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ABSTRACT – Aim. To identify factors that influence diurnal and sleep/wake
seizure timing in children undergoing tapered drug withdrawal in an
epilepsy monitoring unit. Methods. Medical charts of patients that under-
went video-EEG were reviewed. Seizures were evaluated based on their
occurrence in three-hour time intervals (bins) and between wakefulness
and sleep. Patients were classified according to EEG localisation and age:
infants (≤3 years), children (3-12 years), and adolescents (>12-21 years).
Analysis utilising generalised estimating equations with a negative binomial
distribution was performed. Results. A total of 390 patients (188 girls; mean
age: 9.2 years; SD: 6.0) had 1,754 seizures. Generalised seizures (109 patients;
490 seizures) occurred more during wakefulness (p<0.001) and during the
day (p<0.001). Modelling revealed a greater occurrence of seizures at night
with increasing age (p=0.046). Temporal lobe seizures (62 patients; 271
seizures) occurred overall more frequently during wakefulness (p=0.03).
Frontal lobe seizures (41 patients; 184 seizures) occurred more frequently
during wakefulness in infants (p<0.05) and more frequently during sleep
in adolescents (p<0.0001). Adolescents with frontal lobe seizures were 3.6
times more likely to have seizures during sleep compared to other children
(95% CI: 1.8-7.2). Conclusion. These findings are suggestive of changes in
circadian rhythmicity
groups. The results m
propensity.
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that may alter seizure susceptibility in different age
ay assist in prediction of periods of greatest seizure
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eizures frequently do not occur randomly (Janz, 1962;
uigg et al., 1998; Durazzo et al., 2008; Loddenkemper

t al., 2011a; Zarowski et al., 2011; Pavlova et al., 2012;).
he reasons for these non-random seizure patterns
re not completely known. EEG localisation has been
hown to correlate with seizure timing (Zarowski et
l., 2011). Specifically, generalised and temporal lobe
eizures have been noted to occur more frequently
uring wakefulness, and frontal lobe seizures occur
ore frequently during sleep (Loddenkemper et al.,

011a).
ther studies have suggested an effect of age on

eizure timing with respect to specific seizure semio-
ogy (Ramgopal et al., 2012a; Ramgopal et al., 2012b).
dditional information with which to predict propen-
ity to seize at certain times is not available. The
se of multiple individualised variables may allow

or improved seizure prediction. The availability of
ovel seizure tracking methods, including video-EEG
ecordings, automatic seizure detection systems, and
mbulatory electronic seizure diaries, may provide
dditional feasibility of such systems in the future
Loddenkemper, 2012; Poh et al., 2012).
revious studies have established circadian patterns in
atients using limited datasets. In this study, we aimed

o identify individual clinical factors that influence
he timing of seizures. This analysis was performed
sing an expanded dataset, previously used to identify
road day/night and sleep/wake patterns in seizures,

o investigate seizure prediction models. Such infor-
ation would be of clinical use in formulating seizure

rediction models and treatment at times of greatest
usceptibility to seizures (Yegnanarayan et al., 2006;
oddenkemper et al., 2011b; Guilhoto et al., 2011).

ethods

atient population

he patient population analysed in this study also
ncluded a dataset, a small part of which has been previ-
usly reported (Loddenkemper et al., 2011a; Zarowski
t al., 2011; Ramgopal et al., 2012a; Ramgopal et al.,
012b; Sanchez Fernandez et al., 2013). We retro-
pectively reviewed video-EEG monitoring data and
linical information of consecutive paediatric patients
ndergoing long-term monitoring (LTM) over a five-
ear period. Prior to data acquisition, institutional
pileptic Disord, Vol. 16, No. 1, March 2014

eview board approval was obtained for this study.
aediatric patients ≤21 years with recorded epilep-
ic seizures were included. Antiepileptic medications
ere tapered individually for each patient. Patients
ere kept on their individual sleep/wake schedules for

he duration of the inpatient stay as much as possible.
atients with paroxysmal events and invasive monitor-

a
fi
(
o
i
s
a

ng were not included. Prior to study initiation, ethics
pproval was obtained by the Boston Children’s Hos-
ital Institutional Review Board.

EG monitoring

nly seizures with clinical manifestations and an EEG
orrelate were considered. Patients underwent EEG
onitoring utilising the 10-20 international system of

lectrode placement and placement of additional ante-
ior temporal leads. EEG monitoring was carried out in
specialised unit with closed-circuit television, mon-

tored by dedicated EEG technicians. All material with
elevant clinical information was archived. When the
ime of seizure onset was discordant between clinical
nd EEG features, the time according to EEG was given
recedence.

emiological and EEG Analysis

ll seizures were classified according to the 2001
nternational League Against Epilepsy seizure classi-
cation criteria, considering only the first phase of
eizure semiology (Blume et al., 2001). Two inde-
endent board-certified clinical neurophysiologists
arried out video-EEG analysis. Discrepancies in diag-
osis, occurring in <5% of cases, were settled by a

hird reviewer, whose decision was considered final.
eizure localisation was ascertained by scalp EEG
ecordings. In patients in whom multiple regions of
ctal EEG onset were found or in whom there was

discrepancy between ictal and interictal findings,
eizures were classified under a multilobar category.
o facilitate statistical analysis, we classified individ-
al semiology into larger groups. Motor seizures

ncluded seizures with clonic, tonic, tonic-clonic, auto-
otor, hypermotor, myoclonic, versive, gelastic, and

omplex motor semiology. Auras included somatosen-
ory, auditory, olfactory, abdominal, and psychic auras.
he atonic/hypomotor group included atonic, astatic,
nd hypomotor seizures. Dyscognitive seizures and
pileptic spasms were classified into separate groups.

iurnal and sleep/wake analysis

eizures were classified according to EEG localisa-
ion, as determined by EEG monitoring. The timing of
eizures in relation to 3-hour time intervals (bins) over
57

24-hour cycle was classified. Seizures were also classi-
ed based on their occurrence in two 12-hour bins: day

6 a.m.-6 p.m.) and night (6 a.m.-6 p.m.). In addition, the
ccurrence of seizures, according to their timing dur-

ng wakefulness or sleep, was recorded. Sleep/wake
tatus prior to seizure was determined using both EEG
nd video.
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ge groups

iurnal and sleep/wake patterns of seizures were clas-
ified according to patient age. Three patient age
roups were used: (1) infants, defined for the purpose
f this study, of less than or equal to 3 years of age (≤3
ears); (2) children, greater than 3 but less or equal to
2 years of age (3-12 years); and (3) adolescents, greater
han or equal to 12 years of age (>12-21 years).

ata analysis

o investigate differences in seizure peaks between
akefulness/sleep, day/night, or 3-hour time blocks,
binomial test was conducted, relative to localisation,

or each age group. Formal analysis was then under-
aken using a generalised linear model with a negative
inomial distribution to account for multiple seizures
er subject. This model formally tested whether dif-

erences in average seizures during wakefulness (vs.
leep) or daytime (vs. night-time) varied, based on
ge, according to EEG localisation. If there was a
ignificant difference in age variation (p<0.05), we
hen explored if the impact of potential confounders
hanged these results. Gender, presence/absence of
RI lesion, semiology subtype, and medications were

ested as potential confounders.
n addition, all subjects were used for an analysis to
xplore whether possible factors, such as age, gen-
er, EEG localisation, number of medications, and MRI
bnormality, were useful to predict seizure occurrence
ut of wakefulness or sleep, while adjusting for seizure
emiology. A generalised estimating equation with a
inomial distribution was used. P values less than 0.05
ere considered significant.

esults

atient population

f the 955 patients, 390 (188 girls; mean age: 9.2; stan-
ard deviation: 6.0 years) met the inclusion criteria

figure 1). A total of 1,754 seizures were recorded in
his group. Of these, 109 patients had 490 generalised
eizures, 62 patients had 271 temporal lobe seizures,
1 patients had 184 frontal lobe seizures, 11 patients
ad 50 parietal lobe seizures, 2 patients had 13 occipi-

al lobe seizures, and 165 patients had 746 multilobar
eizures. Descriptive data on this population is pro-
8

ided in tables 1 and 2.

iurnal and day/night patterns
ased on EEG localisation

verall, generalised seizures occurred most fre-
uently at 6-9 a.m. (p<0.001), 9 a.m.-12 p.m. (p<0.05),

B

G
I
6
m
A

2 a.m.-3 p.m. (p<0.01), and 3-9 a.m. (p<0.05) out of
akefulness. Temporal lobe seizures were most fre-
uent at 9 a.m.-12 p.m. (p<0.05) and 12 p.m.-6 p.m.

p<0.01) out of wakefulness and at 3-6 a.m. out of
leep (p<0.05). Frontal lobe seizures occurred most
requently at 12-3 a.m. (p<0.001) and 3-6 a.m. (p<0.05)
ut of sleep. Parietal lobe seizures were most common
t 3-6 a.m. during sleep (p<0.01). Multilobar seizures
ere most common at 9-12 a.m. (p<0.001), 3-6 p.m.

p<0.01), and 6-9 p.m. (p<0.001) during wakefulness
nd at 12-3 a.m. (p<0.0001), 3-6 a.m. (p<0.001), and
-9 a.m. (p<0.01) during sleep. Frontal lobe seizures
ccurred more frequently at night (p<0.05), and

emporal (p<0.05) and generalised (p<0.0001) seizures
ccurred more frequently during the day.

eizure occurrence based on sleep/wake state

rontal lobe seizures occurred more frequently dur-
ng sleep (p<0.001) whereas generalised and temporal
obe seizures occurred more frequently during wake-
ulness (p<0.0001). All recorded occipital lobe seizures
ccurred out of wakefulness, but numbers were small

n this subgroup. Parietal and multilobar seizures
howed no distinct sleep/wake pattern.

emiological analysis

sing the semiological subgroups, we identified spe-
ific patterns for seizures according to localisation. For
eizures arising from the frontal lobe, motor seizures
ccurred more frequently during sleep (p<0.0001) and
tonic/hypomotor seizures occurred more frequently
ut of wakefulness (p<0.05). For temporal lobe
eizures, auras (p<0.0001) and dyscognitive seizures
p<0.01) occurred more frequently during wakeful-
ess. For multilobar seizures, auras (p<0.0001) and
tonic/hypomotor seizures (p<0.001) occurred more
requently during wakefulness, and motor seizures
ccurred more frequently during sleep (p<0.05).

ge analysis

e performed subgroup analyses for age with gene-
alised, temporal, frontal, and multilobar seizures
sing binomial test results and modelling. Due to small
umbers, age analysis was not feasible for occipital and
arietal lobe seizures.
Epileptic Disord, Vol. 16, No. 1, March 2014

inomial results

eneralised seizures
nfants were more likely to have seizures between

a.m. and 3 p.m. (p<0.05), whereas children had
ore seizures between 6-9 a.m and 12-3 p.m. (p<0.05).
dolescents had more seizures at 6-9 a.m (p<0.05) and
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955 patients
over a 5-year period

390 pediatric patients
with focal/generalized EEG

Nonpediatric (-286)

Paroxysmal (-99)

Invasive study (-4)

Insufficient data (-176)
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Generalized seizures
109 patients

Temporal seizures
62 patients

Frontal seizures
41 patients

igure 1. Patient selection.

t 6-9 p.m. (p<0.05). Patients with generalised seizures
ere more likely to have seizures during wakefulness

n all three tested age groups (p<0.01). Infants and
hildren were also more likely to have seizures dur-
ng the day (p<0.0001), but this was not the case for
dolescents.

emporal lobe seizures
nfants with temporal lobe seizures had a diurnal
eizure peak at 3-6 a.m (p<0.05). Children did not have
diurnal peak but were noted to have more seizures
ut of wakefulness (p<0.05). Adolescents (≥12 years)
ad more seizures at 12-3 p.m (p<0.01), out of wake-

ulness (p<0.01), and during the day (p<0.05).

rontal lobe seizures
nfants with frontal lobe seizures had more seizures
ut of wakefulness (p<0.05). Children had more
eizures at 9 p.m-12 a.m (p<0.01), 12 a.m-3 a.m
p<0.05) and at night (p<0.0001). Adolescents had

ore seizures between 6 a.m and 12 p.m (p<0.05) and
pileptic Disord, Vol. 16, No. 1, March 2014

ut of sleep (p<0.0001).

ultilobar seizures
nfants had more seizures at 9 a.m-12 p.m (p<0.05), 3-
p.m (p<0.01), during the day (p<0.0001), and during
akefulness (p<0.0001). Children had more seizures at

2-3 a.m (p<0.05) and 6-9 a.m (p<0.01) and adolescents

T
o
p

F
T
r

Parietal seizures
11 patients

Occipital seizures
2 patients

Multilobar seizures
165 patients

ad more seizures at 6-9 a.m (p<0.05). No sleep/wake
r day/night seizure patterns were found in children
nd adolescents with multilobar epilepsy.

odelling

eneralised seizures
here was an overall predisposition toward having
ore seizures during the day (p<0.001). There was also
oderate evidence to suggest an increased likelihood

f generalised seizures occurring at night with increas-
ng age (p=0.046; figure 2). This relationship was not
mpacted when any potential confounders were added
o the model (p<0.05).

emporal seizures
he average number seizures was significantly higher
hen subjects were awake. The odds ratio of tempo-

al lobe seizures out of wakefulness was 2.7 (95% CI:
.2-3.3). The odds ratio of seizures out of sleep
as comparatively lower (OR: 1.6; 95% CI: 1.2-2.3).
59

here was no evidence to suggest the occurrence
f day/night or sleep/wake seizure pattern based on
atient age.

rontal seizures
here was an overall trend towards seizure occur-
ence out of sleep (p=0.07). As age increased, subjects
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Table 1. Descriptive data of patient population

Total patients (seizures) 390 (1,754)

Number of girls 188
Mean age (SD; range) 9.22 (6.0; 0.08-21)
Mean V-EEG duration (SD; range) 4.99 (2.3; 1-16)

Seizure localisation patients seizures
Generalised 109 490
Frontal 41 184
Temporal 62 271
Parietal 11 50
Occipital 2 13
Multilobar 165 746

MRI findings patients seizures
Normal 166 777
Lesional 193 860
No MRI 31 117

MRI site of lesion patients seizures
Frontal 21 90
Mesial temporal 32 158
Neocortical temporal 1 5
Parieto-occipital 16 68
Perirolandic 2 6
Temporo-occipital 11 35
Temporal 12 56
Parietal 2 8
Occipital 2 12

MRI side of lesion patients seizures
Left 67 303
Right 61 272
Bilateral 37 151
Diffuse 28 134

MRI type of lesion patients seizures
Cortical dysplasia 33 143
Hippocampal sclerosis 23 93
Tumour 13 56
AV malformation 1 7
Encephalomalacia 6 5
Gliosis 1 4
Volume loss, unspecified 11 43
Cystic lesion 1 3
Status post resect 3 20
Tuberous sclerosis 12 42
Rasmussen 1 19
Sturge-Weber 14 9
Other lesion 74 416

Antiepileptic Drugs patients seizures
None 59 258
One 91 353
Two 118 521
Three 18 433

w
(
p
T
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w
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m
d

P

M
w
s
m
o
h
f
c
m
t
i
focal) was also found to be a significant factor in
Mesial frontal 1 3
Other lesion 93 419

ere more likely to have a seizure while asleep
p=0.02). This trend was not impacted when any
otential confounders were added to the model.
here was no significant night vs. day occurrence for
eizures (p=0.2). Although no differences in day/night
eizure occurrence were noted, the average number
f seizures in each age category suggested that infants
ere more likely to have a seizure during the day com-
ared with the other two age groups (figure 2).

ultilobar seizures
verall, there was no significant difference in the

ccurrence of seizures during sleep/wakefulness or
0

ight/day. Although these trends did not differ based
n age of the child, the estimates of the average num-
er of seizures by age group suggest that infants were
ore likely to have a seizure during wakefulness and

aytime.

p
o
i
s
s

Four or more 19 93
Unspecified 85 96

rediction modelling

odelling revealed that both age and EEG localisation
ere significant factors in predicting the occurrence of

eizures in sleep and wakefulness (table 3). The esti-
ated adjusted odds ratio for age was 0.9592. For a

ne-year increase in age, the adjusted odds ratio of
aving a seizure out of wakefulness decreased by a

actor of 0.9592 (95% CI: 0.9254-0.9441; p=0.023) while
ontrolling for localisation and seizure semiology. The
odel thus suggested that subjects are less likely

o have a seizure out of wakefulness with increas-
ng age. In addition, EEG localisation (generalised or
Epileptic Disord, Vol. 16, No. 1, March 2014

redicting when the seizure will occur; the adjusted
dds ratio of 1.9527 (95% CI: 1.1869-3.2374; p=0.008)

ndicated that subjects were more likely to have a
eizure out of wakefulness in the setting of generalised
eizures.
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Figure 2. Mean number of generalised, temporal, frontal, and multifocal seizures out of wakefulness vs. sleep and during the day
vs. night, following generalised linear mixed model analysis. Patients with frontal seizures had more seizures during sleep with
increasing age (p=0.02) and patients with generalised seizures had more seizures at night with increasing age (p=0.046).

Table 3. Adjusted odds of a seizure occurrence out of wakefulness while controlling
for seizure types.

Variable Estimate (SE) Adjusted odds (95% CI) p value

Age (years) -0.042 (0.0183) 0.96 (0.93, 0.99) 0.023

Localisation (generalised vs. focal) 0.674 (0.2566) 1.95 (1.19, 3.24) 0.008
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Table 4. Intercept estimates used to calculate the log
odds of seizure out of wakefulness for each seizure

type when adjusting for age, localisation, and seizure
semiology.

Seizure type Intercept
Somatosensory aura 1.72
Abdominal aura 0.85
Clonic 0.16
Tonic -0.079
Tonic-clonic -0.42
Automotor 0.28
Hypermotor -0.17
Dyscognitive 1.13
Atonic 1.70
Hypermotor 1.54
Myoclonic 1.20
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Epileptic spasm 0.51

he log of odds for the risk of a seizure occurring out of wake-
ulness can be calculated using the following formula:
og of odds (seizure risk out of wakefulness) = intercept – 0.042
age + 0.67 * (generalised).

sing the data from prediction modelling, we created
n equation to calculate the seizure likelihood out of
akefulness, as a function of localisation (generalised

s. focal), seizure semiology, and patient age:

Log of odds
(
seizure risk out of wakefulness

)

= intercept − 0.042∗age + 0.67∗ (
generalised

)

he intercept variables can be found in table 4. The
eneralised variable should be 1 if the seizure is gene-
alised and 0 if non-generalised. An inverse of the odds
an be taken to determine the probability of a seizure
ccurring out of wakefulness.

iscussion

ur data demonstrate that seizures occur in diurnal
nd sleep/wake patterns that vary depending on ictal
eizure localisation. In addition, we found that some of
hese patterns varied according to patient age. Using
he data from prediction modelling, we were able to
reate a model to provide the likelihood of a seizure
ccurring out of wakefulness as a function of patient
ge, seizure semiology, and localisation.
pileptic Disord, Vol. 16, No. 1, March 2014

atterns of focal and generalised seizures

eizure localisation is an important aspect in predict-
ng seizure occurrence out of sleep and wakefulness.
n our dataset, likely, in part, due to high numbers in
hese groups, this appears to be particularly relevant
or generalised, frontal, and temporal seizures.

o
p
f
p
e
i
f

Seizure patterns in age groups

eneralised seizures

eneralised seizures occur more frequently out of
akefulness and particularly in the morning. A study

omparing 144 patients with seizures predominantly
ccurring out of sleep to 976 patients with seizures
redominantly occurring out of wakefulness found

hat patients with idiopathic generalised seizures had
ctal events more frequently out of wakefulness (Goel
t al., 2008). These findings are also consistent with pre-
ious results from related analyses in smaller patient
eries (Loddenkemper et al., 2011a; Zarowski et al.,
011). Generalised myoclonic seizures in patients with
uvenile myoclonic epilepsy are similarly known to
ccur most frequently soon after waking (Janz, 1962).
atients with generalised epilepsy have been noted to
ave an increased propensity to exhibit generalised

nterictal epileptiform discharges upon awakening
Fittipaldi et al., 2001). Our findings may relate to an
ncrease in cortical excitability in generalised epilep-
ies during early morning hours, demonstrated in one
tudy by transcranial magnetic stimulation (Badawy
t al., 2009).

emporal lobe epilepsy

emporal lobe seizures have been documented to
ccur more frequently out of wakefulness. Our results
rovide additional information to preliminary analyses

rom a smaller related patient series (Loddenkemper
t al., 2011a; Kaleyias et al., 2011) and are now the
asis for a prediction model that may be used in clini-
al practice. A study analysing the occurrence of focal
pilepsies in 133 adults and children found that both
esial temporal and neocortical temporal seizures
ere more likely to occur during wakefulness (Herman
t al., 2001). Temporal lobe seizures were found to
ccur out of wakefulness more frequently compared

o extratemporal lobe seizures in a retrospective study
ith 90 adults (Pavlova et al., 2004). In a study based
n retrospective analysis of 94 patients with either
esial temporal or neocortical temporal lobe seizures,
bimodal distribution was noted in these events, with
any seizures occurring either in the evening or early
orning (Durazzo et al., 2008).

rontal lobe epilepsy

n contrast to temporal lobe seizures, frontal seizures
63

ccur often out of sleep. Based on a series of 16
atients who underwent surgical management for

rontal lobe epilepsy, it was reported that 50% of these
atients had exclusively nocturnal seizures (Laskowitz
t al., 1995). Similarly, based on a retrospective study

ncluding 20 patients with frontal lobe epilepsy, a trend
or these seizures to occur during sleep was identified
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Herman et al., 2001). Findings also corroborate previ-
us results by the authors using more limited datasets

Loddenkemper et al., 2011a; Kaleyias et al., 2011). An
utpatient study performed using a digital EEG record-

ng system found the peak in frontal lobe seizures to
ange between 5:15 and 7:30 a.m., further supporting
ur results (Pavlova et al., 2012).

ccipital and parietal lobe seizures

ll of the occipital lobe seizures occurred during wake-
ulness, but numbers were small. One study identified
diurnal peak in occipital lobe seizures between 4 and
p.m. (Durazzo et al., 2008). Data on parietal seizures

n the published literature are limited.

elationship between age and seizure onset

hough a variety of studies have evaluated circadian,
leep/wake and day/night seizure patterns, an analy-
is of the age effect on these patterns has not been
erformed. Age-related changes in circadian patterns
ave been well characterised (Watamura et al., 2003;
andler, 2011; Crowley et al., 2012;).

EG changes

lectrical activity of the brain shows developmental
hanges. Neuronal synchronisation plays a role in
eizure propagation (Shouse et al., 1989; Drake et al.,
991). Regional seizure susceptibility may vary depend-
ng on the synchrony manifested during sleep. Sleep
pindles show distinct patterns in children under 3
ears of age, displaying decreased spindle density
nd length (Nagata et al., 1996; Scholle et al., 2007).
his decreased synchronisation may, in part, relate to
aturational changes, that in turn may explain the

ecreased risk of seizures during sleep in infants.

hanges in white matter maturation

hanges in myelination may account for different
eizure patterns with age. Animal studies have demon-
trated a lack of myelination may be associated with
n increased risk of seizures (Emery et al., 2009). Anal-
gous findings are noted in children with genetic
4

eletions (Nowakowska et al., 2010). White matter
aturation begins in the cerebellum, pons, and inter-

al capsule. The frontal and temporal lobes are the
ast to complete myelination (Deoni et al., 2011). These
hanges may play an important role in the varia-
ion of seizure phenotypes in infants, children, and
dolescents.

s
m
a
b
t
l
r

eceptor-ligand changes

ifferential activity of circadian hormones and their
eceptors with age may further underlie changes
n seizure susceptibility. Melatonin has a suppres-
ive activity on GABAa receptors in the hippocampus
Stewart and Leung, 2005). GABA may be excitatory in
mmature neurons due to its paracrine accumulation
nd activity and is thought to play a role in neu-
onal migration (Khalilov et al., 2005). GABA receptor
oncentration in epileptogenic foci has been found to
e in sufficiently high concentrations to have a depo-

arising effect (Ben-Ari et al., 2012). A gradual fall of
elatonin concentration beginning from adolescence
ay play a secondary role in altering seizure suscepti-

ility (Crowley et al., 2012).
ther neuroendocrine factors, such as adenosine

nd cortisol, may modulate seizure activity with age
Boison, 2008). Basal forebrain adenosine concen-
ration in rats has shown age-related changes, with
ncreased accumulation of intracerebral adenosine
ollowing light exposure in older rats (Murillo-
odriguez et al., 2004). Similarly, physiological changes

n human cortisol secretion have been noted to
ccur through the third year of life (Watamura et al.,
004). The modulation of the activity of these neuro-
ndocrine factors with increasing age may contribute
o changes in seizure patterns.

imitations

esults should be interpreted in the context of data
cquisition and analysis. The data from this study was
ollected from a tertiary care hospital and therefore
ay have been subjected to referral and information

ias. Entrainment of the circadian rhythm may have
ccurred in response to inpatient rounds, meal ser-
ices, and nursing visits. While adult studies were able
o reproduce findings of diurnal seizure patterns in the
utpatient setting, it is unclear if our findings apply

o outpatients as well (Pavlova et al., 2012). Patient
ntiepileptic treatment, notably medication reduction
nd discontinuation, during inpatient stay may have
lso affected seizure frequency and timing. We were
ot able to account for the effects of specific AEDs and

heir withdrawal on seizure activity. Our study relied
n EEG localisation of seizures. Although we did not
ave a sufficient number of patients with seizure-free
utcomes following surgical management, the gold-
tandard method of epilepsy localisation, video-EEG
onitoring helped to improve localisation of seizures
Epileptic Disord, Vol. 16, No. 1, March 2014

nd document seizure timing. Further studies should
e undertaken to establish a validation cohort in order

o evaluate the findings of this study. Despite these
imitations, our data are suggestive of important diffe-
ences in seizure patterns among various age groups.
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onclusion

EG localisation plays an important role in determining
he timing of seizures. The use of multiple variables,
uch as age and semiology, further improves the pre-
iction of seizure occurrence and may provide new
venues for interventions (Loddenkemper, 2012). Fur-
her research, as attempted in pilot trials, may link
hese seizure patterns to circadian rhythm (Hofstra
t al., 2011).
rediction of seizure timing carries important impli-
ations. The knowledge of periods of greater risk is
f value for patients and their caregivers. In addition,
eizure prediction paradigms may allow for impro-
ed individualised treatments. Differential dosing
egimens have shown improved seizure control in a
andomised trial of 103 patients with subtherapeutic
rug troughs (Yegnanarayan et al., 2006) and in a pilot

rial of 17 patients with refractory nocturnal epilepsy
Guilhoto et al., 2011). Furthermore, a knowledge of
he timing of seizures may help prevent injury and
eath during seizures. This study may serve as a first
tep to identify factors that influence seizure timing
n different patient populations which may ultimately
llow for improved management of seizures. �

cknowledgements and disclosures.
he authors would like to acknowledge Matt Gregas, PhD for
tatistical support.
rs. Ramgopal, Powell and Zarowksi have nothing to disclose.
r. Alexopoulos serves on the Editorial Board of Epileptic Disor-
ers, performs clinical neurophysiology studies at the Cleveland
linic Epilepsy Center and bills for these procedures, and has

eceived research support from the American Epilepsy Society,
he National Institutes of Health, the Department of Defense,
nd UCB and Pfizer Inc. Dr. Kothare is funded by grants from the
ational Institutes of Health (1 RC1 HL099749-01 [R21] and RFA-
L-09-001) and an Investigator Initiated Grant from Eisai Pharma,

nc, to assess safety and efficacy of rufinamide in children, as well
s the Harvard Catalyst to assess cardiorespiratory abnormali-
ies during seizures in children. Dr. Loddenkemper serves on the
aboratory Accreditation Board for Long Term (Epilepsy and ICU)
onitoring (ABRET), serves as a member of the American Clinical
europhysiology Council (ACNS), serves as an Associate Editor

or Seizure, serves on the American Board of Clinical Neuro-
hysiology, performs video-EEG long-term monitoring, EEGs, and
ther electrophysiological studies at Children’s Hospital Boston,
pileptic Disord, Vol. 16, No. 1, March 2014

nd bills for these procedures. He receives research support
rom the National Institutes of Health/NINDS, the Payer Provider

uality Initiative, the American Epilepsy Society, the Epilepsy
oundation of America, the Center for Integration of Medicine
nd Innovative Technology, the Epilepsy Therapy Project, the
ediatric Epilepsy Research Foundation, Cure, Danny-Did Foun-
ation, HHV-6 Foundation, and investigator-initiated research
rants from Lundbeck and Eisai.

H
G
f
t

J
c

Seizure patterns in age groups

eferences

adawy RA, Macdonell RA, Jackson GD, Berkovic SF. Why do
eizures in generalized epilepsy often occur in the morning?
eurology 2009; 73: 218-22.

en-Ari Y, Khalilov I, Kahle KT, Cherubini E. The GABA exci-
atory/inhibitory shift in brain maturation and neurological
isorders. Neuroscientist 2012; 18: 467-86.

lume WT, Lüders HO, Mizrahi E, Tassinari C, van Emde Boas
, Engel Jr. J. Glossary of descriptive terminology for ictal

emiology: report of the ILAE task force on classification and
erminology. Epilepsia 2001; 42: 1212-8.

oison D. The adenosine kinase hypothesis of epileptogen-
sis. Prog Neurobiol 2008; 84: 249-62.

rowley SJ, Acebo C, Carskadon MA. Human puberty:
alivary melatonin profiles in constant conditions. Dev
sychobiol 2012; 54: 468-73.

eoni SC, Mercure E, Blasi A, et al. Mapping infant brain
yelination with magnetic resonance imaging. J Neurosci

011; 31: 784-91.

rake Jr. ME, Pakalnis A, Padamadan H, Weate SM, Can-
on PA. Sleep spindles in epilepsy. Clin Electroencephalogr
991; 22: 144-9.

urazzo TS, Spencer SS, Duckrow RB, Novotny EJ, Spencer
D, Zaveri HP. Temporal distributions of seizure occurrence

rom various epileptogenic regions. Neurology 2008; 70:
265-71.

mery B, Agalliu D, Cahoy JD, et al. Myelin gene regulatory
actor is a critical transcriptional regulator required for CNS

yelination. Cell 2009; 138: 172-85.

ittipaldi F, Curra A, Fusco L, Ruggieri S, Manfredi M. EEG
ischarges on awakening: a marker of idiopathic generalized
pilepsy. Neurology 2001; 56: 123-6.

oel D, Mittal M, Bansal KK, Srivastav RK, Singhal A. Sleep
eizures versus wake seizures: a comparative hospital study
n clinical, electroencephalographic and radiological profile.
eurol India 2008; 56: 151-5.

uilhoto LM, Loddenkemper T, Vendrame M, Bergin A, Bour-
eois BF, Kothare SV. Higher evening antiepileptic drug dose
or nocturnal and early-morning seizures. Epilepsy Behav
011; 20: 334-7.

erman ST, Walczak TS, Bazil CW. Distribution of partial
eizures during the sleep-wake cycle: differences by seizure
nset site. Neurology 2001; 56: 1453-9.
65

ofstra WA, Gordijn MC, van der Palen J, van Regteren R,
rootemarsink BE, de Weerd AW. Timing of temporal and

rontal seizures in relation to the circadian phase: a prospec-
ive pilot study. Epilepsy Res 2011; 94: 158-62.

anz D. The grand mal epilepsies and the sleeping-waking
ycle. Epilepsia 1962; 3: 69-109.



Journal Identification = EPD Article Identification = 0644 Date: March 26, 2014 Time: 3:55 pm

6

S

K
p
N

K
g
h

L
d
m

L
s

L
d
1

L
C
i
2

M
S
s
N

N
m
s

N
m
t
2

P
f

P
n
a
1

P
c
s

Q
r
m
5

R
s
g

R
o
p

R
e
2

S
e
s

S
l
2

S
A
m

S
m

W
a
t
l

W
o
c
P

. Ramgopal, et al.

aleyias J, Loddenkemper T, Vendrame M, et al. Sleep-wake
atterns of seizures in children with lesional epilepsy. Pediatr
eurol 2011; 45: 109-13.

halilov I, Le Van Quyen M, Gozlan H, Ben-Ari Y. Epilepto-
enic actions of GABA and fast oscillations in the developing
ippocampus. Neuron 2005; 48: 787-96.

askowitz DT, Sperling MR, French JA, O’Connor MJ. The syn-
rome of frontal lobe epilepsy: characteristics and surgical
anagement. Neurology 1995; 45: 780-7.

oddenkemper T. Chrono-epileptology: time to reconsider
eizure timing. Seizure 2012; 21: 411.

oddenkemper T, Vendrame M, Zarowski M, et al. Circa-
ian patterns of pediatric seizures. Neurology 2011a; 76:
45-53.

oddenkemper T, Lockley SW, Kaleyias J, Kothare SV.
hronobiology of epilepsy: diagnostic and therapeutic

mplications of chrono-epileptology. J Clin Neurophysiol
011b; 28: 146-53.

urillo-Rodriguez E, Blanco-Centurion C, Gerashchenko D,
alin-Pascual RJ, Shiromani PJ. The diurnal rhythm of adeno-
ine levels in the basal forebrain of young and old rats.
euroscience 2004; 123: 361-70.

agata K, Shinomiya S, Takahashi K, Masumura T. Develop-
ental characteristics of frontal spindle and centro-parietal

pindle. No To Hattatsu 1996; 28: 409-17.

owakowska BA, Obersztyn E, Szymanska K, et al. Severe
ental retardation, seizures, and hypotonia due to dele-

ions of MEF2C. Am J Med Genet B Neuropsychiatr Genet
010; 153B: 1042-51.

avlova MK, Shea SA, Bromfield EB. Day/night patterns of
ocal seizures. Epilepsy Behav 2004; 5: 44-9.
6

avlova MK, Woo Lee J, Yilmaz F, Dworetzky BA. Diur-
al pattern of seizures outside the hospital: is there

time of circadian vulnerability? Neurology 2012; 78:
488-92.

oh MZ, Loddenkemper T, Reinsberger C, et al. Autonomic
hanges with seizures correlate with postictal EEG suppres-
ion. Neurology 2012; 78: 1868-76.

Y
d
p

Z
l
s
E

uigg M, Straume M, Menaker M, Bertram 3rd. EH. Tempo-
al distribution of partial seizures: comparison of an animal

odel with human partial epilepsy. Ann Neurol 1998; 43: 748-
5.

amgopal S, Shah A, Zarowski M, et al. Diurnal and
leep/wake patterns of epileptic spasms in different age
roups. Epilepsia 2012a; 53: 1170-7.

amgopal S, Vendrame M, Shah A, et al. Circadian patterns
f generalized tonic-clonic evolutions in pediatric epilepsy
atients. Seizure 2012b; 21: 535-9.

andler C. Age and gender differences in morningness-
veningness during adolescence. J Genet Psychol
011; 172: 302-8.

anchez Fernandez I, Ramgopal S, Powell C, et al. Clinical
volution of seizures: distribution across time of day and
leep/wakefulness cycle. J Neurol 2013; 260: 549-57.

cholle S, Zwacka G, Scholle HC. Sleep spindle evo-
ution from infancy to adolescence. Clin Neurophysiol
007; 118: 1525-31.

house MN, Siegel JM, Wu MF, Szymusiak R, Morrison
R. Mechanisms of seizure suppression during rapid-eye-
ovement (REM) sleep in cats. Brain Res 1989; 505: 271-82.

tewart LS, Leung LS. Hippocampal melatonin receptors
odulate seizure threshold. Epilepsia 2005; 46: 473-80.

atamura SE, Donzella B, Alwin J, Gunnar MR. Morning-to-
fternoon increases in cortisol concentrations for infants and
oddlers at child care: age differences and behavioral corre-
ates. Child Dev 2003; 74: 1006-20.

atamura SE, Donzella B, Kertes DA, Gunnar MR. Devel-
pmental changes in baseline cortisol activity in early
hildhood: relations with napping and effortful control. Dev
sychobiol 2004; 45: 125-33.
Epileptic Disord, Vol. 16, No. 1, March 2014

egnanarayan R, Mahesh SD, Sangle S. Chronotherapeutic
ose schedule of phenytoin and carbamazepine in epileptic
atients. Chronobiol Int 2006; 23: 1035-46.

arowski M, Loddenkemper T, Vendrame M, Alexopou-
os AV, Wyllie E, Kothare SV. Circadian distribution and
leep/wake patterns of generalized seizures in children.
pilepsia 2011; 52: 1076-83.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier (FOGRA27)
  /Description <<
    /FRA <>
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


