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ORIGINAL ARTICLE

Apgar Scores and Long-Term Risk of Epilepsy
Yuelian Sun,* Mogens Vestergaard,* Carsten Bøcker Pedersen,† Jakob Christensen,‡ and Jørn Olsen§

Background: Low Apgar scores are associated with high risk of
neonatal death, cerebral palsy, and mental retardation, but the
association between Apgar scores and long-term risk of epilepsy
remains unresolved.
Methods: We carried out a population-based cohort study of
1,538,732 live newborns in Denmark between 1 January 1978 and
31 December 2002 by using national registers. The Apgar scores at
1 or 5 minutes were recorded by midwives following standardized
procedures. We obtained information on epilepsy by linking the
cohort with the National Hospital Register. Cohort members were
followed from birth until onset of epilepsy, death, emigration, or 31
December 2002, whichever came first.
Results: The incidence rate of epilepsy increased consistently with
decreasing Apgar scores. The incidence rate of epilepsy was 628 per
100,000 person-years for those with 5-minute Apgar scores of 1 to
3 and 86 per 100,000 person-years for those with a score of 10; the
resulting incidence rate ratio was 7.1 (95% confidence interval �
5.8–8.8). The incidence rate ratios of epilepsy associated with low
Apgar scores were particularly high in early childhood but remained
high into adulthood. The association did not change after excluding
children with cerebral palsy, congenital malformations, or a parental
history of epilepsy.
Conclusions: Neonates with a suboptimal Apgar score have a
higher risk of epilepsy that lasts into adult life. These findings
suggest that prenatal or perinatal factors play a larger role in the
etiology of epilepsy than has previously been recognized.

(Epidemiology 2006;17: 296–301)

Epilepsy is a serious brain disorder characterized by recur-
rent, unprovoked seizures. The incidence rate is high in

early childhood, low in adulthood, and high again late in life.1

The overall incidence rates range between 40 and 70 per

100,000 person-years in industrialized countries.2 There are
many causes of epilepsy in childhood, including brain tu-
mors, cerebral palsy, and infections. However, for most of
epilepsy cases, no clear antecedents have been identified.
Studies of twins indicate that both genetic and environmental
factors play a role in the etiology of epilepsy.3 Few studies
have evaluated the effect of environmental factors originating
in early life; some,4,5 but not all,6–10 have suggested that low
birth weight, preterm birth, toxemias, vaginal bleeding, and
duration of labor may be part of the etiology of epilepsy.

Apgar score evaluates newborns based on 5 signs: heart
rate, respiratory effort, reflex irritability, muscle tone, and
skin color during the first minutes of life.11 Each item is
scored with a value of 0, 1, or 2, and a total score of 10
indicates that the baby is “in the best possible condition.”11

Studies have shown that low Apgar scores are associated with
high risk of neonatal death, cerebral palsy, and mental retar-
dation.12–16 One study has reported a higher risk of epilepsy
among children with low Apgar scores, but did not address
this association in detail.14

The aim of this study was to estimate the association
between low Apgar scores and epilepsy in childhood and
early adulthood by using a population-based cohort. An
association between low Apgar scores and epilepsy would
support the hypothesis that prenatal or perinatal factors play
a role in the etiology of epilepsy.

METHODS

Study Population
We used data from the Danish Civil Registration Sys-

tem17 to identify all live newborns in Denmark between 1
January 1978 and 31 December 2002. They were followed
from birth until the onset of epilepsy, death, emigration, or 31
December 2002, whichever came first. The information on
deaths and emigration comes from the Danish Civil Regis-
tration System. All live-born children in Denmark are as-
signed a unique personal identification number (civil registry
number), which is stored in the Civil Registration System.
The civil registry number is used as an identification key to
individual information in all national registers, and it enables
accurate linkage of information between registers at the
individual level. The study was approved by the Danish Data
Protection Agency.

Assessment of Apgar Scores
Information on Apgar scores was obtained from the

Danish Medical Birth Register.18 Information on Apgar
scores at 5 minutes after birth was available during the entire
study period, but information on Apgar scores at 1 minute
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after birth was accessible only for children born between
1978 and 1996. Midwives recorded Apgar scores after birth
following standardized procedures. More than 95% of all
births in Denmark take place in public hospitals, and mid-
wives report Apgar scores to the registry from the remaining
home births following the hospital procedures.

Assessment of Epilepsy
Information on epilepsy was obtained from the Na-

tional Hospital Register that contains information on all
discharges from Danish hospitals since 1977.19 Outpatients
have been included in the register since 1995. Diagnostic
information in the National Hospital Register was based on
the International Classification of Diseases, 8th revision
(ICD-8) from 1977 to 1993, and the International Classifica-
tion of Diseases, 10th revision (ICD-10) from 1994 to 2002.
Cohort members were classified with epilepsy if they had
been hospitalized or had been in outpatient care with a
diagnosis of epilepsy (ICD-8: 345; ICD-10: G40–G41). The
time of onset of epilepsy was defined as the first day of
contact with the hospital.

Data Analysis
The incidence rate ratio of epilepsy was estimated by a

log-linear Poisson regression model20 with the GENMOD
procedure in SAS version 8.1 (SAS institute, Cary, NC). All
incidence rate ratios were adjusted for age and its interaction
with sex and for calendar year. Age and calendar year were
treated as time-dependent variables.21 Age was categorized in
3-month intervals in the first year of life, in 1-year age levels
from the first birthday to the 19th birthday, and then age
intervals of 20–21 and 22–25 as the oldest 2 groups. Calendar
year was categorized in a 1-year period from 1978–2002. P
values were based on likelihood ratio tests and 95% confi-
dence intervals (CIs) were calculated using Wald’s test.21 The
adjusted score test suggested that the regression models were
not subject to overdispersion.22

RESULTS
The study included 1,538,732 live-born children. Dur-

ing 17,953,700 person-years of follow up, 16,455 children
were diagnosed with epilepsy corresponding to an average
incidence rate of 91.7 per 100,000 person-years. Table 1
shows the incidence rate of epilepsy according to the selected
characteristics of the population.

The incidence rate of epilepsy increased consistently
with decreasing 1- and 5-minute Apgar scores, especially for
5-minute Apgar scores (Table 2). In our study population,
2466 (0.16%) had a 5-minute Apgar score of 1 to 3 and 9047
(0.59%) of 4 to 6. The average incidence rate of epilepsy
was 628 per 100,000 person-years for those with 5-minute
Apgar scores of 1 to 3 and 86 for those with a 5-minute
Apgar score of 10.

The incidence rate ratios of epilepsy decreased when
the Apgar score improved from 1 to 5 minutes. However, the
incidence rate ratios remained higher for infants with low
1-minute Apgar scores, even if their scores improved to 10 at
5 minutes compared with children with an Apgar score of 10
at both 1 and 5 minutes. Children with Apgar scores of 1 to

3 at both 1 and 5 minutes had the highest incidence rate ratio
of 8.03 (95% CI � 6.19–10.42) compared with children with
an Apgar score of 10 at both measures (Table 3).

Incidence rate ratios of epilepsy differed in preterm and
term infants according to 5-minute Apgar scores (P for
interaction �0.001). The highest incidence rate ratios were
found among term infants (Table 4).

Infants with 5-minute Apgar scores of less than 10 had
higher incidence rate ratios of epilepsy throughout childhood
and early adulthood compared with those with a score of 10.
The highest incidence rate ratios were found, however, during
the first year of life (Fig. 1).

TABLE 1. Incidence Rates of Epilepsy According to Selected
Characteristics of the Study Population, Denmark, 1978–2002

Characteristics
Person-Years

at Risk
No. of Persons
With Epilepsy

Incidence Rate
per 100,000

Person-Years

Sex

Boys 9,202,445 8738 95.0

Girls 8,751,255 7717 88.2

Gestational age (weeks)

Very preterm
(�33)

146,637 448 305.5

Preterm (33–36) 680,516 981 144.2

Term (37–41) 14,370,165 12,721 88.5

Postterm (�42) 1,471,843 1356 92.1

Unknown 1,284,540 949 73.9

Birth order

1st 8,124,750 7548 92.9

2nd� 9,828,950 8907 90.6

Multiple birth

Single birth 17,533,469 16,017 91.4

Twin or more 419,903 438 104.3

Unknown 327 0 0.0

Maternal age (years)

�20 656,046 794 121.0

20–24 4,611,950 4528 98.2

25–29 7,053,083 6158 87.3

30–34 4,165,921 3669 88.1

�35 1,466,700 1306 89.0

Cerebral palsy

Yes 30,915 600 1940.8

No 17,922,785 15,855 88.5

Congenital malformation

Yes 250,121 648 259.1

Uncertain* 28,998 40 137.9

Unknown† 87,508 124 141.7

No 17,587,074 15,643 88.9

Parental history of epilepsy

Mother 123,468 397 321.5

Father 100,343 221 220.2

Both 1605 11 685.5

Neither 17,728,284 15,826 89.3

*Congenital malformation was suspected but not confirmed.
†The information about congenital malformation was missing.
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The association between 5-minute Apgar scores and
epilepsy did not change after excluding infants with cerebral
palsy (n � 600), with confirmed or suspected congenital
malformations (n � 812), with parental history of epilepsy
(n � 629), or with any of the 3 conditions (Table 5).

From 1995 to 2002, 9500 people were diagnosed with
epilepsy, including 1466 (15%) only in an inpatient setting,
3443 (36%) only in an outpatient setting, and 4591 (48%) in
both settings. The incidence rates of epilepsy increased when
outpatients were included, especially for children with an

TABLE 2. Incidence Rate Ratios of Epilepsy According to Apgar Scores at 1 and 5 Minutes After Birth, Denmark, 1978–2002

Apgar Scores

1-Min Apgar Scores* 5-Min Apgar Scores

No. of Cases IR IRR† (95% CI) No. of Cases IR IRR† (95% CI)

10‡ 8998 80 1.00 14,281 86 1.00

9 2606 86 1.04 (1.00–1.09) 791 129 1.45 (1.35–1.56)

8 1193 106 1.30 (1.22–1.38) 441 166 1.89 (1.72–2.07)

7 654 118 1.43 (1.32–1.55) 221 213 2.44 (2.13–2.78)

4–6 819 149 1.81 (1.69–1.95) 319 369 4.22 (3.78–4.72)

1–3 380 286 3.43 (3.10–3.80) 88 628 7.14 (5.79–8.81)

0§ 97 234 2.41 (1.97–2.95) 58 219 2.08 (1.61–2.70)

Missing� 153 108 1.48 (1.26–1.73) 256 130 1.58 (1.39–1.78)

*One-minute Apgar scores were accessible from 1 January 1978 to 31 December 1996.
†Adjusted for calendar year, age, and sex.
‡Reference category.
§Apgar scores were registered as zero, including children who were transferred to intensive care immediately after birth.
�Apgar scores were missing for unknown reasons.
IR indicates incidence rate per 100, 000 person-years; IRR, incidence rate ratio.

TABLE 3. Incidence Rate Ratios* (95% CI) of Epilepsy According to Combinations of Apgar Scores at 1 and 5 Min, Denmark,
1978–1996†

1-Min Apgar Scores

5-Min Apgar Scores

1–3 4–6 7 8 9 10

10 NA NA NA NA 0.81 (0.37–1.81) 1.00‡

9 NA NA NA 1.52 (0.84–2.75) 1.20 (1.02–1.41) 1.03 (0.98–1.08)

8 NA NA NA 1.52 (1.15–2.01) 1.56 (1.36–1.80) 1.23 (1.15–1.32)

7 NA NA 2.86 (1.98–4.15) 1.61 (1.29–2.01) 1.69 (1.45–1.96) 1.24 (1.12–1.38)

4–6 NA 4.01 (3.29–4.88) 2.24 (1.85–2.72) 2.07 (1.80–2.39) 1.70 (1.45–1.99) 1.31 (1.15–1.48)

1–3 8.03 (6.19–10.42) 4.64 (3.94–5.46) 2.24 (1.63–3.08) 3.20 (2.44–4.19) 1.60 (1.05–2.43) 1.65 (1.18–2.32)

*Adjusted for calendar year, age and sex.
†Data on Apgar scores at one minute were not recorded after 1996.
‡Reference category.
NA (not applicable) indicates the number of person-years at risk was less than 5000, corresponding to fewer than 5 expected cases based on a hypothesis of no association between

Apgar score and the risk of epilepsy.

TABLE 4. Association of 5-Min Apgar Scores With Epilepsy for Babies Born Preterm and Term, Denmark, 1978–2002

5-Min Apgar Scores

Preterm Infants (<37 wk) Term Infants (37–41 wk)

No. of Cases IR IRR* (95% CI) No. of Cases IR IRR* (95% CI)

10† 909 147 1.00 11,416 85 1.00

9 176 207 1.42 (1.21–1.67) 518 117 1.34 (1.23–1.46)

8 118 247 1.71 (1.41–2.08) 257 144 1.66 (1.47–1.88)

7 59 254 1.80 (1.38–2.34) 133 204 2.37 (2.00–2.81)

4–6 75 356 2.52 (1.99–3.18) 197 381 4.41 (3.83–5.07)

1–3 17 423 2.98 (1.84–4.81) 60 757 8.68 (6.73–11.18)

*Adjusted for calendar year, age, and sex.
†Reference category.
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Apgar score of 10, whereas incidence rate ratios of children
with low Apgar score decreased slightly (Table 6).

DISCUSSION
The incidence rate of epilepsy increased consistently

with decreasing 1- and 5-minute Apgar scores for children
born at term or born preterm. The incidence rates of epilepsy
decreased when the Apgar scores increased from 1 to 5
minutes, but they remained higher than those of children who
had an Apgar score of 10 at both measures. The incidence
rate ratios of neonates with low 5-minute Apgar score were
particularly high in early childhood and continued to be high
throughout the study period of up to 25 years. This associa-
tion was not confounded by cerebral palsy, congenital mal-
formations, or a parental history of epilepsy.

The association between Apgar scores and epilepsy has
been the subject of few studies. A case–control study indi-
cated that low Apgar score is a risk factor for first unprovoked
afebrile seizures among children,23 and one large population-
based study showed that children with a 5-minute Apgar
score below 7 had a higher risk of epilepsy.14 Our results are

FIGURE 1. Incidence rate ratios and 95% CIs of epilepsy for
children with 5-minute Apgar scores of 1–6 and 7–9 accord-
ing to age. Adjusted for calendar year, age, and sex. The
reference group consists of children with a 5-minute Apgar
score of 10.

TABLE 5. Association of 5-Min Apgar Scores With Epilepsy Among Children Without CP, CM, and
PHE,* Denmark, 1978–2002

5-Min Apgar Scores

Among Children
Without Cerebral Palsy

Among Children
Without Congenital

Malformation

Among Children
Without Parental

History of Epilepsy

Among Children
Without Any of
the 3 Conditions

IRR† (95% CI) IRR† (95% CI) IRR† (95% CI) IRR† (95% CI)

10‡ 1.00 1.00 1.00 1.00

9 1.39 (1.29–1.49) 1.42 (1.32–1.53) 1.45 (1.35–1.56) 1.35 (1.24–1.46)

8 1.79 (1.62–1.98) 1.78 (1.61–1.97) 1.90 (1.72–2.09) 1.68 (1.51–1.87)

7 2.13 (1.84–2.46) 2.22 (1.93–2.57) 2.46 (2.15–2.82) 1.92 (1.64–2.25)

4–6 3.46 (3.05–3.92) 4.03 (3.59–4.54) 4.31 (3.85–4.82) 3.37 (2.95–3.86)

1–3 5.96 (4.70–7.55) 6.86 (5.49–8.57) 7.35 (5.95–9.09) 5.81 (4.50–7.51)

*CP, CM, and PHE indicate cerebral palsy, congenital malformation, parental history of epilepsy, respectively.
†Adjusted for calendar year, age, and sex.
‡Reference category.

TABLE 6. Association of 5-Min Apgar Scores With Epilepsy, Including and Excluding Outpatients,
Denmark, 1995–2002

5-Min Apgar Scores

Inpatients and Outpatients Inpatients*

No. of Cases IR IRR† (95% CI) No. of Cases IR IRR† (95% CI)

10‡ 8362 91.3 1.00 5255 57.3 1.00

9 432 120.8 1.28 (1.16–1.41) 293 81.7 1.35 (1.20–1.52)

8 234 153.8 1.65 (1.44–1.87) 169 110.7 1.87 (1.60–2.18)

7 103 176.4 1.90 (1.57–2.31) 78 133.2 2.28 (1.82–2.85)

4–6 159 327.8 3.52 (3.01–4.12) 122 250.1 4.25 (3.55–5.08)

1–3 46 577.5 6.24 (4.67–8.33) 37 460.0 7.89 (5.71–10.91)

*Inpatients here refer to patients of epilepsy who were ever treated in an inpatient setting during study period.
†Adjusted for calendar year, age, and sex.
‡Reference category.
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consistent with those of the 2 previous studies.14,23 Our study
further showed that changes in Apgar scores from 1 to 5
minutes played a role, and we also found an association that
persisted into early adulthood.

Apgar score is a nonspecific assessment of the neonates
shortly after birth, and low Apgar scores are not specific to
birth asphyxia.24,25 Congenital malformations, infections, and
administration of drugs to the mother can also lead to low
scores.26–29 We know of only few studies on the effect of early
perinatal environmental factors and the risk of epilepsy.4–10

Most of these studies did not find strong associations,6–10 but
some studies indicate that neonatal encephalopathy, neonatal
seizures, and epilepsy may be related to brain lesions occur-
ring in the antepartum period.30–32 The combination of low
Apgar scores and symptoms of neonatal encephalopathy
carried an increased risk of a variety of later minor disabili-
ties, including epilepsy, among children with normal birth
weights, no congenital malformation, and no major neuro-
logic abnormalities.33 Unfortunately, we have no information
about neonatal encephalopathy to add to these findings.

The major strengths of our study are the large sample size,
the long follow-up time, the low loss to follow up, the reliable
information on hospitalization, and the fact that data came from
a uniform healthcare system that is free of charge for all patients.
Children with low Apgar scores may be followed more closely
for adverse outcomes than those with a normal score for a short
time after birth, but probably not for months or years. Apgar
scores were recorded prospectively and the diagnosis of epilepsy
was made independently of these scores, making differential
misclassification an unlikely explanation for the association. It is
more likely that nondifferential misclassification attenuates the
true association.

The main weakness of the study is that we had limited
clinical data. Epilepsy is a heterogeneous disorder, and dif-
ferent seizure types and syndromes may have different etiol-
ogies. We were not able to evaluate whether that was the case
for the association with Apgar scores. The information of
epilepsy in our study came from ICD codes. The validity of
the epilepsy diagnosis has been assessed according to Inter-
national League Against Epilepsy criteria34 in 188 randomly
selected inpatients and outpatients registered with epilepsy in
the National Hospital Register.35 The epilepsy diagnoses met
the definition as recurrent, unprovoked epileptic seizures in
153 patients corresponding to a positive predictive value of
81% (95% CI � 75–87%), which is comparable with other
population-based register studies.36 Among the 35 persons
who did not fulfill the criteria, 14 had had a single episode of
seizures. Thus, our estimate of the positive predictive value is
conservative, because some of these persons will probably
develop epilepsy. There were 2 major changes in the hospital
register system during the time of follow up. ICD-10 replaced
ICD-8 in 1994, and outpatients were included in the register
system from 1995. The association between Apgar score and
epilepsy decreased slightly when outpatients were included.

The Apgar scoring is made by midwives following stan-
dardized procedures, but unfortunately, the interrater reliability
of Apgar score has not been estimated in Denmark. The distri-
bution of 5-minute Apgar score in our study was, however,

similar to those of previous studies from other industrialized
countries.14,33 Some children in our study arbitrarily received an
Apgar score of zero if they were transferred to another depart-
ment immediately after birth (0.4% for 1- and 0.2% for 5-minute
Apgar score) and some children had missing Apgar scores for
unknown reasons (0.6% for 1- and 1.1% for 5-minute Apgar
score). These children had a slightly higher rate of epilepsy than
those with an Apgar score of 10.

Our findings call for more research focusing on a fetal
and perinatal origin of epilepsy. Potential causal candidates
could be infections, maternal lifestyle factors, maternal com-
plications during pregnancy, and factors related to the deliv-
ery process.
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The purpose of the study was to identify predictive risk factors for epilepsy among children

with cerebral palsy. We conducted a retrospective study of the clinical characteristics of

children with cerebral palsy and epilepsy in comparison to those of children with cerebral

palsy without epilepsy. The examined parameters included: the prevalence and the age of

onset of the seizures, the clinical subgroup of cerebral palsy and subtype of epileptic

seizures. We looked for possible risk factors including the presence of neonatal seizures,

the imaging findings, the gestational age at delivery, the adjusted birth weight, the mode of

delivery, the Apgar scores, and the head size as well as the presence of consanguinity.

Epilepsy occurred in 33% of the studied children. Almost 50% of the epileptic children had

their first seizure within the first 12 months of life. Neonatal seizures were strong

predictors for epilepsy ( p< 0.001). Presence of at least one abnormal structural finding

(particularly brain atrophy) was also a significant predictor of epilepsy ( p< 0.003). Low

Apgar score at 5 min after birth and birth at term were also found more frequently among

patients with epilepsy, although when adjusted with other risk factors, Apgar score did not

reach statistical significance. The mode of delivery, head circumference, adjusted birth

weight, gender and ethnic group, consanguineous marriage and prematurity were not

found to be risk factors for the occurrence of epilepsy in these children.

ª 2009 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights

reserved.
1. Introduction epilepsy was found to be neonatal seizures,2,5,7,8 but addi-
During the last decade several publications on the clinical

features of children with both epilepsy and cerebral palsy (CP)

reported the prevalence and the clinical characteristics of

epilepsy in various forms of CP. It has also been consistently

demonstrated that most of these epilepsies occur at an early

age.1–6 The most commonly reported risk factor for later
(N. Zelnik).
ean Paediatric Neurology
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tional data regarding birth history parameters that could

increase the risk for the development of epilepsy in these

children were less consistent.9–11 In the present retrospective

multicenter study we further searched for perinatal and early

infantile predictive factors that could increase the risk of

epileptogenesis in these children.
Society. Published by Elsevier Ltd. All rights reserved.
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Fig. 1 – The number of patients with epilepsy onset at each

age (N [ 65).
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2. Patients and methods

Patients selected for this retrospective region-based survey of

children with CP included 197 children aged 0–12 years

(117 males, 80 females) with CP whose medical records were

retrieved from the three main child development centers of

the Haifa district in Israel (The Clalit Healthcare Services, The

Bnai-Zion Medical Center, and the Maccabi Healthcare

Services). Children with CP born after 1993 were included in

the study. All patients entered the child development centers

prior to age 5, most of them during the first two years of life.

During the years 2005–2006 when the data on these patients

was collected, the mean age of the patients was 7.2� 3.0 years;

Range 1.4–12.8 years. It should be noted that the data collected

covered seizures that occurred from birth to 12.8 years. One

hundred and three patients (52.3%) were of Jewish ancestry, 88

(44.7%) were of Arab ancestry and 6 (3.0%) were of other

origins. Since more than 90% of all the children with neuro-

developmental disorders in this area are referred to these

centers, these patients represent the vast majority of the

children with CP in this region. The remaining patients belong

to a medical insurance group that did not participate in the

study. According to the Government Central Bureau of

Statistics, in 2006 there were 145,000 children (age range 0–13

years) in the Haifa region which means that the prevalence of

CP in the region is at least 1.35:1000, 95% CI (1.169, 1.548).

Children who subsequently developed epilepsy were

compared with children with CP without epilepsy.

The clinical types of CP were divided into five variants:

hemiplegia, quadriplegia, diplegia, dyskinesia, and ataxia-

hypotonia. Whether treated or not, epilepsy was defined as the

presence of two or more non-febrile seizures beyond the

neonatal period. We classified the seizures according to the

modified criteria of the International League against Epilepsy12

into 7 clinical subtypes: infantile spasms, partial seizure

(without or with secondary generalization), generalized tonic-

clonic seizures (GTCS), myoclonic seizures, atonic and/or tonic

seizures with or without atypical absences, typical absence

seizures and non-classified seizures. In cases where seizures

were mixed or changed with time, we referred to the seizure

type at the earliest presentation of the epileptic seizures (but

after the neonatal period). Imaging data such as computed

tomography (CT) and magnetic resonance imaging (MRI)

findings were classified as: non-specific atrophy, brain mal-

formations, primarily gray matter lesions (including infarcts),

primarily white matter lesions (including periventricular leu-

komalacia), hydrocephalus, intracranial-hemorrhage, and

normal imaging. Thinning of the corpus callosum due to white

matter atrophy was considered as white matter lesions rather

than being a cerebral malformation. Cases with non-specific

atrophy associated with additional specific changes were

classified according to the latter. Head size (at time of admis-

sion to the child development center) was defined as: normo-

cephalic, microcephalic (below 2nd percentile), or

macrocephalic (above 98th percentile). The gestational age of

the patients at birth was classified as: term infants (for gesta-

tional age between 38 and 41 weeks), preterm infants (for

a gestational age between 30 and 37 weeks), extreme preterm

(for a gestational age below 30 weeks) and post-term infants
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(for gestational age beyond 42 weeks of gestation). Since the

subjects of the study included both term infants and preterm

infants (born at a wide range of gestational ages), we used their

gestational age adjusted birth weights as appropriate indica-

tors for intra-uterine growth rather than their actual birth

weights. These birth weights were classified as: small for

gestational age, appropriate for gestational age, and large for

gestational age based on Usher & McLean intra-uterine growth

charts.13 For all patients the mode of delivery was classified as:

normal delivery, instrumental (forceps or vacuum extraction)

delivery and cesarean section. This group was further divided

into children that were born by elective cesarean section and

those who were born by an urgent cesarean section due to

labor complication or acute fetal distress. Apgar score was

defined as high if it was above 7 at one minute or equal to 8 or

above at five minutes; as moderate when it was between 4 and

6 at one minute or between 4 and 7 at five minutes and as low

score when it was less than or equal to 3 at one and five

minutes. We also looked in all patients for parental consan-

guinity and the presence of neonatal seizures. The research

was approved by the Helsinki committee of all the three

agencies collaborating in this study.

Data analysis was performed using SPSS. Chi-square test

was used to assess the relationship between categorical

variables and odds ratio and 95% CI were calculated.

In groups with a small number of patients the Fisher Exact

test was employed. T-test was used to compare continuous

variables between two independent groups. Multivariate

logistic regression was used to asses the influence of different

risk factors for the development of epilepsy. Odds ratio and

95% confidence interval were calculated from the model. All p

values were two-sided, and statistical significance was

defined as p< 0.05.
3. Results

3.1. Epilepsy, neonatal seizures and CP

Sixty-five children (33.0%) with CP developed epilepsy. Of

these, thirty two children (49.2%) had their first seizures

(beyond the neonatal period) during the first 12 months and 45

children (69.2%) had their first seizure during the first two
 页



Table 1 – The clinical subgroups of CP in the epileptic and the non-epileptic children and their respective type of epilepsy.

CP subgroup CP Only CP & Epilepsy (epilepsy subtypes) Total

1. Hemiplegia 52 (39.4%) 18 (27.7%) [infantile spasms 2, partial seizures 9,

GTCS 5, atonic/tonic sz 1, not classified 1]

70 (35.5%)

2. Diplegia 35 (26.5%) 7 (10.8%) [partial seizures 2, GTCS 3, myoclonic sz 1,

atonic/tonic sz 1]

42 (21.3%)

3. Quadriplegia 23 (17.4%) 32 (49.2%) [infantile spasms 3, partial seizures 6, GTCS 13,

atonic/tonic sz 5, myoclonic sz 2, not classified 3]

55 (27.9%)

4. Ataxic-Hypotonic 13 (9.9%) 5 (7.7%) [partial seizures 2, GTCS 1, myoclonic sz 1,

not classified 1]

18 (9.2%)

5. Dyskinetic/mixed 9 (6.8%) 3 (4.6%) [infantile spasms 2, atonic/tonic sz 1] 12 (6.1%)

Total 132 (100%) 65 (100%) [infantile spasms 7, partial seizures 19, GTCS 22,

atonic/tonic sz 8, myoclonic sz 4, not classified 5]

197 (100%)

Abbreviations: CP – cerebral palsy, GTCS – generalized tonic-clonic seizures, and sz – seizures.
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years of life; an additional 16 children had their first seizure

between the second and sixth year of age and only 4 children

(6.2%) developed their epilepsy beyond 6 years (Fig. 1).

The clinical subtypes of CP among the epileptic and the

non-epileptic patients and the clinical epilepsy subgroups are

shown in Table 1, demonstrating that epilepsy was particu-

larly common in patients with quadriplegia (58.2% vs. 23.2%),

OR¼ 4.59, 95% CI (2.37–8.91), p< 0.001. The mean age for

seizures onset was 1.8� 2.0 years. The prevalence of epilepsy

was consistent across ethnic groups ( p¼ 0.13) and genders

( p¼ 0.62). Twenty-seven children with CP had documented

neonatal seizures. Twenty two of them (81.5%) subsequently

had epilepsy, OR¼ 12.99, 95% CI (4.64–36.43), p< 0.001. Out of

ninety seven term infants, thirteen children had a history of

neonatal seizures (12 of them subsequently developed

epilepsy), and of the 89 preterm infants, 14 children had

neonatal seizures (10 of them subsequently developed

epilepsy). Most of the children with neonatal seizures who

later developed epilepsy had quadriplegia (54.5%) and hemi-

plegia (27.2%). The types of epilepsies that were preceded by

neonatal seizures were predominantly GTCS (59.0%), partial

seizures (18.2%) and infantile spasms (18.2%). One additional

infant had unclassified seizures.
Table 2 – The imaging findings in the epileptic and the
non-epileptic children.

Imaging findings CP Only CP & Epilepsy Total

Normal imaging 25 (28.7%) 10 (16.4%) 35 (23.6%)

Abnormal Imaging

(all findings)

62 (71.3%) 51 (83.6%) 113 (76.4%)

Non-specific atrophy 4 (4.6 %) 11 (18.0%) 16 (10.8%)

Grey matter insult

(including infarctions)

14 (16.1%) 17 (27.9%) 31 (21.0%)

White matter insult

(including PVL)

16 (18.4%) 4 (11.5%) 23 (15.5%)

Cerebral malformations

Dysgenesis

10 (11.5%) 7 (11.5%) 17 (11.5%)

Hydrocephalus 5 (5.7%) 5 (8.2%) 8 (5.4%)

Brain Hemorrhage

(including IVH)

13 (14.9%) 7 (11.5%) 20 (13.5%)

Total 87 (100%) 61 (100%) 148 (100%)

Abbreviations: PVL – Periventricular Leukomalacia, and IVH –

Intraventricular Hemorrhage.

p< 0.003.
3.2. Imaging data

The imaging findings were available for 148 children which

encompass 75.1% of all the subjects (Table 2). For 72 patients CT

scans were available, for 48 patients MRI scans were available

and for 28 patients both CT and MRI scans were available. In 49

patients we had no data or they had documented head ultra-

sounds that were done only during early infancy. Abnormal

imaging was more common in CP children with epilepsy as

compared to children without epilepsy ( p< 0.003). Within the

patients with abnormal imaging findings only cerebral atrophy

was more common in children with epilepsy, than in children

without epilepsy ( p< 0.012). Children with infarcts and gray

matter disease were somewhat more prone to develop epilepsy,

while children with white matter disease were relatively more

frequent in the group of CP without epilepsy. However, due to

the small number of patients in each group these differences did

not reach statistical significance.
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3.3. Birth history

The gestational age of the patients at birth was recorded in 190

(96.4%) of the children with CP. In the group of children with

epilepsy 41 (65.1%) were term infants and 20 (31.7%) were

preterm infants (6 of which were extreme preterm). In the

group of children without epilepsy 56 (44.1%) were term

infants while 69 (54.4%) were born pretermly (34 of which were

extreme preterm). Four children (2 in each group) were post-

term infants. An increased prevalence of epilepsy was noted

in the term infants ( p< 0.01).

The mode of delivery was recorded in 178 (90.4%) children.

Normal vaginal delivery was conducted in 29 (49.1%) children

with epilepsy and 54 (45.4%) children without epilepsy.

Instrumental delivery was conducted in only 6 children with

epilepsy and 5 children without epilepsy. Caesarian sections

were relatively common and performed in 24 (40.7%) of chil-

dren with epilepsy (15 of which were urgent) and 60 (50.4%) of

children without epilepsy (24 of which were urgent). None of

these modes of delivery was found as a significant risk factor

for developing epilepsy ( p¼ 0.2). Urgent caesarian sections
页
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were also not found as risk factors for epilepsy or neonatal

seizures.

The adjusted birth weights of the subjects were recorded in

173 (87.8%) children. One hundred and thirty six children

(76.9%) were appropriate for their gestational age, 21 (12.1%)

were small for their gestational age and 19 (11.0%) were large

for their gestational age. None of these birth weight categories

was found as a risk factor for the development of subsequent

epilepsy ( p¼ 0.62).

The Apgar scores were recorded in 129 (65.5%) children and

are shown in Table 3.

Low scores (�3 at 5 min) were more common in children

with epilepsy: 24.4% vs. 6.8% of non-epileptic children

( p< 0.02). Presence of quadriplegia, neonatal seizures and

term infants but not Apgar score, were all significant inde-

pendent risk factors for the development of epilepsy in

a multivariate logistic regression model (Table 4).

3.4. Head circumference

The head circumferences were recorded in all children on

admission to the child development centers. Ninety eight

children (49.7%) were normocephalic, 94 children (47.7%) were

microcephalic and 5 children were macrocephalic. The

distributions of the head circumference in the CP children

with and without epilepsy were similar.

3.5. Consanguinity

Parental data was available in 192 (97.5%) children and

missing in 5, three of whom were adopted. In this group 31

(16.1%) children were born to consanguineous parents. The

percentage of consanguinity among epileptic and non-

epileptic children was similar (14.1% vs. 17.2%).
4. Discussion

Epilepsy is considered one of the most common neurologic

disorders that accompanies patients with CP. While its prev-

alence in the general population is approximately 0.5%, with

a substantial number of primary seizures,14 in our study, as in

other previous reports on patients with CP,4 epilepsy was

much more prevalent, and as a rule, all patients suffered from

secondary seizures. In this study, as in many previous

studies,1,5,7,15,16 epilepsy was particularly common in children
Table 3 – The distribution of the Apgar scores of the epileptic a

Apgar Score CP only CP

N¼ 132

High Apgar score 59 (67.0%) 2

Moderate Apgar score 23 (26.1%)

Low Apgar Score 6 (6.9%) 1

Total 88 (100%) 4

No sufficient data 44

High Apgar score: 1 min �7, 5 min� 8; Moderate Apgar score: 1 min¼ 3–5
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with quadriplegia, while the second CP subgroup of the chil-

dren who developed epilepsy was hemiplegia. Epilepsy was

less common in children with diplegia, and relatively rare in

children with dyskinetic or ataxic CP. Comparable to previous

studies, the onset of epilepsy in the present cohort occurred at

a young age.1–7,15–17 Hence more than 50% of the children had

their first seizures during the first year of life, and only five

children had their epilepsy onset beyond five years.

With respect to neonatal seizures, their presence was

strongly predictive for the subsequent occurrence of epilepsy

and in our study most of these children had either quadri-

plegic or hemiplegic CP. A strong association of neonatal

seizures with epilepsy has been already reported by Nelson

and Ellenberg during the Collaborative Perinatal Project

(NCPP) of the NIH summarizing 54,000 singleton pregnancies

between 1959 and 1966.18 Subsequently, additional retro-

spective studies clearly demonstrated that in children with

cerebral palsy neonatal seizures were strongly predictive for

future development of epilepsy.5–8,19 Comparing the relative

risk of the presence of neonatal seizures and the subsequent

morbidity with CP and epilepsy in our study, it seems that

there was no difference between term and preterm infants

(12.8% vs. 15.7% respectively). These findings are in contra-

diction with previous studies, including a recent prospective

study of Ronen et al. that clearly show that neonatal seizure

are more common in preterm infants.8,20 However, it should

be emphasized that our population consists of children with

neonatal seizures who consequently also developed CP and

survived the perinatal and postnatal periods. Birth at term

was a significant factor. In this respect it should be noted that

our definition of full-term pregnancy is slightly different from

the International Classification of Diseases (CD-10), which

defines it as 37–41 weeks (inclusive). In our definition, infants

with a birth age of 37 weeks gestation were considered

preterm rather than full-term. Even with this slightly enlarged

preterm group, we did not find a stronger predisposition for

neonatal seizures in preterm infants.

Data regarding additional perinatal factors that might

contribute to the pathogenesis of seizures in patients with CP

is relatively scarce and most studies refer to either CP in

general or epilepsy in the general population rather than to

epilepsy in children with CP; these studies consistently show

that low birth weight and prematurity are risk factors for both

epilepsy or CP.9,21,22 In contrast, in the present study, epilepsy

was more common in subjects who were born as term infants.

Such an observation was also reported by Gururaj et al.,5 while
nd non-epileptic children (N [ 129).

& Epilepsy Total p value

N¼ 65 N¼ 187

3 (56.1%) 82 (41.6%) p¼NS

8 (19.5%) 31 (15.7%) p¼NS

0 (24.4%) 16 (8.6%) p< 0.02

1 (100%) 129 (100%) –

24 68 –

and/or 5 min¼ 4–7; and Low Apgar score: 1 min� 3 and/or 5 min� 3.
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Table 4 – Risk factors for epilepsy in the study population. Crude and adjusted odd ratio with 95% confidence interval for
quadriplegia, neonatal seizures, maturity at birth and low Apgar scores.

Risk factor N Number (%) Odd Ratio 95% CI p Odd ratioa 95% CI p

Types of cerebral palsy Other types

of cerebral palsy

142 33 (23.2) 1 1

Quadriplegia 55 32 (58.2) 4.6 (2.37, 8.91) 0.0001 4.03 (1.91, 8.45) 0.0001

Neonatal Seizures Not present 170 43 (25.3) 1 1

Present 27 22 (81.5) 12.9 (4.63, 36.43) 0.0001 12.55 (4.2, 37.51) 0.0001

Maturity at birth Prematurity 89 20(22.5) 1 1

Term 101 43 (42.6) 2.59 (1.36, 4.83) 0.003 2.85 (1.36, 5.98) 0.006

Apgar score High/moderate 113 31(27.4) 1

Low 16 10 (62.5) 4.41 (1.48, 13.16) 0.02 NS

Prematurity – gestational age at birth< 37 weeks; and Term infants – gestational age 38–42 weeks.

High Apgar score: 1 min �7, 5 min� 8; Moderate Apgar score: 1 min¼ 3–5 and/or 5 min¼ 4–7, and Low Apgar score: 1 min� 3 and/or 5 min� 3.

a Multivariate logistic mode.
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Kulak and Sobaniech did not find that the gestational history

played any role as a risk factor for epilepsy in these children.7

However, this latter study is hospital based and referral bias

was not accounted for. It is not inconceivable that the

different underlying mechanism for CP among full-term and

preterm infants, as also previously suggested,5 accounts for

the high prevalence of epilepsy in the term group. This

hypothesis is further supported by the type of imaging

abnormalities observed among infants with and without

epilepsy. Previous research pertaining to the relationship

between low Apgar score and epilepsy found an increased

adjusted risk ratio among full-term infants.9

Analyzing the imaging data, it seems that children with

epilepsy were more prone to have at least one abnormal brain

imaging finding. It is not surprising that a trend towards the

occurrence of epilepsy was found in children with gray matter

insult (primarily cerebral infarcts), rather than in children

with white matter lesions. Interestingly, cerebral atrophy was

also reported more frequently in children with CP and

epilepsy by Kulak and Sobaniec7 and reached statistical

significance in the study of Gururaj et al.5 A possible expla-

nation for the association of atrophy and epilepsy is the fact

that in many cases atrophy presents the end result of prenatal

or perinatal global ischemia with extensive neuronal damage.

While intraventricular hemorrhage was recognized as

a significant risk factor for the development of neonatal

seizures23 and in patients with neonatal seizures cerebral

dysgenesis and intraventricular hemorrhage were recognized

as predictors for poor prognosis,8 in the present study children

with documented IVH and cerebral dysgenesis that later

developed CP did not show increased risk for epilepsy. The

reason for this observation is probably the fact that 50% of the

subjects in our cohort had low grade uncomplicated hemor-

rhages (with a low propensity for epilpetogenesis), and while

all the children who had cortical malformations developed

epilepsy, none of the children with malformations of the

corpus callosum and the posterior fossa had seizures.

We could not demonstrate an association between the

mode of delivery, the relative birth weight, and the head

circumference at the time of diagnosis and the risk of epilepsy

in children with CP. While low Apgar scores were found to be

a crude risk factor in these children, when analyzed with

multivariate logistic regression, they were not found to be
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a significant risk factor. Depressed Apgar scores were found as

both crude and adjusted risk factors for epilepsy in

a prospective population based study pertaining to all infants

regardless of their neurological status.21 Low Apgar scores

were also recognized as risk factors for epilepsy in the general

population in some other studies.9,21 However, another study

using the same registry with a different sample suggests that

the risk of a low Apgar score for the development of later

epilepsy was similar for children who did and did not develop

CP.9 It is possible that a more thorough ascertainment of

diagnostic labeling of both CP and epilepsy in the present

study as compared to a population registry accounts for this

difference in results. While consanguinity has been reported

as a contributory factor in certain hereditary epilepsies,24,25

we could not demonstrate that it has a significant role in

epilepsy among subjects with CP. Gender was also found not

significant as a risk factor for epilepsy in our study. This

finding is consistent with a previous study.26

4.1. Limitation of the study

The present study employed a retrospective design. It is

assumed that a prospective approach would have resulted in

more comprehensive data retrieval. However it should be

noted that the three child development centers collaborating

on this project support the greater Haifa area and cover the

great majority of the deliveries and infants with neuro-

developmental disabilities. The Israeli Well Baby clinic

network as well as the systematic referral of all infants with

very low birth weight and suspected neurological disorder to

the Child Development Centers also adds reliability to our

study.27 Familial history of epilepsy previously noted to be

a significant risk factor for epilepsy among children with CP

and epilepsy28,29 has not been included in our analysis (due to

difficulties to validate its reliability). Finally, we did not

analyze the possible effect of treatment either during the

neonatal period or thereafter. Since the employed regiments

were not standardized across the centers and the possible

effect of such treatment on later outcome has not been

established,30 we did not include these variables in our study.

In summary, the cumulative data generated from the

present and previous studies shows that epilepsy is common

in certain forms of CP, it is frequently heralded by neonatal
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seizures, is associated with higher frequency of structural

abnormalities (primarily brain atrophy and gray matter

involvement) and is also associated with low Apgar scores.

The mode of delivery, the relative birth weight, the head

circumferences, and the presence of consanguinity were not

found to be risk factors for epilepsy in these patients. Despite

the complexity of the seizures, the tendency towards a pro-

tracted course and the necessity for polytherapy, most

patients can achieve satisfactory seizure control.
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A B S T R A C T

Epilepsy drug-resistance may depend on the metabolism of antiepileptic drugs (AEDs), transport to the

epileptic focus and/or target sensitivity. Furthermore, drug response depends on multiple characteristics

of the patient, the epilepsy, and the antiepileptic drugs used.

We have investigated the association between polymorphisms related to antiepileptic drug

metabolism (CYP2C9, CYP2C19, and UGT), transport (ABCB1), and targets (SCN1A) both in a crude

analysis and after adjusting by clinical factors associated with drug-resistance, and stratifying by patient

age or aetiology of epilepsy.

Caucasian outpatients (N = 289), children (N = 80) and adolescent-adults (N = 209), with idiopathic

(N = 69), cryptogenic (N = 97) or symptomatic epilepsies (N = 123) were selected when they had either

drug-resistance (with at least four seizures over the previous year after treatment with more than three

appropriate AEDs at appropriate doses) or drug responsiveness (without seizures for at least a year).

Samples were genotyped by allelic discrimination using TaqMan probes.

No significant association between polymorphisms and drug-resistance was found either in the crude

analysis or in the adjusted analysis. However, adults with the ABCB1_3435TT or 2677TT genotypes had a

lower risk of drug-resistance than those with the CC or the GG genotypes. Furthermore, patients with

symptomatic epilepsies with the ABCB1_3435CT or TT genotypes had a lower risk of drug-resistance

than those with the CC genotype. An opposite but insignificant tendency was found in children and in

idiopathic epilepsies.

Although replication studies will be needed to confirm our results, they suggest that stratification by

patient age and by the aetiology of epilepsy could contribute to unmask the association between ABCB1

polymorphisms and drug-resistance of epilepsy.

� 2009 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Epilepsy is a common, serious, and treatable neurological
disorder. Despite significant advances in the therapy of epilepsy
over recent decades, about one third of patients with newly
diagnosed epilepsy will become refractory to treatment, with their
seizures impacting upon day-to-day activity, social well-being,
independence, economic output and quality of life.1–4

The mechanisms underlying the development of drug-resis-
tance in epilepsy are complex and, at this time, not fully
* Corresponding author at: Servicio de Farmacologı́a Clı́nica, Hospital Universi-
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understood.5 Drug-resistance depends on a number of clinical
aspects including aetiology, early age at seizure onset, type of
epileptic syndrome and seizure, structural brain abnormalities or
lesions, or abnormal electroencephalographic findings.1–4 Further-
more, drug-resistance may depend on genetic and acquired factors
affecting pharmacokinetics or pharmacodynamics of AEDs. Genet-
ic factors may reduce serum drug concentrations either by
reducing absorption or by increasing elimination and/or the access
of AEDs to the epileptic focus in the central nervous system (CNS).
In addition, genetic factors may be responsible of changes in AED
targets reducing the response to drugs.3,6,7

Many AEDs are metabolised by the cytochrome P450 (CYP) and
uridin diphosphate glucuronosyl transferase (UGT) superfamilies.
CYP2C9 contributes to the metabolism of phenytoin and valproic
acid; CYP2C19 contributes to the metabolism of phenytoin,
diazepam and phenobarbital.7–10 Two polymorphisms of CYP2C9
vier Ltd. All rights reserved.
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(*2 and *3) are known to slow down the metabolism of phenytoin
to a degree that increases the risk of the neurotoxic effects of this
drug among carriers of these polymorphisms, whereas the
influence of CYP2C19 polymorphisms is minor.7,10,11 The UGT
isozymes evolved in the metabolism of each anticonvulsant are not
yet well defined and some anticonvulsants can be metabolised by
more than one isozyme. UGT1A1 may be implicated in lamotrigine
metabolism.12 UGT2B7 contributes to valproic acid,13,14 carba-
mazepine,15 lamotrigine16 and lorazepam glcuronidation.9,14

UGT2B15 participates in lorazepam metabolism.17 However, the
functional significance of UGT2B7 polymorphisms is unclear.18 In
one study, AUCs of valproate increased with the number of
UGT2B7*2 alleles, but the difference was insignificant.14

Drug-resistance may also be caused because sufficient intra-
parenchymal AED concentrations are not attained in the epileptic
focus by an enhanced function of multidrug transporters or
because target sites are structurally and/or functionally modified
and become less responsive to AEDs.5,19,20

In 2003, Siddiqui et al. reported the 3435C>T polymorphism in
the ABCB1 gene as being associated with resistance to multiple
AEDs. Patients with multidrug-resistant epilepsy were significant-
ly more likely to have CC than TT genotype.21 Because the CC
genotype has been associated with increased expression of
intestinal P-glycoprotein,22 the data of Siddiqui et al.21 suggested
that CC genotype may be associated with increased expression and
functionality of P-glycoprotein also at the blood–brain barrier,
leading to reduced AED concentrations at their brain targets.
Several studies have confirmed the association of ABCB1_3435C>T
or ABCB1_2677G>T polymorphisms with drug-resistance, but
other studies could not find it.7 In a recent meta-analysis, an
association between ABCB1 polymorphisms and antiepileptic
drugs response was not found.23 Differences in methodology
and patients’ recruitment from one study to another may influence
the results.7 Most studies were performed in multiple types of
epilepsy and with multiple AEDs, but no attempt was made to
separate children from adults or idiopathic from cryptogenic and
symptomatic epilepsies despite there being important differences
in drug-resistance and type of antiepileptic drugs used in each
subgroup.

With respect to AED targets, the inhibition of voltage-gated
sodium channels is the main mechanism of most AEDs, and
mutations in SCN1A gene have been associated with different
types of genetic epilepsies.6 Furthermore, SCN1A_IVS5N+5G>A
polymorphism has been associated with the maximum tolerated
dose of phenytoin and carbamazepine.24,25

The primary goals of this study were the following: (i) to
analyze the association between several single nucleotide poly-
morphisms (SNPs) of the CYP2C9, CYP2C19, UGT2B7, ABCB1, and
SCN1A genes by bivariate analysis and (ii) to analyze these
associations taking into account some factors related with the
patient and his/her epilepsy by multivariate analysis. The
secondary goal was to investigate these associations stratifying
patients by patient age and epilepsy aetiology.

2. Materials and methods

The protocol for this observational study was approved by the
Regional Ethics Committee and it was carried out in accordance
with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.26

Written informed consent was obtained from patients or from
their parents or legal guardians.

The study was carried out on 289 outpatients attending the
Neuropediatrics and Neurology Services at the Marqués de
Valdecilla University Hospital. These Services are the neurological
reference Services attending most epileptic patients in Cantabria,
第 70
an autonomous community at the north of Spain with about
600,000 inhabitants.

Patients, all Caucasians, were included when they had an
established clinical diagnosis of epilepsy (defined by the occur-
rence of two or more unprovoked seizures) confirmed by an
electroencephalogram examination by an expert. Furthermore,
patients were included when they had either drug-resistant or
drug-responsive epilepsy according to the following definitions
and criteria. Drug-resistance was defined as the occurrence of at
least four seizures over the year before recruitment with trials of
more than three appropriate AEDs at maximal tolerated doses,
which were established on the basis of the occurrence of clinical
side effects at supra-maximal doses or trough serum concentra-
tions at the higher limit of the optimal interval. Only the
recognized, more specific drugs for a syndrome were considered
appropriate. Drug responsiveness was defined as complete
freedom from seizures for at least a year, up to the date of the
last follow-up visit, in patients with epilepsy treated with AEDs.

Medical history of each patient was revised by the two
neuropediatricians and the two neurologists participating in the
study. Data collected before genotyping on a specific form were the
following: patient age and gender, family history of epilepsy (yes/
no) and/or febrile seizures (yes/no), past medical history of
troubles during pregnancy, labour or post-labour (6 categories),
electroencephalographic location of paroxysmal activity (14
categories), age at the onset of epilepsy, type of seizures
(generalized or partial), aetiology of the epilepsy (idiopathic,
cryptogenic or symptomatic), and presence of neurological
alterations (yes/no). Symptomatic epilepsies were dues to the
following causes according to the classification of Engel27:
neurocutaneous disorders (N = 8), malformations due to abnormal
cortical developments (N = 13), other cerebral malformations
(n = 16), tumours (N = 3), chromosomal abnormalities (N = 1),
inherited metabolic disorders (N = 3), prenatal or perinatal
ischemic or anoxic lesions or cerebral infections causing nonpro-
gressive encephalopathies (N = 36), postnatal infections (N = 6),
other postnatal factors (N = 37). Previous and actual treatments
(AEDs, dosages and trough steady-state serum concentrations)
were also collected.

Blood samples for genotyping (5 mL) were obtained with EDTA
through the venopunction used for pharmacokinetic monitoring
and frozen at �80 8C for 24 h. DNA was extracted from 200 mL of
blood (Puregene1 DNA purification kit of Gentra Systems, 10th
Avenue North, Minneapolis, MN, USA) according to the manu-
facturer’s instructions. Between 3 and 10 mg of DNA were obtained
from 200 mL of blood.

SNPs genotyped and Applied Biosystems Taqman Drug
Metabolism Genotyping Assays used are displayed in Table 1.
Predeveloped Taqman assay reagents for allelic discrimination
were used for all SNPs except the one for ABCB1_2677G>T, which
was developed in our laboratory. Fifty nanograms of DNA were
used and the manufacturer’s instructions were followed. Polymer-
ase chain reaction amplification consisted of an initial denatur-
ation for 5 min at 95 8C, followed by 50 cycles of denaturation at
92 8C for 1 min, annealing at 57 8C for 50 s and an extension at
72 8C for 1 min. PCR reactions were carried out in a Bio-Rad iCycler
thermocycler (Bio-Rad, Hercules, California, USA). Samples
remained at 4 8C until visualization. Visualization of fluorescence
in each sample at the end of the reaction was performed by the
Stratagene MX3000P QPCR System (Agilent Technologies Compa-
ny, La Jolla, CA, USA), using the MxProQPCR software. Genotyping
was performed in a blinded fashion with respect to the drug-
resistance condition of the patient. ABCB1_2677G>T genotypes
were confirmed by an alternative method using the polymerase
chain reaction-restriction fragment length polymorphism method
described by Cascorbi et al.28
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Table 1
Polymorphisms genotyped.

Gene Mutant allele Aminoacid change

and position

Location NCBI reference Applied Biosystems

Assay ID

CYP2C9 CYP2C9*2, c.430C>T Cys/Arg [144] Chr.10/exn 3 rs1799853 C_25625805_10

CYP2C9 CYP2C9*3, c.1075A>C Leu/Ile [359] Chr.10/exon 7 rs1057910 C_27104892_10

CYP2C19 CYP2C19*2, c.681G>A Pro/Pro [227] Chr.10/exon 5 rs4244285 C_25986767_70

CYP2C19 CYP2C19*3, c.636 G>A Ter*/Trp [212] Chr.10/exon 4 rs4986893 C_27861809_10

UGT1A1 UGT1A1*27, c.686C>A Pro/Gln [229] Chr.2/exon 1 rs35350960 C_2307598_20

UGT2B7 UGT2B7, c.372A>G Arg/Arg [124] Chr.4/exon 1 rs28365063 C_30689135_20

UGT2B7 UGT2B7, c.-161C>T His/Tyr [268] Chr.4/promoter region rs7668258 C_27827970_40

ABCB1 ABCB1, c.3435 C>T Ile/Ile [1145] Chr.7/exon 26 rs1045642 C_7586657_20

ABCB1 ABCB1, c.2677 G>T Ala/Ser [893] Chr.7/exon 21 rs2032582 –

SCN1A SCN1A, c.3166 A>G Thr/Ala [1056] Chr.2/exon 16 rs2298771 C_11748767_20

SCN1A SCN1A, IVS5N+5 G>A – Chr.2/intron 4 rs3812718 C_25982233_10
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To evaluate the influence of patient age, patients were divided
into children (�12 years) and adolescent-adults (>12 years)
subgroups. To evaluate the influence of the aetiology of epilepsy,
patients were divided into idiopathic, cryptogenic and symptom-
atic epilepsy subgroups. The statistical analysis was carried out
using the SPSS for Windows version 15.0 software (SPSS Inc.,
Chicago, IL, USA) and the SNPStats software.29 SPSS was used to
compare genotypic frequencies between drug-responsive and
drug-resistant patients, and to analyze the association between
each polymorphism and drug-resistance by binary logistic
regression between both in a bivariate analysis without including
clinical factors, and in a multivariate analysis taking into account
clinical factors. SNPStats was used to compare observed and
expected frequencies by means of the Hardy–Weinberg test, and to
analyze the interaction between each polymorphism and covari-
ates. A two-sided test (P < 0.05) was considered significant
throughout.

3. Results

Characteristics of drug-sensitive and drug-resistant patients are
shown in Table 2. Significant differences between drug-responsive
and drug-resistant patients were found in past medical history
(P = 0.016), type of seizure (P < 0.001), age at the onset of epilepsy
(P < 0.001), aetiology of epilepsy (P < 0 .001), and neurological
alterations (P < 0.001).

Hardy–Weinberg equilibrium was observed for all the poly-
morphisms studied except for ABCB1_2677G>T (P = 0.007). No
significant association between drug-resistance and each poly-
morphism was observed either in the bivariate analysis (without
including clinical factors) or the multivariate analysis in which
clinical factors were taken into account by means of logistic
regression (Table 3).

However, significant associations between ABCB1 polymorph-
isms and drug-resistance were found when patients were stratified
by patient age or aetiology of epilepsy. When patients were
stratified by patient age, a significant association was observed
between ABCB1_3435C>T and ABCB1_2677G>T polymorphisms
and drug-resistance in adults, but not in children. In adults,
frequencies of ABCB1_3435TT and ABCB1_2677TT genotypes were
significantly lower than those of ABCB1_3435CC or
ABCB1_2677GG genotypes (P = 0.019 and P = 0.03, respectively).
The crude odds ratios indicated a lower risk of drug-resistance in
the patients with the genotype TT than in those with the genotype
CC (OR: 0.40, 95%CI: 0.19–0.86) or GG (OR: 0.41, 95%CI: 0.18–0.92).
In children, an opposite tendency was observed, suggesting a
higher risk in patients with genotypes TT than CC or GG, but
statistical significance was not achieved (Table 4). The interaction
between the patient age factor and ABCB1 polymorphisms was
significant both for ABCB1_3435C>T (P = 0.033) and for
ABCB1_2677G>T (P = 0.021).
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With respect to the aetiology of epilepsy, a significant
association between ABCB1_3435C>T polymorphism and drug-
resistance was to be found in the subgroup of patients with
symptomatic epilepsy (P = 0.011) but not in those with idiopathic
or cryptogenic epilepsies. In the subgroup of patients with
symptomatic epilepsy, frequency of ABCB1_3435TT genotype
was significantly lower than that of CC genotype in drug-resistant
patients (P = 0.003). The crude odds ratio indicated a lower risk of
drug-resistance in the patients with the genotype CT or TT than in
those with the genotype CC (OR: 0.39, 95%CI: 0.16–0.94 and OR:
0.20, 95%CI: 0.07–0.58, respectively). In contrast, a tendency to a
higher risk in patients with genotypes CT or TT than CC was
observed in patients with idiopathic epilepsies, but differences
were not statistically significant (Table 5). The interaction between
the epilepsy aetiology factor and the ABCB1_3435C>T polymor-
phism was significant (P = 0.005).

4. Discussion

Mechanisms of epilepsy drug-resistance are complex and
multifactorial and, therefore, it may be difficult to find a significant
association with a SNP. In fact, when all patients were analyzed as a
whole, significant associations between the SNPs included in our
study and epilepsy drug-resistance were not found in the bivariate
analysis in which demographic and clinical factors were not
considered.

Our hypothesis was that the association of polymorphisms with
drug-resistance could be masked by the unequal presence of
factors known to influence drug-resistance of epilepsy. Therefore,
we consider necessary to analyze the association between
polymorphisms and drug-resistance taking into account and
stratifying patients by clinical factors that influence drug-
resistance of epilepsy. In fact, in our study there was a significant
association of drug-resistance with covariates such as past medical
history, type of seizures, age at the onset of epilepsy, aetiology of
epilepsy or neurological alterations. However, when the associa-
tion between polymorphisms and drug-resistance was adjusted by
clinical factors by means of logistic regression, a significant
association between the SNPs studied and drug-resistance was
neither found.

Studies investigating the association between polymorphisms
and drug-resistance adjusting by clinical factors are scarce. In the
study of Seo et al.30 in Japanese patients, in which the risk of drug-
resistance was higher in patients of low age at the onset of
epilepsy, in those with generalized seizures, and in those with
cryptogenic and symptomatic epilepsies, a significant but opposite
association was found because ABCB1_3435TT frequency was
higher in drug-resistant patients. In contrast, in another study
in Chinese patients, a significant association between
ABCB1_3435C>T and ABCB1_2677G>T polymorphisms and
drug-resistance was found when the odds ratio was adjusted by



Table 2
Characteristics of drug-responsive and drug-resistant patients.

Covariate Categories Drug-responsive

patients (N = 178)

Drug-resistant

patients (N = 111)

Binary logistic regression

(bivariate analysis)

Frequency % Frequency % OR (95%CI) P

Patient age in years (M� SD) 26.0�19.8 27.0�18.5 1.00 (0.99–1.02) NS

Patient age groups �12 years 52 29.2 28 25.2 1.00

>12 years 126 70.8 83 74.8 1.22 (0.72–2.09) NS

Gender Males 88 49.4 56 50.5 1.00

Females 90 50.6 55 49.5 0.96 (0.60–1.54) NS

Family history of epilepsy No 154 86.5 104 93.7 1.00

Yes 24 13.5 7 6.3 0.43 (0.18–1.04) NS

Family history of febrile seizures No 172 96.6 105 94.6 1.00

Yes 6 3.4 6 5.4 1.64 (0.52–5.21) NS

Past medical history No 125 70.2 62 55.9 1.00 NS

In pregnancy 4 2.2 1 .9 0.50 (0.06–4.61) NS

In labour 10 5.6 10 9.0 2.02 (0.80–5.10) NS

Neonatal 4 2.2 2 1.8 1.01 (0.18–5.66) NS

Postnatal 30 16.9 26 23.4 1.75 (0.95–3.21) NS

More than one 5 2.8 10 9.0 4.03 (1.32–12.31) 0.014

Past medical history No 125 70.2 62 55.9 1.00

Yes 53 29.8 49 44.1 1.86 (1.14–3.05) 0.013

EEG location of paroxysmal activity Without a defined focus 22 12.4 9 8.1 1.00 NS

Centrotemporal 9 5.1 4 3.6 1.09 (0.27–4.45) NS

Temporal 41 23.0 22 19.8 1.31 (0.52–3.33) NS

Frontal 6 3.4 6 5.4 2.44 (0.62–9.64) NS

Parietal 7 3.9 3 2.7 1.05 (0.22–5.00) NS

Occipital 5 2.8 3 2.7 1.47 (0.29–7.47) NS

Multifocal 8 4.5 8 7.2 2.44 (0.70–8.53) NS

Generalized 44 24.7 27 24.3 1.50 (0.60–3.73) NS

Fronto-parieto-occipital 2 1.1 1 .9 1.22 (0.10–15.23) NS

Temporo-parietal 3 1.7 2 1.8 1.63 (0.23–11.46) NS

Temporo-parieto-occipital 9 5.1 1 .9 0.27 (0.03–2.47) NS

Fronto-temporal 17 9.6 18 16.2 2.59 (0.93–7.18) NS

Fronto-parietal 0 0 3 2.7 – NS

Temporo-occipital 2 1.1 1 .9 1.22 (0.10–15.23) NS

Type of seizure Simple partial 6 3.4 3 2.7 1.00 <0.001

Complex partial 13 7.3 8 7.2 1.23 (0.24–6.36) NS

Secondarily generalized 67 37.6 24 21.6 0.72 (0.17–3.19) NS

Absence 12 6.7 2 1.8 0.33 (0.04–2.56) NS

Myoclonic 5 2.8 6 5.4 2.40 (0.39–14.88) NS

Tonic 2 1.1 6 5.4 6.00 (0.72–49.84) NS

Tonic-clonic 28 15.7 1 .9 0.07 (0.01–0,81) 0.033

Spasm 0 0 2 1.8 – NS

Several types 43 24.2 59 53.2 2.74 (0.65–11.59) NS

Age at the onset of epilepsy in years M� SD 16.6�17.5 8.9�11.7 0.96 (0.94–0.98) <0.001

Type of epilepsy Generalized 52 29.2 27 24.3 1.00

Partial 126 70.8 84 75.7 1.28 (0.75–2.21) NS

Aetiology of epilepsy Idiopathic 60 33.7 9 8.1 1.00 <0.001

Cryptogenic 60 33.7 37 33.3 4.11 (1.83–9.26) 0.001

Symptomatic 58 32.6 65 58.6 7.47 (3.41–16.38) <0.001

Type of epilepsy-syndrome Idiopathic generalized 50 28.1 7 6.3 1.00 <0.001

Epileptic encephalopathy 3 1.7 21 18.9 50.0 (11.78–212.17) <0.001

Idiopathic partial 10 5.6 1 .9 0.71 (0.08–6.46) NS

Cryptogenic partial 60 33.7 34 30.6 4.05 (1.65–9.92) 0.002

Symptomatic partial 55 30.9 48 43.2 6.23 (2.58–15.04) <0.001

Neurological alterations No 131 73.6 56 50.5 1.00

Yes 47 26.4 55 49.5 2.74 (1.66–4.51) <0.001

Number of treatments 1 98 55.1 0 0

2 33 18.5 1 .9

3 20 11.2 22 19.8

4 14 7.9 18 16.2

5 10 5.6 15 13.5

6–10 3 7.1 41 36.9

>10 0 0 14 2.6

P: significance of Wald statistic.
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Table 3
Association between each polymorphism and drug-resistance crude and adjusted by clinic covariates.

Polymorphism Genotype Drug-resistant patients Crude odds ratio Adjusted odds ratio

No (N = 178)

Frequency (%)

Yes (N = 111)

Frequency (%)

OR (95%CI) P OR (95%CI) P0

CYP2C9*2 *1/*1 134 (75.3) 88 (79.3) 1.00 NS 1.00 NS

*1/*2 39 (21.9) 21 (18.9) 0.82 (0.45–1.49) NS 0.56 (0.24–1.30) NS

*2/*2 5 (2.8) 2 (1.8) 0.61 (0.12–3.21) NS 0.33 (0.05–2.40) NS

CYP2C9*3 *1/*1 148 (83.1) 89 (80.2) 1.00 – 1.00 –

*1/*3 30 (16.9) 22 (19.8) 1.22 (0.66–2.24) NS 1.23 (0.53–2.88) NS

CYP2C19*2 *1/*1 123 (69.1) 85 (76.6) 1.00 NS 1.00 NS

*1/*2 47 (26.4) 24 (21.6) 0.74 (0.42–1.30) NS 0.62 (0.28–1.34) NS

*2/*2 8 (4.5) 2 (1.8) 0.36 (0.08–1.75) NS 0.39 (0.05–2.84) NS

CYP2C19*3 *1/*1 175 (98.3) 111 (100.0) 1.00 – 1.00 –

*1/*3 3 (1.7) 0 – NS – NS

UGT2B7_372A>G AA 107 (60.1) 66 (59.5) 1.00 NS 1.00 NS

AG 67 (37.6) 39 (35.1) 0.94 (0.57–1.56) NS 0.80 (0.41–1.58) NS

GG 4 (2.2) 6 (5.4) 2.43 (0.66–8.94) NS 2.80 (0.42–18.76) NS

UGT2B7_-161C>T CC 48 (27.0) 29 (26.1) 1.00 NS 1.00 NS

CT 94 (52.8) 57 (51.4) 1.00 (0.57–1.77) NS 0.69 (0.33–1–46) NS

TT 36 (20.2) 25 (22.5) 1.15 (0.58–2.29) NS 1.00 (0.41–2.45) NS

ABCB1_34435C>T CC 52 (29.2) 40 (36.0) 1.00 NS 1.00 NS

CT 81 (45.5) 49 (44.1) 0.79 (0.46–1.36) NS 0.65 (0.30–1.40) NS

TT 45 (25.3) 22 (19.8) 0.64 (0.33–1.22) NS 0.53 (0.21–1.32) NS

ABCB1_2677G>T GG 66 (37.1) 48 (43.2) 1.00 NS 1.00 NS

GT 74 (41.6) 43 (38.7) 0.80 (0.47–1.36) NS 0.64 (0.31–1.34) NS

TT 38 (21.3) 20 (18.0) 0.72 (0.38–1.40) NS 0.63 (0.25–1.58) NS

SCN1A_3166A>G GG 19 (10.7) 14 (12.6) 1.00 NS 1.00 NS

GA 88 (49.4) 54 (48.6) 0.83 (0.39–1.80) NS 1.40 (0.48–4.09) NS

AA 71 (39.9) 43 (38.7) 0.82 (0.37–1.81) NS 1.14 (0.37–3.53) NS

SCN1A_IVS5N+5G>A CC 41 (23.0) 26 (23.4) 1.00 NS 1.00 NS

CT 84 (47.2) 58 (52.3) 1.09 (0.60–1.97) NS 1.45 (0.64–3.27) NS

TT 53 (29.8) 27 (24.3) 0.80 (0.41–1.58) NS 0.76 (0.28–2.05) NS

P: significance of Wald statistic and odds ratio by logistic regression (bivariate analysis). P0: significance of Wald statistic and odds ratio by logistic regression including as

factors patient age groups, gender, family history of epilepsy, family history of febrile seizures, past medical history, EEG location of paroxysmal activity, type of seizures, type

of epilepsy, aetiology of epilepsy, and presence of neurological alterations, and as covariate the age at the onset of epilepsy.
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the presence of mesial temporal lobe epilepsy.31 In a recent study,
the intronic polymorphism rs3789243 and the coding polymor-
phism 2677G/T/A, and haplotypes containing them, were associ-
ated with drug-resistance, and the 2677G/T/A genotypes remained
significantly associated with drug-resistance after multiple logistic
Table 4
Genotypic frequencies and drug-resistance odds ratios for each genotype in children a

Subgroups of age Genotype Drug-responsive patients

N (%)

A. ABCB1_3435C>T

Children (N = 80) CC 15 (28.8)

CT 28 (53.8)

TT 9 (17.3)

Adults (N = 209) CC 37 (29.4)

CT 53 (42.1)

TT 36 (28.6)

Test for interaction in the trend

B. ABCB1_2677G>T

Children (N = 80) GG 20 (38.5)

GT 25 (48.1)

TT 7 (13.5)

Adults (N = 209 GG 46 (36.5)

GT 49 (38.9)

TT 31 (24.6)

Test for interaction in the trend

P: significance of Wald statistic and odds ratio were obtained by binary logistic regres

analysis).
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regression and correction for multiple comparisons.32 Whether
differences in results between studies depend on methodological
aspects, chance or ethnic factors remains to be clarified.

With respect to the other SNPs included in our study, we have
not found any study investigating their association with epilepsy
nd adults for ABCB1_3435C>T and ABCB1_2677G>T polymorphisms.

Drug-resistant patients Crude odds ratio (95%CI) P

N (%)

4 (14.3) 1.00 NS

16 (57.1) 2.14 (0.62–7.57) NS

8 (28.6) 3.33 (0.78–14.31) NS

36 (43.4) 1.00 NS

33 (39.8) 0.64 (0.34–1.20) NS

14 (16.9) 0.40 (0.19–0.86) 0.019

0.033

8 (28.6) 1.00 NS

11 (39.3) 1.10 (0.37–3.25) NS

9 (32.1) 3.21 (0.89–11.60) NS

40 (48.2) 1.00 NS

32 (38.5) 0.75 (0.41–1.39) NS

11 (13.2) 0.41 (0.18–0.92) 0.030

0.021

sion between ABCB1_3435C>T or ABCB1_2677G>T and drug-resistance (bivariate



Table 5
Genotypic frequencies, significance of the association between ABCB1_3435C>T polymorphism and drug-resistance and odds ratios in patients suffering from idiopathic,

cryptogenic or symptomatic epilepsies.

Aetiology of epilepsy Genotype Drug-responsive

patients

Drug-resistant

patients

OR (95%CI) P

N N

Idiopathic (N = 69) CC 22 (36.7) 1 (11.1) 1.00 NS

CT 27 (45.0) 4 (44.4) 3.26 (0.34–31.30) NS

TT 11 (18.3) 4 (44.4) 8.00 (0.80–80.40) NS

Cryptogenic (N = 97) CC 20 (33.3) 13 (35.1) 1.00 NS

CT 25 (41.7) 16 (43.2) 0.98 (0.39–2.52) NS

TT 15 (25.0) 8 (21.6) 0.82 (0.27–2.48) NS

Symptomatic (N = 123) CC 10 (17.2) 26 (40.0) 1.00 0.011

CT 29 (50.0) 29 (44.6) 0.39 (0.16–0.94) 0.036

TT 19 (32.8) 10 (15.4) 0.20 (0.07–0.58) 0.003

Test for interaction in the trend: 0.005

P: significance of Wald statistic and odds ratio were obtained by binary logistic regression between ABCB1_3435C>T and drug-resistance (bivariate analysis).
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drug-resistance, with the exception of a recent study in which,
after excluding patients with febrile convulsions, heterozygous
CYP2C8*4 and CYP2C9*3 were underrepresented among non-
responder patients with epilepsy.33

The lack of association between the SNPs included in our study
and drug-resistance may be attributed to several factors. Firstly,
the sample of our study may be not large enough, and therefore,
the power of the study may be insufficient to detect a significant
association. Perhaps, it could be demonstrated in a larger study.
Secondly, some polymorphisms such as those related with CYP2C9,
CYP2C19 and UGT2B7 are associated with the metabolism of some
specific AEDs but not with others. Our study was not designed to
analyze the association between polymorphisms and drug-
resistance in patients treated with a specific AED. The association
between CYP2C9, CYP2C19 and drug-resistance should better be
studied in patients treated with phenytoin, valproate or pheno-
barbital, and the association with UGT2B7 in patients treated with
valproate or lamotrigine. Thirdly, polymorphisms affecting AED
metabolism are expected to exert an influence on serum
concentrations of AEDs and to produce insufficient concentrations,
but in our study serum concentrations of AEDs were monitorized
and maintained into the optimal range.

However, when patients were stratified by patient age or
aetiology of epilepsy a significant association between ABCB1 SNPs
studied and drug-resistance was found in some subgroups. With
regard to patient age, a lower risk of drug-resistance was observed
in patients with the 3435TT or 2677TT genotypes than in those
with the 3435CC or the 2677GG genotypes in adults but not in
children. With regard to epilepsy aetiology, the risk of drug-
resistance was lower in patients with the 3435CT or TT genotypes
than in those with the CC genotype in patients with symptomatic
epilepsies but not in those with idiopathic or cryptogenic
epilepsies. These results have a biological plausibility. First,
because several AEDs frequently used in the treatment of
epilepsies are substrates of P-glycoprotein both in rodents
(gabapentin, lamotrigine, phenobarbital, phenytoin, and topira-
mate) and humans (phenytoin, phenobarbital, lamotrigina, and
levetiracetam).34,35 Data on carbamazepine and levetiracetam are
not clear and valproic acid does not seem to be a substrate of P-
glycoprotein.35–38

Second, because some of these AEDs such as phenytoin and
phenobarbital are more frequently used in adults than in children
and in symptomatic epilepsies than in idiopathic epilepsies, whereas
valproate is more frequently used in children and in idiopathic
epilepsies. Furthermore, because some antiepileptic drugs are
inhibitors of P-glycoprotein (in decreasing order phenytoin
第 74
> carbamazepine > lamotrigine> phenobarbital > valproic acid,
levetiracetam, gabapentin) and because the ABCB1 polymorphisms
influence on this inhibitory effect, the intracellular concentration of
the P-glycoprotein substrates will depend on ABCB1 polymorphisms
and on the combination of antiepileptic drugs (substrates and
inhibitors) used.

Third, because P-glycoprotein is overexpressed in patients with
symptomatic epilepsies such as tumours, dysplasias and hippo-
campal sclerosis.39 Although the influence of ABCB1 polymorph-
isms on brain expression of P-glycoprotein is controversial because
of the described lack of influence on ABCB1 mRNA and protein
expression,40,41 it has been suggested that an important reduction
in the access of AEDs to the CNS could be observed in patients over-
expressing this protein by the combined effect of genetic factors
and the own symptomatic epilepsy.7

The association of ABCB1_3435C>T polymorphism with drug-
resistance of epilepsy has been the most studied one, but there is
disagreement in the results.7 After the initial study of Siddiqui et al.21

in which an increased prevalence of the ABCB1_3435CC genotype
was reported in patients with drug-resistant epilepsy, several
studies in patients from different ethnicities have confirmed an
association of both ABCB1_3435C>T SNP and the common
ABCB1_3435C>T, ABCB1_2677G>T, and ABCB1_1236C>T haplo-
type with drug-resistance.31,42–45 In contrast, in two studies in non-
Caucasian patients, there was found to be the opposite association
with a higher frequency of TT genotypes in patients with drug-
resistant epilepsy than in those with drug-responsive epilepsy.30,46

Other studies in either Caucasians and non-Caucasians patients
were not able to demonstrate an association between ABCB1
polymorphisms and drug-resistance.33,47–57

Differences in results between studies have been attributed to
phenotype definition (i.e., definition of resistance versus response
to AEDs, inadequate power, potential confounding by comorbidity
and comedication, population substructure, genotyping error,
overlap in substrate specificity between P-glycoprotein and other
drug efflux transporters, and inclusion of AEDs that might not be P-
glycoprotein substrates).7,51

Most of these studies have been performed in patients treated
with multiple AEDs. However, in studies performed with one AED,
an association between ABCB1_3435C>T polymorphism and drug-
resistance was found in patients treated with phenytoin45 or
phenobarbital,58 whereas in those with carbamazepine an oppo-
site association30 or non-association52 was found.

Regarding patient age, children are more frequently treated
with valproate and carbamazepine, whereas adults are more
frequently treated with phenytoin or phenobarbital. Therefore, an
 页
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association between ABCB1 polymorphisms and drug-resistance
might be better expected in adults than in children. In a recent
study, the association between ABCB1, ABCC2, CYP2C8, CYP2C9,
and CYP2C19 polymorphisms and drug-resistance of epilepsy was
studied in Caucasian children-adolescent, either drug-sensitive or
drug-resistant, and in drug-resistant adults.33 These investigators
found that carriers of the putatively low-expression ABCC2-24T
variant were significantly overrepresented among non-responders
children-adolescent. This surprising association was attributed to a
compensatory up-regulation of ABCB1.33 In other recent study, in
south Indian patients, a significant association between
ABCB1_1236C>T, ABCB1_2677G>A and ABCB1_3435C>T poly-
morphisms and drug-resistance of epilepsy in children-adolescent
were not found, but the frequency of ABCB1_3435TT genotype was
higher in drug-resistant than in drug-sensitive patients.57 None of
these studies compared the association between ABCB1 poly-
morphisms and drug-resistance in children under 12 years with
that of adolescent-adults.

On the other hand, most of these studies were performed in
patients with different types of epilepsy.7 Our results show a
significant association between ABCB1_3435C>T polymorphism
and drug-resistance in patients with symptomatic epilepsy that
was not found in patients with idiopathic or cryptogenic epilepsy.
In the study of Tan et al.,47 in which an association between
ABCB1_3435C>T polymorphism and drug-resistance of epilepsy
was not found, the TT genotype was more frequent in a subgroup
of patients with temporal lobe epilepsy and hippocampal sclerosis
compared to those without it. Because temporal lobe epilepsy
with hippocampal sclerosis is usually more drug-resistant than
that without it, the authors suspected that this association was a
false positive. In another study performed in Caucasian patients
with temporal lobe epilepsy treated with multiple AEDs, a
significant association of ABCB1_3435C>T, 2677G>T, and
1236C>T haplotype and drug-resistance was observed.43 How-
ever, in a recent study in Turkish patients, a significant association
between ABCB1_3435C>T polymorphism and drug-resistance
was not found in a subgroup of patients with hippocampal
sclerosis.52 In a recent study in Korean patients with partial
epilepsy an association of drug-resistance with ABCB1, ABCG2,
and ABCC2 polymorphisms was not found, but stratification into
idiopathic, cryptogenic and symptomatic subgroups was not
carried out.55

With respect to idiopathic epilepsies, in one study carried out in
patients with idiopathic generalized epilepsy with tonic–clonic
seizures treated with phenobarbital monotherapy, the
ABCB1_3435CC genotype was associated with significantly lower
phenobarbital levels in cerebrospinal fluid, significantly lower CSF/
plasma ratio and significantly higher seizure frequency than the CT
or the TT genotype.58 Our results do not agree with this study
because we have found an opposite tendency in the subgroup of
idiopathic epilepsies, but our results were not significant.

Our results suggest that data obtained in children show an
opposite tendency with respect to adolescent-adults and those
obtained in patients with idiopathic epilepsies show an opposite
tendency with respect to symptomatic epilepsies. These opposite
results may have important consequences masking the association
between ABCB1 polymorphisms and drug-resistance when
patients are analyzed as a whole. However, we have not found a
plausible explanation for this opposite tendency. Tan et al.47

attributed the surprising overrepresentation of the ABCB1_3435TT
genotype in the subgroup of patients with temporal lobe epilepsy
and hippocampal sclerosis to a false positive. Ufer et al.33

attributed the surprising overrepresentation of ABCC2-24T variant
in drug-resistant children-adolescent patient to a compensatory
up-regulation of ABCB1. The surprising overrepresentation of
ABCB1_3435TT genotype in drug-resistant patients was found by
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Seo et al.30 in drug-resistant patients taking carbamazepine. We
cannot affirm if this surprising opposite tendency found in children
and in idiopathic epilepsies is a chance, it is due to differences in
the antiepileptic drugs used or is due to compensatory mechan-
isms, but it can explain the differences in the association between
ABCB1 polymorphisms and drug-resistance of epilepsy found
between studies. Furthermore, this association could be unmasked
if patients are stratified by patient age or aetiology of epilepsy.
Nevertheless, the number of children and patients with idiopathic
epilepsies in our study is small and therefore, the insignificant
opposite tendency observed in our study should be confirmed in a
larger and more specific study.

5. Conclusions

In our study, carried out on children and adolescent-adults with
multiple types of epilepsy and treated with multiple types of AEDs
we did not find a significant association between some SNPs
related with metabolism of AEDs (CYP2C9, CYP2C19, and UGT),
AEDs transport (ABCB1) and one of the main AED targets (SCN1A),
either in a crude analysis or adjusting by several clinical factors
associated with drug-resistance of epilepsy.

However, when patients were stratified by patient age or
aetiology of epilepsy a significant association was found between
ABCB1 polymorphisms and drug-resistance. In the subgroup of
adults, those with the ABCB1_3435TT or 2677TT genotypes had a
lower risk of drug-resistance than those with the CC or the GG
genotypes, respectively. Furthermore, in the subgroup of patients
with symptomatic epilepsies, those with the ABCB1_3435CT or TT
genotypes had a lower risk of drug-resistance than those with the
CC genotype. An opposite, yet insignificant tendency was found in
children and in idiopathic epilepsies. Differences between children
and adults and between idiopathic and symptomatic epilepsies
could be attributed to the more frequent use of phenytoin and
phenobarbital (P-glycoprotein substrates) in adults and symptom-
atic epilepsies and the more frequent use of valproate (which is not
substrate of P-glycoprotein) in children and idiopathic epilepsies.

Our results could explain differences between the association or
lack of association between ABCB1 polymorphisms and epilepsy
drug-resistance found in different studies due to differences in the
percentage of children-adults and/or the percentage of idiopathic–
cryptogenic–symptomatic epilepsies in each study.

Although the stratification by patient age and aetiology of
epilepsy was defined pre-analysis, the small number of subjects do
not allow us to rule out that this may be a false positive association
due to chance. However, the high statistical significance and the
biologic plausibility of the result (the TT genotypic association
confirming the a priori hypothesis) lead us to suspect that there
may well be a true-positive association. Nevertheless, we consider
that a large study of replication is needed to confirm our results
and distinguish a true association from a false positive.

Furthermore, we consider that the best way to investigate the
association between polymorphisms and drug-resistance should
be in patients suffering the same type of epilepsy and/or in those
treated with the same AEDs.
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8. Ketter TA, Frye MA, Corá-Locatelli G, Kimbrell TA, Post RM. Metabolism and

excretion of mood stabilizers and new anticonvulsants. Cellular and Molecular
Neurobiology 1999;19:511–32.

9. Cloyd JC, Remmel RP. Antiepileptic drug pharmacokinetics and interactions:
impact on treatment of epilepsy. Pharmacotherapy 2000;20:139S–51S.

10. Klotz U. The role of pharmacogenetics in the metabolism of antiepileptic drugs:
pharmacokinetic and therapeutic implications. Clinical Pharmacokinetics
2007;46:271–9.

11. Mann MW, Pons G. Various pharmacogenetic aspects of antiepileptic drug
therapy: a review. CNS Drugs 2007;21:143–64.

12. Magdalau J, Herber R, Bidault R, Siesti G. In vitro N-glucuronidation of a novel
antiepileptic drug, lamotrigine, by human liver microsomes. Journal of Phar-
macology and Experimental Therapeutics 1992;260:1166–73.

13. Jin C, Miners JO, Lillywhite KJ, Mackenczie PI. Complementary deoxyribonucleic
acid cloning and expression of a human liver uridine diphosphate-glucurono-
syltransferase glucuronidating carboxylic acid-containing drugs. Journal of
Pharmacology and Experimental Therapeutics 1993;264:475–9.

14. Chung JY, Cho JY, Yu KS, Kim JR, Lim KS, Sohn DR, et al. Pharmacokinetic and
pharmacodynamic interaction of lorazepam and valproic acid in relation to
UGT2B7 genetic polymorphism in healthy subjects. Clinical Pharmacology and
Therapeutics 2008;83:595–600.

15. Staines AG, Coughtrie MWH, Burchell B. N-glucuronidation of carbamazepine
in human tissues is mediated by UGT2B7. Journal of Pharmacology and Experi-
mental Therapeutics 2004;311:1131–7.

16. Rowland A, Elliot DJ, Williams JA, Mackenzie PI, Dickinson RG, Miners JO. In
vitro characterization of lamotrigine N2-glucuronidation and the lamotrigine-
valproic acid interaction. Drug Metabolism and Disposition 2006;34:1055–62.

17. Chung JY, Cho JY, Yu KS, Kim JR, Jung HR, Lim KS, et al. Effect of the UGT2B15
genotype on the pharmacokinetics, pharmacodynamics, and drug interactions
of intravenous lorazepam in healthy volunteers. Clinical Pharmacology and
Therapeutics 2005;77:486–94.

18. Innocenti F, Liua W, Fackenthal D, Ramı́rez J, Chen P, Ye X, et al. Single
nucleotide polymorphism discovery and functional assessment of variation
in the UDP-glucuronosyltransferase 2B7 gene. Pharmacogenetics and Genomics
2008;18:683–97.

19. Kwan P, Brodie MJ. Potential role of drug transporters in the pathogenesis of
medically intractable epilepsy. Epilepsia 2005;46:224–35.

20. Remy S, Beck H. Molecular and cellular mechanisms of pharmacoresistance in
epilepsy. Brain 2006;129(Pt 1):18–35.

21. Siddiqui A, Kerb R, Weale ME, Brinkmann U, Smith A, Goldstein DB, et al.
Association of multidrug resistance in epilepsy with a polymorphism in the
drug-transporter gene ABCB1. The New England Journal of Medicine
2003;348:1442–8.

22. Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, Johne A, et al.
Functional polymorphisms of the human multidrug-resistance gene: multiple
sequence variations and correlation of one allele with P-glycoprotein expres-
sion and activity in vivo. Proceedings of the National Academy of Sciences of the
United States of America 2000;97:3473–8.

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

24. Tate SK, Depo C, Sisodiya SM, Cavalleri GL, Schorge S, Soranzo N, et al. Genetic
predictors of the maximum doses patients receive during clinical use of the
anti-epileptic drugs carbamazepine and phenytoin. Proceedings of the National
Academy of Sciences of the United States of America 2005;102:5507–12.

25. Tate SK, Singh R, Hung CC, Tai JJ, Depondt C, Cavalleri GL, et al. A common
polymorphism in the SCN1A gene associates with phenytoin serum levels at
maintenance dose. Pharmacogenetics and Genomics 2006;16:721–6.

26. http://www.wma.net/e/ethicsunit/helsinki.htm.
27. Engel J. A proposed diagnostic scheme for people with epileptic seizures and

with epilepsy: report of the ILAE Task Force on classification and terminology.
Epilepsia 2001;42:796–803.

28. Cascorbi I, Gerloff T, Thomas MD, Johne A, Meisel C, Hoffmeyer S, et al.
Frequency of single nucleotide polymorphism in the P-glycoprotein drug
transporter MDR-1 gene in white subjects. Clinical Pharmacology and Therapeu-
tics 2001;69:169–74.
第 76
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