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Abstract: The presence of natural 24-hour oscillations within the body provides often 

overlooked opportunities for treatment of epilepsy. By simply tailoring the drug regimen to 

an individual’s circadian rhythm, recent studies suggest one can improve the effectiveness of 

antiepileptic drugs, while reducing side effects. Daily variations in seizure occurrence and drug 

side effects create optimal timing windows for delivery of medication. Conversely, in certain 

epilepsy syndromes, there is growing evidence that both sleep and circadian rhythm can be 

distorted or misaligned. Thus, therapeutic re-entrainment of rhythms via application of zeitgebers 

(chronobiotics) may represent an untapped opportunity for improving patient quality of life.

Keywords: circadian, epilepsy, sleep, chronotherapy, chronopharmacology, personalized 

medicine

Epilepsy and management issues in treatment
Circadian rhythms play a role in many disease states but are rarely considered in their 

management. This is certainly true in the epilepsies. The actual impact of the circa-

dian rhythm on the development of epilepsy, the occurrence of individual seizures, 

and the response to intervention are poorly understood. Nevertheless, some circadian 

influences have long been recognized such as the risk for early morning myoclonus 

in juvenile myoclonic epilepsy.

For most patients, the first line of treatment of epilepsy is pharmacological therapy. 

The selection of a particular antiepileptic medication for a given subtype of epilepsy 

has long been the subject of controversy. Numerous factors may be considered when 

selecting an antiepileptic drug (AED), such as epilepsy syndrome, other medical 

disorders (headache, bone marrow dysfunction, and liver insufficiency), baseline 

cognitive dysfunction, neurological function, somatic and psychiatric comorbidities, 

demographic factors, cost, and medication side effects.

In terms of patient quality of life, drug side effects can have a substantial impact. 

Side effects related to antiepileptic medications are numerous and varied. Sedation 

and impairment of cognitive function range from minimal with some medications 

to profound with others, such as phenobarbital. Electrolyte imbalances can occur 

with carbamazepine and oxcarbazepine. Dizziness can occur with numerous seizure 

medications.

The reciprocal relationship between epilepsy and 24-hour rhythms has been 

well established for many epilepsy syndromes (reviewed in the “Diurnal rhythms 

and epilepsy” section, and elsewhere1–8). Endogenous 24-hour rhythms can influ-

ence epileptic seizures, creating 24-hour patterns of seizure recurrence. Conversely, 
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a number of studies have shown that epilepsy and AEDs have 

a detrimental effect on sleep and circadian rhythms.

Until now, the effects of 24-hour rhythms on seizure 

management have been, in large part, ignored. As we shall 

discuss, therapy effectiveness might be improved and side 

effects minimized by tailoring the therapy to the peak seizure 

time of an individual. This chronotherapeutic approach may 

apply to the selection of pharmacological therapy, the timing 

of pharmacological therapy, and the programming of stimula-

tor devices. Additionally, chronic sleep and circadian disrup-

tion can have negative consequences, including cognitive 

impairment, emotional disorders, and increased susceptibility 

to seizures.9–11 Direct treatment of these disruptions may help 

alleviate comorbid pathologies and perhaps the prevalence 

of seizures themselves.

Chronotherapeutic treatment of epilepsy, termed chrono-

epileptology,8 presents opportunities for improving epilepsy 

therapy, reducing side effects, and elevating patient quality of 

life. In this review, we shall first provide an overview of the 

circadian system (see “Circadian oscillations in the brain” sec-

tion). This will be followed by a discussion of the reciprocal 

interaction between epilepsy and 24-hour rhythms (see “Diur-

nal rhythms and epilepsy” section). We will then introduce 

common strategies in chronotherapy and chronopharmacology 

and discuss how these apply to epilepsy (see “Chronopharma-

cology and epilepsy” section). Finally, we shall review several 

previous clinical studies of chronotherapy in epilepsy ( see 

“Current and emerging chronotherapeutic treatments” section) 

and discuss how chronotherapy might improve patient care 

(see “Implications for enhanced patient care” section).

Circadian oscillations in the brain
Hierarchy of oscillators
This section provides a brief overview of the circadian sys-

tem. Given the focus of this review on epilepsy, we concen-

trate specifically on neurological oscillations within the brain 

and their interaction with the wake–sleep cycle.

Diurnal rhythms are oscillations having near 24-hour 

period. We shall use the terms diurnal rhythms and 24-hour 

rhythms interchangeably. Circadian rhythms are biological 

diurnal oscillations that persist in the absence of external 

cues. They are ubiquitous in biological systems, ranging 

from bacteria to the human brain. In mammals, coordination 

of these rhythms is achieved by the circadian timing system, 

which is typically divided into three functional units, ie, an 

input, a pacemaker, and an output.8,12

In mammals, the primary circadian pacemaker is located 

in the suprachiasmatic nucleus (SCN). The near 24-hour 

oscillations of the SCN are influenced by both external stimuli 

(zeitgebers) and also internal inputs. A primary input to the 

SCN arises from the photoreceptors in the retina, which 

transmit information about the environmental light–dark 

cycle. These photoreceptors include both conventional rods 

and cones and also retinal ganglion cells, which serve as the 

non-image-forming photoreceptors for the brain.13 Secondary 

non-photic inputs to the SCN arise from the intergeniculate 

leaflet, from the raphe nuclei, and from several other sites in 

the brain that transmit information to the SCN about feeding 

and temperature patterns.12 Non-photic stimuli can induce 

increased arousal and therefore changes in behavior that 

can influence the phase and period of circadian rhythms in 

certain animals.14

While the SCN serves as the master clock of the cir-

cadian system, it does not exhibit a great many efferent 

projections. Rather, the circadian system relies on a number 

of intermediary nuclei that are organized into a hierarchical-

type network.15 This hierarchy includes both feedforward 

and feedback connections. Additionally, a number of recent 

studies have identified independent peripheral circadian 

oscillators that form part of the circadian network and that, 

like the SCN, maintain 24-hour oscillations in isolation.16,17 

These nuclei receive the SCN clock signal, integrate it with 

other information, and then transmit it throughout the body, 

much in the same way the SCN integrates information from 

the retina. A standard example is the circuit that controls the 

release of melatonin. While melatonin is a principal output of 

the circadian system, it is produced by the pineal gland and 

its release is indirectly controlled by the SCN. Specifically, 

the SCN relies on a polysynaptic pathway via the paraven-

tricular nucleus and the superior cervical ganglion to finally 

reach the pineal gland.18 Melatonin is then released into the 

bloodstream to exert effects throughout the body and also to 

exert a feedback effect on the SCN itself.19

Circadian regulation of the wake–sleep 
cycle
Sleep is regulated by the interaction of circadian and 

homeostatic processes. The circuit controlling sleep and 

wakefulness provides an important example of how the SCN 

signal is integrated with other information.  Specifically, 

the wake–sleep circuit consists of contrasting brain centers 

promoting arousal and sleep. Key arousal areas are monoam-

inergic nuclei, such as the locus coeruleus, the raphe nuclei, 

and the tuberomammillary nucleus; these are activated in 

part by orexin-containing cells of the lateral hypothalamic 

area. The main sleep-promoting region is the ventrolateral 
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preoptic nucleus. A detailed review of this architecture is 

provided by Saper et al,19 but essentially, these two regions are 

mutually inhibitory and function as a flip–flop switch. Many 

of these nuclei, such as the ventrolateral preoptic nucleus and 

the orexin-containing cells, receive input from the SCN.8,20,21 

However, while the SCN exerts an influence, the switch does 

not strictly follow the 24-hour rhythm of the SCN. Rather, 

wake–sleep transitions respond to many additional factors, 

including homeostatic drive (extended periods of sleep will 

follow deprivation) and also external stimulation. Rapid eye 

movement sleep is primarily under the control of circadian 

rhythmicity and is normally at its peak near the end of the sleep 

period. Slow-wave sleep timing primarily reflects wake–sleep 

homeostasis. In this manner, the wake–sleep circuit integrates 

the SCN clock signal with many other inputs, allowing it to 

respond dynamically to a breadth of demands.

Circadian measurement  
protocols and terminology
Since circadian rhythms, the wake–sleep cycle, and other 

endogenous and external 24-hour oscillations are often cor-

related, it can be difficult to separate out their effects in rela-

tion to epilepsy. To investigate different systems in isolation, 

a number of studies adjust experimental protocols in order 

to desynchronize or eliminate certain 24-hour oscillations. 

Forced desynchrony protocols involve altering the period of 

the light–dark cycle or other external zeitgebers and cause 

internal rhythms to become desynchronized, allowing them 

to be studied independently. Forced desynchrony has been 

applied in human22 and animal studies.23 An alternative 

approach is the constant routine protocol, which completely 

removes variation in external factors such as daylight.24 This 

approach has been applied in several epilepsy studies.25,26 

A review of these methods is provided by Hofstra et al.27

While some of the studies covered in this review make use 

of separation protocols, many do not. In order to ensure con-

sistent terminology, we shall only refer to 24-hour rhythms 

as circadian if there is strong evidence that they are truly 

associated with the circadian system. For cases in which a 

rhythm is associated with some other 24-hour phenomenon, 

such as the light–dark cycle, or in which the origin is not clear, 

we shall refer to the rhythm as a diurnal rhythm.

24-hour rhythms in the brain
The hierarchical structure of the circadian system allows 

for regulation of 24-hour rhythms pervasively throughout 

the body. It has recently been estimated that more than 10% 

of genes are subject to circadian regulation in mammalian 

peripheral tissue.28 In the brain, circadian regulation is highly 

pervasive as well, and 24-hour rhythms of neural activity 

can be detected at most recording sites using a variety of 

recording techniques. The pervasiveness and complexity 

of circadian regulation in the brain can be seen from the 

summary of brain regions exhibiting 24-hour oscillations, 

as shown in Table 1. An understanding of these interactions 

is useful for interpreting the interactions between epilepsy 

and 24-hour rhythms.

Diurnal rhythms and epilepsy
Bidirectional relationship
Diurnal rhythms and epilepsy show a bidirectional relation-

ship, with seizures showing 24-hour patterns of recurrence 

and epilepsy causing disruptions in 24-hour rhythms.

Understanding the first part of this relationship, the 

24-hour rhythms of seizures, is imperative for designing 

Table 1 Brain regions exhibiting 24-hour rhythms in vivo

Brain region Measurement Species Reference

Accumbens nucleus MUA Hamster 29
Anterior hypothalamus Histamine Rat 30**
Caudate nucleus MUA Rat 31

5-HT, histamine, Ne Rat 32,33
Caudate putamen MUA Hamster 29
Lateral hypothalamic area MUA Rat 34
Lateral septum MUA Hamster 29
Locus coeruleus SUA Rat 35

5-HT, Ne Rat 36
Medial and dorsal raphe 
nuclei

MUA Rat 31

5-HT Rat 37#

5-HT, Ne Rat 36
Medial preoptic region MUA Hamster 29
Medial septum MUA Hamster 29
Midbrain 5-HT, histamine, Ne Rat 32,33
Midbrain reticular  
formation

MUA Rat 31

Stria medullaris MUA Hamster 29
Substantia nigra MUA Rat 34
Suprachiasmatic nucleus MUA Rat 31

MUA Rat 34
MUA Hamster 29

Thalamus MUA Rat 34
ventrolateral thalamic 
nucleus

MUA Hamster 29

ventromedial  
hypothalamic nucleus

MUA Rat 34

MUA Hamster 29
visual cortex MUA Rat 31

Notes: **Histaminergic neurons in the brain are located in the tuberomammillary 
nucleus of the posterior hypothalamus. However, the anterior hypothalamic area contains 
the highest concentration of histaminergic fibers; #observed variation was bimodal. 
Abbreviations: MUA, multiunit activity; SUA, single unit activity; 5-HT, serotonin; 
Ne, norepinephrine.
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appropriate chronotherapies based on seizure timing. As 

we shall review, different types of epilepsies can also show 

vastly different times for peak seizure activity, a phenom-

enon that has been previously proposed to have diagnostic 

potential.8

Reciprocally, the chronic epilepsy state can impair both 

sleep and 24-hour rhythms. This can occur in the form of 

abnormal sleep architecture and also disrupted amplitude, 

phase, and complexity of 24-hour oscillations in a variety 

of biological signals.

effect of diurnal rhythms on epileptic 
seizures
There are many daily rhythms present in the body. Their origin 

and function can be traced to the extrinsic 24-hour light–dark 

cycle, which determines optimal times for resting, feeding, 

and procreating. Most organisms on the planet entrain to this 

daily cycle. Mammals show 24-hour rhythms in their globally 

regulated functions, including digestive activity, wake–sleep 

state, rest–activity cycle, and core body temperature (CBT).38 

When the circadian system is functioning properly, it serves 

to coordinate these 24-hour processes.

There is strong evidence that the wake–sleep cycle can 

influence epileptic seizures, and this relationship is the sub-

ject of other reviews.2,39 Thus, when discussing the role of 

circadian rhythms on seizure activity, it becomes important 

to separate the influence of the wake–sleep cycle from other 

processes.

A number of studies have addressed this problem and 

suggest that, in addition to sleep, the circadian timing system 

can play a direct role in regulating seizures. First, it has been 

shown in a rat model of spontaneous limbic epilepsy40,41 that 

the 24-hour rhythm of seizures appeared for animals kept 

in a controlled light–dark environment and persisted when 

animals were kept in constant darkness.25 Furthermore, while 

seizures occurred predominantly during periods of inactivity 

for animals in a light–dark environment, this state preference 

was lost upon transition to constant darkness. This suggests 

that the 24-rhythm of seizures in constant darkness was not 

driven by changes in activity state.

Additionally, several studies have investigated the timing 

of peak seizure activity, and have shown that it varies depend-

ing on location of seizure focus. In particular, a recent clinical 

study examined a medically refractory epilepsy patient with 

two separate epileptic foci, one limbic and one parietal. This 

investigation showed that, although seizures from both foci 

occurred with 24-hour periodicity, these rhythms were out 

of phase with each other, with temporal seizures peaking 

near noon and parietal seizures peaking in the early morning 

hours.42 A review has summarized multiple studies on focal 

epilepsy, showing a relationship between the location of 

seizure focus and the timing of peak seizure activity.43 One 

recent study suggests that age and seizure semiology can also 

influence the diurnal patterns of epileptic seizures.44

Finally, studies have compared human mesial temporal 

lobe epilepsy (TLE) with a similar epilepsy model40,41 in rats. 

It was shown that the 24-hour seizure rhythms in rats and 

humans were in phase, both peaking in the early afternoon, 

despite the fact that humans are diurnal (sleeping at night) 

and rats are nocturnal.45 Although the wake–sleep cycle is 

inverted across nocturnal and diurnal organisms, many com-

ponents of the circadian system are phase-conserved across 

these species. For example, melatonin, one of the primary 

hormonal outputs of the circadian system, is secreted at night 

for both nocturnal and diurnal organisms.6 It is interesting that 

one recent study examined seizure rhythms in pilocarpine-

induced status epilepticus and found no significant correla-

tion of seizure frequency with circadian rhythms.46 Thus, 

while the 24-hour rhythms of epileptic seizures have been 

clearly established, the contributions of underlying systems 

to these are complex and not fully understood.

Traditionally it is thought that 24-hour seizure rhythms 

result from modulation of the epileptic brain region by neu-

romodulators and/or neurohormones that are released with 

24-hour rhythmicity.6 Thus, similar to how certain behavioral 

states exhibit favorable conditions for seizure formation,47 

certain times of day may also contain levels of neuromodula-

tors that promote the epileptic brain to be most prone to seize. 

It is well established that the release of many neuromodu-

lators and neurohormones is regulated on a 24-hour basis 

(Table 1); additionally, many of these also have the ability 

to promote or inhibit epileptic seizures.48,49 An example of 

such a neurohormone is melatonin, which is released primar-

ily at night. Although it is a putative anticonvulsant, it has 

also been shown to promote epileptiform activity in slice.50 

Furthermore, as mentioned above, melatonin is a hormone 

that is phase-conserved across nocturnal and diurnal species. 

Other compounds, such as vasopressin and hormones of the 

hypothalamic–pituitary–adrenal axis, have been proposed 

to play roles in the 24-hour rhythm of seizures.6 One study 

suggests that daily variation in audiogenic seizure suscepti-

bility is related to 5-HT and norepinephrine levels.51 More 

recent studies have also hypothesized a role for molecular 

mechanisms in seizure regulation.52 However, as yet, a causal 

linkage between these neuromodulators, neural activity, and 

seizure 24-hour rhythms has not been demonstrated.
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effect of epilepsy on wake–sleep cycle
Epilepsy has a significant impact on sleep and the wake–

sleep cycle.1–5,53 Changes in total sleep time, sleep latency, 

and spontaneous awakenings have been found in children.4 

Epilepsy may affect both the quantity and the architecture 

of sleep, depending on seizure type. The amount of rapid 

eye movement sleep is decreased by 50% in patients with 

primary generalized tonic-clonic seizures and as low as 41% 

in patients with secondarily generalized seizures.3 A recent 

polysomnography study in children with refractory epilepsy 

encephalopathies showed altered sleep, respiratory, and limb 

movement patterns relative to controls.53 Not all types of 

epilepsy have effects on sleep duration or architecture. It is 

interesting that in benign focal epilepsy, a disorder with no 

apparent impairment of cognitive function, the sleep pattern 

is largely unimpaired despite nocturnal seizures.5

effect of epilepsy on circadian rhythms
A fundamental question in circadian research is how certain 

diseases affect the circadian system and impair its ability 

to coordinate 24-hour rhythms. Studies suggest that severe 

neurodegenerative disorders, including Alzheimer’s disease, 

Huntington’s disease, Parkinson’s disease, and multiple 

sclerosis, can affect circadian/sleep regulatory structures and 

can disrupt 24-hour rhythms.9,54 There is growing evidence 

that epilepsy too can affect the circadian system; however, 

in part due to the wide variety of epilepsy syndromes, these 

changes are less concretely defined.

There are two distinct avenues by which circadian 

rhythms might become disturbed in epilepsy. First, the acute 

effects of epileptic seizures might promote transient circadian 

perturbations. This is supported by a study on daily rhythms 

of CBT, a surrogate marker for circadian regulation in mam-

mals.27 This study showed that CBT rhythms experienced 

slight and transient phase shifts following seizures in hip-

pocampal kindled animals.55

Second, permanent structural changes in the brain associ-

ated with the chronic epilepsy state may permanently alter 

circadian rhythms.25 This is suggested by studies on globally 

regulated functions, which have shown anomalies in car-

diovascular parameters56,57 and melatonin release.58,59 These 

findings are highly dependent on epilepsy syndrome and a 

comprehensive review is provided by Hofstra et al.7 Altered 

24-hour rhythms of behavioral activity have been observed 

after pilocarpine-induced status epilepticus, but it was sug-

gested that this might be caused by postictal hyperactivity;60 

a later study on absence epilepsy by the same group found 

significant changes in amplitude but not in the phase of total 

behavioral movement.61 Likewise, a study on CBT rhythms, 

a surrogate marker for SCN rhythms, found an increase in 

complexity of CBT oscillations, but no changes in CBT 

phase in animals with TLE induced by status epilepticus.62 

Together, these studies suggest that the phase of globally 

regulated functions remains generally unchanged in TLE 

animal models; however, other properties of the signal may 

be altered and seizures may induce transient perturbations. 

In the case of MeCP2-deficient mice, which seize spontane-

ously and serve as a model for Rett syndrome, more severe 

symptoms result, including abnormal daily rhythms of corti-

cal delta activity, CBT, and mobility.63

A variety of brain regions have been proposed to underlie 

these changes. For example, reported cell loss in the dorso-

medial hypothalamus, a region relevant for sleep regulation, 

has been suggested as the cause for abnormalities in the 

wake–sleep cycle.1 Likewise, changes in the medial preoptic 

nucleus reported by Quigg et al62 may underlie the increased 

complexity in CBT rhythms. There are likely other brain 

structures involved in the regulation of circadian rhythms 

that may be altered in the epileptic state and that remain to 

be identified. In summary, preliminary evidence supports 

the notion that the circadian system is altered in epilepsy; 

however, unlike the case for neurodegenerative diseases, it 

is not clear exactly which mechanisms and brain regions are 

involved. This results partly from the large number of epi-

lepsy syndromes, and also from epilepsy’s nature of affecting 

a wide range of brain structures.64

Effects of epilepsy on 24-hour 
rhythms of brain activity
Several recent studies have also focused on 24-hour rhythms 

of local brain activity. Disruption of 24-hour rhythms local 

to the site of epilepsy could potentially exacerbate seizures 

and other epilepsy symptoms. The first study examined 

electroencephalographic spiking activity in rats with TLE 

induced by status epilepticus. It showed that these spikes 

exhibited a 24-hour rhythm that shifted phase by .10 hours 

following status epilepticus injury.65 Importantly, these 

changes occurred after injury but prior to the emergence of 

spontaneous seizures. A follow-up study showed that this 

phase shift was independent of markers for the wake–sleep 

cycle and CBT rhythms and, furthermore, did not occur in 

animals that were stimulated with status epilepticus but failed 

to develop spontaneous seizures (Figure 1).66 It was proposed 

that altered 24-hour rhythmic input from the medial septum 

might be responsible for this phase shift.66 In a separate study, 

Matzen et al used single-pulse and paired-pulse response 
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measurements to suggest that hippocampal excitation was 

enhanced during the day and that inhibition was enhanced 

at night in an animal epilepsy model.67 These changes, they 

proposed, might be caused by altered hypothalamic-regulated 

hormone release. Together, these findings suggest that 

local 24-hour regulation in the hippocampus is disrupted 

in TLE.

Effect of epilepsy chronotype
Individual timing of daily activities and sleep varies consid-

erably throughout the population. This is referred to as an 

individual’s chronotype. Chronotype is often characterized by 

the Morningness Eveningness Questionnaire (MEQ), which 

differentiates morning-type and evening-type individuals.68 

MEQ may also be a reasonable predictor of endogenous 

circadian phase.69

Several studies have investigated chronotype and have 

shown associations between chronotype and epilepsy syn-

drome and also between chronotype and the timing of taking 

AEDs.7,70,71

A recent chronotype study72 surveyed 200 epileptics 

using both the MEQ and the Munich Chronotype Question-

naire.73 They found significant differences in chronotype 

between epileptics and healthy controls. However, they 

did not find significant differences among subgroups of 

patients with well defined epilepsy syndromes, despite 

the fact that they exhibit seizures with different diurnal 

patterns. This supports the notion that the epileptic state, 

rather than timing of individual seizures, has an effect on 

chronotype.72

Effect of epilepsy on  
reproductive hormones
Many reproductive hormones of the hypothalamic–

 pituitary–gonadal axis show 24-hour periodicity, including 

gonadotropin-releasing hormone, luteinizing hormone, 

prolactin, and follicle-stimulating hormone.74–76 Both 

generalized and partial seizures can have effects on these 

reproductive hormones.77,78 It is hypothesized the underlying 

mechanism might begin with activation of gonadotropin-

releasing hormone-secreting neurons in the hypothalamus. 

These neurons receive significant innervation from limbic 

brain regions commonly associated with TLE, particularly 

the amygdala. Gonadotropin-releasing hormone secretion 

could then trigger pulsatile release of luteinizing hormone, 

which would in turn promote release of pituitary hormones. 

It has been proposed that altered pulsatile release patterns 

of luteinizing hormone could be a diagnostic marker of 

epilepsy.77 Such alterations in hormone release may account 

for the well documented effects of epilepsy on reproductive 

health in men and women,79–81 which in turn may relate to 

additional exacerbation of seizures.82,83
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Chronopharmacology and epilepsy
Overview of chronopharmacology
Chronopharmacology, briefly, is the optimization of drug 

delivery timing through the consideration of natural and 

pathological bodily rhythms. The concept was first outlined 

by Alain Reinberg and Franz Halberg in 197184 and has 

seen renewed interest in recent years spurred by a number 

of advances in circadian research.

There are several principles underlying chronopharma-

cological drug delivery. The first is chronobiology, which 

is the study of biological rhythms. There are many types of 

biological rhythms spanning many time scales, ranging from 

millisecond-scale oscillations of nerve cells, to hourly ultra-

dian rhythms, to weekly or monthly infradian rhythms. For 

the field of chronopharmacology, 24-hour circadian rhythms 

are of key relevance. It has been shown that many pathologies 

possess clear 24-hour oscillations.6,10 Thus, dosing drugs to 

be present at times of peak pathological activity can be an 

effective treatment strategy.

A second aspect of chronopharmacology pertains to the 

time scales of drug processing by the body. Traditional drug 

dosing involves consideration of many bodily processes, includ-

ing absorption, metabolism, and excretion. It is the collection 

of these processes that determines the time course of drug 

availability within the biological tissue. The collection of these 

processes together and their influence on drug availability is 

referred to as pharmacokinetics. As shall be discussed, research 

has shown that the body’s processing of many classes of drugs 

has strong circadian dependence. Chronopharmacokinetics 

refers to this influence of chronobiological rhythms on drug 

processing. These rhythms can have a profound influence on 

determining optimal dosing schedules.

A third and less studied aspect of chronopharmacology 

is the interaction between biological rhythms and phar-

maceutical action. Biological rhythms can interact with 

pharmaceutical activity in two ways. First, drugs can exhibit 

diurnal variation in their efficacy and in their side effects. 

Secondly, compounds such as melatonin and valproate 

can also influence and induce phase shifts in circadian 

rhythms.85,86 While this can affect biological rhythms in 

a negative way, such drugs can also be used strategically. 

For example, a number of diseases, including epilepsy, 

Parkinson’s disease, and Alzheimer’s disease,9,54 can affect 

and impair the circadian timing system, and these drugs, 

timed appropriately, might be useful for correcting these 

circadian disorders. Chronopharmacodynamics is the study 

of these phenomena, describing the effects of drugs on the 

body in relation to endogenous biological rhythms.

Thus, chronopharmacology can be defined as the delivery 

of pharmaceutical agents according to the chronobiology 

of the disease and according to the unique chronophar-

macokinetics and chronopharmacodynamics of the drug. 

Chronopharmacology can be considered a central tool within 

the more general area of chronotherapy, for which the treat-

ments may not be pharmaceutical in nature but rather might 

involve other influences, such as light therapy. The specific 

application of chronotherapy to epilepsy can be referred to 

as chrono-epileptology.8,87

Chronopharmacology and chronotherapy approaches 

may benefit from personalization to the patient’s chronotype. 

As discussed above, chronotype can be assessed by ques-

tionnaires, such as the MEQ and Munich Chronotype 

Questionnaire, described above. Additional more direct 

measures of a patient’s endogenous 24-hour rhythms are 

available, including dim light melatonin onset, actigraphy, 

CBT, sleep parameters, and cortisol production.7,27

A number of prior papers provide comprehensive reviews 

of the subject of chronopharmacology. The concept was first 

introduced by Reinberg et al,84 and a number of reviews in 

the following years outline new technologies and clinical 

progress in relation to a variety of pathologies.12,88 Several 

reviews are specifically devoted to chronopharmacology and 

the interaction between circadian rhythms and epilepsy.8,89 

Dallmann et al focus specifically on molecular mechanisms of 

the circadian clocks and implications for chronotherapy.90

Chronobiological and 
chronopharmacokinetic measures
The phase of a circadian rhythm is usually measured based 

on the trough or crest of a biological rhythm. Estimations 

of circadian phase and amplitude are obtained from cosinor 

analysis. This is a process that involves fitting a circadian 

time series (T
i
, X

i
) collected over multiple days with a sinu-

soidal function of the form f t A t t D( ) cos ( ) /= ∗ −( )0 02π , 

where D=24 hours if the units of t are hours. The estimates 

of parameters A
0
 and t

0
 can be obtained by the method 

least squares, for which a solution via normal equations is 

available.91 The parameter t
0
, which is the circadian time of 

maximal activity in the signal, is referred to as the acrophase. 

Additionally, statistical tests for differences in A
0
 and t

0
 

across populations have been derived.91 Prior to applying 

least squares, baseline trends may be removed from the time 

series (T
i
, X

i
). This may involve simply high pass filtering or 

baseline estimation.65,66

For assessing chronopharmacokinetics, there are several 

common parameters used to measure drug concentration. 
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These include peak concentration, time from dosing to peak 

concentration, area under the concentration curve, and dura-

tion of action.12,89,92

Prior applications of chronotherapy
In this section, we present examples of successful applica-

tions of chronotherapy to a variety of medical conditions. 

Common chronopharmacological strategies include optimiz-

ing drug delivery timing for peak disease activity; optimizing 

for daily changes in drug absorption kinetics; and optimiz-

ing for daily rhythms in drug effectiveness and side effects. 

Examples of prior investigations can serve as templates for 

future application of chronotherapy to epilepsy.

Many respiratory afflictions, including allergic rhinitis 

and bronchial asthma, show clear 24-hour oscillations.92,93 

These oscillations peak primarily in the night-time, which 

is a common experience for sufferers of hayfever, and can 

lead to differential dosing opportunities. For example, a large 

multicenter clinical study found that the therapeutic effect 

of mequitazine, a histamine H
1
 receptor antagonist, was 

optimized when the bulk of the dosage was taken in the 

evening.94,95 This increased effectiveness was likely due to 

both the night-time prevalence of allergic rhinitis and also 

the drug’s chronopharmacokinetic properties. In particular, 

Reinberg et al showed that histamine H
1
 receptor antagonists 

had a longer duration of action in the morning (7 am), but a 

higher peak concentration and shorter time from dosing to 

peak concentration in the evening (7 pm).95–98

In the case of bronchial asthma, theophylline and 

β
2
-agonists are commonly used as treatment and these have 

shown chronotherapeutic effectiveness when administered 

in pulsatile form.99,100 Pulsatile drug tablets typically have 

multiple layers that dissolve at different stages of digestion, 

releasing portions of the drug in pulses typically separated 

by 6 hours. Pulsatile-release drugs taken in the evening can 

be used to treat early morning asthma attacks, which are 

difficult to target due to the lifetime of conventional drug 

capsules. The effectiveness of this approach has been assessed 

in several studies.101–103

Additionally, chronotherapy has shown promise in clinical 

studies for a number of other conditions, including cancer 

and cardiovascular disease.10,90 In particular, anticancer drugs 

must operate within a specific range, so as to be toxic to 

cancer cells but not to other cells in the body. This range can 

vary significantly throughout the day and can be leveraged by 

chronotherapy treatments.90 Chronotherapy has shown prom-

ise in a number of randomized multicenter trials, particularly 

in the case of metastatic colorectal cancer.104

Chronotherapy has yet to be applied extensively to 

conditions of the brain; however, in addition to epilepsy, 

a number of neurological disorders show circadian depen-

dence of symptoms and/or disruption of circadian rhythms. 

Thus, such findings have spawned a number of reviews 

addressing the possibilities of chronotherapy for specific 

brain illnesses,9 including Alzheimer’s disease,105 Parkinson’s 

disease,106 multiple sclerosis,107,108 and Huntington’s 

disease.109,110 In the case of multiple sclerosis, early clinical 

trials have suggested that treatment with corticosteroids ben-

efits from chronotherapy by focusing treatment at night.108 

Likewise, combined melatonin and bright light treatments 

were effective at alleviating daytime somnolence in institu-

tionalized Alzheimer’s patients.111

Chronopharmacokinetics of 
antiepileptic drugs
A comprehensive review of chronopharmacokinetics and 

chronopharmacodynamics in relation to epilepsy is provided 

by Ramgopal et al.89 As defined above, chronopharmacoki-

netics refers to daily rhythms in drug processing; multiple 

antiepileptic medications have been evaluated from this 

standpoint. In particular, the anticonvulsant valproate has 

shown 24-hour variations in absorption,112 distribution,113 

and excretion.114 Volunteers undergoing constant infusion of 

midazolam showed daily changes in drug concentration, with 

plasma levels of midazolam being slightly higher at night.115 

Healthy volunteers given oral doses of diazepam twice daily 

showed higher levels of diazepam after the morning dose than 

after the evening dose.116 These findings may be driven by 

a number of factors, including meal schedule, meal content 

and, more directly, plasma protein levels, which can influence 

drug binding.89 Considering the concentration time courses 

of AEDs can be relevant for designing dosing paradigms 

that target times of maximal seizure likelihood. We have 

included a table summarizing the half-lives of common AEDs 

(Table 2), and detailed reviews of AED pharmacokinetics are 

provided by Perucca117 and Pastalos.118

Chronopharmacodynamics and phase 
shifting of antiepileptic drugs
Epilepsy medications can also influence bodily processes 

in a 24-hour fashion. In particular, drug side effects might 

be more pronounced at certain times of day. For example, 

a mouse study showed that valproate exhibits toxicity with 

24-hour periodicity, peaking in the second half of the rest span 

for mice.119 This corresponds to the second half of the night 

for humans. AEDs can also induce phase shifts and other 
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disturbances in sleep and circadian rhythms. Diazepam was 

shown to alter the phase of the circadian clock expression 

in zebrafish120 and also to inhibit melatonin production in 

the rat pineal gland.121 Both diazepam and melatonin were 

found to alter the balance of circadian entrainment in a forced 

desynchrony study122 and melatonin is commonly used to 

induce phase shifts in the SCN rhythm.85 Valproate has been 

investigated for circadian effects and has been shown to alter 

the duration of the circadian period in Drosophilia123 and also 

in mouse and human fibroblasts.86 Lastly, sleep architecture 

disturbances are associated with multiple AEDs.124,125

As discussed above, 24-hour rhythm anomalies are 

endogenously present in several epilepsy syndromes. They 

have also been reported in patients undergoing epilepsy 

treatment.7 It is possible that the chronopharmacodynamic 

effects of medications, described above, contribute to circa-

dian rhythm dysfunction in epileptic patients.

Opportunities for epilepsy
As we have seen, epileptic seizures commonly follow a 

night-time or daytime pattern. These patterns may be related 

to internal biological clocks, time of day, and wakefulness 

and sleep states. A patient’s daily seizure pattern can be 

estimated from patient diaries and video electroencephalo-

graphic recordings, combined with prior knowledge from the 

population having the same epilepsy syndrome.

An understanding of the time of day or month when 

a person is most likely to seize can have signif icant 

implications for the individual and can help to guide 

treatment. For instance, adjusting to a higher night-time 

dose of antiepileptic  medication may potentially alleviate 

medication- related sleepiness while improving control 

of night-time seizures.126,127 Likewise, pharmacodynamic 

parameters of certain epilepsy medications, such as 

valproate,127 show 24-hour rhythmicity in their side effects 

and this can present therapeutic opportunities.

Other treatment strategies, such as time-released devices 

or brain stimulation, could be based on the circadian clock. 

Complex partial seizures may be mildly reduced by increas-

ing the individual’s exposure to bright light.128,129

AEDs85,86,120–124 and chronic epilepsy62,65–67 may disrupt 

endogenous diurnal rhythms. Such disruptions may be identi-

fied either through clinical assessment of circadian markers 

or through personal sleep diaries. Treatment paradigms that 

aim to either alleviate or actively correct for circadian dis-

ruption may be effective at reducing seizures and epilepsy 

symptoms. In particular, differential dosing of drugs might 

be tuned to alleviate circadian disorganization associated with 

AEDs. Likewise, judicious and personalized application of 

melatonin, light therapy, or other phase-resetting zeitgebers 

might assist with correcting misaligned endogenous circa-

dian rhythms.

Current and emerging 
chronotherapeutic treatments
Current strategies for chronotherapeutics in epilepsy are 

based on differential dosing schedules to improve the efficacy 

of medication in seizure control.89

One of the earliest clinical trials of a differential dosing 

strategy in epilepsy based on the principles of chronotherapy 

was conducted by Yengnarayanan et al.127 The study was based 

on the premise that awakening epilepsies occur more often in 

the late night hours, while focal motor seizures occur more 

frequently in the early part of the night. As a result, the main-

tenance of adequate drug concentrations during such suscep-

tible time periods may reduce seizure frequency. The authors 

investigated the effects of a chronotherapeutic dose schedule 

of phenytoin and carbamazepine in two patient groups suffer-

ing from diurnal epileptic seizures: a subtherapeutic group, ie, 

patients with blood serum drug levels in the subtherapeutic 

range (carbamazepine ,4 µg/mL, phenytoin ,10 µg/mL) 

and a toxic group, ie, patients with blood serum drug levels 

in the toxic range ( carbamazepine .8 µg/mL, pheny-

toin .20 µg/mL). Of the 103 patients in the subtherapeutic 

group, 51 were controls (STG-I) for whom the total medica-

tion dose was constant and no change in the timing of drug 

administration was allowed; in the remaining 52 patients 

(STG-II), the total dose of medication was again kept 

Table 2 Half-lives of common antiepileptic drugs

Antiepileptic  
drug name

Adult half-life 
(hours)

References

Carbamazepine 18–65; 10–20 after  
multiple doses

118,139

Diazepam 21–70; 40–100 with  
contribution from  
active metabolites

140–144

ethosuximide (Zarontin®) 40–60 118,145
Lacosamide (vimpat®) 12–16 146,147
Lamotrigine (Lamictal®) 23–37 148,149
Levetiracetam 6–8 118,150
Lorazepam 7–26 143,151,152
Midazolam 1–6; 1 for active metabolites 143,153
Oxcarbazepine 1–5; 7–20 for active  

metabolites
118,154

Phenobarbital 70–140 118,155
Phenytoin 7–42 118,156,157
Topiramate 19–25 118,158
valproate 9–16 118,159
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constant, but the majority of the dose was given at 8 pm. 

Of the 62 patients in the toxic group, 50% (TG-I) received a 

reduced dosage of medication without any alteration in the 

timing of the dose, while the remaining 50% (TG-II) received 

a reduced dosage as well as timing of the majority of the 

dose to be at 8 pm. The authors reported that the majority of 

the patients in the STG-II group exhibited therapeutic drug 

levels and better seizure control by the end of the fourth week 

of treatment. Furthermore, a significantly large number of 

patients in the TG-II group as compared with those in the 

TG-I group showed improved drug tolerance. These find-

ings suggest that a chronotherapeutic dosing schedule can 

improve the response of diurnally active epileptic patients 

not responding to standard doses, achieve therapeutic drug 

levels, and reduce toxic manifestations in those with drug 

concentrations beyond the therapeutic range.

A more targeted differential dosing strategy in patients 

suffering from nocturnal or early-morning seizures refrac-

tory to conventional AED therapy was reported in a pilot 

trial published by Guilhoto et al.126 A total of 18 patients 

were treated with an appropriate AED in a schedule for 

which the evening dose was twice the morning dose, keeping 

the total dose of medication constant. Eleven patients of the 

18 patients became seizure-free after a mean follow-up period 

of 5.3 months and four patients exhibited a 75%–90% reduc-

tion of seizures. This study indicates that even in patients who 

are initially unresponsive to conventional AED treatment, a 

differential dosing schedule based on the principles of chro-

notherapy can provide improved seizure control.

Emerging chronotherapeutic approaches involve looking 

at other avenues, such as melatonin regulation, light therapy, 

and closed-loop treatment protocols. In particular, melatonin 

has been reported to increase following convulsive seizures, 

an effect that has been suggested to be related to the anticon-

vulsant properties of melatonin.130 Melatonin has also been 

used as a chronotherapeutic medication to adjust circadian 

rhythms, and may therefore have a role in the alignment of 

circadian rhythms in epileptic patients.131 A recent review 

of clinical trials on melatonin as an add-on treatment for 

epilepsy failed to identify any conclusive evidence for the 

role of melatonin in reducing seizure frequency or improving 

quality of life in patients with epilepsy.132 This suggests that 

more systematic investigations are required to evaluate the 

efficacy of melatonin in epilepsy.

Another emerging chronotherapeutic treatment strategy 

involves the use of light therapy to control seizures. From 

a neurobiological perspective, there are three strands of 

evidence in the literature that suggest light therapy may 

 provide an effective treatment for some patients with 

epilepsy:  sunlight is important in the endogenous production 

and regulation of melatonin and vitamin D, both of which 

influence seizure thresholds; seizure frequencies increase 

in the winter and on dull overcast days; and light therapy is 

an established medical treatment for depression.128 A recent 

double-blind, randomized controlled trial evaluating the effi-

cacy of light therapy on seizure frequency in patients with 

intractable focal epilepsy found that both high (10,000 Lux) 

and low (2,000 Lux) intensity bright light therapy were effec-

tive in mildly reducing seizure frequency in patients with 

hippocampal sclerosis.129 The effects on patients with other 

focal epilepsies were not significant.

Finally, automated seizure detection systems allow for con-

tinuous monitoring of seizure activity and may provide valuable 

data for identifying periods of seizure clusters in individual 

patients.133–135 These data, in addition to recent progress in the 

technology for localized delivery systems, such as responsive 

neurostimulation133 and use of targeted drug delivery systems,136 

may allow for highly targeted and specific chronotherapeutic 

dosing strategies that are tuned to individual seizures, in line 

with endogenous rhythms in patients. Thus, while more studies 

are needed, the available evidence suggests that chronotherapy 

may allow for better control of intractable seizures.

Implications for enhanced  
patient care
Benefits of tracking seizure rhythms
Chronotherapy can improve patient care through a num-

ber of avenues. First, differential dosing of therapy based 

on a patient’s 24-hour seizure rhythms can improve the 

efficacy of therapy and reduce side effects. In particular, 

if receptors are maximally activated only at peak seizure 

times, this could reduce drug tolerance and side effects. As 

reported by  Guilhoto et al,126 a subset of patients who were 

initially unresponsive to AEDs was assisted by a differential 

dosing paradigm. Additionally, as discussed above, side 

effects of certain pharmaceuticals may also show 24-hour 

rhythmicity.119 Thus, it may be possible to reduce side effects 

by using differential dosing that caters to these rhythms.

Knowledge of seizure rhythms can aid in early diagnosis 

of epilepsy. In a recent review on focal epilepsies, distinct 

peak seizure times were reported for temporal (4 pm to 

5 pm), frontal (5 am to 7 am), and occipital seizures (7 pm), 

and bimodal peaks for parietal and mesial temporal onset 

seizures.43 Therefore, information on peak seizure time 

might also provide diagnostic constraints, suggesting certain 

sites of seizure onset and underlying syndromes.8 However, 
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personalization to the chronotype of the individual patient 

is also likely to be relevant.7,70

Benefits of treating circadian and sleep 
disruption
Effects of epilepsy-associated circadian disruption have been 

less studied, but may have important consequences for patient 

well-being. As discussed above, studies have shown that 

altered amplitude, phase, and waveform in 24-hour rhythms 

can appear in various brain regions and in globally regulated 

functions. It is well established that disrupted daily rhythms 

can have pathological implications, including emotional dis-

orders, cognitive deficiency, impaired resistance to disease, 

and increased risk of cardiovascular disease and cancer.9,10 

Studies in shift workers have shown increased risk of diabe-

tes, ulcers, cancer, and cardiovascular disease, and chronic jet 

lag has been demonstrated to produce temporal lobe atrophy 

and cognitive defects.137,138 Disorganized circadian rhythms 

may even have a direct effect on promoting seizures, as has 

been suggested recently in absence epilepsy.11 Despite these 

possibilities, however, a causal link has not yet been demon-

strated between epilepsy-associated circadian disruption and 

epilepsy symptoms. Furthermore, the relationships between 

pharmaceuticals and circadian disruption in epilepsy are 

largely unknown. Nonetheless, in the light of recent findings 

regarding circadian disruption in epilepsy, chronotherapies 

that aim to correct circadian dysfunction may be a simple and 

untapped avenue for treating epilepsy-related symptoms.

Conclusion
Progress over the past two decades in characterizing the 

relationship between epilepsy and circadian rhythms has 

created opportunities for applications of chronotherapeutic 

techniques to the treatment of epilepsy. The appeal of these 

techniques is that improvements in patient care can be 

obtained, with the only cost being personalization of the 

therapy to the patient’s circadian rhythm. With the increased 

prevalence of automated monitoring devices and electronic 

diaries for seizure tracking, such personalization is becom-

ing more prevalent and accessible. Conversely, recognition 

of the negative effects of circadian perturbation in epilepsy, 

combined with the ability to detect and correct these perturba-

tions, may lead to improved patient quality of life.
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