Morrell et al., 1995).

Aggressive behavior and ADD can be seen in children with gelastic seizures

associated with hypothalamic hamartomas. These psychiatric symptoms remit

with cessation of epilepsy (Fohlen et al., 2003).
D. ADD AND BEHAVIORAL DISTURBANCES AS AN INTERICTAL

COMORBID DISORDER

The prevalence of ADHD in PWE is reported to range between 10% and

40% (McDermott et al., 1995; Rutter et al., 1970; Semrud-Clikeman and Wical,

1999). These data reflect statistics from pediatric populations with epilepsy. In fact

there are no data on the incidence or prevalence of ADD in adults with epilepsy.

Theoretically, if ADD were to follow the same natural course in PWE than

primary ADD, 50–75% of children with epilepsy and ADD would be expected

to display symptoms of ADD when entering adulthood. This question will need to

be answered in future studies. Furthermore, the clinical manifestations of ADD in

adults with epilepsy are yet to be described in a systematic manner.
E. IATROGENIC BEHAVIORAL CHANGES

Many of the AEDs can cause symptoms of behavioral disturbances. The most

frequent oVenders include GABAergic drugs such as the barbiturates, benzodia-

zepines, and vigabatrin. Among the newer AEDs, topiramate and levetiracetam

have been implicated. Valproic acid can cause behavioral disturbances at higher

doses and encephalopathy even with therapeutic doses.
F. TREATMENT OF ADHD IN PWE

The pharmacologic treatment of ADHD in PWE is the same as that of

patients without seizures. In general, there is no pharmacokinetic interaction

between CNS stimulants and AEDs, though there have been two reports that

methylphenidate can increase blood levels of phenytoin and phenobarbital

(McConnell and Duncan, 1998).
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VII. Psychosocial Consequences for Women with Epilepsy
A. IMPACT OF DEPRESSION ON QUALITY OF LIFE IN EPILEPSY PATIENTS

Psychiatric symptoms in general are found to have a greater impact on quality

of life in patients with TLE than in healthy controls (Hermann et al., 2000).

Depression, specifically, has a significant negative impact on the quality of life of

PWE. Lehrner et al. (1999) found that depression was the single strongest predic-

tor for each domain of health-related quality of life which persisted after

controlling for seizure frequency, seizure severity, and other psychosocial vari-

ables. Perrine et al. (1995) found that mood had the highest correlations with scales

of the Quality of Life in Epilepsy Inventory-89 (QOLIE-89) and was the strongest

predictor of poor quality of life in regression analyses. In a study of patients with

pharmacoresistant TLE, Gilliam et al. found that high ratings of depression and

neurotoxicity from AEDs were the only independent variables significantly asso-

ciated with poor quality of life scores on the QOLIE-89 summary score. The

authors did not find any correlation between the type and/or the frequency of

seizures. Gilliam et al. also found that mood status was the strongest predictor of

the patients’ assessment of their own health status in a group of 125 patients more

than 1 year after temporal lobe surgery (Gilliam, 2002; Gilliam et al., 1997).
B. STIGMA

The statement that treating the seizure is not the sum of treating the patient

with epilepsy is most apparent in the psychosocial consequences and familial

impact of epilepsy. While the practice of ‘‘sterilization of the epileptic’’ seems

archaic, laws were in place in four US states in the early 20th century that ratified

this policy (Friedlander, 2001). Sadly, in the 21st century, research in developing

countries reveals that the stigma of epilepsy still aVects women. Santosh et al. point

out that ‘‘The psychosocial consequences of the stigma potentials of epilepsy are

nowhere more evident than in the case of women with epilepsy of the marriage-

able age in a developing country.’’ They examined the prevalence of conceal-

ment/disclosure of the history of epilepsy and its consequences on the married life

of women with epilepsy in southern India (Santosh et al., 2007). The authors found

that 55% of 82 women with epilepsy concealed their history of epilepsy before

marriage, and 38% of those who concealed were separated or divorced. Conceal-

ment was described as a coping strategy for anticipated negative consequences of

disclosure of the stigmatized disease. Unfortunately, this attitude is not solely a

reflection of a developing country’s practice. Researchers in Japan who studied

marital statistics in a population of 278 PWE found that in one quarter of PWE
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who divorced, the reason for divorce was epilepsy (Wada et al., 2004). Kleinman

et al. found that family, marriage, financial, and moral consequences of the social

experience of epilepsy as a chronic disease demonstrated the importance of the

social impact of epilepsy (Kleinman et al., 1995).

Along with the stigma of epilepsy itself, the comorbidities of epilepsy, includ-

ing depression, anxiety, and nonepileptic seizures (NES), bear a psychosocial

burden unto themselves. Because of stigmatizing attitudes, patients may avoid

or delay medical care and treatment for their mental health problems (Andrews

et al., 2001). In a survey of 1400 respondents with depression and anxiety, one

quarter of individuals did not present their symptoms to a physician, with reasons

including fear of stigma (Meltzer et al., 2003). The importance of early detection of

mental illness in patients with chronic somatic disorders is paramount to initiate

psychiatric treatment in order to prevent chronification (Gatchel et al., 1995).

Freidl et al. investigated the impact of perceptions of stigma in PWE, with NES,

and with somatoform pain disorders in 101 in- and outpatients (Freidl et al., 2007).

The authors found a high stigmatization concerning psychiatry even in PWE and

somatoform/dissociative symptoms with psychiatric comorbidity, concluding that

perceived stigma is a barrier to recovery. In the next section, we discuss another

comorbidity in epilepsy, NES.
VIII. Nonepileptic Seizures
A. INTRODUCTION

Nonepileptic events are either physiologic or psychological in origin. Psycho-

logical NES resemble epileptic seizures (ES) presenting as a sudden, involuntary,

time-limited alteration in behavior, motor activity, autonomic function, con-

sciousness, or sensation. However, unlike epilepsy, NES do not result from

epileptogenic pathology and are not accompanied by an epileptiform electro-

graphic ictal pattern. Patients with NES are often disabled and diYcult to treat.
B. EPIDEMIOLOGY AND COSTS

Of the 1% of the US population with epilepsy, 5–20% have NES (Gates et al.,

1991). They are usually women (�80%) and are aged between 15 and 35 (�80%)

(Shen et al., 1990), though young children and the elderly can also developNES. The

patients, their family, and society bear an enormous cost if psychiatric care is not

provided or if inappropriate neurological therapy is instituted (LaFrance and

Benbadis, 2006). Patients with NES take double the number of medications than

do PWE (Hantke et al., 2007), and while NES are not directly treated by AEDs, most
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patients with NES receive unnecessary AEDs (de Timary et al., 2002). Extensive

observational data suggest that AEDs are ineVective ormayworsenNES (Krumholz

et al., 1980). In some cases, potentially dangerous invasive diagnostic studies, toxic

parenteral medications, or emergent intubation are administered. Diagnostic and

therapeutic challenges are complicated by the 10–30% rate of comorbid NES and

ES. Misdiagnosis and mistreatment of NES as ES costs an estimated $110–920

million annually on diagnostic evaluations, inappropriate administration of AEDs,

and emergency department utilization (Martin et al., 1998).
C. PATHOLOGY

While we do not have a specific ‘‘lesion’’ that explains NES, we do have an

understanding of the comorbid psychopathology in patients with NES. The phe-

nomenology of NES, also referred to as pseudoseizures, is well defined, with system-

atic assessments of diagnostic comorbidities and psychological testing (Gates and

Rowan, 2000; Gram et al., 1993). Studies have informed us of risk factors for NES (e.

g., sexual or physical abuse, head injury) (Alper et al., 1993; Westbrook et al., 1998),

and good prognostic features for NES resolution (e.g., female, independent lifestyle,

short duration of NES) (Barry, 2001; Bowman, 1999; Chabolla et al., 1996; Ettinger

et al., 1999). Negative prognostic factors include longer duration of NES, comorbid

neurologic, and/or psychiatric disease and pending litigation, among others. Inter-

estingly, CNS pathology and abnormal EEG recordings did not predict outcome in

two studies (Kanner et al., 1999; Lelliott and Fenwick, 1991).

No single psychopathogenic process causes NES. NES are clinically classified

under diVerent DSM-IV diagnoses, including conversion, somatization, and dis-

sociation disorders, and a much smaller percentage as factitious disorder and

malingering. A psychosocial stressor (e.g., sexual or physical abuse, loss of a

relationship, work stress, parental divorce) (Wyllie et al., 1999) is often identified

but may take time to uncover. Many patients with NES also suVer from mood

(12–100%), anxiety (11–80%), personality (33–66%), nonseizure conversion/

somatoform (20–100%), and nonseizure dissociative disorders (up to 90%)

co-occurring with their primary NES diagnosis of conversion, somatoform, or

dissociative disorder (Bowman, 1999).

1. Gender DiVerences in NES

Oto et al. evaluated the diVerences between women and men with NES and

found many similarities between the genders, but a few significant diVerences
were noted (Oto et al., 2005a). Event semiology was similar, but women were

more likely to weep after events ( p ¼ 0.017). Males were more likely to be

unemployed ( p ¼ 0.028) than were women with NES. Females were 6 times

more likely to self-harm than were men ( P ¼ 0.050), though the numbers were
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small in these categories. O’Sullivan et al. found that men with NES had higher

seizure frequencies than did women with NES (O’Sullivan et al., 2007). The study

also found that males were found to have taken larger numbers of AEDs per

patient before the diagnosis of NES than were women.

Perception of causation of NES was diVerent, as men were more likely to

attribute their NES to a predisposing factor for epilepsy (P ¼ 0.001) (Oto et al.,

2005a).Womenwere over eight timesmore likely to report sexual abuse (P¼ 0.001);

however, thismayhave beenunderestimated, as seen in the clinic,men sometimesdo

not disclose abuse in the initial evaluation. The caretakers and family of men with

NES were three times less likely to accept the diagnosis of NES (P ¼ 0.017). The

scores on the majority of Oto’s variables were similar across gender; however,

the above noted diVerences could have implications on treatment outcomes.
D. DIAGNOSIS OF NES

Obtaining an accurate diagnosis of NES is the essential first step for instituting

proper therapy and avoiding unnecessary and potentially dangerous therapies.

Clinical features of epileptic and NES overlap, however, and there is no one

clinical feature that reliably distinguishes ES from NES. Subjective visceral,

sensory, or psychic phenomena, alterations in responsiveness, and convulsive

motor activity can be present in both disorders. Ictal presentations range from

uncoordinated disorganized motor activity to unresponsiveness without motor

signs in NES. Clinical diVerentiation between NES and epilepsy has also been

based on other identifiers such as the presence of preictal pseudosleep (where the

patient reports being asleep but EEG shows them to be awake), geotropic eye

movements (forced downward deviation of the eyes toward the floor with head

turning), eye closure and postictal whispering with NES, and the presence of

postictal headache and postictal nose rubbing with epilepsy (LaFrance, 2008).

The use of suggestion to both provoke and to stop NES is documented. With the

issue of disclosure and informed consent, activation procedures have drawn fire

recently as a potentially unethical intervention (Smith et al., 1997). However,

when properly employed, seizure induction can act as a ‘‘stepping stone’’ to

treatment if the patient develops insight into the events (Devinsky and Fisher,

1996). The distinction between physiologic nonepileptic events and psychological

NES is based on the combination of thorough history, physical exam in the

peri-ictal period, and neurophysiologic monitoring.

Video-electroencephalographic monitoring (vEEG) led to an explosion of

NES knowledge beginning in the 1980s (Boon and Williamson, 1993; Desai

et al., 1979; Jedrzejczak et al., 1999; Penin, 1968). An article reviewing the

diagnostic tests, including EEG, neuroimaging, prolactin levels, and personality

testing, provides the sensitivities and specificities for each of these tests (Cragar
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et al., 2002). It was once thought that absence of physical injury sustained during a

seizure was a diagnostic indicator diVerentiating NES from ES; however, more

than half of all patients with NES actually do have physical injury associated with

their NES (Kanner, 2003). Other injuries occur as a result of iatrogenic issues

which are also prevalent in NES, and death has resulted in medically aggressive

treatment of NES (Reuber et al., 2004). Up to half of NES patients have had

‘‘pseudo-status epilepticus’’ and 27.8% of patients with NES are admitted to

intensive care units inappropriately for treatment (Reuber et al., 2003).

NES are not associated with epileptiform discharges on vEEG recordings, the

gold standard for NES diagnosis (Ghougassian et al., 2004). Humility in diagnos-

ing NES without vEEG—and sometimes with vEEG—is critical. In one study,

prediction of the nature of unusual seizures by the admitting neurologist was

accurate in only 67% of cases. When observing these events without accompany-

ing EEG, determination from observations of unit personnel and neurologists was

correct in less than 80% of episodes (King et al., 1982). Lancman et al. strongly

assert ‘‘no matter how suggestive the clinical manifestation of a paroxysmal event

maybe of pseudoseizures, such diagnosis should never be made without electro-

graphic confirmation’’ (Lancman et al., 2001). The co-occurrence of ES and NES

in a patient further complicates diagnosis and therapy. The diagnosis comes

through careful history and thorough review of medical records that can identify

diVerent episode types and assess the supportive data.

EEG abnormalities in patients with NES do not necessarily confirm the

diagnosis of ES. For example, EEGs showing ‘‘sharpish waves’’ or paroxysmal

slowing provide little support of ES. A positive neurologic history was present in a

quarter of patients with NES and a positive family history of epilepsy was present

in 37.6% of NES patients (Lancman et al., 1993). While neurologic signs,

symptoms and history are important to note in seizure patients, they are in no

way pathognomic in distinguishing NES from ES. A recent paper described three

criteria in NES patients admitted for vEEG, yielding a positive predictive value of

85% (Davis, 2004). The criteria were (1) at least 2 NES per week, (2) refractory to

at least 2 AEDs, and (3) at least 2 EEGs without epileptiform activity. Using ‘‘the

rule of 2’s’’ documenting seizure frequency, EEG abnormalities, and drug treat-

ment response before vEEG may help establish the diagnosis of NES.
IX. Treatment of NES
A. TREATMENT LITERATURE

Despite diagnostic advances, there is no standardized, eVective treatment for

NES. Even as our knowledge of NES phenomenology continues to grow, there

are no published randomized placebo-controlled trials (RCTs) for treatment of
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NES. The literature provides divergent views on natural history and outcome, as

well as the value of psychotherapy, psychotropic medication, and other interven-

tions for NES (Aboukasm et al., 1998; Barry, 2001; Ramani, 2000; Walczak et al.,

1995). More than a century after this disorder was clearly identified, we still need

controlled studies on treatment of this costly and disabling disorder.

The NES treatment literature has been systematically reviewed and published

in the literature (LaFrance and Devinsky, 2004; LaFrance and Barry, 2005). Four

references to a prospective series in the NES treatment literature are published.

Ataoglu et al. (2003) randomized 30 patients with NES, half to paradoxical

intention (PI) inpatient psychotherapy, and the other half to oral benzodiazepine

therapy. PI consists of the therapist suggesting that the patient engage in the

undesired activity intentionally. The authors found greater improvements in

anxiety scores and mildly better seizure control in the PI group than in the

diazepam group. An uncontrolled individualized psychological therapeutic pro-

gram for 16 patients with NES for an average of 12 weeks resulted in complete

cessation of NES in half of the patients (McDade and Brown, 1992). More

recently, two prospective, open trials of cognitive behavioral therapy and group

psychotherapy showed reduction in NES frequency and post-traumatic

symptoms, respectively (Goldstein et al., 2004; ZaroV et al., 2004).

In a follow-up cohort study, 11 of 14 (79%) inpatients with NES experienced

cessation or significant improvement after receiving a combination of hypnosis,

group therapy, family therapy, and individual therapy (Kim et al., 1998). A follow-

up study at a comprehensive epilepsy center (CEP) (Aboukasm et al., 1998) suggested

that CEP psychotherapists and CEP neurologists have a similar favorable treatment

outcome, underscoring the beneficial impact of continuity of care and explanation of

the nature of the seizures. The study also showed that the absence of communication

with a NES patient about the diagnosis yields no improvement or worsening in their

seizures. Rusch et al. (2001) found that matching specific psychotherapies to the

patient’s comorbid diagnoses produced greater seizure-free rates, with 21 of 33

patients (63%) reaching event-free status at the end of treatment.
B. TREATMENT

Despite our preliminary understanding of risk factors, treatment for patients

with NES is poorly understood. One of the main reasons for this is the lack of

systematic intervention studies. The void of generalizable, eVective treatments for

NES leaves only consensus recommendations (Ramani, 2000). Although psycho-

therapy is the mainstay of treatment recommendations (Aboukasm et al., 1998;

Ramani, 2000), its eYcacy remains unproven. Further, no medications have been

proven eVective in the treatment of NES. Clinicians do, however, use
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psychotropic medications to treat comorbid mood, anxiety, and elements of

personality disorders, which often occur in patients with NES.

1. Treatment Theories

Etiological approaches for NES include biomedical, psychodynamic, cognitive behav-

ioral, and family theory models (Krawetz et al., 2001; Swingle, 1998; Ziegler and

Imboden, 1962). The diagnosis of NES is often seen as a unitary disorder or

syndrome. Just as the behavioral manifestations of NES vary tremendously, the

underlying etiologies are also varied. Precursors to psychogenic NES include

childhood sexual abuse, physical abuse, comorbid psychiatric conditions, minor

head trauma, disability claims, and reinforced behavioral patterns, among others.

In identifying signs, symptoms, and situations that are associated with NES in a

patient, we can then provide interventions to promote the mental, physical, and

social health of the patient (LaFrance and Devinsky, 2002).

Biomedical approaches highlight the absence of epileptiform activity during

NES, demonstrating a functional-neuroanatomic dissociation model for NES

(Blumer, 2000; Brown and Trimble, 2000). AEDs do not treat NES and in

some patients can worsen NES (Niedermeyer et al., 1970). Conversely, withdrawal

of AEDs has been shown to be safe in patients with lone NES (Oto et al., 2005b).

Antidepressant, antianxiety, and antipsychotic therapies (e.g., medication, relax-

ation techniques, etc.) can treat symptomatic comorbid disorders and are cur-

rently being studied to evaluate if medications may indirectly improve NES

frequency or severity (LaFrance et al., 2007).

NES are currently treated as a neuropsychiatric illness with psychological

underpinnings. Both psychotherapeutic and psychopharmacologic interventions

are used to treat psychological conflicts and to treat the psychiatric comorbid

diagnoses. These approaches fall under the headings of Psychodynamic Psycho-

therapy, Cognitive Behavioral Therapies, Family Systems Therapies, Behavioral

Modification (mainly for mentally handicapped individuals), and Biological

Psychiatric Treatments.

2. Conceptualization for Treatment Recommendations

Bowman recommends the ‘‘4 E’s’’ for interventions by neurologists: Explana-

tion, Exploration, Exportation (for treatment), and do not Exile. The circumspect

neurologist will exercise caution when deciding whether or not to ‘‘explore’’ a

patient’s trauma history. The ‘‘exile’’ issue is of greatest importance because it

must be realized that once the vEEG diagnosis of NES is confirmed by the

neurologist, the diYcult work of collaboratively treating the patient with psychia-

try is just begun.

Treatment and outcome vary considerably with the underlying psychopath-

ology. Patients with NES generally have poor to fair treatment outcomes,

but children and adolescents tend to do better than adults. In one study, outcome
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was significantly better for the younger patients at 1, 2, and 3 years after diagnosis

(seizure-free percentages: children 73%, 75%, 81%, and adults 25%, 25%, 40%,

respectively). The authors proposed that diVerent psychological mechanisms

at diVerent ages of onset and greater eVectiveness with earlier intervention may be

factors leading to better outcome for children and adolescents (Wyllie et al., 1991).

The higher success rates are noted in the treatment articles and chapters

describing longer inpatient admissions where patients were managed by a multi-

disciplinary team familiar with NES (Ramani and Gumnit, 1982). More recent

reviews, however, reveal that roughly one third of the patients have NES cessa-

tion, and another third have reduction in their NES (Reuber and Elger, 2003).

In one NES outcome study, 71% of patients reported persistence of their seizures,

in spite of 41% of the patients having had inpatient psychiatric treatment (Reuber

et al., 2003). Of the patients with lone NES, 40% continued to receive AEDs

inappropriately, impacting quality of life. Patients with NES rate their quality of

life more poorly than those with epilepsy (Testa et al., 2007). Quigg et al. found that

quality-of-life measures improve, however, when patients reach NES freedom,

and not when their NES are merely reduced (Quigg et al., 2002). Even with NES

improvement, up to half of the patients remain on government or family support

and are unemployed (Krawetz et al., 2001), and patients with NES generally do

not expect to return to work (Pestana et al., 2003). One study found that patients

with NES scored higher on hypochondriasis and somatic-complaint scales of the

Minnesota Multiphasic Personality Inventory when compared with PWE, reflec-

tive of a focus on bodily function and neurologic complaints (Owczarek, 2003).

Poor quality of life in patients with NES may partly result from their somatic

focus. A factor analysis of predictors of health-related quality of life revealed that

patients with NES had more bodily concern than those with epilepsy (Testa et al.,

2003), and that somatic focus may influence health-related quality of life.

Noting the good prognosis if NES has a recent onset, Gates suggested that

psychiatric treatment be based on NES chronicity: short-term psychotherapy for

those with NES less than 6 months, and more intensive inpatient therapy for long-

standing NES (Gates, 1998). Although patients who receive feedback about their

diagnosis and psychotherapy have better outcomes than those who do not

(Aboukasm et al., 1998), the diVerence may reflect baseline characteristics of the

groups, rather than the eVects of intervention.
On the basis of clinical and research reports to date, we suggest the following

assessment and treatment approach by a multispecialty neuropsychiatric team:

(1) Proper diagnosis—vEEG for each patient with suspected NES, refractory

or pharmacoresistant seizures.

(2) Presentation—explain the NES diagnosis in a clear, positive, non-

pejorative manner. The patient may make the diagnosis presentation to

the family members if cognitively and emotionally capable. This process
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helps reveal the level of understanding and initial acceptance of the

diagnosis by the patient. Clarifications can be made by the physician

who is present. Communicate the diagnosis unambiguously to the refer-

ring physician and explain the need to eliminate unnecessary medications.

(3) Psychiatric treatment—conduct a thorough psychiatric assessment to iden-

tify predisposing factors (including comorbid psychiatric disorders), seizure

precipitants, and perpetuating factors. As diagnosis informs treatment, a

dual-armed approach ensues with pharmacotherapy and/or psychothera-

py, as indicated by the individual needs of the patient with NES.

Psychopharmacology begins with tapering and discontinuing ineVective AEDs

for patients with lone NES, unless a specific AED has a documented beneficial

psychopharmacologic eVect in the patient. In patients with mixed ES/NES, reduce

high-dose or multiple AED therapy if possible. Use psychopharmacologic agents to

treat mood, anxiety, or psychotic disorders (LaFrance and Devinsky, 2002).

Psychological NES are likely the result of a complex interaction between psychi-

atric disorders, psychosocial stressors, dysfunctional coping styles, and CNS vulner-

ability (Mokleby et al., 2002). Identifying the underlying stressors and providing

supportive psychotherapy can help some patients but is often insuYcient or ineVec-
tive. Studies consistently identify three main comorbid diagnoses in patients with

NES: major depressive disorder, post-traumatic stress disorder, and cluster B per-

sonality traits characterized by impulsivity/hostility (Bowman and Markand, 1996;

Rechlin et al., 1997). Three additional critical areas of dysfunction in the NES

population are emotion regulation, family dynamics, and unemployment/disability

(GriYth et al., 1998; Holmes et al., 2001; Walczak et al., 1995). Poorer outcomes to

treatmentmaybe associated with the high number of comorbid psychiatric disorders

and psychosocial stressors (Carson et al., 2000). Therefore, therapy for patients with

NES may require combined psychological education, psychotherapy, and pharma-

cotherapy, while simultaneously eliminating ineVective AEDs. AnNINDS/NIMH/

AES workshop emphasized that there is a great need for these interventions to be

studied in randomized, controlled trials (LaFrance et al., 2006).

Prior-published treatment reports reveal that coordination between neurolo-

gists and psychiatrists/psychologists with accurate diagnosis and prompt initiation

of psychotherapy and communication between care providers, patients, and

family yields higher treatment success.
X. Conclusions
In conclusion, a significant number of PWE have psychiatric disorders that

accompany their seizures, and/or integrated mood/anxiety/psychotic and per-

sonality integrated symptoms secondary to their epilepsy. Quality of life and
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stigma associated with epilepsy has a significant impact on the lives of PWE.

Management of epilepsy is also complicated by the presence of NES. Further

research in these four areas is needed to inform diagnosis, pathophysiology, and

treatment of these neuropsychiatric aspects of epilepsy.
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Specific concerns regarding mature women with epilepsy (WWE), specifically

epilepsy-associated issues during perimenopause, menopause, and postmenopause,

have been emerging in the epilepsy community. This chapter presents evidence that

for WWE, seizure frequency may increase during perimenopause and decrease at

postmenopause, especially if a catamenial epilepsy pattern was present during the

reproductive years. This finding implies that, as in other age groups, a subset of

mature WWE are particularly susceptible to endogenous reproductive hormonal

changes. An adverse eVect on seizure frequency with the use of hormone replace-

ment therapy (HRT)duringpostmenopause forWWEwas reported in surveys, and a

dose-related association between standard HRT and increased seizures was later

borne out in a double-blind, placebo-controlled, randomized clinical trial. Manage-

ment of symptomatic postmenopausal WWE using estrogenic and progestogenic

compounds that are less likely to promote seizures is discussed.

WWE are at risk for premature ovarian failure and for menopause at a

younger age than the general population. This appears to be related to epilepsy

severity in terms of seizure frequency and is likely a consequence of adverse eVects

of seizures and interictal activity on the hypothalamo–pituitary–gonadal axis.

The decline in antiepileptic drug (AED) clearance, as well as alterations in gastric

functioning and decreasing albumin levels, with maturity can aVect AED use in the

aging population; therefore, mature individuals with epilepsy need to be monitored

carefully for toxicity and for increasing AED levels that could eventually cause

toxicity. Information about gender diVerences for AEDuse in themature population

is scant.
c.

d.

0



386 CYNTHIA L. HARDEN
I. Introduction
Women with epilepsy (WWE) in perimenopause, menopause, and perimeno-

pause often have many questions regarding the eVect of these life changes on their

epilepsy. In this chapter, associations between these life changes in WWE, seizure

frequency, and the use of hormone replacement therapy (HRT) will be presented.

Alterations in the expected age at menopause found in several studies will be

explored as well as the mechanisms by which this could occur. General antiepi-

leptic drug (AED) biopharmaceutical concerns in the mature population will be

presented, although there is little gender-specific information in this area. Sugges-

tions for management of mature WWE, both for the use of HRT and AEDs, will

be discussed.
II. Premature Ovarian Failure: Early Onset Perimenopause and Menopause
WWE have a risk of experiencing an early onset of perimenopausal symp-

toms, often in the late fourth decade or early fifth decade of life (Klein et al., 2001).

Klein et al. described that 7 of 50 WWE had symptoms or hormonal findings of

premature ovarian failure before the age of 42 years, compared to 3 of 82 healthy

control women, determining a risk of early perimenopause 4 times greater in

WWE than in controls. Furthermore, the severity of epilepsy (i.e., the seizure

frequency) is related to a risk for earlier menopause (Harden et al., 2003). Within a

group of WWE, those who had only rare seizures (e.g., fewer than 20 in a lifetime)

had less risk for earlier menopause and had a normal age at menopause of 50–51

years. However, WWE who had frequent seizures, occurring at least monthly,

experienced earlier menopause, at age 46–47 years on average (see Table I). In

this study, there was no relationship between early menopause and specific AED
TABLE I

MENOPAUSAL AGE CORRELATED WITH SEIZURE FREQUENCY

Seizure frequency Number of patients Mean age Mean age at last mensesa

<20 seizures in lifetime 15 55 49.9

>20 seizures in lifetime; <1

seizure per month

25 54 47.7

>1 seizure per month 28 52 46.7

Adapted from Harden et al. (2003)
aSignificantly diVerent between groups (p ¼ 0.04).
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treatments. Therefore, it is postulated that early menopause is another conse-

quence of reproductive dysfunction caused by epilepsy itself (Harden et al., 2003).
III. Changes in Seizures Related to Perimenopause and Menopause
Although no prospective information is available on the course of epilepsy as

WWE progress through perimenopause, menopause, and postmenopause, a ques-

tionnaire study was performed in order to obtain information about the eVect of
menopause and perimenopause on the course of epilepsy. Further, the question-

naire assessedwhether a history of a catamenial seizure patternwould influence this

course (Harden et al., 1999). These questionnaires were sent to WWE using a

mailing list from the local epilepsy consumer advocacy organizations; responses

were used from women currently in menopause or perimenopause; respondents

who did not have AED changes during these life epochs provided information

regarding the course of their epilepsy and treatment, seizure type, relationship of

seizures to menses during their reproductive years, specifically the occurrence of

seizures in the week before menses and at the onset of menses [catamenial seizure

pattern type 1 (Herzog et al., 1997)], and any use of HRT.

Thirty-nine perimenopausal WWE (ages 38–55 years) as defined by a recent

change in menstrual pattern and the occurrence of ‘‘hot flushes’’ responded. Nine

subjects reported no change in seizures at perimenopause, 5 reported a decrease in

seizure frequency, and the majority of women, 25, reported an increase. Twenty-

eight (72%) reported having a catamenial seizure pattern before menopause, and

eight (15%) subjects took synthetic HRT. HRT had no significant eVect on seizures;
however, a history of catamenial seizure pattern was significantly associated with an

increase in seizures at perimenopause ( p ¼ 0.02) (see Fig. 1). Considering that

estrogen is generally proconvulsant and progesterone is anticonvulsant in animal

seizure models (Scharfman and MacLusky, 2006), it can be postulated that repro-

ductive hormonal changes in perimenopause could contribute to increased seizures.

Further explanation of this influence is as follows: during perimenopause, estrogen

levels remain unchanged or may rise with age until the onset of menopause,

presumably in response to the elevated follicle-stimulating hormone (FSH) levels.

However, the cyclic progesterone elevation during the luteal phase of the menstrual

cycle gradually becomes less frequent throughout perimenopause, resulting in in-

creasing rates of anovulatory cycles (Burger et al., 2002). The elevation of the

estrogen-to-progesterone ratio may contribute to the increase in seizure frequency

at perimenopause for someWWE.

Forty-two postmenopausal WWE (ages 41–86 years), defined as 1 year with-

out menses, responded. There was no overall directional change in seizure

frequency within this group: 12 subjects reported no change in seizures at

menopause, 17 reported a decrease in seizure frequency, and 13 reported an
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increase. Sixteen (38%) took synthetic HRT. Sixteen (38%) additional subjects

(having some overlap with the HRT group) reported having a catamenial seizure

pattern before menopause. HRT was significantly associated with an increase in

seizures during perimenopause (p ¼ 0.001). A history of catamenial seizure

pattern was significantly associated with a decrease in seizures at menopause

(p ¼ 0.013) (see Fi g. 2) (Hard en et al. , 1999 ).
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These cross-sectional data suggest that WWE may be likely to have an

increase in seizures at perimenopause and, therefore, may need more careful

monitoring at this time for AED adjustment or AED change. Further, these

findings indicate that catamenial seizure pattern may be associated with seizure

increase during perimenopause but seizure decrease after menopause. This find-

ings are also consistent with the idea that a subset of WWE are especially sensitive

to endogenous hormonal changes, associated with increased seizures in response

to hormonal fluctuations, but decreased seizures when reproductive hormones

stabilize. Further, the results suggest that synthetic HRT may be associated with

an increase in seizure frequency in menopausal WWE. The implications of this

finding prompted further study whether such an eVect of endogenous hormones

on WWE was present.
IV. Hormone Replacement Therapy in Women with Epilepsy
The evaluation of HRT in WWE was designed to determine whether adding

HRT to the medication regimen of postmenopausal WWE was associated with an

increase in seizure frequency (Harden et al., 2006). The study design was a double-

blind, randomized, placebo-controlled trial of the eVect of HRT on seizure

frequency in postmenopausal WWE. Women took stable doses of AEDs, and

were within 10 years of their last menses. After a 3-month prospective baseline,

subjects were randomized to placebo, Prempro (0.625 mg of conjugated equine

estrogens plus 2.5 mg of medroxyprogesterone acetate or CEE/MPA) daily, or

double-dose CEE/MPA daily for a 3-month treatment period. This form of HRT

was chosen for the trial because it was widely used at the time. Further, it was the

same treatment used in the large, long-term, placebo-controlled The Women’s

Health Initiative (WHI) study which looked at multiple medical outcomes.

Therefore, the use of this complex equine-derived estrogen and this synthetic

progestin in the WWE study would be appropriate in the WWE trial because the

results could be extrapolated to the general population of WWE. Further, this was

the most commonly used form of HRT reported in the questionnaire study. The

results were analyzed by chi-square for trend, comparing the number of subjects

whose seizure frequency increased on treatment compared to baseline versus the

number of subjects whose seizures did not increase across treatment arms.

Unfortunately, the first report of the WHI results in 2002 was that HRT in the

form of CEE/MPA was associated with an increased risk for breast cancer and

stroke (Rossouw et al., 2002). These results were surprising in the light of the long

use of this compound, but lead to early termination of the WHI trial as well as the

HRT in WWE study due to safety concerns.
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Therefore, only 21 subjects were randomized after completing baseline. The

subjects’ ages ranged from 45 to 62 years (mean, 53 years; SD, �5), and the

number of AEDs used ranged from 0 to 3 (median,1). There were no diVerences
in baseline characteristics including age, age at menopause, number of AEDs, and

complex partial and generalized seizure frequency between the three treatment

arms.

On HRT treatment compared to placebo, there was a significant trend

toward increased seizures in a dose-related manner using several seizure frequen-

cy analyses. Five (71%) of seven subjects taking double-dose CEE/MPA had a

worsening seizure frequency of at least one seizure type, compared with four

(50%) of eight taking single-dose CEE/MPA, and one (17%) of six taking placebo

(p ¼ 0.05). An increase in seizure frequency of the subject’s most severe seizure

type was associated with increasing CEE/MPA dose (p ¼ 0.008). An increase in

complex partial seizure frequency also was associated with increasing CEE/MPA

dose (p ¼ 0.05) (see Table II). Total seizure number approached significance with

increasing CEE/MPA (p ¼ 0.10) as well.

Two subjects taking lamotrigine had a decrease of 25–30% in lamotrigine

levels while taking CEE/MPA. This is likely due to induction of uridine

diphosphate–glucuronosyltransferase (UGT) 1A4 by ethinyl estradiol, which is

the predominant metabolic enzyme for lamotrigine, as occurs with hormonal

contraceptives (Harden and Leppik, 2006). Therefore, although the small num-

bers of subjects in this study may limit its generalizability, the results indicate that

CEE/MPA is associated with a dose-related increase in seizure frequency in
TABLE II

NUMBER OF SUBJECTS WITH INCREASE IN SEIZURE FREQUENCY BY TREATMENT ARM (N ¼ 21)

Treatment

group

Simple

partiala
Complex

partialb
Secondarily

generalized Total # Szc
Any

Sz typed
Most severe

Sz typee

n % n % n % n % n % n %

Placebo (n ¼ 6) 1 16.7 0 0.0 0 0.0 0 0.0 1 16.7 0 0.0

Single CEE/

MPA (n ¼ 8)

3 37.5 1 12.5 0 0.0 3 37.5 4 50.0 3 37.5

Double CEE/

MPA (n ¼ 7)

1 14.3 3 42.9 1 14.3 3 42.9 5 71.4 5 71.4

Harden et al. (2006).

CEE, conjugated equine estrogens; MPA, medroxyprogesterone acetate.

ap ¼ 0.88 by chi-square test for trend.
bp ¼ 0.05 by chi-square test for trend.
cp ¼ 0.10 by chi-square test for trend.
dp ¼ 0.05 by chi-square test for trend.
ep ¼ 0.008 by chi-square test for trend.
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postmenopausal WWE. Further, the lamotrigine clearance may be increased with

HRT as well.
V. Menopause and HRT in Animal Seizure Models
Although these two clinical reports have consistent outcomes of adverse eVects
of HRT on seizures, there are no supportive laboratory counterparts of these

findings. As an analogous state to menopause, ovariectomy in adult female rat is

associated with increased seizure activity in using standard seizure-producing

techniques. Using the pilocarpine model, ovariectomized rats showed a signifi-

cantly more rapid progression to status epilepticus compared with intact animals

(Scharfman et al., 2005). With an NMDA seizure-induction model, ovariecto-

mized rats had a significantly increased total seizure number and more severe

hippocampal damage compared with age-matched intact female animals

(Kalkbrenner and Standley, 2003).

As an analogous state to HRT during menopause, what laboratory evidence is

available for how hormone replacement aVects seizure activity in a rodent

postmenopausal model? Again, contrary to the findings of the recent human

studies, several experiments have shown an overall neuroprotective eVect of

estrogen and progesterone, but little eVect on seizure frequency. In a kainate-

induced model, estrogen pretreatment had no eVect on seizure severity but

significantly decreased ‘‘spread,’’ neuronal loss, and mortality in ovariectomized

rats compared with ovariectomized rats without pretreatment. Progesterone pre-

treatment in this model had a slightly diVerent eVects; it decreased seizure severity
and hippocampal damage (HoVman et al., 2003). In the NMDA-induced model,

estrogen pretreatment decreased total seizure number in ovariectomized rats

compared with ovariectomized rats without pretreatment; and in fact, estrogen

replacement restored seizure number to that of the intact state (Kalkbrenner and

Standley, 2003). In the lithium–pilocarpine model of status epilepticus, estrogen

pretreatment is neuroprotective in ovariectomized rats compared with sham-

treated ovariectomized controls (Galanopoulou et al., 2003).

Several factors may explain why these laboratory results cannot be extrapo-

lated to the eVects of HRTon menopausal WWE. First, ovariectomized rats likely

do not have an analogous hormonal brain milieu to naturally menopausal

women. The rats were not in surgical postmenopause for a matter of days prior

to the experiments, in contrast to postmenopausal women who had years to

develop changes to neurons and glia following hormone withdrawal. Second,

the doses of HRT used by menopausal women are actually relatively higher than

the doses used in these laboratory experiments. Finally, it is possible that the

synthetic progestin, MPA, used in human studies could account for the adverse
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eVects on seizures. It is widely accepted that estrogen generally promotes seizure

activity, while progesterone (through the action of its reduced metabolite, allo-

pregnanolone) has anticonvulsant properties (Scharfman and MacLusky, 2006).

However, MPA clearly has a diVerent profile of activity in the brain, in that it is

not metabolized to allopregnanolone and is not neuroprotective in rodents (Ciriza

et al., 2006). In one study of ovariectomized rats with and without estrogen

replacement, the eVect of progesterone versus MPA pretreatment on kainate-

induced seizures produced quite diVering results for the two compounds. Both

progesterone and MPA blocked the neuroprotective eVects of estrogen in these

experiments (a result diVering from previous experiments for progesterone as

well), and seizure severity was worse but not significantly so in the MPA-treated

group (Rosario et al., 2006). Therefore, several factors, including the possibility of

an adverse eVect of MPA on seizures, may account for the divergence of the

laboratory and clinical experiments.

Since progesterone in its natural form in the FDA-approved form of Prome-

trium is readily available, it may be a reasonable option as the progestin compo-

nent when HRT is needed for WWE, especially since there is evidence that it has

active anticonvulsant properties (Herzog, 1999). For the estrogen component,

a simplified estrogen compound, such as 17-b-estradiol, could be considered.

Clinicians must consider these options since HRT will be needed for some WWE;

sleep deprivation related to ‘‘hot flushes’’ can have an adverse eVect on seizure

frequency and, in such cases, HRT may be beneficial by permitting adequate

sleep (Peebles et al., 2000).
VI. AED Treatment in the Elderly
One consistent alteration with maturity in the pharmacokinetics of both

standard and newer AEDs is a decline in overall clearance of 20–40%. This

change is variable and diYcult to predict within an individual, and is influenced

by medical comorbidities and drug–drug interactions. However, the decline in

clearance can be at least partly attributed to a decrease in renal excretion rate and

to reduced drug metabolism, both of which decline with age. Another factor

important for toxicity related to highly protein-bound AEDs is the decrease in

serum albumin that occurs with aging (Perucca, 2007).

Carbamazepine and phenytoin plasma concentrations are more variable in

the elderly compared to the adult population, due to alterations in absorption

rather than a relatively minor eVect on half-life (Cloyd et al., 2007). Variable drug

absorption in the elderly is due to slower gastric emptying time and to slower

fluctuations in gastric pH in this age group. This could have implications in

particular for the absorption of phenytoin, which is itself a weakly acidic drug
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that absorbs more completely in a gastric environment with higher pH and less

well in a lower pH environment (Gidal, 2007).

In addition to the biopharmaceutical considerations in the mature age group,

there is some information available on eYcacy and tolerability. One randomized,

double-blind clinical trial of the treatment of new-onset epilepsy in the elderly

showed equal eYcacy for the gabapentin, carbamazepine, and lamotrigine treat-

ment arms in 593 randomized subjects. However, lamotrigine was associated with

significantly fewer terminations for adverse events than carmbamazepine or

gabapentin (Rowan et al., 2005). There is little information regarding gender

diVerences in AED treatment for the mature population. One report of phenytoin

use in elderly nursing home residents found that women took higher doses than

did men in order to achieve similar serum concentrations, although no other

obvious factors, such as complications that would aVect phenytoin metabolism or

albumin levels, diVered between genders.
VII. Conclusion
WWE are at risk for premature ovarian failure and menopause at a younger

age than expected. This appears to be related to epilepsy severity in terms of

seizure frequency and is likely a consequence of adverse eVects of seizures and
interictal activity on the hypothalamo–pituitary–gonadal axis.

Overall, WWE seem to be at risk for increased seizure frequency at perimen-

opause. The presence of a catamenial seizure pattern is especially associated with

increased seizures at perimenopause, but decreased seizures after menopause.

This finding provides further support for the presence of a subset of WWE, who

are particularly sensitive to the neuroactivity of the endogenous hormonal milieu.

A risk of increased seizures with HRTconsisting of CEE and MPA appears to

be present in postmenopausal WWE, found in a cross-sectional questionnaire and

a randomized, double-blinded, placebo-controlled clinical trial. Yet WWE will

need to take HRT at times, for symptomatic relief and to allow adequate sleep

when ‘‘hot flushes’’ are disruptive. The author suggests that a combination of a

single estrogenic compound such as 17-b-estradiol along with natural progester-

one be considered in this clinical scenario.

The decline in AED clearance, as well as alterations in gastric functioning and

decreasing albumin levels, with maturity can aVect AED use in the aging popula-

tion. These changes could impact all AEDs, but phenytoin is most at risk for

having an altered biopharmaceutical profile in the elderly since all of these

mechanisms are involved in phenytoin use. Mature individuals with epilepsy

need to be monitored carefully for toxicity and for increasing AED levels that

could eventually cause toxicity. There is little information about gender diVer-
ences for AED use in the mature population.
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Co-morbid psychiatric disorders are relatively frequent in patients with

epilepsy. The prevalence rates of mood and anxiety disorders, psychotic disorders

and attention deficit/hyperactivity disorder have been found to be significantly

higher in patients with epilepsy than in the general population. While co-morbid

psychiatric disorders have frequently been considered as complications of the

seizure disorder, there is an increasing body of literature that points to a complex

relationship between psychiatric and seizure disorders. Because of this, it is crucial

that clinicians consider the presence of co-morbid psychiatric disorders when

planning the treatment of patients with epilepsy. Having a clear understanding
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of the pharmacodynamic and pharmacokinetic interactions between antiepileptic

drugs and psychotropic drugs is of the essence to avert unnecessary adverse

events and loss of eYcacy of psychotropic drugs. This chapter provides a practical

review on the use of psychotropic drugs for the treatment of these psychiatric

co-morbidities in patients with epilepsy.
I. Introduction
Co-morbid psychiatric disorders are relatively frequent in patients with epi-

lepsy (Tellez-Zenteno et al., 2007). The prevalence rates of mood and anxiety

disorders, psychotic disorders and attention deficit/ hyperactivity disorder

(ADHD) have been found to be significantly higher in patients with epilepsy

than in the general population (Dunn and Austin, 1999; Edeh and Toone, 1987;

Jacoby et al., 1996; Matsuura, et al., 2005). While co-morbid psychiatric disorders

have ‘‘typically’’ been considered as complications of the seizure disorder, or the

underlying neurologic condition that caused the epilepsy, there is an increasing

body of literature that points to a complex relationship between psychiatric and

seizure disorders. In the case of mood disorders and ADHD, there is evidence of

a bidirectional relationship between these disorders and epilepsy (Forsgren and

Nystrom, 1999; HesdorVer et al., 2000, 2004, 2006). For example, HesdorVer et al.
found that compared to the expected occurrence rate in the general population,

ADHD of the inattentive type occurred 3.7 times more often (95% CI, 1.1–12.8)

before unprovoked seizures in a population-based case-control study of all newly

diagnosed unprovoked seizures among Icelandic children younger than 16 years

(aged 3–16 years) (HesdorVer et al., 2004). The association was restricted to

ADHD predominantly of the inattentive type. Data suggestive of a bidirectional

relationship between depression and epilepsy were suggested in three population-

based case-control studies of patients with newly diagnosed adult-onset epilepsy

(Forsgren and Nystrom, 1999; HesdorVer et al., 2000, 2006). These studies

suggested that patients with new-onset epilepsy had a four- to sevenfold higher

likelihood of having experienced a depressive episode or suicidal ideation preced-

ing the onset of epilepsy compared to matched controls.

Psychotic disorders are also more frequent in patients with epilepsy than in the

general population. While population-based data are not as frequent as that of the

other psychiatric disorders, it is estimated that the prevalence rate of psychotic

disorders ranges between 6% and 10% in patients with epilepsy compared to 1%

in the general population (Matsuura et al., 2005).

Furthermore, other studies have demonstrated the presence of psychiatric

disorders in patients with new-onset idiopathic epilepsy by the time of the first
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seizure. For example, in a population-based study, Austin et al. identified higher

rates of behaviour disturbances in children with new-onset epilepsy than in their

siblings, in the 6 months preceding the first recognized seizure (Austin et al., 2001).

The psychopathology included symptoms of mood and anxiety disorders, atten-

tion disturbances, and thought and somatic complaints. In a study of 50 children

and adolescents with new-onset epilepsy and 53 age-matched controls, Jones et al.

found a significantly higher prevalence of mood and anxiety disorders and

ADHD in patients with idiopathic or cryptogenic epilepsy than in controls

( Jones, et al., 2007). Among the children with co-morbid psychopathology, 45%

already presented a psychiatric disorder (according to DSMIV-TR diagnostic

criteria) at the time of the diagnosis of epilepsy.

Clearly, these data document the need to factor-in the presence of co-morbid

psychiatric disorders when planning the treatment of patients with epilepsy.

Having a clear understanding of the pharmacodynamic and pharmacokinetic

interactions between antiepileptic drugs (AEDs) and psychotropic drugs is of the

essence to avert unnecessary adverse events and loss of eYcacy of psychotropic

drugs. This chapter provides a practical review on the use of psychotropic drugs

for the treatment of these psychiatric co-morbidities in patients with epilepsy.
II. The Use of Antidepressant Drugs in Epilepsy
Antidepressant drugs are the most frequently prescribed psychotropic drugs

in patients with epilepsy; they are used for the management of mood and

anxiety disorders, including panic, generalized anxiety and obsessive-compulsive

disorders as well as social phobia.
A. IMPACT ON SEIZURE THRESHOLD

There is a widespread concern among clinicians to prescribe this type of drug

in patients with epilepsy, given a reported ‘‘proconvulsant’’ eVect in patients

without epilepsy. Yet, a review of the literature reveals the following fact: Seizures

have been reported in patients who took overdoses or in whom high serum

concentrations were identified, because they were ‘‘slow metabolizers’’; most of

these data were derived from trials with tricyclic antidepressants (TCAs). Further-

more, in assessing the seizure occurrence in patients treated with antidepressant

drugs, it is necessary to factor-in the bidirectional relationship between depression

and epilepsy alluded to above, which implies an increased risk of depressed

patients to experience an epileptic seizure compared to non-depressed people

(Forsgren and Nystrom, 1999; HesdorVer et al., 2000, 2006). Thus, is it possible
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that a seizure experienced by a depressed patient be the expression of that inherent

risk and not related to the use of an antidepressant? Recent studies seem to support

this hypothesis. Alper et al. compared published rates of unprovoked seizures in the

general population and the seizure incidence in patients randomized to placebo

and one of the selective serotonin reuptake inhibitors (SSRIs) or mirtazapine in

phase II and III regulatory clinical trials submitted to the Food and Drug Admin-

istration between 1985 and 2004 (Alper et al., 2007). The incidence of seizures was

significantly lower among patients randomized to antidepressants compared to those given

placebo (standardized incidence ratio ¼ 0.48; 95% CI, 0.36–0.61). The seizure

incidence was 19 times higher than the published incidence of unprovoked seizures

in community non-patient samples in patients randomized to placebo. These data

support the findings of population-based studies cited above demonstrating a

higher risk of seizures and epilepsy in depressed patients and also indicate that

SSRIs can be used safely in patients with epilepsy.

Furthermore, uncontrolled studies in humans with refractory epilepsy have

suggested an improvement in seizure frequency in patients with refractory epilep-

sy treated with fluoxetine and citalopram. For example, Favale et al. treated

17 patients with refractory epilepsy with 20 mg of fluoxetine per day in an

open trial; six patients became seizure free (Favale et al., 1995). No patient was

reported to have an increase in seizure frequency. Of note, since fluoxetine can

inhibit the metabolism of several AEDs, the investigators monitored their

serum concentrations on a monthly basis. They ruled out an increase in AEDs’

serum concentrations as a possible explanation for the improvement in seizure

frequency. The same group of investigators treated 11 patients with refractory

epilepsy without depression with citalopram at a dosage of 20 mg/day in an open

trial (Favale et al., 2003). Nine patients experienced a reduction of at least 50% in

seizure frequency, and no patient was reported to have had an increase in seizure

frequency. By the same token, Speccio et al. reported a 37% overall reduction in

seizure frequency in an open trial of citalopram for the treatment of depression

in 39 patients with epilepsy (Specchio et al., 2004).

Anticonvulsant eVects have been reported with the use of TCAs, specifically

imipramine. For example, Fromm et al. treated 16 patients with absence and

myoclonic seizures in an open trial of imipramine and reported initial reductions

in seizure frequency in 10 patients (Fromm et al., 1972). Following this open trial,

these investigators carried out a double-blind crossover study with imipramine

which yielded initial reductions in seizure frequency in 5 patients, which persisted

at 1 year in 2 patients (Fromm et al., 1978). Of note, serum imipramine levels in

the patients who showed a long-term response ranged between 40 and 120 ng/ml,

which corresponds to one half of the concentrations associated with the therapeutic

eVectiveness of imipramine for the treatment of depression. Hurst reported his

experience with imipramine in an open trial of 15 patients with various types of

seizure disorders that were refractory to AED therapy (Hurst, 1986); initial
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reductions of 80% in seizure frequency were found in 8 patients, particularly in

patients with drop attacks, but not in those with partial seizures. Seizure improve-

ment persisted at 1 year in 5 patients, 4 of whom remained completely seizure free.

1. Tricyclic Antidepressants

This was the first class of antidepressant drugs used in the pharmacologic

treatment of depression and include eight agents. TCAs were reported to cause

seizures in patients without epilepsy, primarily in the setting of overdoses or in patients

who have high serum concentrations attributed to a genetically determined slow meta-

bolic rate. Such proconvulsant eVect is not mediated by serotonergic or noradrener-

gic mechanisms but rather, by their antihistaminergic eVect (Ago et al., 2006).
Among the family of TCAs, however, clomipramine was identified as an

agent associated with a significantly higher incidence of seizures (1%), and thus

it is not recommended that it be used in people with epilepsy (McConnell and

Duncan, 1998). Two other antidepressant drugs in the TCA family, amoxepine

and maprotiline, were also found to be associated with higher incidences of

seizures and are also not recommended in this patient population. With the use

of TCAs, it is recommended that the patient be started out at a low dose and that

the titration upwards be done at a slow pace. Furthermore, serum concentrations

of most antidepressants of this class are available, and it is recommended that they

be measured once the desired dose is reached to identify those patients who may

be ‘‘slow metabolizers’’. Nonetheless, given the relatively higher frequency of

adverse events, which include cardio-toxic eVects, their use should be restricted

when safer antidepressant drugs such as SSRIs and serotonin-norepinephrine

reuptake inhibitors (SNRIs) are not eVective (see below).

2. Mono-Amino-Oxidase Inhibitors

This class of antidepressant drugs includes four drugs (McConnell and

Duncan, 1998) and in general has been found to be safe in people with epilepsy.

Their use, however, has been limited because of the potential adverse events

associated with the ingestion of certain tyramine-containing foods that can result

in hypertensive crisis. Mono-amino-oxidase inhibitors (MAOIs) today have been

restricted to the management of certain patients with atypical depressions, severe

anxiety disorders and borderline personality disorders. Since the advent of the

SSRIs,MAOIs have been displaced to third-line treatment drugs; thus, psychiatrists

should be the only ones prescribing this type of antidepressant drug.

3. Selective Serotonin Reuptake Inhibitors

This is the third family of antidepressants to become available for the treat-

ment of mood and anxiety disorders. In fact, they have become the first-line

treatment for these psychiatric entities. They include six drugs (fluoxetine,
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fluvoxamine, sertraline, paroxetine, citalopram and escitalopram), which have

been found to be very safe in patients with epilepsy with respect to the risk of

causing seizures. Some of these SSRIs have been used for the management of

migraines and other pain disorders.

Occasional reports of seizures have been associated with overdoses or very

high serum concentrations. In a study of 100 consecutive patients with pharmaco-

resistant epilepsy who were treated with sertraline for a mood and/or anxiety

disorder, Kanner et al. found a worsening of seizure frequency that could be

attributed to sertraline in only one patient (Kanner et al., 2000).

4. Serotonin-Norepinephrine Reuptake Inhibitors

Serotonin-norepinephrine reuptake inhibitors: The experience with the

newer antidepressant drugs in the family of SNRIs, venlafaxine and duloxetine,

is very limited, but the incidence of seizures in the regulatory studies compared to

placebo-exposed patients does not appear to be increased.

5. Dopamine-Norepinephrine Reuptake Inhibitors

Another class of antidepressant drugs is norepinephrine and dopamine reup-

take Inhibitors. Bupropion has relatively weak reuptake properties of dopamine

and norepinephrine, but its active hydroxylated metabolite has strong reuptake

properties of these neurotransmitters and seems to be responsible for the eYcacy

of this agent. This drug is used for a certain type of depressive order (i.e. retarded

depression), as well as for the management of ADHD. In one study, bupropion

appeared to be relatively safe at dosages of up to 450 mg/day, with a seizure

frequency ranging from 0.36% to 0.48% (Davidson, 1989). However, bulimic

patients were found to be at increased risk of developing generalized tonic–clonic

seizures (Horne et al., 1988; Pope et al., 1989). Lower seizure rates, however, were

identified with extended- release formulations at dosages of 300 mg/day or less in

a study of 3100 patients yielding a seizure frequency of 0.15% ( JeVerson et al.,

2005). This lower frequency of seizures suggests that avoidance of a peak of dose

eVect may have an important role in minimizing the proconvulsant properties of

this antidepressant medication. Alper et al. found that depressed patients rando-

mized to bupropion had a 1.6 times relative risk of developing seizures compared

to those given placebo (Alper et al., 2007). If this medication is to be used today in

patients with epilepsy, it should be started at a low dose and dosage should not

exceed 300 mg/day. In general, it is recommended that the drug be avoided.

In summary, to date, antidepressant medications can be safely used in patients

with epilepsy with drugs of the SSRI type being among the safest ones; TCAs can

be safely used but should be started at low doses that can be increased slowly, and

serum concentrations should be monitored to identify the patients who may be

slow metabolizers. Clomipramine, maprotiline and amoxapine and bupropion as
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an immediate-release formulation, however, should be avoided in patients with

epilepsy. MAOIs can be safely used in patients with epilepsy but should be

prescribed only by psychiatrists.
B. PHARMACOKINETIC INTERACTIONS WITH AEDS

The majority of commonly employed psychotropic medications, including

antidepressant as well as antipsychotic medications, are substrates for one or more

of the cytochrome p450 (CYP) isozymes (Patsalos and Perucca, 2003). Therefore,

co-medication with an enzyme-inducing AED would be expected to increase the

systemic clearance of these medications, with the result being lower serum con-

centrations of the psychotropic agent. Given the likelihood of concomitant treat-

ment with these medications, knowledge of potential drug interactions is

important.

Older, traditional AEDs such as phenytoin, carbamazepine and phenobarbital

are potent inducers of the CYP enzyme system, as well as the UDP-glucuronyl

transferase (UGT) enzyme system In contrast, sodium valproate is not an inducer,

but rather an inhibitor of certain CYP isozymes (CYP 2C19, 2C9) as well as UGT.

Among the newer generation AEDs, oxcarbazepine and topiramate are also

inducers, but appear to be much less potent inducers of CYP 3A4. Other newer

agents including gabapentin, pregabalin, levetiracetam, tiagabine, zonisamide

and lamotrigine do not appear to interfere with CYP activity.

Clinically, the impact of enzyme induction on certain psychotropic drugs can

be substantial. For example, serum concentrations of TCAs such as amitriptyline,

nortriptyline, imipramine, desipramine, clomipramine, protriptyline and doxepin,

as well as non-TCA agents such as sertraline, paroxetine, mianserin, citalopram

and nefazodone, would be expected to be reduced in patients receiving enzyme-

inducing AEDs (Trimble and Mula, 2005) Co-medication with enzyme-inducing

AEDs such as phenytoin or carbamazepine may significantly reduce sertraline

concentrations, andmay requiremarked increases in dosage in order tomaintain a

therapeutic antidepressant response (Patsalos and Perucca, 2003). In contrast,

co-medication with sodium valproate may result in significant increases (50–60%)

in serum concentrations of antidepressants such as amitriptyline or nortriptyline

(Trimble and Mula, 2005).

It is also important to recognize that AED–antidepressant drug interactions

may be bidirectional. For example, anecdotal reports have suggested that SSRIs

such as fluoxetine and sertraline have resulted in increased phenytoin and

carbamazepine serum concentrations, likely due to fluoxetine inhibition of

CYP 3A4 (Spina and Perucca, 2002). Fluoxetine inhibition of CYP 2C19 may

also result in increases in serum phenytoin concentration. The active metabolite

of fluoxetine, norfluoxetine, has also been shown to inhibit CYP 2D6. Inhibition
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of CYP 3A4, CYP 2C9 and CYP 2C19 is of the most relevance when

considering potential eVects on the currently available AEDs (Nelson et al.,

2001). In vitro experiments examining phenytoin parahydroxylation have

found that between fluoxetine, norfluoxetine, sertraline and paroxetine, fluoxe-

tine was the most potent inhibitor, followed by norfluoxetine, sertraline and to a

lesser extent, paroxetine (Nelson et al., 2001). While the in vitro data certainly

suggest a potential pharmacokinetic interaction, they would also suggest that the

likelihood of an interaction occurring is relatively low, particularly with paroxe-

tine and sertraline when used at typical doses. Indeed, clinical studies did not

find an interaction between either sertraline or paroxetine and carbamazepine

or phenytoin (Andersen et al., 1991).

The antidepressant fluvoxamine is an inhibitor of CYP 1A2, 3A4, 2C9 and

2C19. Inhibition of CYP 2C19 and 2C9 is likely to result in marked increases in

phenytoin serum concentrations (Mamiya and Kojima, 2001).

In settings where higher SSRI doses are used, or perhaps in elderly patients

who may have reduced clearance of both phenytoin and the SSRI, the potential

for a clinically meaningful interaction may be increased (Nelson et al., 2001).

Nefazodone, a CYP 3A4 inhibitor, has been shown to increase carbamazepine

serum concentrations (Laroudie and Salazar, 2000). SSRIs with the least potential

for causing inhibitory interactions are citalopram and escitalopram. Venlafaxine

and duloxetine also appear unlikely to cause significant interactions with currently

available AEDs (Nelson et al., 2001).

While there is less clinical data available regarding pharmacokinetic interactions

between antidepressants and the newer generation AEDs, based upon our under-

standing of the metabolic disposition of these drugs, it would seem likely that there

will be fewer pharmacokinetic interactions. Case reports have, however, suggested a

possible inhibitory eVect of sertraline on lamotrigine, a drug metabolized primarily

by N-glucuronidation (Kaufman and Gerner, 1998).
C. PHARMACODYNAMIC INTERACTIONS WITH AEDS

One of the concerns that clinicians have to always keep in mind is the

potential worsening of adverse events resulting from the combination of antide-

pressant drugs and AEDs that have common adverse events. From a theoretical

standpoint, the following potential synergistic adverse events have to be looked for

carefully: (1) Potentiation of weight gain that can be caused by AEDs such as

gabapentin, valproic acid, carbamazepine and pregabalin and antidepressant

drugs such as sertraline and paroxetine. (2) Potentiation of sexual adverse

events. Sexual adverse events, such as decreased libido, anorgasmia and sexual

impotence, can be relatively common with AEDs such as the barbiturates (phe-

nobarbital and primidone), but can also be seen with other enzyme-inducing



INTERACTIONS OF PSYCHOTROPIC DRUGS WITH ANTIEPILEPTIC DRUGS 405
AEDs. This adverse event has been explained by synthesis of the sex hormone-

binding globulin, which binds the free fraction of sex hormones, and hence

makes them less accessible to the central nervous system (CNS). Antidepressant

drugs of the SSRI, MAOI and TCA type, as well as the SNRI type, are known to

cause sexual adverse events. Whether the combination of this type of AEDs

and antidepressants has a ‘‘synergistic adverse eVect’’ on sexual functions has

yet to be established. An additional caveat is the direct impact of the seizure

disorder on sexual functions which could, in fact, be the variable responsible for

the decreased sexual drive independently of the exposure to the AED (or in

combination with).

Single case reports of various pharmacodynamic interactions have been

published in the literature. For example, Dursun et al. reported one case of

serotonin syndrome resulting from a combination of fluoxetine and carbamaze-

pine (Dursun et al., 1993). Likewise, Rosenhagen et al. recently reported two

patients comedicated with escitalopram, the S-enantiomer of citralopram, and

lamotrigine who developed myoclonus, a potential symptom of serotonin syn-

drome (Rosenhagen et al., 2006). These authors speculate that lamotrigine may

amplify the risk of developing myoclonus in patients receiving SSRIs. Finally,

Gernat et al. have reported on the development of extrapyramidal syndrome

when using fluoxetine in combination with AEDs, but again these were isolated

reports (Gernaat et al., 1991).
III. Anxiolytic Drugs
A. PHARMACOKINETIC INTERACTIONS WITH AEDS

1. Pharmacokinetic Interactions

Enzyme-inducing AEDs can accelerate the metabolism of various benzodia-

zepines. Thus, carbamazepine has been found to accelerate the metabolism of

diazepam, clobazam, clonazepam and alprazolam (Anderson and Miller, 2002).

Nonetheless, given the wide therapeutic index of these benzodiazepines, the

clinical impact is limited. On the one hand, enzyme-inducing AEDs can have a

significantly clinical eVect on the metabolism of midazolam, by enhancing its

metabolic rate. On the other hand, sodium valproate inhibits the metabolism of

lorazepam which is also metabolized by UGT (Anderson and Miller, 2002).

By the same token, clobazam and clonazepam have been reported to cause

an increase in phenytoin serum concentrations, while clobazam was found

to increase the serum concentrations of valproate, carbamazepine and its

1011-epoxide metabolite (Anderson and Miller, 2002).
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B. PHARMACODYNAMIC INTERACTIONS WITH AEDS

Benzodiazepines are drugs with sedative adverse events which can be poten-

tiated by AEDs with similar properties such as barbiturates. By the same token,

these two classes of drugs can cause a variety of psychiatric adverse events such

as aggression, motor hyperactivity, impulsivity, poor frustration tolerance and

depression. Whether these adverse events may be potentiated by the combination

is yet to be established but, nonetheless, remains a distinct possibility which

clinicians should be on the lookout.

Some authors have cautioned against the combination of benzodiazepines

such as clonazepam and valproic acid. Jeavons, for example, reported an increase

in sedation in 9 of 12 children with absence seizures treated with valproic acid and

in whom clonazepam was added ( Jeavons et al., 1977). This finding has not been

replicated by other investigators, however.
IV. Lithium
A. PHARMACOKINETIC INTERACTIONS WITH AEDS

There does not appear to be substantial risk for pharmacokinetic interactions

between lithium and AEDs. Among the newer agents, neither gabapentin nor

lamotrigine was found to interact with lithium (Patsalos and Perucca, 2003;

Trimble and Mula, 2005; Spina and Perucca, 2002).
B. PHARMACODYNAMIC INTERACTIONS WITH AEDS

Before the discovery of the mood-stabilizing properties of AEDs, lithium was

the mood-stabilizing agent par excellence. While today, many AEDs, such as

valproic acid, carbamazepine, oxcarbazepine and lamotrigine, have replaced

the use of lithium in the management of bipolar patients, lithium continues to

play an important role, above all, in patients with more refractory bipolar disease.

It is not infrequent that patients with refractory bipolar illness may be placed on

a combination of lithium and valproic acid or lithium and carbamazepine,

lamotrigine or oxcarbazepine.

The combination of lithium and carbamazepine has been documented for a

long time to cause a synergistic toxicity caused by each individual drug when

given alone. Shukla et al. suggested that carbamazepine enhanced the develop-

ment of lithium neurotoxicity syndrome characterized by symptoms of confusion,

drowsiness, lethargy, tremor and cerebellar signs, including ataxia (Shukla et al.,

1984). These symptoms occur in the setting of therapeutic serum levels of lithium
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and carbamazepine. In addition, synergistic interaction between lithium and

carbamazepine was identified by Kramlinger and Post as a reported significant

increase in haematologic parameters primarily involving increase in white blood

cell counts, as well as decrease in thyroid function test values with lowering of the

total and free T4 serum concentrations (Kramlinger and Post, 1990). Finally,

when carbamazepine and lithium are given together, lithium counteracts the

hyponatremic eVect of carbamazepine.

The combination of lithium and valproate could, in theory, result in an exacer-

bation of weight gain, as well as tremor, although this pharmacodynamic interaction

has not been documented in systematic studies. Similarly, one might speculate that

co-medication with gabapentin or pregabalin might also contribute to increased

weight gain. Finally, increasing tremor can also be expectedwhen lithium is added to

lamotrigine, as both drugs have this potential adverse event, but little data have been

published with respect to this potential pharmacodynamic interaction.
V. CNS Stimulants
A. IMPACT ON SEIZURE THRESHOLD

Central nervous system stimulants (CNSS) are another class of psychotropic

drugs that needs to be prescribed with a relatively high frequency for the treatment

of ADHD, given the high prevalence rates of this condition, ranging between 15%

and 30% among diVerent studies. They are the first choice of therapy for ADHD,

both combined type and predominantly inattentive type (Dunn and

Kronenberger, 2005). Methylphenidate and dextroamphetamine are the most

frequently prescribed CNSS and have been reported to yield comparable eYcacy,

though dextroamphetamine has been reported to be associated with more side

eVects. By the same token, there have been more studies with methylphenidate.

Yet, the Physicians’ Desk Reference (PDR) lists seizures as a possible adverse event

during treatment with this type of drug and recommends their discontinuation if

seizures occur. Such warnings have resulted in a great reluctance by clinicians to

use this type of medication in children with epilepsy and ADHD. Yet, patients with

ADHD of the inattentive type are at a significant risk of experiencing epileptic

seizures. Thus, the same question asked in the case of mood disorders is warranted

in these patients, mainly, is a seizure the expression of the inherent risk of the

psychiatric disorder or an adverse event of the CNSS? For example, in a study of

234 children with ADHD but without epilepsy for whom electroencephalogram

(EEGs) were recorded before startingmethylphenidate, Hemmer et al. found epilep-

tiform activity on the EEG of 36 children (15.4%) (Hemmer and Pasternak, 2001).

Of these 234 patients, 205 were started onmethylphenidate and 4 (2%) experienced
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seizures, 3 of whom had EEG recordings with epileptiform discharges at baseline.

Most of the epileptiformdischarges consisted of centrotemporal (rolandic) spikes and

those were the ones most likely to experience seizures (16.7%). Thus, exposure to

methylphenidate may have played no role in the development of seizures, which

occurred as an expression of an underlying seizure disorder.

In a review of the literature, Dunn and other others concluded that CNSS are

generally safe for their use in patients with epilepsy (Dunn and Kronenberger,

2005). For example, Feldman et al. treated children with epilepsy and ADHDwith

methylphenidate at a dosage of 0.3 mg/kg given twice daily (Feldman et al., 1989);

they found an improvement in psychiatric symptomswithout an increase in seizure

frequency. In a diVerent study, Gross-Tsur et al. treated 30 children with epilepsy

and ADHD with methylphenidate, 0.3 mg/kg given in a single dose (Gross-Tsur

et al., 1997). Twenty-five of the 30 children had been seizure-free for the 2 months

before the start of the CNSS and remained without seizures during the trial; 2 who

had seizures in the prior 2months had no change or fewer seizures, and 3with prior

seizures had more seizures, but diVerence in seizure frequency was not statistically
significant. There was no change in AED levels or EEG findings. A significant

improvement in symptoms of ADHD was identified in 70% of the children.

In one retrospective study, the eYcacy and safety of dextroamphetamine

(n ¼ 17) and methylphenidate (n ¼ 19) were compared in 36 children with

epilepsy and ADHD (Gonzalez-Heydrich et al., 2007). An improvement in

ADHD symptoms was found in 63% of the children treated with methylpheni-

date, but only in 24% of those on amphetamine. There was an increase in seizure

frequency in 3 of the children with active seizures that improved after discontinu-

ation of stimulant or change in AED dose. This study had too many methodologic

problems, and hence these findings were of questionable validity.

Modafinil is another CNSS that has been found to be eVective in the treatment

of ADHD in children without epilepsy in five double-blind trials involving more

than 800 children with dosages as high as 425 mg/day. No seizures were reported

in any of these trials. (Biederman et al., 2005, 2006; Greenhill et al., 2006; Rugino

and Samsock, 2003; Swanson et al., 2006). This CNSS is rarely used for ADHD,

however, because of its association with relatively high incidence of severe der-

matologic adverse events, including the risk of developing Stevens-Johnsons

syndrome. Neurologists use this drug frequently for the treatment of excessive

daytime somnolence in patients with narcolepsy and obstructive sleep apnea.
VI. Other Treatment for ADHD: Atomoxetine
Atomoxetine is a norepinephrine reuptake inhibitor that has been shown to be

eVective in the treatment of ADHD in adults and children (Hernández and

Barragán, 2005; Wernicke et al., 2007). Atomoxetine also increases dopamine levels
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in the cortex but not in the basal ganglia or nucleus accumbens and its therapeutic

actionsmaypartly bedue to its eVect ondopamine levels in specific areas of the brain.

A. IMPACT ON SEIZURE THRESHOLD

As with TCAs and SSRIs, atomoxetine has been found to have anticonvul-

sant eVects at low doses and proconvulsant eVects at high doses in animal models

of epilepsy. For example, in mouse models of seizures with electroshock at

50 mg/kg/day, there was evidence of a protective eVect against seizures, though
seizures were induced at 400 mg/kg/day (Data on File, Eli Lilly and Co., 2002).

In animal models with dogs, dosages of 12–25 mg/kg/day protected against

seizures. In humans with ADHD, but not epilepsy, Wernicke et al. investigated

the incidence of seizures in patients exposed to atomoxetine by conducting a

systematic review of two Eli Lilly and Company databases (atomoxetine clinical

trials database and atomoxetine postmarketing spontaneous adverse event data-

base) (Wernicke et al., 2007). In the clinical trials database, a crude incidence of

0.06–0.2% for seizures was identified among the treated pediatric patients. One

of the 1614 children (0.06%) taking atomoxetine in a controlled trial experienced

a seizure, and 12 children among 5083 patients (0.2%) in any type of trial

experienced a seizure. Five hundred and twenty-three children treated with

methylphenidate and 849 with placebo provided a comparison to the

atomoxetine-treated group. The crude incidence rates of seizure adverse events

did not significantly diVer between atomoxetine, placebo and methylphenidate

for children or adults.

The data of atomoxetine use in patients with epilepsy are sparse. In a

retrospective chart review of atomoxetine treatment for ADHD in 27 children

with epilepsy, 90% of whom had failed previous trials with CNSS (Schaller and

Behar, 1999), no patients experienced an exacerbation of seizures or serious

adverse events.
B. PHARMACOKINETIC INTERACTIONS OF CNSS WITH AEDS

CNSS such as methylphenidate may participate in pharmacokinetic inter-

actions with AEDs. Carbamazepine has been noted to reduce methylphenidate

serum concentrations, possibly leading to loss of eYcacy (Schaller and Behar,

1999). Methylphenidate may also have modest inhibitory actions on the CYP

isozyme system (Markowitz et al., 1999) and has been reported to modestly

increase phenytoin serum concentrations. Atomoxetine is primarily metabolized

via CYP 2D6, and no pharmacokinetic interactions with AEDs have been

noted.
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C. PHARMACODYNAMIC INTERACTIONS OF CNSS WITH AEDS

No documentation has been provided of any pharmacodynamic interaction

between these classes of drugs. However, from a theoretical standpoint, clinicians

should be aware of the potentiation of movement disorders associated with the use

of lamotrigine and CNSS, two types of drugs that can cause tics and Tourette’s

syndrome.
VII. Antipsychotic Drugs
Antipsychotic drugs (APDs) can be separated into two classes: ‘‘conventional’’

APDs (CAPDs) and ‘‘atypical’’ APDs (AAPDs). The former includes 18 drugs

developed between the 1950s and the 1970s. Their mechanism of action resides in

their ability to block dopamine (DA-2) receptors, at the level of meso-cortical,

nigrostriatal and tuberoinfundibular DA pathways (Stahl, 2000). Blockade of the

DA receptors at the meso-cortical pathways is responsible for their antipsychotic

eVect, but results as well in ‘‘emotional blunting’’ and cognitive symptoms that

often lead to confusion with the ‘‘negative’’ symptoms of schizophrenia. Blockade

at the nigrostriatal pathways results in acute and chronic movement disorders,

presenting as parkinsonian symptoms, as well as dystonic and dyskinetic move-

ments, while blockade at the tuberoinfundibular DA pathways results in increased

secretion of prolactin. In addition to their DA-blockade properties, most of these

CAPDs have muscarinic cholinergic, alpha-1 and histaminic blocking properties,

responsible for anticholinergic adverse eVects, weight gain, sedation, dizziness
and orthostatic hypotension.

AAPDs are dopamine-serotonin antagonists that target DA-2 and 5HT-2A

receptors (Stahl, 2000). Their main diVerence with CAPDs is the absence or

mild occurrence of extrapyramidal adverse events and of hyperprolactinemia.

In addition, this class of drugs has a lesser blunting of aVect and several of these

AAPDs have mood-stabilizing properties. Hence, AAPDs have in large part

replaced the CAPDs. Today, six AAPDs have been introduced in the USA:

clozapine, risperidone, olanzapine, ziprasidone, quietapine and aripiprazole.

A. IMPACT ON SEIZURE THRESHOLD

The proconvulsant properties of CAPD have been recognized for a long time

with seizure incidence-rates ranging between 0.5% and 1.2% among patients

without epilepsy (Logothetis, 1967; Stahl, 2000; Whitworth and Fleischhacker,

1995). The risk is higher with certain drugs and in the presence of the following
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factors: (1) a history of epilepsy; (2) abnormal EEG recordings; (3) history of CNS

disorder; (4) rapid titration of the CAPD dose; (5) high doses of APDs; (6) the

presence of other drugs that lower the seizure threshold. For example, when

chlorpromazine is used at dosages above 1000 mg/day, the incidence of seizures

was reported to increase to 9%, in contrast to a 0.5% incidence when lower doses

are taken (Logothetis, 1967). Haloperidol, molindone, fluphenazine, perfenazine

and trifluoperazine are among the CAPDs with a lower seizure risk (Whitworth

and Fleischhacker, 1995).

In the study by Alper et al. cited above (Alper et al., 2007), the incidence of

seizures identified during regulatory studies of AAPDs carried out between 1985

and 2004 was compared between (non-epileptic) patients randomized to placebo

and AAPDs. The incidence of seizures was higher among those randomized to

clozapine and olanzapine, but not among those randomized to other AAPDs.

Clozapine has been reported to cause seizures in 4.4% of patients without epilepsy

when used at dosages above 600 mg/day, while at a dosage lower than 300 mg/

day, the incidence of seizures was less than 1% in patients without epilepsy.

With the exception of clozapine, the impact of AAPDs on seizure occurrence

has not been properly studied in patients with epilepsy. Pacia and Devinsky

reviewed the incidence of seizures among 5629 patients treated with clozapine

(Pacia and Devinsky, 1994). Sixteen of these patients had epilepsy before the start

of this AAPD and all patients experienced worsening of seizures while on the

drug; eight patients at dosages lower than 300 mg/day; three patients at dosages

between 300 and 600 mg/day and five at dosages higher than 600 mg/day.

It goes without saying that this AAPD should be avoided or used in exceptional

circumstances with extreme caution in patients with epilepsy.

Clozapine followed by the two CAPDs chlorpromazine and loxepine is the

APD with the highest risk of seizure occurrence. Those with a lower seizure risk

include haloperidol, molindone, fluphenazine, perfenazine and trifluoperazine,

among the CAPDs, and risperidone, among the AAPDs. Whether the presence of

AEDs at adequate levels protects patients with epilepsy from breakthrough

seizures upon the introduction of APDs with proconvulsant properties is yet to

be established.

Most APDs can cause EEG changes consisting of slowing of the background

activity above all when used at high doses. In addition, some of these drugs, and

particularly clozapine, can cause paroxysmal electrographic changes in the form

of interictal sharp waves and spikes. This type of epileptiform activity, however, is

not predictive of seizure occurrence (Tiihonen et al., 1991). There are data

suggesting that a severe disorganization of the EEG recordings is a more likely

predictor of seizure occurrence. As a rule, any APD should be started at low doses

and should undergo slow dose increments to minimize the risk of seizures in

patients with epilepsy.
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B. PHARMACOKINETIC INTERACTIONS WITH AEDS

Induction of hepatic enzymes upon the introduction of older enzyme-

inducing AEDs such as phenytoin or carbamazepine may result in an increase

inthe clearance of most APDs. This is, in fact, the most frequent and clinically

relevant pharmacokinetic interaction encountered in clinical practice. Reductions

in antipsychotic concentration may be quite marked. For example, co-medication

with carbamazepine has been shown to decrease haloperidol concentrations by

50–60% ( Jann et al., 1985). It may potentially result in recurrence of psychotic

symptoms previously controlled at higher serum concentrations of APDs. By the

same token, discontinuation of an AED with enzyme-inducing properties may

result in a decrease in the clearance of APDs, which in turn can lead to extrapy-

ramidal adverse events caused by an increase in the serum concentrations of

CAPDs. In contrast to the enzyme-inducing AEDs, valproate appears to have

minimal pharmacokinetic interactions with these drugs. Several studies have

suggested that valproate has only minimal eVects on serum concentrations of

either haloperidol or risperidone (Hesslinger et al., 1999; Spina et al., 2000).

Valproate has been reported to have modest, variable eVects on clozapine

concentrations.

Among the newer agents, modest increases were seen in haloperidol concen-

trations in patients comedicated with topiramate (Doose et al., 1999). AEDs that

neither substantially induce nor inhibit the CYP isozyme system (e.g. gabapentin,

pregabalin, lamotrigine, levetiracetam, zonisamide) are unlikely to result in

significant pharmacokinetic interactions with APDs.

APDs are less likely to cause pharmacokinetic interactions with AEDs. Among

the typical APDs, both chlorpromazine and thioridazine have been reported to

result in increases in phenytoin serum concentrations. With regard to atypical

antipsychotics, risperidone has been noted to result in modest decreases in

carbamazepine concentrations (Mula and Monaco, 2002). Finally, no significant

interaction was noted between olanzapine and lamotrigine ( Jann and Hon, 2006).
C. PHARMACODYNAMIC INTERACTIONS WITH AEDS

A potential negative interaction between clozapine and carbamazepine

should be kept in mind, as both can cause leucopenia and if combined, a potential

synergism of this adverse event. In addition, the combination of these two drugs

has been also reported to cause an increased risk of neuroleptic malignant

syndrome.

From a theoretical standpoint, the potential for worsening of adverse events

caused by both types of drugs, such as increased weight gain and sexual dysfunc-

tion, are to be considered, with increased weight gain being a common and
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significant adverse event for patients taking AAPDs such as quietapine, risperi-

done, olanzapine and ziprasidone when given in combination with AEDs that are

known to cause weight gain as well such as gabapentin, pregabalin, carbamazepine

and valproate. Also, it should be remembered that all AAPDs can cause type-II

diabetes mellitus. Thus, glycaemic and lipid profiles need to be monitored in

all patients on a regular basis. Conversely, co-medication with AEDs associated with

weight loss, such as topiramate, may result in weight loss in patients receiv-

ing AAPDs. Exacerbation of sexual dysfunction can also be a common adverse

event of the older APDs, such as those in the family of the phenothyzines can be

in theory accentuated by the use of enzyme-inducing AEDs, due possibly to

reductions in serum testosterone concentrations, as well as increases in sex

hormone-binding globulin.
VIII. Concluding Remarks
Psychotropic drugs are relatively commonly used in patients with epilepsy.

Antidepressants, CNSS and most of the AAPDs are safe in these patients. Their

pharmacokinetic interaction with the first-generation AEDs that have enzyme-

inducing properties may lower the serum concentrations of most antidepressants

and APDs and thus limit their eYcacy, while valproic acid may inhibit the

clearance of some of the drugs metabolized by glucuronidation. The lack of

pharmacokinetic eVects of most of the new AEDs (with the exception of felba-

mate, topiramate and oxcarbazepine) is an advantage in patients who are taking

concomitant psychotropic drugs.

On the contrary, some of the SSRIs can inhibit the metabolism of certain

AEDs. Recognition of the pharmacokinetic interactions is of the essence to avert

loss of eYcacy of psychotropic drugs or toxicity of AEDs and psychotropic agents.

Finally, AEDs and psychotropic agents can have pharmacodynamic interactions

that may result in a variety of adverse events, often requiring the discontinuation

of the AED or psychotropic agents.
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Epilepsy is a chronic disorder with multiple effects on biological, social, and

psychological health. Many of these effects differ between men and women, but

only sparse research has specifically addressed the relevance and importance of

the differences. Available evidence suggests that men and women with epilepsy

have differing rates of employment and driving, and women with epilepsy have

increased risk for specific mood disorders such as post-partum depression.

National surveys of physicians indicate that many physicians providing care for

women with epilepsy have limited knowledge of fundamental concerns such as

interactions between antiepileptic drugs and oral contraceptives, and their poten-

tial teratogenic effects. Further research and clinical implementation of improved

gender-specific care is needed to optimize outcomes for women with epilepsy.
Epilepsy is a complex disorder with multiple clinical syndromes, etiologies,

and potential long-term health eVects (Fisher et al., 2005). Extensive research in

recent decades has enriched our understanding of the intricate hormonal, neuro-

chemical, and environmental eVects on epileptic neurons and associated cerebral

networks (Chang and Lowenstein, 2003). The development of reliable and valid

instruments for the evaluation of patient-oriented outcomes has further informed

our modern perspective of the eVects of epilepsy on psychological, vocational, and
social functioning (Baker et al., 1997; Devinsky et al., 1995; Vickrey et al., 1994).

Considering the observed gender diVerences in aspects physiological and behavior
functions, it seems very appropriate to study the associations of these diVerences
with specific clinical and biological aspects of epilepsy (Cramer et al., 2007;

Scharfman and MacLusky, 2006). The study of relevant aspects of epilepsy in

women oVers the potential to develop optimal treatment strategies, and may also

yield important advances to further our understanding of the complexity of

epilepsy intervention and comprehensive outcomes that could benefit both

women and men (Zahn et al., 1998).
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Depression is an important example of the multidimensional health eVects
of epilepsy in women. Although depression is significantly more prevalent in

women than men in the general population, it appears to occur at similar rates

in women and men with epilepsy (Mensah et al., 2006). A possible explanation of

this lack of diVerence in persons with epilepsy could be due to interictal brain

changes that predispose both sexes with epilepsy to depression (Gilliam et al.,

2004). However, certain health states unique to women may increase the risk

of depression. For example, a recent study found that postpartum depression

was more than twice as frequent in women with epilepsy compared to controls

(29% versus 11%; p < 0.05). Specific aspects of comorbidities unique to gender

must be fully understood in order to develop successful research initiatives and

develop optimal diagnostic and research strategies.

Independence appears to be another important aspect of epilepsy that may be

underemphasized by clinicians, although it was ranked as the second most com-

mon problem spontaneously cited by patients in a subspecialty epilepsy clinic

sample (Gilliam et al., 1997). Interestingly, factors critical to independence, such

as driving privileges and employment, may be diVerent between men and women

in certain situations. For example, men with a childhood history of epilepsy were

nearly three times (relative risk 2.7 95% CI 1.1–6.3) more likely to have a driver’s

license in Finland compared to women with a similar history (Sillanpaa and

Shinnar, 2005). Although single women and men were equally likely to be

employed in another large cohort in the United Kingdom (78% employed),

married women were much less likely to have a job than married men (55% versus

81%) ( Jacoby, 1995). Observations such as diVerences in driving privileges and

employment suggest that advances are still needed in our understanding of the role

of gender in epilepsy-related social and vocational disabilities.

Aspects of care specific towomenwith epilepsyhave traditionally beenneglected,

an outlook that is now reversing. A glaring example of the deficiency in delivery of

health care to women with epilepsy is the limited knowledge of clinicians regarding

the interaction between common antiepileptic drugs and oral contraceptives (Krauss

et al., 1996). In a national survey 91% of responding neurologists and 75% of

obstetricians reported that they provided care of women of childbearing age with

epilepsy, but only 4%of neurologists and none of the obstetricians knew the eVects of
the six most common antiepileptic drugs on oral contraceptives. Similarly, potential

eVects of antiepileptic drugs on endogenous hormonesmay also impact other aspects

of quality of life such as sexuality. Unfortunately, relatively little attention has been

given to this issue in women with epilepsy as compared to men.

The potential impact of seizures as well as commonly used medications

during pregnancy is also of notable concern. Although available evidence at

the time indicated that the risk of antiepileptic drug exposure during preg-

nancy increased birth defect rates from 4% to 6%, the risk was estimated by

44% of neurologist to be 0–3%, and some respondents thought the risk was
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as high as 50%. Several pregnancy registries are defining more accurately the

risk of birth malformations for specific drugs, but very little clinical research

has investigated the impact of this information on improved patient education

and care.

The past has taught us, therefore, that there are biological, psychosocial, and

academic diVerences regarding gender issues in epilepsy. This volume attests to

the growing body of knowledge gender-specific health care, and is intended to

present up-to-date information on epilepsy care for women across age groups

ranging from adolescents to late maturity.
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Michael Hamacher, AndrÅ van Hall, and Helmut

E. Meyer

index
Volume 62

GABAA Receptor Structure–Function Studies: A

Reexamination in Light of New Acetylcholine

Receptor Structures

Myles H. Akabas

Dopamine Mechanisms and Cocaine Reward

Aiko Ikegami and Christine L. Duvauchelle

Proteolytic Dysfunction in Neurodegenerative

Disorders

Kevin St. P. McNaught

Neuroimaging Studies in Bipolar Children and

Adolescents
Rene L. Olvera, David C. Glahn, Sheila C. Caetano,

Steven R. Pliszka, and Jair C. Soares

Chemosensory G-Protein-Coupled Receptor

Signaling in the Brain

Geoffrey E. Woodard

Disturbances of Emotion Regulation after Focal

Brain Lesions

Antoine Bechara

The Use of Caenorhabditis elegans in Molecular

Neuropharmacology

Jill C. Bettinger, Lucinda Carnell, Andrew G. Davies,

and Steven L. McIntire

index

Volume 63

Mapping Neuroreceptors at work: On the Def-

inition and Interpretation of Binding Potentials

after 20 years of Progress

Albert Gjedde, Dean F. Wong, Pedro Rosa-Neto, and

Paul Cumming

Mitochondrial Dysfunction in Bipolar Disorder:

From 31P-Magnetic Resonance Spectroscopic

Findings to Their Molecular Mechanisms

Tadafumi Kato

Large-Scale Microarray Studies of Gene Expres-

sion in Multiple Regions of the Brain in Schizo-

phrenia and Alzeimer’s Disease

Pavel L. Katsel, Kenneth L. Davis, and Vahram

Haroutunian

Regulation of Serotonin 2C Receptor PRE-

mRNA Editing By Serotonin

Claudia Schmauss

The Dopamine Hypothesis of Drug Addiction:

Hypodopaminergic State

Miriam Melis, Saturnino Spiga, and Marco Diana

Human and Animal Spongiform Encephalopa-

thies are Autoimmune Diseases: A Novel Theory

and Its supporting Evidence

Bao Ting Zhu

Adenosine and Brain Function

Bertil B. Fredholm, Jiang-Fan Chen, Rodrigo A.

Cunha, Per Svenningsson, and Jean-Marie Vaugeois

index



CONTENTS OF RECENT VOLUMES 447
Volume 64

Section I. The Cholinergic System

John Smythies

Section II. The Dopamine System

John Symythies

Section III. The Norepinephrine System

John Smythies

Section IV. The Adrenaline System

John Smythies

Section V. Serotonin System

John Smythies

index
Volume 65
Insulin Resistance: Causes and Consequences

Zachary T. Bloomgarden

Antidepressant-Induced Manic Conversion: A

Developmentally Informed Synthesis of the

Literature

Christine J. Lim, James F. Leckman,

Christopher Young, and Andrés Martin

Sites of Alcohol and Volatile Anesthetic Action

on Glycine Receptors

Ingrid A. Lobo and R. Adron Harris

Role of the Orbitofrontal Cortex in Reinforce-

ment Processing and Inhibitory Control: Evi-

dence from Functional Magnetic Resonance

Imaging Studies in Healthy Human Subjects

Rebecca Elliott and Bill Deakin

Common Substrates of Dysphoria in Stimulant

Drug Abuse and Primary Depression: Thera-

peutic Targets

Kate Baicy, Carrie E. Bearden, John Monterosso,

Arthur L. Brody, Andrew J. Isaacson, and

Edythe D. London

The Role of cAMP Response Element–Binding

Proteins in Mediating Stress-Induced Vulner-

ability to Drug Abuse

Arati Sadalge Kreibich and Julie A. Blendy
G-Protein–Coupled Receptor Deorphanizations

Yumiko Saito and Olivier Civelli

Mechanistic Connections Between Glucose/

Lipid Disturbances and Weight Gain Induced

by Antipsychotic Drugs

Donard S. Dwyer, Dallas Donohoe, Xiao-Hong Lu,

and Eric J. Aamodt

Serotonin Firing Activity as a Marker for Mood

Disorders: Lessons from Knockout Mice

Gabriella Gobbi

index
Volume 66

Brain Atlases of Normal and Diseased Popula-

tions

Arthur W. Toga and Paul M. Thompson

Neuroimaging Databases as a Resource for

Scientific Discovery

John Darrell Van Horn, John Wolfe , Autumn Agnoli,

Jeffrey Woodward, Michael Schmitt, James Dobson,

Sarene Schumacher, and Bennet Vance

Modeling Brain Responses

Karl J. Friston, William Penny, and Olivier David

Voxel-Based Morphometric Analysis Using

Shape Transformations

Christos Davatzikos

The Cutting Edge of fMRI and High-Field

fMRI

Dae-Shik Kim

Quantification of White Matter Using Diffusion-

Tensor Imaging

Hae-Jeong Park

Perfusion fMRI for Functional Neuroimaging

Geoffrey K. Aguirre, John A. Detre, and

Jiongjiong Wang

Functional Near-Infrared Spectroscopy: Poten-

tial and Limitations in Neuroimaging Studies

Yoko Hoshi

Neural Modeling and Functional Brain Imaging:

The Interplay Between the Data-Fitting and

Simulation Approaches

Barry Horwitz and Michael F. Glabus



448 CONTENTS OF RECENT VOLUMES
Combined EEG and fMRI Studies of Human

Brain Function

V. Menon and S. Crottaz-Herbette

index
Volume 67

Distinguishing Neural Substrates of Heterogen-

eity Among Anxiety Disorders

Jack B. Nitschke and Wendy Heller

Neuroimaging in Dementia

K. P. Ebmeier, C. Donaghey, and

N. J. Dougall

Prefrontal and Anterior Cingulate Contributions

to Volition in Depression

Jack B. Nitschke and Kristen L. Mackiewicz

Functional Imaging Research in Schizophrenia

H. Tost, G. Ende, M. Ruf, F. A. Henn, and

A. Meyer-Lindenberg

Neuroimaging in Functional Somatic Syn-

dromes

Patrick B. Wood

Neuroimaging in Multiple Sclerosis

Alireza Minagar, Eduardo Gonzalez-Toledo,

James Pinkston, and Stephen L. Jaffe

Stroke

Roger E. Kelley and Eduardo Gonzalez-Toledo

Functional MRI in Pediatric Neurobehavioral

Disorders

Michael Seyffert and F. Xavier Castellanos

Structural MRI and Brain Development

Paul M. Thompson, Elizabeth R. Sowell,

Nitin Gogtay, Jay N. Giedd, Christine N. Vidal,

Kiralee M. Hayashi, Alex Leow, Rob Nicolson,

Judith L. Rapoport, and Arthur W. Toga

Neuroimaging and Human Genetics

Georg Winterer, Ahmad R. Hariri, David Goldman,

and Daniel R. Weinberger

Neuroreceptor Imaging in Psychiatry: Theory

and Applications
W. Gordon Frankle, Mark Slifstein, Peter S. Talbot,

and Marc Laruelle

index
Volume 68

Fetal Magnetoencephalography: Viewing the

Developing Brain In Utero

Hubert Preissl, Curtis L. Lowery, and Hari Eswaran

Magnetoencephalography in Studies of Infants

and Children

Minna Huotilainen

Let’s Talk Together: Memory Traces Revealed

by Cooperative Activation in the Cerebral

Cortex

Jochen Kaiser, Susanne Leiberg, and Werner

Lutzenberger

Human Communication Investigated With

Magnetoencephalography: Speech, Music, and

Gestures
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Giuseppe Nisticò, G. Bernardi, and N. B. Mercuri

Retinal Damage Caused by High Intraocular

Pressure-Induced Transient Ischemia is Pre-

vented by Coenzyme Q10 in Rat

Carlo Nucci, Rosanna Tartaglione, Angelica Cerulli,
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