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Preface

A prospective reader might well wonder why, at the present time, anyone would
devote a monograph to such a seemingly limited topic as that of antiepileptic drugs
and pregnancy. This is particularly so when it is generally accepted that, as far as
possible, the use of therapeutic drugs should be avoided in pregnant women. This
latter belief originated some half a century ago when thalidomide use in pregnant
women was recognised to be responsible for the development of foetal malforma-
tions and when the prescription of stilbestrol for threatened miscarriage was found
to result in gynaecological malignancies in the daughters of the women so treated.
The short answer to the question posed above is that the use of antiepileptic drug
therapy in pregnancy continues to be perhaps the most frequently encountered situ-
ation in which the use of therapeutic drugs in pregnant women appears clinically
and ethically justified. As a result of the virtual embargo on the unnecessary use of
therapeutic drugs in pregnant women, there is not a great deal of information avail-
able regarding the possible effects that pregnancy might have on the body’s han-
dling of these drugs or on the effect that these drugs may have on pregnant women
and their foetuses. Therefore, the availability of information about these matters in
relation to antiepileptic drugs, necessarily gathered in opportunistic studies rather
than in deliberate controlled investigations, offers the possibility of obtaining
knowledge from which principles can be derived that may prove more widely appli-
cable in the future to new drugs as they become available and their possible use in
human pregnancy is considered.

Over the course of almost half a century of such piecemeal accumulation of
information concerning antiepileptic drugs in human pregnancy, sufficient relevant
material appears to have been amassed for a reasonably systematic and probably
fairly complete account of the current situation to be possible. It is hoped that such
an account may prove of interest to those who manage patients with epilepsy, par-
ticularly neurologists and general physicians, and also obstetricians, and that it may
also contain material that would also be useful to basic and clinical pharmacologists
and to other medical professionals who appear to be increasingly using antiepileptic
drugs to treat disorders other than epilepsy, in particular certain psychiatric
illnesses.
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All of the illustrations used in this book have been prepared by one or any of the
authors and, except for the diagrams of metabolic pathways, are based on personal
data. Where this material has been published previously, it has appeared in journals
whose publishers do not require explicit permission for reproduction by the authors
of illustrations that they have prepared. However, nearly all the graphs in this book
have been redrawn to bring them into a common format. At first sight, some may
appear similar to previously published illustrations, but the figures have been
redrawn to include the additional data available in the Australian Pregnancy Register
at the end of 2014.

A significant portion of the data presented in this volume has emanated from an
ongoing collaboration between the authors over a period of more than 40 years.
During the past 15 years, this collaboration has involved the collection and analysis
of the prospective data related to the use of antiepileptic drugs in the management
of women with epilepsy that are collected in the Australian Register of Antiepileptic
Drugs in Pregnancy. In relation to the latter endeavour, we are greatly indebted to
our colleagues in Australia, viz. TJ O’Brien, CM Lander, J Graham, A Hitchcock,
A Roten Wood and C Nadebaum for their excellent and continuing participation in,
and support of, the activities of the Register. Our thanks are due also to European
colleagues, T Tomson, D Battino, D Lindhout, A Sabers, J Craig, D Bonnizzoni and
E Perucca, S Thomas, for the tremendous collaborative facility they have created in
the EURAP registry. We also wish to acknowledge support for the Australian
Register from a variety of sources including the Australian National Health and
Medical Research Council, the Epilepsy Society of Australia, the Royal Melbourne
Hospital Neuroscience Foundation and the pharmaceutical industry, including the
firms of Sanofi, Sci-Gen, UCB, Genzyme, Janssen, Eisai, Novartis and previously
Pfizer, Glaxo, Roche, Schering, Marion Merrell Dow, Hoechst and CSL.

Thanks are also due to Simon Raoul Vajda for computer-related technical assis-
tance and to Margaret Eadie for general support of the work.

The authors are most grateful for the initiative of Sue Pochon, of Springer, in
suggesting that this book be written, and would wish to thank Ellen Blasig, Prasad
Gurunadham and Meena Govindan for their roles in editing the typescript, convert-
ing it into forms suitable for hard copy and also electronic publication and then
seeing it through the press.

Brisbane, QLD, Australia MJ Eadie
Melbourne, VIC, Australia FJE Vajda



Contents

1 Introduction............ . ... . . . . . . 1
References. . ... e 4

2 Antiepileptic Drugs and Becoming Pregnant. . ................... 5
Achieving Pregnancy . ......... ...t 5
The SituationintheMale . .. ...... ... ... . ... .. 5

The Situationinthe Female . ........... .. ... .. ... ... ... .... 8
Avoiding Pregnancy . ........ ..ot 9
References. .. ... e 11

PartI Antiepileptic Drug Pharmacokinetics in Pregnancy

3 Antiepileptic Drug Disposition in Pregnancy..................... 17
Body Changes During Pregnancy. .......... ... ... . ..o oia.. 19
Changes in Physiology . ..........c. i 20
Changes in Biochemistry .. ........ .. ... . i 20
Lactation . .. ..ot 21

Drug Disposition in Pregnancy and Lactation ...................... 22
Drug AbSOrption. . . ..ot 22

Drug Distribution . ........ ... .. 23

Drug Elimination . ....... ... .. .. i 23
References. . ... 25

4 The Older AntiepilepticDrugs ................... ... ... ...... 27
Phenobarbitone . . . ... ... 28
ChemiStry . . ..ot e 28
Pharmacodynamics. . ... 29
Pharmacokinetics . ......... ... 29
INteractions . . . ... oot 31
Adverse Effects. .. ... . . 32
TeratogeniCity . . . .« oot 33
Pregnancy .. ... .. 33

vii



viii

Contents

Phenytoin ... ... .. 34
Chemistry . ..t e 34
Pharmacodynamics. .. ...t 35
Pharmacokinetics . ......... ...ttt 36
INteractions . . ..o ottt 40
Adverse Effects. .. ... 41
TeratogeniCity . . . .o oot 43
Pregnancy .. ... ..o 43
Carbamazepine . . . . oo vttt e 47
Chemistry . ..t e 47
Pharmacodynamics. .. ...... ...t 47
Pharmacokinetics . ......... ...ttt 48
INteractions . . .. oottt 51
Adverse Effects. . ... 52
Teratogenesis. . . . oottt 53
Pregnancy .. ... ..o 53
Valproate . . . ..ot 54
Chemistry . ..t e 55
Pharmacodynamics. .. ....... ..ot 55
Pharmacokinetics . ......... ...ttt 55
INteractions . . ..o ottt e 58
Adverse Effects. . ... 58
TeratogeniCity . . . . oot 59
Pregnancy .. ... ..o 59
References. . ... e 60
Commonly Used Newer AntiepilepticDrugs ..................... 67
Lamotrigine. . . .. ...t 67
Chemistry . ..ot e 68
Pharmacodynamics. .. .........o it 68
Pharmacokinetics . ......... ...t 68
Clinical Pharmacokinetics . .......... ...t 69
INteractions . . ..o vt vt e 70
Adverse Effects. . ... 70
Teratogenesis. . . . oottt e 71
Pregnancy .. ... ... 71
TOPIramMALe . . ..ottt e 74
Chemistry . ..ot e 74
Pharmacodynamics. .. .........o it 75
Pharmacokinetics . ............u it 75
INteractions . . .. oottt 77
Adverse Effects. . ... 77
TeratogeniCity . . . .o oot 78

Pregnancy .. ... ..o 78



Contents ix

Levetiracetam . ... ..ottt e 79
Chemistry . ..o e 79
Pharmacodynamics. .. ..........coo i 80
Pharmacokinetics . ........ ...t 80
INteractions . . . ..o vttt 82
Adverse Effects. . ... 82
TeratogeniCity . . . .. oottt 82
Pregnancy .. ... ... 82

References. .. ... 84

6 Antiepileptic Drugs Sometimes Used in Pregnancy............... 87

OXcarbazepine. . . .. oottt 87
Chemistry . ..ot e 88
Pharmacodynamics. .. ....... ...t 88
Pharmacokinetics . ........ ...t 88
INteractions . . . ..o vttt e 89
Adverse Effects. . ... 90
TeratogeniCity . . . .. oottt 90
Pregnancy .. ... ... 90

Gabapentin . . ....oti e 91
Chemistry . ..o e e 91
Pharmacodynamics. .. ....... ...t 92
Pharmacokinetics . ........ ...t 92
INteractions . . . ..o vttt 93
Adverse Effects. . ... 93
TeratogeniCity . . . ..o vttt e 93
Pregnancy .. ... ... 93

Vigabatrin . ... ... 94
Chemistry . ..ot e 94
Pharmacodynamics. .. ....... ...t 95
Pharmacokinetics . ............o it 95
INteractions . . . ..o vttt 96
Adverse Effects. . ... 96
TeratoeniCity . . . ..o vttt e 96
Pregnancy .. ... ... 96

Ethosuximide . ....... ... . i 97
Chemistry . ..ot 97
Pharmacodynamics. .. ...t 98
Pharmacokinetics . ............o it 98
INteractions . . . ..o vttt 99
Adverse Effects. . ... 99
TeratoZenesis. . « . v v vt e e 99
Pregnancy .. ... ... 99

Clonazepam. . . ...ttt 100

Chemistry . ..o 101



X Contents

Pharmacodynamics. .. ..........coo i
Pharmacokinetics . ......... ... .. i
Interactions . . ...t
Adverse Effects. . ... .. .
TeratoeniCity . . . ..o vttt
Pregnancy . ... ...
Zonisamide . .. ... ...
Chemistry . ..o e
Pharmacodynamics. .. ....... ...t
Pharmacokinetics . ......... ... .. i
Interactions . . ...t
Adverse Effects. ... ... .
TeratogeniCity . . . ..o vttt e
Pregnancy . ... ...
References. . ...

Part I Antiepileptic Drugs and the Foetus

7 Antiepileptic Drugs, Epileptic Seizures and the Foetus. . ..........
Effects of Pregnancy on Seizure Disorders. . ......................
Catamenial Epilepsy . .. ...
Seizure Occurrence Rates in Pregnancy .. .......... ... ... ...
Factors Influencing Seizure Occurrence During Pregnancy.........
Seizures During Pregnancy in Women with Untreated Epilepsies. . . .
Effects of Altered Antiepileptic Drug Disposition
in Pregnancy on Seizure Occurrence . .................coouo...
Effects of Epilepsy, and Experiencing Seizures,
on Pregnant Women and Their Foetuses. . ......................
Physical Disadvantages for Pregnant Women. . ..................
Altered Course of Pregnancy ........... ... ...
Effectsonthe Foetus. . ....... ... ... .. .. ... i i
References. . ....... . oo

8 Antiepileptic Drugs and Foetal Malformations:

APossible Class Effect . . ............. ... ... ... ... .. .....
Early Observations . . .........ouiun i
Limitations and Attempted Remedies. . .............. ... .. .. ..

Retrospective Analyses of Hospital Records ....................

Use of Governmental DataBases .. ...........................

Use of Pregnancy Registers (Registries). .......................

Other Issues of Methodology . .......... ... ..o ..
More Recent Large-Scale Data. . ............ ... .. ... .. ....
Factors Relevant to Foetal MalformationRates . . ..................

Relationships Between Drug Dosage and Malformation Rates . . . . ..

Antiepileptic Drug Polytherapy ........... .. .. . ... .. .. ...



Contents Xi

10

Genetic Influences. .. ...... .. .. . . 144
Antiepileptic Drugs and Specific Malformations . . . .............. 145
The Possible Role of Folate . ......... ... .. .. ... .. ... ... 146
Foetal Malformations: An Antiepileptic Drug Class Effect? .......... 148
References. . ... ..o 148
Particular Antiepileptic Drugs and Foetal Malformations. . .. ... .. 153
Phenobarbitone and Its Congeners . .. ........... ..., 153
Phenytoin .. ... ... 154
Ethosuximide ......... ... i 156
Carbamazepine . . . . oo vttt 156
Valproate . . . ..ot 158
Lamotrigine. . . . ..ot 160
TOPITAMALe . .. .ottt 164
Levetiracetam . ... ...ttt e 166
Gabapentin . .. ..ot e 167
OXCarbazepine. . . .. oo vttt 167
Benzodiazepines . . ... ...t 168
Zonisamide . . . ... 169
Other Antiepileptic Drugs. .. ...... ... i 169
Antiepileptic Drugs in Combination. . ... ........ ... ... .. ... .... 170
References. . ... ..o 170
Antiepileptic Drugs, Cognition and Neurodevelopment . .. ... ... .. 175
Adverse Effects of Antiepileptic Drugs on the Developing Brain . . . . .. 176
Mechanisms of Behavioural Teratogenesis. .. ................... 177
Human Cognitive Development . ............. ... ... ..., 178
Cognitive Effects of Maternal Epilepsy perse................... 178
Other Factors Possibly Affecting Cognitive and Behavioural
Developmentin Humans. .. .......... ... ... ..o, 178
Reported Antiepileptic Drug-Associated Effects
on Human Cognitive Development. .. ....................... 179
Language Impairment. . .. ...ttt 183
Verbal Intellectual Impairment . .. ............ ... ... .. ....... 183
Cortical Thickness and Antiepileptic Drug Exposure ............. 184
AULISIN. .« .ot e 185
References. . ... 186

Part III Antiepileptic Drug Use and Pregnancy

11

Antiepileptic Drug Therapy: Management Issues

and Pregnancy. .. ............. . 193
Before Pregnancy ...........o i 193
The Initiation of Antiepileptic Drug Therapy.................... 194

The Further Management of Antiepileptic Drug Therapy
Before Pregnancy . ........ .. .. .. . . 198



xii Contents
During the Course of Pregnancy. ........... ... .. ..o .. 207
Continuing Management into Pregnancy . ...................... 207
Management When Presenting and Already Pregnant............. 208

After Pregnancy . ... 209
Disorders Other than Epilepsy .......... ... . ... 209
References. . ... ..o 211

12 Antiepileptic Drugs and Pregnancy: The Future. . ............... 215
Appendix . ... ... 221



Chapter 1
Introduction

Abstract It is now widely accepted that, as far as possible, the intake of therapeutic
drugs is better avoided during pregnancy because of their possible harmful effects
on the developing foetus. However, in some clinical situations, the benefit achieved
by preserving maternal health may justify continuing therapeutic drug intake during
pregnancy. One such commonly encountered situation is the treatment of epilepsy.
A good deal of information has accumulated regarding pregnant human bodies’
handling of antiepileptic drugs and their effects on the physical and intellectual
development of the foetus. The present book attempts to provide an account of this
information and to discuss its application in the management of pregnant women
with seizure disorders, recognising that the principles that apply in this situation are
likely to also be valid in guiding the management of other disorders, particularly
psychiatric ones, in which this class of drugs may also need to be used during human
pregnancy

For more than half a century, there has been an increasing awareness in the wider
community that, as far as practicable, the intake of drugs, including therapeutic
drugs, should be avoided during pregnancy to prevent possible drug-related injury
to the foetus in utero. However, there are situations in which the hazards of maternal
illness that would be treatable with available drugs will be judged to outweigh the
possible disadvantages of exposing the foetus to these drugs. Leaving aside the
short-term use of drugs to treat intercurrent illness, the prevention of epileptic sei-
zures is one of the more frequently encountered situations in which it is usually
considered that therapeutic drug use throughout pregnancy is justifiable.

This is not the only situation in which use of therapeutic drugs throughout preg-
nancy appears to offer greater overall advantages than disadvantages, but there
probably is more scientific information available about the use of antiepileptic drugs
than the amount that is available for most other classes of drug during pregnancy.
However, over the years antiepileptic drugs have been used in managing disorders
other than epilepsy, and this non-epilepsy use is increasing. Phenobarbitone was
already being employed as a sedative in 1912 when its antiepileptic efficacy hap-
pened to be recognised (Hauptmann 1912). Phenytoin still finds occasional use
apart from its role in treating epilepsy, while carbamazepine remains the usual agent
of first choice in managing idiopathic trigeminal neuralgia and other neuropathic

© Springer International Publishing Switzerland 2016 1
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2 1 Introduction

pains, some of which may afflict pregnant women. Furthermore, though at first sight
it may appear a little surprising, in a substantially sized population of pregnant
women in the United States between 2001 and 2007, Bobo et al. (2012) found that
the main use of what are classed as antiepileptic drugs proved to be for psychiatric
illness rather than for epilepsy. There also was substantial use of these drugs in pain
management. The psychiatric use seemed to be mainly for the purpose of mood
stabilisation in bipolar disorders, a role in which carbamazepine, valproate and
lamotrigine had been the preferred agents (Bobo et al. 2012). There is evidence that
withdrawal of these agents to avoid drug intake in pregnancy is associated with an
increased risk of relapse of the psychiatric disorder that was being treated (Viguera
et al. 2007; Newport et al. 2008).

Despite this developing, if not already developed, preponderance in the use of
antiepileptic drugs for indications apart from epilepsy, virtually all the scientific
investigations of the clinical pharmacology of these agents have been carried out in
relation to epilepsy, and writers such as Viguera et al. (2007) have acknowledged
that the use of the drugs in psychiatry has depended on the experience of their use
in epilepsy. Therefore, in this book, issues in relation to antiepileptic drugs and
pregnancy have almost always been considered in relation to the use of the drugs for
human epilepsy.

In the past, decisions regarding antiepileptic drug use in pregnancy were often
based mainly on transmitted clinical wisdom and personal instinct. However,
increasingly, statistical data have become available that, by and large, both justify
existing therapeutic policies and also permit their refinement to yield better out-
comes for both mother and foetus. Ex cathedra pronouncements as to optimal man-
agement employing these agents have been increasingly replaced by numerical
estimates of efficacy and hazard; advice can be better tailored to the individual
woman’s situation, while the earlier idea that the antiepileptic drugs behaved in
pregnant women as members of a single drug class with similar properties has given
way to a realisation that the individual drugs are not all handled in identical ways by
the pregnant female body. The increasing understanding of what happens to indi-
vidual antiepileptic drugs in the woman’s body during and after pregnancy has by
and large confirmed what might have been predicted from existing knowledge of the
physiology of pregnancy and lactation. This pharmacological knowledge permits
the likely behaviour of other drugs, when used in pregnancy for other disorders, to
be predicted with reasonable probability.

Drug treatment prescribed in relation to pregnancy involves the administered
drug’s simultaneous effects on one existing and on one (sometimes more) potential
human being. During pregnancy, the existences of a woman and her foetus(es) are
closely intertwined, and drugs intended for the benefit of the pregnant woman are
likely to also affect the contents of her womb. At childbirth, the existences of a
woman and her offspring immediately become physically separate though, if breast
feeding occurs, they remain linked to decreasing extents for the duration of the breast
feeding since part of any drug she is taking is likely to be excreted in her milk.
Consequently, appropriate antiepileptic drug prescribing in relation to pregnancy
may require judicious balancing of the interests of the woman concerned with those
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of her foetus(es) throughout pregnancy and during the period of lactation. There are
also the woman’s current and likely future life situations to be considered in any
therapeutic decision, but in the present book, it has not seemed practicable to go into
the varieties of the life situations that may apply in different women in any detail.

Pregnancy is a continuously progressive rather than a static physiological state.
Therefore findings that apply at one stage of pregnancy, and also in the early weeks
after pregnancy, may not necessarily apply at other stages. Pregnancy also is a situ-
ation in which clinically unnecessary investigations are better avoided, mainly in
the interests of foetal safety and maternal comfort and convenience. As a result, not
a great deal of systematic investigation into how the pregnant female body handles
drugs has been carried out, in particular studies in the same woman at different
stages of the course of her pregnancy. Formal pharmacokinetic investigations have
rarely been practicable, though a few such studies in strategically fortuitous circum-
stances or employing stable (nonradioactive) isotope-labelled drug have been pos-
sible. Much of the available pharmacokinetic and drug metabolism information in
relation to pregnancy seems to have been collected piecemeal and often opportunis-
tically. While this has permitted trends to be identified with reasonable confidence,
particular published pharmacokinetic parameter values in pregnancy have tended to
show rather wide ranges of variation, partly due to their often having been deter-
mined at different stages of the nine months of pregnancy, even in the one study,
with the time relationship to the stage of pregnancy not being made explicit.

The evidence regarding the behaviour of epileptic seizure disorders during preg-
nancy is also beset by limitations. Few women are prepared to keep seizure diaries
not only during the whole duration of a pregnancy but for months beforehand and
perhaps afterwards and, even if they are willing, succeed in sustaining the endeav-
our. The reliabilities of some published numerical data concerning the frequencies
of minor seizures during pregnancy may be a little suspect, though information
regarding generalised convulsive seizures, and particularly loss of control of previ-
ously inactive seizure disorders, is probably more likely to be correct.

Foetal malformations associated with antiepileptic drug exposure in utero appear
to be comparatively rare events. Therefore, to obtain sufficient material to warrant
drawing conclusions, publications concerning such maldevelopments have often
been based on data collections drawn from various original sources. Those report-
ing such material have sometimes had to assume the reliability of the primary data
in these collections because of sheer logistic practicalities involved in their actually
collecting and verifying in person the original information.

Despite these various limitations, the accumulated information relating antiepi-
leptic drugs and pregnancy has now achieved a sufficient mass to permit what are
probably reliable conclusions regarding clinically important issues. There are still
matters to be clarified and details to be completed, but the current state of knowl-
edge allows assembling and assessing critically the available facts relating to anti-
epileptic drug use and pregnancy. This the present book attempts, working with data
available in the literature to the end of February 2015 and with personal material,
much of it already published. The approach chosen in presenting the material has
been determined by the following consideration.
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Unless her seizure disorder has begun during pregnancy, a woman with epilepsy
will probably have been taking antiepileptic drug therapy prior to pregnancy, will
take it throughout pregnancy and will continue to take it after her baby is born. To
manage her situation optimally, it would be desirable to know: (a) whether her
underlying seizure disorder and its drug treatment will affect the possibilities of her
becoming pregnant and (b) what is likely to happen during and after pregnancy to
(1) the antiepileptic drug or drugs involved and their effectiveness, (ii) the natural
history of her seizure disorder in its own right, (iii) her obstetric management and
(iv) the intrauterine and postnatal development of her foetus. On the basis of such
knowledge, it should be possible to devise appropriate therapeutic policies for man-
aging epileptic seizure disorders in women considering pregnancy, while pregnant
and after pregnancy. These considerations have determined the sequence of the
remaining chapters of this book, which deal in turn with:

* Antiepileptic drugs and the possibilities of becoming pregnant

* Antiepileptic drug disposition in pregnancy, in principle and in relation to indi-
vidual antiepileptic drugs

* Antiepileptic drugs and epileptic seizure control in pregnancy

* Antiepileptic drugs and foetal malformations

* Antiepileptic drugs and foetal neurodevelopment

* The clinical use of antiepileptic drugs:

(i) Before pregnancy
(i) During pregnancy
(iii) After pregnancy

» Future possibilities in relation to antiepileptic drugs and pregnancy
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Chapter 2
Antiepileptic Drugs and Becoming Pregnant

Abstract There is published evidence that intake of antiepileptic drugs may affect
the possibility of a woman becoming pregnant. Use of the drugs in her male partner
may tend to decrease his libido and sexual activity, thus diminishing the chances of
pregnancy occurring. A similar effect on libido may occur in the woman being
treated with antiepileptic drugs, and the treatment may be responsible for circulat-
ing sex hormone concentration alterations that result in menstrual disturbances, this
combination of effects tending to lessen fertility. Taking antiepileptic drugs in the
non-pregnant state, particularly the older agents that induce formation of enzymes
that catalyse the metabolism of steroidal sex hormones, also tends to decrease the
circulating concentrations of steroidal hormones used for contraceptive purposes.
This effect may increase the chances of undesired pregnancies occurring.

This book attempts to deal with the interplay between pregnancy, antiepileptic drugs
and the disorders, in particular epilepsy, for which these drugs are prescribed. To
begin at the beginning, the first aspects of the interplay are the issues of whether the
drugs may alter a woman’s potential for becoming pregnant and for avoiding unde-
sired pregnancy. Achieving pregnancy involves not only the drug’s effects in the
woman concerned but also its possible effects in her male partner, whereas avoiding
pregnancy, at least in contemporary society, is more often a matter for the woman
involved than for her male counterpart.

Achieving Pregnancy

The Situation in the Male

Even if the woman involved does nothing to alter the prospects of her becoming
pregnant, could antiepileptic drug intake in her male partner increase or decrease
the prospects of her achieving pregnancy if the drugs were to alter his sexual capac-
ity or behaviour? There seems to be little in the medical literature to suggest that
antiepileptic drug intake may be responsible for male sexual hyperactivity, though
Grabowska-Grzyb et al. (2006) did describe two males who, after lamotrigine was
added to their current antiepileptic drug (in one oxcarbazepine and the other

© Springer International Publishing Switzerland 2016 5
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6 2 Antiepileptic Drugs and Becoming Pregnant

carbamazepine), developed dose-related but reversible hypersexuality. In appropri-
ate circumstances, this could have increased the likelihoods of pregnancy in any
female partners that they had.

Much more commonly, the literature has reported that males taking antiepilep-
tic drugs exhibit diminished sexual function. For instance, Artama et al. (2006)
found a statistically significantly lower birth rate to males with epilepsy who
were treated with carbamazepine, oxcarbazepine or valproate, as compared with
the birth rate in a reference population of males who did not have epilepsy. In
many of the reports, the interpretation of the lower birth rate in relation to antiepi-
leptic drug-treated males is confounded by the fact that the drugs were used to
treat epilepsy, and epilepsy itself might have altered male fertility. Overt and also
probably subclinical focal seizures, particularly ones arising in mesial temporal
lobe structures, can spread into the hypothalamus. In that brain region, the epilep-
tic discharges may alter neuroendocrine function and, through this mechanism,
possibly influence male fertility. If the degree of reduced fertility correlated with
changes in the dose or circulating concentration of the antiepileptic drug or drugs
concerned, one could be moderately confident that the drugs played a causal role
in decreasing male fertility. Even then, the possibility remains that intracerebral
spread of epileptic seizure discharges to neuroendocrine nuclei may also have
contributed.

Over 40 years ago, Livingstone (1972), in his monograph, described the
occurrence of sexual impotence in a few men treated with primidone. Later
Mattson et al. (1985), in their large-scale study of US male war veterans, reported
that use of this drug was sometimes associated with a decreased libido and with
complaints of impotence. Unfortunately, it is difficult to know whether at the
time of the Mattson et al. study the primidone had been prescribed in awareness
of the long elimination half-life of the phenobarbitone that is formed from it
within the body. Too rapid primidone dosage escalation might have produced
excessive sedation, thereby decreasing libido. The subsequent literature has not
infrequently contained the statement that males with epilepsy tend to be less
fertile than their fellows and have diminished libidos. However, there has been at
least one report to the contrary, in relation to continued intake of carbamazepine
and valproate (Rgste et al. 2003). By way of contrast, Reis et al. (2013) com-
pared reports of sexual function in 63 males taking carbamazepine and in 55
healthy male control subjects. There was an increased occurrence of erectile dys-
function and decreased coital frequency in the antiepileptic drug-exposed males.
Luef et al. (2009) observed that previously persisting sexual dysfunction
improved in 79.4 % of 228 antiepileptic drug-treated men when agents that did
not induce drug-metabolising enzymes were substituted for antiepileptic drugs
that did induce the enzymes.

The possible hormonal background to diminished male sexual function associ-
ated with antiepileptic drug intake was investigated by Isojirvi et al. (2004), who
were aware of the reported decreased fertility of males with epilepsy. They studied
15 men taking carbamazepine, 18 taking oxcarbazepine and 27 taking valproate,
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comparing the concentrations of certain circulating sex hormones in these men
with the concentrations that were present in 41 normal male control subjects. They
found that carbamazepine use was associated with decreased circulating concen-
trations of dehydroepiandrosterone sulphate and valproate use with increased con-
centrations of androstenedione. There were increased tendencies for low sperm
counts and the presence of more functionally abnormal sperm in the males taking
carbamazepine. Valproate exposure was also associated with sperm abnormalities.
As well, men taking this drug tended to have smaller testes. Verrotti et al. (2011)
pointed out that antiepileptic drugs which induced the body’s drug-metabolising
enzyme systems also tended to cause increased formation of sex hormone-binding
globulin, whose higher concentrations would result in decreased circulating levels
of free (i.e. plasma protein unbound) relative to total testosterone. This reduction
in free hormone levels might cause a lessened libido and potency. These authors
also knew that valproate use was associated with increased circulating concentra-
tions of dehydroepiandrosterone and decreased concentrations of gonadotropins.
At much the same time, Sivaraaman and Mintzer (2011) described how the pro-
posed hypothalamic disturbance that resulted from the spread of clinical and sub-
clinical mesial temporal seizure discharges mentioned above might alter
gonadotropin secretion. They also pointed out that use of the older enzyme-induc-
ing antiepileptic drugs would produce increased blood levels of sex hormone-
binding globulin, resulting in lower circulating concentrations of unbound relative
to total testosterone. This pair of authors recognised that substituting the newer,
generally non-inducing, antiepileptic drugs for the older inducing ones would
avoid the alteration in circulating unbound testosterone concentrations and thereby
might decrease hormone-related impairment of male sexual function. However,
Najafi et al. (2012) noticed that decreased circulating testosterone concentrations
also occurred when the non-inducing antiepileptic agent lamotrigine was being
taken and mentioned that valproate use was associated with increased circulating
concentrations of androstenedione.

Verrotti et al. (2011), in their review of the topic, pointed out the difficulties in
distinguishing between the roles of having epilepsy, of taking antiepileptic drugs
and of these two factors in combination, in explaining the increased likelihood
that abnormal concentrations of reproductive steroid hormones may occur in men
with epilepsy. A potential hormonal basis thus appears to exist that could contrib-
ute to the diminished sexual activity, libido and fertility reported in males with
antiepileptic drug-treated epilepsy. Also, because there is a little published evi-
dence that the altered sexual behaviour tends to vary with the antiepileptic drug
dose and with the enzyme-inducing capacity of drug used, it seems likely that
antiepileptic drug intake can interfere with male sexual function. Nonetheless, it
seems likely that various psychosocial factors, such as limitations on lifestyle and
possible earning capacity consequent on suffering from epilepsy, also play signifi-
cant roles in the situation. The available medical literature contains relatively little
detailed information dealing with the contributions made by such psychosocial
factors.
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The Situation in the Female

As in the male, theoretical possibilities exist that antiepileptic drug therapy in the
female may enhance or diminish sexual activity and that these alterations may influ-
ence her possibility of becoming pregnant. In the literature, almost all the available
data pertain to decreased female sexual activity or lowered female fertility.

The statement has often been made that women with epilepsy, which in practice
will nearly always be antiepileptic drug-treated epilepsy, exhibit decreases in fertil-
ity, libido, sexual arousal and orgasm and increases in the incidences of menstrual
irregularity, tendencies to early menopause or premature ovarian failure and also
face a heightened risk of suffering from the polycystic ovary syndrome. All these
changes would militate against the chances of becoming pregnant (Klein et al. 2001;
Harden 2006; Pennell 2009). However, in their material, Klein et al. could not cor-
relate premature ovarian failure manifestations with antiepileptic drug intake. Some
quantitative data are available in relation to the lowered fertility aspect. In females
with epilepsy aged 15-44 years, Wallace et al. (1998) found a live birth rate of 47.1
per 1000 per year as compared with the national 1993 England and Wales live birth
rate of 62.6 per 1000 per year. Artama et al. (2006), in two cohorts from the Finnish
population, also found a lower birth rate in women with epilepsy treated with carba-
mazepine, oxcarbazepine and valproate as compared with a reference cohort, though
the reduction in rate was not statistically significant. Kariuki et al. (2008) found a
3-year fertility rate of 46 live births per 1000 women with established epilepsy, a
reduction by two-thirds as compared with the expected rate for the local African
population. Jalava and Sillanpda (1997) followed up a cohort of childhood epilepsy
sufferers and showed that, in the longer term, they had a lower marriage rate than
would have been expected and also a lower rate of fertility.

The above alterations in fertility and in other aspects of female sexual function
appear to have a hormonal basis. In three women, Isojarvi and Tapanainen (2000) drew
attention to an apparent association between intake of valproate and the presence of
polycystic ovaries and hyperandrogenism. Replacing the valproate with lamotrigine
caused the polycystic ovaries to disappear in two of the women, and plasma testosterone
concentrations fell in all three. Bilo et al. (2001) noted the presence of various reproduc-
tive disorders in 32 % of 50 women with (treated) epilepsy, the disorder encountered
being polycystic ovaries in 26 %. These authors failed to detect a correlation between
the abnormalities and the intake of any particular antiepileptic drug. They therefore sug-
gested that having epilepsy per se might be responsible. Despite the latter suggestion, it
seems to have become fairly widely accepted that there is a real association between the
use of valproate and the occurrence of polycystic ovaries (Crawford 2009).

The use of antiepileptic drugs that induce drug-metabolising enzymes increases
the concentration of sex hormone-binding globulin in women as well as in men.
This increase may decrease the concentrations of circulating unbound (and there-
fore biologically active) oestrogen relative to total oestrogen concentrations, an
effect which could contribute to the presence of menstrual disorders in some women
with epilepsy (Isojarvi 2008). As well, the use of valproate in women causes
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increased circulating testosterone concentrations, which also might disturb the men-
strual cycle and as well contribute to the development of polycystic ovaries. These
various altered circulating steroid hormone concentrations may contribute to the
decreased fertility of women with epilepsy. Hamed (2008) suggested that antiepi-
leptic drugs may also modulate hormone release from the hypothalamic—pituitary
axis and, through this additional means, diminish fertility in women.

Jankovic et al. (2006) investigated a further matter that might be relevant to
impaired fertility in antiepileptic drug-treated women. In a laboratory study, they
found that carbamazepine and lamotrigine, at concentrations within the ranges
encountered in the treatment of epilepsy, inhibited motility in surgically removed
human fallopian tubes. This effect could contribute to the diminished fertility of
women with epilepsy, by reducing the opportunity for contact between the sperm
and the ovum at an appropriate time and anatomical site.

It is highly probable that various psychological and social factors that vary between
individual women with epilepsy will also have major influences on fertility and also on
some of the other aspects of altered sexual function that have been mentioned above. For
instance, it is not difficult to appreciate that a woman with uncontrolled seizures may
have problems in sustaining enduring personal relationships and may also be reluctant to
undertake pregnancy because of uncertainties about her ability to care for a young infant.

Avoiding Pregnancy

Although in present-day society other methods of preventing the occurrence of
pregnancy are sometimes employed by women or their partners, the oral use of
synthetic steroidal hormones is probably the most frequent approach to contracep-
tion, though parenterally or intravaginally administered progestogen-type prepara-
tions that slowly release their hormonal contents enjoy some popularity. Ethinyl
oestradiol is the oestrogen employed in the great majority of oral contraceptive
combinations, together with various progestogens.

Not long after combined (oestrogen plus progestogen) oral contraceptives came
into general use, when the contraceptives were used in conjunction with the then
available antiepileptic drugs (mainly ones which induced microsomal drug-
metabolising enzymes), the so-called pill failure began to be reported (e.g. Coulam
and Annegers 1979). Such reports have continued to appear and a good deal of
information has accumulated regarding the effects of various antiepileptic drugs on
the concentrations of the orally administered steroidal sex hormones. Because this
is a matter of considerable importance both to the pharmaceutical industry and to
prescribers, to say nothing of women with drug-treated epilepsy, in recent years
investigations have been carried out at relatively early stages in the development and
use of new antiepileptic agents to determine whether or not they alter circulating
concentrations of synthetic hormones derived from contraceptive preparations.

As a generalisation, it appears that antiepileptic drugs which induce microsomal
drug-metabolising enzymes tend to cause reduced circulating concentrations and
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increased clearances of synthetic oestrogens and progestogens, as well as natural
progesterone (sometimes employed as a contraceptive). There is a certain amount of
apparently conflicting information in the literature, but Crawford (2009) summarised
the situation as follows: phenobarbitone and drugs metabolised to it, phenytoin, car-
bamazepine, oxcarbazepine, lamotrigine and topiramate interact with oral contra-
ceptives to decrease circulating steroidal sex hormone levels, whereas the other
antiepileptic drugs in common contemporary use do not. The extent of the interac-
tion may not be sufficient to consistently reduce the overall sex hormonal effects to
the extent that ovulation and implantation of a fertilised embryo can occur, but the
likelihood of this happening is increased. For instance, Davis et al. (2011) reported
that a carbamazepine dose of 600 mg a day interacted with an oral contraceptive
combination comprising ethinyl oestradiol 20 pg and levonorgestrel 100 pg to allow
ovulation to occur in five of the ten menstrual cycles that were followed. Breakthrough
bleeding occurred in eight of the ten cycles, as compared with two of ten cycles
when a placebo instead of antiepileptic drug was taken together with the hormonal
contraceptive combination. There seems to be a general impression in the literature
that a “pill’ content of 50 pg ethinyl oestradiol offers a sufficient margin of contra-
ceptive safety if an inducing antiepileptic drug is in use (Wang et al. 2012). However,
that is not to say that such a margin is always necessary to avoid conception.

Studies that have investigated possible interactions in which antiepileptic drugs
may have been responsible for altered plasma concentrations and/or clearances of
exogenous steroid hormone are summarised in Table 2.1. The inducing antiepileptic
drugs also interact with the hormone released from etonorgestrel and levonorgestrel
implants (Schindlbeck et al. 2006; Gaffield et al. 2011).

Table 2.1 Effects of antiepileptic drugs on plasma concentrations of combined oral contraceptive
hormonal components
Ethinyl
Antiepileptic drug | oestradiol | Levonorgestrel | Norethindrone | Norgestrel | Author

Carbamazepine Decreased | Decreased Davis et al.
(2011)
Eslicarbazepine | Decreased | Decreased Falcdo et al.
(2013)
Felbamate No change Decreased | Saano et al.
(1995)
Gabapentin No change No change Eldon et al.
(1998)
Lacosamide No change | No change Cawello
et al. (2013)
Lamotrigine No change | Mild decrease Sidhu et al.
(2006)
Levetiracetam No change | No change Ragueneau-
Majlessi

et al. (2002)

(continued)
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Table 2.1 (continued)

Ethinyl
Antiepileptic drug oestraydiol Levonorgestrel | Norethindrone | Norgestrel | Author
Oxcarbazepine Decreased | Decreased Fattore
et al. (1999)
Phenobarbitone | Decreased | Decreased Crawford
et al. (1990)
Phenytoin Decreased | Decreased Crawford
et al. (1990)
Primidone Decreased Crawford
et al. (1990)
Topiramate® No change No change Doose et al.
(2003)
Decreased No change Rosenfeld
et al. (1997)
Valproate No change | No change Crawford
et al. (1986)
Vigabatrin No change | No change Bartoli
et al. (1997)
Zonisamide No change | No change Griffith and
Dai (2004)

Names of antiepileptic drugs that induce hepatic drug-metabolising enzymes appear in bold typeface
“Topiramate’s induction of the enzyme CYP 2C19 at high dosage

The material discussed in this chapter will probably result in an impression that
considerably more information is available regarding the physical and chemical
mechanisms that are involved in facilitating or avoiding pregnancy in women taking
antiepileptic drugs than in the psychological and social factors that are inevitably
involved in the situation. However, these latter factors probably play the major part
in determining whether or not most such women become pregnant.
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Chapter 3
Antiepileptic Drug Disposition in Pregnancy

Abstract The progressive physiological changes that occur in the female body dur-
ing pregnancy, and their reversal in the weeks after the delivery of the foetus and
placenta at the time of childbirth, have consequences for the body’s handling of
drugs. The physiological changes have little effect on the absorption of the orally
administered drugs, but the expanded extracellular fluid volume of pregnancy and
the increasing bulk of the uterus and its contents have a diluting effect on circulating
drug concentrations. Also, in later pregnancy, plasma protein concentrations
decrease, resulting in a relative increase in plasma-unbound drug concentrations
relative to total drug concentrations. Overall, the magnitude of these effects is small
relative to the effects of pregnancy on drug elimination. Increased glomerular filtra-
tion during pregnancy increases the excretion of antiepileptic drugs that are cleared
from the body predominantly as unchanged molecules, while the increasing circu-
lating steroidal sex hormone concentrations of pregnancy induce formation of the
liver enzymes that metabolise antiepileptic drugs that are cleared from the body by
biotransformation. The overall result of these two processes is for circulating con-
centrations of antiepileptic drugs to fall relative to drug dose during pregnancy,
potentially compromising the control of the seizure disorders for which the drugs
have been prescribed.

After childbirth, antiepileptic drugs seem to enter maternal milk by a process of
passive transfer along concentration gradients, with factors such as the fat and pro-
tein content of the milk affecting the drugs’ concentrations in that fluid. These con-
centrations are generally lower than those simultaneously present in maternal
plasma.

The understanding of the way the human body handles antiepileptic drugs has
depended to a considerable extent on the ability to measure the concentrations of
these drugs that are present in the body during therapeutic use. Despite at least one
earlier attempt, reasonably satisfactory assays that permitted these measurements
did not become available until 1956. Then Dill et al. (1956) devised an assay for
measuring phenytoin and Plaa and Hine (1956) one for measuring both phenytoin
and phenobarbitone simultaneously. These particular methods have since been
superseded by numerous more convenient, more specific and more sensitive tech-
niques. Once the ability to undertake the measurements existed, interested
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clinicians began to employ them to help guide the treatment of epilepsy, while the
more pharmacologically minded began to utilise the drug concentration data that
became available to enhance the understanding of the dispositions of antiepileptic
drugs in the human body.

By the 1970s, enough knowledge was available to permit the publication of two
collections of papers describing the measurement techniques and some of their
applications in clinical practice (Meijer et al. 1973; Pippenger et al. 1978). Around
this time, the first reports appeared of measurements of the behaviour of the concen-
trations of antiepileptic drugs in the serum or plasma of women during the course of
pregnancy (Dam et al. 1976; Lander et al. 1977). The drugs that were then measured
were phenytoin and phenobarbitone, at that time the most commonly used antiepi-
leptic agents. Both sets of investigators obtained similar findings, ones that were
perhaps a little unanticipated in view of the comparatively stable concentration val-
ues relative to drug dose that were present over considerable periods of time in
individual women while they were not pregnant. The Danish workers showed that,
in all 23 women taking phenytoin (with 14 also taking phenobarbitone), plasma
phenytoin concentrations relative to drug dose fell appreciably as pregnancy pro-
gressed. The plasma ratio of phenobarbitone concentration to dose also fell, though
not so much. The changes could begin as early as the 6th week of pregnancy.
Postnatally, the concentration to dose ratios for the drugs tended to return progres-
sively to their pre-pregnancy values (the plasma concentration to dose ratio is the
reciprocal of the pharmacokinetic parameter, the steady-state clearance, expressed
as volume per unit of time). The Australian workers also showed that plasma phe-
nytoin concentrations fell progressively relative to drug dose as pregnancy pro-
gressed (in 9 of 10 women taking the drug), with the concentration to dose ratios
returning to their pre-pregnancy values in the 7 of the 9 women whose drug concen-
trations had been followed into the puerperium (Fig. 3.1). In 5 women taking phe-
nobarbitone, or a structurally related barbiturate molecule that is metabolised to it
(methylphenobarbitone or primidone), the plasma phenobarbitone concentration to
dose ratios also fell during pregnancy.

The Danish investigators suggested that women developed an increased capacity
to metabolise phenytoin during pregnancy. The Australian workers proposed a simi-
lar interpretation but in addition raised the possibility that the increased maternal
body volume resulting from the presence of the placental-foetal unit together with
the possible additional drug-metabolising capacity of that unit, and the known effect
of prescribed folic acid intake in reducing plasma phenytoin concentrations, might
also contribute to the phenomenon. Because the concentration to dose ratios did not
return to pre-pregnancy values immediately after the foetus and placenta became
abstracted from the maternal body at the time of childbirth, they favoured the view
that changes in the mother rather than the contributions of the foetus and placenta
were the main factor involved in the increased clearances of the two drugs during
pregnancy.

By the 1970s, the centuries-old notion that drugs acted by means of some mys-
terious inherent property had almost completely given way to the realisation that the
body handled exogenous chemicals, including drugs, through the same physico-
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Fig. 3.1 The courses of plasma phenytoin and phenobarbitone concentrations during pregnancy
and the puerperium in one woman who took a constant dose of phenobarbitone throughout but
whose phenytoin doses were adjusted to try to maintain its plasma concentration in the range
10-20 mg/L (Redrawn from the data of Lander et al. (1977))

chemical mechanisms that it employed in dealing with endogenous molecules. The
similarities of the findings of the two papers referred to above and the subsequently
publications of these two groups with additional case material (Mygind et al. 1976;
Eadie et al. 1977) made it likely that both groups had described a genuine phenom-
enon related to human pregnancy and that the explanation of its mechanism would
lie in knowledge of the changes that occur in a woman’s body during and after
pregnancy. From this knowledge, principles might be derived that would be appli-
cable more generally to drugs taken during pregnancy.

Body Changes During Pregnancy

Without going into the physiology of pregnancy in more than superficial detail,
fertilisation of the ovum followed by implantation of the embryo in the endome-
trium initiates a series of changes in a woman’s body. The forming trophoblast
begins to secrete chorionic gonadotropin, while the corpus luteum does not regress
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as it does in the latter stage of the normal menstrual cycle. Instead, the corpus
continues to secrete progesterone in increasing amounts, while ovarian secretion
of oestrogens continues. The resulting raised circulating steroidal sex hormonal
levels begin to produce various tissue changes in the maternal body. After about
10 weeks of pregnancy, the corpus luteum secretion of progesterone diminishes.
By this time the placenta has largely taken over the secretion of this hormone and
also that of oestrogens. The circulating levels of these steroidal hormones con-
tinue to rise till near term. The process of childbirth relatively abruptly removes
the foetus and placenta, with their associated oestrogen- and progesterone-secret-
ing capacities, from the overall maternal-foetal complex. After childbirth, the
maternal pituitary secretion of prolactin increases, initiating lactation. This series
of progressive steroidal sex hormonal events during pregnancy produces various
changes in the anatomy, physiology and biochemistry of the female body. Those
changes likely to be relevant to the body’s handling of antiepileptic drugs are
mentioned below.

Changes in Physiology

By late pregnancy (Heidemann and McClure 2003), the maternal plasma volume
will have increased by about 45 % over its pre-pregnancy value, because rising cir-
culating concentrations of progesterone and oestrogen cause the increased secretion
of renin and aldosterone. These latter increases produce sodium retention and con-
sequent expansion of the plasma volume. The circulating red cell mass increases by
about 20 % during pregnancy so that plasma haemoglobin concentrations fall
because of the disproportionately greater expansion in plasma water volume. By
two weeks after childbirth, the maternal plasma volume will normally have returned
to its pre-pregnancy value. The increased circulating concentrations of oestrogen
and progesterone during pregnancy lead to vasodilatation. A hyperkinetic circula-
tory state develops, with a 50 % increase in cardiac output being present by later
pregnancy. The increased cardiac output results in increased regional plasma flow
and a raised renal glomerular filtration rate. Maternal tissue growth occurs, particu-
larly involving the breasts and uterus. During pregnancy, no consistent change
appears to occur in gastric emptying time or in other measures of alimentary tract
motility.

Changes in Biochemistry

During pregnancy there is an overall increase in energy production that is required
to sustain the growth of maternal and foetal tissues. Pancreatic insulin secretion
increases, but a degree of tissue insulin resistance develops. The renal tubules
become less able to resorb glucose from tubular urine. There are changes that
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involve mainly, but are not necessarily restricted to, the maternal liver. These
changes influence the extent of the body’s capacity to synthesise various proteins.
Circulating levels of enzymes such as y-glutamyl transpeptidase, alanine transami-
nase, aspartate transaminase and lactate dehydrogenase tend to rise in pregnancy,
though not to concentrations that would be regarded as pathological in other cir-
cumstances. By late pregnancy, overall liver protein synthesis has decreased by up
to 25 %, resulting in lowered plasma albumin and a;-acid glycoprotein levels. What
is particularly pertinent to the foetal-maternal unit’s handling of many drugs is that
changes occur in the synthesis of various enzymes that are normally responsible for
the inactivation and elimination of certain endogenous molecules and also that of
various xenobiotics (including most of the antiepileptic drugs).

Laboratory studies carried out in human liver cells have shown that oestriol
induces the synthesis of CYP450 isoenzymes such as CYP2A6, CYP2B6 and CYP
34, the latter being responsible for the metabolism of oestrogens and progestogens
(Reddy 2010). Progesterone also induces the synthesis of these isoenzymes and also
that of CYP2C8 and CYP3AS (Choi et al. 2013). There is induction of the synthesis
of hepatic CYP2C9 and CYP2C19 (Fahmi et al. 2010). In contrast to the increased
synthesis of the above isoenzymes, there is decreased synthesis of CYP1A2
(Papageorgiou et al. 2013). This decrease becomes recognisable by 14—18 weeks of
pregnancy, a time when the increased synthesis of the other CYP isoenzymes is
becoming detectable (Tracy et al. 2005).

Cytochrome P450 enzymes are also synthesised in the human placenta (Myllynen
et al. 2007). In that organ CYP19 becomes detectable from the 17th week of preg-
nancy (Fokina et al. 2011). CYP3A4 , CYP3AS and CYP3A7 mRNAs are present
in the human placenta, amnion and chorion/decidua at term, with the level of
CYP3A4 mRNA being highest in the placenta and the levels of the mRNAs for the
other CYP450 isoenzymes in the chorion/decidua (Maezawa et al. 2010). Placental
tissue also contains the conjugating enzymes glucuronosyl transferase and sulpha-
tase (Wang et al. 2008; Wloch et al. 2009; Reimers et al. 2011). These latter enzymes
are detectable in the placenta during the first trimester of human pregnancy (Collier
et al. 2002). The molecular transport molecule P-glycoprotein is also present in the
placenta (Syme et al. 2004).

In addition, Wloch et al. (2009) have shown that certain of these isoenzymes are
present in the foetal liver (CYP2A6, CYP2E1, CYP3A7).

Thus, as pregnancy progresses, there is evidence that the human foetus and pla-
centa develop the metabolic capacities to inactivate various xenobiotic molecules,
supplementing that already present in the maternal liver and other tissues.

Lactation

Once initiated by rising circulating prolactin concentrations after childbirth, the
process of lactation usually continues until terminated by maternal decision. The
secretion of milk is an active process which results in added loss of fluid from the
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maternal body. Various endogenous and also xenobiotic molecules enter milk by a
process of passive transfer along concentration gradients. Some of the transferred
molecules may bind to the proteins secreted into the milk, while others may dis-
solve in the fat content of the milk, which may differ at various stages of lactation.
The review of Davanzo et al. (2013) provides further details concerning the pres-
ence of antiepileptic drugs in human milk.

Drug Disposition in Pregnancy and Lactation

A drug’s presence within the human body at any particular time results from the
algebraic sum of three processes, viz. (1) its entry into the body, i.e. absorption, (2)
its distribution within the body (including its delivery to the sites where the drug’s
action occurs) and (3) its elimination from the body by (a) excretion in unchanged
form and (b) metabolism, i.e. transformation into other molecules, generally but not
invariably pharmacologically inactive ones. The expected effects on antiepileptic
drug disposition resulting from the alterations in the physiology and biochemistry
of the female body during and after pregnancy, and from the presence of the foeto—
placental complex, are summarised below.

Drug Absorption

Pregnant women nearly always take their antiepileptic drugs by mouth. If for some
reason antiepileptic drugs cannot be swallowed, they will almost always be admin-
istered by intravenous injection. The intramuscular and subcutaneous injection
routes are usually both inefficient and undesirable for repeated use. With intrave-
nous administration, the whole drug dose should enter the circulation directly so
that the drug’s bioavailability is complete. Alimentary tract function usually
remains unaltered in pregnancy, apart from the possible effects of morning sick-
ness. Therefore the absorption of orally administered antiepileptic drugs is likely to
be as complete as is permitted by the properties of the pharmaceutical preparations
in which they are marketed. An exception to this generalisation may occur if an
orally administered drug is absorbed from the alimentary tract by means of a
substance-specific active transport mechanism, whose transfer capacity becomes
saturated at higher oral drug dosages. Despite full absorption, drugs that are exten-
sively metabolised in the gut wall or during their initial passage through the liver in
portal venous blood may still have calculated incomplete oral bioavailabilities.
This is so because it is only the drug that reaches the general circulation in unme-
tabolised form that is measured in determining bioavailability. If pregnancy alters
the body’s capacity for pre-systemic metabolism of such a drug, the value of its
oral bioavailability during pregnancy may differ from that in the same woman
when not pregnant.
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Drug Distribution

Simply through a dilutional effect, the expansion in maternal plasma and body fluid
volume and in the volume of foetal body fluids that develops during pregnancy will
tend to reduce the concentration of an antiepileptic drug in maternal plasma relative
to the drug dose when compared with the concentration that would have applied
outside pregnancy in the same woman. The degree of reduction in concentration will
be greater for drugs with very small volumes of distribution, i.e. ones that are largely
restricted to blood plasma or extracellular water. The expected reduction will tend to
be less marked if the drug is more widely distributed through total body water in
both mother and foetus. If the drug is also concentrated in a particular body region
or tissue, the calculated value of the apparent volume of distribution may exceed that
of the actual total physical volume of the body. In such instances, the dilution effect
on maternal plasma drug concentrations associated with pregnancy may be small.

As already mentioned, a decrease in plasma albumin concentrations develops in
the later stages of pregnancy. For drugs bound to plasma proteins, this decrease
results in there being proportionately more unbound (and potentially biologically
active) drug in plasma relative to the total drug concentration in that fluid. Failure to
realise this may confound the interpretation of total (i.e. protein bound plus unbound)
drug concentration in plasma in the last trimester of pregnancy. In that situation,
measurements of the concentration of the drug in plasma water rather than in whole
plasma may be more informative.

Many drugs seem to cross the placenta and enter foetal tissues by a process of
bidirectional passive transfer along concentration gradients until an equilibrium is
reached. However, the presence of P-glycoprotein in the placenta suggests that this
organ may be able to exclude some molecules from access to the foetus by means of
a process of active extrusion. There have been suggestions that this latter possibility
could apply to some antiepileptic drugs, though its actual occurrence does not seem
to have been demonstrated in humans.

As mentioned earlier in this chapter, for the most part, the entry of drugs into maternal
breast milk appears to be a passive transfer process along concentration gradients.
Therefore there should be an ongoing equilibrium between drug concentrations in mater-
nal plasma water and in the aqueous phase of milk. However, there could be higher over-
all drug concentrations in whole breast milk, depending on the solubility of the drug in the
lipids of milk and on the protein concentration in milk if the drug binds to milk proteins.
Anderson (2006) and Davanzo et al. (2013) have published data for the ratios found
between the milk and maternal plasma concentrations of various antiepileptic drugs.

Drug Elimination

Drugs may be eliminated from the body by excretion as the intact molecule or by
being metabolised (biotransformed).
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Excretion of Unmetabolised Drug

The increased maternal glomerular filtration rate that develops in early pregnancy
should enhance the renal excretion of any unmetabolised antiepileptic drug or bio-
logically active drug metabolite that is present in plasma water. Special renal tubular
transport mechanisms may exist and increase the excretion from the body of certain
drugs or enhance their retention within the body. After childbirth, the relatively
rapid restoration of normal plasma volumes and circulatory function during the first
few postnatal days might be expected to allow renal excretion of unmetabolised
antiepileptic drugs to return to its pre-pregnancy value relatively quickly.

Drug Metabolism

During pregnancy, in the maternal liver and probably in other maternal tissues and
also in the placenta and the foetal liver (see above), there is induction of many of the
CYP450 isoenzymes that are responsible for catalysing drug oxidations. Although
Myllynen et al. (2007) have listed the drug-metabolising enzymes that have been
reported as present in the human placenta, the quantitative contribution to drug
metabolism made by the placenta and foetus is uncertain. In pregnancy there also is
increased formation of the glucuronosyl transferase enzymes that catalyse the for-
mation of water-soluble and nearly always pharmacologically inactive glucuronide
metabolites of drugs and of their phase 1 oxidative biotransformation derivatives.
Relative to drug dose, these various substrate-specific inductions of metabolic
capacity during pregnancy would be expected to reduce the amount of active anti-
epileptic substance within the maternal body, in particular lowering circulating con-
centrations of antiepileptic drugs that are eliminated mainly by metabolism. The
enhanced maternal metabolic capacity appears to develop relatively early in the
course of pregnancy, with that of the placenta and the foetus appearing later. The
collective effects of these processes in reducing the amount of drug in the maternal
and foetal body would be expected to increase as pregnancy progresses.

At the time of childbirth, there is an abrupt deletion of a probably quantitatively
significant component of the overall drug-metabolising capacity of the previous
maternal—foetal unit. This might be expected to produce a fairly quick, though par-
tial, reversion towards the pre-pregnancy state of the maternal body’s drug-
metabolising capacity. Probably the decreasing circulating oestrogens and
progesterone concentrations postnatally are then responsible for progressive de-
induction of the residual enhanced drug-metabolising capacity that was present dur-
ing pregnancy. The de-induction process probably runs its course over some days to
a few weeks, though more exact information as to the timing in relation to individ-
ual drugs does not seem to be available.

The data mentioned earlier in this chapter, where the courses of the plasma con-
centrations of two antiepileptic drugs were followed through a number of human
pregnancies, and afterwards, appear to fit with what could have been predicted on
the basis of the above information. It now remains to be seen (Chaps. 4, 5 and 6)
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whether these principles continue to hold for the knowledge that is available con-
cerning the pharmacokinetics of the other currently available antiepileptic drugs
during pregnancy.
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Chapter 4
The Older Antiepileptic Drugs

Abstract This chapter outlines the pharmacokinetics and clinical pharmacology of
the longer established antiepileptic drugs that continue to be reasonably often used
in pregnancy, to provide a background to considering the alterations pregnancy and
its aftermath produce in these parameters. The four drugs considered, viz. pheno-
barbitone, phenytoin, carbamazepine and valproate, are cleared from the body
mainly by virtue of metabolism, and the clearance values of all increase progres-
sively during pregnancy, though the change for carbamazepine is relatively small
unless it is co-administered with another antiepileptic drug that induces the activity
of drug-metabolising enzymes. The literature contains information regarding the
individual metabolic pathways for phenytoin and carbamazepine biotransformation
during pregnancy, indicating that the increased clearances of these drugs are due
mainly to the development of increased capacities of already existing metabolic
pathways rather than the appearance of new metabolic pathways. Relatively little
information has been published concerning the dispositions of these drugs in the
neonate, though there are data on their concentration ratios between maternal
plasma and breast milk.

This chapter and the following two attempt to deal with the clinical pharmacol-
ogy of the antiepileptic drugs for which useful pregnancy-related data are avail-
able in the current literature. In the accounts that follow, the main emphasis is
given to the pharmacokinetics of the drugs, because pregnancy alters antiepilep-
tic drug pharmacokinetics rather than other aspects of their pharmacology. At
the end of the section, considering each individual drug in what it is hoped will
be sufficient detail for background purposes, there is a separate portion concern-
ing the effects of pregnancy on the drug’s pharmacokinetics. These portions
considering the situation in pregnancy are referenced in some detail, whereas
the referencing of the remainder of the material for each drug is less exhaustive,
both to conserve space and because detailed contemporary accounts of the topic
outside pregnancy are available (e.g. Levy et al. 2002; Engel and Pedley 2008;
Shorvon et al. 2009). A few overall reviews of the pharmacokinetics of the anti-
epileptic drugs in pregnancy have been published (e.g. Pennell 2003; Tomson
et al. 2013).
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In Chaps. 4 (older drugs), 5 (newer drugs) and 6 (less commonly used drugs), the
individual antiepileptic drugs are dealt with largely in the order of their first appear-
ance in clinical use, though drugs that have had comparatively small usages in
women of childbearing age, and those for which relatively little information rele-
vant to pregnancy is available, are considered after the more widely used agents
have been discussed.

It should be appreciated that the values of the pharmacokinetic parameters of a
given drug in the non-pregnant state may remain relatively constant over long peri-
ods in adult life, whereas the values change throughout the course of pregnancy.
Hence, because the published values may have been determined at different stages
of pregnancy (with the stage sometimes not being specified), the parameter values
for pregnant women tend to show wider ranges of variation than those that apply in
the relatively unchanging non-pregnant state.

Certain pharmacokinetic parameters, in particular drug clearance, have some-
times been expressed in the literature relative to body weight, and sometimes not,
and also over periods of either an hour or a day. In the following chapters, clear-
ances have been expressed on a per hour basis in the interests of uniformity, but it
has not been possible to express them consistently on, or not on, a body weight basis
because of lack of the requisite weight data in some published studies.

Phenobarbitone

Phenobarbitone (phenobarbital) is the oldest antiepileptic drug that remains in reason-
ably frequent present-day use. Its ability to prevent seizures was recognised as long
ago as 1912. The drug’s use in Western countries is diminishing even though it is a
reasonably effective agent. Because of its low cost, it remains one that is still widely
employed in many other parts of the world. Over the years, a number of its molecular
derivatives have been synthesised and used to treat epilepsies. The only derivative still
employed, though now only on a modest scale, is primidone (desoxy-phenobarbitone)
which probably acts mainly through the phenobarbitone to which it is biotransformed.
However, the primidone molecule possesses sedative actions in its own right and is
believed to be useful in treating essential tremor. The other phenobarbitone congener
that had some recent use was N-methylphenobarbitone, which has an interesting ste-
reospecific pattern of metabolism. Only phenobarbitone itself is considered further in
this chapter, with a few comments added concerning available primidone data.

Chemistry

Phenobarbitone (5-ethyl-5-phenyl barbituric acid) is usually provided for oral use
as 30, 50 and 100 mg tablets. The corresponding more water-soluble sodium salt is
usually employed in parental preparations of the drug. Phenobarbitone has a pKa
value of 7.2 and a molecular weight of 232.23.
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Pharmacodynamics

At a molecular level, the antiepileptic effects of phenobarbitone are thought to
depend on its binding to specific receptors on the GABA  —chloride ion channel
mechanism in neuronal cell membranes. The binding prolongs the opening of the
ion channel and so hyperpolarises the cell membrane. Phenobarbitone’s effects tend
to be somewhat similar to those of GABA-ergic agents. At supratherapeutic doses
the drug may also bind to voltage-dependent cell membrane Na* ion channels.
Clinically, phenobarbitone is reasonably effective against all of the commonly encoun-
tered types of focal and primary generalised epileptic seizure types apart from absences.

Pharmacokinetics
Absorption

The available information suggests that orally administered phenobarbitone has a fairly
rapid absorption rate. However peak plasma phenobarbitone levels may not occur for
several hours after oral drug intake. This happens because the drug’s slow elimination
results in the amount absorbed per unit time after each dose exceeding the amount
being cleared from the body for a relatively long period. Unlike several other injectable
antiepileptic drugs, phenobarbitone seems to be absorbed relatively quickly after intra-
muscular injection. No values for the oral bioavailability of the drug seem to be readily
available, but clinical experience suggests that it is reasonably fully absorbed from the
available preparations of the drug that are marketed for oral administration.

Distribution

Phenobarbitone’s apparent volume of distribution is around 0.5 L per kilogram,
consistent with its being distributed throughout body water without there being any
major accumulation in a particular body component. In infants and neonates, the
value of the apparent volume of distribution seems to be higher. The plasma protein
binding of the drug is lower in the neonate than in the adult, in whom about 50 % of
the drug in plasma is protein bound. The binding percentage in plasma remains
constant over the drug concentration range of 20—100 mg/L. The drug’s concentra-
tions in cerebrospinal fluid, saliva and milk are largely similar to the simultaneous
concentrations of the protein-unbound drug in plasma.

Elimination

At therapeutic concentrations, phenobarbitone appears to be eliminated by pro-
cesses which follow linear kinetics. The elimination half-life in adults is 3—4 days,
though it is shorter in children (mean 37 h as compared with 73 h in adults;
Garrettson and Dayton 1970).
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Guelen et al. (1975) cited a phenobarbitone oral clearance value of around 0.012 1
per kilogram per hour in young children, falling to around 0.004 L per kilogram per
hour by the age of 12-15 years and thereafter remaining reasonably constant
throughout adult life.

Excretion Unchanged

The range of published values for the proportion of a phenobarbitone dose excreted
unchanged in urine has been rather wide, the most reliable average figure being
around 25 %, consistent with the drug being cleared mainly by metabolism.

Metabolism

Part of a phenobarbitone dose (perhaps some 30 %) follows a rather unusual meta-
bolic pathway, being excreted in urine after conversion to an N-glucoside conjugate.
This, together with unmetabolised drug, probably accounts for a little over half of a
phenobarbitone dose under steady-state conditions. Much of the remainder of the
dose is converted to various hydroxy derivatives (Fig. 4.1). None of phenobarbi-
tone’s metabolites appear to possess pharmacological activity.

Clinical Pharmacokinetics

Phenobarbitone at plasma levels around 10 mg/L has some effectiveness in con-
trolling seizures in the types of epilepsy that respond to the drug. Above that
threshold value, the proportion of patients whose seizures respond increases
with increasing plasma drug concentrations. The upper level of the beneficial
concentration of the drug varies from person to person. A representative, though
perhaps conservative figure for the upper limit, might be 30 mg/L. Patsalos et al.
(2008) cited a therapeutic range of 10-40 mg/L. Schmidt et al. (1986) found that
a mean plasma phenobarbitone concentration of 18 mg/L was associated with
full control of the tonic—clonic seizures of primary generalised epilepsies, but a
mean plasma level of 37 mg/L was required before control of simple or complex
partial seizures was achieved, whether or not these seizures became secondarily
generalised.

Travers et al. (1972) reported that, relative to the phenobarbitone dose, females
tended to have lower plasma levels of the drug than males, though the difference
was not statistically significant. Eadie et al. (1976, 1977) noted no difference in
the steady-state relationship between plasma phenobarbitone concentration and
drug dose between 4-year-old and older males and females. However, compared
with their male counterparts, younger females required substantially lower phe-
nobarbitone doses to attain the same steady-state plasma phenobarbitone
concentrations.
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Fig. 4.1 The relationship between the molecular structures of phenobarbitone and primidone, and
the two main phase I metabolites of phenobarbitone

Interactions

Phenobarbitone is one of the classic inducers of the microsomal mono-oxygenase
enzyme system that catalyses the oxidative metabolisms both of numerous endog-
enous substances and also exogenous molecules, including various therapeutic
drugs (Gillette 1963; Conney 1967). Lecamwasam et al. (1975) showed that con-
tinuous administration of phenobarbitone to humans for more than 7 days caused
increased formation of liver microsomal protein and heightened activities of various
cytochrome P450 enzymes, including CYP3A4 which catalyses numerous drug
biotransformations. As a result of this enzyme induction, continuing phenobarbi-
tone intake is associated with decreased plasma concentrations of endogenous mol-
ecules such as bilirubin, cortisol, folate and unconjugated oestriol. Carbamazepine,
ethinyl oestradiol, phenytoin, valproate and warfarin are among the more relevant
drugs whose clearances are affected by the induction, but there are numerous others.
As mentioned in Chap. 2, the decreased circulating levels of oestrogenic hormones
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resulting from concurrent administration of phenobarbitone may compromise the
effectiveness of certain oral contraceptives that have relatively low oestrogen con-
tents. The kinetics of vitamin K are not affected by phenobarbitone-mediated
enzyme induction. More extensive accounts of the drug’s interactions are available
in the reviews of Patsalos and Perucca (2003a, b).

Several authors have noticed that phenytoin intake tends to cause a rise in plasma
phenobarbitone concentrations (Morselli et al. 1971; Lambie et al. 1976; Windorfer
and Sauer 1977). In contrast, co-administered carbamazepine and clonazepam have
little effect on circulating phenobarbitone levels. Simultaneous administration of
valproate causes a notable increase in plasma phenobarbitone concentrations (Vakil
et al. 1976; Wilder et al. 1978; Bruni et al. 1980). Kapetanovic et al. (1981) showed
that the co-administration of valproate lengthened the half-life of phenobarbitone
and decreased its clearance. This change is associated with falls in the urinary excre-
tions of its oxidative metabolite p-hydroxy phenobarbitone and the drug’s
N-glucoside conjugate (Bernus et al. 1994). Folic acid administration has been
reported not to alter plasma phenobarbitone levels (Baylis et al. 1971) but there have
been contrary findings (Mattson et al. 1973; Eadie et al. 1977).

Adverse Effects

Phenobarbitone has dose-related sedative effects which trouble some patients even
at quite low plasma drug concentrations. Some tolerance to the sedation may
develop if low phenobarbitone dosages are used at the outset and increased very
gradually, recognising that the rather long half-life of the drug means that new
steady-state conditions may not apply until more than 2 weeks after a dosage
change. Different patients respond to the sedation from the drug in different ways.
Some simply become rather depressed, miserable and relatively inert; others
become irritable and aggressive as they struggle against the slowing of their mental
processes produced by the drug. In those with epilepsy, Reynolds and Travers
(1974) found a statistical correlation between increasing plasma phenobarbitone
concentrations in the range that is usually considered to be associated with thera-
peutic benefit and psychomotor slowing and personality change. In frank overdos-
age with the drug, increasing drowsiness, nystagmus, double vision and ataxia of
gait occur.

Long-continued phenobarbitone administration can be accompanied by reduced
plasma folate concentrations and rarely by macrocytic anaemia (Chanarin et al.
1958; Davis and Woodliff 1971). Hypocalcaemia and decreased bone mineral den-
sity have been reported. Critchley etal. (1976) found a 56 % incidence of Dupuytren’s
contracture in the hands of chronic epileptic patients treated with phenobarbitone in
a residential centre, but there do not seem to have been subsequent reports of this
effect. Intake of the drug may precipitate attacks of porphyria in those predisposed
to that disorder. Other complications such as skin rashes, agranulocytosis, aplastic
anaemia and hepatitis are considerable rarities.
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Teratogenicity

This matter is considered in Chap. 9.

Pregnancy
The Mother

As mentioned in Chap. 3, in pregnant women Lander et al. (1977) noted that there
was a changing relationship between phenobarbitone oral dosage and steady-state
plasma phenobarbitone concentrations that was consistent with the apparent clear-
ance of the drug increasing as pregnancy progressed. Employing the term ‘apparent
clearance’ is necessary in this connexion, because in this study no proof was provided
that the full oral dosage of the drug had been absorbed. In the previous year, Mygind
et al. (1976) and Dam et al. (1976) had found no increase in the drug’s clearance in
pregnancy, but during the following decade, Bardy et al. (1982), Hosokawa et al.
(1984), Kan et al. (1984) and Yerby et al. (1990) all found that the behaviour of the
phenobarbitone dose to plasma concentration relationship in pregnancy was consis-
tent with the drug’s clearance being increased, particularly in the later stages of preg-
nancy. There seems to have been little subsequent exploration of the matter, but it
now seems fairly generally accepted that phenobarbitone’s clearance usually increases
in pregnancy and returns to its baseline value after childbirth. Increased biotransfor-
mation probably accounts for the increased clearance, but studies demonstrating this
do not seem to have been reported. It would be interesting to know what happens to
the capacity of the drug’s unusual N-glucosidation pathway during pregnancy.

Battino et al. (1984) noted a tendency for plasma primidone levels to rise, relative to
drug dose, in the second trimester of pregnancy, coinciding with a decrease in plasma
phenobarbitone concentrations derived from the drug. There appears to be no further
information available regarding the mechanisms involved in the change. With the declin-
ing use of primidone, it seems unlikely that an explanation will become available.

The Foetus

In ex vivo studies in perfused human placenta cotyledons obtained shortly after
delivery, Kluck et al. (1988) found that phenobarbitone was comparatively rapidly
transferred across the placenta to the foetal compartment. They obtained no evi-
dence that the placenta could metabolise the drug. De Carolis et al. (1992) reported
that, in five mother—infant pairs at the time of birth, plasma phenobarbitone concen-
trations in maternal and umbilical cord plasma were very similar. Earlier, Melchior
et al. (1967) and Ishizaki et al. (1981) had both shown that phenobarbitone concen-
trations in the neonate’s umbilical cord plasma were some 95 % of the simultaneous
concentrations in maternal plasma.
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Breast Milk

Coradello (1973) could not detect measurable phenobarbitone concentrations in the
milk of lactating women who were taking the drug. However, in a series of studies,
Kaneko et al. (1979, 1982, 1984) found that the mean milk to maternal plasma phe-
nobarbitone concentration ratios were, respectively, 45.9, 36.1 and 34.6 %. Davanzo
et al. (2013) cited a figure of 40-60 % for the parameter.

The Neonate

Phenobarbitone has been used to control seizures in the neonate and some information
is available regarding its pharmacokinetic properties in that age group. The drug’s
apparent volume of distribution appears to be proportionately greater than in the adult.
Painter et al. (1977) quoted a value of 0.97+0.20 L per kg for the parameter, Pitlick
et al. (1978) a very similar value and Fischer et al. (1981) a mean value of 0.81 L per
kg. In neonates, some 57-64 % of the drug in plasma is not protein bound (Bossi
1982). Boreus et al. (1975) observed that the elimination half-life of phenobarbitone in
neonates was inversely related to the plasma phenobarbitone concentration. Pitlick
et al. (1978) found that the elimination half-life shortened from a mean of 115 h at the
end of the first neonatal week to a mean of 67 h by the end of the fourth week. Fischer
etal. (1981) cited a half-life value of 103.4 h and Ishizaki et al. (1981) a mean half-life
value of 74.0 h. The parameter values cited earlier in this paragraph apply to the initial
dose of phenobarbitone received by neonates not previously exposed to the drug. No
information is available concerning the metabolic pathways involved in eliminating
the drug in this age group. It is unclear whether the elimination rates would be similar
in neonates whose mothers had taken the drug throughout pregnancy, in which case
the neonate’s drug-metabolising capacity may have already been induced before birth.

Phenytoin

Phenytoin was developed as an antiepileptic agent in the late 1930s as the outcome
of an attempt to discover new chemicals with molecular structural resemblances to
phenobarbitone and with similar or greater antiepileptic efficacies. The drug remains
in widespread use after more than two-thirds of a century, though in more affluent
societies it is less often employed than formerly.

Chemistry

Phenytoin (5,5'-diphenylhydantoin), a white crystalline material (pK,~8.4), is
marketed for oral use as the free acid (molecular weight 252.3) or as the sodium
salt (molecular weight 274.3). The latter is more water soluble, though still poorly
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so. Oral suspensions of the drug, and a few solid dosage forms, contain the drug as
the free acid. Most oral dosage forms contain the sodium salt. Sodium phenytoin
preparations contain about 8 % less active substance than preparations containing
the same weight of drug but in the form of the corresponding free acid. The solu-
tion of the sodium salt for intravenous or intramuscular injection has a pH of
around 12.

Pharmacodynamics

In the past, numerous possible biochemical mechanisms were proposed to
explain the antiseizure action of phenytoin, but it now appears clear that, at
therapeutically relevant concentrations, the drug’s antiepileptic action is medi-
ated through its effects on cell membrane voltage-dependent Na* ion channels
(Mantegazza et al. 2010). Phenytoin binds to, and then prolongs the inactivation
state of, Na* channels (mainly a-subtypes 1.1, 1.2, 1.3 and 1.6 — Qiao et al.
2014). This is particularly the case when the channels are in their fast-inacti-
vated state (Karoly et al. 2010). The drug’s effect is greater when the cell mem-
brane is already depolarised and in an inactive state than when the membrane is
hyperpolarised (Thomas and Petrou 2013). The Na* channel block becomes use
dependent if the cell membrane is depolarised repeatedly. Phenytoin’s inactiva-
tion of voltage- and frequency-dependent Na* channels renders partly depolar-
ised axons less able to transmit rapid trains of action potentials (as occurs in
epileptic discharges) but has less effect on relatively infrequent and more physi-
ological action potential traffic along axons. The drug binds to the same site in
the inner pore of sodium channel as carbamazepine and lamotrigine do (Lipkin
and Fozzard 2010).

At high concentrations, phenytoin may inhibit axonal and axon terminal cal-
cium channels, thereby potentially stabilising the cell membranes and decreasing
the release of excitatory neurotransmitters, in particular glutamate, from axon
terminals which have been activated by the arrival of action potentials. It also
increases chloride conductance at GABA, receptors. This, at least in theory,
might have an antiseizure effect. Phenytoin has no action at the T-type calcium
channels in the thalamus that are involved in the genesis of absence seizures
(Kuo 1998).

Phenytoin’s rather selective inhibition of fast action potential traffic along axons
seems to account for its ability to impede the spread of epileptic activity while hav-
ing relatively little effect on more physiological rates of transit of neuronal axon
traffic. It also helps explain the observation that the drug tends not to prevent seizure
discharge initiation but deters discharges spreading.

Clinically, phenytoin is useful in controlling most forms of epileptic seizure dis-
order, though not the absence seizures of idiopathic, i.e. genetic, generalised epi-
lepsy. The drug’s action on cell membrane Na* channels has also been utilised to
treat cardiac arrhythmias, myotonia and certain other disorders.
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Pharmacokinetics

The clinical pharmacokinetics of phenytoin was reasonably fully worked out a gen-
eration ago. Little additional knowledge has subsequently become available.

Absorption

The available information concerning the oral bioavailability of phenytoin was
reviewed by Neuvonen (1979). The occurrence of a formulation-related bioavail-
ability issue in Australasia nearly 50 years ago should have alerted the medical
community to the drug’s potential bioavailability issues, but reports of generic phe-
nytoin tablets whose oral bioavailabilities appear incomplete and also possibly
inconsistent continue to appear in the literature (e.g. Berg et al. 2008). Storage of the
drug under conditions of high temperature and humidity may impair its
bioavailability.

Intramuscular administration of phenytoin is too inefficient to be useful clini-
cally, because the drug is absorbed very slowly and inconsistently from its adminis-
tration site. Fosphenytoin, a water-soluble phenytoin prodrug, is better absorbed
after intramuscular administration (Fischer et al. 2003). Intravenously injected phe-
nytoin is fully bioavailable, but the solution is highly alkaline and contains polyeth-
ylene glycol. Consequently, it must be administered very slowly to minimise
unwanted effects. Furthermore, the drug may crystallise from solution if injected
into an intravenous fluid reservoir containing a solution at a more physiological pH,
e.g. glucose saline.

Distribution

In humans, phenytoin is distributed throughout total body water. Published values
for the drug’s apparent volume of distribution have been in the range 0.5-0.8 L/kg.
There seems to be little or no selective regional concentration of the drug. Its concen-
trations in plasma are a little higher than those in red blood cells. Brain phenytoin
levels are slightly higher than simultaneous drug concentration in plasma. Under
steady-state conditions, the drug’s concentration is higher in cerebral white than grey
matter. Phenytoin is transported out of the brain by a P-glycoprotein mechanism situ-
ated in cells in the blood—brain barrier. Animal studies have shown that, if this extru-
sion mechanism is well developed or is induced following repeated seizures, brain
phenytoin concentrations become disproportionately low relative to simultaneous
plasma water drug concentrations. This effect may be associated with apparent treat-
ment resistance in experimental animals with seizures (Loscher 2007). It is not yet
clear whether a similar situation applies in human epilepsy (French 2013).

About 90 % of the phenytoin in adult plasma is bound to plasma proteins, mainly
albumin. The protein-unbound fraction of the drug in plasma is higher in neonates
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than adults and also increases a little with advanced age, in late pregnancy, in the
presence of hypoalbuminaemia from various causes and in that of high glycated
albumin levels, as occur in diabetics. Phenytoin concentrations in cerebrospinal
fluid and routinely collected saliva, tears and sweat are very similar to the unbound
concentrations of the drug in plasma. However saliva phenytoin concentrations vary
with saliva flow rate and are affected by the presence of gum disease (Kamali and
Thomas 1994).

Elimination

Phenytoin is unusual among drugs in present-day therapeutic use in that, at clini-
cally relevant dosages, it exhibits Michaelis—Menten rather than linear elimination
kinetics. Nevertheless, the linear kinetic parameters of elimination half-life and
clearance are often cited for the drug. The numerical values of the latter parameters
are not constant in a given individual but vary with the phenytoin concentration
range over which the values have been determined. The calculated half-life is longer
and the clearance lower, at higher plasma drug concentrations than at lower ones in
the same person. A commonly quoted value for the drug’s half-life over the concen-
tration range likely to be encountered in human therapeutics is 22+S.D. 9 h, with a
clearance value for adults of 0.02 L/kg/h, and for children below 5 years of age, one
of 0.06 L/kg/h.

Most published values for the Michaelis constant (K,,) of phenytoin have ranged
between 3 and 30 mg/L, with the mean around 6 mg/L (24 pmol). This is a lower
concentration than the conventional lower limit of the therapeutic range of plasma
concentrations of the drug (10 mg/L). The saturable elimination of the drug pro-
duces a non-linear relationship between phenytoin dosage and steady-state plasma
phenytoin concentration. Relatively small dose increases are associated with dispro-
portionately large increases in plasma phenytoin concentrations. Published values
for the maximum velocity of phenytoin elimination (V,,,x) have been in the range
6—16 mg/kg/day [17.5-46.7 mg/h]. The values are higher on a body weight basis in
young children than in adults (Bauer and Blouin 1983).

Excretion Unchanged

Less than 5 % of a phenytoin dose is excreted in urine unchanged, the drug being
eliminated mainly through metabolism.

Metabolism

The main known metabolite of the drug, accounting for 60—80 % of the dose, is the

pharmacologically inactive oxidation product p-hydroxy phenytoin (5-phenyl,
5’-p-hydroxyphenylhydantoin, HPPH). The conversion of the parent molecule to
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p-hydroxy phenytoin, via a postulated short-lived arene oxide intermediate, is cata-
lysed by the CYP450 isoforms CYP2C9 and CYP 2C19 and, in the skin, possibly
by CYP2C18. Much of the p-hydroxy phenytoin formed in the phase I biotransfor-
mation stage appears in urine as a glucuronide conjugate formed in a reaction cata-
lysed by UDP glucuronosyl transferase 1A isoforms (Nakajima et al. 2002). Other
quantitatively minor oxidation products are known, e.g. phenolic, dihydrodiol, cat-
echol and O-methyl catechol derivatives (Fig. 4.2). The liver is responsible for
nearly all of the biotransformation of the drug, but some may occur in the gums,
skin and other peripheral tissues.

At conventional dosages in humans, CYP2C9 activity is responsible for some
90 % of the hydroxylation of phenytoin, the [S]-isomer of p-hydroxy phenytoin
being formed preferentially. The [R]-isomer of p-hydroxy phenytoin is formed via
activity of CYP2C19. Poor metabolisers of the now superseded hydantoin deriva-
tive mephenytoin (methoin) form relatively little [R]-p-hydroxy phenytoin (Ieiri
etal. 1995). CYP2C9 polymorphisms may account for the occasional individuals in
Western populations and the more frequent ones of Asian extraction, who cannot
tolerate conventional phenytoin dosages (Kesavan et al. 2010).
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Fig. 4.2 Main pathways of phenytoin metabolism. The heavier arrows indicate the pathways
whose capacity is increased in pregnancy
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Clinical Pharmacokinetics

Kutt et al. (1964) nominated a range of plasma phenytoin concentration between 10
and 20 mg/L (40-80 pmol) as being usually associated with the best chance of achiev-
ing seizure control without producing drug overdosage manifestations. This concen-
tration range has come to be regarded as the ‘therapeutic’ or ‘target’ range for the drug.
However, other authors have proposed different lower and upper limits of the range,
e.g. from 7 mg/L (28 pmol) to 25 mg/L (100 pmol) (Loiseau et al. 1977). In some
patients, seizures are controlled at plasma concentrations above or below the
10-20 mg/L range, without unwanted effects of the drug occurring (Patsalos et al.
2008). Schmidt et al. (1986) found that a mean plasma phenytoin concentration of
14 mg/L (56 pmol) sufficed to control generalised tonic—clonic seizures, but a mean
concentration of 23 mg/L (92 pmol) was required to control partial seizures. The ther-
apeutic range values for the drug in plasma water (i.e. the unbound plasma concentra-
tion) and in saliva are approximately one-tenth of those that apply for whole plasma.

For plasma phenytoin concentrations in the ‘therapeutic’ or ‘target’ range, new
steady-state conditions should apply 4-8 days after a phenytoin dosage change. At
higher circulating drug concentrations steady-state conditions may be more delayed
after a dosage change (up to about 2 weeks). Under steady-state condition, the peak-
to-trough fluctuation in therapeutic range plasma phenytoin concentration in adults
is likely to be of the order of +10 % over a 12 h dosage interval. There are greater
inter-dosage fluctuations over the same time interval in children.

In a population taking commonly used adult dosages of phenytoin (300 or
400 mg/day), there is a wide range of steady-state plasma phenytoin concentrations.
An appreciable proportion of the values falls outside the therapeutic range.
Expressing drug dosage relative to body weight improves the correlation. In the
average adult, a phenytoin dose of 5 mg/kg/day will be associated with a mean mid-
therapeutic range steady-state plasma phenytoin concentration of 15 mg/L (60 pmol).
Prepubertal children, with their higher velocities of elimination of the drug, are
likely to require double that dosage to achieve a similar mean steady-state plasma
drug concentration. Neonates and children in the first few months of life and the
elderly require slightly lower doses on a body weight basis than the average adult.

As mentioned above, if a patient’s phenytoin dosage has to be increased, it is important
to realise that the Michaelis—Menten elimination kinetics of the drug will cause plasma
levels of the drug to increase more than if linear elimination kinetics had been applied.

If the presence of a reduced plasma protein-binding capacity for phenytoin is
suspected, measurement of unbound plasma phenytoin or salivary phenytoin con-
centrations is likely to provide a more reliable basis for interpreting the clinical situ-
ation than the whole plasma drug concentration value.

Some workers have reported that, for a give phenytoin dose, adult females have
statistically significantly lower plasma phenytoin levels than adult males (Sherwin
et al. 1974; Richens 1975). Others have not detected such differences (Eadie et al.
1973; DeLeacy et al. 1979). The latter workers noted that when oral contraceptives
were being taken, plasma phenytoin concentrations tended to be higher relative to
drug dose than in women not taking these agents.
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In some women, plasma phenytoin levels tend to fall, relative to the drug dose,
around the time of menstruation (Rosciszewska et al. 1986). Shavit et al. (1984)
showed that the clearance of phenytoin tended to be higher and the elimination half-
life shorter, at the time of menstruation as compared with the values of these param-
eters at the mid-interval of the menstrual cycle.

Interactions

Over the years, numerous interactions between phenytoin and endogenous sub-
stances and co-administered drugs have been described (Nation et al. 1990; Patsalos
and Perucca 2003a, b; Patsalos 2013). Nearly all the interactions are pharmacoki-
netic in nature and mainly involve altered rates of metabolism of one or both of the
substances involved. The interactions that have been described are too numerous for
detailed individual consideration here.

Interactions Altering Phenytoin Concentrations

A few interactions involve altered phenytoin absorption, but these are unlikely to prove
an issue during pregnancy. Certain endogenous substances and various acidic drugs (e.g.
salicylates, valproic acid, heparin) may displace phenytoin from its plasma protein-bind-
ing sites. These interactions are also unlikely to cause subsequent difficulties during
pregnancy unless free (i.e. protein-unbound) drug concentrations are used as a guide to
the adequacy of antiepileptic therapy, as may be done particularly in late pregnancy.
Interactions that alter phenytoin metabolism are a different matter. Taking drugs
which inhibit phenytoin metabolism may cause raised phenytoin concentrations and
possibly overdosage manifestations. For example, co-administration of antiepileptic
drugs such as ethosuximide, felbamate, oxcarbazepine and sulthiame may result in
increased plasma phenytoin levels relative to the drug dose. Interactions which involve
induction of phenytoin metabolism, thus lowering its plasma concentrations, are more
common. Such interactions may go unnoticed, unless plasma phenytoin concentrations
are monitored or seizure control deteriorates. Primidone, vigabatrin, carbamazepine and
phenobarbitone may be responsible for such interactions. However, the opposite effect
sometimes occurs when carbamazepine or phenobarbitone is added to phenytoin ther-
apy. The effects of valproic acid on plasma phenytoin levels appear to be inconsistent.

Phenytoin Affecting Other Substances

Phenytoin may alter the elimination of other substances by inducing: (1) the synthe-
sis of the CYP isoenzymes responsible for their metabolism, including not only
CYP2C isoforms but also CYP3A4 (which catalyses many drug oxidations) and
CYP1A12, and (2) the synthesis of certain glucuronyl transferases involved in drug
conjugation. As well, co-administered phenytoin may inhibit the metabolism of
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other CYP2C9 or CYP2C19 eliminated drugs. Drugs that may be encountered in
pregnant women, and whose plasma concentrations are likely to be reduced in the
presence of phenytoin include, among antiepileptic agents, carbamazepine, cloba-
zam, clonazepam, felbamate, lamotrigine, primidone, tiagabine, topiramate, valproic
acid, ethosuximide and zonisamide. Phenytoin’s effect on circulating phenobarbi-
tone concentrations is variable. Plasma levels and clinical effectiveness of many car-
diovascular agents, chemotherapeutic agents, hormonal agents, psychotropic agents
and other substances may be reduced by concurrent phenytoin administration.

The references cited at the beginning of the present chapter provide additional
information regarding the drug’s numerous described interactions.

Adverse Effects

Numerous adverse effects of phenytoin have been described over its long period of
extensive use in humans. Some adverse effects are clearly dose related; others probably
involve hypersensitivity reactions, possibly related to immune-mediated processes.

Nervous System

Phenytoin overdosage tends to produce manifestations of vestibulocerebellar distur-
bance before sedation becomes troublesome. There may be horizontal nystagmus,
typically at plasma phenytoin concentrations above 20 mg/L (80 pmol). At concentra-
tions above 30 mg/L (120 pmol), ataxia of gait and double vision occur. At concentra-
tions above 40 mg/L (160 pmol), drowsiness, sometimes with nausea and vomiting,
and, at still higher concentrations, coma develop (Kutt et al. 1964). There are consid-
erable interindividual differences in the correlation between phenytoin concentration
and adverse effects. Some patients experience unwanted effects even at plasma levels
below the conventional therapeutic range. Other patients appear untroubled at plasma
phenytoin levels above 30 mg/L (120 pmol). Occasional patients may experience
mood disorders, mainly depression, as the dose of the drug is increased. Paradoxically,
seizure control may deteriorate in some patients as plasma phenytoin levels become
‘supratherapeutic’ or if the drug has been prescribed for epilepsy syndromes that
involve absence or myoclonic seizures. Rarely, phenytoin overdosage results in vari-
ous dyskinetic and dystonic involuntary movements, asterixis or ophthalmoplegia.
Shorvon and Reynolds (1982) reported that the drug may cause subclinical, and occa-
sionally clinically recognisable, peripheral neuropathy.

Skin and Gums
Within the first few days of phenytoin intake, 5-10 % of patients given the drug

develop a measles-like rash, usually appearing first on the trunk. If phenytoin intake
is not ceased promptly, more extensive and serious skin and internal organ
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involvement can develop. Other cutaneous reactions, e.g. Stevens—Johnson syn-
drome, systemic lupus erythematosus, exfoliative dermatitis and toxic epidermal
necrolysis, are less frequent. Continued phenytoin intake may cause an overgrowth
of body hair, particularly in dark-haired women. Acne and coarsening of facial fea-
tures can develop.

Intravenous administration of phenytoin may lead to a ‘purple glove’ syndrome
with progressive skin discoloration, oedema and pain which involve the hand and
forearm distal to the administration site (O’Brien et al. 1998). Too rapid intravenous
infusion of the drug is better avoided. As well, thrombophlebitis may develop in the
vein into which the drug has been administered. The incidence of this adverse effect
appears to be lower when intravenous fosphenytoin is used (Fischer et al. 2003).

Gum hyperplasia may develop in between 13 and 40 % of those taking phenyt-
oin. The topic has been reviewed on several occasions (Meraw and Sheridan 1998;
Ayra and Gulati 2012). The severity of the gum hyperplasia seems related to the
plasma phenytoin level, though poor dental hygiene makes the hypertrophy more
obvious.

Bone

Long-term phenytoin intake, alone or together with another older antiepileptic drug,
can be responsible for the development of reduced bone mineral density and some-
times overt osteomalacia resulting from increased bone turnover. Plasma calcium
levels may fall and alkaline phosphatase levels increase, with reduced plasma
25-hydroxycholecalciferol concentrations. The problem is likely to be worse if the
diet is poor in vitamin D content and if there is little exposure to sunlight. Induction
of vitamin D metabolism by the drug, and possibly impaired intestinal absorption of
dietary calcium, appears to be responsible.

Lymphoid Tissue

Rarely, a widespread but reversible lymphadenopathy, a pseudolymphoma syn-
drome, can develop after long-term phenytoin use. Histologically the appearance of
the affected lymph glands resembles that of Hodgkin’s disease. Even more rarely,
true lymphoma has been reported in association with the drug.

Folates

Continued phenytoin intake may cause reduced plasma and red blood cell folate
levels, the extent of the reduction being related to the plasma phenytoin concentra-
tion. The mechanisms involved are not fully elucidated. In patients taking long-term
phenytoin therapy, the folate deficiency may occasionally result in megaloblastic
anaemia.
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Cardiovascular Effects

Oral phenytoin therapy in usual dosages is very unlikely to cause cardiovascular
disturbances. Intravenous administration of the drug is potentially hazardous, there
being dangers of hypotension, cardiovascular collapse and central nervous system
depression.

Other Effects

Phenytoin intake can precipitate attacks of porphyria in sufferers from the disorder.
If paroxysmal hypoglycaemic symptoms from an insulinoma are misdiagnosed as
manifestations of epilepsy and treated with phenytoin, the real diagnosis may be
further delayed because phenytoin can diminish pancreatic insulin secretion. As a
result, the drug for a time may appear to provide successful therapy. Rare adverse
effects of the drug include hepatitis, vasculitis, interstitial lung infiltration, intersti-
tial nephritis, myopathy, thyroiditis, arthritis and the suppression of the formation of
particular lines of blood cell.

Phenytoin intake can produce various asymptomatic biochemical effects. These
include raised plasma levels of y-glutamyl transpeptidase, alkaline phosphatase,
high-density lipoprotein (HDL) cholesterol, caeruloplasmin, copper, prolactin and
sex hormone-binding globulin. It may also cause reduced plasma concentrations of
folate (discussed above), IgA, IgG, IgE, IgM, fibrinogen, thyroxine, triiodothyro-
nine (but not free T, and T;), protein-bound iodine, vitamin K, vitamin E, vitamin D
metabolites (mentioned above), cortisol, oestrogens, progesterone, free testoster-
one, pyridoxal phosphate, tryptophan and thiamine. As mentioned in Chap. 2, the
reduced circulating steroidal sex hormone levels may be associated with a dimin-
ished libido and with other disturbances of sexual functioning.

Teratogenicity

This topic is considered in Chap. 9.

Pregnancy

The Mother

Once the altered relationship between phenytoin dose and plasma phenytoin concen-
trations during pregnancy was recognised in the 1976-1977 period (see Chap. 3), the
explanation for the changes was sought. One possibility was that the oral bioavail-
ability of the drug was decreased during pregnancy. Ramsay et al. (1978) described
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a single instance in which this may have occurred. In the 22nd week of her preg-
nancy, the woman involved appeared to excrete 56 % of her daily phenytoin dose (of
900 mg) unchanged in faeces. At 3 months and subsequently at 30 months postpar-
tum, by which time the oral dose of the drug had fallen to 400 mg a day, the propor-
tion of the dose lost in faeces had decreased, initially to 40 % and finally to 23 % of
the oral dose. No further instances of such altered phenytoin absorption from the
alimentary tract during pregnancy have been reported. Lander et al. (1984) carried
out an opportunistic formal bioavailability investigation in five women who suffered
their first epileptic seizures during pregnancy. Before commencing regular phenytoin
intake, each woman received an initial intravenous dose of phenytoin followed a
week later by an oral dose of the same magnitude. Except for folate, which all the
women were taking, none of the women took any other agent known to affect plasma
phenytoin concentrations. The calculated oral bioavailability fraction for the drug
ranged from 0.79 to 1.01, with a mean value of 0.91+0.10 (Fig. 4.3). It therefore
appears unlikely that an incomplete oral bioavailability is the usual explanation for
the drug’s altered dose to steady-state concentration relationship during pregnancy.
An increased apparent volume of distribution, related both to the water retention
of pregnancy and to the increased volume of the overall maternal—foetal unit, always
seemed likely to make some contribution to the reduced plasma phenytoin levels
relative to phenytoin dose in pregnancy. However, it seemed more likely that the
main factor involved would be increased elimination of the drug. Several published
measurements have demonstrated increased numerical clearance values for phe-
nytoin during pregnancy. However, as mentioned when discussing the interpretation
of clearance values for a drug whose elimination is better described by Michaelis—
Menten kinetics than linear ones, the quantitative significance of phenytoin clear-
ance value changes can be somewhat uncertain. Being aware of this, Dickinson
et al. (1989) carried out studies at stages between the 20th and 36th week of
pregnancy and again between eight and 16 weeks postpartum, in five women taking
regular phenytoin therapy. These women received single intravenous 50 mg doses
of stable isotope-labelled phenytoin on their study days, while continuing to take
their usual oral phenytoin dosage, less the equivalent of the 50 mg intravenous dose,
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on that day. Plasma stable isotope and total phenytoin concentrations were mea-
sured at intervals over the next 72 h. Simultaneous fitting of equations to the paired
concentration—time data sets on each occasion permitted calculation of the
Michaelis—Menten parameters of the drug during and after pregnancy in the same
woman (Figs. 4.4 and 4.5). The mean maximum velocity of phenytoin elimination
during pregnancy (1170+600 mg per day) was statistically significantly higher than
that after pregnancy (780+470 mg per day). The Michaelis constant was also higher
during pregnancy (18.2+8.4 mg/L in whole plasma, 2.5+0.85 mg/L in plasma
water) than after pregnancy (10.2+7.4 and 1.16+0.65 mg/L respectively). The dif-
ference in the plasma water values for the Michaelis constant was also statistically
significant. For what it is worth, the calculated clearance of the isotopic drug in
pregnancy was also statistically significantly higher (0.025+0.012 L per kg per
hour) [1.75 L/h] than after pregnancy (0.021+0.013 L per kg per hour) [1.47 L/h].

The increased elimination parameter values for the drug during pregnancy must
represent consequences of increased biotransformation of the drug, since the intra-
venously administered isotopic drug was fully bioavailable.
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Are the capacities of all the metabolic pathways for the drug’s biotransformation
enhanced during pregnancy or only those of particular pathways? On two occasions
during pregnancy, and once postpartum, Eadie et al. (1992) studied five pregnant
women who were not taking any other drug metabolism-inducing agent. They found
that the urinary excretion of the main phenytoin metabolite, p-hydroxy phenytoin,
accounted for a mean of 56.6 % of the dose in earlier pregnancy, one of 64.3 % of
the dose in later pregnancy but only one of 52.9 % of the dose postpartum.
Subsequently Bernus et al. (1997), with the ability to measure additional urinary
excretion products of the drug, found in a larger group of women with epilepsy that
during pregnancy there was increased urinary excretion of both the main para-
hydroxylated metabolite of the drug and that of this metabolite’s conjugates, mainly
glucuronides, in urine. However, there was no increase in the excretion of the diol
derivative of the drug and also no significant increase in the excretion of unmetabo-
lised phenytoin (see Fig 4.2).

Near term, the plasma protein binding of phenytoin tends to be decreased (Dean
et al. 1980; Ruprah et al. 1982).

The Foetus

Phenytoin concentrations are similar in neonatal umbilical cord plasma and in
simultaneously collected maternal plasma (Mirkin 1971; Ishizaki et al. 1981).

Breast Milk

Phenytoin concentrations in human breast milk are lower than simultaneous con-
centrations of the drug in whole plasma. Kaneko et al. (1979, 1982, 1984) in a series
of measurements found that the mean values for phenytoin concentration in breast
milk ranged between 18.1 and 18.8 % of those in maternal plasma. Bar-Oz et al.
(2000) found that breast milk phenytoin concentrations were between 3 and 55 %
of maternal plasma ones. Davanzo et al. (2013) in a recent review stated that the
drug’s milk to plasma ratio was 0.18-0.45 (the figure varying to an extent with the
fat and protein content of the milk). A breast-fed infant would be unlikely to receive
enough phenytoin from breast milk to produce overdosage effects, unless the
mother was herself considerably overdosed with the drug.

The Neonate

The unbound fraction of the drug in plasma is higher in the neonate than in the
adult.

In the neonate exposed to phenytoin during pregnancy, blood coagulation defects,
probably due to a relative deficiency of vitamin K-catalysed clotting factors, have
been claimed to cause bleeding on the first neonatal day unless the mother receives
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vitamin K before delivery and/or the baby receives prophylactic vitamin K immedi-
ately after birth. Presumably phenytoin induces the conversion of the vitamin to
inactive products. The more recent literature suggests that the risk of this adverse
effect may not be as great as was earlier thought. Kaaja et al. (2002) failed to find
evidence of any increased bleeding tendency in neonates exposed to enzyme-
inducing antiepileptic drugs during pregnancy.

Carbamazepine

Carbamazepine came into use as an antiepileptic agent in the 1960s and at much the
same time found a place as an effective treatment for trigeminal neuralgia (tic dou-
loureux). It remains in widespread use half a century later and is sometimes consid-
ered to be the gold standard against which to assess the efficacies of more recently
developed agents for treating focal (partial) epilepsies.

Chemistry

Carbamazepine (5-carbamyl-5H-dibenz[b.flazepine) is a white crystalline material
(MW 236.26). It is very poorly soluble in water, and no satisfactory parenteral
formulation for human use has become available. The molecule is essentially
neutral in pH and does not ionise in biological fluids.

Carbamazepine is marketed in solid dosage forms, mainly in 100 mg, 200 mg
and 400 mg dosage units, some with modified release properties, and in oral
suspensions.

Pharmacodynamics

The molecular mechanism of action of carbamazepine at the concentrations at
which it is effective in human therapeutics appears to be rather similar to that of
phenytoin, viz. blocking cell membrane voltage-dependent Na* ion channels.
Carbamazepine has other known mechanisms of action, though the extents to which
these contribute to its antiseizure and pain-suppressing effects are unclear. In exper-
imental preparations, the drug binds to brain adenosine receptors and can cause
their upregulation (Marangos et al. 1987).

The action of carbamazepine on the cell membrane voltage-dependent Na* chan-
nels in active tissues enables the drug to limit fast trains of axon impulses spreading
from their neural sites of origin, rather than inhibiting the initiation of the impulse
trains (Julien and Hollister 1975). This action appears capable of accounting for the
usefulness of the drug in all forms of focal epilepsy and in the convulsive seizures
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of idiopathic, i.e. genetic, generalised epilepsy. The drug does not appear particu-
larly effective in controlling myoclonic seizures and is not useful in treating absence
seizures. The same mechanism of action appears to account for carbamazepine’s
efficacy in relieving the pain of trigeminal and glossopharyngeal neuralgias and for
its ability to blunt the severity of other neuralgic-type pains, e.g. painful peripheral
neuropathies. Carbamazepine may also be used to treat non-nephrogenic diabetes
insipidus and myotonia. In recent years it has been increasingly employed in man-
aging psychiatric illness.

Pharmacokinetics
Absorption

Both the speed and the extent of the absorption of orally administered carbamaze-
pine in solid dosage forms are influenced by the particle size of the drug in the prepa-
ration studied (Dam et al. 1981; Neuvonen 1985). The drug is absorbed considerably
faster when administered in solution than in solid dosage forms (absorption half-
time 0.29 h versus 1.72 h — Levy et al. 1975). If the particle size is too coarse, the
orally administered drug may not be fully bioavailable, and if the particle size is too
small, the drug may be absorbed quickly enough to cause temporary symptoms after
intake, e.g. unsteadiness of gait and double vision associated with nystagmus.
Carbamazepine appears to be one of those drugs for which patients are well advised
to continue to use the same manufacturer’s preparation on all occasions. In good-
quality preparations, the drug’s oral bioavailability seems reasonably complete but
may still be vulnerable to the vagaries of gastrointestinal tract motility.

A range of values has been reported for the time of achieving peak plasma levels
of the drug after a single oral dose. The values have been between 2 and 9 h (Rey
et al. 1979), 6 to 24 h (Morselli 1975) and 5 to 35 h (Cotter et al. 1977). Gerardin
et al. (1976) found that the higher the carbamazepine dose used, the more delayed
the time to achieve maximum plasma concentration became.

Distribution

Close to 75 % of the carbamazepine in plasma is bound to proteins (albumin and
a;-acid glycoprotein). Some 48-53 % (Morselli 1975) or 63+9 % (Elyas et al.
1986) of the drug’s biologically active metabolite carbamazepine-10,11-epoxide is
bound to plasma proteins.

Values for the volume of distribution of carbamazepine, assuming complete oral
bioavailability of the drug, have ranged between 1.43+0.37 L per kilogram
(Westenberg et al. 1978) and 0.74 L per kilogram (Bertilsson and Tomson 1986),
the average probably being a little over 1.0 L per kilogram. Such values would be
consistent with the drug being distributed fairly uniformly throughout body water,
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though perhaps achieving some selective storage in some body site or sites. The
apparent volume of distribution of the epoxide metabolite is 0.74 L per kilogram
(Bertilsson and Tomson 1986).

The drug’s concentration in red blood cells is only 38.3+17.9 % of its simultane-
ous concentration in plasma (Hooper et al. 1975). The epoxide metabolite does not
enter red blood cells.

Carbamazepine concentrations in cerebrospinal fluid average some 20-25 % of
those in plasma. Therefore the CSF concentration of the drug should provide a valid
measure of its simultaneous plasma water one. Similarly, the salivary concentrations
of the drug reflect its plasma water ones. Salivary concentrations of carbamazepine-
10,11-epoxide average 14—70 % of those in plasma (MacKichan et al. 1981).

Elimination

The elimination of carbamazepine seems to follow simple linear kinetics. After a
first dose of the drug, mean values of the elimination half-life are around 36 h. There
is no evidence of dose dependence in the half-life over the dosage range of 3-9 mg
per kilogram (Levy et al. 1975).

Because of uncertainty regarding the completeness of absorption of some orally
administered carbamazepine preparations, only apparent clearance values for the
drug are available. These have been in the range 0.7—1.8 L per hour, with Westenberg
et al. (1978) citing a several times higher figure of 0.076+0.032 L per kilogram per
hour, though this figure was obtained in patients chronically treated with the drug
and was expressed on a body weight basis. The explanation for this latter apparently
aberrant value probably lies in the fact that, with continued intake, carbamazepine
over some days or weeks induces its own metabolism and thereby increases its own
clearance value. This auto-induction process causes steady-state plasma carbamaze-
pine levels to increase less with consecutive dosage increases than would have been
expected from the drug’s plasma concentration at earlier lower doses.

Excretion Unchanged

Only some 2 % of a carbamazepine dose is excreted in urine without being metabo-
lised. To some extent depending on the properties of the solid dosage form studied, up
to 10-15 % of the orally administered drug may be present in faeces. It therefore
appears that majority of the bioavailable drug must be eliminated through metabolism.

Metabolism
Carbamazepine is biotransformed via several known pathways (Fig. 4.6). The most

important one, at least from the clinical point of view, is an oxidation that yields the
reasonably stable epoxide intermediate, carbamazepine-10,11-epoxide. This substance
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Fig. 4.6 Major known metabolic pathways for carbamazepine and for the structurally related
antiepileptic drug oxcarbazepine

possesses activity against both epilepsy and trigeminal neuralgia (Morselli 1975). Its
formation is catalysed by CYP3A4. Epoxide hydrolase activity then converts the epox-
ide to a dihydrodiol derivative which lacks pharmacological activity and is excreted in
urine mainly as a glucuronide conjugate. Tomson et al. (1983) calculated that about
25 % of a carbamazepine dose is normally eliminated along this epoxide—diol path-
way. Other carbamazepine metabolites include phenolic, catechol and O-methyl cate-
chol derivatives that are produced by oxidations on one of the benzene rings of the
molecule. These metabolites again appear in urine mainly as glucuronide conjugates.

Clinical Pharmacokinetics

As mentioned above, the epoxide metabolite of carbamazepine is biologically
active. Therefore attempted correlations between plasma levels of the parent drug
and measures of biological activity, in particular seizure control, should take into
consideration the simultaneous concentrations of both drug and metabolite.

With regular oral carbamazepine intake, steady-state conditions would be
expected to apply after some 7 or 8 days, if the elimination half-time for the parent
molecule remained constant at its initial value of around 36 h. However, the drug’s
progressive auto-induction of its metabolism after any dosage change may shorten
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the time for steady-state conditions to apply. In practice, during continuous intake in
monotherapy, the half-life of carbamazepine is likely to be around 15-20 h. Therefore
there may be some inter-dosage fluctuation in plasma levels when the drug is taken
twice daily. Using stable isotope-labelled drug during chronic therapy, Eichelbaum
et al. (1982) calculated that the elimination half-life of the drug was 12.3+0.8 h.
Plasma carbamazepine—epoxide levels tend to parallel simultaneous plasma carbam-
azepine levels after an initial dose of the drug. This implies that the rate of decline in
the concentrations of the metabolite is determined not by its elimination rate but by
its formation rate. Plasma carbamazepine—epoxide levels relative to drug dose tend
to be slightly higher in females than in males (McKauge et al. 1981).

There seems fairly general agreement that plasma carbamazepine levels of
around 5 or 6—12 mg/L (Patsalos et al. 2008) are associated with the best chance of
achieving control of epileptic seizures of the types likely to respond to the drug and
also relief of trigeminal and other neuralgic pain syndromes, without unacceptable
adverse effects being present. McKauge et al. (1981) attempted to measure simulta-
neous plasma concentrations of carbamazepine and its epoxide to see if the com-
bined values yielded a better correlation with antiseizure effects than plasma
concentrations of the parent drug did. No advantage accrued from the attempt.

An important issue clinically can arise if another drug, particularly the antiepi-
leptic agent phenytoin, which induces CYP3A4 activity, is administered simultane-
ously with carbamazepine. The rate of elimination of carbamazepine is thus
enhanced, and more carbamazepine is converted to its epoxide metabolite. As a
result, steady-state plasma carbamazepine levels fall, but higher concentrations of
the epoxide are present in plasma. In this situation some patients will not tolerate
plasma carbamazepine levels of 8 mg/L or higher, and the clinician may need to
work to a lower carbamazepine therapeutic range than the conventional 5 or
6—12 mg/L one. Also, after each dose, peak plasma carbamazepine levels will occur
sooner than if the drug was used in the absence of a CYP3A4-inducing agent.
Adding phenytoin to twice-daily carbamazepine therapy may lead to patients expe-
riencing temporary carbamazepine toxicity 1-2 h after oral intake. Subdividing the
carbamazepine dose so that the drug is taken three or four times a day will nearly
always resolve this problem without needing to alter the total daily drug dose.

The correlation between steady-state plasma carbamazepine concentrations and
drug dose in the treated population is relatively poor, partly because of the possible
variables that may be involved in the situation, viz. the auto-induction and possible
hetero-induction of drug-metabolising capacity, as well as the borderline oral bio-
availability of some marketed carbamazepine preparations.

Interactions

Carbamazepine has been reported on several occasions to reduce circulating levels
of both total and free thyroxine (e.g. Bensten et al. 1983). Serum immunoglobulin
levels apart from that of IgG may be altered (Gilhus et al. 1982). The effects of
carbamazepine administration on plasma phenytoin levels are inconsistent, in some
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individuals increasing, in some lowering and in others being associated with little or
no changes in the levels. Carbamazepine appears to enhance the conversion of prim-
idone to phenobarbitone (Battino et al. 1983) and increases the clearance of valpro-
ate, resulting in lowered circulating concentrations of the latter (Panesar et al. 1986).
The drug increases the clearance of warfarin and may thus compromise the latter’s
anticoagulant effects.

Valproate, but not other antiepileptic drugs in common use, may displace carba-
mazepine from its plasma protein-binding sites (Mattson et al. 1982). The frequently
encountered interaction between phenytoin and carbamazepine has been discussed
above in the Clinical Pharmacokinetics section because of its importance in relation
to interpreting plasma carbamazepine concentrations. Phenobarbitone administra-
tion also causes lowered plasma carbamazepine concentrations relative to drug dose,
with a rise in plasma carbamazepine—epoxide levels. Valproate, too, may alter the
relationship between circulating concentrations of carbamazepine and its epoxide.

Drugs apart from antiepileptic agents, e.g. propoxyphene, verapamil, diltiazem,
isoniazid, nicotinamide, danazol and erythromycin, may interact with carbamaze-
pine to raise its plasma levels. Many of these substances are inhibitors of CYP3A4.

Adverse Effects

Given in high enough dosages, or introduced so rapidly into treatment that there is
not time for the effects of auto-induction to develop, carbamazepine can produce
appreciable sedation with drowsiness and intellectual dulling, and sometimes irrita-
bility, aggressiveness and confusion, and also impaired psychomotor performance.
In overdosage, nystagmus and ataxia of gait develop, with a sense of disequilibrium.
At more substantial overdosage, double vision and drowsiness are present. Various
forms of dyskinesia and dystonia have rarely been reported.

In the first week or two of exposure to carbamazepine, a skin rash may appear,
most often an erythematosus macular one. If this happens, it is advisable to abandon
the drug to avoid the development of more major hypersensitivity reactions such as
hepatitis. There is a known association of pharmacogenomics importance between
serious carbamazepine cutaneous hypersensitivity reactions and carriage of the
HLA-B*15:02 and HLA-A*31:01 genes, both of which are common in Southeast
Asian populations (Amstutz et al. 2014). In long-term carbamazepine use, delayed
chronic skin lesions very occasionally develop.

Carbamazepine produces increased plasma antidiuretic activity, apparently by an
effect at hypothalamic osmoreceptors. This action can be of therapeutic use in man-
aging diabetes insipidus. It may also occasionally be responsible for symptomatic
hyponatraemia, and this may activate epileptogenic foci to cause a recurrence of
seizure activity. If this happens, additional carbamazepine may be prescribed if the
culprit mechanism is not recognised.

When carbamazepine first came into use, there was concern that it might cause
significant agranulocytosis and perhaps aplastic anaemia. The basis of these con-



Carbamazepine 53

cerns was never clear; the fears were never realised and are now largely forgotten.
The drug may cause bradycardia and a reversible hepatitis and can precipitate epi-
sodes of acute intermittent porphyria.

Teratogenesis

Carbamazepine-related teratogenesis is considered in Chap. 9.

Pregnancy
The Mother

It seems to be fairly widely accepted in the literature that plasma carbamazepine
concentrations fall relative to drug dose as pregnancy progresses, e.g. Dam et al.
(1979), and that the drug’s apparent clearance is increased (Lander and Eadie 1991).
However, the situation may not be quite that simple. Battino et al. (1985) com-
mented that plasma carbamazepine levels were fairly stable throughout pregnancy
and that the clearance of the drug between weeks 4 and 24 of pregnancy was higher
than that between weeks 25 and 32. Yerby et al. (1985) noted that the intrinsic clear-
ance of carbamazepine, i.e. the clearance of the protein-unbound fraction of the
drug in plasma, remained fairly stable throughout pregnancy. The plasma protein
binding of both carbamazepine and its 10,11-epoxide metabolite is slightly
decreased in pregnancy, particularly in late pregnancy, compared with postnatally
(Yerby et al. 1985).

Bernus et al. (1995) compared carbamazepine apparent clearances in ten women,
when pregnant and when not pregnant. Four of the women were taking another
potentially enzyme-inducing antiepileptic drug; the remaining six took carbamaze-
pine in antiepileptic drug monotherapy. In the women receiving carbamazepine
only, the mean clearance during pregnancy was 127.1+35.9 L per day [5.30 L/h]
and after pregnancy 116.9+39.7 L per day [4.87 L/h], a slightly higher value in
pregnancy that was not statistically significant. However, for the four women taking
a potentially enzyme-inducing second antiepileptic drug, the corresponding values
were 216.9+58.1 L per day [9.04 L/h] and 154.3+46.2 L per day [6.43 L/h], a dif-
ference of greater magnitude that was statistically significant. Possibly the various
hormonally driven changes that accompany pregnancy add relatively little further
induction to any already existing auto-induction of carbamazepine metabolism, but
if a second drug with enzyme-inducing capabilities is present, there is a greater
capacity for pregnancy to induce cytochrome P450 activity.

In the same group of women, Bernus et al. (1995) compared the actual clear-
ances of carbamazepine to urinary excretion products along a number of metabolic
pathways during pregnancy and in the non-pregnant state. In those receiving
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carbamazepine monotherapy, there was a considerable increase during pregnancy in
carbamazepine-10,11-epoxide excretion and a decrease, though a relatively small
one, in metabolism along the 2-hydroxy carbamazepine pathway. Otherwise there
were no statistically significant changes. In the women also taking potentially
inducing agents, there again was the increase along the urinary carbamazepine-
10,11-epoxide excretion pathway but also a substantial increase in excretion along
the carbamazepine—diol and the 2-hydroxy carbamazepine pathways, with a border-
line increase in excretion of urinary carbamazepine—acridan. It therefore appears
that, depending on the actions of various drug-metabolising enzyme-inducing
agents which may or may not be co-administered during pregnancy, different carba-
mazepine metabolic pathways may be activated in pregnancy.

The Foetus

Little information is available regarding carbamazepine disposition in the foetus.

Breast Milk

Pynnonen and Sillanpaa (1975) reported that carbamazepine concentrations in human
breast milk were some 60 % of maternal plasma ones and that carbamazepine—epox-
ide concentrations were 93 % of those in maternal plasma. However, Kaneko et al.
(1979) found that the carbamazepine concentrations in breast milk averaged about
40 % of those present in maternal plasma. Davanzo et al. (2013) stated that milk car-
bamazepine concentrations were 69 % of those in maternal plasma.

The Neonate

The plasma protein binding of both carbamazepine and carbamazepine-10,11-
epoxide is lower in the neonate than in the adult, having values of, respectively,
29.8-30.6 % and 47.5-52 % in the very young (Groce et al. 1985). Yerby et al.
(1985) found that, at birth, maternal concentrations of carbamazepine and its epox-
ide were, respectively, 40 % and 48 % higher than those in the neonate.

Valproate

Valproate’s antiepileptic properties were discovered accidentally in 1961 while it
was being used as a solvent in the testing of other substances for their antiepileptic
effects. The drug has been very extensively used in the treatment of epilepsy and in
more recent times increasingly employed in psychiatry and for purposes such as
migraine prophylaxis.
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Chemistry

Valproic acid (pKa 4.95) is the trivial name for n-propyl pentanoic acid, sometimes
called di-n-propyl acetic acid. It is often marketed as the sodium salt (MW 166.198),
a hygroscopic white powder that is often provided in coated preparations to avoid
uptake of atmospheric moisture if it is not stored in a sealed container. In some
countries the drug is also available as the coordination complex sodium hydrogen
valproate or in the form of the prodrug valproamide. After absorption from the ali-
mentary tract, regardless of the chemical nature of the preparation used, the active
ingredient is absorbed and exists in the body as the valproate ion.

As well as oral administration in solid or liquid dosage forms, the drug may be
given rectally or by intravenous infusion. The solid dosage form is usually available
in 100, 200 and 500 mg units.

Pharmacodynamics

Valproate has several known biochemical mechanisms of action that would be
expected to contribute to its antiepileptic effects. Firstly, it blocks voltage-dependent
cell membrane Na* ion channels, a mechanism of action which it shares with phenyt-
oin, carbamazepine and lamotrigine. Secondly, at clinically relevant concentrations,
the drug raises brain concentrations of the inhibitory neurotransmitter y-aminobutyrate,
mainly by inhibiting the enzyme succinate-semialdehyde dehydrogenase. The drug
also reduces brain levels of the excitatory amino acid neurotransmitter aspartate.

This broader range of potential antiepileptic mechanism of action than those of
the drugs previously discussed in this chapter probably correlates with the fact that
valproate is effective against a wider range of epileptic seizure types than the antiepi-
leptic drugs hitherto considered. Its spectrum of antiepileptic activity covers virtu-
ally all of the common types of human epileptic seizure disorder, including absences.

Pharmacokinetics
Absorption

Orally administered valproate appears to be both completely and rapidly absorbed
from the alimentary tract. For practical purposes the drug’s oral bioavailability is
100 %. Peak plasma valproate levels are likely to occur within 1-3 h of oral intake
unless the drug is given in enteric-coated preparations which are designed to delay
its release and thus prolong the presence of effective drug concentration in the body.
If the drug is taken by mouth as the amide or the semi-sodium salt, the active ingre-
dient seems to be released prior to absorption from the intestinal tract.
Absorption of the drug after rectal administration is reasonably efficient.
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Distribution

Calculated values for the apparent volume of distribution of valproate have gener-
ally been in the range 0.15-0.20 L per kilogram, suggesting that the drug’s distribu-
tion is largely restricted to extracellular water. Estimates of the parameter in young
children yield somewhat higher values, raising the possibility that in this age group
the drug enters intracellular water.

Like other fatty acids, valproate binds to plasma proteins and may compete with
fatty acids for plasma protein-binding sites. The extent of the drug’s protein binding
varies with the valproate concentration. At concentrations in the range 50-100 mg/L,
levels commonly encountered in human therapeutics, about 90 % of the drug is nor-
mally protein bound. The binding fraction begins to diminish once the valproate
concentration exceeds 80 mg/L and can be as low as 70 % at valproate concentra-
tions of 150 mg/L (Cramer et al. 1986). Less valproate appears to be bound to plasma
protein in the elderly. The binding also decreases in the latter half of pregnancy.

Valproate concentrations in cerebrospinal fluid are generally similar to those in
plasma water. Monaco et al. (1982) quoted a mean value of 11 % for the parameter.
However concentrations of valproate in saliva appear to bear little relationship to
simultaneous concentrations of the drug in either plasma water or whole plasma.

Elimination

Valproate has linear elimination kinetics, with an elimination half-life in the range
of 815 h. The half-life tends to be shorter when enzyme-inducing antiepileptic
drugs are present simultaneously.

The drug’s clearance values are higher in children than in adults and also tend to
be higher if other enzyme-inducing antiepileptic drugs are being taken. During
chronic therapy, the mean valproate clearance value is 0.018 L per kilogram per hour.

Excretion Unchanged

Very little valproate is excreted unchanged in urine. Some investigators have not
detected measurable amounts. Knowing the complete oral bioavailability of the
drug, the almost negligible appearance in urine of the intact molecule indicates that
the drug undergoes extensive biotransformation.

Metabolism

A considerable amount of investigation has been carried out into valproate biotrans-
formation. The two main pathways involved are: (1) fatty acid -oxidation and (2)
direct conjugation of valproate with glucuronic acid, forming an ester glucuronide.
However there are a number of quantitatively less significant pathways, as



Valproate 57

illustrated in Fig. 4.7. The valproate molecule itself may bind to carnitine, and it
may be dehydrogenated at its 5, , ®-1 and y-carbon atoms to yield a considerable
array of derivatives which then undergo further metabolism. The niceties of this
chemistry are unlikely to be important to the contemporary clinician.

At lower valproate doses, the main metabolic pathway of the drug is fatty acid
B-oxidation which forms, consecutively, [E]-2-en-valproate (which seems to pos-
sess some biological activity), 3-hydroxy-valproate and finally 3-oxo-valproate,
which enters the Krebs tricarboxylic acid cycle. At higher valproate doses, the drug
load seems to outstrip the capacity of the -oxidation pathway. The predominant
biotransformation mechanism then increasingly becomes direct conjugation of val-
proate with glucuronic acid.
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Fig. 4.7 Pathways of valproate biotransformation, showing molecular structures of its f-oxidation
products. Thick arrows and bold type indicate the quantitatively major pathways of metabolism
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Clinical Pharmacokinetics

Depending on whether or not modified release formulations of valproate are used,
peak plasma levels of the drug may be expected anywhere from 2 to 5 h after drug
intake. Steady-state conditions apply some 3 days after a dosage change. The thera-
peutic range of plasma concentration of the drug is often said to be 50-100 mg/L
(Patsalos et al. 2008), but it is difficult to trace adequate quality studies on which
this recommendation has been based. Because the drug is effective for different
forms of epilepsy, it is possible that there may be different lower limits to the thera-
peutic ranges for different types of seizure disorder. A similar consideration may
apply to the threshold concentration that provides benefit in treating other indica-
tions, e.g. the prevention of migraine. The upper limit of the therapeutic range for
the drug tends to be determined by the development of adverse effects, commonly a
noticeable ataxic tremor involving the upper limbs.

Interactions

Valproate may displace drugs such as phenytoin, carbamazepine, phenobarbitone
and diazepam from their plasma protein-binding sites. The displacement of phe-
nytoin might be expected to increase its clearance and therefore decreases its plasma
concentrations. In practice, raised plasma phenytoin levels have sometimes been
reported due to the interaction. If valproate is co-administered with phenobarbitone
or a drug that is converted to phenobarbitone in the body, there can be a substantial
rise in plasma phenobarbitone concentrations. This occurs because valproate inhib-
its the N-glucosidation pathway that accounts for the clearance of some 25 % of a
phenobarbitone dose (Bernus et al. 1994). Valproate enhances the metabolism of
carbamazepine along its epoxidation pathway (Pisani et al. 1986) and decreases the
clearances of ethosuximide and diazepam. Crawford et al. (1986) found that valpro-
ate did not alter the plasma levels of ethinyl oestradiol and levonorgestrol, compo-
nents of several oral contraceptive preparations.

Plasma valproate concentrations are reduced by concurrent phenytoin or pheno-
barbitone intake or by the presence of carbamazepine, which increases the valproate
clearance. Plasma valproate levels are also decreased by oral contraceptive intake
(Herzog et al. 2009).

Adverse Effects

Relative to the extent of its use, valproate has been responsible for rather few serious
adverse effects. The drug tends to be less sedating than many other antiepileptic
drugs, though it is not without sedative effects, particularly at high dosages.
Occasionally it can cause disturbed behaviour in young people and also confusion,
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aggressiveness and sometimes stupor. It tends to make essential tremor more severe
and can bring a previously latent essential tremor to clinical notice.

Occasional patients taking valproate complain of some thinning of scalp hair.
Weight gain occurs with some frequency in those taking the drug. There may some-
times be a fall in circulating platelet numbers though this rarely has clinical conse-
quences. As mentioned in Chap. 2, valproate has acquired a reputation for being
associated with the presence of the polycystic ovary syndrome (e.g. Crawford
2009). However, Bauer et al. (2000) found that, at least in women with focal epilep-
sies, the incidence of the syndrome in women taking valproate was similar to that in
association with carbamazepine exposure and also that present in untreated women.

Liver function tests may be altered by valproate intake. Usually this is of no
clinical consequence if the alterations are of small magnitude. However, mainly in
children, there have been instances of an unusual form of liver failure associated
with valproate intake. This may not occur immediately after use of the drug com-
mences and can be delayed for months, even years, during which the patient appears
quite well. Pathologically, the affected liver may show either diffuse microvesicular
steatosis like that of Reye’s syndrome, or actual liver cell destruction with inflam-
matory cell infiltration of the liver stroma and portal tracts, and bilirubin retention.
In recent times, reports of this condition seem to have become substantially less
frequent. Its exact pathogenesis remains uncertain. There have been suggestions
that the liver injury is a toxic reaction to high concentrations of the unsaturated
valproate metabolite 4-en-valproate or that it is a consequence of a limited capacity
of the drug’s B-oxidation processes leading to diversion of the drug’s metabolism
towards y-dehydrogenation. Even less commonly, acute pancreatitis may occur in
association with valproate intake.

There have been reports of low fibrinogen levels in women taking valproate, and
there has been a description of a newborn infant who died of uncontrollable bleed-
ing (Majer and Green 1987).

Teratogenicity

This topic is discussed in Chaps. 8 and 9.

Pregnancy
The Mother

Philbert et al. (1985) noted a fall in plasma valproate concentrations relative to drug
dose in late pregnancy, but there is a general impression that the whole plasma lev-
els of the drug, when it is used in monotherapy, do not vary greatly over the course
of pregnancy.
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The Foetus

Valproate crosses the placenta (Dickinson et al. 1979), probably by a process of
passive diffusion along concentration gradients (Bailey and Briggs 2005). Fowler
et al. (1989) found no evidence that the drug was metabolised in ex vivo perfused
human placental lobules. Omtzigt et al. (1992) measured the concentration of val-
proate and some of its metabolites in amniotic fluid and noted that their concentra-
tions in that fluid were proportionate to their concentrations in maternal plasma.

Breast Milk

Philbert et al. (1985) stated that the valproate concentration in human milk was
some 5-10 % of the concentration in maternal plasma. Kaneko et al. (1984) cited a
similar value, but Davanzo et al. (2013) quoted a figure of 42 % for the parameter.

The Neonate

Nau et al. (1984) found that the ratio of umbilical cord venous to maternal plasma
valproate concentrations was 1.7+0.5 for whole plasma and 0.47+0.24 for the
protein-unbound drug. Philbert et al. (1985) stated that, at term, umbilical cord vein
valproate levels were 145-219 % of simultaneous maternal venous plasma levels of
the drug.
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Chapter 5
Commonly Used Newer Antiepileptic Drugs

Abstract Data are available in the literature for the clinical pharmacologies of
three newer antiepileptic drugs which have achieved a moderate amount of use in
pregnant women, viz. lamotrigine, topiramate and levetiracetam. There is more
information available for the first of these drugs than for the other two. The clear-
ance value for lamotrigine, which is almost fully biotransformed to glucuronides, is
considerably increased during pregnancy, with the clearances of topiramate (elimi-
nated by a mix of metabolism and renal excretion unchanged) and levetiracetam
(eliminated mainly by renal excretion without prior metabolism) being less
increased. Relatively little information is available concerning the dispositions of
the three drugs in the neonate, though there are published data for maternal plasma
to breast milk concentration ratios.

At the time of writing, several of the antiepileptic drugs that have been introduced
into therapeutic practice in the past quarter of a century seem to have become used
increasingly by pregnant women, with apparently satisfactory outcomes. The clini-
cal pharmacologies of the three most commonly encountered of these agents are
discussed below.

Lamotrigine

Lamotrigine was developed as an antiepileptic agent after it was noticed that use of
high doses of the older antiepileptic drugs phenobarbitone and phenytoin was asso-
ciated with reduced circulating folate concentrations. This knowledge suggested
that lamotrigine, with a molecular structure resembling part of the folate molecule,
might have antiepileptic effects by interfering with the actions of folate. This has
proved not to be lamotrigine’s mechanism of antiepileptic action. Nevertheless, the
drug has been found effective in treating many of the commonly occurring varieties
of epilepsy. Lamotrigine has a reasonably trouble-free adverse effect profile and, at
least in more affluent countries, has come into rather extensive use both in treating
epilepsy and in managing certain psychiatric disorders.
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Chemistry

Lamotrigine [3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine] is a white solid
with a relatively poor aqueous solubility, a molecular weight of 256.09 and a pK
value of 5.7. It is marketed in 5, 25, 50, 100 and 200 mg solid dosage forms.
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Pharmacodynamics

As mentioned above, lamotrigine does not act via folate-related mechanisms. Like
phenytoin and carbamazepine, its antiepileptic effect is achieved by blocking voltage-,
use- and frequency-dependent Na* ion channels in cell membranes. In doing this,
lamotrigine in effect discriminates against the passage of rapid trains of axon impulses
while interfering less with axon impulse transmission at more physiological frequen-
cies. This mode of action reduces the release of neurotransmitters at axon terminals,
particularly that of the excitatory molecule glutamate. Thus the drug’s mechanism of
action is hardly different from those of the other Na* channel-blocking antiepileptic
agents phenytoin and carbamazepine. However, lamotrigine also has some inhibitory
effects on voltage-activated Ca** currents and on K* conductances. The drug’s action
on Na* channels may explain its effectiveness in controlling focal epilepsies and the
generalised convulsive seizures of genetic generalised epilepsy. However, the known
biochemical mechanisms of action of the drug do not seem capable of explaining why
it can also be effective against absence seizures and against some forms of myoclonic
seizure (though there are reports that it can make the latter worse).

Pharmacokinetics

The pharmacokinetic parameters that are quoted below apply for lamotrigine when
used as the sole antiepileptic agent. In clinical practice the drug is not infrequently
prescribed in combination with other antiepileptic drugs. The various parameters
may then have different values, as will be mentioned when the pharmacokinetic
interactions that involve the drug are considered.

Absorption

Lamotrigine is nearly always administered by mouth and seems to have a virtually
complete oral bioavailability. Peak plasma levels of the drug occur 1-3 h after intake.
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Distribution

The drug has an apparent volume of distribution of around 1.2 or 1.3 L per kg, con-
sistent with its being distributed throughout body water and also achieving some
higher local concentration somewhere in body tissues. Lamotrigine’s concentra-
tions in the brain are calculated to be about 2.8 times of those in serum. Approximately
55 % of the lamotrigine in plasma is bound to proteins, a figure which correlates
with the drug’s concentration in cerebrospinal fluid (which averages 43 % of its
plasma concentrations). Lamotrigine’s concentration in saliva is also similar to its
unbound concentration in plasma (Malone et al. 2006).

Elimination

Lamotrigine’s elimination follows linear kinetics. Its half-life after an initial dose is
approximately 33 h and in chronic use around 25 h. The drug’s first-dose clearance
15 0.026 L per kg per hour, but the value is higher when the drug is in continued use.
This is not a particularly high clearance value and does not suggest that the drug
undergoes any extensive pre-systemic metabolism. The clearance is higher in chil-
dren, some 0.038 L per kg per hour. There is no evidence that lamotrigine induces
its own metabolism to any significant extent, and it does not induce the cytochrome
P450 drug-metabolising enzyme system.

Excretion Unchanged

Very little unmetabolised lamotrigine is excreted in urine. In view of its complete
apparent oral bioavailability, the drug therefore appears to be eliminated almost
exclusively by metabolism.

Metabolism

A little more than 3/4 of a lamotrigine dose is excreted in urine as a 2-N-glucuronide,
with a small amount as a 5-N-glucuronide and with something less than 1 % as a
2-N-methyl derivative. The glucuronidations are catalysed by UDP glucuronosyl
transferase 1A4 (Chen et al. 2009). In Gilbert’s syndrome, with its decreased gluc-
uronidation capacity, the clearance of lamotrigine is diminished. The glucuronide
metabolites of lamotrigine appear to lack biological activity.

Clinical Pharmacokinetics

Lamotrigine concentrations can be monitored in plasma or serum or in saliva
(Malone et al. 2006). There is a broad correlation between increasing plasma levels
of the drug and increasing proportions of patients who achieve seizure control if
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they have types of epilepsy that normally respond to the drug. However the concen-
tration range over which seizure control is achieved in the individual is quite wide.
Early suggestions that the drug has a therapeutic range of 1-4 mg/L have been
superseded by a proposed therapeutic set of values ranging between 1 and
15 mg/L. Patsalos et al. (2008) cited a range of 2.5-15 mg/L. Such a range is too
wide to be helpful clinically in providing a preliminary indication that a therapeuti-
cally adequate dose of the drug has been prescribed. Nevertheless, the plasma
lamotrigine concentration in the individual whose seizures are controlled provides a
valuable indicator for guiding the future management of the seizure disorder in that
particular patient, for instance, during pregnancy.

Interactions

The pharmacokinetic interactions in which lamotrigine is involved are mainly ones with
agents that affect the glucuronidation of the drug, its main pathway of elimination.

Drugs which induce the capacity for glucuronidation, such as the older antiepi-
leptic drugs phenobarbitone, phenytoin and carbamazepine and also rifampicin and
lopinavir, may cause reduced lamotrigine plasma levels relative to the lamotrigine
dose. As mentioned previously (Chap. 3), oestrogens may induce UDP-glucuronosyl
transferases, and oestrogen-containing oral contraceptive use is associated with a
tendency for plasma lamotrigine concentrations to be lower relative to the drug dose
(Herzog et al. 2009; Wegner et al. 2009). This particularly is the case in the earlier
parts of the menstrual cycle where the combined oral contraceptives provide oestro-
gen only. This same interaction with oestrogens contributes to the behaviour of
plasma lamotrigine concentrations during the course of pregnancy.

Valproate inhibits the glucuronidation of lamotrigine and raises its plasma level
relative to its dose. There have been reports that plasma lamotrigine levels may not
fall during the course of pregnancy if valproate is also taken by the woman involved.
Presumably, the effects of pregnancy and of the drug—drug interaction cancel each
other. The magnitude of the interaction between valproate and lamotrigine in clini-
cal practice is such that significantly lower than otherwise expected lamotrigine
doses should be used if the drug is introduced into the treatment regimen of a patient
already taking valproate.

Adverse Effects

Lamotrigine is not a particularly troublesome antiepileptic drug from the viewpoint
of causing adverse effects.

Skin rashes may occur, nearly always quite early in the course of treatment.
When the drug was first introduced into therapeutics, it was reported to cause a very
fine, almost pinpoint, erythematous rash in the first few days of intake. If treatment
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with the drug was ceased and then resumed in lower dosage, this rash was reported
not to recur. Sometimes rashes associated with the drug may be quite severe and
even life-threatening, e.g. a Stevens—Johnson syndrome.

The drug does produce a degree of sedation which is dosage related and can be
responsible for mental dulling, dizziness, blurred or double vision, drowsiness and
ataxia of gait. Lamotrigine has a reputation for interfering less with sexual function
than certain other antiepileptic agents.

Other adverse effects of the drug are uncommon.

Teratogenesis

The issue of lamotrigine-associated teratogenesis is discussed in Chap. 9.

Pregnancy
The Mother

While studying lamotrigine concentrations in breast milk and in the neonate,
Rambeck et al. (1997) noticed that the drug’s concentration in maternal plasma rela-
tive to the drug dose fell during pregnancy and rose again by the third postpartum
week, necessitating a reduction in the lamotrigine dose at that stage. In the same
year, Tomson et al. (1997) followed the relationship between the lamotrigine dose
and the circulating concentration of the drug throughout pregnancy and the postna-
tal period, thus obtaining data on the course of the steady-state apparent clearance
of the drug. Compared with the situation that applied five months after giving birth,
by late pregnancy the apparent clearance of lamotrigine had increased by a factor of
3.6 and at term was 5.8 times higher than postpartum. Tran (2002) then reported that
lamotrigine’s clearance increased by 50 % during pregnancy. De Haan et al. (2004)
later followed the relationship between circulating lamotrigine concentrations and
drug dose during 12 pregnancies in women who took the drug in monotherapy. The
ratio (i.e. the reciprocal of the steady-state apparent clearance) fell by about 40 %
during pregnancy and quickly returned to its pre-pregnancy value after the baby was
delivered. The ratio reached its trough in the period between 20 and 30 weeks of
pregnancy and began to rise again in the final 10 weeks. Pennell et al. (2004) fol-
lowed plasma lamotrigine levels monthly throughout pregnancy in 14 women and
found the drug’s apparent clearance increased (by more than 330 %) by the 32nd
week of gestation and thereafter declined. Figure 5.1 shows the course of the appar-
ent clearance of lamotrigine during and after pregnancy in one woman.

Thus, by about a decade after lamotrigine began to come into general clinical
use, reasonably good evidence had become available that the clearance of the drug
increased during human pregnancy.
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Fig. 5.1 The behaviour of the apparent clearance of lamotrigine during and after pregnancy in one
woman

Subsequent studies have confirmed the existence of this increased clearance when
the drug is used in pregnancy in the absence of potentially interacting co-medication.
Petrenaite et al. (2005), in 11 pregnancies, described a 65 % clearance increase in the
second trimester with the increase remaining at 65.8 % in the third trimester. These
authors commented on the degree of variation in the increase in the individual
women. Franco et al. (2008) found a mean increased clearance of 164 % by late
pregnancy, and Pennell et al. (2008) in 53 pregnancies found that both the total clear-
ance and the clearance of unbound lamotrigine were increased in all trimesters of
pregnancy, the peak increases being 94 and 89 % respectively in the third trimester.
Fotopoulou et al. (2009) cited a 197 % increase in the first trimester, a 236 % increase
by the second trimester and a 248 % increase by the final trimester, with the clear-
ance reverting to its baseline value by three weeks after giving birth. In 69 pregnan-
cies in which lamotrigine was used in monotherapy, Reisinger et al. (2013) found the
mean apparent clearance of the drug in L per day was first trimester, 1.64+0.82
[0.068 L/h]; second trimester, 2.53 +1.47 [0.105 L/h]; and third trimester, 2.09+1.01
[0.087 L/h], as compared with a value of 0.87+0.42 [0.036 L/h] when not pregnant.
Polepally et al. (2014), on the basis of a population pharmacokinetic analysis, found
that two sets of pregnant women existed in relation to their capacities to eliminate
lamotrigine. The smaller group had only a small increase in clearance; in the larger
group, the clearance increase was roughly an order of magnitude greater. They did
not determine the different clearance mechanisms that were involved.
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Pennell et al. (2004) inferred that an increased renal excretion of the drug might
be responsible for the drug’s increased clearance during pregnancy. However, when
Ohman et al. (2008) measured the ratio of the circulating concentrations of
lamotrigine-2-N-glucuronide to lamotrigine in pregnancy and at 3 months postpar-
tum, they found the ratio was 154 % higher during pregnancy. The subsequent evi-
dence continues to be consistent with the maternal metabolism of lamotrigine being
increased during pregnancy via enhanced glucuronidation. Reimers et al. (2011)
found that the lamotrigine clearance was 118 % higher in the eighth month of preg-
nancy than in the second, and in the eighth month, the concentration ratio of
lamotrigine-2N-glucuronide to lamotrigine in plasma was increased by 164 %.
These workers also noted that, though plasma lamotrigine levels had begun to fall
relative to drug dose in the second month of pregnancy, the plasma lamotrigine-2N-
glucuronide to lamotrigine ratio was unchanged at that stage. They interpreted this
finding in terms of plasma lamotrigine levels initially falling because of increased
renal excretion of the drug, with the enhanced glucuronidation developing later. The
increased glucuronidation of lamotrigine during pregnancy appears to correlate
with the statement of Sabers (2008) that oestrogens induce UDP-glucuronosyl
transferases and with the demonstration of Chen et al. (2009) that the enzyme induc-
tion is produced by 17-p-oestradiol.

The Foetus

In an ex vivo study, Myllynen et al. (2003) showed that lamotrigine crossed the
perfused human placenta from the maternal to the foetal side readily and achieved a
mean foetal-maternal ratio of 0.83+0.41 at a maternal lamotrigine plasma concen-
tration of 2.5 mg/L, and a ratio of 1.26+0.20 at a maternal 10 mg/L plasma concen-
tration of the drug.

Some measurements of the concentration of lamotrigine in umbilical cord venous
blood, relative to the simultaneous concentration of the drug in maternal blood, are
available. The values provide some indication of the likely concentrations of the
drug to which the foetus would be exposed, at least in later pregnancy. Fotopoulou
et al. (2009) found that the concentrations were virtually identical in maternal and
umbilical vein blood. Kacirova et al. (2010) determined that the median infant to
maternal plasma concentration ratio was 0.91 (range 0.40-1.38).

Breast Milk

There was interest in the concentration of lamotrigine in breast milk from a relatively
early stage in the drug’s use in clinical practice. Rambeck et al. (1997) found a milk
to maternal serum mean ratio of 0.56+0.11 while they followed the parameter over
145 days of breast feeding in one patient. Tomson et al. (1997) found the ratio was 0.6
at 2 weeks postpartum, when the baby’s circulating lamotrigine concentration was
25 % of the maternal one. Ohman et al. (2000) cited the mean value for the ratio as
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0.61 at a time when the baby’s lamotrigine concentrations had a mean value of about
30 % of that of the mother. De Haan et al. (2004) quoted a 0.54 value for the ratio,
though only three women were studied, Newport et al. (2008) a mean value of 0.41,
Fotopoulou et al. (2009) one of 0.59 and Clark et al. (2013) one of 0.33. Davanzo
et al. (2013) reported a wide range of values for the parameter (0.57-1.47).

The Neonate

As mentioned immediately above, during breast feeding the baby’s circulating
lamotrigine concentrations are about 25 % or 30 % of those in the mother, though
Newport et al. (2008) cited a figure of 18.3 %. There is a report of an infant who
became unacceptably sleepy while being breast fed by a mother who was taking
lamotrigine. The baby, who had a circulating lamotrigine concentration of
4.87 mg/L, became alert again once breast feeding was ceased (Nordmo et al. 2009).

Published data for the elimination half-life of the drug in the neonate who is not
breast fed have not been traced.

Topiramate

Topiramate’s antiepileptic effectiveness was discovered after it was realised that the
molecule, synthesised for a different purpose, possessed a degree of structural
resemblance to that of acetazolamide, a drug that had some success in treating epi-
lepsy but never became established in that role (Shank et al. 2000). Topiramate has
proved a reasonably potent antiepileptic agent that has achieved moderately wide-
spread use in recent years, at least in more affluent countries. The drug has subse-
quently found increasing employment in migraine prevention.

Chemistry

Chemically, topiramate is 2,3:4,5-bis-O-(1-methylethylidene)-a-D-fructopyranose
sulphamate, a whitish monosaccharide derivative (MW 339.37, pKa value 8.61). It
is moderately soluble in water and is marketed in solid dosage forms for oral use,
mainly as tablets containing 25, 50, 100 and 200 mg of the active ingredient, and is
also available as a sprinkle preparation.
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Pharmacodynamics

Topiramate has several known mechanism of action at the molecular level. The role
that each of these mechanisms plays in its antiepileptic, migraine-preventing and other
actions is unclear. The drug inhibits voltage-sensitive Na* and high-voltage-activated
L-type Ca?* ion channels, inhibits kainate-activated AMPA-type glutamate receptors
and potentiates the actions of GABA in increasing Cl- flux at GABA receptors. It also
is a relatively weak carbonic anhydrase inhibitor, and as already mentioned, a rather
more potent inhibitor, acetazolamide, had previously been used for treating some
forms of childhood epilepsy. Any or all of these mechanisms of actions might achieve
an antiepileptic effect. However, the drug’s mechanism of action on Na* channels is
not identical with that shared by phenytoin, carbamazepine and lamotrigine. The
mechanism through which topiramate prevents migraine is currently unexplained.

Clinically, the drug is capable of controlling all varieties of focal (partial) epi-
lepsy and the generalised convulsive seizures of idiopathic, i.e. genetic, generalised
epilepsies. It is also useful in preventing the drop attacks of the Lennox—Gastaut
syndrome but does not seem able to prevent absence seizures occurring.

Pharmacokinetics

The published pharmacokinetic information relating to topiramate is not particu-
larly extensive. Garnett (2000) assembled the data available at his time of writing.
Not a great deal has been added since.

Absorption

When given by mouth, topiramate seems to be reasonably fully absorbed. It has a
calculated oral bioavailability fraction of 0.81-0.95. Peak plasma levels are attained
some 2—4 h after oral intake of the drug.

Distribution

Topiramate has a somewhat limited distribution in the body, the value of its apparent
volume of distribution being 0.6-0.8 L per kilogram, suggesting that the molecule
is largely confined to body water without any particular concentration in tissues.
Jovanovic et al. (2013) carried out population pharmacokinetic modelling on data
from 78 patients treated with the drug, though in many instances the patients
involved were also receiving other antiepileptic agents. These authors calculated
that the apparent volume of distribution value for topiramate was 0.575 L per Kg.
Some 9-17 % of the topiramate in the circulation is bound to plasma proteins.
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Elimination

The elimination kinetics of topiramate are linear.

In their population pharmacokinetic study, Jovanovic et al. (2013) found that
topiramate had an elimination half-life of 20-30 h in the absence of potential
enzyme-inducing agents and one of 10—15 h in their presence. Garnett (2000) cited
a half-life value of 19-23 h.

The apparent clearance of the drug in the non-induced subject is 1.32-2.16 L per
hour or 1.53 L per hour (Jovanovic et al. 2013). In those whose drug-metabolising
enzymes are already induced, the clearance value may be perhaps twice as great. The
renal clearance of the drug is 1.02-1.08 L per hour. This value suggests that, after
glomerular filtration, the unmetabolised drug undergoes substantial reabsorption
from renal tubular urine. Topiramate is a P-glycoprotein substrate, but it is not known
whether this molecular transport mechanism is involved in the drug’s renal handling.
The apparent clearance of the drug from the body is higher in children aged over 6
months than in adults and decreases a little in the elderly. Because a substantial pro-
portion of the topiramate dose is excreted in urine as the intact molecule, the drug’s
clearance might be expected to diminish if glomerular function is impaired.

Excretion Unchanged

When used in the absence of substances which induce drug-metabolising enzymes,
some 60-70 % of a topiramate dose is excreted in urine without being metabolised.
Garnett (2000) put the figure at 80 %. In the presence of enzyme-inducing sub-
stances, the proportion of the dose excreted unchanged decreases to about 40 %.

Metabolism

In the absence of CYP450 drug-metabolising enzyme induction, the majority of a
topiramate dose is excreted intact in urine, but the remaining topiramate molecule
in the body may undergo a rather extensive array of metabolic alterations. None of
the metabolites possess biological activity. There are hydroxylated derivatives,
products of hydrolysis, residues after the sulphamate moiety is split from the parent
molecule, and glucuronide and sulphate conjugates. Quantitative data regarding
these various biotransformation pathways are not available.

Clinical Pharmacokinetics

Topiramate plasma levels tend to be proportional to the drug dose ingested. A thera-
peutic range of plasma concentrations for the drug (5-20 mg/L) has been proposed
(Patsalos et al. 2008). However, in clinical practice, topiramate dosages are nearly
always adjusted on the basis of the clinical response and on the absence or presence
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of adverse effects that can be ascribed to the drug. Topiramate is commonly used in
conjunction with other antiepileptic drugs when seizure disorders are being treated.
In these circumstances, induction of topiramate metabolism may occur, shortening
the drug’s half-life so that twice-daily intake may become desirable to maintain
relatively stable steady-state drug concentrations across the dosage interval.

Steady-state conditions should apply again 4-6 days after a topiramate dosage
change.

Interactions

As mentioned above, drugs such as phenytoin and carbamazepine, which induce
both CYP450 isoenzymes and UDP-glucuronosyl transferases, increase the clear-
ance of topiramate and lower its plasma concentrations. The available information
concerning the effects of valproate co-administration on topiramate concentrations
is difficult to assess.

Topiramate does not appear to produce induction of the body’s drug-metabolising
enzymes though, at high drug doses, some induction of CYP2C19 may occur. This
particular P450 isoenzyme is involved in phenytoin metabolism but accounts for
only a very small proportion of the phenytoin dose. Therefore the induction is
unlikely to have any significant consequence for plasma phenytoin concentrations.
At topiramate doses above 200 mg a day, there is evidence that the drug can lower
plasma concentrations of ethinyl oestradiol (Rosenfeld et al. 1997), though the
study that demonstrated this was carried out in women co-medicated with valproate.
This raises the possibility that topiramate may induce UDP-glucuronosyl transfer-
ase synthesis. If this induction did occur, its effect on ethinyl oestradiol could have
implications for the efficacy of combined oral contraceptives.

Adverse Effects

Topiramate probably has a greater tendency to produce sedation than several other
antiepileptic drugs in contemporary use. This sedation can lead to mental slowing,
somnolence and impaired cognition and may limit the possibilities of prescribing
effective antiepileptic dosages of the drug. Topiramate may produce a tendency to
overbreathing, but patients are not likely to be significantly distressed by this. Like
other carbonic anhydrase inhibitors, topiramate fairly frequently causes tingling
around the lips and in the fingers. This side effect is rarely severe enough to cause
patients to cease taking the drug once they know the origin of the symptom.

There have been occasional reports of the occurrence of renal calculi associated
with the use of topiramate. Rather frequently, intake of the drug has been associated
with some weight loss, a side effect that may not necessarily be unacceptable to
patients.
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Teratogenicity

The teratogenicity of the drug is discussed in Chap. 9.

Pregnancy

A few papers have been published that contain information on the pharmacokinetics
of topiramate during human pregnancy.

The Mother

Westin et al. (2009) studied 15 pregnancies in 12 women taking topiramate,
sometimes in conjunction with other antiepileptic drugs. In the first trimester,
the mean plasma topiramate concentration to dose ratio was 0.0686 +0.0262, in
the second trimester 0.0499 +0.0160 and in the third trimester 0.0476 +0.0213,
the baseline non-pregnant ratio being 0.0752 +0.0240. (These values are recip-
rocals of steady-state apparent clearances.) It thus appears that there was a sta-
tistically significant increase in the clearance of the drug in the second and third
trimesters of the pregnancies, with the increases probably beginning in the first
trimester.

At much the same time, Ohman et al. (2009) followed the apparent clearances
of topiramate throughout the course of 10 pregnancies, in not all of which the
women were taking the drug in monotherapy. Outside pregnancy, the apparent
clearance averaged 37.3+15.9 L per day [1.55 L/h], in the first trimester
49.4+29.4 L per day [2.06 L/h], in the second trimester 67.5+23.4 L per day
[2.81 L/h] and in the third trimester 65.1+30.4 L per day [2.71 L/h]. Thus there
was a mean increase in clearance during pregnancy of 71.8 %. Ohman et al.
(2009) commented on the degree of variation in the increased clearances of topi-
ramate in different women that was found in their study. The increased clearances
in pregnancy occurred, irrespective of whether the women involved took topira-
mate in antiepileptic drug monotherapy or together with enzyme-inducing
co-medications.

In both the above studies, the increase in clearance appeared to plateau in the last
trimester of pregnancy. There was no clear indication as to how quickly the clear-
ance returned to its normal value after pregnancy ended. As well, no information
was provided concerning possible alterations in the pathways of metabolism of the
drug during pregnancy. Ohman et al. (2009) did raise the possibility that pregnancy
might impair the oral bioavailability of the drug and, through this means, increase
its apparent clearance. However, they thought increased metabolism was a more
likely explanation, though they had no direct evidence to support this
interpretation.
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The Foetus

Ohman et al. (2002) had earlier carried out some measurements of circulating topi-
ramate concentrations in five mother—baby pairs shortly after delivery, again at 24,
48 and 72 h postpartum and also at 1 and 3 months after childbirth. At birth, the
drug’s concentrations in the maternal circulation (2.6—17 pM, i.e. approximately
0.9-5.8 mg/L) and in umbilical cord veins were virtually identical, suggesting that
during pregnancy the drug crossed the placenta easily.

Breast Milk

The measurements of Ohman et al. (2002), referred to in the paragraph immediately
above, showed that topiramate concentrations in breast milk averaged 86 % (67—
100 %) of those in maternal plasma during the second and third months of breast
feeding. Davanzo et al. (2013) quoted a similar figure for the parameter (86—110 %).

The Neonate

No information is available regarding the behaviour of topiramate concentrations in
the neonate during breast feeding or after exposure to the drug ceases.

Levetiracetam

Levetiracetam first became available for therapeutic use in 1999 and relatively rap-
idly found a place as a major antiepileptic agent. It possesses certain advantages
over previously available antiepileptic drugs.

Chemistry

Chemically, levetiracetam is (=) (S)-a ethyl-2-oxo-1-pyrrolidine-acetamide. The
drug is supplied as the S-enantiomer only, not as the racemate, the R-enantiomer
being biologically inactive. It is a water-soluble whitish material, molecular weight
170.1, and has a pKa value that cannot be determined accurately.
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The drug is marketed in solid dosage forms in units containing 250, 500,
1000 and 2000 mg of active substance. Modified-release forms are available in
some countries. It is also available as a solution for intravenous injection
(100 mg per ml).

Pharmacodynamics

Unlike nearly all other marketed antiepileptic drugs, levetiracetam exerts no protec-
tive effects in the very commonly used experimental model, the maximum electro-
shock seizure, which has become virtually the standard screening test to detect
antiepileptic activity. The drug is also ineffective experimentally in certain other
commonly employed experimental seizure disorder models, though it is effective in
others.

Levetiracetam’s molecular mechanism of action is thought to be mediated
through its binding to the synaptic vesicle protein SV2A. How this binding achieves
the antiepileptic effect of the drug is not easily explained. Possibly the binding inter-
feres with neurotransmitter release at axon terminals. The drug is displaced from its
SV2A binding sites by the structurally analogous molecule piracetam and also by
the antiepileptic agent ethosuximide. There is some tentative evidence that leveti-
racetam may act at N-type Ca?* channels. However, it has no action on the T-type
Ca?* channels involved in the genesis of absence seizures, on Na* channels or on the
GABA-CI™ mechanism, sites where other antiepileptic drugs exert their effects.

Despite these differences in mechanism of action, in clinical practice levetirace-
tam is effective in controlling all forms of focal (partial) epilepsy, whether or not the
seizures become secondarily generalised. It is also useful in treating idiopathic, i.e.
genetic, generalised epilepsies in which there are generalised convulsive or myo-
clonic seizures, but it does not seem useful in preventing absence seizures.

Pharmacokinetics

There is a reasonable amount of information available concerning the pharmacoki-
netics of the drug, which are linear.

Absorption
Levetiracetam is fully bioavailable after oral administration, with maximum plasma

concentrations occurring from 0.5 to 2 h after intake, unless the drug is taken in a
modified-release preparation.
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Distribution

The value of the apparent volume distribution of levetiracetam is 0.5-0.7 L per
kilogram. This value suggests that the drug is distributed through total body water
but undergoes little or no selective tissue concentration. Less than 10 % of the drug
in the circulation is bound to plasma proteins.

Elimination

The plasma half-life of levetiracetam is around 6-8 h. However, there is some evi-
dence that the duration of the half-life of levetiracetam’s biological activity may be
longer, possibly because of the drug’s more prolonged presence at its sites of action.
Its clearance value is 0.06 L per kilogram per hour.

Excretion Unchanged

An average of 66 % of a levetiracetam dose is excreted in urine without being
metabolised so that only a relative minority of the drug dose is eliminated by bio-
transformation. The value of the renal clearance of the drug (0.6 ml/min/kg [2.5 L/h])
suggests that the majority of the amount of drug that is filtered through the glom-
eruli is subsequently reabsorbed from tubular urine.

Metabolism

The main metabolic pathway of the drug involves hydrolysis of its amide moi-
ety, forming the molecule’s corresponding carboxylic acid derivative. This
metabolite is biologically inactive and is excreted as such in urine. There are
also minor oxidative metabolites which appear to account for less than 3 % of
the drug dose.

Clinical Pharmacokinetics

Steady-state plasma lamotrigine concentrations appear to be dose proportional.
A provisional therapeutic range for the drug of 12—-46 mg/L has been suggested
(Patsalos et al. 2008). In practice, the drug’s dosage is nearly always adjusted in
relation to the clinical response. However, knowledge of the plasma levetirace-
tam concentration at which a satisfactory clinical response applies in the indi-
vidual can be valuable in the subsequent management of the seizure disorder in
that person.
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Interactions

Levetiracetam does not induce the isoenzymes of the CYP450 system or the various
UPD-glucuronosyl transferases or epoxide hydrolase. Because of this, and because
of its low plasma protein binding, it is unlikely that the drug would interact with
co-administered drugs to alter their plasma concentrations relative to their dose.

However, the co-administration of drugs which induce the body’s drug-
metabolising enzyme mechanisms may cause an increase in levetiracetam clearance
and produce a fall in its plasma concentration relative to dose.

Probenecid increases the clearance of the levetiracetam’s carboxylic acid metab-
olite, but this is of no clinical consequence since the metabolite lacks biological
activity.

Adverse Effects

Levetiracetam has a relatively trouble-free adverse effect profile compared with
those of many other antiepileptic drugs. It does cause some sedation and, particu-
larly at high dosage levels, patients may complain of somnolence, asthenia, fatigue
and dizziness. Depression of mood may occur in some patients. Sometimes there
may be disturbances of behaviour with irritability and, if the doses are high enough,
some impairment of consciousness. Rashes from the drug are uncommon. There
have been reports that its use may occasionally exacerbate seizure activity.

Teratogenicity

The question of the drug’s teratogenicity is discussed in Chap. 9.

Pregnancy
The Mother

Tomson et al. (2007) studied 15 pregnancies in 14 women taking levetiracetam.
They noted that the mothers’ plasma concentrations of the drug in the third trimester
of pregnancy were about 40 % of their subsequent baseline values after pregnancy.
In the same year, Tomson and Battino (2007) provided data for five pregnancies in
which apparent clearances of levetiracetam had been measured in each trimester of
pregnancy and also some months after pregnancy. The clearances were expressed in
the unfamiliar unit of mg per kg per pg per ml, without any measure of time being
specified, though the values are probably per day ones. The values obtained were,
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respectively, 2.15+0.72, 2.24+0.45, 1.99+0.75 and 1.29+0.57 [there are too many
uncertainties involved, e.g. as regards dosages and body weights, to justify calculat-
ing clearances in L/h units]. These values seem to suggest the presence of an
increased clearance of the drug during pregnancy and also that the increase reaches
its maximum in the second trimester. In a further paper in the same year, Tomson
et al. (2007) stated that the clearance in pregnancy was 297+ 147 ml per minute
[17.8+8.8 L/h] and after pregnancy 87 +40 ml per minute [5.2+2.4 L/h].

Westin et al. (2008) quoted values for levetiracetam plasma concentrations
divided by dose (i.e. reciprocals of clearances) from before pregnancy, throughout
the trimesters of pregnancy and during the postpartum month, in 11 women. The
values were: before pregnancy 0.043+0.0 22, first trimester 0.026+0.008, second
trimester 0.022+0.005, third trimester 0.021 +£0.009, third to fifth postpartum day
0.029+0.009, 2 weeks postpartum 0.031+0.005 and 1 month postpartum
0.040+0.018. Thus these workers found that levetiracetam clearance has already
fallen in the first trimester, continued to fall in the second but fell only minimally
further in the final trimester. The values began to return to their baseline ones within
a few days of giving birth. Subsequently Lopez-Fraile et al. (2009), in a study
involving five pregnant women, reported that the plasma level of levetiracetam,
compared to its baseline value, fell by 47 % in the first trimester of pregnancy and
by 62 % in the final trimester. Reisinger et al. (2013), in 15 pregnancies exposed to
levetiracetam monotherapy, found that the apparent clearances of the drug increased
from a mean baseline value of 1.09+0.30 L per kg per day, through 2.16+1.72 L
per kg per day in the first trimester and 3.35+2.60 L per kg per day in the second
trimester to 2.15+1.11 L per kg per day in the third trimester. Overall, the time
courses of the clearance changes were reasonably similar in all the above studies.

There thus is reasonably convincing evidence that the clearance of levetiracetam
is increased in pregnancy. None of the published investigations has provided evi-
dence regarding the mechanisms involved in the increased clearances. Because
levetiracetam is normally eliminated mainly by renal excretion as the unchanged
substance, it has been suggested that the increased renal function of pregnancy may
be responsible, but no actual renal clearance values appear to have been determined.
Nor has levetiracetam metabolism been studied during pregnancy so that it is pos-
sible that the increased clearances of the drug may be partly due to high female sex
hormone levels inducing the capacities of the drug’s metabolic pathways during
pregnancy.

The Foetus

Soon after childbirth, levetiracetam concentrations are similar in maternal and
umbilical cord plasma (Tomson et al. 2007). Johanessen et al. (2005), in four
mother—neonate pairs, found the cord venous to maternal plasma levetiracetam ratio
was 1.14. Lopez-Fraile et al. (2009) cited a figure of 1.214 for this parameter. For
practical purposes, it seems likely that, at least in later pregnancy, levetiracetam
equilibrates across the placenta on a 1 to 1 concentration basis.
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Breast Milk

Levetiracetam concentrations in breast milk have been reported to be similar to
those in maternal plasma, where there is little protein binding of the drug (Johanessen
et al. 2005). Tomson et al. (2007) quoted a milk to maternal plasma ratio of 1.05
(range 0.78-1.55).

The Neonate

Tomson et al. (2007) calculated that the elimination half-life of levetiracetam was
about 18 h in neonates born to mothers who had been taking the drug during preg-
nancy. When the mother was breast feeding, the baby’s plasma levetiracetam con-
centration was approximately 13 % of the simultaneous concentration in the
mother’s blood. Allegaert et al. (20006) cited a value of 16—18 h for the half-life in a
pair of bottle-fed twins.

References

Allegaent K, Lewi L, Naulars G, Lagae L (2006) Levetiracetam pharmacokinetics in neonates at
birth. Epilepsia 47:1068-1069

ChenH, Yang K, Choi S, Fischer JH, Jeong H (2009) Up-regulation of UDP-glucuronosyltransferase
(UGT) 1A4 by 17beta-estradiol: a potential mechanism of increased lamotrigine elimination in
pregnancy. Drug Metab Dispos 37:1841-1847

Clark CT, Klein AM, Perel JM, Helsel J, Wisner KL (2013) Lamotrigine dosing for pregnant
patients with bipolar disorder. Am J Psychiatry 170:1240-1247

Davanzo R, Bo SD, Bua J, Copertino M, Zanelli E (2013) Antiepileptic drugs and breastfeeding.
Ital J Pediatr 39:50

de Haan GJ, Edelbroek P, Segers J, Engelsman M, Lindhout D, Devile-Notschaele M, Augustin
P (2004) Gestation-induced changes in lamotrigine pharmacokinetics: a monotherapy study.
Neurology 63:571-573

Fotopoulou C, Kretz R, Bauer S, Schefold JC, Schmitz B, Dudenhausen JW, Henrich W (2009)
Prospectively assessed changes in lamotrigine-concentration in women with epilepsy during
pregnancy, lactation and the neonatal period. Epilepsy Res 85:60-64

Franco V, Mazzucchelli 1, Gatti G, Specchio LM, Papantonio A, Ozkaynakci AE, Perucca E
(2008) Changes in lamotrigine pharmacokinetics during pregnancy and the puerperium. Ther
Drug Monit 30:544-547

Garnett WR (2000) Clinical pharmacology of topiramate: a review. Epilepsia 41(Suppl 1):S61-S65

Herzog AG, Blum AS, Farina EL et al (2009) Valproate and lamotrigine level variation with men-
strual cycle phase and oral contraceptive use. Neurology 72:911-914

Johanessen SI, Helde G, Brodtkorb E (2005) Levetiracetam concentrations in serum and in breast
milk at birth and during lactation. Epilepsia 46:775-777

Jovanovic M, Sokie D, Grabner I, Vovk T, Postran M, Vucicevic K, Miljkovic B (2013) Population
pharmacokinetics of topiramate in adult patients with epilepsy using nonlinear mixed effects
modelling. Eur J Pharm Sci 50:282-289

Kacirova I, Grundmann M, Brozmanova H (2010) Serum levels of lamotrigine during delivery in
mothers and their infants. Epilepsy Res 91:161-165

Lopez-fraile IP, Cid AO, Juste AO, Modrego PJ (2009) Levetiracetam plasma level monitoring
during pregnancy, delivery, and postpartum: clinical and outcome implications. Epilepsy
Behav 15:372-375



References 85

Malone S, Addison R, Eadie MJ, Dickinson RG (2006) The monitoring of salivary lamotrigine
concentrations. J Clin Neurosci 13:902-907

Myllynen PK, Pienimaki PK, Vahakangas KH (2003) Transplacental passage of lamotrigine in a
human placental perfusion system in vitro and in maternal and cord blood in vivo. Eur J Clin
Pharmacol 58:677-682

Newport DJ, Pennell PB, Calamaras MR et al (2008) Lamotrigine in breast milk and nursing
infants: determination of exposure. Pediatrics 122:¢223-231

Nordmo E, Aronsen L, Wasland K, Smabrekke L, Vorren S (2009) Severe apnea in an infant
exposed to lamotrigine in breast milk. Ann Pharmacother 43:1893-1897

Ohman I, Vitols S, Tomson T (2000) Lamotrigine in pregnancy: pharmacokinetics during delivery,
in the neonate, and during lactation. Epilepsia 41:709-713

Ohman I, Vitols S, Luef G, Soderfeldt B, Tomson T (2002) Topiramate kinetics during delivery,
lactation, and the neonate: preliminary observations. Epilepsia 43:1157-1160

Ohman I, Beck O, Vitols S, Tomson T (2008) Plasma concentrations of lamotrigine and its
2-N-glucuronide metabolite during pregnancy in women with epilepsy. Epilepsia 49:1075-1080

Ohman I, Sabers A, de Flon P, Luef G, Tomson T (2009) Pharmacokinetics of topiramate during
pregnancy. Epilepsy Res 87:124-129

Patsalos PN, Berry DJ, Bourgeois BF et al (2008) Antiepileptic drugs — best practice guidelines
for therapeutic drug monitoring: a position paper by the subcommission on therapeutic drug
monitoring, I.L.A.E. Commission on Therapeutic Strategies. Epilepsia 49:1239-1276

Pennell PB, Newport DJ, Stowe ZN, Heimers SL, Montgomery JQ, Henry TR (2004) The impact
of pregnancy and childbirth on the metabolism of lamotrigine. Neurology 62:292-295

Pennell PB, Peng L, Newport DJ et al (2008) Lamotrigine in pregnancy: clearance, therapeutic
drug monitoring, and seizure frequency. Neurology 70:2130-2136

Petrenaite V, Sabers A, Hansen-Schwartz J (2005) Individual changes in lamotrigine plasma con-
centrations during pregnancy. Epilepsy Res 65:185-188

Polepally AR, Pennell PB, Brundage RC et al (2014) Model-based lamotrigine clearance changes
during pregnancy: clinical implication. Ann Clin Transl Neurol 1:99-106

Rambeck B, Kurlemann G, Stodieck SR, May TW, Jurgens U (1997) Concentrations of lamotrigine
in a mother on lamotrigine treatment and her newborn child. Eur J Clin Pharmacol 51:481-484

Reimers A, Helge G, Brathen G, Brodkorb E (2011) Lamotrigine and its N2 glucuronide during
pregnancy: the significance of renal clearance and oestradiol. Epilepsy Res 94:198-205

Reisinger TL, Newman M, Loring DW, Pennell PB, Meador KL (2013) Antiepileptic drug clear-
ance and seizure frequency during pregnancy in women with epilepsy. Epilepsy Behav 29:13-18

Rosenfeld WE, Doose DE, Walker SA, Nayak RA (1997) Effect of topiramate on the pharmaco-
kinetics of oral contraceptives containing norethindrone and ethinyl oestradiol in patients with
epilepsy. Epilepsia 38:317-323

Sabers A (2008) Pharmacokinetic interactions between contraceptives and antiepileptic drugs.
Seizure 17:141-144

Shank RP, Gardocki JF, Streeter AJ, Maryanoff BE (2000) An overview of the preclinical aspects of topi-
ramate: pharmacology, pharmacokinetics, and mechanism of action. Epilepsia 41(Suppl 1):S3-S9

Tomson T, Battino D (2007) Pharmacokinetics and therapeutic drug monitoring of newer antiepi-
leptic drugs during pregnancy and the puerperium. Clin Pharmacokinet 46:209-219

Tomson T, Ohman I, Vitols S (1997) Lamotrigine in pregnancy and lactation: a case report.
Epilepsia 38:1039-1041

Tomson T, Palm R, Kallen K et al (2007) Pharmacokinetics of levetiracetam during pregnancy,
delivery, in the neonatal period, and lactation. Epilepsia 48:1111-1116

Tran TA (2002) Lamotrigine clearance during pregnancy. Neurology 59:251-255

Wegner I, Edelbroek PM, Bulk S, Lindhout D (2009) Lamotrigine kinetics within the menstrual
cycle, after menopause, and with oral contraception. Neurology 73:1388-1393

Westin AA, Reimers A, Heide G, Nakken KO, Brodtkorb E (2008) Serum concentration/dose ratio
of levetiracetam before, during and after pregnancy. Seizure 17:192—-198

Westin AA, Nakken KO, Johannessen SI, Reimers A, Lillestolen KM, Brodkorb E (2009) Serum
concentration/dose ratio of topiramate during pregnancy. Epilepsia 50:480—-485



Chapter 6
Antiepileptic Drugs Sometimes Used
in Pregnancy

Abstract This chapter contains information concerning the dispositions of various
antiepileptic drugs that have sometimes been used in pregnancy, in particular oxcar-
bazepine. The information concerning the effects of pregnancy on the pharmacoki-
netics of gabapentin, ethosuximide, vigabatrin, zonisamide and various
benzodiazepines with antiepileptic properties is relatively scanty, though the available
data do not suggest that there are significant departures from the principles set down
in Chap. 3 in relation to the anticipated effects of pregnancy on drug disposition.

Some information is available concerning the dispositions during pregnancy of several
antiepileptic drugs that are sometimes taken by contemporary pregnant women.
Several of these drugs have been marketed for a number of years but their use is dimin-
ishing as time passes. Others are relatively new agents whose place in therapeutics is
not yet well established. One, ethosuximide, has a long established but limited and
specific place in treating a type of epileptic disorder that is not often encountered in
pregnant women. The drugs are dealt with individually in this chapter, though in less
detail than the more commonly used drugs considered in the previous two chapters.
There is little useful information available in the literature concerning the dispositions
in pregnancy of a few older antiepileptic drugs that may still be taken by a few preg-
nant women, e.g. sulthiame and felbamate. At the time of writing, there is virtually no
relevant information for certain newer antiepileptic drugs such as lacosamide, peram-
panel and eslicarbazepine, which are beginning to play increasing roles in the treat-
ment of epilepsy but do not yet appear to have become widely used in pregnancy.

Oxcarbazepine

Rather more information is available concerning the disposition in pregnancy of
oxcarbazepine than that for the other drugs that are to be considered in this chapter.
Oxcarbazepine has been available for a number of years and seems to have been rather
extensively used in some European countries but less widely employed elsewhere. The
drug has molecular structural and pharmacological similarities to carbamazepine.

Flesch (2004) has published a detailed account of the clinical pharmacology of
the drug.
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Chemistry

Oxcarbazepine (10,11-dihydro-10-oxo-5H-dibenz[b,f]azepine-5-carboxamide) is a
white, poorly water-soluble material (molecular weight 252.3, pKa value 10.7),
which is supplied for therapeutic purposes in 150, 300 and 600 mg solid dosage
forms and in a 60 mg per ml suspension. Its molecular structural formula is shown
in Fig. 4.6 in relation to that of carbamazepine.

Pharmacodynamics

In clinical use, oxcarbazepine in effect functions mainly as a prodrug for its phar-
macologically active 10-hydroxy metabolite (whose name is often abbreviated to
MHD, i.e. monohydroxy derivative, whose molecular formula also appears in
Fig. 4.6). The mechanism of action of this substance is very similar to that of
carbamazepine, viz. blocking voltage- and frequency-dependent Na* ion channels
in neural cell membranes. The monohydroxy derivative of oxcarbazepine and
carbamazepine itself both act at Ca?* channels, but the actions of the two rather
structurally similar molecules occur at different types of Ca** channel (Schmidt
and Elger 2004). Oxcarbazepine is useful in controlling the seizures of the focal
epilepsies and the generalised tonic—clonic convulsions of genetic generalised
epilepsy, but the drug is not useful for preventing absence or myoclonic
seizures.

Pharmacokinetics

The pharmacokinetics of oxcarbazepine is linear under the conditions that apply in
human therapeutic use.
Absorption

Orally administered oxcarbazepine appears to be fully bioavailable.

Distribution

The apparent volume distribution of the drug was found to be 49 L, suggesting that
it is probably distributed throughout body water. Some two-thirds of the oxcarbaze-
pine in the circulation and 40 % of its monohydroxy metabolite are bound to plasma
proteins.
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Elimination

The plasma elimination half-life of oxcarbazepine is in the range 1.3-2.3 h, whereas
the half-life of the monohydroxy derivative is 9.3 + 1.8 h. The clearance value of the
monohydroxy derivative is 91-122 ml per minute [5.46-7.32 L/h].

Excretion Unchanged

Less than 1 % of an oxcarbazepine dose appears in urine as the unmetabolised par-
ent substance.

Metabolism

Oxcarbazepine is converted to its hydroxy metabolite by arylketone reductase
enzymes in the cytosol; the majority of this metabolite is then conjugated with gluc-
uronic acid before excretion in the urine. The monohydroxy derivative exist in two
stereoisomeric forms, the [S]-enantiomer predominating. Both enantiomers are
pharmacologically active. Part of the monohydroxy metabolite is converted to a
biologically inactive dihydrodiol derivative that is subsequently excreted in urine
mainly as a glucuronide conjugate. This same dihydrodiol metabolite is formed
from carbamazepine via the epoxide hydrolase pathway that is involved in carbam-
azepine’s biotransformation (see Fig. 4.6).

Clinical Pharmacokinetics

In human therapeutic use, plasma concentrations of the monohydroxy derivative of
oxcarbazepine increase in proportion to the oxcarbazepine dose. Patsalos et al.
(2008) proposed a plasma therapeutic range of 3-35 mg/L for this monohydroxy
derivative.

Interactions

Neither oxcarbazepine nor its monohydroxy derivative induces the CYP450 enzyme
system, though both substances inhibit the isoenzyme CYP2C19. The monohy-
droxy derivative does not alter circulating concentrations of phenytoin, carbamaze-
pine or valproate. However, in the case of co-administered carbamazepine, it causes
raised circulating concentrations of carbamazepine-10,11-epoxide. Oxcarbazepine
administration may lower plasma concentrations of lamotrigine.

Co-administered phenytoin, carbamazepine and valproate will reduce circulating
concentrations of oxcarbazepine’s monohydroxy derivative.
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Adverse Effects

Oxcarbazepine is less likely than carbamazepine to produce skin rashes and tends to
cause less sedation at doses which produce similar degrees of antiepileptic effect.
Unfortunately, the drug has a greater tendency to produce hyponatraemia, particu-
larly early in the course of its use. This hyponatraemia may sometimes be severe
enough to compromise seizure control.

Teratogenicity

The teratogenicity of the drug is considered in Chap. 9.

Pregnancy
The Mother

In five women, Mazzucchelli et al. (2006) found that, during pregnancy, plasma
concentrations of the [S]-isomer of the monohydroxy derivative of oxcarbazepine
fell relative to the oxcarbazepine dose. The plasma concentration of oxcarbazepine
itself also fell. Christensen et al. (2006) followed the relationship between plasma
monohydroxy derivative concentrations and the oxcarbazepine dose throughout
nine pregnancies that occurred in seven women. They found that the relationship
between the plasma metabolite concentrations and the drug dose decreased to 72 %
of its pre-pregnancy value in the first trimester, to 74 % in the second and to 64 %
in the third. They suggested that the increased clearance of the metabolite probably
depended on increased formation and renal excretion of its glucuronide conjugate,
though they did not prove that this was the case. Subsequently Petrenaite et al.
(2009) carried out a rather similar study with a similar result, the ratio between
plasma metabolite concentration and the drug dose falling by 26.2 % in the first
trimester, by 36.5 % in the second and by 38.2 % in the third. In the following year,
Wegner et al. (2010) also noted an increased clearance of the metabolite in two
pregnancies. There thus seems consistent evidence that the drug and its major bio-
logically active metabolite undergo increased clearances during pregnancy, though
the details of the responsible mechanism have not been established.

The Foetus

In ex vivo perfusion experiments, Pienimiki et al. (1997) showed that oxcarbaze-
pine was converted to its monohydroxy derivative in the human placenta. The
monohydroxy derivative was not metabolised further in that organ. It appears that
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the drug probably equilibrates crosses the placenta, at least in late pregnancy.
Myllynen et al. (2001) found that concentrations of oxcarbazepine and its monohy-
droxy and dihydrodiol derivatives were similar in maternal and umbilical cord
serum shortly after birth. Measurable quantities of oxcarbazepine, its monohydroxy
derivative and its dihydrodiol derivative were present in neonatal plasma shortly
after birth.

Breast Milk

Breast milk concentrations of drug and its main metabolite are about half those in
simultaneously collected maternal plasma. Davanzo et al. (2013) also cited the same
50 % figure.

The Neonate

It has not been possible to trace information about the elimination of the drug or its
biologically active metabolite in the neonate.

Gabapentin

Gabapentin was synthesised in an attempt to produce a molecule with structural
similarities to the inhibitory amino acid neurotransmitter y-aminobutyrate (GABA)
but with an increased lipophilicity that might permit it to cross the blood—brain bar-
rier and in that organ mimic the effects of GABA. The drug has been marketed for
some 20 years and has an established role as a moderately effective antiepileptic
agent.

Chemistry

Gabapentin (1-aminomethyl-cyclohexyl-acetic acid) is a water-soluble white crys-
talline substance (molecular weight 171.34, pKa values 3.68 and 10.70). It is mar-
keted in 100, 300, 400, 600 and 800 mg solid dosage forms and in a solution in a
concentration of 50 mg per ml.

C C
H,N > COOH
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Pharmacodynamics

Despite the concept which led to the development of gabapentin, viz. the idea that it
would reproduce the inhibitory neurotransmitter effects of GABA within the central
nervous system, there is little convincing evidence that the drug acts through this
mechanism. Instead, the drug appears to bind specifically to a protein which forms
part of voltage-gated Ca?* channels (Striano and Striano 2008), though exactly how
this binding translates into an antiepileptic effect is not yet fully explained.

Clinically, the drug demonstrates efficacy against focal (partial) seizures. Its role
in the treatment of genetic generalised tonic—clonic seizures is not well established
and it appears ineffective in managing absence seizures. It has also found a use in
treating neuropathic pain.

Pharmacokinetics
Absorption

Orally administered gabapentin is absorbed from the alimentary tract through the
saturable active transport mechanism in the gut wall that is responsible for the
uptake of L-amino acids. Because of its potentially saturable absorption, the oral
bioavailability of the drug, which is around 60 % for a 300 mg dose, lessens with the
increasing size of individual oral drug doses.

Distribution

Gabapentin does not bind to plasma proteins, has an apparent volume of distribution
(approximately 0.9 L per kilogram) that is a little greater than the volume of total
body water and enters the brain by active transport mediated by the L-amino acid
uptake mechanism in the blood—brain barrier. The gabapentin concentration in CSF
can be anywhere between 7 % and 35 % of its simultaneous concentration in plasma.
Elimination

The half-life of gabapentin is 5-7 h and the plasma clearance around 0.9 L per kilo-
gram per hour. The half-life is inversely related to the creatinine clearance.

Excretion Unchanged

No metabolite of gabapentin has been found in human urine. Apparently the entire
absorbed dose of the drug is excreted intact.
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Metabolism

In humans, as mentioned immediately above, gabapentin forms no known biotrans-
formation products.

Clinical Pharmacokinetics

Steady-state conditions should apply approximately 2 days after a gabapentin dos-
age change. The clearance of the drug tends to be inversely related to the efficiency
of renal function.

Patsalos et al. (2008) proposed that the therapeutic range of plasma concentra-
tions for the drug was between 2 and 20 mg/L.

Interactions

Since gabapentin is not metabolised in the human body, it does not interact with co-
administered drugs, including antiepileptic agents, which are cleared from the human
body by biotransformation. It also does not interact with the steroidal sex hormones
contained in combined oral contraceptive pills (Eldon et al. 1998). Virtually no inter-
actions involving the drug are known, though antacids containing aluminium or
magnesium hydroxides may interfere with its absorption from the alimentary tract.

Adverse Effects

The main adverse effects of the drug include drowsiness and sometimes dizziness,
unsteadiness, headache, and double vision. Gabapentin seems to have very few seri-
ous idiosyncratic unwanted effects.

Teratogenicity

The issue of gabapentin’s teratogenicity is considered in Chap. 9.

Pregnancy

Relatively little information is available regarding the disposition of gabapentin in
the mother and her foetus.
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The Mother

No relevant data have been found in the literature.

The Foetus

At birth, Ohman et al. (2005) found that, in five mother—infant pairs, the average
umbilical cord vein gabapentin concentration was 1.7 times (range 1.3-2.1) that in
maternal plasma.

Breast Milk

Ohman et al. (2005) also found that, between 2 weeks and 3 months after childbirth,
gabapentin concentrations were similar in maternal plasma and in breast milk. This
is not surprising, because the drug is not bound to plasma proteins and probably
simply equilibrates between the two fluids. Davanzo et al. (2013) stated that the
milk concentration could be between 70 and 130 % of that in maternal plasma.

The Neonate

According to Ohman et al. (2005), in the breastfed baby, the plasma gabapentin
concentration was approximately 12 % of that in the mother, with the drug’s elimi-
nation half-life being 14 h.

Vigabatrin

Vigabatrin was developed with the strategic intention of raising brain concentra-
tions of the inhibitory neurotransmitter GABA by inactivating the enzyme respon-
sible for catalysing its catabolism, viz. GABA transaminase. For a time the drug
seemed to offer very useful therapeutic benefits in treating focal epilepsies. However,
the subsequent recognition that vigabatrin could be responsible for serious adverse
effects involving vision has considerably limited the drug’s use.

Chemistry

Vigabatrin (y-vinyl-GABA) is a white, water-soluble material (molecular weight
129.16) which is supplied commercially as a mix of equal parts of the [S]- and
[R]-stereoisomers, though only the former is biologically active. It is marketed in a
500 mg solid dosage form and as a powder.
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Pharmacodynamics

Vigabatrin is an irreversible inhibitor of the enzyme GABA transaminase. After a
dose, the drug’s action persists, irrespective of the presence of intact vigabatrin in
biological fluids, until new transaminase is synthesised. The drug was being used
with success in treating focal epilepsies and some varieties of genetic generalised
epilepsies, until the frequency of the visual problems associated with the drug’s use
was recognised. At the present time, vigabatrin’s use is largely confined to the treat-
ment of myoclonic epilepsies in the very young, in particular infantile spasms.

Pharmacokinetics
Absorption
Based on urinary excretion data, the oral bioavailability of the [S]-enantiomer of

vigabatrin appears to be at least 50 % and that of the biologically inactive
[R]-enantiomer 65 % or greater.

Distribution
The apparent volume of distribution of [S]-vigabatrin is around 1.2 L per kg. The

drug is not bound to plasma proteins. CSF concentrations of the racemic drug are
about 10 % of those in plasma.

Elimination
In the doses formerly used in adults, the kinetics of vigabatrin are reported to be
linear. The half-life is in the range 57 h, but because of the irreversible nature of

the drug’s mechanism of action, its biological half-life is considerably longer, basi-
cally being determined by the rate of new GABA transaminase synthesis.

Excretion Unchanged

The full absorbed dose of vigabatrin is excreted unchanged in urine.
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Metabolism

The drug is not metabolised in humans.

Clinical Pharmacokinetics

No relevant data are available, except that Patsalos et al. (2008) considered that the
therapeutic range of plasma concentrations of the drug was 0.8-34 mg/L.

Interactions

Relatively few pharmacokinetic interactions of vigabatrin are known. When the
drug is taken by persons who are also taking phenytoin, there is a decline in plasma
phenytoin levels after a delay of some weeks. The mechanism involved is not clear.

Adverse Effects

Vigabatrin is responsible for the relatively frequent occurrence of a delayed-onset
and progressive concentric constriction of the periphery of the visual fields. This
adverse effect has very seriously limited the use of an otherwise promising antiepi-
leptic agent. Apart from this adverse effect, the drug seems to cause relatively few
problems though fatigue, drowsiness, dizziness, mood changes, depression and psy-
chosis have been reported.

Teratogenicity

The available information concerning the teratogenicity of the drug is mentioned in
Chap. 9.

Pregnancy
The Mother

Challier et al. (1992) found that the human placenta took up S(+)-vigabatrin in pref-
erence to the R(—) enantiomer and that no metabolism of the drug occurred in pla-
cental tissue. These authors suggested that the drug might have a stereospecific
uptake mechanism which is situated on the maternal side of the placental barrier.
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The Foetus

With measurements being made at different times after drug intake, Tran et al.
(1998) observed in one of two newborn mother—infant pairs that the ratio of foetal
to maternal concentrations of R(—) vigabatrin was 0.068 and that for the S(+) enan-
tiomer 0.16. For the other mother—infant pair, the ratios were 1.39 and 0.91,
respectively.

Breast Milk
Vigabatrin concentrations in breast milk were lower than those simultaneously

present in maternal plasma (Tran et al. 1998). The transfer of the [S]-enantiomer
into milk was slower than the transfer of the [R]-enantiomer.

The Neonate

No relevant data have been found in the available literature.

Ethosuximide

Ethosuximide has been in use since 1958 as an agent with specific efficacy in treat-
ing absence seizures. Not a great deal of information is available about the drug’s
disposition in pregnancy, probably because childbearing often is delayed in affluent
societies until after the age in which absence seizures still occur.

Chemistry

Ethosuximide (2-ethyl-2methylsuccinimide) is a white crystalline water-soluble
material (molecular weight 141.2, pKa value 9.3). It is marketed in 250 mg capsules
and in a syrup formulation for younger children.
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Pharmacodynamics

The action of ethosuximide is mediated through its binding to ‘T’-type Ca?* chan-
nels in the thalamus. Inactivation of these channels interrupts circuits connecting
the thalamus to the frontal lobes and thereby prevents absences. The drug is not
effective in other epileptic syndromes.

Pharmacokinetics

The pharmacokinetics of ethosuximide appears to be linear at therapeutic dosages.

Absorption

It is believed that oral doses of the drug are reasonably fully absorbed, though it has
been difficult to find actual measured values of its oral bioavailability.
Distribution

Several groups of workers have estimated that the mean value of the apparent volume
of distribution of the drug is close to 0.7 L per kilogram, suggesting that the drug is
distributed throughout body water. Ethosuximide is not bound to plasma proteins and
its concentrations in cerebrospinal fluid and in saliva are close to its plasma ones.
Elimination

A number of measurements of the elimination half-life of ethosuximide have been
published, the majority of the values being in the 52-56 h range. Published values
for the apparent clearance of the drug have averaged between 0.010 and 0.016 L per
kilogram per hour.

Excretion Unchanged

About 20 % of an ethosuximide dose is excreted unchanged in urine.

Metabolism

The drug is oxidised to a number of hydroxy or keto derivatives, the main one being
2-(1-hydroxyethyl)-2-methylsuccinimide.
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Clinical Pharmacokinetics

Steady-state plasma ethosuximide concentrations increase in proportion to drug
dose, at least up to plasma drug concentrations of around 100 mg per ml. There is
some evidence of a departure from linearity at higher plasma ethosuximide concen-
trations (Eadie et al. 1977). A consensus has developed that plasma ethosuximide
concentrations in the range of 40—100 mg/L seem to offer the best prospects of
controlling absence seizures while avoiding unacceptable adverse effects.

Interactions

There is an old, subsequently unconfirmed, report that ethosuximide co-
administration may raise plasma phenytoin concentrations in humans (Frantzen
et al. 1967).

Carbamazepine and primidone, if taken in conjunction with ethosuximide, tend
to lower the plasma levels of the latter. There is a report of ethosuximide intoxica-
tion following the addition of isoniazid to existing ethosuximide therapy (van
Wieringen and Vrijlandt 1983).

Adverse Effects

Excessive ethosuximide doses produced tiredness, headache and feelings of dyse-
quilibrium. Idiosyncratic unwanted effects include skin rashes and a lupus
erythematosus-type syndrome, but these are uncommon.

Teratogenesis

Information regarding the teratogenic potential of ethosuximide is to be found in
Chap. 9.

Pregnancy
The Mother

Kuhnz et al. (1984) noted a slight decrease in the clearance of ethosuximide during
two of three pregnancies treated with the drug. Their mean value of the clearance
was 0.014 L per kilogram per hour, which is not appreciably different from the
value which applies for non-pregnant adults cited above. Tomson et al. (1990)
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measured the clearances of ethosuximide before pregnancy and in each trimester of
6 pregnancies. However, in some of these pregnancies, other antiepileptic drugs
were being taken. There was no definite change in the drug’s clearance at any stage.
Later Tomson and Villén (1994) noted little change in plasma ethosuximide concen-
trations during the course of three pregnancies in two women. In these women the
concentration relationship between the enantiomeric metabolites of the drug
remained unchanged throughout.

The Foetus

Rane and Tunell (1981) found that, during several months of breastfeeding, the
plasma ethosuximide concentrations in the infant of a mother taking the drug aver-
aged 24 % of those in the mother’s plasma. Kuhnz et al. (1984) described a plasma
ethosuximide concentration ratio of 0.7—1.0 between the foetus and the mother.

Breast Milk

Rane and Tunell (1981) followed the milk to maternal plasma ethosuximide con-
centration ratio throughout one woman’s 4 1/2-month period of breastfeeding. The
ratio over this period had an average value of 0.8—1.0. Kuhnz et al. (1984) found that
breast milk concentrations of ethosuximide averaged 86 % of those in the mother’s
plasma. Davanzo et al. (2013) put the figure for this parameter at 94 %.

The Neonate

In one neonate, Koup et al. (1978) measured the elimination half-life of ethosuxi-
mide as 41.3 h. Kuhnz et al. (1984) found the half-lives of the drug in three neonates
were 32, 37 and 38 h, respectively, in their first few days of extrauterine life. All
these values are lower than those that apply in adults.

Clonazepam

Several benzodiazepine derivatives have been used as antiepileptic agents since this
class of drug became available some two-thirds of the way through the twentieth
century. Only clonazepam is discussed here. There are many pharmacological simi-
larities between the various 1,4-benzodiazepines, but clonazepam was the member
of that drug family that was marketed in particular for epilepsy, though it has subse-
quently found other uses.

A 1,5-benzodiazepine, clobazam, has also found some use in managing epilepsy
in pregnant women, but in the great majority of instances, it has been employed in
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conjunction with other antiepileptic drugs. It has not been possible to trace reports
of the effects of pregnancy on aspects of its clinical pharmacology. There appear to
be no reports suggesting that it may harm the foetus.

Chemistry

Clonazepam (7-nitro-5-(2-chlorophenyl)-1,3-dihydro-2H- 1,4 benzodiazepine-2-one)
is one of a number of 1,4-benzodiazepines that have been synthesised. It is a yellow-
ish-white crystalline substance (molecular weight 315.72; pKa values 1.5 and 10.5).

The drug is supplied for therapeutic use as 0.5 and 2 mg tablets, as an oral solu-
tion and as an injection for intramuscular or intravenous administration.

Pharmacodynamics

Like other 1,4-benzodiazepines, clonazepam acts at a molecular level by binding to
specific sites on brain GABA, receptors. The binding facilitates Cl~ ion entry into
neurons, resulting in their becoming hyperpolarised. Clonazepam may also tempo-
rarily raise brain serotonin concentrations, an effect which could play a part in the
anti-myoclonic actions of the drug.

These molecular actions appear capable of accounting for the drug’s ability to con-
trol the convulsive seizures of both focal (secondarily generalised) and genetic gener-
alised epilepsies and also myoclonic seizures. Clonazepam may help relieve the pain
of trigeminal neuralgia and the orbicularis oculi contractions of blepharospasm. The
drug also appears to be finding a use in providing symptomatic relief for vertigo.

Pharmacokinetics

The kinetics of clonazepam are linear over the concentration range likely to be
encountered in human therapy.
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Absorption

The absorption of orally administered clonazepam appears to be virtually complete.
Peak plasma levels occur within 3 h of intake.

Distribution

Published values for the apparent volume distribution of clonazepam have usually
been around 2-3 L per kilogram, suggesting that the drug is accumulated within
body tissues.

In the adult some 80 % or 86 % of the drug in plasma is protein bound.

Elimination

A number of measurements of the elimination half-life of clonazepam have pro-
duced values mainly in the range 22-36 h, though both higher and lower figures
have been obtained in some studies. Apparent clearance values have been around
0.09+0.05 L per kilogram per hour (Eadie et al. 1977).

Excretion Unchanged

Virtually no clonazepam is excreted in urine unmetabolised.

Metabolism

Clonazepam is biotransformed into a number of metabolites, either by reduction of
the nitro group on positions 7 of the benzene ring or by oxidation at the 3 position
on the diazepine moiety. As far as is known, the metabolites lack biological
activity.

Clinical Pharmacokinetics

With regular intake, steady-state conditions for clonazepam should apply 5-8
days after a dosage change. In the treated population, there appears to be rela-
tively little correlation between the drug’s concentration in plasma and its bio-
logical effects, though this lack of correlation does not necessarily apply in the
individual.

Patsalos et al. (2008) considered that the therapeutic range of plasma concentra-
tions for the drug lay between 0.02 and 0.07 mg/L.
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Interactions

Some rather contradictory data have been published in relation to a possible interac-
tion between clonazepam and phenytoin. Different authors have shown that plasma
phenytoin levels may be reduced or increased, if clonazepam is added to phenytoin
therapy. The drug does not appear to alter plasma phenobarbitone, primidone or
carbamazepine levels.

Phenytoin or phenobarbitone co-administration may lower plasma clonazepam
levels.

Adverse Effects

Clonazepam may cause dose-related drowsiness and ataxia, while some patients
taking the drug become aggressive. A degree of tolerance to sedation from the drug
can develop. If continuous treatment with clonazepam is ceased abruptly, with-
drawal seizures may occur. Idiopathic toxicity is rare. The drug may cause some
increase in salivary and bronchial secretions.

Teratogenicity

The teratogenicity of the drug is considered in Chap. 9.

Pregnancy

The Mother

In seven women, Tomson et al. (1990) investigated the relationship between plasma
clonazepam concentrations and drug dose before pregnancy and in all three trimes-
ters of pregnancy. Before pregnancy the mean clearance rate was 0.1219+0.0820 L
per minute [7.32 L/h], in the first trimester 0.128 £0.884 L per minute [7.68 L/h], in
the second trimester 0.1336+0. 0857 L per minute [8.02 L/h] and in the third tri-
mester 0.1432+0.0818 L per minute [8.58 L/h]. These numbers reflect a statisti-
cally significant increase in the drug’s clearance during pregnancy.

The Foetus

In a breastfed infant, Rane and Tunell (1981) found that the plasma clonazepam con-
centration was approximately 24 % of that simultaneously present in maternal plasma.
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Breast Milk

Rane and Tunell (1981) calculated that the milk concentration of clonazepam aver-
aged around 80 % of its simultaneous maternal plasma concentration during the
course of four and a half months of breastfeeding in the one infant.

The Neonate

In the neonate, Pacifi et al. (1984) found that the proportion of unbound clonazepam
in plasma (17.3+0.7 %) was a little higher than in the adult (13.9+0.2 %). In neo-
nates who had previously been treated with phenobarbitone because of neonatal
seizures and who had subsequently been injected with clonazepam, but had not
been exposed to the drug during pregnancy, André et al. (1986) obtained elimination
half-life values for the benzodiazepine that ranged between 20 and 43 h. Such fig-
ures may not necessarily apply in neonates exposed to clonazepam throughout preg-
nancy and who were not breastfed afterwards.

Zonisamide

Zonisamide was developed in Japan and had been in use there for some time before
it began to be marketed in Europe (from 2007 onwards).

Chemistry

The drug is a benzisoxazole derivative (1,2-benzisoxazole-3-methanesulphonamide)
with a molecular weight of 212.2. It is a white crystalline material (pKa value 9.7) which
is supplied in solid dosage forms containing 25, 50 and 100 mg of active substance.
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Pharmacodynamics

At the molecular level, zonisamide appears to act by blocking voltage- and use-
dependent Na* ion channels in cell membranes. It also exerts some effects through
inactivating  voltage-gated T-type Ca?* channels, by binding to the
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GABA-benzodiazepine receptor complex and by raising brain GABA, dopamine
and serotonin concentrations. As well, the drug is a carbonic anhydrase inhibitor.

Pharmacokinetics

Sills and Brodie (2007) have published an account of the drug’s pharmacokinetics.

Absorption

The drug’s oral bioavailability is thought to be close to 100 %.

Distribution

The apparent volume of distribution of zonisamide is in the range 1.1-1.8 L per
kilogram. Some 40-50 % of zonisamide in plasma is protein bound. The drug accu-
mulates in red blood cells.

Elimination

The elimination half-life of zonisamide is relatively long, some 50-70 h, when it is
used in the absence of enzyme-inducing antiepileptic agents. The drug’s apparent
clearance is between 0.010 and 0.020 L per kilogram per hour, i.e. 0.7 L per hour.
Excretion Unchanged

Some 15-30 % of a zonisamide dose is excreted in urine without being metabolised.
Thus the drug appears to be eliminated mainly by virtue of biotransformation.
Metabolism

About 50 % of a zonisamide dose undergoes reduction catalysed by CYP3A4 and

20 % by acetylation. Most of the remainder of a zonisamide dose is cleared by direct
glucuronidation.

Clinical Pharmacology

Some studies have suggested that steady-state plasma zonisamide levels show dis-
proportionately great increases relative to the size of dosage increases.
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Patsalos et al. (2008) considered that the drug’s therapeutic range in plasma was
1040 mg per L.

Interactions

Zonisamide does not induce or inhibit the liver microsomal enzymes involved in
drug metabolism. Consequently it does not alter steady-state concentrations of phe-
nytoin, carbamazepine, valproate or lamotrigine when added to existing therapy
with these drugs.

On the other hand, co-administered drugs which induce CYP3A4 such as phe-
nytoin, carbamazepine and phenobarbitone increase the clearance of zonisamide.

Adverse Effects

The drug causes drowsiness and dizziness and sometimes headache, nausea or loss
of appetite, confusion, irritability and agitation. Occasionally double vision and
ataxia occur. These unwanted effects tend to be dose related.

Zonisamide intake may also be responsible for the formation of renal calculi.

Teratogenicity

The question of the drug’s capacity to produce foetal malformations is considered
in Chap. 9.

Pregnancy

The available details of the pharmacokinetics of zonisamide during pregnancy are
rather sparse.

The Mother

There is one report of an increased clearance of zonisamide during pregnancy in one
woman who was taking no other antiepileptic drug (Oles and Bell 2008). These
authors’ conclusion as to the increased clearance depended on a solitary measure-
ment of the drug’s plasma concentration at 27 weeks of gestation.
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The Foetus

No data are available.

Breast Milk

Davanzo et al. (2013) reported that breast milk zonisamide concentrations were
93 % of maternal plasma ones.

The Neonate

In two neonates, Kawada et al. (2002) determined that the elimination half lives of
zonisamide were 109 and 61 h, respectively.
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Antiepileptic Drugs and the Foetus



Chapter 7
Antiepileptic Drugs, Epileptic Seizures
and the Foetus

Abstract This chapter deals with two main issues, viz. the possible effects of preg-
nancy on the course of maternal epileptic seizure disorders and the effects of seizure
disorders on pregnant women and their foetuses.

The little information that is available suggests that pregnancy tends to increase
the risk of loss of seizure control in women whose epilepsy is untreated. The inter-
pretation of the more extensive literature concerning antiepileptic drug-treated epi-
lepsy in pregnancy is confounded by the effect of pregnancy in tending to decrease
circulating concentrations of antiepileptic drugs relative to drug dose. It appears
that, in the majority of instances, seizure control does not deteriorate during antiepi-
leptic drug-treated pregnancy but that, if seizure control changes, it is more likely to
worsen than to improve. However, when attention has been given to maintaining
satisfactory pre-pregnancy circulating concentrations of antiepileptic drugs through-
out pregnancy, the impaired seizure control seems to be avoided.

There is little published evidence of maternal injury from epileptic seizures dur-
ing pregnancy or of significantly increased pregnancy complications such as spon-
taneous abortion or stillbirth, though neonates born to women taking antiepileptic
drugs tend to be a little premature, smaller and of lower birth weight for gestation
age than would be expected. Seizures during pregnancy do not seem to be a signifi-
cant cause of foetal damage.

If epileptic seizures ceased occurring during human pregnancy, as migraine attacks
often do, there would be relatively little justification for the existence of the present
book. Unfortunately seizures do occur in pregnant women. Therefore certain pos-
sibilities need to be considered: (1) Does the physiological state of pregnancy in its
own right temporarily or permanently modify the course of seizure disorders? (2)
Does the altered disposition of antiepileptic drugs during pregnancy (see Chap. 3)
affect the occurrence of seizures? (3) Does having epilepsy, and in particular expe-
riencing epileptic seizures during pregnancy, influence the course of pregnancy or
affect the well-being of the foetus?
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Effects of Pregnancy on Seizure Disorders

Catamenial Epilepsy

The entity of catamenial epilepsy reflects the fact that, at least in some women,
epileptic seizures tend to be experienced at particular stages of the menstrual cycle.
The circulating steroidal sex hormone changes that take place during the ovulatory
menstrual cycle are a forerunner to those hormonal changes that occur in the earlier
weeks of pregnancy. Therefore what happens to seizure occurrence across the men-
strual cycle may be seen to provide a possible precedent to the behaviour of seizure
disorders during pregnancy.

Depending on how the term ‘catamenial epilepsy’ is defined, it appears that one-
third to one-half of women with epilepsy may have this disorder, in which seizures
show a proclivity to occur at mid-cycle or around the time of menstruation. Herkes
et al. (1993) used measurements of the course of daily salivary progesterone con-
centrations throughout the menstrual cycle to define if, and when, catamenial sei-
zures occurred. They studied 20 menstrual cycles (12 ovulatory and 8 anovulatory)
in 11 women with catamenial epilepsy who were not using oral contraceptives. In
the ovulatory cycles, there were statistically significant increases in seizure fre-
quency at the onset of the rise in progesterone concentrations at mid-cycle and also
increases in seizures premenstrually, but in anovulatory cycles, there were only pre-
menstrual increases. Allowing for some possible time lag in hormonal effects, this
behaviour of seizure occurrence appears to correlate in a general way with the
knowledge that oestrogens increase the excitability of the brain and therefore the
chance of having seizures, while progestogens decrease it (Morrell 2002). The
decreased cerebral excitability known to be associated with progesterone intake
may be mediated mainly by the non-hormonally active progesterone metabolite
allopregnanolone which acts at GABA , receptors. However, additional factors may
bear on the situation.

It is possible that concurrent antiepileptic drug therapy in women with epilepsy
may alter sex hormone concentrations during the menstrual cycle. As mentioned in
Chap. 2, the so-called ‘inducing’ antiepileptic drugs not only increase the activities
of CYP isoenzymes, including CYP3A4, but also that of UDP-glucuronosyl trans-
ferases which catalyse the metabolism of oestrogens and progestogens (Reddy
2010). Possibly such enzyme induction could cause reduced circulating concentra-
tions of the steroidal sex hormones and by doing this influence the tendency to
catamenial patterns of seizure occurrence. We have not traced investigations that
have studied this possibility in detail.

Another relevant possibility is that the hormonal changes of the menstrual cycle
may alter circulating concentration of antiepileptic drugs in a cyclic pattern and that
this alteration may influence the timing of seizure occurrence during the cycle.
Some information is available concerning antiepileptic drug clearance changes
across the menstrual cycle. In some women there appears to be a tendency for
plasma phenytoin levels to fall, relative to drug dose, around the time of menstruation
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(Rosciszewska et al. 1986). In keeping with this observation, Shavit et al. (1984)
showed that the clearance of phenytoin tended to be higher at the time of menstrua-
tion than at mid-interval and that the elimination half-life of the drug was a little
shorter premenstrually. Wegner et al. (2010) measured plasma lamotrigine concen-
trations every second day across the menstrual cycle in 7 women who were not
taking oral contraceptives and found no statistically significant change in lamotrig-
ine clearance. Also in women who were not using oral contraceptives, Herzog
(2009) found a nonstatistically significant 31.3 % decrease in circulating lamotrig-
ine levels and an 8.3 % decrease in valproate ones, in the mid-luteal phase as com-
pared with the mid-follicular phase of the menstrual cycle. Both of these groups of
workers also studied women taking oral contraceptives. In these women, clearances
of the antiepileptic drugs concerned were statistically significantly increased in the
stage of the cycle when synthetic hormone intake was present.

Overall, the above data suggest that during the menstrual cycle, variation in
plasma concentration of antiepileptic drugs relative to drug dose and physiological
or iatrogenically produced sex hormonal level changes may both contribute to the
catamenial occurrence of epileptic seizures. Is this experience consonant with what
happens in women with epilepsy during their pregnancies?

Seizure Occurrence Rates in Pregnancy

At first sight, it might seem simple enough to determine whether pregnancy in its
own right altered the rate of occurrence of epileptic seizures. In practice, attempts to
settle the matter have been confounded by the possible effects of the antiepileptic
drug therapy that is usually taken during pregnancy by women with epilepsy.

The first at least modestly effective antiepileptic agents began to come into use
after 1857 when Locock’s comments about the effectiveness of potassium bromide
in ‘hysterical’ epilepsy appeared in the medical press (Eadie 2012). The effects of
these comments were soon afterwards reinforced by Wilks (1861) who, unaware of
Locock’s comments, published a report of the drug’s effectiveness in a small series
of patients with epilepsy. Over the subsequent century and a half, further agents
possessing greater antiepileptic efficacies became available and were then used
extensively. As a result, at least in Western societies, for very many years there has
been almost no experience of the natural history of untreated epilepsy. Attempts
have been made to remedy this deficiency in knowledge of the course of the
untreated disorder by studying the natural history of epilepsy in societies where
drug treatments are unavailable or are too expensive for widespread use.
Unfortunately, in those societies the aetiologies of epilepsy may be different from
those in Western societies, and medical records, if available, are less likely to be
adequate for later study. If one were to attempt to ascertain the course of untreated,
or ineffectively treated, epilepsy in Western societies before the introduction of
potassium bromide in the mid-nineteenth century, there would again be problems.
Prior to that time, relatively few statistical data concerning epilepsy had been
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published, and the clinical spectrum of the disorder then diagnosed as ‘epilepsy’
was considerably less extensive than it now is. In the latter half of the nineteenth
century, it was rather widely held that epilepsy was a disease in its own right, one
with no detectable pathological basis, though Gowers (1881) in his monograph
seemed to accept that such epilepsy could also be due to inactive, though not to
active, brain pathology. Hence epileptic seizures attributed to a recognised cause
were often not included in the epilepsy statistics at the time when no effective
therapy was available. Herpin’s posthumous monograph, which described the
wealth of epileptic aura and minor seizure phenomena, appeared before 1870
(Herpin 1867), but it received little notice until near the end of the century.
Consequently, focal epilepsies which did not culminate in convulsing also tended
not to be included in epilepsy statistics until well after potentially effective antiepi-
leptic drug therapy in the form of potassium bromide was available. Therefore the
few available statistics concerning seizure frequency that were collected prior to
1850 usually applied to generalised convulsive seizures that had no recognised
underlying pathological cause. Such data do not easily equate with what is today
considered to be epilepsy.

The above matters and the evidence that plasma levels of many antiepileptic drug
levels fall, relative to dose, during pregnancy (Chaps. 3, 4, 5 and 6) need to be kept
in mind when considering what is known about the reported behaviour of epileptic
seizure disorders during pregnancy.

Nineteenth-century monographs on epilepsy do contain some statements con-
cerning the course of seizure disorders during pregnancy. For the most part, these
statements seem to have been based not on quantitative data but on individual
authors’ impressions or on memories of particular instances, e.g. of a woman with
previously active epilepsy who became seizure-free while pregnant. The account of
Raoul Béraud in a University of Paris MD thesis in 1884 is probably the first to
contain useful statistics. In his series of 31 pregnancies, seizures became more fre-
quent in 26 % and less frequent in 48 % and were unaltered in frequency in the
remaining 26 %. Béraud concluded that (1) pregnancy did not cause epilepsy or
modify the pattern of an individual’s seizures and that (2) the influence of pregnancy
on epilepsy did not extend beyond the duration of pregnancy. He stated that epilepsy
did not predispose to eclampsia and that maternal bromide intake was not harmful
to the foetus. This latter item of information suggests that not all of his collection of
pregnancies had been untreated.

Knight and Rhind (1975) studied 153 pregnancies in 59 women with epilepsy.
Seizure frequency increased during pregnancy in 45.2 % and decreased in 4.8 % and
was unchanged in the remainder. A few years later, Schmidt (1982) summarised the
numerical data concerning the effects of pregnancy on seizure frequency that could
be found in the available literature published during the preceding century. In total,
he found record of 2165 pregnancies in women with epilepsy. Seizures had become
more frequent in 24.1 % of these pregnancies and less frequent in 22.7 % and were
unaltered in frequency in 53.2 %. He recognised that different authors had employed
different criteria for determining seizure improvement or worsening. Possibly
because of this, he did not pursue his analysis in greater detail. The individual 28
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data sets that he analysed contained substantially different numbers of pregnancies.
Seizure numbers were in fact increased in pregnancy in 16 of the data sets and
decreased in 10. All the series dated from times when antiepileptic drug therapy was
available, but it was only at the end of the time period that Schmidt surveyed that the
possible implications of altered antiepileptic drug disposition during pregnancy
began to be appreciated.

In the following year, Schmidt et al. (1983) reported on their monitoring of the
course of 136 pregnancies in 122 women with epilepsy. In 37 %, the number of
seizures increased during pregnancy or the puerperium, and in 13 % the number
decreased. In half of their pregnancies, the rate of seizure occurrence was unaltered.
Otani (1985) found that 27 % of a series of 125 women with epilepsy were poorly
compliant with antiepileptic drug therapy during pregnancy. The seizure frequency
was unaltered in 80 % of the remaining women, increased in 16 % and decreased in
4 %. Bardy (1987) compared seizure numbers in the pre-pregnancy year, during
pregnancy and in the three postnatal months, in 140 women with epilepsy. Seizure
numbers increased during pregnancy in 32 % and decreased in 14 %. Gjerde et al.
(1988), on the other hand, found no statistically significant difference in seizure
occurrence rates before and during pregnancy.

Sabers and Dam (1990) analysed the literature reports of seizure occurrence dur-
ing pregnancy that had been published between 1884 and 1987. This data set must
have largely coincided with that of Schmidt (1982) referred to immediately above.
Sabers and Dam subdivided their material into three time periods, viz. 1884—1937,
1938-1970 and 1971-1987. They showed that the proportions of pregnancies in
which seizure frequency was unchanged increased from 26 %, through 47 % to
58 % over these periods, that the proportions of pregnancies with increased seizures
fell from 42 % through 35 % to 28 % and that the proportions with decreased sei-
zures fell from 32 % through 18 % to 14 %. Thus in all three time periods, seizure
frequency increased in pregnancy more often than it decreased. Tanganelli and
Regesta (1992) found seizure frequency unchanged in nearly 80 % of pregnancies
in their women with epilepsy.

In the past quarter of a century, further case series have been published whose
findings are increasingly relevant to the current clinical situation regarding epilepsy.
For instance, Chen et al. (2009) remarked on a statistically significant increase in
seizures in 1016 pregnancies in Taiwanese women, and Yerby (2008) stated that, in
the literature, seizures had increased in one-quarter to one-third of the pregnancies
of women with epilepsy. Further, the increase was unrelated to the seizure type that
was present.

More recently, there has been an increasing trend to report results of seizure
disorder behaviour during pregnancy in terms of whether pregnancy was or was not
seizure-free, rather than in terms of alterations in the numbers of seizure that
occurred. This all or nothing criterion has become increasingly significant in rela-
tion to the life situations of women with epilepsy when loss of seizure control
increasingly limits the sufferer’s lifestyle, particularly in relation to vehicle driving.
The EURAP Study Group (2006) reported that 58.3 % of 1956 pregnancies in their
pregnancy registry had been seizure-free. Mawer et al. (2010) found that 50 % of
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their series of 277 pregnancies in women with epilepsy were seizure-free throughout
pregnancy. Battino et al. (2013) subsequently indicated that 66.6 % of 3806 preg-
nancies in the EURAP registry that had been treated with carbamazepine, phenobar-
bitone, valproate or lamotrigine monotherapy had remained seizure-free throughout
pregnancy. Women with genetic generalised epilepsies were more likely than
women with focal epilepsies to experience seizure-free pregnancies (73.6 % as
compared with 59.5 %). Seizure control had worsened during pregnancy in 15.8 %
of the EURAP pregnancies. It was noted that the pregnancies managed with
lamotrigine monotherapy were less likely to be seizure-free than the remaining
treated pregnancies. Reisinger et al. (2013) found that, in 115 pregnancies in 95
women with epilepsy, seizures were more likely to occur during pregnancy if the
epilepsy involved was a focal one.

Some Australian Pregnancy Register data are probably included in the above
EURAP data, but the amount is unknown. The Australian Register has continued to
accumulate pregnancies since the time of the Battino et al. (2013) analysis. Of 1592
antiepileptic drug-treated pregnancies in the Australian Register by the end of
2013, some 53.5 % had been seizure-free throughout pregnancy. In 692 of these
1592 Australian pregnancies, the women involved had suffered seizures in their
pre-pregnancy year, whereas in the remaining 900 the women (56.5 %) had been
free from seizures for at least a year before becoming pregnant. Of those with
active seizure disorders in the pre-pregnancy year, 78.9 % continued to have sei-
zures during pregnancy. Of the 900 who were seizure-free for at least a year before
pregnancy, only 21.7 % experienced seizures during pregnancy. Generalised con-
vulsive seizures are more likely to be remembered than more minor epileptic mani-
festations. In the Australian Register, 258 of the 1592 pregnancies were associated
with generalised convulsive seizures in the pre-pregnancy year, but 298 had such
seizures during the shorter nine-month duration of pregnancy (16.2 % versus
18.7 %).

Of the pregnancies in the Australian Register, 785 had occurred in women with
focal epilepsies and 669 in women with genetic generalised epilepsies (the seizure
disorder type being uncertain in the remainder). Seizures of some type had occurred
in the pre-pregnancy year in 49.9 % of the pregnancies in women with focal epi-
lepsies and in 53.6 % during pregnancy. In these same women, generalised convul-
sive seizures had occurred in 28.2 % during the pre-pregnancy year but in 17.1 %
during the shorter nine-month period of pregnancy. As to the pregnancies of
women with genetic generalised epilepsies, the rate of occurrence of any type of
seizure was 37.1 % during the pre-pregnancy year and 39.6 % during pregnancy.
Generalised convulsive seizures had occurred in 18.4 % of the pregnancies in this
idiopathic/genetic generalised epilepsy subset during the year prior to pregnancy
and in 19.9 % during the nine months of pregnancy. Thus, in a series of pregnan-
cies managed by what one would hope, but could not guarantee, was contemporary
good therapeutic practice, there still appeared to be a tendency for decreased com-
plete seizure disorder control during antiepileptic drug-treated pregnancy.
Nevertheless, more than half of all pregnancies remained totally seizure-free
throughout.
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Factors Influencing Seizure Occurrence During Pregnancy

The above data suggest that the types of seizure disorder present in a very consider-
able majority of treated women probably were not significant factors in determining
whether or not seizure control deteriorated during pregnancy. In contrast, the overall
activity of the seizure disorders in the year before pregnancy appeared to have a
significant effect on seizure freedom rates during pregnancy.

In the Australian Register data then available, Vajda et al. (2008) analysed the
likelihood of seizures occurring during pregnancy in relation to the duration of sei-
zure freedom prior to pregnancy. The outcome is summarised in Fig. 7.1, which
contains data subsequent to the 2008 publication. There appeared to be a substan-
tially lower risk of seizures recurring during pregnancy if there had been 18 months
seizure freedom before pregnancy. Longer periods of seizure freedom than this
offered almost negligible further advantages. As a general guide, 1 year seizure
freedom before pregnancy probably would offer the best compromise between the
disadvantage arising from experiencing seizures in pregnancy and the disadvan-
tages from delaying pregnancy for extended periods to minimise the risk of seizures
occurring during pregnancy. In the year after the publication of Vajda et al. (2008),
Harden et al. (2009) reached a basically similar conclusion but in relation to a
9-month seizure-free interval before pregnancy. Thomas et al. (2012), in a study of
1297 pregnancies, commented that seizures in the pre-pregnancy month increased
the risk of further seizures occurring during pregnancy.

Cangetti et al. (2014) drew attention to a further factor of prognostic relevance.
They obtained evidence that having had a past history of seizures predominantly in

80-
70~
60-
50-
o 2
Yo 40
30+
20-
Fig. 7.1 Rates of occurrence 1 0-
during pregnancy for any
seizures (continuous line) and c
for generalised convulsive
seizures (broken line), related 0

to duration of seizure
freedom prior to pregnancy




118 7 Antiepileptic Drugs, Epileptic Seizures and the Foetus

the peri-menstrual few days, or in addition at the approximate time of ovulation,
increased the chances of a woman experiencing a pregnancy without seizures or
with reduced numbers of seizures.

From the recent literature, it appears that a majority of women with antiepileptic
drug-treated epilepsy will remain seizure-free throughout their pregnancies if con-
temporary optimal therapeutic management practices are followed. Unfortunately, a
tendency exists for some women’s apparently fully controlled seizure disorders to
relapse during pregnancy or for their seizures to become more frequent. There are
several possible explanations for this seizure disorder worsening. Despite existing
knowledge of the increased eliminations of many antiepileptic drugs during preg-
nancy, it is possible that antiepileptic drug dosages have not always been adjusted
appropriately during pregnancy to counter the effects of falling circulating drug con-
centrations. This fall may have been responsible for seizures continuing to occur in
47 % of the pregnant women in the series of Schmidt et al. (1983), as at the time of
that study, the importance of maintaining pre-pregnancy plasma concentration of
antiepileptic drugs during pregnancy was not as widely appreciated as it now is.
Accidental or deliberate noncompliance with recommended antiepileptic drug dos-
ages is another possibility. There is some published evidence, as well as anecdotal
data, indicating that noncompliance with prescribed antiepileptic drug therapy does
sometimes occur during pregnancy in women with epilepsy (Schmidt et al. 1983).
The latter authors also suggested that sleep deprivation in pregnancy could impair
seizure control. There is the further possibility that in some women impaired seizure
disorder control in pregnancy may be due to the state of being pregnant itself, by
altering the intrinsic activity, or the nature, of the underlying epileptogenic process.

Seizures During Pregnancy in Women with Untreated Epilepsies

The data discussed above have been derived from pregnancies in which a substantial
proportion of the women involved probably were treated with antiepileptic drugs.
Are contemporary data available from women with untreated epilepsy that could
clarify the effects of pregnancy on seizure control in the absence of the confounding
effects of drug treatment?

In the published material summarised in the review of Schmidt (1982), there was
one series of 108 pregnancies that were not treated with antiepileptic drugs. In this
series, seizures increased in pregnancy in 22 %, decreased in 39 % and remained
unaltered in frequency in the remaining 39 %. This report came from a University
of Heidelberg dissertation (Fuchs 1965) which we have been unable to access.

The Australian Pregnancy Register at the end of 2013 contained record of 148
pregnancies in which women with epilepsy were not taking antiepileptic drugs when
pregnancy commenced. In 58.1 % of these 148 pregnancies, the women involved
either had never taken antiepileptic drugs or had not taken them for many months
prior to pregnancy. In the remaining 41.9 % of the untreated pregnancies, the women
involved had ceased drug intake shortly before becoming pregnant, probably with
the intention of becoming pregnant. Of this latter group, 56.1 % had resumed antiepi-
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leptic drug intake by later pregnancy. In exactly half of the 148 pregnancies, the
women involved had experienced seizures in the pre-pregnancy year. During preg-
nancy, seizures occurred in 56.1 % of the pregnant women, a not statistically signifi-
cant change from the 50 % of seizure-affected women in the pre-pregnancy year.
Unfortunately, comparing seizure occurrences in the 9-month period of pregnancy
with those in the preceding 12 months may have biased the comparison against
showing a significant increase in women with loss of seizure control during preg-
nancy. The 148 pregnancies contained 12 in which the women concerned had
resumed antiepileptic drug intake before the end of pregnancy, though they remained
free of seizures throughout pregnancy. Since the resumption of treatment in these 12
pregnancies may have prevented seizures that would otherwise have occurred, the 12
were excluded from further consideration. When that was done, seizures had occurred
in the pre-pregnancy year in 52.2 % of those untreated during pregnancy, but in
61.0 % during pregnancy, a statistically significant increase despite the possible con-
sequences of the two different time periods being compared. In their pre-pregnancy
years, 20.6 % of these women suffered generalised convulsive seizures, while in
pregnancy 26.5 % suffered such seizures, a nonstatistically significant increase.

In the whole Australian data set, there were 39 pregnancies in which the woman
involved had not taken antiepileptic drugs for many months or years prior to preg-
nancy and had been seizure-free for at least 1 year before pregnancy. In this subset
with seemingly stable inactive epilepsy, 35.9 % developed seizures of some type
during pregnancy (P <0.01) and generalised convulsive seizures in 15.4 % (P <0.05).

Based on this experience, it seems that pregnancy in its own right may sometimes
increase the activity of the processes underlying epileptogenesis. Simply ensuring
patient compliance with therapy and maintaining circulating concentrations of anti-
epileptic drugs at values similar to those which prevailed before pregnancy may there-
fore not always suffice to prevent deterioration in seizure control during pregnancy. It
is conceivable that in some women the threshold circulating concentrations of antiepi-
leptic drugs during pregnancy that are needed to prevent seizure occurrence may be
higher than in the same women when not pregnant. At present, it is impossible to know
whether this is the case. However, in the current state of uncertainty regarding this
matter, there may be an argument for attempting to maintain circulating plasma con-
centrations of antiepileptic drugs at higher levels than were necessary for seizure con-
trol before pregnancy, so long as these higher concentrations do not cause undesirable
consequences for pregnant women and their foetuses. It may take considerable time to
accumulate the data necessary to decide whether this suggestion is warranted.

Effects of Altered Antiepileptic Drug Disposition in Pregnancy
on Seizure Occurrence

Enough clinical experience has accumulated to make it generally accepted that the
proportion of patients whose seizures are controlled by a particular antiepileptic
drug will probably increase as the plasma concentrations of the drug increase, at
least up to a certain concentration level. This belief is the basis of the idea of the
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‘therapeutic range’ for the drug. Values for that parameter for the individual antiepi-
leptic drugs are cited in Chaps. 4, 5 and 6. There seems every reason to assume that
a similar consideration regarding seizure control would apply during pregnancy.
Therefore the known increases in antiepileptic drug clearance in pregnancy would
be likely to be associated with decreased seizure control during pregnancy unless
drug doses were increased to compensate for the expected decreases in circulating
drug concentrations. Clinical experience seems to be in keeping with this expecta-
tion. However, there is relatively little published data that actually demonstrates its
validity. Most of the relevant published material relates to lamotrigine, for which
Pennell et al. (2008) and Sabers and Petrenaite (2009) provided evidence that sei-
zure control in pregnancy was better when attempts were made to adjust dosage of
the drug to compensate for the fall in plasma lamotrigine concentrations that occurs
in pregnancy. Subsequently Pirie et al. (2013) traced further literature reports that
were in accord with this experience.

Despite the relative paucity of specific studies concerning the matter, there seems
little reason to question the clinical wisdom that reduced plasma concentrations of
antiepileptic drugs during pregnancy are likely to correlate with decreased seizure
disorder control.

Effects of Epilepsy, and Experiencing Seizures, on Pregnant
Women and Their Foetuses

It seems reasonably widely accepted that contemporary antiepileptic drug therapy
fails to fully control seizure disorders in perhaps 30 % of those treated in the general
population. Despite the best contemporary therapeutic efforts, there probably also is
a treatment failure rate of 30-50 % in the pregnancies in women with epilepsy.
Continuing seizures, particularly in those living in more complex and technologi-
cally sophisticated societies, clearly constitute a significant source of handicap and
of limitation in the quality of life. But do they confer additional physical disadvan-
tages on pregnant women? Do seizures in pregnancy affect the course of pregnancy
adversely or otherwise harm foetuses?

In a good deal of the literature that appears potentially relevant to this matter, the
authors have not distinguished clearly between the effects of having actually suf-
fered seizures during pregnancy and the effects of suffering from a seizure disorder,
usually a drug-treated one, and also being pregnant.

Physical Disadvantages for Pregnant Women

There seems to be no suggestion in the literature that the occasional physical injuries
brought about by, or occurring during, epileptic seizures in the general population do
not also occur in pregnant women with epilepsy. Little has been published
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concerning whether the increased laxity of the ligaments and muscles that develops
during normal pregnancy alters the hazard of bony or ligamentous injury caused by
the violence of generalised convulsive seizures. As Battino and Tomson (2007) men-
tioned, it has generally been assumed that uncontrolled generalised convulsive sei-
zures constitute a hazard for the mother, but actual published evidence that supports
this assertion is not easily found. Published data exist for pregnancy complications
in women with epilepsy (Teramo and Hillesmaa 1982), but pregnancy complications
and complications attributable to seizures are not necessarily identical. There seems
to be almost an unwritten consensus that the effects of epileptic seizures on the preg-
nant woman will not differ from those that apply to her in her nonreproductive state,
except in so far as the contents of her reproductive organs are concerned.

In perhaps surprising contrast to the relatively undisturbed general physical
health situations of most pregnant women with epilepsy, Edey et al. (2013) noted
that in the United Kingdom official statistics for the year 2004, there was a tenfold
increased mortality associated with pregnancy in women with epilepsy. Eleven of
the 14 fatalities that had been reported were instances of sudden unexplained mater-
nal death. Nine of the 14 deaths had occurred during pregnancy and the other five
postnatally. Presumably most of the foetuses that these women carried were lost.
Such events might easily be too rare to ever be encountered by the individual clini-
cian or even by institutions that manage the pregnancies of substantial numbers of
epileptic women. They also might not be recognised in data from the pregnancies
that find their way into pregnancy registers. It is clearly important that this finding
of increased mortality be confirmed in other large-scale studies.

No actual evidence is available that the maternal deaths mentioned immediately
above were due to seizures. Nevertheless, the finding should encourage efforts to
achieve full seizure control during pregnancy, because the data currently available
suggest that sudden unexplained death in persons with epilepsy is often related to
failure of seizure control, sometimes apparently consequent on failure to take pre-
scribed antiepileptic medication.

Altered Course of Pregnancy

There have been very occasional reports of pregnancy complications such as prema-
ture labour, antepartum haemorrhage and placental abruption that have taken place
in a close time relationship to the occurrence a convulsive seizure. This association
might suggest that the violence of the seizure caused the complication. However,
most studies have failed to find statistical evidence consistent with seizures actually
being responsible for pregnancy complications, in that the complication rates have
not been higher in the pregnancies of women with epilepsy, some of whom would
be expected to have experienced seizures during pregnancy, than in the pregnancies
of women who do not have epilepsy.

For instance, in Heidelberg Janz and Fuchs (1964) studied 426 pregnancies in
women with epilepsy, employing data obtained retrospectively. No antiepileptic drug
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therapy was taken in 130 of these pregnancies, and one would have expected that
seizures would have occurred in some of this subgroup. However, the authors reported
that miscarriages and stillbirths occurred in 12.1 % of the antiepileptic drug-treated
pregnancies but in 7 % of the untreated ones. The incidences of other complications
of pregnancy such as premature or post-mature birth also were not greater than the
average incidences for the population and as well were similar for both the treated
and the untreated pregnancies. These authors gave the impression that their findings
would not have been regarded as unusual if they had been obtained in a population of
pregnant women who did not have seizure disorders. Speidel and Meadow (1972), in
a study described further in Chap. 8, encountered similar rates of miscarriage, pre-
term birth and low birth weight offspring in their antiepileptic drug-treated pregnan-
cies and in control pregnancies in women who did not have epilepsy.

Annegers et al. (1988) compared the rates of occurrence of certain pregnancy
complications in women with epilepsy and in the non-epileptic wives of men with
epilepsy. The gestation age-adjusted rate ratio for spontaneous abortion was not
increased (0.80: 95 % confidence interval 0.45, 1.40). The cumulative risk of spon-
taneous abortion (18 %) for antiepileptic drug-exposed pregnancies was similar to
the risk reported in non-epilepsy populations. In contrast, Schupf and Ottman
(1997) found an increased hazard of spontaneous abortion in the pregnancies of
women with focal-onset epilepsies which had commenced before the age of 21
years.

Bech et al. (2014) observed no increased risk of spontaneous abortion in the
records of almost one million pregnancies in Danish women with antiepileptic
drug-treated epilepsy. Curiously, there was a 12 % increase in the spontaneous abor-
tion risk in women taking these drugs for indications other than epilepsy.

Richmond et al. (2004) and Katz et al. (2006) both found that the number of
stillbirths among the pregnancies of adequately treated women with epilepsy was
similar to that for the general population. They considered that there was no persua-
sive evidence for a heightened risk of obstetrical complications such as pre-
eclampsia, premature birth or placental abruption in the pregnancies of women with
epilepsy. However, Katz et al. (2006) also noted that a statistically significantly
higher proportion of women with epilepsy had their babies delivered by Caesarean
section. Thomas et al. (2009) compared the maternal pregnancy complications in
women in an Indian pregnancy register with those occurring in non-epileptic women
in a teaching hospital. These authors’ interpretation was that there was no significant
increase in complications in the pregnancies of women with epilepsy. In fact they
reported a higher incidence of spontaneous abortions (4.2 % compared with 2.38 %)
and of anaemia (0.62 % versus 0.22 %) in their women with epilepsy. In contrast,
medical terminations of pregnancy, gestational diabetes, pregnancy-related hyper-
tension, antepartum haemorrhage and postpartum haemorrhage were all more fre-
quent in the control population (but the women in that population may have been
admitted to hospital because their pregnancies either were complicated ones or were
ones in which complications were feared).

In contrast, in at least two studies, there seem to have been increased complica-
tion rates in the pregnancies of women with epilepsy, though that does necessarily
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mean that seizures were responsible for the complications. When Borthen et al.
(2011) in Bergen, Norway, compared the outcomes of 205 pregnancies in women
with epilepsy with those in 205 control pregnancies, they found an increased risk of
severe pre-eclampsia and of early pregnancy bleeding in the epilepsy-affected
women. Borthen and Gilhus (2012) subsequently stated that pre-eclampsia, gesta-
tional hypertension, bleeding during pregnancy, induced labour and Caesarean sec-
tion were found more often in pregnant women with epilepsy than in other pregnant
women. Excessive postpartum bleeding was also more frequent in the women with
epilepsy. It seems possible that the inductions of labour and the Caesarean sections
reflected personal therapeutic policy rather than were consequences of epilepsy
altering the course of pregnancy.

Unlike the majority of the above studies, in which there was little or no persua-
sive evidence of increased epilepsy-related hazards during pregnancy, Rauchenzaue
et al. (2013)) did note an association between experiencing one or more generalised
tonic—clonic seizures during pregnancy and giving birth to offspring with a lower
gestation age, an increased incidence of prematurity and, in males, a lower birth
weight.

Overall, the available literature suggests that, if epilepsy in pregnancy is man-
aged in a manner consistent with optimal present-day standards, there probably is
little heightened risk of pregnancy complications. Hence any risk due to actually
suffering seizures during pregnancy appears to be, for practical purposes, small
enough to be negligible in the individual woman. This is in keeping with the experi-
ence resulting from analysis of the recorded pregnancy complications in 1731 preg-
nancies in the Australian Pregnancy Register at the end of 2013. Of these
pregnancies, 63 were associated with spontaneous abortions or stillbirths. Seizures
of some type occurred in 36.5 % of pregnancies which ended in spontaneous abor-
tion or stillbirth but in 47.6 % of the pregnancies that result in live births. In regard
to generalised convulsive seizures, the corresponding figures were 12.7 and 29.9 %.
The relative risk of spontaneous abortion or stillbirth was actually statistically sig-
nificantly lower in pregnancies in which generalised convulsive seizures had
occurred. However, it should be pointed out that, if there were spontaneous abor-
tions that occurred at early stages of pregnancy, due either to lethal foetal malforma-
tion or other circumstances brought about by seizures, the associated pregnancies
were unlikely to have been in existence long enough to have been reported to the
Register. It is impossible to know whether there could have been enough such preg-
nancies to actually increase the spontaneous abortion risk so that it exceeded the
risk associated with not having seizures.

Effects on the Foetus

It might be anticipated that the violent physical activity entailed in a generalised
convulsive seizure in a pregnant woman, and the associated circulatory alterations
and hypoxia, could damage the foetus she was carrying. Yerby (2008) took the view
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that generalised tonic—clonic seizures increased the risk of hypoxaemia, acidosis
and injury from birth trauma and also the likelihood of stillbirth but then stated that
such events rarely arose as consequences of seizures. There has been a report of
foetal heart slowing during a maternal convulsive seizure (Teramo et al. 1979), and
there have also been suggestions that foetal malformation may result from intrauter-
ine hypoxia. But have these predictions been borne out in clinical practice?

Foetal Physical Development

Most communications dealing with pregnancies in women with epilepsy, the great
majority of whom were taking antiepileptic drugs during the pregnancies, have
reported that the offspring tended to be a little premature, of lower than expected
birth weight and small for gestational age (e.g. Veiby et al. 2009; Lin et al. 2009;
Pennell et al. 2012) and to have slightly smaller head circumferences than normal
(though the circumferences reached normal values for age after 2 years). In contrast
to such reports, McPherson et al. (2013) furnished statistics for 410 pregnancies in
women with seizure disorders, compared with 47,118 pregnancies in non-epileptic
women. These authors found that there was no increased risk of intrauterine growth
retardation, stillbirth, pre-eclampsia or preterm delivery in the pregnancies of the
women with epilepsy. In the records of all Danish pregnancies between 1997 and
2008, Kilic et al. (2014) detected no association between preterm birth and antiepi-
leptic drug-treated seizure disorders but found an association between the two if the
mothers had been taking these drugs for conditions other than epilepsy. Artama
et al. (2013), in their analysis of Finnish national data, noted an excess of infant
deaths in foetuses exposed to antiepileptic drugs during pregnancy. Barroso et al.
(2014) also found an excess of neonatal deaths from pregnancies exposed to antiepi-
leptic drugs (mainly phenobarbitone). As for pregnancy complications, there seems
little convincing published evidence that the occurrence of seizures during preg-
nancy has significant consequences for the overall physical status of the foetus at
term.

Foetal Malformations

There has been speculation as to whether maternal generalised convulsive seizures
in early pregnancy may cause foetal malformation, perhaps as a result of foetal tis-
sue injury from the hypoxia or acidosis produced by the convulsing. However, there
again appears to be little or no published evidence demonstrating that maternal sei-
zures are actually responsible for foetal malformations in humans. In the Australian
Pregnancy Register data for pregnancies that resulted in foetal malformations, such
malformations occurred in 50.9 % of the 114 seizure-affected pregnancies and in
47.4 % of the seizure-free ones. The relative risk of 1.074 was not statistically sig-
nificant. The corresponding figures were 29.8 and 29.9 %, if only generalised con-
vulsive seizures were considered, the relative risk then being 0.999. Considering
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only seizures of any type that occurred early in pregnancy, the more critical time in
connexion with organogenesis, the corresponding figures became 40.4 and 35.0 %
(relative risk 1.513) and for generalised convulsive seizures 23.7 and 23.2 % (rela-
tive risk 1.020). Thus in the Australian data, there was no statistically significant
evidence that having seizures during pregnancy, and in particular seizures in earlier
pregnancy, increased the hazard of giving birth to foetuses with malformations.

On the basis of the above data, it would seem that pregnancy, when managed to
what would appear to be a contemporaneously appropriate standard, is probably
associated with a risk of worsening seizure control and possibly a small chance of
sudden unexplained maternal and foetal death (if the recently available British data
are confirmed). However, seizures that occur during pregnancy are unlikely to add
significantly to the risk of experiencing pregnancy complications or other important
adverse consequences for the mother or her foetus. The matter of antiepileptic drug-
related foetal malformations is discussed at some length in the next two chapters.

Seizure Disorders in the Offspring

There is evidence that unprovoked seizure disorders are statistically significantly
more common in the offspring of mothers with epilepsy, as compared with the off-
spring of fathers with epilepsy (Ottman et al. 1988). The basis for the difference is
unexplained, not being accounted for by seizure disorder aetiology or maternal use
of antiepileptic drugs.
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Chapter 8
Antiepileptic Drugs and Foetal
Malformations: A Possible Class Effect

Abstract About 50 years ago, reports began to appear suggesting that there was an
association between taking antiepileptic drugs during pregnancy and the develop-
ment of foetal malformations. The occurrence of such malformations is relatively
uncommon, and it has taken time and the accumulation of moderately sized data
collections before the following information has emerged, viz.

(i) The tendency of the drugs to be associated with foetal malformation is not a
class effect that involves all antiepileptic drugs. Among the more widely
used agents is a property of certain drugs, particularly valproate but also to a
lesser extent topiramate, probably phenobarbitone and possibly
carbamazepine.

(ii)) The risk of foetal malformation associated with valproate is dose
dependent.

(iii) The teratogenesis associated with individual antiepileptic drugs is not limited
to the production of one or two particular patterns of malformation but involves
an increased risk of many different types of malformation, though there is
some evidence that there is a degree of dose specificity between valproate and
a particular pattern of malformation, viz. spina bifida.

(iv) The reported increased hazard of malformations occurring when antiepileptic
drugs are combined depends on the presence of a teratogenic substance such as
valproate in the combinations, and on its dosage.

(v) If the use of valproate is not involved and if there is no history of foetal malfor-
mation in previous offspring, the hazard of foetal malformation from an anti-
epileptic drug-exposed pregnancy is not likely to be statistically significantly
higher than the risk in pregnancy in the general population.

The thalidomide tragedy of the late 1950s made both the medical profession
and the general public aware that taking therapeutic drugs during pregnancy
could cause foetal abnormalities. Not long afterwards, the first publication
appeared that assessed this possibility in relation to the antiepileptic drugs then
in use.
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Early Observations

In January 1964, Janz and Fuchs published a study based on a questionnaire sent to
325 women who had attended the epilepsy outpatient clinic of the Department of
Neurology of the University of Heidelberg during the previous eight years. The
women were asked about all of their pregnancies during that period. The published
paper contained data on 426 pregnancies in 246 women. In 262 of the pregnancies,
hydantoin or barbiturate antiepileptic drugs had been taken continuously through
pregnancy, in another 34, the regularity of drug intake was uncertain, and in 130, the
pregnancies were in untreated women, whether or not they had experienced sei-
zures. Among the 348 live births, there were five instances of congenital abnormali-
ties (1.4 %), comprising three instances of hare lip or cleft palate (one associated
with an anal fistula), one instance of congenital heart disease and one of torticollis.
The malformation rate was 2.2 % in the pregnancies exposed to the drugs and 0 %
in the drug-unexposed pregnancies in women with epilepsy. On the basis of these
results, Janz and Fuchs considered that the malformations were unlikely to have
been due to the antiepileptic drug treatment. The subsequent literature has generally
accepted their interpretation.

Six years later, Meadow (1970), from Guy’s Hospital in London, warned that
there might be an association between pregnancy in women with epilepsy and the
occurrence of cleft palate and cleft lip in their offspring. Unexpectedly, he had
encountered six instances of the combination, prompting him to write in the medical
press seeking further accounts of such an association. By 1970, he had accumulated
accounts of 32 such instances, in only one of which cleft palate was the sole abnor-
mality. All the affected children had been exposed to antiepileptic drugs during
pregnancy. The drugs involved were phenobarbitone, primidone, phenytoin and
troxidone. On the basis of an expected cleft palate rate of 1.2 per 1000 births in the
general population, Meadow calculated that 2.5 babies per year with the abnormal-
ity should have been born to women with epilepsy, whereas the rate based on his
own limited series was 4.0 per 1000 per year. He did not claim that there was a
causal relationship between pregnancy, antiepileptic drug intake and facial clefts,
but suggested that there was need for a larger-scale investigation of the possibility.

By the time the outcome of this proposed investigation was published (Speidel
and Meadow 1972), further evidence suggesting the existence of such an associa-
tion had already appeared. Elshove and Van Eck (1971) studied 65 live births to
mothers treated with antiepileptic drugs throughout pregnancy and reported a total
foetal malformation rate of 154 per 1000, a cleft lip and/or cleft palate rate of 77 per
1000 and a congenital heart abnormality rate of 30 per 1000. In their control popula-
tion of 12,051 births, the corresponding figures were 19 per 1000, 2.7 per 1000 and
0 per 1000, respectively. Watson and Spellacy (1971) had found an overall foetal
malformation rate of 59 per 1000 in the live births of 51 women taking antiepileptic
drugs throughout pregnancy. There were no instances of facial clefts, but there was
a 20 per 1000 rate for congenital heart abnormalities. Their control population of 50
pregnancies contained no malformations of any type. South (1972) reported on the
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outcome of antiepileptic drug-exposed pregnancies in 23 women and, for compari-
son, the outcome in the pregnancies of 99 women who were not taking antiepileptic
drugs. There was an overall foetal malformation rate of 90 per 1000, all being
instances of facial clefts, in the drug-exposed pregnancies, but no abnormalities in
the drug-unexposed pregnancies.

Speidel and Meadow (1972) had investigated the records of the pregnancies of
186 women with epilepsy drawn from hospitals in the English Midlands and, as a
comparison group, had utilised the records of the pregnancies of 180 women with-
out epilepsy. There was a 4.66 % major congenital abnormality rate in 365 antiepi-
leptic drug-exposed pregnancies, a 0 % rate in 62 pregnancies in women with
epilepsy who did not take the drugs and a 1.45 % rate in 483 normal control preg-
nancies. In contrast to the known Birmingham City foetal malformation rate of 26.7
per 1000 pregnancies, the comparable malformation rate in pregnancies exposed to
antiepileptic drugs was 51.6 per 1000. The main drugs involved were phenytoin,
phenobarbitone and primidone. There was no single predominant pattern of malfor-
mation associated with any drug, but the authors thought that there was a recogni-
sable pattern of abnormalities in the affected offspring. In its complete form, this
pattern comprised facial malformations, cleft lip and palate, trigonocephaly or
microcephaly, and various minor changes including hypertelorism, low-set ears,
short neck, low hairline, bilateral single transverse palmar creases, minor peripheral
skeletal abnormalities and, in some instances, mental subnormality. Neural tube
defects were not identified as part of the syndrome. Unlike the situation that applied
for thalidomide, where the drug appeared responsible for a single type of foetal
malformation, the association between the antiepileptic drugs then in use and foetal
malformation appeared to involve a variety of different abnormalities. In a given
individual, these might occur singly or in combination. Speidel and Meadow noted
that no single antiepileptic drug seemed more closely associated with malforma-
tions than the others. They considered that the cause of the malformations might be
(1) inherited factors, (ii) the drug used, which might be acting by virtue of reducing
circulating folate concentrations, and (iii) the occurrence of convulsions in preg-
nancy (though they did not think that the latter provided a sufficient explanation).

The paper of Speidel and Meadow (1972) was followed by the publication of
further studies, all showing increased foetal malformation rates associated with in
utero exposure to the main antiepileptic substances then in use, viz. phenytoin and
phenobarbitone (the latter also being a metabolic product of primidone).

At this time, the oxazolidinedione derivative troxidone (trimethadione) was still
employed in treating absence seizures, though it and its congener paramethadione
were disappearing from use, being supplanted by succinimide derivatives, particu-
larly ethosuximide. The departure from the market of troxidone may have been
hastened by the publication of reports of a pattern of foetal facial malformations
associated with its use (German et al. 1970; Rischbieth 1979). Ethosuximide had
been introduced into human therapeutics in 1958 but, probably because absence
seizures have often ceased occurring by the age when women in Western societies
undertake pregnancy, has never featured to any considerable extent in the records of
associations between antiepileptic drugs and foetal malformations.
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Annegers et al. (1974) and Janz (1975) reviewed the then existing literature,
with the former authors adding to it a series of pregnancies in women with epilepsy
drawn from Mayo Clinic records. They reported that 10 foetal malformations had
occurred among 141 pregnancies in women with epilepsy taking antiepileptic
drugs, mainly phenobarbitone and phenytoin. There was only one abnormality in
56 pregnancies not exposed to these drugs in women with epilepsy and no abnor-
malities in the offspring of 61 women from the epilepsy subset in whom the preg-
nancies had occurred before the women developed epilepsy (and therefore before
they took antiepileptic drugs). Annegers et al. concluded from their own data and
the literature material that there probably was an association between antiepileptic
drug therapy in pregnancy and the development of foetal malformations. They
pointed out that, if antiepileptic drugs acted as teratogens, they might be expected
to cause a specific type of foetal malformation or a small number of types of mal-
formation. If they acted as mutagens, they might be expected to be associated with
an extensive variety of malformations. Further, such malformations would also be
expected to affect the offspring of fathers with antiepileptic drug-treated seizure
disorders. Meyer (1973) and Shapiro et al. (1976) obtained some evidence that the
latter might be the case, whereas Annegers et al. (1974) and Annegers et al. (1982)
considered that they had failed to find such evidence in their material. However,
Janz (1982) pointed out that Annegers et al. had actually found a malformation rate
in the offspring of epileptic fathers that was intermediate between the rate for the
offspring of women with antiepileptic drug-treated epilepsy and that for the off-
spring of women with epilepsy not exposed to antiepileptic drugs in pregnancy.
This particular issue has tended to be bypassed in the subsequent literature, possi-
bly because of the sensitivities and other difficulties that might be involved in ascer-
taining the identities and then obtaining the health and reproductive records of the
relevant biological fathers.

Annegers et al. (1974) also drew attention to certain limitations of the data
that were available for their study. One of the major ones was the problem
attendant on the small numbers of foetal malformations on which they had to
base their conclusions. They calculated that if the foetal malformation rate in
the pregnancies of women with epilepsy was the same as that in the general
population, there would be only one malformed foetus born per 1000 pregnant
women with epilepsy. There were other limitations, later reviewed by Kéllén
(2005), but these can be discussed below in relation to the attempts to remedy
the problems that may arise in investigating what are relatively uncommon
events.

Limitations and Attempted Remedies

Subsequently, attempts have been made to collect larger numbers of pregnancies
in women with epilepsy with the intention of overcoming the limitations inherent
in studying comparatively rare events and, in addition, to try to ensure that the
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types of seizure disorder that are involved in the studies are representative of
epilepsy in the wider community. In a professional life time, no individual medi-
cal practitioner or local group of practitioners is likely to be able to amass suffi-
cient numbers of pregnancies in women with epilepsy to possess enough material
for useful analysis. Therefore, investigators have sometimes availed themselves
of data already collected in the records of large hospitals or in official govern-
mental data bases. Alternatively, special pregnancy registers have sometimes
been set up.

Retrospective Analyses of Hospital Records

Retrospective analyses of data retrieved from hospital records may have various
limitations, because of the ways in which the data that they contain have been com-
piled. Nevertheless, they have sometimes yielded useful information. Details of
individual patient records have often been set down by different people, sometimes
in difficult-to-decipher handwriting. Though at the times of their creation these
records may have been adequate for the purposes of the institutions that have housed
them, they may prove to lack desired details relevant to particular teratogenicity
issues that have subsequently become important. They also may not contain infor-
mation that extends beyond the course of the patient’s immediate periods of contact
with the institution in question.

Use of Governmental Data Bases

Governmental data collections are likely to contain information on large numbers of
pregnancies where there has been no antiepileptic drug exposure, and they often
possess information on the pregnancies of women with epilepsy. They may, or may
not, contain information on whether the epilepsy was treated, or not treated, during
pregnancy. If they do not hold this information, in some countries, it has still been
possible to link their contents with the contents of separate databases that contain
national or regional information on drug prescriptions. The pregnancy and prescrip-
tion data in such datasets will be retrospective and have probably been recorded
without those collecting the data seeking specifically for the most appropriate infor-
mation for evaluating the role of the drugs in producing foetal malformations. Also,
such data collections are usually based on assessment of the offspring shortly after
birth and hence may fail to include malformations that are not detected until later in
infancy or childhood. The collections also may not contain information on thera-
peutic abortions, so that they may tend to exclude the most severe foetal malforma-
tions such as neural tube defects. Further, prescription of a drug, or the dispensing
of such a prescription, does not necessarily mean that the drug has been taken dur-
ing pregnancy.
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Use of Pregnancy Registers (Registries)
Ethical Considerations

Pregnancy registers (or registries, as they are sometimes termed) are intended to
prospectively collect information about the relative teratogenicities of antiepileptic
drugs. They are in essence observational studies that do not interfere with the actual
existing managements of individual participants, so that no issue of unethical or
doubtfully ethical experimentation on humans arises. They provide the best avail-
able practical and ethical alternative to the randomised, placebo-controlled studies
which would in other circumstances be preferable to obtain strictly evidence-based
results, but which would probably be judged ethically unacceptable if proposed in
relation to pregnant women.

Actual Registers

The register model of prospectively collecting pregnancy-related information that
was established initially by Holmes in the USA was followed by the establishment
of reasonably similar registers in several countries. Details of some of these regis-
ters have subsequently been reported (Beghi et al. 2001; Vajda et al. 2007). In 1999,
Ettore Beghi convened a meeting that established collaboration between registers
which had sufficiently similar features to enable their joining an international regis-
ter called EURAP. Beghi (2012) summarised the situation concerning pregnancy
registers as follows:

Pregnancy registries have been activated by collaborative groups of physicians in Europe
(EURAP), North America (NAREP), Australia and India (the latter two recently merged
into EURAP), to enroll a large number of exposed women to be monitored prospectively
with standardized methods, and by three pharmaceutical companies marketing lamotrigine,
gabapentin and vigabatrin, as part of their post-marketing surveillance...... the implemen-
tation of a common database with information from the existing registries may provide
valuable information in a shorter time period.

The European International Registry (EURAP) was established following the
meeting convened by Beghi (above). After 15 years of existence, this registry
involves over 45 countries worldwide. Collaboration between it and additional reg-
isters continues to be explored. Individual collaborating registers may still choose to
publish their own data, derived from a smaller database, but also feed the informa-
tion into EURAP.

As one example of a register’s content, the protocol for inclusion in the Australian
Register of Antiepileptic Drugs in Pregnancy involves interviews with women with
informed consent at their time of enrolment, at 28 weeks of pregnancy, soon after
delivery and at 12 months postnatally. Information on general medical, social, epi-
leptic seizure and treatment history, past pregnancies and outcomes, non-epilepsy-
related medications and events is recorded, and access to patients’ medical records
is obtained. Data are kept in a computerised database for subsequent analysis.
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Other registers include the North American Epilepsy and Pregnancy Registry,
the UK Epilepsy and Pregnancy Register, the Swedish Register, the Finnish
National Drug Prescription Registry and the Danish Register. The main contempo-
rary pharmaceutical company registers are the Prospective International Lamotrigine
Registry and the Pregnancy Registry maintained by UCB to monitor
levetiracetam.

There are differences between the registers. EURAP contains no internal control
group of untreated women with epilepsy and endeavours to compare drugs and their
effects on the foetus with each other. From the outset, the Australian Register has
included antiepileptic drug-untreated women with epilepsy, comprising about ten
per cent of the total, and also has attempted to recruit women receiving antiepileptic
drugs for non-epileptic indications, such as pain or bipolar illness. The US Registry
employs historical control groups. Although no single specific control group is
ideal, the availability of sufficient numbers of women with untreated epilepsy prob-
ably represents the most appropriate comparator.

In the earlier days of the existence of such registers, Meador (2008a) commented
that

The registries have different data collection timing (e.g. malformations at birth versus at 1
year), some lack of information about the mothers as well as a lack of follow up, which
restricts usefulness of registry data. In addition, each of the individual registries has weak-
nesses ranging from missing data on key variables to low numbers.

In more recently developed registers, some of these criticisms from an earlier
time have been addressed, at least to an extent. Even so, such registers, in which
enrolment necessarily is voluntary, are likely to capture only a minority of the
women with epilepsy in the community and, unless they draw on very large popula-
tions, probably will not accumulate sufficient pregnancy numbers for useful analy-
sis in data collection periods of less than several years. Over such periods, therapeutic
practice may change, possibly confounding interpretations. As well, women with
epilepsy who are prepared to enrol their pregnancies may not necessarily be repre-
sentative of women with epilepsy in the wider community. For instance, despite its
best efforts over its period of existence, the Australian Pregnancy Register appears
to have been able to collect only some 8.7 % of the pregnancies calculated to have
occurred nationwide in women with epilepsy (Vajda et al. 2014). Registers are
likely to prove more suitable for detecting differences between women with treated
and untreated epilepsies in pregnancy (if sufficient numbers of the latter become
available) and in comparing the effects of individual epileptic drugs, than in com-
paring malformation rates between women with epilepsy and those in other preg-
nant women in the general community.

The approaches to obtaining sufficient pregnancy numbers mentioned above
have other limitations. Because of their information-collecting and information-
recording methods, as already noted, hospital records may not always contain rele-
vant data from the foetal malformation point of view, official institutional databases
tend to sacrifice data quality to achieve inclusiveness, while registers tend to sacri-
fice comprehensiveness for the advantage of relevance to the issue at hand.
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One issue in relation to the various registers that does not seem to have received
much discussion is the possibility that the material some of them contain may have
been derived from pregnancies that have already been the subject of literature
reports. Conceivably the same individual pregnancy may have been included more
than once in the literature, without the replication of data being identifiable. This
may lead to the impression that more information is available than is really the case.

Other Issues of Methodology
Malformation Rate Comparisons

Different studies have employed a variety of comparison data sets in assessing the
significances of malformation rate values, e.g. known or expected malformation
rates for the whole population or for particular and preferably matched population
subsets, or malformation rates in siblings that were not exposed to antiepileptic
drugs in utero (Dolk and McElhattan 2002). As already mentioned, probably the
most satisfactory comparator would be the malformation rate in the offspring of
women with untreated epilepsy. Unfortunately, the number of untreated pregnan-
cies in women with epilepsy has usually proved to be substantially smaller than the
number of antiepileptic drug-treated ones, generally about 10 % or 15 % of their
number, though in the early series of Janz and Fuchs (1964), approximately one-
third of all the pregnancies studied were not exposed to antiepileptic drugs. As
noted above, the corresponding figure for the most recent analysis of the Australian
Pregnancy Register was 8.7 % (Vajda et al. 2014). Little seems to have been pub-
lished investigating whether such untreated pregnancies differ in important aspects
from antiepileptic drug-treated ones, apart from the material in the paper of Vajda
et al. (2008). This paper analysed the data from 68 pregnancies that were untreated
in at least first trimester compared with the data from the remaining 709 simultane-
ously collected but drug-treated pregnancies in women with epilepsy then included
in the Australian Pregnancy Register. More than 50 parameters were studied. The
only statistically significant differences were that the untreated pregnancy group
contained higher proportions of first pregnancies, pregnancies with seizures in the
pre-pregnancy year, pregnancies that had been referred to the Register by neurolo-
gists and babies with slightly higher head circumferences at birth and slightly
higher APGAR scores five minutes after delivery. There also were fewer pregnan-
cies with postpartum seizures. Foetal malformations tended to be less frequent in
the drug-unexposed pregnancies. Apart from the matter of taking or not taking anti-
epileptic drug treatment, the increased proportion of referrals from neurologists in
the untreated group seemed to be the only difference that might suggest that the
groups compared did not come from the same population. This difference in refer-
ral source raised the possibility that the epilepsies in the untreated group may have
been managed by more skilled professionals. There were no significant differences
in respect of family histories of birth defects in previous generations or in older
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siblings or pregnancies culminating in stillbirth. There also were no differences in
preconception folate use or folate use in pregnancy, in illness in pregnancy or in
smoking or alcohol intake in early pregnancy. Focal epilepsies were a little less
frequent in the untreated group and generalised epilepsies more frequent, but the
differences were not statistically significant. Seizure occurrence rates in earlier
pregnancy were similar in the two groups. Overall, the untreated control and treated
pregnancy groups may not have proved to be perfectly matched, but apart from the
matter of antiepileptic drug intake, there did not seem to be any obvious difference
between them that would have been expected to produce sizeably different foetal
malformation rates. In 62 % of the pregnancies in the untreated group, antiepileptic
drugs that had been taken previously had been withdrawn within a few months of
the beginning of pregnancy. This suggests that the women who had done this had
planned to be drug free in at least earlier pregnancy. There is published evidence
that some women with epilepsy in the United Kingdom choose to adopt such a
policy (Man et al. 2012).

There is also the related question of the denominator against which malforma-
tion rates are expressed. Often it has been live births, but doing this omits intrauter-
ine deaths and stillbirths which may be due to antiepileptic drugs and also excludes
therapeutic abortions which have been carried out because of detected major foetal
malformation. The ideal denominator, conceptions, is impractical because of the
difficulty in obtaining accurate data for spontaneous abortions, especially ones that
occur early in pregnancy. Malformation rates have sometimes been expressed rela-
tive to the number of pregnancies studied, raising the question of how the data from
multiple offspring from a single pregnancy have been handled. If the malformation
rates are expressed relative to numbers of live offspring, pregnancies yielding mul-
tiple offspring will be counted more than once. Some of the differences in foetal
malformation rates, and in types of malformation, recorded in different studies in
the literature probably arise from such differences in the denominators used in the
rate calculations.

Data Collection

Because of difficulty in agreeing when minor anatomical aberrations or unusual
physical appearances would warrant the designation of ‘malformation’, investiga-
tors have often restricted themselves to the statistics of major congenital malforma-
tions. Even then, the boundaries between what is designated ‘major’ and what is
considered ‘minor’ may be somewhat elastic. Mothers of newborn infants may not
consider ‘minor’ what a medical observer does, and mothers are often the primary
source of register information. In various studies, there have been differences
between the time points when the presence or absence of malformations has been
determined. The cut-off could be immediately after birth or, more commonly, dur-
ing the postnatal few days, but sometimes has been after the first three months of
postnatal life (e.g. in the North American Registry for some of the studies in which
it has been utilised) or, in the case of the Australian Register of Pregnancies in
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women with epilepsy, at the end of the first year of postnatal life. This time factor
may also contribute to differences between the results of the published analyses of
data based on different registers. It is much less likely to apply for differences in
findings between various studies based on analysis of retrospective data drawn from
large institutional or national databanks, though these studies are likely to underes-
timate true malformation occurrence rates, particular rates of minor malformations,
because their data are usually collected close to the time of birth, a stage at which
less severe malformations may not have been noticed. Vajda et al. (2007) examined
the effect of the time after birth in determining the presence of malformations in the
Australian Pregnancy Register material. Approximately 21 % of the malformations
that were ultimately included, based on the data available one year after the end of
pregnancy, would have escaped inclusion if only assessment during the postnatal
period had been used. Moreover, there were also pregnancies which could not be
traced one year after birth. Had these been included, and assuming they would have
had similar malformation rates to those offspring who had been followed to the end
of the postnatal year, as many as 29 % of all offspring with malformations might
have been missed in assessments made close to childbirth. Admittedly, a consider-
able majority of the late recognised malformations in the Australian Register were
relatively minor, mainly genitourinary, cardiac and cranial ones, and changes in the
appearances of the digits. Battino and Tomson (2007) observed that 40 % more
malformations were found with an extended postnatal follow-up than would have
been detected at birth.

The larger data sets that have become available in recent times that relate foetal
outcomes in women with epilepsy to antiepileptic drug exposure during pregnancy
fall into several types, viz. (i) Large scale, often whole pregnant female population
data, almost always assembled retrospectively for the relevant age group over a
designated period of time. Their data can provide indications of the malformation
risk relative to that for the general population, but the roles of antiepileptic drug
therapy in the situation may be difficult to define because therapy-related informa-
tion is deficient. (ii) Usually smaller-sized malformation rate data collections from
pregnant women with antiepileptic drug-treated epilepsy compared with matched
and simultaneously collected data from pregnant women not taking antiepileptic
drugs, at least during the first trimester of pregnancy, the time when foetal malfor-
mations probably develop. If the untreated women have epilepsy, this type of mate-
rial permits the effects of pregnancy itself to be distinguished from the effects of the
administered antiepileptic drugs, a matter of some scientific interest. (iii) Smaller-
scale studies comparing malformation rates associated with individual antiepileptic
drugs. In the latter type of study, the comparator employed usually is the antiepilep-
tic drug associated with the lowest malformation rate, which it is assumed will not
be less than the rate for the general population of pregnant women. Such informa-
tion may identify increase malformation rates associated with a drug other than the
comparator one. (iv) Small-scale studies in which malformation rates associated
with particular drugs are investigated, and where, if any comparator is available, it
is likely to be an assumed malformation rate for the general population (generally
around 2-3 %).
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Studies based on larger data sets form the background for much of the more use-
ful information concerning antiepileptic drug teratogenesis that has become avail-
able in the past two decades, though small-scale studies continue to appear in the
medical press.

More Recent Large-Scale Data

Samrén et al. (1997) pooled the data of five prospective and previously published
studies from different European centres (totalling 1221 children exposed to antiepi-
leptic drugs during pregnancy and 158 unexposed control pregnancies). There were
regional differences between the data from the sites of the original individual stud-
ies, but overall there was a 2.3 times increased risk of malformation in the in utero
antiepileptic drug-exposed children compared with healthy control children.
Olafsson et al. (1998) employed Icelandic birth data for all women with active epi-
lepsy over a 19-year period to calculate a foetal malformation rate of 3.3 per 1000
pregnancies. There was a 2.7 times increased major congenital malformation rate in
the women taking antiepileptic drugs as compared with that in the general popula-
tion. Kaneko et al. (1999) recorded a 9 % incidence of congenital malformations in
983 infants born in Japan, Italy and Canada to mothers treated with antiepileptic
drugs during pregnancy, compared with an incidence of 3.1 % in the offspring of
pregnancies without drug exposure. Canger et al. (1999) described a 9.7 % malfor-
mation rate (5.3 % structurally severe ones) in the pregnancies of 442 women with
antiepileptic drug-treated epilepsy, as compared with no abnormalities in the 25
pregnancies in women with epilepsy who had not taken antiepileptic drugs. Holmes
et al. (2001) reported a 20.6 % malformation rate in 223 infants who had been
exposed to antiepileptic drug monotherapy during pregnancy, compared with an
8.5 % rate in 508 control infants (odds ratio 2.8; 95 % C.I. = 1.1, 5.1). The malfor-
mation risk was still higher (28.0 %) if antiepileptic drug polytherapy was involved.
There was no increased hazard of malformation in 93 infants whose mothers,
despite having epilepsy, did not take antiepileptic drugs during pregnancy. Kaaja
et al. (2003) obtained a major malformation rate of 3.8 % from 740 pregnancies
exposed to antiepileptic drugs in women with epilepsy, and one of 0.8 % from 239
antiepileptic drug-untreated pregnancies in women with seizure disorders. Thus,
within half a decade spanning the end of the twentieth century, despite some varia-
tion in the figures, considerable evidence accumulated suggesting that antiepileptic
drug exposure during pregnancy was associated with a heightened risk of foetal
malformation. Nevertheless, further publications continued to appear.

Fried et al. (2004) employed meta-analysis to explore the question of the foetal
malformation hazard in women with untreated epilepsy relative to that in non-
epileptic healthy pregnant control women. After allowing for the effects of publica-
tion bias, they concluded that the malformation rate in the offspring of women with
untreated epilepsy appeared virtually identical with that in the controls (odds ratio
0.99; 95 % C.I1. = 0.49, 2.01). However, the offspring of women with epilepsy that
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was treated with antiepileptic drugs during pregnancy had a higher malformation
rate compared with that of the untreated pregnancies in the women with epilepsy
(odds ratio 3.26; 95 % C.I. = 2.15, 4.93). Wide et al. (2004) compared the foetal
malformation rate in 1256 antiepileptic drug in utero exposed infants with that in
582,656 infants who were included in the Swedish Medical Birth Registry. In the
comparison, the odds ratio for producing a malformed infant in the antiepileptic
drug-exposed group was 1.86 (95 % C.I. = 1.42, 2.44). It was noticed in this study
that malformations appeared to be more frequent if there had been intrauterine
exposure to carbamazepine. Artama et al. (2005) analysed Finnish national collec-
tion data and found a congenital malformation rate among the offspring of women
taking antiepileptic medication that exceeded the rate in the offspring of untreated
women (4.6 % versus 2.8 %: P=0.02). Morrow et al. (2006), in the United Kingdom
Epilepsy and Pregnancy Register data available at the time, calculated an overall
major congenital malformation rate for antiepileptic drug-exposed pregnancies of
4.2 %. The rate for pregnancies in women with epilepsy where antiepileptic drugs
had not been taken during pregnancy was only a little lower (3.5 %), though the
number of such pregnancies was quite small (239) compared with the more than
3000 antiepileptic drug-exposed pregnancies.

In a review, Perucca (2005) assembled the data from these various publications
with their generally similar outcomes, and Meador et al. (2008b) proceeded to pub-
lish a systematic review and meta-analysis that again attempted to determine the
incidence of congenital malformation associated with antiepileptic drug exposure
during pregnancy. In their analysis, the latter authors included 59 studies which
embraced data from 65,503 pregnancies in women with epilepsy and 1,817,024
pregnancies in healthy women. They calculated that the incidence of births with
congenitally malformed offspring in women with epilepsy (7.08 %) was higher than
the incidence in healthy women (2.28 %).

There have been subsequent studies that have provided further malformation rate
data (e.g. Hernandez-Diaz et al. 2012; Tomson and Battino 2012), but from the
information already available, there was already almost overwhelming evidence
that exposure to antiepileptic drugs during pregnancy probably doubled or trebled
the hazard of a woman giving birth to a baby with some form of congenital malfor-
mation. In a significant proportion of instances, multiple malformations occurred in
the same affected infant.

Factors Relevant to Foetal Malformation Rates

Information has become available concerning certain factors relevant to the rela-
tionships between the antiepileptic drugs and foetal malformations. For instance,
the study of Cassina et al. (2013) reported what seemed a potentially very signifi-
cant observation. There was a foetal malformation rate of 7.7 % in the offspring of
337 women with antiepileptic drug-treated epilepsy, one of 3.9 % in women taking
antiepileptic drugs for disorders other than epilepsy, and one of 3.1 % in 803 women
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who did not have epilepsy. The similarity of the findings in the latter two groups and
the higher malformation rate in pregnancies of women with treated epilepsy might
suggest that it was having epilepsy rather than being treated for epilepsy that deter-
mined whether foetal malformations occurred. Unfortunately, in this study, antiepi-
leptic drug doses were lower in the women taking the drugs for indications other
than epilepsy as compared with women with epilepsy, and information to be dis-
cussed immediately below shows that foetal malformation rates may correlate with
antiepileptic drug dosage.

Relationships Between Drug Dosage and Malformation Rates

The finding of a statistically significant difference (P <0.05) between foetal malfor-
mation rates for women with treated and with untreated epilepsy suggests that the
presence of an apparent association between in utero exposure to an antiepileptic
drug and the occurrence of a foetal malformation is more than a matter of chance.
If the frequency of occurrence of foetal malformations was shown to be related to
the dosage or to the maternal biological fluid concentration of a drug taken through-
out pregnancy, the probability of a causal relationship between the two would be
increased. This risk—dose relationship criterion has been utilised increasingly to
assess possible causal relationships as larger pregnancy data collections have
become available. Based on the common clinical experience that epileptic seizure
control correlates better with plasma drug concentrations than with drug dosage,
biological fluid drug concentrations might be expected to provide stronger evi-
dence than the drug dosage can. However, there is the practical issue of determin-
ing the critical drug concentration at the time when the teratogenic process begins.
Even if that time were known, the logistical difficulties in obtaining the fluid sam-
ple at the appropriate moment might prove almost prohibitive. A few data are avail-
able that permit correlation of malformation occurrence with concentrations of
antiepileptic drug in plasma, but the measurements have often been made either at
doubtfully appropriate times, e.g. at term, or at some stage when the malformation
process probably was already underway. Therefore, correlation between malforma-
tion risk and the prescribed drug dosage taken during the expected period of mal-
development usually proves to be the more practicable approach. In such
correlations, malformation rates have sometimes been related to a series of drug
dosage bands. Alternatively, regressions for malformation risk on dosage have been
calculated.

The first such attempted correlation, employing regression, seems to have been
that of Kaneko et al. (1999) carried out in relation to valproate. The regression
approach has subsequently been used on several occasions in analysing the data in
the Australian Pregnancy Register, mainly in relation to valproate but also for other
antiepileptic agents. Figure 8.1 show logistic regressions for foetal malformation
rate on drug dose for several antiepileptic drugs. None of the regressions, except
that for valproate, is statistically significant Figure 8.2.
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Fig. 8.1 Logistic regressions for foetal malformation rate on drug dose for several antiepileptic
drugs. To bring the drug doses to some common basis, because their numerical values in terms of
weight of active ingredient differ considerably, the doses are expressed as submultiples, or multi-
ples, for each drug’s WHO-defined daily dose (phenytoin PHT, lamotrigine LTG and topiramate
TPM, each 300 mg/day; carbamazepine CBZ 1000 mg/day; levetiracetam LEV and valproate VPA,
both 1500 mg/day). Only the regression for valproate is statistically significant (based on Australian
Pregnancy Register data as of 2012)
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Fig. 8.2 Logistic regression for foetal malformation risk on valproate dose in mg/day (continuous
line), with the 95 % confidence limits of the regression line (broken lines)
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Antiepileptic Drug Polytherapy

In some of the early studies referred to above, a substantial proportion of the preg-
nancies were exposed to more than one antiepileptic drug simultaneously, most
often to the combination of phenytoin and phenobarbitone. The effects of the indi-
vidual agent in causing foetal malformation were difficult to isolate. As time passed,
two events occurred more or less simultaneously and appear to have considerably
reduced the extent of use of antiepileptic drug polypharmacy in women with epi-
lepsy. First, the application of plasma antiepileptic drug concentration measurement
showed that an individual agent had often been used in potentially inadequate dos-
age before a second antiepileptic drug was added to treatment. This knowledge
resulted in advocacy for employing, whenever possible, antiepileptic drug mono-
therapy in appropriate dosage (Shorvon and Reynolds 1977). Second, statistical
analyses of various case series rather consistently showed higher foetal malforma-
tion rates if pregnant women with epilepsy had been treated with more than one
antiepileptic drug simultaneously (Nakane et al. 1980; Kaneko et al. 1992; Lindhout
and Omtzigt 1992; Samrén et al.. 1997; Morrow et al. 2006). This knowledge also
led to endeavours to avoid using antiepileptic drug combinations in women who
were considering pregnancy. Consequently, the more recent series correlating foetal
malformations with drug treatment usually contain only around 20 % of pregnan-
cies that have been managed with antiepileptic drug combinations. The role of the
individual agents in antiepileptic drug monotherapy data is easily recognised,
though statistical techniques such as multivariate regression can separate mathemat-
ically the contributions of the individual agents used in polypharmacy.

Somewhat ironically, the published evidence that has more recently become
available appears to show that it is not so much the combination of any two or more
antiepileptic drugs that is responsible for the apparently higher foetal malformation
rate associated with antiepileptic drug polypharmacy, but the presence of valproate
in any antiepileptic drug combination. Artama et al. (2005) made that observation,
almost in passing, but it tended to go unnoticed. Valproate carries a distinctly greater
teratogenic hazard than the other available antiepileptic drugs (see Chap. 9). An
analysis by Vajda et al. (2010) of the Australian Pregnancy Register data found that,
while the relative risk of malformation associated with antiepileptic drug polyther-
apy was greater than 1.0 in 11 series drawn from the literature and was above 0.9 in
the remaining three series, in the Australian data the relative risk was only 0.68. In
the latter data, once instances of polytherapy which involved valproate were
excluded, the malformation risk became similar for antiepileptic drug monotherapy
and polytherapy. Interestingly, the malformation risk was lower relative to valproate
dose when that drug was used in polytherapy than in monotherapy (Fig. 8.3).
Logistic regression analysis of the Australian data suggested that combining valpro-
ate with other antiepileptic drugs might have diminished the hazard that valproate
held for foetal development. Soon afterwards, Holmes et al. (2011) studied the
outcomes of antiepileptic drug polytherapy that involved carbamazepine or
lamotrigine and also concluded that it was not antiepileptic drug polytherapy per se
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Fig. 8.3 Logistic regressions for foetal malformation risk on valproate (VPA) dose associated
with the drug’s use in monotherapy (continuous line) and polytherapy (broken line) (based on
Australian Pregnancy Register data as of December 2014)

that increases the teratogenicity risk but the presence of valproate in the drug com-
binations. Mawer et al. (2010), a little earlier, had made a similar observation in
material from a smaller case series.

An investigation of the data of the Australian Pregnancy Register as of the end
of December 2014, as yet unpublished, has shown that the presence of topiramate in
an antiepileptic drug combination is also associated with an increased risk of foetal
malformation.

Genetic Influences

It is well enough known that certain types of foetal malformation, e.g. cleft palate
and cleft lip, may be inherited. Particularly when some types of epilepsy are inher-
ited, the question arises as to what role genetic factors may play in the occurrence
of the foetal malformations that appear to be associated with exposure to antiepilep-
tic drugs in utero. A certain amount of evidence exists that a genetic influence some-
times may be important. In the same issue of the journal Epilepsia, in 2013, two
papers appeared reporting quite similar conclusions. Campbell et al. (2013) fol-
lowed 1534 pregnancies in 719 women with epilepsy from the United Kingdom
Register. They found that, if the first child born to a woman with epilepsy had a
foetal malformation, there was a 16.8 % risk that a further child she had would also
be born malformed, in contrast to the 9.8 % risk if the first child had not been mal-
formed. There was a trend for the risk to be higher if valproate was the antiepileptic
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drug involved (21.9 %, relative risk=1.47; 95 % C.I. = 0.68, 3.20) or if topiramate
was involved (50 %: relative risk=4.50; 95 % C.I. = 0.97, 20.82). There was no
increased risk in relation to maternal use of other antiepileptic drugs. In the other
paper, Vajda et al. (2013a)) studied the outcome of 2637 pregnancies in 1243 women
with epilepsy from the Australian Register. Some of these pregnancies had occurred
before women were enrolled in the Register. If a malformation or malformations
had occurred in the first child born after recruitment into the Register, and the
woman concerned continued to take the same epileptic drug in subsequent pregnan-
cies, there was a 35.7 % risk of malformation in the subsequent pregnancy, com-
pared with a 3.1 % risk if the initial pregnancy had produced an offspring that was
not malformed (odds ratio 17.6; 95 % C.I. = 4.5, 68.7). If the woman was taking
valproate, the risks of malformation in subsequent pregnancies were even higher,
being 57.2 % as compared with 7.0 % (odds ratio 17.8; 95 % C.I. = 2.7, 119.1).
There was no statistically significant increased risk in relation to maternal intake of
antiepileptic drugs other than valproate. Veiby et al. (2014) noted a marked increase
in the malformation risk for siblings if one child had a valproate-associated foetal
malformation (42.9 % compared with 6.7 %: odds ratio 10.4; 95 % C.I. = 2.3, 46.7).
It was also observed that the types of foetal malformation in the affected siblings in
the two pregnancies usually were different. These reports suggest that genetic fac-
tors may play an appreciable role in the occurrence of antiepileptic drug-associated
foetal malformations. However, in contrast to these findings, in 246 women with
epilepsy, Begum et al. (2013) failed to find an increased risk of malformation in the
subsequent pregnancy if there had been a malformation in an earlier pregnancy. The
overall malformation rate in their study was 8.5 % in the first pregnancy, and 8.9 %
in the second.

Antiepileptic Drugs and Specific Malformations

Despite the repeated observation that the use of antiepileptic drugs in human preg-
nancy is not associated with the occurrence of any particular foetal malformation,
as larger data sets became available for study, some investigators continued to seek
relationships between particular drugs and particular malformations.

Werler et al. (2011) found evidence in the US National Birth Defects Prevention
Study data that there were drug-specific increased risks for valproate and the occur-
rence of neural tube defects and hyopospadias and for carbamazepine and neural
tube defects. In the Australian Register data, Vajda et al. (2013b) failed to find any
statistically significant association between valproate and hypospadias but did find
one between the drug and spina bifida, facial clefts and malformations of skull
bones, the digits and the heart and great vessels. They also found statistically signifi-
cant associations between carbamazepine and renal tract abnormalities and topira-
mate and hypospadias and brain structural abnormalities. Thus far, there do not
appear to be other published evidences of specificity between antiepileptic drugs
and any particular malformation.
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The Possible Role of Folate

Folate deficiency during pregnancy is associated with reduced neurogenesis and
increased apoptosis in foetal mouse brains (Craciunescu et al. 2004). In pregnant
women in general, as distinct from women with epilepsy, it has been recognised for
some time that there is an association between maternal folate deficiency and the
occurrence of neural tube defects. Blom et al. (2011) have provided a detailed
review of the issue of folic acid physiology and its possible role in minimising anti-
epileptic drug-related teratogenicity, while Rothenberg et al. (2004) reported the
finding of autoantibodies to folate receptors in women with pregnancies compli-
cated by neural tube defects.

Champel et al. (1999) cited earlier literature showing that folic acid supplemen-
tation taken by the mother for at least a month before conception, in doses between
0.4 mg and 1 mg per day, decreased the incidence of a first neural tube defect occur-
ring in her offspring. Even if a woman had already given birth to a baby with a
neural tube defect, so that she or her partner might carry a genetic tendency for such
defects, the supplementation still reduced the risk of her subsequent babies having
neural tube defects. A controlled prevention trial from China, involving hundreds of
thousands of women from normal populations, demonstrated the beneficial effects
of folic acid in preventing neural tube defects (Berry et al. 1999). The British
Medical Research Council trial (Anonymous 1991), a secondary prevention study
which included women who had previously given birth to an infant with a neural
tube defect, or who had a first degree relative with a child with a neural tube defect,
found that intake of folic acid 4 mg per day was associated with a marked protective
effect.

When reports began to appear of the occurrence of neural tube defects in associa-
tion with antiepileptic drug exposure during pregnancy, it was already known that
intake of both phenobarbitone and phenytoin, the most widely used antiepileptic
drugs at the time, caused reduced plasma folate concentrations. In fact, Hiilesmaa
et al. (1983) had shown that there was an inverse relationship between plasma folate
concentrations and plasma concentrations of phenytoin and phenobarbitone.
Understandably, this information, taken in conjunction with the reported benefits of
preconception supplemental folic acid intake in reducing the incidence of neural
tube defects in the offspring of women who for the most part did not have epilepsy,
led to speculation that the antiepileptic agents produced malformations through
causing maternal, and presumably foetal, folic acid depletion. Folic acid supple-
mentation then became rather widely recommended for women with antiepileptic
drug-treated epilepsy who intended to become pregnant, with the folic acid intake
continuing into pregnancy. Thus, the American Academy of Neurology advocated
administration of folate, 0.4 to 5 mg daily, to all pregnant women of child-bearing
age, the intake commencing prior to conception. EURAP regarded three months of
folic acid intake as a minimal period prior to conception to achieve possible benefit.
Betts and Fox (1999) and Kaaja et al. (2003) did provide some evidence that the risk
for major congenital malformations in the offspring of women with epilepsy was
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possibly decreased by folic acid supplementation. However, a number of authors
such as Lindhout and Omtzigt (1992) and Champel et al. (1999) pointed out that, at
their times of writing, there was no convincing evidence that such folic acid admin-
istration reduced the incidence of foetal malformations associated with antiepileptic
drug exposure. Further, folic acid status during pregnancy has not been proven to
impact on foetal neurodevelopment (Tamura et al. 2005), though Meador et al.
(2007) were able to suggest a number of possible mechanisms through which folate
deficiency might affect foetal development. Yerby (2003) noted at his time of writ-
ing that there was a general professional acceptance of the need for folic acid sup-
plementation in pregnant women with epilepsy, but questioned whether it was
useful. No writer seems to have queried whether it might actually be harmful.

Then Morrow et al. (2009) reported a 3.9 % (95 % C.I. = 3.1 %, 4.9 %) foetal
major congenital malformation rate and a 0.4 % (95 % C.I. = 0.2 %, 0.8 %) neural
tube defect rate in 1935 pregnancies where preconception folic acid supplementa-
tion had been instituted. In contrast, in 2375 pregnancies in which folic acid had
been taken only during pregnancy, or in 550 pregnancies in which it had not been
taken, the major congenital abnormality rate was 2.2 % (95 % C.I. = 1.7 %, 2.9 %),
and the neural tube defect rate 0.34 % (95 % C.I. = 0.2 %, 0.7 %). Both the latter
rates were lower than the malformation rates that applied when there had been pre-
conception folate intake. Since that publication, it seems to have become increas-
ingly accepted in the literature that dietary folic acid supplementation is unlikely to
help prevent antiepileptic drug-associated foetal malformations. That is not to say
that low-dose folate supplementation in preparation for, and during, pregnancy is
unnecessary in other circumstances, but simply that it is unlikely to reduce the foetal
malformation hazard in women with epilepsy who are treated with antiepileptic
drugs, and particularly with valproate. Thus, Wyszynski et al. (2005) reported that
149 valproate-exposed women (all taking folic acid supplementation in a daily dose
range of range of 0.4-5 mg during the first trimester of pregnancy) gave birth to 16
children with neural tube defects (10.7 %; 95 % C.1=6.3 %, 16.9 %). The preva-
lence of the defects in the internal comparison group was 2.9 % (95 % C.I. = 2.0 %,
4.1 %; O.R. 4.0,95 % C.I. =2.1, 7.4; P<0.001). Jentink et al. (2010) analysed case
control data from a population-based registry of congenital malformations
(EUROCAT — Northern Netherlands). The risk for spina bifida was decreased with
folate use in pregnancies not exposed to antiepileptic drugs as compared with con-
trols (odds ratio 0.5; 95 % C.1. = 0.3, 0.7), but not in valproate-exposed pregnancies
(odds ratio 1.0; 95 % C.1. = 0.1,7.6). Based on the data of the EURAP database,
Tomson et al. (2011) stated that folate supplementation was associated with a
greater risk of major congenital malformations. However, there authors went on to
point out that this particular finding may have been influenced by confounding by
indication, because women at greater risk were more likely to have taken folate.

It thus seems far from clear that folic acid supplementation is of benefit in reduc-
ing the incidence of foetal malformations in the offspring of antiepileptic drug-
treated women with epilepsy. Nevertheless, it continues to be generally recommended
that women with or without epilepsy should take at least 0.4 mg folic acid daily
prior to and during pregnancy (Harden et al. 2009).
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Foetal Malformations: An Antiepileptic Drug Class Effect?

While the present chapter has discussed general aspects of the relationships between
antiepileptic drug exposure in utero and the development of foetal malformations,
some of the information that it contains will have suggested that not all the cur-
rently available antiepileptic drugs have the same tendency to be associated with
reports of teratogenesis. However, the next chapter goes into this matter explicitly,
in relation to the individual drugs that are commonly taken by pregnant women
with epilepsy.
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Chapter 9
Particular Antiepileptic Drugs and Foetal
Malformations

Abstract This chapter attempts to discuss the published information concerning
the risks of structural malformations occurring in foetuses exposed to those indi-
vidual antiepileptic drugs that have been widely enough used in women with epi-
lepsy for relevant data to be available. There appears to be persuasive evidence that
valproate is a dose-related teratogen, with certain malformations such as neural tube
defects seeming to be particularly associated with high maternal dosage of the drug.
Evidence also points towards topiramate being a dose-related teratogen. On the
basis of the available data the possibility that the remaining currently used drugs are
teratogens cannot be excluded, but there appears to be enough evidence to indicate
that any teratogenic hazard arising from exposure to them is quite small.

As will be apparent from the contents of the previous chapter, in the earlier years of
the study of associations between intrauterine antiepileptic drug exposure and foetal
malformations, there was a tendency for authors to write as if the malformations
represented an unwanted class effect of the drugs. With the growth of knowledge as
time passed, and as additional effective antiepileptic drugs became available, it
became increasingly recognised that the degree of malformation hazard varied con-
siderably between the individual agents. The present chapter attempts to discuss the
information that is available concerning the individual antiepileptic drugs that have
enjoyed some use in pregnancy in recent years.

Wilodarczyk et al. (2012) have provided a reasonably contemporary and thor-
ough review of the literature concerning individual antiepileptic drugs and foetal
malformations. Their paper includes a number of useful tabulations of previously
published data. No attempt is made in the present chapter to reproduce all of the
Wlodarczyk et al. material, which is a valuable source of information.

Phenobarbitone and Its Congeners

Phenobarbitone was among the antiepileptic drugs that featured in the early reports
of a possible association between these agents and foetal malformations, but the
drug was not singled out in these reports for a culprit role. However, after finding
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congenital abnormalities in four of the offspring of 61 mothers who had been treated
with phenobarbitone to try to prevent threatened abortions, Wheatley (1963) raised
the possibility that the drug might be a teratogen. A few years later, Nelson and
Forfar (1971) studied the possible association between various drugs and foetal
malformations and noted that significantly more mothers than would have been
expected had been taking phenobarbitone. In the earlier literature, there were other
data concerning the outcomes of pregnancies exposed to phenobarbitone in women
with epilepsy, but there was little explicit analysis of the phenobarbitone-related
foetal hazard in its own right. Staples (1972) concluded that, up to his time of writ-
ing, there was no definite evidence incriminating the drug as a teratogen. Shapiro
et al. (1976) also took the view that the drug did not cause dysmorphogenesis.

In their analysis of an international database of foetal malformations, Arpino
et al. (2000) detected an association between exposure to phenobarbitone during
pregnancy and the presence of oral clefts. Then Holmes et al. (2004) found a 6.5 %
malformation rate in 77 offspring of mothers exposed to phenobarbitone therapy
during pregnancy. This was more than four times the risk in an antiepileptic drug-
unexposed control population. In a later analysis of an expanded population from
the same source, Hernandez-Diaz et al. (2012) reported a 5.6 % increase in the mal-
formation risk in 199 pregnancies in which phenobarbitone was used in antiepilep-
tic drug monotherapy, compared with the rate in 51 antiepileptic drug-unexposed
pregnancies. This increased risk was statistically significant. However, there was no
evidence of a correlation between the phenobarbitone dose and the malformation
risk. Tomson et al. (2011), in an analysis of 217 phenobarbitone-exposed foetuses
whose records were contained in the EURAP register, found a statistically signifi-
cant higher malformation rate when the maternal phenobarbitone dose exceeded
150 mg a day, as compared with the rate when lower doses had been used. The
meta-analysis of Meador et al. (2008), which accumulated 945 pregnancies, found
a phenobarbitone-associated malformation rate of 4.9 %, but there were no control
data to permit comparisons being made.

Although it is possible that the same data may have appeared in more than one of
the above reports, there now seems to probably be sufficient evidence to suggest that
phenobarbitone is a teratogen. This knowledge may not have a great impact in
Western medicine where the drug is tending to disappear from use in the age group
in which pregnancy is likely, but it may have significant implications for less afflu-
ent communities globally where the drug is still in extensive and reasonably satis-
factory use in treating epilepsy. No specific pattern of malformation appears to be
particularly associated with exposure to the drug.

Phenytoin

There were two pregnancies which resulted in foetal malformations among 55 preg-
nancies exposed to phenytoin in monotherapy or polytherapy in the series of Janz
and Fuchs (1964), and nine in 162 similarly exposed pregnancies in the report of
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Speidel and Meadow (1972). Then Monson et al. (1973) specifically addressed the
question of phenytoin exposure in pregnancy and the occurrence of foetal malfor-
mations. They found a 6.1 % malformation rate associated with exposure to the drug
in 98 children, as compared with a 2.5 % rate in the pregnancies of over 50,000
non-epileptic women. Dravet et al. (1992) employed logistic regression analysis to
find a 2.98 times increased malformation rate (95 % C.I. = 1.48, 6.05) in first trimes-
ter phenytoin-exposed foetuses, compared with a control group of 117,183
pregnancies.

Since those early reports, there has been relatively little further statistically sig-
nificant evidence that phenytoin possesses any significant capacity for producing
teratogenesis. When Wlodarczyk et al. (2012) reviewed the existing literature, they
found nine relevant studies in which the drug had been used in monotherapy during
pregnancy. In eight of these studies, the relative risk or odds ratio in favour of the
drug being a teratogen exceeded 1.0, but in none to a statistically significant extent.
In the most recent analysis of the Australian Pregnancy Register data, there was a
foetal malformation rate of 2.4 % in 41 pregnancies exposed to phenytoin mono-
therapy, a relative risk of 1.49 (95 % C.I. = 0.30, 7.42) compared with the foetal
malformation risk in women with epilepsy who did not take antiepileptic drugs in at
least the early part of pregnancy. Logistic regression analysis of malformation risk
on phenytoin dose in the Australian data showed a far from statistically significant
trend for the risk to decrease rather than increase with increasing drug dose. From a
statistical viewpoint, overall there seems to be little convincing recent evidence that
phenytoin is an important human teratogen, though the possibility that it may be
responsible for occasional foetal malformations cannot be excluded.

Despite this, over the years a substantial number of authors have written about a
‘foetal hydantoin syndrome’. The idea seems to have been first proposed in print by
Hanson and Smith (1975) after authors such as Loughnan et al. (1973), Hill et al.
(1974), Danks et al. (1974) and Barr et al. (1974) had observed an increased fre-
quency of digital hypoplasia and certain mid-face alterations in babies who had
been exposed to the drug during pregnancy. As originally described, the syndrome
involved relatively poor intrauterine growth and development, mild mental retarda-
tion, a facial appearance which was considered characteristic, skeletal abnormalities
and, in particular, digital hypoplasia. Phelan et al. (1982) considered that the full
syndrome could be recognised in some 11 % of phenytoin-exposed infants and
incomplete forms in another 31 %, while Andermann et al. (1982) found hypoplasia
of the phalanges in 22 % of phenytoin-exposed foetuses. Nearly all of these com-
paratively minor abnormalities became less noticeable as the affected infants grew
older. Various subsequent authors, often on the basis of single instances, attempted
to add additional features to the syndrome, and one or two began to expand the
concept to that of a foetal anticonvulsant syndrome. A certain amount of animal
laboratory investigation attempted to explain its mechanism, while clinical argu-
ment went on regarding whether it was a genuine entity, whether it could be diag-
nosed reliably in the absence of knowledge of the details of antiepileptic drug
exposure in pregnancy and whether its features permitted its being distinguished
from the subsequently described foetal carbamazepine and foetal valproate syn-
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dromes. Kini et al. (2006) reported that experienced dysmorphologists had failed to
distinguish consistently between antiepileptic drug exposed and unexposed infants
in photographs of the infants’ facial features. As time has passed, interest in the
matter seems to have dwindled, and the antiepileptic drug teratogenesis literature
has tended to become more focussed on major and more clinically and cosmetically
important malformations.

Ethosuximide

Ethosuximide is sometimes mentioned in the antiepileptic drug teratogenicity lit-
erature, but there is little indication that the drug is a significant cause of foetal
malformations. The amount of information available is understandably small
because nearly all the literature emanates from Western countries. In these coun-
tries, absence seizure disorders, the usual indication for the use of ethosuximide, are
not often still active by the time women become pregnant, even though the disorders
were active earlier in their lives. As well, because of a perhaps not adequately
founded belief that using ethosuximide in monotherapy may facilitate the occur-
rence of convulsive seizures, the drug has often been co-prescribed with another
antiepileptic drug such as phenytoin, carbamazepine or valproate. In these instances,
any foetal malformations that developed, if they were not coincidental, might have
been due to the co-administered drug.

Carbamazepine

There is considerably more information concerning the possible association between
carbamazepine and foetal malformations than the amount that is available for the
individual drugs discussed immediately above. This is probably so because carbam-
azepine has been in widespread use for some 40 years and is still commonly
employed in Western countries in treating epilepsy in pregnant women. At a rela-
tively early stage, the drug acquired a reputation for relative safety from the foetal
point of view. This may have happened because no congenital abnormalities
occurred in the pregnancies exposed to carbamazepine alone or together with other
antiepileptic drugs, in the series described by Starreveld-Zimmerman et al. (1973).
In that series there were 22 malformations among 247 live births to mothers who
had taken other antiepileptic drugs during pregnancy.

Over the following years, various reports appeared concerning the likelihood of
carbamazepine-associated teratogenesis. For instance, Kallen et al. (1989) and
Kallen (1994) studied the data in the Swedish registry of malformed neonates and
noted that a nonstatistically significant increase in the occurrence of spina bifida was
associated with carbamazepine exposure. Lindhout and Omtzigt (1992) accepted
that this particular association was a genuine one, while Little et al. (1993) reported
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the occurrence of a neural tube defect in a foetus that, at the age of 3 or 4 weeks of
gestation, had been exposed to the high concentration of carbamazepine resulting
from a single overdose of about 4800 mg, taken in a suicide attempt. Samrén et al.
(1997) compared the outcome of 192 antiepileptic drug-exposed pregnancies in
women with epilepsy with that in 158 untreated pregnancies. In relation to pregnan-
cies involving carbamazepine intake, there was an increased hazard of foetal malfor-
mations (relative risk,4.9; 95 % C.I. = 1.3, 18.0). Diav-Citrin et al. (2001) also
described a statistically significantly increased hazard of foetal malformation asso-
ciated with exposure to the drug during pregnancy as compared with matched and
so-called ‘general’ controls (relative risk, 2.4; 95 % C.I. = 1.1, 4.56). Matalon et al.
(2002), based on a meta-analysis of 1255 pregnancies, arrived at the view that car-
bamazepine increased the occurrence of foetal malformation rate (6.7 %) above its
background value (2.34 %). Kaaja et al. (2003), in a logistic regression analysis of
740 antiepileptic drug-exposed pregnancies in women with epilepsy, found an odds
ratio for carbamazepine-associated malformations of 2.5 (95 % C.1. = 1.0, 6.0) com-
pared with the rate in 239 pregnancies not exposed to these drugs.

Thirteen of the relevant more major papers in the subsequent literature were
summarised in the study of Wlodarczyk et al. (2012). These workers noted that the
published major congenital malformation rates for carbamazepine monotherapy
ranged between 2.2 and 6.3 %. Relative risk or odds ratio values were available for
nine of the series analysed and were 1.0 or higher in eight of the nine, though statis-
tically significant higher in only two. In the three largest series, those of Morrow
et al. (2006) with 900 pregnancies, Hernandez-Diaz et al. (2007) with 873 pregnan-
cies and Artama et al. (2005) with 805 pregnancies, the malformation rates were
respectively, 2.2, 2.5 and 4.0 %.

There are a few relatively recent publications that were not included in the
Wilodarczyk et al. (2012) analysis. Jentink et al. (2010) extracted from the literature
a total of 2680 pregnancies in women with epilepsy exposed to carbamazepine
monotherapy. There was a major congenital malformation rate of 3.3 % (95 % C.I.
=2.7,4.2 %), with an increased spina bifida rate (odds ratio 2.6; 95 % C.I. = 1.2,
5.3) relative to that in antiepileptic drug-unexposed pregnancies. No definite asso-
ciation was found between carbamazepine and any other particular foetal malfor-
mation. Tomson et al. (2011), in 1402 carbamazepine-associated pregnancies drawn
from the EURAP registry, found a malformation rate of 3.4 % (95 % C.I. = 1.11,
7.71 %) and produced evidence that the malformation rate was dose dependent.
Holmes et al. (2011), in North American Registry data assessing major congenital
malformations detected up to 3 months after the end of pregnancy, found a 2.9 %
foetal malformation risk from carbamazepine exposure during pregnancy in women
with epilepsy.

It seems likely that the meta-analyses and some of the literature review papers
have included the same pregnancies that were previously included in other publica-
tions. Nevertheless the data seem sufficient to suggest that carbamazepine may have
some capacity to be responsible for foetal malformations and probably to cause
spina bifida. However, the degree of hazard appears to not greatly exceed that which
applies for pregnancies in the untreated female epileptic and normal populations.
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In the most recent Australian Pregnancy Register data, there were 346 pregnan-
cies exposed to carbamazepine monotherapy, with a 5.5 % foetal malformation risk.
The risk compared with that for pregnancies in women with epilepsy unexposed to
antiepileptic drugs was not statistically significant (relative risk 1.68; 95 % C.I. =
0.64, 4.42). Logistic regression analysis of malformation risk on carbamazepine
dose (Fig. 8.1) showed a nonstatistically significant tendency for the risk to increase
with increasing dosage (P=0.405).

The existence of a foetal carbamazepine syndrome has been described. It com-
prised facial dysmorphism, congenital heart defects, skeletal abnormalities, renal
agenesis, ambiguous genitalia and anal atresia (Akar et al. 2012). Some of these
features had been described earlier by Jones et al. (1989), notably the facial appear-
ances and fingernail hypoplasia, together with the overall developmental delay.
Ornoy and Cohen (1996) identified such a carbamazepine syndrome in six of 47
neonates exposed to the drug. Some of the arguments as to whether such appear-
ances constitute a recognisable syndrome specific to the drug have been mentioned
in relation to phenytoin (above).

Valproate

Roughly a decade after it came into clinical use in Europe, suspicion began to arise
that valproate might be a human teratogen. Robert and Guibaud (1982) noted an
excessive number of instances of spina bifida among 71 malformations reported in
the offspring of epileptic mothers in the Rhone Valley in France and found that there
was an association between this particular malformation and exposure to valproate
during pregnancy (Robert and Rosa 1983). Bjerkedal et al. (1982), Lindhout and
Meinardi (1984) and Lindhout and Schmidt (1986) then reported further instances
of the association, while Jager-Roman et al. (1986) described the presence of major
malformations in 4 of 14 foetuses (28.6 %) exposed to valproate in monotherapy.
Bailey et al. (1983) mentioned that the manufacturers of valproate had at that time
held data on the outcome of 33 pregnancies which had been exposed to valproate
and that there were four foetal malformations, including two meningomyelocoeles,
in the material. Curran (1987) reported five instances of neural tube defects in foe-
tuses exposed to valproate in utero. Thus within the span of a few years, there were
grounds for strong suspicion that exposure to valproate during pregnancy carried a
heightened risk of neural tube defects occurring in the foetus.

By this time Di Liberti et al. (1984) had proposed the existence of a characteristic
identifiable syndrome (the foetal valproate syndrome) which they had recognised in
all seven infants whom they had examined and who had been exposed to valproate
during pregnancy. As described, the syndrome comprised changes in the epicanthic
folds, a flat nasal bridge, a small upturned nose, a long upper lip with a relatively
shallow philtrum, a thin upper vermillion border and downturned angles of the
mouth. In two of their seven foetuses, hypospadias and delay in psychomotor devel-
opment were present.


http://dx.doi.org/10.1007/978-3-319-21434-4_8#fig1
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Over the subsequent years, this initial report was followed by numerous further
accounts of the occurrence of this particular syndrome, some of the accounts
attempting to add further features to the clinical picture. By 2001 Kozma (2001) had
collected 69 instances from the literature and added two further examples. This
writer at that time described the features of the syndrome as involving a consistent
facial phenotype characterized by a small broad nose, small ears, flat philtrum, long
upper lip with shallow philtrum and micrognathia or retrognathia. It was associated
with multiple systemic and orthopaedic abnormalities (in 62 %), central nervous
system dysfunction and altered physical growth. Minor skin defects were present in
30 %, cardiovascular abnormalities in 26 %, genital abnormalities in 22 % and lung
abnormalities in 16 %. Brain, eye, kidney and hearing defects were less frequent,
while neural tube defects occurred in 3 %. There was a substantial death rate during
infancy in those affected (12 %), while another 23 % exhibited developmental
defects or mental retardation.

This constellation of abnormalities did not limit the spectrum of abnormal devel-
opmental manifestations which later authors attempted to include in the syndrome,
for instance, speech delay, joint laxity, glue ears and autistic features (Moore et al.
2000), the rare so-called Baller—Gerold syndrome that features malformation of the
skull, face, forearm and hand bones (Lype et al. 2008) and septo-optic dysplasia
(McMahon and Braddock 2001). Jacobsen et al. (2014) reported an increased risk
of dental agenesis associated with valproate exposure in utero.

In the meanwhile, reports of larger-scale studies of the consequences of intra-
uterine valproate exposure had begun to appear (e.g. Koch et al. 1992; Kaaja et al.
2003; Artama et al. 2005; Wyszynski et al. 2005). These were among the 10 publica-
tions that Wlodarczyk et al. (2012) considered in their paper, in which they reported
that the major congenital malformation rates associated with valproate exposure
had ranged from 5.7 to 16.8 %. In the seven studies for which odds ratios or relative
risks had been calculated, the values ranged between 2.52 and 5.94, in all instances
being statistically significant at the P<0.05 level. Miki et al. (2014) subsequently
published a meta-analysis of 58 cohort studies relevant to valproate-associated tera-
togenesis in humans, including some of those discussed immediately above.

In an analysis of the Australian Pregnancy Register data accumulated by late
2012, foetal malformations had occurred in 13.8 % of 253 pregnancies in which
valproate had been used in monotherapy, a relative risk of 4.23 (95 % C.I. = 1.69,
10.57) compared with that for malformations in women with epilepsy who did not
take antiepileptic drugs during at least the earlier months of pregnancy.

There thus seems quite strong evidence that valproate is a significant human
teratogen. Further, a number of studies have shown that the malformation rate asso-
ciated with the drug is dose dependent. Omtzigt et al. (1992) had noted that the
occurrence of spina bifida was associated with statistically significantly higher val-
proate doses (mean 1640+ 136 compared with 941 +48 mg per day). Canger et al.
(1999) reached a similar conclusion. Samrén et al. (1999) reported that the malfor-
mation rate associated with valproate doses above 1000 mg per day was signifi-
cantly higher than the rate for lower doses. Kaneko et al. (1999) plotted malformation
rate against valproate dose and showed the malformation risk increased with drug
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dose. Vajda et al. (2004) and Vajda and Eadie (2005) observed in the data of the
Australian Pregnancy Register that the valproate-associated malformation rate was
substantially higher at daily drug doses in excess of 1400 mg a day during preg-
nancy and initially suggested that this value might distinguish between comparatively
safe and unacceptably hazardous dosages from the foetal standpoint. Shortly after-
wards, Vajda et al. (2006) reduced the cut-off dose to 1100 mg per day. Diav-Citrin
et al. (2008) nominated a dose of 1000 mg a day as separating a 21.9 % malforma-
tion risk from a 2.5 % one. Later analyses of expanded data from the Australian
Register, employing logistic regression, have shown that in practice there probably
is no really safe valproate dosage from the standpoint of avoiding foetal malforma-
tion (Eadie 2008 and Figs. 8.1, 8.2 and 8.3).

The existence of this dose dependence in malformation rate associated with val-
proate has been confirmed in further studies (Bromfield et al. 2008; Tomson et al.
2011) and seems to be to be fairly generally accepted in the recent literature. The
combination of the greater tendency of valproate to be associated with foetal mal-
formations and the dose relatedness of the risk may explain much of the rather wide
range of published values for the overall hazard of foetal malformation associated
with intrauterine antiepileptic drug exposure in general. The more pregnancies
exposed to valproate in a series of antiepileptic drug-treated pregnancies, the higher
the malformation rate in that series will appear to be. Even in two series with equal
proportions of valproate-exposed pregnancies, the overall malformation rate will be
higher in the series with the greater mean valproate dose. As mentioned earlier
(Chap. 8), the combination of the two factors also seems to explain the rather fre-
quently described earlier finding that use of antiepileptic drugs in polytherapy was
associated with higher malformation rates than use of the drugs in monotherapy.

Vajda et al. (2013b) have noted another phenomenon in relation to valproate dos-
age. At doses above 2000 mg a day, exposure to the drug tends to be statistically
significantly associated with the occurrence of spina bifida and hypospadias and at
lower doses with other malformations (Fig. 9.1). This suggests that the type of mal-
formation associated with exposure to an antiepileptic drug may depend on the drug
dose involved. This finding obviously needs confirmation, though that may be
difficult to obtain because the already existing data about the dose dependence of
the malformation risk associated with the drug has led to valproate being used in
lower dosages, if it must be used in pregnant women. This use of lower dosages of
valproate has been associated with a parallel decline in foetal malformation rates in
the Australian data (Vajda et al. 2013b; Fig. 9.2).

Lamotrigine

Lamotrigine was first marketed in 1991, though its introduction into the United
States was further delayed. The drug is increasingly being employed in the manage-
ment of pregnant women with epilepsy and currently enjoys a reputation for being
among the safest of the antiepileptic drugs from the teratogenicity point of view.


http://dx.doi.org/10.1007/978-3-319-21434-4_8#fig1
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Fig. 9.1 Logistic regressions for risk of spina bifida (continuous line), hypospadias (lower broken
line) and for all malformations except spina bifida and hypospadias (upper dotted line) on valpro-
ate dose. All regressions are statistically significant

Sabers et al. (2004) reported a 2.0 % malformation rate associated with foetal expo-
sure to the drug. Morrow et al. (2006) analysed the data of the United Kingdom
Register and found a major congenital malformation rate of 3.2 % (95 % C.I. = 2.1,
4.9 %) in 647 pregnancies in which the drug had been used in monotherapy. The
malformation rate for lamotrigine was nonstatistically significantly higher than the
2.2 % rate for carbamazepine, the major comparator used (odds ratio 1.71; 95 % C.I.
=0.88, 3.32). Morrow et al. also noted that the frequency of malformations appeared
to increase progressively through the lamotrigine dosage bands of (i) up to 100 mg
per day, (ii) 100-200 mg per day and (iii) over 200 mg per day. The mean lamotrig-
ine dose associated with malformations, 352.4 mg per day, was higher than the
mean dose in pregnancies where there was no malformation (250.6 mg per day,
P<0.0001). At much the same time, Vajda et al. (2006) described 65 pregnancies in
which lamotrigine was used as the only epileptic drug and in which no foetal mal-
formations had occurred, and Meador et al. (2006), by means of a literature review,
traced 98 pregnancies involving lamotrigine monotherapy in which there was a seri-
ous outcome, including major congenital malformations, in only 1 %.

Cunnington et al. (2007) reported that there had been a major congenital malfor-
mation rate of 2.7 % (95 % C.1. = 1.8, 4.2 %) for 802 pregnancies in the records of
the firm marketing the drug (this population probably included some or all of the
pregnancies in the studies mentioned immediately above). Regression analysis
found no relationship between the risk of malformations and the drug dose. In the
North American Registry data, Holmes et al. (2008) calculated that there was a
2.3 % major congenital malformation rate for the drug. Compared with 206,224
antiepileptic drug-unexposed infants in whom there was a cleft palate or cleft lip
rate of 0.07 %, they found a 10.4-fold increase in the incidence of cleft palates or
lips in the pregnancies exposed to lamotrigine in monotherapy. Then Mawer et al.
(2010) described a 5.4 % major congenital malformation rate in 227 pregnancies in
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Fig. 9.2 Top panel: linear regressions on date for (i) mean valproate dose (continuous line — dose
values shown on left ‘y’ axis) prescribed during consecutive 2-year periods between 1999 and 2014
and for (ii) the proportion of all pregnancies in the Australian Register that were prescribed valpro-
ate (percentage values shown on right ‘y’ axis; regression, broken line). Lower panel: linear regres-
sions on dates for percentages of valproate exposed pregnancies in which (i) all types of
malformation (upper continuous line) (ii) spina bifida only (lower continuous line) and (iii) all
foetal malformations apart from spina bifida (dashed line) occurred. The slopes of all the linear
regressions in both panels, except that for all other malformations, are statistically significant

lamotrigine-treated women with epilepsy, as compared with a 2.1 % rate in 315
matched control pregnancies (P=0.23). Vajda et al. (2010) found a 4.9 % malforma-
tion rate in 243 pregnancies exposed to lamotrigine monotherapy, as compared with
a 3.4 % malformation rate in 118 pregnancies in women with epilepsy that was
untreated during the critical period of organogenesis (odds ratio 1.48; 95 % C.1. =
0.46, 4.69). Unlike the situation for valproate, logistic regression for malformation
risk plotted against increasing drug dose had a downward slope in the Vajda et al.
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data. Molgaard-Nielsen and Hviid (2011) linked a Danish database of 837,795 live
births between 1996 and 2008 with a database for national dispensed antiepileptic
drugs. Major congenital malformations had occurred in 3.7 % of 1019 lamotrigine-
exposed pregnancies, an adjusted prevalence odds ratio of 1.18 (95 % C.I. = 0.83,
1.68) compared with that which applied for the general population. In the same year
Tomson et al. (2011), based on the EURAP data, quoted a major foetal malforma-
tion rate of 2.0 % for lamotrigine monotherapy in doses below 300 mg a day, based
on the set of 1280 pregnancies in which the drug had been used in monotherapy.
These authors stated that the malformation rate associated with lamotrigine was
dose dependent. Holmes and Hernandez-Diaz (2012) described a 2 % foetal malfor-
mation rate in 1562 pregnancies exposed to lamotrigine in monotherapy (relative
risk versus controls 1.8; 95 % C.I. = 0.7, 4.6).

Then Campbell et al. (2014) provided updated data from the United Kingdom
Pregnancy Register at a stage when it contained 2198 pregnancies in which
lamotrigine had been used as the sole antiepileptic drug. In these pregnancies there
was a major congenital malformation rate of 2.3 % (95 % C.I. = 1.8, 3.1 %), and
unlike the earlier analysis of this register’s contents, the trend for the risk of malfor-
mation to increase with increasing drug dose was not statistically significant. Veiby
et al. (2014), based on 833 Norwegian pregnancies in which lamotrigine was used
in monotherapy, calculated a 3.4 % malformation rate with an odds ratio of 1.26
(95 % C.I. = 0.87, 1.84) compared with a control group of 771,412 antiepileptic
drug-unexposed children. Vajda et al. (2014) studied data from the Australian
Pregnancy Register at the end of 2013. There was a major congenital malformation
rate of 4.6 % in the 307 lamotrigine monotherapy-exposed pregnancies, with a rela-
tive risk of malformation of 1.40 (0.51, 3.80) compared with 154 untreated pregnan-
cies in women with epilepsy. Logistic regression analysis showed that the resulting
regression line had a slight and nonstatistically significant downward slope for mal-
formation risk on increasing drug dose (Fig. 8.2).

Thus there is a reasonable amount of relatively recent data concerning the foetal
malformation hazard associated with use of lamotrigine in the pregnancies of
women with epilepsy, though some of the material has probably been included more
than once in the analysed data sets. Consistently, the malformation rates have been
a little higher than those for the comparator populations that different groups of
workers have chosen. However, none of the rates has been statistically significantly
higher. Some studies have suggested that the foetal hazards from the drug may be
dose related, though the evidence for this never achieved the P <0.05 level of statis-
tical significance. Studies employing logistic regression have not suggested that
such a dosage dependency exists. Interestingly, in the Australian data where regres-
sion analysis provided no evidence for a dose-dependent risk, when the malforma-
tion rate was correlated with the three lamotrigine dosage bands that Morrow et al.
(2006) used, the malformation rate appeared to increase with dosage. However, if
the highest dosage band was subdivided into two, the rate was lower for the new
highest dosage range than for the immediately lower one. It seems reasonable to
conclude that, if lamotrigine is a teratogen, its teratogenic potential is comparatively
small.


http://dx.doi.org/10.1007/978-3-319-21434-4_8#fig2

164 9 Particular Antiepileptic Drugs and Foetal Malformations
Topiramate

Topiramate became available for therapeutic use in the mid-1990s and appears to
have achieved a moderate penetration into the epilepsy market internationally. In
its lower strengths, it has become quite extensively employed in migraine
prevention.

Some information about foetal malformations associated with exposure to the
drug in pregnancy has become available in recent years. In the study of Morrow
et al. (2006), based on the United Kingdom Register, there were two foetal malfor-
mations in 28 pregnancies where topiramate was used in monotherapy (rate 7.1 %,
uncorrected odds ratio relative to carbamazepine 2.7; 95 % C.1. = 0.58, 3.58). Hunt
et al. (2008), in a further study based on the United Kingdom Register, described a
4.8 % malformation rate (95 % C.I. = 1.7, 13.3 %) in 70 live births to mothers who
used the drug in monotherapy. They noted an incidence of oral clefts in the topira-
mate pregnancies that was 11 times that of the community background rate. Ornoy
et al. (2008) found a 3.5 % major congenital malformation rate in 29 topiramate
monotherapy-exposed pregnancies. Holmes et al. (2008) described a major con-
genital malformation rate of 4.1 % in 197 topiramate-exposed foetuses drawn from
the records of the North American Registry. In an expanded data set comprising
359 pregnancies exposed to topiramate in monotherapy from the same registry,
Holmes and Hernandez-Diaz (2012) calculated that there was a 4.2 % malforma-
tion rate that could be compared with the malformation rate in 442 unexposed
control infants (relative risk 3.8; 95 % C.I. = 1.4, 10.6). Holmes and Hernandez-
Diaz (2012) also noted a 1.4 % rate of facial clefts in their material, higher than the
expected population rate for that abnormality, while Mines et al. (2014) observed a
0.36 % oral cleft rate in 1945 neonates exposed to topiramate in the first trimester
of pregnancy, as compared with a 0.07 % rate in 13,614 offspring not exposed to
the drug in utero.

In the Danish Registry data, Molgaard-Nielsen and Hviid (2011) found a malfor-
mation rate of 4.68 % for 108 infants exposed to topiramate in pregnancy (adjusted
odds ratio 1.44; 95 % C.I. 0.58, 3.58), as compared with the rate in the unexposed
infant population. Veiby et al. (2014) in 2600 children from Norway exposed to
antiepileptic drugs during pregnancy found a higher, but not statistically significant,
risk of malformations associated with intrauterine exposure to topiramate mono-
therapy (in 4.2 % of 48 infants; odds ratio 1.66; 95 % C.I. = 0.40, 6.85). Marguilis
et al. (2012) obtained evidence of an association between first trimester exposure to
topiramate and oral clefts in the foetus and a statistically significant risk of micro-
cephaly. Vajda et al. (2014) traced 42 instances of topiramate use in monotherapy
during pregnancy in the Australian Pregnancy Register. In these pregnancies there
was a foetal malformation rate of 2.4 % (relative risk 0.73; 95 % C.I. = 0.09, 6.07)
compared with the rate in 147 pregnancies in women with epilepsy in which no
antiepileptic drug was taken in at least the first trimester of pregnancy. In addition,
there were a further 85 pregnancies in the Register in which the drug had been used
in combination with another antiepileptic agent. In these 85 pregnancies, the mal-
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formation rate was 14.1 % (relative risk compared with 147 untreated pregnancies
in women with epilepsy from the Register 4.32; 95 % C.I. = 1.57, 11.05). The pres-
ence of valproate in a few of the topiramate polytherapy drug combinations did not
seem capable of accounting for this higher malformation rate. Multivariate linear
regression analysis with serial stripping of nonsignificant parameters was applied to
the combined monotherapy and polytherapy data for all the pregnancies in the
Register. There was a statistically significant (P=0.013) upward slope for the rela-
tionship between malformation risk and increasing topiramate dose (Vajda et al.
2013a). Further, when the relation between individual antiepileptic drug dosages
and particular malformations was examined, there were statistically significant
associations between topiramate dosage and both brain malformations and hypo-
spadias, though not facial clefts (Fig. 9.3).

As mentioned in Chap. 8, the latest, as yet unpublished, analysis of the data of
the Australian Pregnancy Register has provided further evidence that topiramate, at
least when used together with any one of several other antiepileptic drugs, is a sig-
nificant teratogen though, when used as the sole antiepileptic drug in pregnant
women, the foetal malformation rate was not statistically significantly greater than
that in pregnancies of women with epilepsy that was not treated with antiepileptic
drugs.

There now seems to be sufficient evidence available to suggest that topiramate
use in antiepileptic drug combinations in pregnancy, and perhaps when used alone,
may be responsible for the occurrence of foetal malformations and that the malfor-
mation risk increases with increasing topiramate dosage. This dose dependence
may be important because of the widespread contemporary use of topiramate in
migraine prevention, where the drug dose is generally appreciably lower than that
used in treating epilepsy. As further data accumulate, the degree of foetal hazard
associated with topiramate, and perhaps the specificity of the risk for particular
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Fig. 9.3 Logistic regressions for risk of all foetal malformations (continuous line) and hypospa-
dias (broken line) plotted against maternal topiramate dose
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organ systems, may become better defined. However, there already probably is
enough information to suggest the need for considerable caution in prescribing the
drug in monotherapy for women capable of pregnancy, while its use combined with
other antiepileptic drugs would be better avoided.

Levetiracetam

Levetiracetam, which came into therapeutic use a little later than the two drugs
considered immediately above, seems to have achieved greater popularity among
prescribers. It appears to be finding a place as one of the major antiepileptic
drugs in contemporary clinical use. Until quite recently, the literature contained
only a few reports of small numbers of pregnancies exposed the drug, with the
opinion being expressed that it did not seem to constitute a particular hazard for
the foetus. Then Molgaard-Nielsen and Hviid (2011) reported a series of 58 preg-
nancies exposed to the drug in monotherapy. There were no foetal malformations
in the group. Hernandez-Diaz et al. (2012) noted a 2.4 % malformation rate in 84
pregnancies from the North American Registry which had been exposed to leve-
tiracetam in monotherapy. There was a relative risk of 2.2 (95 % C.I. = 0.8, 6.4)
compared with the malformation rate in pregnancies not exposed to the drug. In
304 pregnancies recorded in the United Kingdom Register and treated with the
drug, Mahwinney et al. (2013) described a 0.70 % malformation rate (95 % C.I.
=0.19, 2.51 %). Subsequently, Veiby et al. (2014) found a foetal malformation
rate of 1.7 % in 118 pregnancies in women with epilepsy managed with leveti-
racetam monotherapy, with an adjusted odds ratio of 0.63 (95 % C.I. =0.16, 2.55)
compared with 777,412 pregnancies in women not taking antiepileptic drugs.
Chaudhry et al. (2014), in their review of the literature, found record of 1213
pregnancies that had been exposed to levetiracetam monotherapy. There were 27
major congenital malformations in these pregnancies, a 2.2 % malformation rate
95 % C.I. = 1.53, 3.22), whereas a 1-3 % malformation rate would have been
expected in the general population. These authors noticed that the malformation
rate was higher when levetiracetam was used as part of antiepileptic drug
polytherapy.

In an analysis of the records of the Australian Pregnancy Register, Vajda et al.
(2014b) found a 2.4 % foetal malformation rate in 84 pregnancies in which leve-
tiracetam monotherapy had been employed. The risk relative to that in women
with untreated epilepsy was 0.75 (95 % C.I. = 0.15, 3.76). Multivariate logistic
regression for malformation risk on dosage of all of the antiepileptic drugs used
in the Register population (Fig. 8.2) found that there was a nonstatistically sig-
nificant trend for the risk to increase with increasing levetiracetam dose
(P=0.76).

Sufficient information is now available to suggest that levetiracetam, used in
monotherapy, probably exposes the foetus in utero to little or no additional hazard
of being born malformed.
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Gabapentin

Gabapentin was introduced in therapeutics fairly soon after lamotrigine but, outside
North America, does not seem to have been employed extensively in treating epilepsy.
Relatively little published information exists concerning its hazards for the foetus.

Montouris (2003) analysed data for 44 live births from 51 pregnancies collected in
the register of gabapentin-treated pregnancies maintained by the pharmaceutical firm
that marketed the drug. She stated that use of gabapentin in pregnancy did not increase
the risk of foetal malformations. However, gabapentin had been used in monotherapy
in only 11 of these pregnancies. No malformations had occurred in this subset, but there
were two major malformations and one minor one in the 33 pregnancies that involved
gabapentin use in polytherapy. The data really do not permit reliable conclusions.

Molgaard-Nielsen and Hviid (2011) cited a 1.7 % foetal malformation rate for 59
gabapentin-exposed pregnancies, compared with a 2.4 % malformation rate in
Danish infants not exposed to the drug during pregnancy. Holmes and Hernandez-
Diaz (2012), in their own series of 145 pregnancies, found a 0.7 % foetal malforma-
tion rate but indicated that they could not extract adequate numerical data from the
literature to warrant a more definite opinion about the foetal safety of the drug. Fujii
et al. (2013) compared the outcome of 223 gabapentin-treated pregnancies (only
34 % in women with epilepsy) with 223 pregnancies in which the drug had not been
used, the comparator pregnancies not necessarily being those of women with epi-
lepsy. The foetal malformation rates were similar in both groups. As of the end of
2013, the Australian Pregnancy Register contained only 14 pregnancies in which
the drug has been used in monotherapy. There were no foetal abnormalities.

Thus, in the limited available data, there appears little to indicate that gabapentin
treatment in pregnancy constitutes a foetal hazard. On the other hand, the amount of
data available is probably insufficient to warrant any assertion that the drug is safe
from the foetal standpoint.

Oxcarbazepine

Oxcarbazepine became available in some countries as long ago as 1990 but does not
seem to have achieved any considerable market penetration outside Europe. Some
information relative to the drug’s hazards for the development of normal foetal mor-
phology is available.

Kaaja et al. (2003) noted a statistically significant association between oxcar-
bazepine intake and foetal malformation, but in a study involving only 9 pregnan-
cies. Meischenguiser et al. (2004) reported on the outcome of 55 pregnancies in
which the drug had been used (in polytherapy in 20). Only one foetal malformation
occurred, and that was in the polytherapy subset. Sabers et al. (2004) noted a foetal
malformation rate of 5 % (95 % C.I. = 0.7, 18.2 %) in 37 pregnancies in which the
drug had been used in mono- or polytherapy. Artama et al. (2005) recorded a soli-
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tary instance of foetal malformation in 99 pregnancies exposed to oxcarbazepine
monotherapy. Montouris (2005), from the records of the pharmaceutical company
marketing the drug, obtained data from 248 pregnancies exposed to oxcarbazepine
in monotherapy and found a 2.4 % malformation rate when a 2.0-4.0 % rate would
have been expected to be present in the general population. It seems likely that some
of the pregnancies considered in this paper would have already been reported in
some of the publications discussed immediately above. Molgaard-Nielsen and
Hviid (2011) studied 393 pregnancies exposed the drug in monotherapy and found
a malformation rate of 2.8 %, with an adjusted odds ratio of 0.86 (95 % C.I. = 0.46,
1.59) when compared with the malformation rate in their large population of Danish
normal pregnancies. Hernandez-Diaz et al. (2012) described a foetal malformation
rate of 2.2 % in 182 pregnancies in which oxcarbazepine had been used in mono-
therapy, with a relative risk of 2.0 (95 % C.I. = 0.5, 7.4) in comparison with a popu-
lation of drug-unexposed pregnancies. The drug has been too little used in the
pregnancies recorded in the Australian Register to justify drawing conclusions.
The amount of information currently available is hardly sufficient to permit
secure conclusions about the drug’s teratogenicity, though there is as yet nothing to
suggest that it is particularly dangerous from the foetal malformation point of view.

Benzodiazepines

A number of 1,4-benzodiazepines, e.g. diazepam, nitrazepam, clonazepam, loraze-
pam and also one 1,5-benzodiazepine (clobazam), have at times been used to treat
epilepsy and are still taken by some pregnant women with the disorder. It has not been
possible to trace publications dealing with the foetal safety of these drugs in such
women, though there seems little reason to suspect that it would differ from their
safety when taken by pregnant women in general, in whom the drugs may be used as
tranquillisers and for other purposes. Except for diazepam, which has sometimes been
considered as a separate entity, the literature has tended to regard the possible conse-
quences of intrauterine exposure to these drugs on foetal body structure in terms of a
class effect. Safra and Oakey (1975) published data which suggested that the intake of
diazepam during pregnancy might correlate with the occurrence of palate and lip
clefts, though these authors accepted that the finding might simply be due to chance.
Rosenberg et al. (1983) studied 445 infants who were born with cleft lip with or with-
out cleft palate and another 166 with cleft palate only after being exposed to benzodi-
azepines in the first four months of pregnancy and compared them with 2498 controls
who had other malformations. The relative risks for the two groups of clefts were 1.0
and 0.8 respectively and, after adjustment for potential confounding factors, became
0.8 for each group. Despite this, suspicion lingers in the literature that there may be a
relationship between such oral clefts and intrauterine exposure to benzodiazepines.
McElhatton (1994) detected no increase over the expected background malfor-
mation rate in the rate of occurrence of foetal malformations associated with ben-
zodiazepine intake in pregnancy. Dolovich et al. (1998) carried out a meta-analysis
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of the data that were available in the literature from infants who had been exposed
to benzodiazepines in the first trimester of pregnancy. They found no association
between the drugs and the presence of major congenital malformations (odds
ratio 0.90; 95 % C.I. = 0.61, 1.35) and also none between the drugs and oral clefts
(odds ratio 1.19; 95 % C.I. = 0.34, 4.15). However, they remarked that pooled
case—control studies have tended to find a raised incidence of oral clefts in asso-
ciation with benzodiazepine administration in pregnancy. Bonnot et al. (2003)
obtained statistically significant evidence for an association between lorazepam
intake and anal atresia. Lin et al. (2004) recorded the birth of one malformed
infant in 33 pregnancies exposed to clonazepam monotherapy in the first trimes-
ter. Kjaer et al. (2007) found an odds ratio of 1.2 (95 % C.I. = 1.0, 1.4) for foetal
malformations in infants exposed to lorazepam in pregnancy when compared with
a large collection of over 35,000 births. Enato et al. (2011) calculated a benzodi-
azepine-associated foetal malformation odds ratio of 1.07 (95 % C.I.=0.91, 1.25)
when compared with the outcome of studies involving over 1 million normal
pregnancies.

Atthe time of writing, the Australian Register of Antiepileptic Drugs in Pregnancy
contained records of 24 pregnancies in which clonazepam had been used in mono-
therapy. None of these pregnancies resulted in a foetal malformation. There was a
total of 104 pregnancies where the drug had been used alone or with other antiepi-
leptic agents. In this group there was a foetal malformation rate of 4.8 %. Logistic
regression of malformation risk on drug dose for the full Register data set showed a
regression line for clonazepam which had a slight and not statistically significant
downward slope (P=0.53) as the drug dose increased.

Benzodiazepines have been in extensive use for over a half a century and statisti-
cal data such as those cited above exist. There has been little clinical reason to sus-
pect that the drugs may be significant teratogens. It is therefore probably reasonable
to conclude that their use in treating epilepsy in pregnancy is unlikely to involve a
significantly increased risk of foetal malformations occurring.

Zonisamide

The only information traced is that Kondo et al. (1996) described a 7.7 % foetal
malformation rate in 26 pregnancies in which intrauterine exposure to zonisamide
was involved. However, both of the affected infants had been exposed to the drug in
antiepileptic drug combinations.
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Other Antiepileptic Drugs

A number of other marketed antiepileptic drugs are sometimes used in pregnancy.
Several have been available for some years, e.g. sulthiame, felbamate, stiripentol
and tiagabine, but have been employed too infrequently in pregnancy for useful data
concerning their foetal safety to be available in the public domain. Others, e.g.
lacosamide, eslicarbazepine, pregabalin and perampanel, have become generally
available too recently for there to have been enough time or extensive enough use in
pregnancy for sufficient information about their hazards for the foetus to yet be
available.

Antiepileptic Drugs in Combination

As mentioned earlier in this and the previous chapters, there have been rather
numerous statements in the literature to the effect that foetal malformation rates are
higher when antiepileptic drugs are used in combination in pregnant women as
compared with when they are used in monotherapy. However, there now seems to
be reasonably good evidence that, so long as valproate or topiramate is not a mem-
ber of the drug combinations, the malformation risk is not greater than that which
applies for each drug used alone. As yet, there does not appear to have been any
careful study of the possibility that combining two antiepileptic drugs, apart from
valproate and topiramate, increases the risk of foetal malformation over that which
applies for each drug used alone. The existing data suggest that any teratogenic
potential of the commonly used antiepileptic drugs apart from valproate and topira-
mate is relatively small so that it would probably require a very large collection of
data on pregnant women with epilepsy before this possibility of additive risk could
be assessed adequately. In the present state of knowledge, the prudent course may
be to accept that there could be a slightly higher risk.
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Chapter 10
Antiepileptic Drugs, Cognition
and Neurodevelopment

Abstract Antiepileptic drug exposure in utero may have adverse effects on the
developing brain, as has been shown in experimental animals. Exposure in the first
trimester of human pregnancy may be associated with the occurrence of physical
malformations in the foetus but, in addition, foetal valproate exposure poses a sig-
nificant risk for the cognitive development of the infant, an effect that is dose depen-
dent. Carbamazepine and lamotrigine exposures appear to hold a lesser risk for
cognitive development, while the risks associated with exposure to the other anti-
epileptic drugs are uncertain. Further, evidence has become available that intrauter-
ine valproate exposure may be associated with the development of autism-spectrum
disorder in childhood. Not enough data exists to clarify the situation in this regard
for the other antiepileptic drugs.

The highly important possibility that antiepileptic drug exposure during pregnancy
may be associated with the presence of adverse consequences for cognition and
neurobehavioral development in the infant and child has been rather intensively
investigated in recent years. The situation in this regard has been progressively clar-
ified in a series of publications from the collaborative NEAD (Neurodevelopmental
Effects of Antiepileptic Drugs) studies carried out by Meador and colleagues, who
have been collecting data and presenting interim analyses of a well-designed, com-
prehensive prospective investigation.

The actual recognition of cognitive and developmental adverse effects of antiepi-
leptic drugs presents a more considerable challenge than observations and analysis
of data related to physical malformations in the foetus and infant. The relevant data
concerning intellectual functioning need to be obtained from prospective quantita-
tive observational studies carried out in an area where human experimentation is
unethical and the examinations and follow-up that are required have many limita-
tions. Babies are not easy subjects for intellectual testing. Numerous potential con-
founders exist that make the assessment task very complex. Such confounders
include parental factors such as educational level, socioeconomic status, drug tak-
ing (including tobacco and alcohol), concurrent illnesses and disorders that occur
during pregnancy, family history, inherited illnesses, mental disorders, nutrition,
folate intake, as well as environmental factors other than the above, and in addition
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among other factors the maternal epilepsy syndrome that is being treated and the
effects of multiple or uncontrolled seizures during pregnancy.

Although many anecdotal reports had existed about impaired neurodevelopmen-
tal outcomes in the offspring of women with antiepileptic drug-treated epilepsies, it
was not until relatively recently that prospectively recruited collections of in utero
antiepileptic drug-exposed infants have been systematically explored and the find-
ings about intellectual impairment followed up in a cohort of antiepileptic drug-
exposed infants at progressively increasing ages during childhood (Meador et al.
2013).

Adverse Effects of Antiepileptic Drugs
on the Developing Brain

Foetuses exposed to antiepileptic drugs during the first trimester of pregnancy, the
primary period of organogenesis, have an elevated risk of congenital physical mal-
formations, including defects that can affect the brain. The most obvious and seri-
ous of these are neural tube defects. The neural tube closes by the end of the third
week after conception. This is the most vulnerable period for the development of
neural tube malformations induced by antiepileptic drugs. It is also a time that often
proves to be too early for the prospective mother to realise that she is pregnant. In
the past, it was recommended that, after the first few weeks of pregnancy had passed,
during which there was intense concern for the adverse effects of antiepileptic drugs
on the brain, attention should shift to focus on seizure control throughout the
remainder of pregnancy. This recommendation will now need to be revised, because
it appears that the drug-related cognitive and developmental issues affecting the
baby may originate throughout the whole length of pregnancy. Human brain devel-
opment is a long, highly complex process that involves neurogenesis, synaptogen-
esis, apoptosis, synaptic pruning, glial development and myelination. It probably
extends not only throughout gestation but also continues postnatally, through
infancy, childhood, the teenage years and possibly beyond. The cellular processes
involved in brain development are multiple, occurring in a parallel but interrelated
manner, occurring in different brain regions and in different cellular types at differ-
ent times. Antiepileptic drugs have been shown in experimental animals to have
effects on all of these processes. The results of an insult to brain structure and func-
tion will depend on the processes which are most active in the time window when
the insult occurs. The duration of the insult from antiepileptic drugs may extend
throughout the entire duration of gestation. Kaindl et al. (2006) and Ikonomidou
et al. (2007) have reported findings which lead to a better understanding of the
potential adverse neurobiological effects that antiepileptic drugs can produce in the
developing brains of experimental animals.

Obtaining objective clinical evidence of intrauterine brain damage in humans is
easiest for the anatomical abnormalities that develop early in pregnancy. These pro-
duce structural malformations such as abnormal limbs or bones, or spina bifida,
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which are readily visible objective endpoints that are recognisable at birth. It is
more difficult to identify abnormalities that develop later in pregnancy. Such distur-
bances of cognition, personality, behaviour and motor development may be due to
multiple possible causes (Blom et al. 2006) and tend not to become obvious until
well after birth.

Mechanisms of Behavioural Teratogenesis

Earlier animal experimental studies provided evidence of the adverse effects of
postnatal phenobarbitone treatment on brain development in infant rats, resulting in
reduced brain weights (Schain and Watanabe 1975), reduction in neuronal numbers
in the hippocampus (Bergman et al. 1982) and cerebellum (Fishman et al. 1983),
neurocognitive deficits (Rogel-Fuchs et al. 1992) and behavioural abnormalities
that comprised increased aggression and overactivity (Diaz and Schain 1978).
Phenobarbitone treatment in young animals with post-kainic acid-induced status
epilepticus resulted in fewer seizures, as compared with saline-treated rats (Mikati
et al. 1994), but also resulted in a worse neurocognitive performance (Bolanos et al.
1998).

Valproic acid is a histone deacetylase inhibitor, and it is possible that differential
teratogenesis exists in B6 and D2 strain mice because of strain differences in histone
acetylation. B6 mice foetuses are more susceptible than D2 foetuses to digit and
vertebral malformations, but D2 mice are more susceptible to rib malformations.
Downing et al. (2010) observed strain differences in acetylation of histones H3 and
H4 in both the embryo and placenta following in utero valproate exposure. However,
additional studies are needed to determine the roles of these changes in mediating
teratogenesis, though the findings suggest that genetic factors, both maternal and
foetal, may play a part in causing valproate-associated foetal malformations.
Clonazepam, diazepam, phenobarbitone, phenytoin and valproate, as well as viga-
batrin, have been observed to produce widespread neuronal apoptosis in neonatal
rat brains (Bittigau et al. 2002, 2003; Asimiadou et al. 2005; Meador et al. 2007,
Stefovska et al. 2008; Ikonomidou and Turski 2010). This effect is dose dependent
and may occur at blood concentrations that would be therapeutically relevant in
humans. Two antiepileptic drugs, each given at below apoptosis threshold dosages,
can still trigger the full apoptotic response. Antiepileptics which do not produce
apoptosis in monotherapy, including carbamazepine, lamotrigine and topiramate
(Glier et al. 2004; Manthey et al. 2005; Kim et al. 2007), can enhance apoptosis
induced by another agent (Katz et al. 2007). This suggests that antiepileptic drug
polytherapy could increase the risk of neurodevelopmental problems in antiepilep-
tic drug-exposed foetuses. Levetiracetam is the only antiepileptic drug among those
tested thus far that does not produce apoptosis in monotherapy or enhance apoptosis
produced by other antiepileptic drugs (Manthey et al. 2005). This information pro-
vides another indication that the availability of levetiracetam may offer a major
advance in foetal safety in pregnancy (Shallcross et al. 2011; Vajda et al. 2014).
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Human Cognitive Development

The impact on the cognitive and behavioural development of the offspring produced
by foetal exposure to maternal antiepileptic drugs has emerged in recent times as an
area of major concern in relation to the use of these drugs in pregnant women with
epilepsy (Palac and Meador 2011). Pregnancy registers have contributed prospec-
tive data on women with epilepsy and their offspring in regard to many factors,
including the intelligence of the offspring, though the different registers have
employed different timings for their postpartum data collections (Vajda et al. 2007).
Each of the individual registers has other weaknesses (see Chap. 8 and Meador et al.
2008). Nevertheless, enough information is now available from the registers to war-
rant making women with epilepsy who are planning a pregnancy aware of the pos-
sible neurobehavioral consequences of foetal antiepileptic drug exposure. In
humans, foetal exposure, particularly to valproate or to antiepileptic drug polyther-
apy, may be associated with an increased risk of cognitive impairment and dimin-
ished verbal abilities in the offspring (Nadebaum et al. 2011a; Meador et al. 2013).

Cognitive Effects of Maternal Epilepsy per se

In a prospective study (Gaily et al. 2004), and in a blinded retrospective study
(Holmes et al. 2000), no IQ differences were found between children of women
with epilepsy that was not treated with antiepileptic drugs and healthy control chil-
dren (Gedzelman and Meador 2012). Two prospective population-based studies
(Gaily et al. 1988, 2004) found that there was no 1Q impairment in children exposed
in utero to self-limiting generalised tonic—clonic seizures (i.e. no status epilepticus
was involved). However, a retrospective study (Adab et al. 2004) showed that the
verbal IQ was significantly reduced in children who had been exposed to more than
four generalised tonic—clonic maternal seizures during pregnancy. Based on case
reports, prolonged seizures and status epilepticus are considered to provide a seri-
ous threat to both mother and foetus (Hiilesmaa 1996).

Other Factors Possibly Affecting Cognitive and Behavioural
Development in Humans

Heritability accounts for 30-50 % of phenotypic variance in human 1Q. The correla-
tion coefficient between the 1Qs of monozygotic twins reared together is 0.85 and
for those reared apart 0.67 (Sattler 1992). The correlation coefficient between
parental and child 1Q is 0.42 (Kaufman 1990). Maternal education and socioeco-
nomic status correlate less closely with the child’s 1Q (correlation coefficient =
0.298). The paternal IQ co-varies with the maternal IQ. Children’s IQs may also be
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affected by complications of pregnancy or severe childhood illnesses. Obstetrical
complications and malnutrition do not generally appear to have an overall substan-
tial effect on IQs, though individual children may be severely affected. Drug abuse
in pregnancy influences foetal development, socioeconomic status is correlated with
behavioural adaptation and social variables are known to predispose to biomedical
risks. Other possible factors to be considered include gender, ethnic origin, geogra-
phy, maternal age and parity. Approximately half of the patients with low IQs carry
more than one risk factor (Meador et al. 2001). Although the majority of children
born to women with epilepsy are normal, the somatic and functional development
of these children, as a group, is reduced (Delgado-Escueta and Janz 1992).

Reported Antiepileptic Drug-Associated Effects on Human
Cognitive Development

Antiepileptic drugs may decrease cell membrane excitability, increase postsynaptic
inhibition or alter synchronisation of neural networks to decrease the excessive neu-
ronal excitability that is associated with seizure development. Common side effects
of decreasing neuronal excitability include slowed motor and psychomotor speed,
poorer attention spans and mild memory impairment (Meador 2005). Treatment
decisions made in childhood may have lifelong implications for cognitive ability
(Loring and Meador 2001; Meador 2005).

Prenatal exposure to phenobarbitone, phenytoin, primidone and carbamazepine
has been associated with reduced head circumferences (Hanson et al. 1976;
Majewski et al. 1981; Gaily et al. 1990) and reduced psychomotor development of
infants (Deblay et al. 1982). However, other studies did not support the correlation
with phenytoin exposure (Smith et al 1986, 1994; Dodrill and Wilensky 1992;
Pulliainen and Jokelainen 1994, 1995). Unfortunately, neurocognitive tests in young
children appear to have a relatively poor reliability so that a long follow-up period
may be required to obtain a valid assessment of this parameter. Selection biases may
have been present in some studies concerning the matter, and multiple confounders
such as those listed above may have been operative. The interpretation of the numer-
ous studies on the differential effects of antiepileptic drugs on neurodevelopment
remained controversial, until the publication of the multicentre, prospective series
of NEAD studies.

Farwell et al. (1990) had studied 217 children (at 8 and 36 months) randomly
assigned to 2 years treatment with phenobarbitone (4-5 mg/kg/day) or placebo.
After 2 years (on treatment), the mean corrected IQ was 7.03 lower in the
phenobarbitone-treated children. Six months after the drug had been discontinued,
the mean IQ remained 5.2 points lower in the group that had been assigned to phe-
nobarbitone. In the follow-up study, 139 children were re-tested 3—5 years later: the
phenobarbitone-treated group performed significantly lower than the placebo group
on WRAT-R, a reading achievement standard score.
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Longer-term outcomes of children born to women with epilepsy were reported by
Adab et al. (2004) from the UK. These workers performed a retrospective study of
the prevalence of cognitive delay and possible associated dysmorphic features in
children exposed to antiepileptic drugs in utero. The participants were aged between
6 months and 16 years. Structured interviews, hospital records, clinical examinations
and psychometric tests (Wechsler) were used to assess the extents of drug exposure
and the 1Qs. Of 249 children, 41 had been exposed to sodium valproate, 52 to carba-
mazepine, 21 to phenytoin and 49 to antiepileptic drug polytherapy, while 80 were
unexposed to antiepileptic drugs. The mean verbal IQ was significantly lower in the
valproate group compared with the unexposed and the other monotherapy groups.
Both valproate exposure and frequent tonic—clonic seizures in pregnancy were sig-
nificantly associated with a lower verbal IQ despite adjusting for other confounding
factors. This study identified valproate as posing potential risks for developmental
delay and cognitive impairment and was the first to suggest that frequent tonic—
clonic seizures in the pregnant woman had a similar effect. Like many others in this
field, this study may be criticised for some methodological flaws, perhaps in particu-
lar, the potential for ascertainment bias. Nevertheless, the study heightened existing
concerns regarding the risks of in utero exposure to valproate during pregnancy.

A Finnish study (Gaily et al. 2004) of the effects of foetal antiepileptic drug
exposure on cognition involved the intakes of carbamazepine (N=73), phenytoin
(N=48), lamotrigine (N=84) and valproate (N=53). At 4 years of age, the 1Qs of
the children showed statistically significant differences in favour of the first three
drugs compared with valproate. The mean IQ values were, for carbamazepine 98,
for lamotrigine 101, for phenytoin 99 and for valproate 92.

Neurocognitive effects of exposure to carbamazepine in utero have been reported
in three further smaller population-based studies that showed no significant associa-
tions between prenatal exposure to the drug and poorer cognitive outcomes (Scolnik
et al. 1994; Wide et al. 2002; Eriksson et al. 2005). A number of small population
and clinic-based studies have found associations between intrauterine phenobarbi-
tone and phenytoin exposures and lower 1Qs than those in unexposed controls, but
these agents have not been established as posing a risk independent of maternal 1Q
(Vanoverloop et al. 1992; Reinisch et al. 1995). Although animal studies, referred to
earlier, had shown that foetal exposure to antiepileptic drugs, at doses lower than the
thresholds that are required to produce physical congenital malformations, can be
associated with cognitive and behavioural abnormalities, the cognitive effects of
human foetal exposure to antiepileptic drugs were not convincingly demonstrated
until the NEAD data became available.

The NEAD Study

The NEAD study was a prospective, observational, investigation carried out in the
United States and Britain. For the study, between 1999 and 2004, Meador and col-
leagues enrolled pregnant women with epilepsy who were taking a single antiepi-
leptic agent (carbamazepine, lamotrigine, phenytoin or valproate). The primary
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analysis was planned to involve a comparison of neurodevelopmental outcomes
6 years after exposure to the different antiepileptic drugs in utero. However, a
planned interim analysis of cognitive outcomes at 3 years of age showed that chil-
dren who had been exposed to valproate in utero had significantly lower IQ scores
than those who had been exposed to the other antiepileptic drugs. The degree of
neurodevelopmental impairment was valproate dose dependent (Meador et al.
2009). This interim report had compared 258 children exposed to antiepileptic drug
monotherapy in utero (73 exposed to carbamazepine, 84 to lamotrigine, 48 to phe-
nytoin and 53 to valproate). IQ adjustments were made to compensate for effects of
maternal IQ, maternal age, antiepileptic drug dose, gestational age at birth and
maternal use of folate before conception. The mean adjusted IQ was 101 for chil-
dren exposed to lamotrigine, 99 for those exposed to phenytoin, 98 for those exposed
to carbamazepine but 92 for those exposed to valproate. The children’s 1Qs were
significantly related to maternal IQs in those exposed to carbamazepine, lamotrig-
ine and phenytoin, but not in those exposed to valproate.

These findings, together with the obvious concern about high-dose intrauterine
valproate exposure being related to the development of physical foetal malforma-
tions (see Chaps. 8 and 9), would support a recommendation that valproate should
not be used as a first-choice antiepileptic drug in women of childbearing potential.
These Meador et al. (2009) findings also indicate that foetal exposure to carbamaze-
pine and lamotrigine is relatively safe in respect to adversely altering cognition in
children exposed to them in utero. This is a very significant and welcome finding
from the standpoint of counselling women about risks of antiepileptic drug therapy
in pregnancy.

Results from the NEAD cohort at 6 years of age were published in 2013, as
planned (Meador et al. 2013). At this stage, 305 mothers and 311 children were
included in the primary analysis. The children’s IQs at this age were lower after expo-
sure to valproate (mean 97; 95 % C.I. = 94-101), than after exposure to the other
three drugs (lamotrigine mean IQ 108, 95 % C.I. = 105-111; carbamazepine mean 1Q
105, 95 % C.I. = 102-108; phenytoin mean I1Q 108, 95 % C.I. = 104—112). The chil-
dren exposed to valproate did poorly in verbal and memory measures, as well as in
measures of nonverbal and executive functions and in a dose-related manner that was
statistically significant. Verbal abilities were more affected than nonverbal ones and
there was evidence of benefit being derived from peri-conception folate administra-
tion. The latter findings were consistent with some, but not all, other published stud-
ies. The authors mentioned that a limitation of this landmark study may have resulted
from the loss of a number of participants to follow-up. Nevertheless, the IQ values at
6 years correlated strongly with those in the earlier report, at 3 years, described above.

Other Recent Investigations
Cummings et al. (2011) carried out a blinded cohort study which employed control

subjects. The study involved 186 children aged 8 years or less (of whom 142 had
been exposed to antiepileptic drugs in utero). The children were prospectively
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ascertained through the UK Epilepsy and Pregnancy Register. It was found that those
exposed to sodium valproate in utero were more likely to have evidence of neurode-
velopmental delay than the controls. In the control population (N=42), two children
(4.8 %) showed delay (one significant, one mild). In the valproate group (N=58), 23
children (39.6 %) showed delay, in five significant, in 18 mild. Ten children (20.4 %)
exposed to carbamazepine in utero (N=49) also demonstrated some degree of neuro-
developmental delay, of significant degree in two and mild in eight. However, those
children exposed to lamotrigine in utero appeared to have similar neurodevelopmen-
tal outcomes to the control subjects, only one of the 35 (2.9 %) exhibiting delay.

Findings from the Australian Pregnancy Register also suggest that an associa-
tion exists between exposure to valproate in pregnancy and lower 1Qs in the off-
spring, the I1Q decrease being dose dependent. This finding, and that of the Meador
et al. (2013) study described above, raise the possibility that lower valproate doses
may be relatively safer from the neurodevelopmental point of view (Nadebaum
et al. 2011a). However, it is recognised that there is considerable individual vari-
ability in the IQs among children exposed to similar valproate doses. The Australian
study assessed the offspring of pregnancies in women with epilepsy who had par-
ticipated in the Register and attempted to test the children when they were between
2 and 7 years of age. Children in the younger age groups are regarded as difficult
test subjects, whose assessment may require the development of special methods.
Children born to women with epilepsy that were exposed in utero to levetiracetam
(N=51) were assessed for early cognitive development and compared with children
exposed in utero to valproate (N=44) and also with a group of 97 children not
exposed to antiepileptic drugs. The children were recruited prospectively and were
assessed using the Griffiths Mental Development Scale (1996) when they were aged
less than 24 months. The children exposed to levetiracetam obtained higher mean
developmental scores than children exposed to valproate (P <0.001). Those exposed
to levetiracetam did not differ from control children in regard to the overall devel-
opmental quotient (P=0.62). There thus was evidence that children under the age of
24 months exposed to levetiracetam in utero are not at an increased risk of delayed
early cognitive development. The importance of this study lies in the possible future
increased employment of levetiracetam in pregnant women who do not respond to
or cannot tolerate lamotrigine and who are reluctant to take valproate or in whom
that drug is contraindicated. In the future, levetiracetam may come to be considered
an alternative medication to valproate in treating focal and also generalised epilepsy
syndromes in women capable of pregnancy.

Another recent study (Shallcross et al. 2011) compared neurodevelopment in chil-
dren exposed in utero to levetiracetam (N=355), to valproate (N=44) or to no antiepi-
leptic drugs (N=97). It demonstrated high rates of neurodevelopmental delay in the
valproate-exposed group, but no significant difference between the levetiracetam and
the untreated control groups. The levetiracetam findings are again very reassuring in
view of the possible expanded use of the drug in pregnancy referred to above.

Evidence of adverse cognitive effects from intrauterine exposure to tiagabine and
gabapentin is not available, but oxcarbazepine appears not to affect cognitive func-
tion in healthy infants (Molgaard-Nielsen and Hviid 2011).
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Overall, there is growing evidence of an association between in utero exposure
to antiepileptic drugs (at least when they are used to treat epilepsy) and neurodevel-
opmental delay or behavioural change in the child. There are multiple lines of evi-
dence indicating that these changes are more common with in utero exposure to
valproate. Opinions among clinicians have differed as to how conclusive the current
data are. A review (Nicolai et al. 2008) had concluded that, although the available
studies raised concerns, particularly in relation to valproate, a valid risk estimate for
antiepileptic drug use during pregnancy on neurodevelopment was not possible so
that no definite conclusions could be drawn. However, the evidence accumulated
since the time of that review appears to be increasingly compelling in incriminating
valproate.

Large, well-controlled prospective studies with longer term follow-up will prob-
ably be needed to answer the important questions about specific cognitive risks
posed by the traditional antiepileptic drugs and the newer ones that will probably
come into increasing use. However, in the meanwhile, the ethical question is likely
to arise as to whether, in view of the amount of evidence already available, it is
justifiable to continue to expose human foetuses to substances that may impair neu-
rodevelopment when at least one apparently safer and effective alternative already
exists in the form of levetiracetam.

Language Impairment

Nadebaum et al. (2011b) reported on language function in women with epilepsy
treated with antiepileptic drugs and in their children. Language skills were assessed
using Clinical Evaluation of Language Fundamentals (CELF) scores. Histories
were obtained from prospectively collected records. The mean CELF-4 Core
Language scores of children exposed in utero to valproate in monotherapy or poly-
therapy were significantly below the standardised test mean. Language scores of
children exposed to carbamazepine or lamotrigine in monotherapy, or to antiepilep-
tic drug polytherapy that did not include valproate, were not significantly different
from normal. First-trimester valproate dosage was negatively correlated with lan-
guage scores and also significantly predicted language scores after controlling for
other group differences. Foetal exposure to valproate thus appeared to be associated
with an increased risk of language impairment in childhood.

Verbal Intellectual Impairment

A recent study using the Wechsler Intelligence Scale for children (Nadebaum et al.
2011b) evaluated the cognitive impact of prenatal exposure to valproate monother-
apy and to antiepileptic drug polytherapy that did not include valproate, in two
groups each comprising 57 school-aged children. Information on the maternal
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epilepsy, on the pregnancy involved and on the child’s medical history was obtained
prospectively. Both groups had elevated frequencies (15.8-40.0 %) of extremely
low (0.70) or borderline (0.70-0.79) full-scale 1Qs. Verbal comprehension and
working memory scores in both groups fell significantly below the standardised test
mean, while Perceptual Reasoning and Processing Speed scores were relatively
intact. Multivariate analysis of covariance revealed significant main effects of val-
proate on Verbal Comprehension and Working Memory and of polytherapy on
Verbal Comprehension and Processing Speed, suggesting that valproate has a dose-
related negative impact on verbal intellectual abilities and may also affect working
memory.

In the most recent United Kingdom study, the risk to children’s 1Qs associated
with frequently prescribed antiepileptic drugs was investigated by Baker et al.
(2015). Children born to women with epilepsy (N=243) and to women without
epilepsy (N=287) were recruited during pregnancy and then followed prospec-
tively. It was possible to assess, blindly, 408 of the children at 6 years of age. The
adjusted mean IQ was 9.7 points lower for children exposed to high-dose valproate
(above 800 mg daily), with a similar significant effect of the drug observed for the
verbal, nonverbal and spatial subscales. Children exposed in utero to high-dose val-
proate had an eightfold increased need of educational intervention relative to the
control children. Valproate at doses below 800 mg daily was not associated with a
reduced IQ but was still associated with impaired verbal abilities and a sixfold
increase in the occurrence of educational intervention. In utero exposure to carbam-
azepine or lamotrigine did not have a significant effect on IQ, but carbamazepine
exposure was associated with reduced verbal abilities. School-aged children
exposed to valproate at maternal doses above 800 mg daily continued to experience
significantly poorer cognitive development than control children or children exposed
to lamotrigine and carbamazepine. These findings corroborate the outcomes of the
NEAD study. The Baker et al. (2015) study again raises the question of whether
there is a safe dose of valproate, at least from the cognitive viewpoint. It also sug-
gests that carbamazepine probably has significant effects on the intellectual status
of offspring exposed to it in utero. Tomson and Klein (2015) considered that this
latter issue is not yet settled, as there does not appear to be a dose-related effect in
regard to carbamazepine, and individual criteria of intellectual function did not
appear to be significantly impaired, especially spatial and nonverbal subclasses.

Cortical Thickness and Antiepileptic Drug Exposure

Wood et al. (2014) reported a possible correlation between valproate dose-related
cognitive changes and cerebral anatomical changes recognised on magnetic reso-
nance imaging. This study of 16 children exposed to valproate prenatally, as com-
pared with controls, has provided preliminary insights into a putative neural
structural basis that may underlie the intellectual difficulties experienced by some
valproate-exposed children. A close relationship was found between the thickness
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of the left hemisphere cerebral cortex and verbal skills in the children and also an
association between the thickness and the maternal valproate dosage. There was a
significant difference between the two groups of subjects, with the normal asym-
metry of the inferior frontal gyri being absent in the valproate-exposed children.

Autism

Earlier research based on retrospective pregnancy records raised the possibility that
there was an elevated autism risk related to antiepileptic drug exposure during preg-
nancy. Rasalam et al. (2005) reported that 26 (10 %) of 260 children exposed to
antiepileptic drugs in utero were found to have social or behavioural difficulties.
Twelve fulfilled the DSM-IV criteria for autism-spectrum disorder. Nine had been
exposed to valproate (five in monotherapy) and five to carbamazepine (two in
monotherapy). Unfortunately, there were no control subjects included in the study
and there was a high potential for bias. Several other studies based on small case
series had also found associations between autism and in utero antiepileptic drug
exposure, almost always exposure to valproate (Christianson et al. 1994; Moore
et al. 2000; Williams et al. 2001). In a more recent Liverpool study, seven of 249
children (2.8 %) exposed to antiepileptic drugs in utero were diagnosed with autism-
spectrum disorders, compared with 3 of 336 (0.9 %) antiepileptic drug-unexposed
controls (Bromley et al. 2008). Of the seven children with autism, four (6.3 %) were
among the 64 who had been exposed to valproate in monotherapy. The antiepileptic
drug exposure was characterised in affected children by the presence of pervasive
impairments in several areas of neurodevelopment, such as reciprocal social interac-
tion skills and communication skills, and by the presence of stereotyped behaviour,
interests and activities. The Cochrane report (Bromley et al. 2008) stated that evi-
dence existed that postnatal antiepileptic drug exposure can also damage the brain.
However this is an area that is very difficult to study clinically, because confounders
make the finding difficult to interpret.

A more recent study was aimed at systematic evaluation of autism-spectrum dis-
order traits in a sample of prospectively recruited children exposed to antiepileptic
drugs. The study population was recruited via the Australian Pregnancy Register
after exclusion of children with major malformations or epilepsy (Wood et al. 2015).
Assessments were conducted blind to drug exposure status, the evaluation of autism-
spectrum traits being performed by trained clinical research staff using the Conners
Autism Rating Scale (CARS). Data on 103 exposed children aged 6-8 years
revealed that the scores of 11 children (10.7 %) exceeded the CARS threshold. Of
the 11, two were among the 26 exposed to valproate monotherapy (7.7 %), two were
in the 32 exposed to carbamazepine monotherapy (6.3 %) and seven were in the 15
exposed to antiepileptic drug polytherapy that included valproate (46.7 %). No child
exposed to antiepileptic drug polytherapy that did not include valproate (N=19) had
scores that exceeded the CARS threshold. There was a significant relationship
between first trimester valproate dose and CARS scores (r=0.56, P<0.05). This
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investigation appears to be the first prospective study that has systematically
screened for autism after foetal antiepileptic drug exposure. It demonstrated a higher
rate of autism traits, particularly in relation to valproate polytherapy, than the rates
that had previously been noted in the general population. However, the finding may
reflect the higher valproate doses prescribed in the polytherapy subgroup.

Overall, the available evidence suggests that foetal valproate exposure poses a
significant risk for cognitive development in the child and that this risk is dose
related. Carbamazepine and lamotrigine exposures appear to constitute a lower risk
for cognitive development, while the risks associated with the other antiepileptic
drugs are uncertain. There also is concern that intrauterine valproate exposure may
be associated with the development of autism-spectrum disorder in childhood, but
not enough data exist to clarify the situation in this regard as it involves the other
antiepileptic drugs.
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Chapter 11
Antiepileptic Drug Therapy: Management
Issues and Pregnancy

Abstract This chapter draws on material discussed in earlier chapters in an attempt
to provide a scientifically based discussion of the management of antiepileptic drug
therapy in women with epilepsy who are planning pregnancy, while pregnant and in
the postpartum period. The aim of the management is to maintain optimal control of
epileptic seizures at all times while also minimising the risks to the foetus from
developing structural malformations while still in utero and from encountering neu-
rodevelopmental problems during infancy and childhood. The information regard-
ing the management of antiepileptic drug therapy in pregnant women with epilepsy
should also, for the most part, be applicable to the use of these drugs in pregnant
women for indications other than epilepsy.

Managing epilepsy in women presents potentially more complex problems than
managing the same disorder in men. This is so particularly because of issues related
to pregnancy, a situation where appropriate management must take into account the
welfares of both the woman concerned and that of her baby. Although epileptic
seizure disorders may become manifest for the first time during the course of preg-
nancy, the great majority of women with epilepsy who enter pregnancy do so with
the therapeutic management of their seizure disorders already instituted.

The following account attempts to consider the use of antiepileptic drugs in the
woman who already possesses, or is likely to possess in the reasonably near future,
reproductive capacity. It deals with her situation (i) before pregnancy, (ii) during
pregnancy and (iii) in the postpartum period.

Before Pregnancy

Prior to pregnancy, it is desirable to have organised the antiepileptic drug treatment
of the woman with epilepsy so that it provides the greatest advantage it can for her
and for any baby that she may subsequently carry in her uterus. As well, the poten-
tial mother needs to have been provided with an understanding of the issues that are
likely to arise in relation to her antiepileptic drug therapy during her pregnancy, and
afterwards, and of how these issues may be managed.
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The burdens that may result from having suffered epileptic seizure include the
uncertainties arising from the possibility of further seizures occurring, the possibly
of seizures causing physical injury, the small increased risk of sudden unexplained
death occurring, the restrictions imposed on various aspects of daily living including
vehicle driving and participation in sporting and certain recreational activities, the
limitation of alcohol intake and the possibility that prescribed antiepileptic medica-
tions may cause adverse effects. Discrimination in relation to employment and
employment prospects may still be encountered today by those with epilepsy. This
situation exists despite the best efforts made by the medical profession, by recog-
nised epilepsy associations whose memberships include scientists and paramedical
personnel and by patient advocacy groups to remedy this situation, mainly through
better educating the general community. A further major burden appears to arise
from the fears of women with epilepsy that the children to whom they give birth
may inherit their disorder and also may be born with physical malformations or with
lower than average intellects.

The Initiation of Antiepileptic Drug Therapy

After adequate discussion of these issues with the woman concerned, if it is agreed
that antiepileptic drug treatment is expected to hold overall advantages for her and
her prospective offspring in any pregnancy that occurs, the matter of the most appro-
priate antiepileptic drug therapy in her situation has to be considered, even if she is
already taking an antiepileptic drug, or drugs. If future pregnancy was not an issue,
the decision about the choice of drug would be based mainly on the type of epileptic
seizure disorder that was present and required treatment. However, in women who
could become pregnant during the anticipated durations of their antiepileptic drug
intake, the welfare of any foetuses that are conceived must also be considered in
choosing the most appropriate drug. It will nearly always be easier to organise this
choice of agent at the outset of treatment or early in its course than to attempt it later,
often when pregnancy either is imminent, or already exists.

From the foetal harm point of view, it appears desirable that the antiepileptic
drug that is chosen is not valproate and also probably not topiramate, if that is at all
possible. The degree of teratogenicity associated with the other antiepileptic drugs
in contemporary use is relatively small, perhaps virtually negligible, and there is no
consistent evidence that it is dose related, unlike the situations in relation to valpro-
ate and topiramate.

The Initial Choice of an Antiepileptic Drug
Information on the selection of so-called first-line drugs for treating the two main

categories of epilepsy syndromes, genetic generalised and focal (partial) epilepsies,
is widely available but needs to be adapted to individual patients’ situations. The use
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of the more recently introduced second-generation antiepileptic drugs, with their
improved tolerability profiles and comparable efficacies, increases the chances of
achieving successful therapy, but it also poses a challenge for making the most
appropriate choice of agent for the woman who may become pregnant (Pennell
2005; Perucca 2005). These newer drugs have not yet been thoroughly evaluated for
their human teratogenicity over sufficiently long periods. As well, not all second-
generation antiepileptic drugs are available worldwide. Regional and traditional
prescribing differences, cost factors and lack of availability of specialist care may
further complicate decisions as to choice of appropriate agent for a given woman
(Tomson et al. 2007a).

Women with Genetic/Idiopathic Generalised Epilepsies

Valproate: Valproate, often marketed as its sodium salt, is generally accepted as
being the most effective agent for preventing the seizures of the genetic generalised
epilepsies. Unfortunately, valproate is also the antiepileptic drug with the greatest
potential for being associated with foetal malformations (Chaps. 8 and 9) and also
with cognitive and other neurodevelopmental problems in the offspring of preg-
nancy (Chap. 10). There is therefore reason to consider the relative expected effica-
cies of all the available appropriate drugs and also the disadvantages their use entails
from the foetal standpoint, before deciding to prescribe valproate in preference to
alternative agents in women with epilepsy who may become pregnant while they
continue to need seizure-suppressing drug therapy.

Lamotrigine: The relative safety of lamotrigine from the standpoint of terato-
genesis clearly favours this drug over valproate, but unfortunately lamotrigine is
overall less effective in achieving seizure control in pregnant women as com-
pared not only with valproate but also with another relatively new antiepileptic
drug, viz. levetiracetam (Vajda et al. 2014). Early reviews of lamotrigine and its
clinical application in epilepsy suggested that the drug would probably provide
an excellent treatment option for patients with generalised epilepsies in preg-
nancy, a view that for a time subsequently became generally accepted (Choi and
Morrell 2003). However, the increasingly reported problem of plasma lamotrig-
ine levels falling relative to drug dose in each trimester (Pennell et al. 2008), the
need for the drug’s slow introduction and its lesser seizure-preventing efficacy
have tended to make its use less attractive (Vajda et al. 2006a). As well, Morrow
et al. (2006) reported that in utero lamotrigine exposure could be associated with
the occurrence of dose-related foetal malformations, and other studies have sug-
gested that the drug is not free of responsibility for producing foetal malforma-
tions, though the degree of hazard is low, compared with that which applies for
valproate (see Chap. 9).

Ethosuximide: Ethosuximide, an older drug for which there is virtually no evi-
dence of teratogenicity (see Chap. 9), may be used to treat absence seizures in
preference to valproate, if absences are the only type of seizure that is present
(Glauser et al. 2013). In a controlled clinical trial, randomly allocated ethosuxi-
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mide (N=156), valproic acid (N=148) and lamotrigine (N = 149) were compared in
treating childhood absence epilepsy. Drug doses were incrementally increased
until seizure freedom was obtained, or the maximal allowable or highest tolerable
dose was reached, or a criterion indicating treatment failure was met. Freedom-
from-failure rates for ethosuximide and valproic acid were similar (53 and 58 %,
respectively), both being higher than the rate for lamotrigine (29 %). There were no
significant differences among the three drugs with regard to discontinuation of
intake because of adverse events. Attentional dysfunction was more common with
valproic acid than with ethosuximide (in 49 % of the children compared with
33 %). The findings of this study suggests that, in women of childbearing potential
who have genetic generalised epilepsies that are manifested only as absence sei-
zures, itself an uncommon situation, ethosuximide may provide more appropriate
monotherapy than lamotrigine in relation to seizure control efficacy and be safer
than valproate in relation to avoiding teratogenesis. However, there is not enough
evidence to know the situation regarding ethosuximide and neurodevelopmental
impairment.

Other possibilities: Levetiracetam, zonisamide and topiramate appear to be less
effective than valproate in treating genetic generalised epilepsies, though on the
basis of currently available evidence in terms of teratogenicity the first two appear
to be more acceptable. However, the evidence regarding relative teratogenic hazards
is not as extensive as might be desirable. Topiramate probably is less well tolerated
than levetiracetam and zonisamide, and the evidence that it is a dose-related terato-
gen further deters its use.

Valproate and the European Medicines Authority: In 2014 the European
Medicines Authority issued a statement which in its effect has restricted physicians’
choice of antiepileptic medications within the European Union. The statement
declared that it is inadvisable to prescribe valproate for women of childbearing age
who suffer from epilepsy and also for such women at earlier stages in their lives,
because of the documented teratogenicity of the drug. The wording employed was
“This medicine should not be used in women of child-bearing potential unless
clearly necessary’ and should only be used in situations ‘where other treatments are
ineffective or not tolerated’. References were cited in the declaration that supported
this statement, but comments by the European Pregnancy Registry (EURAP) and a
statement from the International League Against Epilepsy, which represents all
countries worldwide in terms of epilepsy management, were not included (Meador
et al. 2008, 2009, 2013; Bromley et al. 2008; Cummings et al. 2011; Thomas 2011;
Christensen et al. 2013; Cohen et al. 2013).

This action by the European Medicines Authority is appropriate up to a point, but
the statement may have different implications in Europe than in other parts of the
world. From a regulator’s perspective such a statement is understandable, but it fails
to give appropriate weight to the harm that may result from failure to employ the
most effective available therapy for a major type of epilepsy. To limit prescription
of the drug to situations where all other potential useful therapy has first been found
wanting may endanger women’s lives and the lives of their foetuses if, for instance,
otherwise avoidable status epilepticus were to occur.
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Women with Focal (Partial) Epilepsies

Overall, focal epilepsies are more difficult to treat effectively than genetic gener-
alised ones, but a wider choice of reasonably satisfactory antiepileptic drugs is
available for their management. The choice between these drugs in women with
epilepsy is based on a comparison of the risk—benefit ratio that would be expected
to apply in each given individual. Initially, antiepileptic drug monotherapy is almost
always tried, and if this fails combinations of antiepileptic drugs, preferably drugs
with different mechanisms of action, are employed. In the future, the choice of drug
may be made more efficiently if more robust documentation of efficacy of newer
antiepileptic drugs can be obtained from epilepsy syndrome-oriented trials than was
possible from, as in the past, trials based on seizure types.

There is little persuasive evidence that any one of the rather substantial number
of antiepileptic drugs that are effective in managing focal epilepsies is appreciably
more effective than its fellows. However, there is rather widespread acceptance that
the older agents such as phenobarbitone and phenytoin probably have more adverse
effects and are often more difficult to use, than the newer agents. Carbamazepine,
despite being available for half a century, still enjoys substantial use but valproate’s
adverse effects on the foetus limit its use for focal epilepsies because there are a
number of at least equally effective alternatives. Inevitably, in more affluent coun-
tries, the more recently introduced antiepileptic drugs are becoming the preferred
agents for managing focal epilepsies, though globally phenobarbitone probably
remains the most widely used antiepileptic agent (Kwan and Brodie 2004).

Lamotrigine is of particular interest in relation to women with focal epilepsies. It
was originally introduced into therapeutics in 1994 for the treatment of this type of
epilepsy, but its indications were later extended to include genetic generalised epi-
lepsies (see above). Some adverse effects attributable to the drug may be serious,
including rashes and immunological disturbances ranging as far as a full-blown
Stevens—Johnson syndrome, which may be fatal. Slowly incremented dosages of the
drug may reduce its unwanted effects. A desirable feature is that lamotrigine admin-
istration may produce a mood elevation. There is no generally accepted therapeutic
range of plasma concentrations of the drug, and an individual therapeutic window
needs to be established for each patient who takes the drug (Vajda et al. 1999;
Perucca 2001).

Levetiracetam, marketed in 2005, has a pharmacokinetic profile which approxi-
mates to the ideal characteristics for an antiepileptic drug. It is involved in few
known drug interactions and has a considerable margin of safety (Patsalos 2000;
Mula et al. 2003) and probably possesses greater antiepileptic efficacy than the
other new antiepileptic drugs (Tomson et al. 2007b; Weintraub et al. 2007). In clini-
cal practice, its use may be associated with dose-related cognitive slowing and emo-
tional disturbances, which are less than ideal for women with epilepsy, who may
already be emotionally stressed.

Topiramate is approved in a number of countries for the treatment of both focal
and genetic generalised epilepsies, though the growing evidence of its teratogenic-
ity does not yet seem to have been perhaps sufficiently been taken into account.
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Oxcarbazepine has been used safely in Scandinavia for over two decades. In focal
seizures it has an efficacy comparable to that of valproate and phenytoin, in both
adults and in children. It is generally better tolerated than carbamazepine, but its use
is associated with a higher incidence of laboratory abnormalities, especially hypo-
natraemia. Insufficient data are available in regards to its effectiveness, acceptability
and foetal safety in pregnancy. Gabapentin is generally perceived to be less effective
than the other alternatives for focal epilepsies but appears remarkably safe at usual
dosages. Little information is available regarding its efficacy in pregnancy.
Zonisamide appears to have no significant associated teratogenicity as yet reported.
Lacosamide has not been extensively used in pregnancy and little information is
available concerning its teratogenicity. As mentioned above, all the drugs named in
this paragraph are coming to be used increasingly in focal epilepsy in pregnant
women, being prescribed according to individual needs and preferences (Boon et al.
2012). However, they have not yet found their definitive places in the management
of focal seizure disorder in pregnant women.

The Further Management of Antiepileptic Drug Therapy Before
Pregnancy

It is hoped that, once the woman with epilepsy is established on appropriate antiepi-
leptic drug therapy, there will be sufficient time before pregnancy occurs to ascer-
tain that the aim of her treatment has been achieved. Ideally, she should have been
kept free of all clinical manifestations of her epilepsy and have experienced no
adverse effects from her drug therapy. She should also be in a situation where her
treatment offers her the least risk of worsened seizure control in any pregnancy that
she undertakes and also in a situation in which any foetus that she carries will not
suffer physical or intellectual maldevelopment because of her antiepileptic drug
intake.

Seizure control during pregnancy has been shown to be better when no seizures
have occurred in a woman’s pre-pregnancy 9 months or year (Chap. 7). Control over
shorter periods before pregnancy is still associated with advantages from the stand-
point of seizure freedom during pregnancy, while the data of Fig. 7.1 suggest that no
considerable additional dividends may accrue from having periods of pre-pregnancy
seizure control that exceed 1-2 years. It is often stated in the literature that, if val-
proate is to be used, it should be employed in the lowest possible dose, though in
practice achieving this endpoint may require months of dosage adjustments. This
advice may be prudent but, if the possible alternatives to its use have already proved
unsatisfactory in a woman, she may have an epilepsy that is rather difficult to con-
trol. In this case, relatively high valproate doses may be required to obtain seizure
control. After that control is achieved, the effort to find the lowest effective dose of
the drug may involve trialling dose reductions that in the end compromise earlier
hard-won seizure suppression and, if pregnancy occurs, may still leave her foetus
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with a significant risk of being born malformed. In a way, the situation may be
easier to manage if the woman’s epilepsy has been impossible to control for some
time despite the best therapeutic endeavours. From the social disadvantage stand-
point, paradoxically, such a woman has less to lose than the woman whose con-
trolled seizures have been permitted to recur while seeking the lowest effective
valproate dose. If valproate must be used in a woman with an intractable seizure
disorder, it may be realistic to keep its dosage low enough to avoid worsening of
seizure control during pregnancy rather than attempting to obtain complete seizure
control, even though this policy may expose the woman to the hazards of injury or
rarely death, in relation to seizures, in the hope of minimising foetal harm.

To obtain seizure control prior to pregnancy, if the first antiepileptic drug that
was prescribed has failed, ideally various other potentially appropriate antiepileptic
drugs would be tried in monotherapy before drug combinations were employed. In
practice, rather than abruptly ceasing the first drug and immediately commencing
intake of a second one, a progressive transition between the two agents is often
arranged. If a completely satisfactory clinical situation is attained during the transi-
tion, the patient may be left taking a combination of agents. There has been consid-
erable mention in the literature that the use of antiepileptic drug combinations, i.e.
polytherapy, is associated with increased risks of foetal malformations occurring
(Nakane et al. 1980; Kaneko et al. 1992; Lindhout and Omtzigt 1992; Samrén et al.
1997; Morrow et al. 2006). However, as discussed in Chap. 8, several relatively
recent studies have demonstrated that the heightened malformation risk is deter-
mined by the presence of valproate in the combinations and not simply by the pres-
ence of any two or more antiepileptic drugs (Artama et al. 2005; Vajda et al. 2010b;
Mawer et al. 2010; Holmes et al. 2011). As mentioned in Chaps. 8 and 9, there is
now evidence that topiramate may play a similar role to valproate in antiepileptic
drug combinations. Further, the possibility of pharmacokinetic interactions occur-
ring between members of other antiepileptic drug combination may make a scien-
tific approach to their handling more difficult to apply in practice. The magnitudes
of such interactions may change as drug disposition parameters alter during the
course of pregnancy and afterwards (see Chap. 3).

In an ideal situation, once antiepileptic drug therapy has been adjusted before
pregnancy to achieve the best achievable compromise between seizure control and
preservation of the welfare of any prospective foetus, knowledge of the steady-state
plasma concentration of antiepileptic drugs associated with this satisfactory situa-
tion becomes a valuable, perhaps almost essential, guidepost for managing the treat-
ment situation during the course of pregnancy.

Pre-pregnancy Advice

Qualitative research suggests that many women with epilepsy remain uninformed
about the risks and other issues associated with epilepsy and pregnancy. They may,
as a result, make uninformed and sometimes inappropriate decisions. Evidence
suggests that many women with epilepsy want to receive more
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information — particularly about the risks that exposure to antiepileptic drugs may
hold for their offspring — and that they wish to receive it well in advance of begin-
ning to take an antiepileptic drug or to plan pregnancy. Women aged below 35 years,
in particular, seem to seek the most information (McGrath et al. 2014). There also
may be other matters which have not occurred to them at the stage when they ask
for information, but which they should know about. Leaving aside aspects that are
predominantly matters of obstetric concern and practice, this information relevant
to antiepileptic drug therapy in pregnancy can be provided below in the form of
answers to questions that women with epilepsy who are considering pregnancy may
well ask.

Will I have a malformed baby?

Here the first point to be made is that any pregnant woman has some risk of giv-
ing birth to a baby with a malformation. The risk is of the order of 2 or 3 per 100,
and the malformations can range in severity between the cosmetically almost trivial
and the catastrophic, though many of the latter can be detected during pregnancy
and appropriate action considered at that stage. The woman with epilepsy needs to
realise that the essential matter that she should appreciate is the extent to which her
antiepileptic drug use increases her risk of giving birth to a malformed baby above
the general population background risk of this happening.

In the present state of knowledge, it is possible to state that, with the exception
of valproate and topiramate, the increase risk associated with the longer established
antiepileptic drugs that remain in common use is probably a real one but so small
that it cannot be demonstrated unambiguously in the available statistics. For practi-
cal purposes, it would be almost negligible for the individual woman. Unfortunately,
it cannot be stated definitely that any of the newer antiepileptic drugs is associated
with less risk of birth defects than the older agents (excluding valproate and topira-
mate). There simply is not enough information available regarding some of the
recently introduced drugs such as lacosamide and perampanel to permit any firm
advice. This is a situation that is likely to continue for some time. Further, it needs
to be pointed out that there is now evidence that some of the risk of a malformed
baby being born to a woman with an antiepileptic drug-treated seizure disorder is
related to genetic factors (see Chap. 8). It is therefore important to ascertain whether
the woman concerned has a family history or past history of births of malformed
babies. Such a history could significantly increase the woman’s hazard of having a
malformed baby and may suggest the need for genetic counselling.

If the woman with epilepsy is taking valproate or topiramate, she should be made
aware that her risk of a malformed baby due to exposure to the drug is increased and
that the risk increases with increasing drug dosages, with higher doses of valproate
than are now customarily used being associated in particular with the occurrence of
neural tube defects (Vajda et al. 2013). There is no standard pattern of malformation
associated with either of these two drugs. Some of the malformations are relatively
minor, and they and others may be surgically remediable. In addition to the hazard
of giving birth to a malformed baby, the woman taking valproate need to be told that
relatively recent investigations have shown that babies born to mothers taking
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valproate, even if not physically malformed at birth, are more likely to prove less
intelligent than their peers and are also more likely to develop behavioural distur-
bances and autism spectrum manifestations. It is not yet possible to indicate the
degree of risk of these latter situations occurring. For topiramate exposure in preg-
nancy, the dose-related malformations appear to be mainly facial clefts and hypo-
spadias, both at least to an extent remediable surgically. The prospective mother
certainly should be made aware of this matter. There does not appear to be sufficient
evidence available to permit any definite statement regarding the possibility of neu-
rodevelopmental problems associated with intrauterine exposure to this drug.

Overall, if the woman with epilepsy that is treated with antiepileptic drugs is not
taking valproate or perhaps topiramate or one of the very recently available drugs
for which the relevant information is not yet available and has no previous or family
history of potentially inheritable foetal malformations, the answer to the question
posed above should not be likely to deter her from becoming pregnant.

Will the drugs increase my risk of miscarriage or other pregnancy problem?

In so far as consequences of taking antiepileptic drugs are concerned, as distinct
from the effects of seizures occurring, there does not appear to be clear-cut evidence
of an increased hazard.

What will happen if I do not take antiepileptic drugs when pregnant?

This question arises out of the widespread community awareness that any thera-
peutic drug intake during pregnancy is undesirable from the foetal standpoint and
from the more specific knowledge that foetal malformation and other hazards may
be associated with intrauterine antiepileptic drug exposure.

It seems entirely reasonable to expect that the increased foetal malformation risk
associated with antiepileptic drug exposure in utero would be avoided if a woman
were to cease her antiepileptic drug intake before the time of conception and contin-
ued not to take these drugs during at least the first trimester of pregnancy, the critical
stage for organogenesis. Doing this would in practice involve ceasing the drugs
before conception occurs, as taking such action once it is realised that pregnancy
exists may be too late to achieve the desired outcome. Unfortunately, as far as can
be ascertained, there is little published evidence that such cessation of therapy does
reduce the malformation risk to the level of the community background one, but on
the other hand, there is no evidence that it does not. In so far as foetal neurodevel-
opmental problems are concerned, an issue that at present mainly concerns valpro-
ate, it seems likely that intake of the drug would have to be avoided throughout the
entire duration of pregnancy and possibly also while breastfeeding.

The possible benefits for the baby in this scenario have to be balanced against
possible disadvantages for the mother, and some of the maternal disadvantages may
possibly extend to the baby. There is the likelihood of seizure control worsening,
perhaps with status epilepticus occurring and perhaps damaging the mother or foe-
tus or interrupting the pregnancy. Loss of seizure control in more advanced and
complicated societies may impose various limitations on the mother, particularly in
relation to vehicle driving. This restriction may reduce her capacity to care for other
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members of her family, as well as the baby whose welfare she has tried to protect by
avoiding antiepileptic drug intake.

The possibility might be considered that a more teratogenic drug could be
replaced with a less teratogenic but perhaps also less effective antiepileptic one for
the duration of the pregnancy or for part of it. In the woman with apparently fully
controlled epilepsy before pregnancy, unless the substitution was carried out long
enough before conception to be sure that seizure control was maintained, the vari-
ous limitations imposed by potentially uncontrolled epilepsy would again apply, as
well as the further problems that might arise from any return of seizures. If the
woman’s epilepsy was already incompletely controlled before pregnancy, the same
social disadvantages would already apply, but difficulties could arise from increased
frequency or severity of seizures. As well, the substituting drug might produce
adverse effects in the woman now taking it.

A decision to interrupt, or modify, antiepileptic drug therapy in preparation for
pregnancy needs to be made on the basis of a clear and realistic understanding of the
issues likely to be involved. The experience of the Australian Pregnancy Register
suggests that some women with epilepsy do take this decision, being prepared to
deliberately sacrifice their own welfare for the potential benefit of their foetuses.
Thus Vajda et al. (2015) recorded that in the Register, 148 of the women with epi-
lepsy had entered pregnancy when not taking antiepileptic drugs. The intake of
these drugs had been ceased in the few months prior to pregnancy in 41.9 % of these
women, usually with the explicit aim of avoiding foetal exposure to the effects of
these agents. In this subset of the original 148 untreated pregnancies, seizures had
been experienced in 48.4 % during the pregnancy, and by term antiepileptic drug
intake had been resumed in 56.4 %.

Will I be able to breastfeed?

So long as no other potential contraindication exists, the short answer here would
nearly always be ‘yes’, in so far as the effects of maternal antiepileptic drug intake
was the issue. This answer is based on certain information, as follows.

Human milk is not simply a food. It is a complex, sophisticated and highly inte-
grated human infant support system. The ability of lactation to provide this support
results from its provision of both non-nutritive and food components. In addition,
many, if not most, women regard breastfeeding as an integral and important part of
the experience of motherhood (Pack 2006). The concerns of women who are taking
antiepileptic drugs in regard to breastfeeding relate mainly to the possibility that
drugs taken by the mother will pass into the child and cause immediate adverse
effects such as impaired alertness and a decrease ability to thrive (Vajda et al.
2010a).

Earlier chapters of this book contain information regarding the simultaneous dis-
positions of individual antiepileptic drugs in breast milk, in other maternal body
fluids and in the blood plasma of the breastfed infant. The drug concentration ratios
between these various fluids show rather considerable ranges of variation. However,
with few exceptions, the drug concentrations in the infants’ blood plasmas do not
exceed their more or less simultaneous concentration values in maternal plasma.
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This suggests that, if the mother is not adversely affected by the drug taken, the
baby, particularly if it has already been exposed to the drug throughout pregnancy,
is also unlikely to be affected, though it certainly does not guarantee that this will be
the case. Nonetheless, the American Academy of Neurology (2009) found it neces-
sary to state that the clinical consequences for the newborn of ingesting antiepileptic
drugs via breast milk remained sorely underexplored, a situation that produces anxi-
ety in women with epilepsy who are considering pregnancy or are pregnant (Harden
et al. 2009). Since that time, the situation in this regard has been further clarified.

The findings of a recent large-scale population-based study of babies who were
exposed in utero to any of the three commonly used antiepileptic drugs valproate,
lamotrigine and carbamazepine (the Norwegian Mother and Child Cohort study)
have become available (Veiby et al. 2013a, b). This study reported the cognitive
outcomes of breastfed babies at early time points, beginning at 6 months of age, and
also shed light on the question of the possible adverse effects of breastfeeding for
periods of 6-12 months in women with antiepileptic drug-treated epilepsy. The
women were enrolled early in pregnancy, at 13—17 weeks. Validated techniques
were used to assess cognitive outcomes that comprised motor skills, language,
social skills and behaviour of babies, at 6 months (N=78,744), at 18 months
(N=61,351) and at 36 months (N=44,147). Control data were obtained from the
babies of women without epilepsy, and there also were internal comparator groups
of babies of untreated women with epilepsy and the babies of fathers with epilepsy.
Fine motor skills were assessed at all the time points studied. In utero exposure to
the drugs was associated with impaired fine motor and social skills detectable as
early as 6 months after birth, particularly in cases where the mothers were receiving
antiepileptic drug polytherapy. This finding is in keeping with a previous study in
which similar results were documented in children at 3 years of age (Meador et al.
2012). The three drugs studied seemed to show comparable effects on cognition.
This is surprising, as in earlier studies valproate had been shown to be associated
with the least favourable outcomes in this regard (Pennell 2005). At 36 months of
age, the offspring who had shown cognitive impairment at earlier time points con-
tinued to show impairment, regardless of what their breastfeeding status had been.
The results suggest that, in general, breastfeeding is safe in women treated with
valproate, lamotrigine or carbamazepine and whose babies had already been
exposed to these agents while in utero. Babies of untreated women with epilepsy
and babies of fathers with epilepsy had no cognitive impairment when compared
with babies who had non-epileptic parents. Continuous breastfeeding was associ-
ated with less cognitive impairment at 6 and 18 months than no breastfeeding or
breastfeeding for less than 6 months.

A report of a prospective observational multicentre study of long-term antiepi-
leptic drug use, examining cognitive functions in children at the age of 6 years in
relation to previous breastfeeding, has also become available. Meador et al. (2010)
had previously found that breastfeeding in mothers taking antiepileptic drugs
appeared to have no adverse effects on the offspring’s IQs at the age of 3 years.
However, the IQ at the age of 6 years provides a better predictor of school perfor-
mance and adult abilities. The Meador et al. (2014) breastfeeding study enrolled
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participants in Britain and the United States, 42.9 % of the children involved being
breastfed. The primary endpoint was the differential ability IQ. Secondary end-
points included verbal and non-verbal memory and executive functions. The 1Qs at
6 years of age were found to be related to the drug that had been taken during breast-
feeding, the adjusted IQ for offspring exposed to valproate being 7—13 points lower
than those for the other drugs studied. The IQs were negatively correlated with the
drug doses and positively correlated with maternal IQs (the higher the maternal 1Q,
the higher the child’s). Folate supplementation and breastfeeding were both corre-
lated with higher maternal IQs. Verbal memory scores were higher for breastfed
children. No adverse effects were observed related to breast milk intake. The rigor-
ous methodology and controlled nature of this study adds significantly to the per-
ception that, in women taking antiepileptic drugs apart from valproate, breastfeeding
is safe and beneficial from the infant’s cognitive viewpoint.

There is a further, perhaps more pragmatic, argument in favour of women who
have taken antiepileptic drug therapy during pregnancy undertaking breastfeeding.
If they do not, in effect the baby undergoes abruptly withdrawal from antiepileptic
drug exposure at the time of birth, producing the hazard of drug withdrawal effects
such as irritability and, possibly, seizures. If the baby is breastfed and weaned pro-
gressively at a later appropriate time, the gradual cessation of intake of a substance
with general sedative properties is less likely to cause problems.

Overall, the available evidence appears rather strongly in favour of breastfeeding
in the situation discussed.

Will my epilepsy get worse during the pregnancy or afterwards?

The literature indicates the long-standing existence of some controversy as to
whether epilepsy worsens, remains unaltered or improves during pregnancy (Knight
and Rhind 1975; Schmidt 1982; Gjerde et al. 1988; Schaffler 1990; Vidovi¢ and
Della Marina 1994; Costa et al. 2005). As discussed in Chap. 7, the interpretation of
the situation is confounded by the effects of pregnancy on antiepileptic drug dispo-
sition (Chap. 3) and also by whether action has been taken to counter the conse-
quences of this altered drug disposition. These potential confounding factors have
often not been considered in the published reports.

A relatively recent study based on the Australian Pregnancy Register found that
pregnancy had little overall influence on the control of epileptic seizure disorders in
which no attempt had been made to influence the patterns of antiepileptic drug pre-
scribing (Vajda et al. 2008). Seizures during pregnancy occurred in 49.7 % of 841
antiepileptic drug-treated pregnancies in the women with epilepsy. Epilepsies that
were active in the year before pregnancy tended to be associated with an increased
risk of intrapartum and postpartum seizures, while the risk of seizures during preg-
nancy was 50-70% lower if the pre-pregnancy year had been seizure-free. A recent
large observational study involving 3,806 pregnancies in 3,451 women with epi-
lepsy from the EURAP database reported that 66.6 % of the pregnancies treated
with carbamazepine, lamotrigine, phenobarbitone or valproate, all in monotherapy,
were seizure-free throughout (Battino et al. 2013). Women with genetic generalised
epilepsies were more likely to continue to be seizure-free throughout pregnancy
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(73.6 %) than women with focal (localisation-related) epilepsies (59.5 %;
P<0.0001). Seizure control worsened during 15.8 % of pregnancies. The antiepi-
leptic drug dose had been increased during 26.0 % of the pregnancies and a second
antiepileptic drug added to the initial drug in 2.6 %. Compared with pregnancies
managed with the other drugs used in monotherapy, pregnancies treated with
lamotrigine had been less likely to remain seizure-free (58.2 %; P <0.0001), with
increased numbers of generalised tonic—clonic seizures being experienced in 21.1 %
(P<0.0001). There was a greater chance of deterioration in seizure control from the
first to the second or third trimesters in the lamotrigine-treated pregnancies (in
19.9 %; P<0.01). More (47.7 %; P<0.0001) had required an increased antiepileptic
drug dosage.

Being aware of the substantial fall in the ratio of plasma concentration to dose of
lamotrigine during pregnancy, the reported poorer seizure control in pregnancy
treated with the drug and the arguments for monitoring plasma lamotrigine concen-
trations in pregnancy (Sabres et al. 2004; Vajda et al. 2006b), Sabers and Petrenaite
(2009) adopted a proactive policy in adjusting the lamotrigine dosage during preg-
nancy to maintain the drug’s plasma concentrations at their pre-pregnancy values.
This course of action resulted in better seizure control being maintained during
pregnancy. This experience can be extrapolated to suggest that epilepsy is unlikely
to worsen during pregnancy if plasma concentrations of antiepileptic drugs are
maintained at those levels that were present prior to pregnancy, so long as the epi-
lepsy itself is not secondary to some pathological state that is not itself controlled.

There thus appears justification for claiming that pregnancy is unlikely to worsen
during pregnancy if its treatment is managed optimally according to the current
state of knowledge.

Will my having drug-treated epilepsy influence my obstetric management?

In its own right, antiepileptic drug treatment should not make a difference, unless
its failure results in worsening seizures which may constitute an indication for
action on the part of the obstetrician involved.

Will my baby have epilepsy?

The answer to this question is relevant to antiepileptic drug therapy only in so far
as certain antiepileptic drugs may be the preferred agents for epilepsies which are
potentially inheritable.

Additional Information

There are further items of information that would usually be provided to women
with epilepsy who are contemplating pregnancy or are in early pregnancy.

Before pregnancy, or in early pregnancy, arrangements should exist for an obste-
trician to undertake the main responsibility for the conduct of the woman’s preg-
nancy, with supporting advice from a neurologist or other medical practitioner with
expertise in the management of epilepsy. Delivery in a well-equipped obstetrical
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centre is advisable, as complications at term tend to be more common in women
with epilepsy (Yerby 2003; Sabers 2009).

It is commonly recommended that folic acid 0.4 to 5 mg daily be taken for at
least 6 weeks before a planned pregnancy, with the intake continuing into the first
few months of pregnancy. This recommendation is based mainly on studies in preg-
nant normal female populations, without epilepsy, as discussed in more detail in
Chap. 8. There is no evidence for its value in reducing the incidence of neural tube
defects and other malformations in the offspring of women with antiepileptic drug-
treated seizure disorders. However, it is generally thought that such use of folic acid
is likely to be harmless, and the substance itself is inexpensive.

Information should be provided regarding the investigations that are likely to be
performed in preparation for pregnancy and during pregnancy, both as a general
check on the woman’s health and to obtain early evidence of the presence of foetal
abnormalities. These investigations include routing blood examinations and serum
biochemical investigations. Ultrasonography is likely to be carried out on more than
one occasion. The procedure can identify the majority of major physical defects in
the foetus. In most instances, neural tube defects can be detected in utero by detailed
ultrasonography and by measuring levels of alpha-fetoprotein in maternal serum or
amniotic fluid. In particular, women being treated with valproate should be made
aware of these diagnostic procedures that may be carried out in the early stages of
gestation (Koren and Kennedy 1999). On first presentation in pregnancy, an ultra-
sonogram is likely to be obtained to define the gestational age more accurately than
may be possible from the dates of the most recent missed menstrual period. Routine
ultrasonography at 11-13 weeks is intended to identify the more severe foetal defects,
such as anencephaly. Maternal serum alpha-fetoprotein testing and repeat anatomical
ultrasonography at 16 weeks should be able to identify abnormalities such as orofa-
cial clefts, heart defects and caudal neural tube defects. A late ultrasound in the third
trimester may be performed to check foetal growth, the volume of fluid around the
baby and the position of the placenta (Palomaki et al. 2013; Yerby et al. 2004; Bianchi
et al. 2012; Garfield and Armstrong 2012). A larger than normal value in an ultra-
sound measurement of the foetus’s nape of neck raises the possibility of Down
syndrome.

A Prenatal Testing Fact sheet has been prepared by the NCHPEG (National
Coalition for Health Professional Education in Genetics) and the National Society
of Counsellors. The sheet advises professionals of an option for testing for trisomy
21 and other chromosomal abnormalities. It is based on detection of foetal DNA,
which is normally cleared from the blood in a few hours. Quantitative differences in
chromosome fragments can distinguish foetuses with certain chromosome abnor-
malities. The test is performed after 10 weeks of pregnancy. It is non-invasive, uses
maternal blood and may detect trisomy 21, 18 and sometimes 13. The test is claimed
to be highly sensitive and specific for detecting these abnormalities.

If plasma antiepileptic drug monitoring is to be carried out during pregnancy, a
schedule for the measurements should be organised in advance. The optimal inter-
val between measurements may be arguable, but the measurements may sometimes
be carried out as frequently as monthly during pregnancy.
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Near term, it is likely that vitamin K supplementation will be prescribed (Shorvon 2002).

During the Course of Pregnancy

Continuing Management into Pregnancy

Leaving aside all matters particular to obstetric interests, if a woman with epilepsy
enters pregnancy with the various arrangements described above already organised,
so long as her epilepsy is not due to active pathology, it is unlikely that there will be
difficulty in managing her antiepileptic drug therapy in the coming months.
However, the possible effects of the pregnancy-related alterations in antiepileptic
drug disposition have to be kept in mind and, if indicated, appropriate action taken
to prevent their possible consequences.

The clearances of all the commonly used antiepileptic drugs, with the probable
but not certain exception of carbamazepine when used in monotherapy, may be
expected to increase during pregnancy. Therefore antiepileptic drug dosage
increases, particularly dosages of lamotrigine where the increment may be of the
order of a doubling or trebling, may be anticipated. The increase in clearance often
begins, and sometimes achieves most of its final magnitude, in the first trimester. It
is therefore important, if antiepileptic drug therapy is to be used scientifically, and it
is hoped, effectively, that monitoring plasma concentration of antiepileptic drugs
should begin in the first few weeks of pregnancy and that pre-pregnancy plasma
drug concentration values should be available. Dose adjustments should be made to
maintain plasma drug concentrations at values close to those which existed at the
time of optimal seizure control shortly before pregnancy. Such concentrations are
therapeutic ones for the individual woman concerned and should provide a more
appropriate yardstick for managing the drug therapy in that individual than the so-
called ‘therapeutic’ or ‘target’ range values can. This range is a population parame-
ter, and also one that usually has not been determined by any rigorous statistical
approach. In adjusting antiepileptic drug dosages, it is necessary to keep in mind
that steady-state plasma concentrations of some of these drugs, e.g. phenytoin and
carbamazepine, do not increase in linear proportion to the size of a dosage increase.
Only one dose increase often proves necessary during the course of a pregnancy,
though sometimes a second increment is required. Increases are not often needed in
the final trimester of pregnancy. Although it would be logical to carry out the plasma
level monitoring at intervals determined by the time course of the behaviour of the
drug concentrations, in practice it often proves easier to have the measurements
done at pre-planned intervals which permit their reasonable contemporary results
being available at the times of routine contact with the overseeing obstetrician.

In the third trimester of pregnancy, plasma protein concentrations tend to fall.
For protein-bound antiepileptic drugs, this fall results in there being higher
concentrations of protein-unbound (biologically available) drug present relative to
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the total plasma drug concentration, the parameter that is usually measured.
Therefore, in the last trimester, those responsible for antiepileptic drug dosage
adjustment tend in their minds to reduce the individual ‘yardstick’” whole plasma
drug concentration before considering any further dosage increase. Of course, it is
possible to handle this matter more scientifically by measuring drug concentrations
in plasma water or, for some antiepileptic drugs (e.g. phenytoin, carbamazepine,
lamotrigine), in the woman’s saliva. However, clinicians usually do not find this
necessary, perhaps because third trimester plasma drug concentration to dose ratios
often tend to be comparatively stable, the changes having occurred earlier.

Of course, even with such an anticipatory preventive approach, seizure control
may deteriorate during pregnancy. This occurrence necessitates assessment of the
cause of the worsening and then taking appropriate remedial action, if possible. In
this connection, knowledge of the plasma drug concentration to dose ratio is often
helpful, since any marked departure from recent values may suggest a basis for the
worsening, e.g. non-compliance with prescribed dosage.

Management When Presenting and Already Pregnant

In contrast to the above relatively organised and tidy situation, women with antiepi-
leptic drug-treated epilepsy may present for the first time when already pregnant. In
that case, the planned conduct described above will need modification, and a few
aspects may not be feasible, e.g. pre-pregnancy folate supplementation.

If a woman presents early enough in pregnancy for there to be a reasonable pros-
pect of reducing the hazard of foetal maldevelopment, an orderly substitution of a
less teratogenic antiepileptic drug for valproate or topiramate may be possible,
though there is likely to be a need for haste, and it is important that any too abrupt
change of therapy does not itself harm the foetus, as might occur if, for instance,
prolonged maternal status epilepticus were to occur as a withdrawal phenomenon.

In the more usual situation that there is no opportunity to influence antiepileptic
drug therapy until after the first trimester of pregnancy, in the past the advice usually
given would have been to adjust antiepileptic drug therapy only as necessary to
maintain or improve seizure control. It would have been argued that, if a drug such
as valproate was being taken, it would have already produced any teratogenic effect
of which it was capable. However, the more recently available information on the
relationship between intrauterine valproate exposure and neurodevelopmental
issues in the foetus raises the question of whether, if feasible, valproate should be
replaced with an alternative agent irrespective of the stage of pregnancy. If there
were a potentially equipotent or more potent and safe alternative available, the
appropriate course would probably be to replace the valproate. Unfortunately, in
most such circumstances there will be no better alternative to valproate from the
epilepsy control standpoint and it will already too late to avoid any teratogenic and
perhaps any neurodevelopmental consequences. As yet, there do not seem to be
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publications in the literature that provide information on the outcomes of persisting
with, or replacing, valproate in such circumstances.

If plasma concentration monitoring is to be employed, information may not be
available regarding the drug’s plasma concentration in the individual before preg-
nancy and its correlation with control of her seizures. If this is the case, it may be
necessary to use the less desirable guidepost of the population therapeutic range of
drug concentrations to guide the sizes of clinically indicated dosage alterations.
Although values for these ranges are available in the literature (Patsalos et al. 2008),
particularly for the newer drugs, the figures do not appear to be securely based on
adequate correlations of drug concentration and clinical effectiveness in the various
seizure disorder types in which the agents have been employed in monotherapy.

After Pregnancy

The issues relevant to breastfeeding have been dealt with above, in relation to a
question frequently raised by women taking antiepileptic drugs and planning
pregnancy.

From the antiepileptic drug aspect, the main issue in the postnatal weeks is the
return of the pattern of drug disposition to its pre-pregnancy situation. This process
nearly always appears to be underway within the first fortnight of giving birth and
occasionally seems to be nearly completed within that time period though it can
extend for as long as 3 months after giving birth. In the early postpartum weeks,
there is a tendency for mothers and other family members to focus their main atten-
tion on the new baby. As a result, maternal lack of well-being and complaints of
tiredness may be attributed to ‘getting over the pregnancy and birth’, or to the strain
of coping with a new baby, or be considered a manifestation of postpartum depres-
sion. Instead, the problem may be antiepileptic drug overdosage due to failure to
lower the dose soon enough as the pregnancy-induced increased clearance of the
drug resolves. There is something to be said for measuring plasma concentrations of
antiepileptic drugs weekly or fortnightly after childbirth, until the levels have
returned to their clinically satisfactory individual pre-pregnancy ones and remain at
these levels. In the interval antiepileptic drug doses should be adjusted in the light
of the changing plasma drug concentrations.

Disorders Other than Epilepsy

All the foregoing material in this chapter has been concerned with the management
of antiepileptic drug therapy in women with epilepsy before, during and immedi-
ately after pregnancy. However, as mentioned earlier in this book, in recent years
there has been increasing use of antiepileptic drugs in treating a variety of disorders
apart from epilepsy, mainly various psychiatric illnesses and also for migraine
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prophylaxis and the relief of neuropathic pain and several other uncommon condi-
tions. Women taking the drugs for these latter indications may become pregnant.
They then face issues analogous to those that confront women with epilepsy in the
same circumstance, but as well as similarities, there may be certain differences in
their situations, and these differences may vary with individual circumstances.

During pregnancy, the dispositions of any antiepileptic drug that is being taken
may be expected to behave as it would in pregnant women with epilepsy, unless
pharmacokinetic interactions occur between the antiepileptic drug and any other
drug that is also being taken. Similarly, the foetal hazards from an antiepileptic drug
that is taken would be expected to be similar to those that apply in women with
epilepsy treated with the same antiepileptic drug. Where there may be differences in
(1) the effects of pregnancy on the course of the disorder being treated; (ii) the
expected efficacy of, and hazards from, any drug that might be substituted for a
potentially teratogenic antiepileptic drug that was being taken; and (iii) the degree
of hazard to the well-being of the woman concerned and possibly to her foetus, if
alteration of antiepileptic drug therapy resulted in impaired control of the disorder
being treated.

As an example of an instance where some of the above factors would be rele-
vant, consider the situations of two otherwise similar women planning to become
pregnant, one suffering from bipolar disorder and taking valproate as a mood sta-
biliser and the other taking the same drug in the same dose for migraine prophy-
laxis. If they continue to take valproate throughout pregnancy, both are likely to
require similar degrees of dosage adjustment to maintain the plasma valproate con-
centrations that were satisfactory prior to pregnancy. Assuming neither has a fam-
ily history of foetal malformations, each probably faces a similar risk of giving
birth to a malformed foetus. If they both ceased taking valproate to reduce their
hazards of teratogenesis, the woman with bipolar disorder has the choice of going
untreated or of taking a drug of possible lesser efficacy and probably uncertain
teratogenic potential and with the risk that worsening of her psychiatric illness
may for instance result in her suicide. However, if the woman taking valproate to
prevent migraine ceases the drug, she often may need to take little further action in
relation to the pregnancy if she is prepared to put up with a few migraine attacks,
as that disorder usually becomes less active or inactive in pregnancy, while death
in migraine attacks is a great rarity. Decisions about her management in relation to
pregnancy seem more easily made and more clear cut than in the hypothetical
woman with bipolar disorder, but basically the management of antiepileptic drug
therapy in disorders other than epilepsy, as in epilepsy, is a matter of trying to
achieve the best reconciliation between the factors discussed above, as they are
recognised to apply in each given individual. If this reconciliation involves a
change in antiepileptic drug, it will generally be desirable to make the change
gradually rather than abruptly, so long as there is no clinical urgency involved in
the situation.

In the present book, it would scarcely be practicable to go into further detail in
relation to these matters as they apply in the various psychiatric and other disorders
in which antiepileptic drugs are currently used. The experience of the use of these
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drugs in treating epilepsy in pregnant women provides the precedent and model for
their use in pregnancy for managing other disorders. This state of affairs is likely to
continue to apply, at least until studies become available that establish the actual
situation for each disorder so treated and thereby permit more detailed and more
particular advice.
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Chapter 12
Antiepileptic Drugs and Pregnancy:
The Future

Abstract The study of the interaction between antiepileptic drugs and the pregnant
human female body that has gone on over the better part of half a century has pro-
vided evidence that the currently available drugs are inactivated more quickly dur-
ing pregnancy and that they possess to various degrees responsibility for the
occurrence of malformations in the body structures of foetuses exposed to them,
and also, at least in the case of valproate, for impaired neurodevelopment in infancy
and childhood. As the drugs in current use come to be replaced by newer agents,
there will be a need to maintain, and hopefully expand, the current data-collecting
mechanisms that have so far provided the information about the teratogenicity of
the antiepileptic drugs. While application of knowledge that is already available has
made possible both better epileptic seizure control in pregnancy, and a reduced inci-
dence of foetal malformations, it is uncertain how widely this knowledge has been
disseminated and, after dissemination, has been applied. The available knowledge
also points to other matters that warrant investigation.

Over the course of some 30-40 years, medicine has accumulated a good deal of
information concerning antiepileptic drugs and their use in pregnant women. From
a practical standpoint, perhaps the most important items of knowledge that have
emerged from this work are that (i) nearly all antiepileptic drugs are cleared from
the maternal body more rapidly during pregnancy, whether or not this increased
elimination is due to heightened metabolic activity or to greater renal excretion of
un-metabolised drug and (ii) intrauterine exposure of the foetus to at least some of
these drugs results in the hazard of physical malformation occurring in the foetus
and, after birth, in the possibility of disordered neurodevelopment in the infant. At
least in theory, the application of this knowledge should have ensured better control
of antiepileptic drug-treated seizure disorders during pregnancy, and the avoidance
to some extent of the hazards that an injudicious choice of antiepileptic drug therapy
may impose on the physical, intellectual and behavioural development of the foetus
and infant.

As mentioned at several places earlier in this book, there are reports that the
attempted adjustment of antiepileptic drug dosages at appropriate stages during the
course of pregnancy, particularly if guided by knowledge of circulating concentra-
tions of antiepileptic drugs and pre-pregnancy reference drug concentration values,
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appears to have had some success in preventing any worsening of epileptic seizure
control in pregnant women. Through this means, some of the disadvantages that
having active epilepsy is likely to produce for the prospective mother’s pattern of
living may be minimised, or avoided entirely. The recognition that certain
antiepileptic drugs that are currently in common use during pregnancy in Western
countries, notably valproate and topiramate, are particularly prone to be associated
with the occurrence of foetal malformations, and for the hazard of such malforma-
tions to worsen as the dosages of these drugs increase, has altered prescribing prac-
tice in relation to valproate, at least among those sections of the Australian medical
profession who have appreciated the drug’s dangers for the foetus. As illustrated in
Fig. 9.2, over the years during which the Australian Pregnancy Register has been
collecting information, both the mean daily valproate dose in those women with
epilepsy prescribed the drug and the proportion of pregnant women receiving the
drug have tended to fall progressively, accompanied by a degree of downward trend
in the numbers of malformed foetuses reported to the Register. Unfortunately, from
this register’s data, it is impossible to know whether there has been a similar change
in prescribing behaviour among the Australian medical profession more generally,
let alone among medical practitioners globally. It is also impossible to know whether
those who are using the drug to treat disorders other than epilepsy, especially vari-
ous psychiatric conditions, have been influenced by this knowledge concerning the
foetal hazards arising from intrauterine valproate exposure. Valproate dosages used
in psychiatry and in some other medical specialties sometimes appear to be high
relative to those likely to be used in treating epilepsies. If so, there may be a particu-
lar danger of foetal malformations occurring if women treated with such dosages
find themselves pregnant unexpectedly. They then face the possibility of abrupt
withdrawal of potentially teratogenic medication, a process that may produce its
own problems, without any certainty that this course of action is not being taken
already too late to avoid foetal damage. The information concerning topiramate and
its teratogenic potential is too recent to have yet had time to exert any widespread
influence.

As well as these practical dividends, the accumulated information that has been
obtained regarding the behaviour of antiepileptic drugs in human pregnancy has
raised a number of interesting scientific questions whose answers, though they may
not yield immediate practical dividends for women with epilepsy, may open future
possibilities. For instance, although there is already a reasonable general under-
standing of the mechanisms responsible for the increased antiepileptic drug clear-
ance that occurs during pregnancy, neither the detailed renal nor the metabolic
mechanisms involved in the clearance increases have been anything like thoroughly
explored.

There has been little attempt to study the possible relationships between circulat-
ing concentrations of antiepileptic drugs and the risks of developing specific pat-
terns of foetal malformation. Such attempted correlations in the past certainly paid
dividends in improving the control of epileptic seizures. However, in practice, there
would probably be considerable difficulty in organising the drug concentration
measurements so that they were carried out not only at the appropriate time in the
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first weeks of pregnancy but also at the appropriate stage of the dosage interval,
because it is not known, for instance, when are the critical times for particular pat-
terns of foetal damage to occur. Is it the time of peak circulating drug concentrations
or the time of the trough steady-state ones, that would be more relevant? Further, it
is not certain whether the teratogenic potential of a drug resides in the parent sub-
stance, or in a drug metabolite, or metabolites. Up to perhaps 50 women would have
to be studied to obtain the relevant drug concentration data for correlation with a
single incidence of a malformation. The logistics of such a study, carried out in a
sufficient number of pregnancies, would probably prove both challenging and
expensive.

In connection with foetal exposure to the antiepileptic drugs established as defi-
nite (valproate) or probable teratogens (topiramate), there is a need to explain the
rather wide range of expression of their effects on the physical development of the
foetus, unlike the much more structure-specific malformation pattern associated
with a teratogen such as thalidomide. Conceivably, both antiepileptic drugs could
simply facilitate teratogenesis non-specifically, but both have particular dosage-
related associations with specific malformations (valproate and spina bifida, Fig.
9.1; topiramate and hypospadias, Fig. 9.3). Both valproate and topiramate have
numerous known biotransformation products (Chaps. 4 and 5). Some of their
metabolites are known to lack antiepileptic activity, and a similar absence of such
activity is assumed for most of the others. But lack of antiepileptic activity may not
necessarily equate with lack of teratogenic culpability. It has been shown that there
is an association between maternal intake of valproate in doses over 2000 mg per
day and the occurrence of neural tube defects in the foetus (Chap. 9). The predomi-
nant pathway of valproate metabolism, at least in the non-pregnant state, changes
progressively as the drug dose increases. At lower doses, fatty acid beta oxidation
preponderates, but as the dose becomes higher, the body’s beta oxidative capacity
seems to become saturated. Increasing proportions of the drug dose are then cleared
through glucuronide conjugation and probably through minor metabolic pathways.
Assuming that such dosage-related shifts in valproate’s metabolic pathway predom-
inance also occur in pregnancy, something that does not appear to have been estab-
lished, is it possible that valproate glucuronide exposure is responsible for the
occurrence of neural tube defects but is not responsible for some of the other pat-
terns of foetal malformations associated with the drug? Or, is it that at higher val-
proate doses more of the drug is diverted along one of the several minor metabolic
pathways described for the drug, e.g. omega or omega-1 oxidation, and that one or
more of these metabolites can damage the development of the neuraxis? The
Australian Pregnancy Register data are consistent with topiramate, when used as the
sole antiepileptic drug, not being teratogenic, but being a significant teratogen when
used together with any one of several other antiepileptic drugs. In view of this, is it
possible that topiramate per se is not harmful to the developing foetus but that some
metabolite or metabolites whose formation is increased in the presence of other
antiepileptic drugs may damage the foetus in utero? These are interesting though
speculative possibilities. One can have little idea where their exploration might ulti-
mately lead. Nevertheless, in the present state of knowledge, they seem reasonable
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hypotheses that warrant investigation, providing that the appropriate studies are
seen as logistically feasible and ethically justifiable.

For the more immediate future, there are a few somewhat pressing matters that
seem worth considering.

It would be very helpful to know with certainty which of the currently available
antiepileptic drugs are definitely human teratogens, which of the ones likely to
become available in the foreseeable future will prove to be teratogens and which are
safe from the foetal standpoint. The evidence that valproate is a teratogen is already
persuasive, and the evidence is becoming increasingly strong that topiramate also is
a teratogen. There are also some observations that would raise suspicion regarding
phenobarbitone and carbamazepine and, to a lesser extent, lamotrigine, among the
more common currently available drugs. The evidence incriminating these latter
drugs in teratogenesis may not have consistently been statistically significant, but it
does produce an uneasy sense that the availability of more extensive data might see
some of them incriminated.

A significant part of the more extensive data so far available concerning terato-
genesis related to antiepileptic drugs has come from national or community statis-
tics, some of which have been collected retrospectively. These latter statistics are
likely to have been amassed with variable degrees of enthusiasm and competence by
different people. Statistics derived from pregnancy registers, while prospective, are
unlikely to have captured the relevant information from anything like the majority
of pregnant women with epilepsy in the communities from which the registers have
obtained their information. Further, there may have been a tendency for women
whose epilepsies in pregnancy have required expert advice or management to be
recruited into the registers. Therefore, the register data may not necessarily be fully
representative of the general situation of pregnant women with epilepsy. Accepting
that registers, with their voluntary recruitment policies, are still likely to prove more
reliable than governmental statistics usually collected for different purposes, it
seems likely that it will nearly always continue to be impossible in practice to col-
lect high-quality information from all the pregnancies in women with antiepileptic
drug-treated epilepsy in the wider community. Comprehensive data will be unob-
tainable unless some form of compulsory registration of pregnancies in women with
epilepsy is imposed. Such an imposition would raise issues of cost and individuals’
rights to privacy, the latter in a situation where retention of privacy rights could
hardly be shown to cause significant immediate harm to the wider community.
Nevertheless, more extensive data, and also data for the antiepileptic drugs that are
still to come into common use in pregnant women, will continue to be needed. The
best solution in practice may lie in trying to obtain higher voluntary recruitment
rates for women with treated epilepsy into dedicated registers, and also better com-
parison data from pregnant women without epilepsy, from pregnant women with
epilepsy that is not treated with antiepileptic drugs, and also from pregnant women
taking antiepileptic drugs to treat disorders other than epilepsy. Even if such data
could be collected in sufficient quantity, under present conditions its accumulation
would probably take a considerable period of time. During this period, the situation
in relation to the currently available antiepileptic drugs might become increasingly
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clear, but by the time these drugs have become better understood, they may also
have become increasingly superseded as new antiepileptic drugs come into greater
use. Medicine could possibly find itself in the situation of finally having the knowl-
edge that enables it to be better able to employ in pregnant women certain
antiepileptic drugs only when these drugs are disappearing from use. It may be
necessary to reconcile the desire to amass as much information as possible before
studying it, with the consequence of delaying its analysis. Depending on the rate of
appearance of new and better antiepileptic drugs, similar considerations are likely
to apply in the future for the drugs currently coming into increasing use in pregnant
women. It clearly will be important to maintain the existing pregnancy registers as
far as is possible and to ensure their continuing financial support. Possibly in some
circumstances combining registers might be advantageous, though with the poten-
tial disadvantage that this might increasingly distance the data sources from the data
collection and analysis personnel.

The role of genetic factors in the responsibility for foetal malformations and
neurodevelopmental problems has not been studied to the extent that might have
been expected. An increased hazard of a subsequent child being born malformed is
known to exist when a mother with epilepsy has had a previous malformed child
(Chap. 8), and there is a correlation between the 1Qs of mother and offspring (Chap.
9). The matter of any possible paternal genetic influence in these situations has gone
virtually unexplored. The possible sensitivities in investigating this particular mat-
ter, the risk of receiving incorrect or misleading information and the psychological,
social and legal difficulties that might arise out of such inquiries have probably
deterred the appropriate studies. Nonetheless, a tactful exploration of these matters
might be feasible, even if DNA studies were not to prove practicable and ethically
acceptable. It would be helpful to know the extent to which inheritable factors con-
tribute to foetal malformation rates and neurodevelopmental issues, while pharma-
cogenomics studies might reveal correlations with patterns of foetal malformation
that could suggest the chemical natures of drug metabolites that could injure the
development of the foetus in utero.

The knowledge of associations between intrauterine exposure to antiepileptic
drugs and manifestations of impaired neurodevelopment is relatively recent. Although
a substantial amount of good-quality work has already been done, the area needs to
be explored further, particularly in relation to the newer antiepileptic drugs that are
likely to be increasingly used in pregnant women. Despite the logistic difficulties, the
childhood populations already studied, or new ones, need to be followed further into
adolescence and adult life to gain an appreciation of the possible long-term social and
economic consequences of exposure to antiepileptic drugs one or two decades earlier.
There is also need for studies specifically planned to determine the stages of preg-
nancy and postnatal life (the latter in the breastfed infant) when the neurodevelop-
ment begins to go astray, and also the stage when drug exposure no longer does
damage. This knowledge will have a bearing on when maternal valproate intake, or
intake of any other antiepileptic drug that has been avoided during pregnancy, can be
resumed with safety from the offspring’s neurodevelopmental standpoint. Is the vul-
nerable time in relation to neurodevelopment only in early pregnancy and in late
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pregnancy, or does vulnerability continue into the period of breastfeeding and, if so,
for how long?

A further matter that would benefit from immediate attention is the need to make
those who are prescribing antiepileptic drugs for pregnant women more widely
aware of the currently available information about the appropriate adjustments of
drug dosages during and after pregnancy and the hazards these drugs carry, or do
not carry, for the foetus. Neurologists and others who treated epilepsy frequently,
particularly if they are aware of the existence of the registers and the findings derived
from them, should be in a position to handle these drugs optimally by present-day
standards. However, the prescription of so-called antiepileptic drugs for indications
other than epilepsy in pregnant women, or in women who may become pregnant,
appears to be passing increasingly into the hands of those who are, perhaps, not as
well aware as they might be of currently available information concerning the drugs
and pregnancy.

Another interesting possibility arises from the known dose-related teratogenesis
associated with exposure to valproate and the evidence that the heightened terato-
genic risk of antiepileptic drug combinations is determined by the presence of val-
proate in the combinations. The use of valproate sometimes cannot be avoided in
women who may become pregnant or are already pregnant. In such cases, could the
overall risk of producing foetal malformations be reduced if valproate doses were
employed that were low enough to be inadequate to fully control seizures, or if the
valproate were employed in conjunction with a second antiepileptic drug that had a
low teratogenic potential and was reasonably effective in the type of seizure disor-
der being treated? Excluding use of topiramate, the combination would be likely to
provide a lesser overall teratogenetic hazard than the previous higher valproate dose
and still might achieve an acceptable level of seizure control. On the basis of theory,
it has often been suggested that, if dosage of a single antiepileptic drug has been
taken to its limit of tolerance, combining antiepileptic drugs with different molecu-
lar mechanisms of action may produce added antiepileptic effects. However, in the
situation envisaged above, when, for instance, a valproate dosage may be well
below that drug’s limit of tolerance in the woman concerned, the prescription of a
second less teratogenic drug, which acted via one or more of the same molecular
mechanisms as valproate, might seem not unreasonable and might facilitate reason-
able seizure suppression. To investigate such a possibility ethically might require a
fairly extensive opportunistic study.

kkok

At the time of writing, the full story of the employment of antiepileptic drugs in
pregnant women has not been told, and probably cannot yet be told, nor its future
predicted with any certainty. However, there still may have been some purpose in
attempting to assemble the currently available knowledge and to set down an inter-
pretation of the present situation, in that this may serve as a basis for suggesting
some of the directions that future progress in the area might take.
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A Autism, 185, 186, 201
Aaemia, aplastic, 32 Auto-induction, 49, 50, 51, 53
Abnormality, skeletal, 131, 155, 158 Axis, hypothalamic-pituitary, 9
Abortion
spontaneous, 122, 123, 137, 201
therapeutic, 133, 137 B
Absorption, of drug, 22 Behaviour
Acetazolamide, 74, 75 sexual, 7
Acetylation, 105, 177 stereotyped, 185
Acid, valproic See Valproate Benzodiazepine, 100, 101, 104, 105, 168
Activity, sexual, 7, 8 Beta oxidation, 217
Advice, before pregnancy, 199 Bilirubin, 31
Agenesis, renal, 158 Bioavailability, 22
Aggression, 32, 52, 59, 103, 177 Birth, premature, 122
Agranulocytosis, 32, 52 Birth rate, 6, 8
Albumin, in plasma, 21, 23 Bleeding, post-partum, 123
Aldosterone, 20 Blepharospasm, 101
Alpha-fetoprotein, 206 Body hair, overgrowth of, 42
AMPA, 75 Bradycardia, 53
Anaemia, 32,42, 52, 122 Breast feeding, 2, 73, 74, 79, 84,
Androstenedione, 7 100, 104, 201, 202, 203,
Antidiuretic activity, 52 204, 209, 220
Antiepileptic drug(s)
after pregnancy, 209
choice of, 194 C
non-inducing, 7 Caesarean section, 122, 123
during pregnancy, 207 Calculi, renal, 77, 106
Antiepileptic drug therapy Capacity, sexual, 5
initiation of, 194 Carbamazepine, 1, 6, 8, 9, 10, 31, 32, 35,
before pregnancy, 198 40, 41, 47, 48, 49, 50, 51, 52, 53,
Apoptosis, 146, 176, 177 54,55, 58, 59, 68, 70, 75, 77, 87,
Arthritis, 43 88, 89, 90, 99, 103, 106, 116, 140,
Aspartate, 21, 55 142, 143, 145, 155, 156, 157, 158,
Asterixis, 41 161, 164, 177, 179, 180, 181, 182,
Ataxia, 32,41, 52,71, 103, 106 183, 184, 185, 186, 197, 198, 203,
Atresia, anal, 158, 169 204, 207, 208, 218
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Carbamazepine (cont.)
absorption, 48
adverse effects, 52
chemistry, 47
clinical pharmacokinetics, 50
cutaneous hypersensitivity, 52
distribution, 48
elimination, 49
excretion, 49
interactions, 51
metabolism, 49
in mother, 53
in neonate, 54
pharmacodynamics, 47
pharmacokinetics, 48
in pregnancy, 53
therapeutic range, 51
toxicity, 51
Carbamazepine-acridan, 54
Carbamazepine-diol, 54
Carbamazepine-10,11-epoxide, 48, 49,
51,52, 54, 89
Carbonic anhydrase, 75, 77, 105
Carnitine, 57
Cerebrospinal, 92
Cerebrospinal fluid, 29, 37, 49, 56, 69, 95, 98
Change, behavioural, 183
Clearance, 30, 32, 33, 37, 40, 44, 49,
52,53, 56,58,69,71, 72,73,
76,717, 78, 81, 82, 83, 89, 90,
92, 93,98, 99, 102, 103, 105,
106, 112, 120, 207, 209, 216
apparent, 33
renal, 76, 83
steady-state, 18
Clefts, facial, 130, 131, 145, 164, 165, 201,
206
Clefts, oral, 154, 164, 168, 169
Clobazam, 41, 100, 168
Clonazepam, 32, 41, 100, 101, 102, 103, 104,
168, 169, 177
absorption, 102
adverse effects, 103
in breast milk, 104
chemistry, 101
clinical pharmacokinetics, 102
distribution, 102
elimination, 102
excretion, 102
in foetus, 103
interactions, 103
metabolism, 102
in the mother, 103
in the neonate, 104
pharmacodynamics, 101

Index

pharmacokinetics, 101
in pregnancy, 103

Cognition, 77, 175, 177, 180, 181, 203

Coitus, frequency of, 6

Coma, 41

Comprehension, verbal, 184

Concentration monitoring, of antiepileptic
drug, 112, 113, 118, 119, 120,
199, 205, 207, 209, 215

Concentration, of antiepileptic drug,
18,24, 216

Conductance, potassium, 68

Confusion, 52, 58, 106

Congenital heart abnormalities See Heart,
malformation

Constant, Michaelis, 37, 45

Contraception, 9

Contraceptives, oral, 9, 10, 32, 39,
70,77, 112,113

Contracture, Dupuytren’s, 32

Cortisol, 31, 43

Currents, Cat, 68

CYP450, 21, 24, 38,76, 77, 82, 89

CYP3A4, 21, 31, 40, 50, 51,
52,106, 112

CYP2C9, 21

CYP2C19, 21, 38, 41,77, 89

D
Danazol, 52
Death

intrauterine, 137

neonatal, 124
Deficit, neurocognitive, 177
Dehydroepiandrosterone, 7
Dehydrogenation, 59
De-induction, 24
Delay

cognitive, 180

developmental, 158, 180

neurodevelopmental, 182, 183
Depression, 82
Dermatitis, 42
Development

cognitive, 178, 179

motor, 177

psychomotor, 158, 179
Diabetes, gestational, 122
Diabetes insipidus, 48, 52
Diazepam, 58, 168, 177
Diltiazem, 52
Diphenylhydantoin See Phenytoin
Diplopia, 32, 41, 48, 52, 71, 93, 106
Disequilibrium, 52



Index

Distribution
apparent volume of, 23, 29, 34,
36,44,49,75
of drug, 22, 23, 29, 56, 69, 75,
81, 88,92, 95, 98, 102, 105
volume of, 23, 48
Dopamine, 105
Drowsiness, 32, 41, 52, 71, 93, 96, 103, 106
Dysequilibrium, 99
Dysfunction, erectile, 6
Dyskinesia, 41
Dysmorphogenesis, 154
Dysplasia, septo-optic, 159
Dystonia, 41

E
Ears, low-set, 131
Elimination, of drug, 21, 22, 23, 29, 56,
69, 70, 74, 76, 84, 89, 91, 94,
100, 104, 105, 107, 113, 215
Elimination, velocity of, 39, 45
[E]-2-en-valproate, 57
4-en-valproate, 59
Enzyme
cytochrome P450, 31, 53, 69
drug-metabolising, 7
epoxide hydrolase, 50, 82, 89
GABA transaminase, 94, 95
glucuronyl transferase, 40
induction, 6, 31, 73, 76, 112
mono-oxygenase system, 31
succinate semi-aldehyde dehydrogenase,
55
sulphatase, 21
UDP glucuronosyl transferase, 21
UDP glucuronosyl transferase 1A4, 69
Epilepsy
catamenial, 112
focal, 59, 68, 75, 80, 88, 94, 95, 114, 116,
137,197, 198
generalised, 30, 35, 48, 68, 75, 80,
88,95, 101, 116, 137, 182,
195, 196, 197
infantile spasms, 95
untreated, 113, 118, 130, 135, 136, 139,
141, 166
Erythromycin, 52
Eslicarbazepine, 10, 87, 170
Ethinyl oestradiol, 9, 10, 31, 58, 77
Ethosuximide, 40, 41, 58, 80, 87, 97, 98, 99,
100, 131, 156, 195
absorption, 98
adverse effects, 99
chemistry, 97
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clinical pharmacokinetics, 99

distribution, 98

elimination, 98

excretion, 98

in foetus, 100

interactions, 99

metabolism, 98

in mother, 99

in neonate, 100

pharmacokinetics, 98

in pregnancy, 99
Ethosuzimide, pharmacodynamics, 98
Etonorgestrol, 10
EURAP, 115, 116, 134, 135, 146, 147,

154, 157, 163, 196, 204

European Medicines Authority, 196
Excretion, renal, 24, 73, 83, 90, 215

F

Factor, genetic, 144, 145, 177, 200, 219

Factors, psychosocial, 7

Failure, ovarian, 8

Felbamate, 10, 40, 41, 87, 169

Fertility, 6,7, 8,9

Fibrinogen, 43, 59

Foetus
malformation, 3, 124, 136, 148
physical development, 124

Folate, 18, 31, 32, 42, 43, 44, 67, 68, 131,

137, 146, 147, 175, 181, 206, 208
Fosphenytoin, 36
Function, sexual, 6,7, 8,9, 71

G
GABA See Gamma amino butyrate (GABA)
Gabapentin, 10, 91, 92, 93, 94,
134, 167, 182, 198
absorption, 92
adverse effects, 93
in breast milk, 94
chemistry, 91
clinical pharmacokinetics, 93
distribution, 92
elimination, 92
excretion, 92
in foetus, 94
interactions, 93
metabolism, 93
in mother, 94
in neonate, 94
pharmacodynamics, 92
pharmacokinetics, 92
in pregnancy, 93
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Gamma amino butyrate (GABA),
29, 55,75, 80,91, 92, 94, 105

Genetic influences, 144

Globulin, sex hormone binding, 7, 8

Glomerular filtration rate, 20, 24

Glucosidation, 33, 58

Glucuronidation, 69, 70, 73, 105

Glutamate, 35, 68, 75

Glycine, 57

Gonadotropins, 7

Government data, 133

Growth, intrauterine, 124, 155

Ton channel(s)
Ca*, 75, 80, 88,92, 98
calcium, 35, 104
GABAA-chloride, 29
sodium, 29, 35, 47, 55, 68, 75, 80, 88, 104
1Q, 178, 179, 180, 181, 182, 184, 203
impairment of, 178
verbal, 178, 180
Irritability, 32
Isoniazid, 52, 99

K
Kinetics, Michaelis Menten, 37
H
Half-life, elimination, 6, 34, 37,
40, 49, 51, 98, 102 L
Hare lip, 130 Lacosamide, 10, 87, 170, 198, 200

Headache, 93, 99, 106
Head, circumference of, 124, 136, 179
Heart malformation, 130

Lactation, 21
Lamotrigine, 2, 5,7, 8,9, 10, 35, 41, 55, 67,
68, 69, 70,71, 72,73, 74,75, 81,

Heparin, 40 89, 106, 113, 116, 120, 134, 135,
Hepatitis, 32, 43, 52, 53 143, 160, 161, 163, 177, 180, 181,
Hormones 182, 183, 184, 186, 195, 196, 197,

sex, 7,9, 93, 112

steroidal, 9, 20
2-Hydroxy carbamazepine, 54
Hydroxycholecalciferol, 42
10-Hydroxy oxcarbazepine, 88
3-Hydroxy valproate, 57
Hyperactivity, sexual, 5
Hyperandrogenism, 8
Hyperplasia, of gums, 42
Hypertelorism, 131
Hypoalbuminaemia, 37
Hypocalcaemia, 32
Hypoglycaemia, 43
Hyponatraemia, 52, 90, 198
Hypoplasia, of digits, 155

Hypospadias, 145, 158, 160, 165, 201, 217

Hypothalamus, 6
Hypoxia, intrauterine, 124

I
Impairment
cognitive, 178, 180, 203
intellectual, 176, 183
of language development, 183
Impotence, sexual, 6
Induction, drug metabolising enzyme,
6,8,76
Interactions, pharmacokinetic,
68, 70, 96, 199, 210

203, 204, 205, 207, 208, 218
absorption, 68
adverse effects, 70
in breast milk, 73
chemistry, 68
clinical pharmacokinetics, 69
distribution, 69
elimination, 69
excretion, 69
in foetus, 73
interactions, 70
in neonate, 74
pharmacokinetics, 68
in pregnancy, 71
Lamotrigine 2-N-glucuronide, 69, 73
Lamotrigine 5-N-glucuronide, 69
Levetiracetam, 10, 79, 80, 81, 82,
83, 84, 135, 142, 166, 177,
182, 183, 195, 196, 197
absorption, 80
adverse effects, 82
in breast milk, 84
chemistry, 79
clinical pharmacokinetics, 81
distribution, 81
elimination, 81
excretion, 81
in foetus, 83
interactions, 82
metabolism, 81
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in mother, 82
in neonate, 84
pharmacodynamics, 80
pharmacokinetics, 80
in pregnancy, 82
Levonorgestrol, 10, 58
Libido, 6, 7, 8, 43
Lip, cleft, 130, 131, 144, 161, 168
Lipinovir, 70
Liver failure, 59
Lupus erythematosus, 42, 99
Lymphadenopathy, 42
Lymphoma, 42

M

Malformation, major congenital,
137, 139, 140, 146, 147, 157,
159, 161, 163, 164, 166, 169

Malformation rate, 130, 131, 132, 135, 136,
137, 138, 139, 140, 141, 143, 145,
147, 154, 155, 157, 159, 160, 161,
163, 164, 165, 166, 167, 168, 169,
170, 219

Malformation risk, 200

Management, obstetric, 4, 205

Menopause, early, 8

Menstrual cycle, 9, 20, 40, 70, 112, 113

anovulatory, 112
ovulatory, 112

Menstruation, irregular, 8

Metabolism, pre-systemic, 22, 69

Methylphenobarbitone, 28

Microcephaly, 131, 164

Migraine, 54, 58, 74, 75, 111, 164, 165, 209,
210

Milk, breast, 2, 21, 23, 29, 34, 46, 54, 60,
71,73,79, 84,91, 94, 97, 100,
104, 107, 202, 203, 204

Miscarriage, 122

Mortality, pregnancy associated, 121

Myopathy, 43

Myotonia, 35, 48

N

NEAD See Neurodevelopmental Effects of
Antiepileptic Drugs (NEAD)

Nephritis, 43

Neuralgia, trigeminal, 1, 47, 50, 101

Neural tube defect, 131, 133, 145, 146, 147,
157, 158, 159, 176, 200, 206, 217

Neurodevelopment, 4, 147, 175, 176, 179,
181, 182, 183, 185, 215, 219
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Neurodevelopmental Effects of
Antiepileptic Drugs (NEAD),
175, 179, 180, 181, 184

Neurogenesis, 146, 176

Neuropathy, peripheral, 41

Nicotinamide, 52

Non-compliance, 118, 208

Norethindrone, 10

Norgestrol, 10

Nystagmus, 32, 41, 48, 52

(0}
17-B-Oestradiol, 73
Oestriol, 21, 31
Oestrogen, 8, 9, 20, 32, 70
Ophthalmoplegia, 41
Orgasm, 8
Osteomalacia, 42
Ovary, polycystic, 8, 9
Overactivity, 177
Overbreathing, 77
Ovulation, 10, 112, 118
Oxcarbazepine, 5, 6, 8, 10, 40, 87,
88, 89, 90, 167, 182
absorption, 88
adverse effects, 90
in breast milk, 91
chemistry, 88
clinical pharmacokinetics, 89
distribution, 88
elimination, 89
excretion, 89
in foetus, 90
interactions, 89
metabolism, 89
mono-hydroxy derivative,
88, 89, 90
in mother, 90
in neonate, 91
pharmacodynamics, 88
pharmacokinetics, 88
in pregnancy, 90
Oxidation, fatty acid beta, 56, 57, 59
3-Oxo-valproate, 57

P

Pain, neuropathic, 92, 209

Palate, cleft, 130, 144, 161, 168
Pancreatitis, 59

Perampanel, 87, 170, 200
P-glycoprotein, 21, 23, 36, 76
Phenobarbital See Phenobarbitone
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Phenobarbitone, 1, 6, 10, 11, 17, 18, 28,
29, 30, 31, 32, 33, 34, 40, 41, 52,
58, 67,70, 103, 104, 106, 116,
124, 130, 131, 132, 143, 146, 153,
154,177, 179, 180, 197, 204, 218
absorption, 29
adverse effects, 32
in breast milk, 34
chemistry, 28
clinical pharmacokinetics, 30
distribution, 29
effcts of pregnancy on, 33
elimination, 29
excretion, 30
in foetus, 33
half-life, 29
interactions, 31
metabolism, 30
in mother, 33
in neonates, 34
N-glucoside conjugate, 30, 32
overdosage, 32
pharmacodynamics, 29
pharmacokinetics, 29
therapeutic range, 30
Phenytoin, 1, 10, 11, 18, 31, 32, 34, 35,
36, 37, 38,40, 41, 42, 43, 44, 46,
47,51, 52,55, 58, 67, 68, 70, 75,
77, 89, 96, 99, 103, 106, 112, 130,
131, 132, 143, 146, 154, 155, 156,
158,177, 179, 180, 181, 197, 198,
207, 208
absorption, 36
adverse effects, 41
bioavailability, 36
biochemistry abnormalities, 43
chemistry, 34
clinical pharmacokinetics, 39
distribution, 36
elimination, 37
excretion, 37
interactions, 40
maximum velocity of elimination, 37
metabolism, 37
in mother, 43
pharmacodynamics, 35
pharmacokinetics, 36
in pregnancy, 43
therapeutic range, 39
p-hydroxy phenobarbitone, 32
p-hydroxy phenytoin, 37, 38, 46
Placenta, 18, 20, 21, 23, 24, 33, 60,
73,79, 83, 90, 96, 177, 206
Plasma protein binding, 29, 39, 43, 46, 52, 53,
54, 56, 58, 82, 102, 207
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Polypharmacy See Polytherapy
Polytherapy, 139, 143, 154, 160, 165, 166,

167, 169, 170, 177, 178, 180, 183,

185, 199, 203, 220
Porphyria, 32, 43, 53
Potassium bromide, 113
Pregabalin, 170
Pregnancy

complications of, 121, 122, 123, 124, 125
effect on antiepileptic drug disposition,

119
Primidone, 6, 11, 18, 28, 33, 40, 41,

52,99, 103, 130, 131, 179
Progesterone, 10, 20, 24, 43, 112
Propoxyphene, 52
Puerperium, 18, 115

R
Range, therapeutic, 37, 39, 41, 51, 58,
70, 76, 81, 89, 93, 96, 102,
106, 120, 197, 209
Rate, fertility, 8
Receptors, adenosine, 47
Receptors, GABAA, 35, 101, 112
Records, hospital, 133
Register(s), 116, 117, 122, 123, 134, 136, 137,
142, 145, 154, 160, 163, 164, 166,
167, 169, 182, 202, 216, 218
Australian pregnancy, 116, 118, 123, 124,
134, 135, 136, 137, 138, 141, 143,
144, 145, 155, 158, 159, 160, 163,
164, 165, 166, 167, 169, 182, 185,
202,204, 216, 217
pregnancy, 134, 178
United Kingdom, 135, 140, 144, 161, 163,
164, 166
Registry, 134, 135, 140, 164, 196
Registry, North American, 135, 137, 157, 161,
164, 166
Renin, 20
Rifampicin, 70

S
Salicylates, 40
Saliva, 29, 37, 39, 56, 69, 98, 208
Sedation, 6, 32, 41, 52, 58, 71, 77, 82, 90, 103
Seizure(s)
absence, 35, 48, 68, 75, 80, 92, 97, 99,
131, 195, 196
epileptic, 3, 4, 6, 29, 35, 55, 114, 134,
141, 193, 194, 204, 216
epileptic, control of, 116, 198, 205
epileptic, effects of, 120
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epileptic, frequency of, 112, 114, 115
focal, 6, 92, 198
freedom, 115
generalised, 92, 123, 124, 205
generalised convulsive, 3, 68, 75, 114,
116, 117, 119, 121, 123, 124, 125
maximum electroshock, 80
myoclonic, 41, 48, 68, 80, 88, 101
occurrence rates of, 113, 137
partial, 30, 39
withdrawal, 103
Seizure occurrence, factors influencing, 117
Serotonin, 101, 105
Skin rash(es), 32, 41, 52, 70, 71, 82, 90, 99
Sleep deprivation, 118
Sperm count, 7
Spina bifida, 145, 147, 156, 157, 158,
159, 160, 176, 217
Status epilepticus, 177, 178, 196, 201, 208
Stillbirth, 122, 123, 124, 137
Stiripentol, 169
Stupor, 59
Subnormality, mental, 131
Sulthiame, 40, 87, 169
Synaptic vesicle protein SV2A, 80
Syndrome
Baller—Gerold, 159
foetal carbamazepine, 158
foetal hydantoin, 155
foetal valproate, 158
Lennox—Gastaut, 75
polycystic ovary, 8, 59
pseudolymphoma, 42
‘purple glove,” 42
Stevens—Johnson, 42, 71

T

Teratogen, 132, 154, 155, 158, 159,
163, 165, 169, 196, 217, 218

Teratogenesis, 53, 71, 139, 148, 155,
156, 159, 177, 195, 196,
210,217, 218, 220

Teratogenicity, risk of, 144

Testosterone, 7, 8, 9, 43

Thalidomide, 129, 131, 217

Thickness, of cerebral cortex, 184

Thrombophlebitis, 42

Thyroiditis, 43

Tiagabine, 41, 169, 182

Topiramate, 10, 11, 41, 74, 75,76, 77, 78,
79, 144, 145, 164, 165, 170, 177,
194, 196, 197, 199, 200, 201, 208,
216,217,218, 220

absorption, 75

adverse effects, 77

in breast milk, 79

chemistry, 74

clinical pharmacokinetics, 76

distribution, 75

elimination, 76

excretion, 76

in foetus, 79

interactions, 77

metabolism, 76

in mother, 78

in neonate, 79

pharmacodynamics, 75

pharmacokinetics, 75

in pregnancy, 78
Tremor, essential, 28, 59
Trigonocephaly, 131
Trisomy 21, 206
Troxidone, 130, 131
Tubes, fallopian, 9

U

UDP-glucuronosyl transferase,
24,70, 77

UPD-glucuronosyl transferase, 82

\%
Valproamide, 55
Valproate, 2, 6, 8, 31, 32, 52, 55,
56, 57, 58, 59, 60, 70, 77, 89,
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adverse effects, 58
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elimination, 56
excretion, 56
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metabolism, 56, 217
in mother, 59
in neonate, 60
pharmacodynamics, 55
pharmacokinetics, 55
in pregnancy, 59
sodium hydrogen, 55
therapeutic range, 58
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Valproic acid

See Valproate
Vasculitis, 43
Vein, umbilical, 73
Verapamil, 52
Vertigo, 101
Vigabatrin,
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adverse effects, 96
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clinical pharmacokinetics, 96
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interactions, 96
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pharmacokinetics, 95

in pregnancy, 96
Vitamin K,
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Warfarin, 31, 52
Weight
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loss, 77

Working memory, 184
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