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Circadian and multiday seizure periodicities,
and seizure clusters in canine epilepsy

®Nicholas M. Gregg,' (®Mona Nasseri,' Vaclav Kremen,' Edward E. Patterson,>
Beverly K. Sturges,*Timothy J. Denison,*Benjamin H. Brinkmann' and
Gregory A. Worrell"”

Advances in ambulatory intracranial EEG devices have enabled objective analyses of circadian and multiday seizure periodicities,
and seizure clusters in humans. This study characterizes circadian and multiday seizure periodicities, and seizure clusters in dogs
with naturally occurring focal epilepsy, and considers the implications of an animal model for the study of seizure risk patterns,
seizure forecasting and personalized treatment protocols. In this retrospective cohort study, 16 dogs were continuously monitored
with ambulatory intracranial EEG devices designed for humans. Detailed medication records were kept for all dogs. Seizure period-
icity was evaluated with circular statistics methods. Circular non-uniformity was assessed for circadian, 7-day and approximately
monthly periods. The Rayleigh test was used to assess statistical significance, with correction for multiple comparisons. Seizure
clusters were evaluated with Fano factor (index of dispersion) measurements, and compared to a Poisson distribution.
Relationships between interseizure interval (ISI) and seizure duration were evaluated. Six dogs met the inclusion criteria of having
at least 30 seizures and were monitored for an average of 65 weeks. Three dogs had seizures with circadian seizure periodicity, one
dog had a 7-day periodicity, and two dogs had approximately monthly periodicity. Four dogs had seizure clusters and significantly
elevated Fano factor values. There were subject-specific differences in the dynamics of ISI and seizure durations, both within and
between lead and clustered seizure categories. Our findings show that seizure timing in dogs with naturally occurring epilepsy is
not random, and that circadian and multiday seizure periodicities, and seizure clusters are common. Circadian, 7-day, and monthly
seizure periodicities occur independent of antiseizure medication dosing, and these patterns likely reflect endogenous rhythms of
seizure risk.
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Introduction

People with epilepsy consistently report that the unpre-
dictability of seizures is a primary factor in epilepsy-
related disability (Dumanis et al., 2017). However,
reports of apparently nonrandom timing and predictabil-
ity of seizures dates back centuries, and questions about
the temporal distribution of seizures persist. Early specu-
lative explanations for the periodic timing of seizures sug-
gested a lunar effect—in 1748 one author writes, ‘the
moon’s influence is necessarily greater on the nervous
fluid or animal spirits, than on the blood, or any other
fluid in the animal body. ... Of this class none seem
more remarkable than epileptic diseases, [so that]
some fits do constantly return every new and full moon’
(Mead, 1748).

In the early 20th century, such notional explanations
were replaced by objective descriptions of the temporal
patterns of seizures, based on detailed case records
(Gowers, 1901) and seizure logs from a supervised resi-
dential facility for people with epilepsy (Langdon-Down
and Russell Brain, 1929; Griffiths and Fox, 1938). That
work described subject-specific circadian rhythms as well
as multiday rhythms with weekly, monthly (notably in
men), 5-weekly, 315 monthly and annual seizure perio-
dicities. Patient-generated seizure diaries are notoriously
unreliable (Hoppe et al., 2007; Cook et al., 2013), and
until recently the accurate calculation of seizure cycles
over long time scales had been impossible (Elger and
Mormann, 2013). The development of devices that pro-
vide objective, chronic measures of seizure activity in am-
bulatory patients have led to greater interest in seizure

forecasting and the circadian and multiday periodicities
in epilepsy. New devices combined with circular statistical
methods have provided validation of circadian and multi-
day seizure cycles in humans (Karoly et al., 2016; Baud
et al., 2018; Karoly et al., 2018). Furthermore, seizure
timing is shown to often have a phase preference relative
to the circadian and multiday oscillations in interictal epi-
leptiform activity in humans, and rats with pharmaco-
logically induced epilepsy (Baud et al., 2018, 2019). A
limitation of these human studies of circadian and multi-
day seizure cycles, however, is the absence of data on pa-
tient medication regimens and the potential role of
medication timing and adherence on seizure periodicities.
In clinical epilepsy care it is common, and best practice,
to adjust antiseizure medications in response to continued
seizures. The quantitative impact of medication changes
on seizure dynamics is unknown.

In 1901, Sir W. R. Gowers described seizure clusters,
another feature of the non-random timing of seizures. He
called these clusters ‘groups of attacks’, and suggested
that ‘seizures beget seizures’ (Gowers, 1901). Seizure clus-
ters continue to be a clinically important area of study
(Osorio et al., 2009; Haut, 2015). A discussion of the ex-
citatory and inhibitory neuronal and network mechanisms
in ictogenesis and seizure clusters is beyond the scope of
this article. However, a relevant question for this article
is whether seizure clusters are driven by an inherent self-
triggering capacity (‘seizures beget seizures’) in which an
initial seizure promotes subsequent seizures. An alterna-
tive explanation is that seizure clusters simply reflect
fluctuations in seizure risk, in which seizures recur in

high-risk phases. In this article, we report on the
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co-occurrence of seizure periodicities and seizure clusters,
which supports this latter explanation, although these are
not mutually exclusive mechanisms.

The temporal distribution of seizures is important for
understanding seizure dynamics, seizure risk factors, seiz-
ure forecasting and for the accurate evaluation of any
therapy, e.g. behavioural, pharmacological or electrical
stimulation. Progress requires continuous, long-term data
and appropriate statistical models for analyzing the tem-
poral patterns of seizures. Animal models are important
to study the mechanisms involved in the timing of seiz-
ures because they can be studied in a controlled fashion.
Animals are not necessarily subject to the medication and
neurostimulation changes required in human clinical care,
factors which can affect the stationarity of EEG signals
and seizure rates. Reliable measurement of seizure perio-
dicities could enable the anticipation of periods of
increased seizure risk, with implications for patient care
and seizure forecasting (Karoly et al., 2017b; Baud et al.,
2018).

Over the past decade, there have been significant
advances in long-term ambulatory
(iIEEG) devices. Two investigational devices designed for
human epilepsy are the NeuroVista Seizure Advisory
System (Cook et al., 2013), and the Medtronic Summit
System RC+S (Rechargeable Cell with Sensing) (Kremen
et al., 2018; Stanslaski er al., 2018), which provide full
bandwidth (250-500Hz sampling rates) continuous am-
bulatory iEEG recordings.

Naturally occurring canine epilepsy shares many charac-
teristics with human epilepsy (Berendt et al, 1999), and
dogs are large enough to accommodate iEEG devices
designed for humans (Davis et al., 2011; Coles et al.,
2013; Kremen et al., 2018). This study relies on ambula-
tory iEEG data recorded in dogs with naturally occurring
epilepsy using the NeuroVista and the Medtronic RC+S
devices. We show that canine circadian and multiday seiz-
ure cycles, and seizure clusters can be characterized over
months-long time scales with ambulatory iEEG devices.
Additionally, we show that seizure periodicities and seizure
clusters are common in dogs, as they are in humans, and
can occur independently from antiseizure
effects. Our findings suggest that dogs with naturally
occurring focal epilepsy are a good platform for the study
of the non-random patterns of seizure risk and can aid the
development of seizure forecasting methods. Dogs provide
a model system for the development of adaptive therapies,
for example, chronotherapy with which therapies are deliv-
ered based on changing seizure risk profiles.

intracranial EEG

medication

Materials and methods

Sixteen dogs with naturally occurring focal epilepsy were
implanted and monitored with long-term mobile iEEG
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devices (Fig. 1). Fourteen dogs were monitored with the
NeuroVista Seizure Advisory System described previously
(Davis et al., 2011; Cook et al., 2013; Howbert et al.,
2014; Brinkmann et al., 2015), and four dogs were moni-
tored with the Medtronic Summit Research System RC+S
device described previously (Kremen et al, 2018;
Stanslaski et al., 2018). Two dogs underwent recording
with both devices—the initial monitoring was with the
NeuroVista device, followed by explanation, and then im-
plantation of the RC+S device. All dogs were cared for
in a research kennel environment. Inclusion criteria were
that dogs were had at least 30 recorded seizures distrib-
uted over at least 8 seizure days. Daily antiseizure medi-
cations were used in an effort to prevent prolonged
seizures and minimize morbidity and mortality. The
Mayo Clinic, University of California, Davis, and the
University of Minnesota Institutional Animal Care and
Use Committees approved the study.

The NeuroVista device provides iEEG
recordings from 16 electrodes with sampling rate of
400Hz, and has no electrical stimulation functionality.
The Medtronic RC+S can deliver electrical stimulation to
16 contacts and has 4 dynamically selectable (from a
total of 16) bipolar sensing channel pairs, with sampling
rates of 250 or 500Hz. No electrical brain stimulation
was delivered during this study. Device specifications and
details of human and canine recordings have been
described previously (Davis et al., 2011; Cook et al.,
2013; Howbert et al., 2014; Brinkmann et al., 2015;
Kremen et al., 2018).

continuous

This study hypothesized that, similar to human epilepsy,
dogs with naturally occurring focal epilepsy have non-
random temporal distributions of seizures with a range of
periodicities, and clustering. Electrographic seizures were
identified by previously validated, high-sensitivity auto-
mated detections (Baldassano et al., 2017; Kremen et al.,
2018), followed by visual review and confirmation by a
board certified epileptologist (G.W.).

Circular statistics were used to assess the significance of
periodic data. Circular plots and circular histograms dis-
play the phase of events relative to a defined period (e.g.
24-h, 7-days, 1-month). To evaluate a 24-h cycle, one
sweep around the circular plot is 24h. The time of day
of seizure onset can then be plotted around a 24-h circle
for circadian rhythms, or a 7-day circle for circaseptan
(weekly) rhythms, and circular histograms can show the
phase preference and spread of events for the respective
period. The amplitude of the mean resultant vector, or
R-value, provides a measure of the circular non-uniform-
ity for a given period. To calculate the R-value, the tim-
ing of each event is plotted on a circular graph, with an
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Figure | Temporal distribution of seizures at multiple time scales in canine epilepsy. (A) Schematic of a dog with epilepsy and an
implanted ambulatory iEEG device. (B) Raw iEEG tracings from a single referential contact displayed at multiple time scales, which shows a
seizure, a seizure cluster and a pair of seizure clusters separated by a prolonged ISI. Red triangles indicate seizure onset.

arbitrary unitless amplitude (radius). Vectors are plotted
from the origin to each event around the circle—vector
summation generates a resultant mean vector, and the
normalized magnitude, the R-value, is a measure of the
consistency of event timing. Randomly distributed events
relative to a cycle will have a resultant R-value of 0,
while if all events occur at the same phase in the cycle
the R-value equals 1.

Seizure periodicities were assessed for 24-h, 7-day and
approximately monthly periods. Lead seizures were
defined as being separated from a preceding seizure by at
least 24-h, and clustered seizures are defined as seizures
that occur within 24 h of a preceding seizure (Haut et al.,
2005) (Fig. 1).

To prevent seizure clusters from biasing results for 7-
day and monthly period (and periods > 48h), only lead
seizures were included in those analyses. Inclusion of
clustered seizures in the assessment of multiday periodici-
ties would place multiple events from a single cluster
around the same phase of the cycle, which would in-
crease the non-uniformity of seizure occurrences, and in-
flate the R-value. For circadian rhythms (and rhythms
<48h), seizures occurring within 1h (rather than 24 h) of
a preceding seizure were withheld from analysis for the
same reason. Note that 24-h exclusion period for circa-
dian rhythms could spuriously suggest a circadian period-
icity. Relative risk scores were calculated to quantify
seizure risk (number of seizures per unit time) in the
quartile centered at the peak phase of the mean resultant
vector, relative to seizure risk of the remaining three
quartiles.

As above, clustered seizures were defined as seizures
occurring within 24h of a preceding seizure, consistent
with a common clinical definition and prior studies
(Dreifuss et al., 1998; Haut, 2015; Karoly et al., 2018).
A clustered seizure is believed to be a seizure whose oc-
currence is influenced by a preceding seizure (Haut,
2015).

The Poisson model: f(x|2) =%4e™% x=0, 1, 2,...,00,
provides a discrete probability distribution of the number
of times a random event will occur in a given amount of
time, where 1 is both the mean and variance of the distri-
bution. The Poisson model was used to evaluate the ran-
domness of the temporal distribution of seizures for dogs
with and without seizure clusters, with 1 defined as the
mean number of seizures per day (total number of seiz-
ures divided by the duration of monitoring in days).
Dogs were classified to have seizure clusters if the tem-
poral distribution of their seizures had a significant devi-
ation from the Poisson distribution consistent with
clustering, as quantified by the Fano factor (see
‘Statistical analysis’ section). Plots that compare the pa-
tient seizure events to a Poisson distribution can be used
to visualize distributions that are consistent with seizure
clustering. Histograms of seizure frequency were gener-
ated to assess the likelihood of a clustered seizure to
occur relative to the time elapsed since the prior seizure,
as previously described (Osorio et al., 2009). For each
dog, all clustered seizures were evaluated, while lead seiz-
ures were withheld.
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Circular statistics were used to evaluate the significance
of seizure periodicity for seizures that occur within clus-
ters. For each patient the median within-cluster intersei-
zure interval (ISI) was determined (lead
withheld). Median within-cluster ISI periodicity was eval-
uated using the circular histogram and the R-value.
Consistency of between-cluster periodicity was visualized
with box-plots for which the central mark is the median,
the box edges are the 25th and 75th percentiles, and the
whiskers extend to the most extreme non-outlier data-
points; outliers are plotted individually. Outliers were
defined to be more extreme than 2.7 times the standard
deviation (covers 99.3% of normally distributed data).

Features of lead seizures and clustered seizures were
compared to evaluate if these groups had unique charac-
teristics. The durations of lead and clustered seizures
were compared. The correlation of preceding ISI and seiz-
ure duration were evaluated for lead seizures and clus-
tered seizures. Rare seizures with durations greater than
30min were removed from ISI-seizure duration analysis,
except for dog 3 whose seizures typically that lasted
greater than 30min. Previous studies in humans
(Ferastraoaru et al., 2016) report that seizures within
clusters have shorter duration than isolated seizures and
terminal seizures. To explore this result in the canine
model, seizures were further subcategorized: lead seizures
were separated into isolated seizures (occur independently
from a cluster) and lead seizures [first seizure in a cluster;
marked with ‘(prime) for clarity’]. Clustered seizures were
separated into terminal seizures (final seizure in a cluster)
and ‘clustered’ seizures (occur within a cluster, excluding
lead’ and terminal seizures; marked with ‘for clarity’).

seizures

For assessments of seizure periodicity, statistical signifi-
cance was determined with the Rayleigh test (Berens,
2009). The Rayleigh test determines how large the R-
value must be to reject the null hypothesis that events are
uniformly distributed with respect to the period length.
The Rayleigh test assumes that the sample is drawn from
a von Mises distribution, the corollary of a Gaussian dis-
tribution for circular data, and is particularly suited to
detect unimodal deviations from circular uniformity. The
Benjamini-Hochberg false discovery rate (FDR) procedure
was used to correct for multiple comparisons, and the
FDR was set at 0.1 (Benjamini and Hochberg, 1995).
The Benjamini-Hochberg FDR procedure compares rank-
ordered P-values to a pre-specified critical value threshold
to account for multiple comparisons and determine statis-
tical significance.

The Fano factor, or index of dispersion (Fano, 1947),
measures the dispersion of a probability distribution, and
can quantify event clustering. It has been used to charac-
terize neural spiking (Litwin-Kumar and Doiron, 2012),
and seizure clusters (Karoly et al., 2017a). The Fano fac-
tor is the ratio of the variance of event rates relative to
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the mean. For a Poisson process, the variance and mean
are equal, and the Fano factor = 1. A process that dem-
onstrates clustering has a Fano factor > 1, and is said to
be over-dispersed. Regularly spaced periodic events have
a Fano factor < 1. The Fano factor is dependent on the
intervals over which event rates are evaluated, and we
evaluated the Fano factor for days, weeks and months-
long intervals. Fano factor P-values were calculated using
a previously described method based on the gamma dis-
tribution to test if the observed temporal distribution of
events was generated by a Poisson process (Eden and
Kramer, 2010).

Seizure durations and ISIs both within and between the
lead seizure population and clustered seizure population
were evaluated with unpaired two-sample #-tests, and the
Pearson’s correlation coefficient (Pearson’s 7). Further as-
sessment of seizure durations after additional subclassifi-
cation into isolated, ‘lead’, ‘clustered’ and terminal
seizures was performed with one-way analysis of variance
testing (ANOVA). Statistical significance was defined as P
< 0.05. All analyses were performed in MATLAB (ver-
sion 2017 b, Mathwords Inc, Natick, MA, USA). Some
analyses used the MATLAB Circular Statistics Toolbox
(Berens, 2009).

All data and MATLAB scripts are available at https://

msel.mayo.edu/research.html.

Results

Six dogs met inclusion criteria (five males), and were
monitored with the NeuroVista iEEG device (nz=3),
NeuroVista device transitioned to RC4S (n=2) or
Medtronic RC+S device (n=1). There was one beagle
(Dog 3), one coonhound (Dog 6) and four mixed-breed
dogs. Details of canine monitoring are reported in
Table 1. Dogs were monitored for an average of
65 weeks (standard deviation 35 weeks), between 13
August 2009 and 31 August 2018. Subject-specific lead
seizure rates were stable throughout the recording for
five dogs (Fig. 2A). Dog 1 had a 2-year non-recording
period between NeuroVista explanation and RC+S device
implantation. This dog exhibited a stable lead seizure
rate while monitored by the NeuroVista device, and a
stable but different rate while monitored by the RC+S
device (Table 2). Dogs 1, 2, 5 and 6 had seizure cluster-
ing, some of whom can be visually distinguished from
dogs without seizure clustering (Fig. 2B). Three dogs died
during monitoring. Dog 2 died secondary to a device
related infection. Dog 5 died secondary to a traumatic
head injury. Dog 6 died as a complication of surgery
during implantation of the RC+S system (subsequent to
NeuroVista monitoring).


https://msel.mayo.edu/research.html
https://msel.mayo.edu/research.html
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Table | Subject characteristics and features of seizure timing in canine epilepsy. The ISI columns lists mean and
standard deviation. Statistically significant periodicities after FDR correction are in bold font. A trend towards sig-
nificance that did not survive FDR correction is in italic font. For the monthly periodicity column, the cycle duration

is listed parenthetically

Seizure Count ISI Periodicity
(Rayleigh test P-value)
Sex Device Recording All Lead Lead Clustered Circadian Circaseptan Approximately
Time seizures  seizures (hr) monthly
(weeks) (days)
Dogl M NV — RC+S 69 171 46 10.6 (14.6) 5.7(5.9) 0.001 0.6l 0.0007 (27 days)
Dog2 M NV — RC+S 47 50 10 41.1 (30.1) 3.4 (5.6) 0.14 0.18 0.046 (28!/4 days)
Dog3 F RC+S 131 114 11 8.3 (5.5) 16.4 (6.4) 0.009 0.72 0.80 (28 days)
Dog4 M NV 63 32 30 15.1 (16.5) 109 (153) <5x 107° 0.18 0.97 (28 days)
Dog5 M NV 49 45 8 31.7 (5.7) 5.9 (2.9) 0.32 0.036 0.016 (27 days)
Dogé M NV 30 104 8 21.6 (15.6) 1.7 (3.8) 0.88 0.028 0.96 (28 days)
Dog7 M NV 7 0 0
Dog8 M NV 38 2 2
Dog9 M NV 0 0 0
DogI0 F NV 33 12 4
Dogll M NV 6 90 4
Dogl2 M NV 17 0 0
Dogl3 M NV 5 0 0
Dogl4 M NV 4 0 0
Dogl5 M NV 18 0 0
Doglé F RC+S 47 17 6
NV = NeuroVista
Statistically significant results are in bold font (P < 0.05).
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Figure 2 Lead seizure counts and total seizure counts over time. (A) Cumulative lead seizure counts over time. Subject specific seizure
rates [equal to the slope of the least squares line (orange line)], were stable throughout the recording for five dogs. Dog | had a 2-year non-
recording period between NeuroVista explanation and RC+-S device implantation, over which time there was a change in seizure rate. (B) Total
seizure counts plotted relative to time. Dogs |, 2, 5 and 6 had significant seizure clustering. Non-recording time periods were removed from

analysis and are indicated by hash-marks.

Table 2 Seizure rate stability over time. Pearson’s r pro-
vides a measure of the linear correlation between seiz-

ure occurrences and time

Seizure rate Pearson’s r

(seizures per week)

Dog | 1.04]0.26 0.98]0.96
Dog 2 0.16 0.93
Dog 3 0.84 0.99
Dog 4 0.44 0.96
Dog 5 0.17 0.99
Dog 6 0.23 0.96

<107%|<107°
<1075

<1075

<1075

<1075

27 x 107°

Statistically significant results are in bold font (P < 0.05).

Five out of the six subjects had statistically significant
periodicity of seizure timing—three dogs had circadian
seizure periodicity, one dog had circaseptan seizure peri-

odicity and two dogs had approximately monthly seizure
periodicity (Table 1; Fig. 3). Dogs 1, 3 and 4 had sub-
ject-specific, circadian seizure periodicities, with increased
relative risk of seizure occurrence of 5.1 (at 9:25 AM),
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Figure 3 Circadian, circaseptan and monthly seizure periodicity. Circular histograms of all dogs for (A) 24-h, (B) 7-day and (C)
approximately monthly period durations. The red bar is the resultant vector, or R-value. Concentric rings demarcate the number of seizures (five
seizures per concentric ring in (A), two seizure per ring in (B) and (C). Dogs with statistically significant periodicity are marked in red font and by

‘asterisk’. In (B) and (C), ‘hash’ next to Dog 5 and Dog 2, respectively, ind

icates a trend towards significant periodicity that did not survive FDR

correction. (D) The R-value is plotted for cycle durations of 6 h to 35 days in steps of quarter-days. (A) Results for lead seizures only. Statistically
significant R-values as determined by the Rayleigh test (P < 0.05 without correction for multiple comparisons) are marked in red.

4.8 (at 12:46 AM) and 12.5 (at 8:34 AM) times higher
than baseline (Fig. 3A).

Dog 6 had a circaseptan seizure periodicity with a cor-
responding relative risk of 5, and peak phase in the early
morning of Wednesdays around 2:00 AM. Dog 5 had a
trend towards a circaseptan periodicity which did not
survive FDR correction, with peak phase on Friday after-
noons around 4:00 PM (Fig. 3B). Dog 1 had an approxi-
mately monthly seizure periodicity with relative risk of
2.1, as did Dog 5 with a relative risk of 21. Dog 4 had
a trend towards circaseptan periodicity (Fig. 3B), and

Dog 2 had a trend towards a monthly periodicity
(Fig. 3C), which did not survive FDR correction.

Other multiday cycle durations were not evaluated as
part of the primary analysis. However, Fig. 3D shows
the amplitude of the resultant vector (lead seizures only)
for cycle durations of 6h to 35days in steps of quarter-
days to help situate the daily, weekly, and monthly peri-
odicity results within the larger context of the distribu-
tion of apparent seizure periodicities. Results in Fig. 3D
are displayed without correction for multiple compari-

sons; with Bonferroni correction (7=140) the only
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significant periodicity is a circadian rhythm for Dog 4.
See Supplementary Fig. 1 for the same periodicity ana-
lysis but including all seizures.

Seizure periodicities should be considered in the context
of antiseizure medication regimen. Dog 3 did not receive
daily antiseizure medications. The only chronic antiseizure
medication exposure for Dogs 1, 2, 5 and 6, was twice
daily dosing of phenobarbital. Dog 4 was treated with a
combination of Phenobarbital, Levetiracetam, Zonisamide
and Potassium Bromide during monitoring. Medication
records are unavailable for the initial period of monitor-
ing for Dog 5 and 6; however, the 63% of lead seizures
for Dog 5, and half of the lead seizures for Dog 6 were
recorded with contemporaneous medication records. See
Supplementary Tables 1-6 for detailed medication records
for each dog. Some dogs received benzodiazepine rescue
medication for prolonged seizures or seizure clusters,
however detailed records of rescue medications are not
available.

Four dogs (Dogs 1, 2, 5 and 6) had over-dispersed seiz-
ure rates by Fano factor analysis consistent with seizure
clustering (Fig. 4A, Table 3), and the temporal distribu-
tion of seizures for these dogs deviated from Poisson
distribution  (Fig. 4B, Supplementary Table 7).
Correspondingly, these dogs could have visually apparent
seizure clustering on the cumulative seizure count plots
(Fig. 2B). A high proportion of seizures occurred within
clusters—66%, 67%, 82% and 79%, for Dogs 1, 2, 5
and 6, respectively. Furthermore, a high proportion of
lead seizures progressed to seizure clustering — 39%,
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80%, 2.7%, 6.7%, 100%, and 75% for Dogs 1 through
6.

Histograms of clustered seizures indicate the likelihood
of seizure occurrence relative to the time elapsed since
the last seizure. For three dogs (Dogs 1, 2 and 6), clus-
tered seizures had progressive reduction in seizure likeli-
hood with increasing time elapsed since the last seizure
(Fig. SA). Dog 5 had within cluster seizure periodicity (P
= 0.0075 by Rayleigh test), with median ISI 5h and
16 min (Fig. 5B). Dogs 3 and 4 had very few clustered
seizures (Supplementary Fig. 2).

The relationships between seizure duration and ISI both
within and between lead seizure and clustered seizure cat-
egories was complex and patient specific (Supplementary
Fig. 3, Supplementary Table 8). Lead seizure durations
were significantly longer than clustered seizure durations
for Dog 1. Lead seizure ISI could have significant positive

Table 3 Fano factor and seizure clustering. Columns
list the Fano factor value and associated P-value

Fano factor

Day Week Month
P P P
Dog | 37 <107® 13.1 <107° 379 <I107®
Dog2 48 <10~® 6.4 <107% 2.52 0.005
Dog 3 0.9 0.99 054 099 042 099
Dog4 099 057 1.2 0.20 066 08I
Dog 5 34 <107® 49 <107® 1.4 0.21
Dog6 245  <I075 228  <I07° 346  <I107°
Statistically significant results are in bold font (P < 0.05).
0 Dog 2 1 Dog 3

Fano factor

log, P(ISI > ISI;)

100 0 50 100 0 20 40

0 Dog 5 0 Dog 6

Month

Day Week

50
ISI; (days)

100 0 20 40 60 0 20 40 60

Figure 4 Seizure clustering. (A) Fano factor for each dog for day, week and month-long intervals. (B) Blue circles are the logarithm of the
proportion of seizures with ISI > x;, relative to ISl x;, for each subject. Linearity of the distribution in consistent with a Poisson process, shown in
red (Taubgll et al., 1991). A negative deviation from Poisson distribution (down and to the left) indicates seizure clustering. The dogs whose
temporal distribution of seizures best fit a Poisson process (Pearson’s r in graph) also have non-significant Fano factor values (Dogs 3 and 4), and

vice versa.
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Figure 5 Dynamics of clustered seizures. All dogs with seizure clusters. (A) Histograms of clustered seizure counts relative to ISI
(Dog |, n=125; Dog 2, n=40; Dog 6, n =96; and All Dogs, n =298 seizures). (B) Dog 5 had periodicity of clustered seizures apparent in the
histogram (n = 37 seizures). The box-plot shows ISI data for each of the dog’s seizure clusters that contained at least three seizures (cluster |,
n=4; cluster 2, n= 10; cluster 3, n=4; cluster 4, n=7; cluster 5, n = 6; cluster 6, n=7; cluster 8, n =4). The circular histogram period length
was defined as the clustered seizure median IS, which is 5 h and 16 min; five seizures per concentric ring.

correlation with seizure duration (Dog 1, Dog 3).
Clustered seizure ISIs could have a significant positive
correlation with seizure duration (Dog 1) or negative cor-
relation (Dog 6). ANOVA testing that compared the sub-
categories of lead’ seizures, isolated seizures, clustered’
seizures, and terminal seizures resulted in a significant re-
sult for one dog (Dog; P < 107°) (Supplementary Fig. 4,
Supplementary Table 9). A comparison of isolated and
terminal seizure durations versus lead’ and clustered’ seiz-
ure durations demonstrated longer durations for isolated
and terminal seizures for Dog 1 only (P < 107°). Of
note, rare outlier seizure durations that were >30min
were withheld from analysis of seizure durations (two
seizures for Dog 1), except for Dog 3 whose typical seiz-
ures were prolonged.

Discussion

In this study, we show that non-random seizure temporal
patterns with significant periodicities are common in dogs
with naturally occurring focal epilepsy. Three of the six
dogs had circadian seizure periodicity, one of the six
dogs had circaseptan (7-day) seizure periodicity, and
two dogs had approximately monthly seizure periodicity.

Four dogs had seizure clustering (seizures that recur with-
in 24h of a preceding seizure). Circadian, circaseptan,
and monthly seizure periodicity (Karoly et al., 2018), and
seizure clustering (Taubell et al., 1991) have previously
been demonstrated in humans as well. All of the dogs in
the study exhibited at least one non-random seizure tim-
ing feature—circadian, circaseptan or monthly seizure
rhythm, or seizure clustering. Our findings suggest that
dogs can serve as a platform to study the mechanisms
that influence seizure timing, and advance seizure fore-
casting, and chronotherapy protocols that deliver medica-
tion or neurostimulation based on evolving seizure risk.

Seizure periodicities and seizure clusters in human epi-
lepsy have been reported in the literature, and yet ques-
tions remain about the medication timing, brain
networks, behavioural states and physiological mecha-
nisms behind these patterns. Prior ambulatory iEEG-based
human studies of seizure periodicities did not track medi-
cation use, which left unresolved questions about the im-
pact of daily medications and medication adherence on
circadian and multiday rhythms (Karoly et al., 2016,
2018; Baud et al., 2018). Our findings, with detailed con-
temporaneous medication records, provide support to the
hypothesis that seizure periodicities reflect endogenous
rhythms of seizure risk.
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Franz Halberg introduced the term ‘circadian’ (from
Latin circa, meaning ‘around’, and diem, meaning ‘day’)
in the 1950s to describe biological oscillations that have
~24-h periodicity. Since that time circadian rhythms have
been extensively studied in humans and many species of
animals, plants, fungi and bacteria. Circadian rhythms
modulate an array of physiological processes including
sleep cycles, body temperature and behavioural state
(Aschoff, 1965), autonomic and hormonal activity
(Reppert and Weaver, 2002) and brain activity as meas-
ured by EEG (Gundel and Hilbig, 1983). Extensive work
has demonstrated cellular pacemaker mechanisms behind
underlying biological rhythms (Jagota et al., 2000).
Circadian seizure periodicity was present in three of the
six dogs studied, and the relative risk of seizure occur-
rence at peak phase of the cycle ranged between 4.8 and
12.5 times the baseline risk. The ability of this periodicity
to stratify epochs of increased seizure risk could inform
whether to engage in activities at different phases of the
day, and direct the timing of medication and
neurostimulation.

The peak phase of circadian seizure cycles appears to
be subject specific; however, the sample size of this study
limits generalizability. Subject-specific periodicity is con-
sistent with prior human studies that reported the peak
phase of circadian seizure periodicities to be distributed
throughout the day (Karoly et al., 2018) (with relative
predominance between 6:00 AM and 9:00 AM), and
may depend on the brain regions generating seizures
(Durazzo et al., 2008).

In addition to circadian rhythms, circaseptan rhythms
have been a focus of prior investigations, and some
authors have proposed the presence of endogenous circa-
septan rhythms in humans and single-celled organisms
(Halberg et al., 1965; Schweiger et al., 1986). Weekly
cycles have been demonstrated in pathological processes
such as myocardial infarction (Willich et al., 1994) and
stroke (Kelly-Hayes et al., 1995), as well as mood fluctu-
ations (Almagor and Ehrlich, 1990). In this study, Dog 6
had a circaseptan rhythm with a 5-fold higher relative
risk of seizures at peak phase. Dog 5 had a trend toward
a circaseptan rhythm that did not survive FDR correc-
tion. More work is needed to clarify if circaseptan seizure
cycles reflect a purely endogenous periodicity, or are be-
haviourally driven and related to changes in sleep pat-
terns, activities or stress between weekday and weekend
routines.

Dogs 1 and 5 had approximately monthly seizure
rhythms with 2-fold to 20-fold higher relative risk of
seizures at peak phase, and Dog 2 had a trend towards a
monthly rhythm that did not survive FDR correction.
Monthly rhythms of seizure risk have been well described
in women with catamenial epilepsy (Herzog et al., 2004)
and attributed to monthly hormonal changes. However,
there is considerable evidence that monthly seizure
rhythms are common in both women and men (Griffiths
and Fox, 1938; Karoly et al., 2016, 2018; Baud et al.,
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2018), which cannot be fully explained by catamenial
cycling. All of the dogs with a monthly seizure cycle in
this study were male. Furthermore, the period between
canine estrus cycles is typically 5-6 months.

The dogs in this study were cared for in an academic
veterinary kennel setting, which provided detailed medica-
tion records, and assured medication adherence. Daily
medications were used to avoid prolonged seizures and
minimize morbidity and mortality. Dog 3 did not receive
any daily antiseizure medications, which indicates that
this dog’s circadian seizure periodicity is not an artefact
of daily oscillations in medication levels. Dog 1 received
twice daily doses of phenobarbital throughout the study.
The half-life of phenobarbital in dogs is ~72.3h
(Pedersoli et al., 1987), and it seems unlikely that the
small fluctuations in phenobarbital levels would induce a
circadian seizure periodicity. We cannot exclude the pos-
sibility of entrainment of an endogenous rhythm or a
shift in the peak phase by daily fluctuations in drug lev-
els. Dog 4 was treated with a combination of phenobar-
bital, potassium bromide (half-life 15.2days) (March
et al., 2002), levetiracetam (half-life 3.6h) (Isoherranen
et al., 2001) and zonisamide (half-life 13h) (Orito et al.,
2008), and the influence of medications on this dog’s cir-
cadian seizure periodicity is uncertain. The lack of a rela-
tive peak at the opposite phase (12-h from peak) of the
circadian circular histogram (Fig. 3A), argues against a
purely medication driven periodicity, given twice-daily
dosing. Medication records were unavailable for the first
half of Dog 6’s lead seizures; however, the circaseptan
periodicity is preserved in the second half of lead seiz-
ures, which occurred without medications, suggesting that
medication did not induce the periodicity (Supplementary
Fig. 5 shows circular histogram of Dog 6’s lead seizures
off of antiseizure medication).

Given the lack of medication records and undetermined
influence of medications on seizure periodicities in prior
human iEEG-based studies (Baud et al., 2018; Karoly
et al., 2018), these findings notably support the hypoth-
esis that endogenous rhythms can drive periodic changes
in seizure risk. Further work is needed to evaluate how
seizure periodicities and clusters respond to personalized
seizure  risk-based treatments. One could imagine
improved seizure control with reduced side effect profile
by preferentially delivering medications when seizure risk
is high. However, it is possible that modulated pharma-
cotherapy could simply induce a phase shift in the timing
of seizures.

Other multiday seizure cycle durations, which were not
part of the primary analyses, are presented to situate cir-
cadian, circaseptan and monthly periodicities within the
larger context of apparent periodicities (Fig. 3D for lead
seizures; Supplementary Fig. 1 for all seizures). We fa-
vour the use of lead seizures to evaluate these periodici-
ties. Closely spaced seizures within a cluster will fall next
to each other on a circular plot regardless of the period
duration being tested. When all seizures are used for
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subjects with a single or few dominant clusters the results
can be confounding and show many significant periodici-
ties, or even that all tested periods are significant
(Supplementary Fig. 1, Dog 6).

Zeitgebers (from German, ‘time giver’) are environmen-
tal signals that synchronize or entrain biological rhythms
to the external world. Examples of Zeitgebers are daily
sunlight and temperature changes that synchronize circa-
dian rhythms to the 24-h rotation of the earth. Without
Zeitgebers the circadian biological rhythms in humans
and animals can desynchronize from a 24-h period and
drift by minutes or hours per day, and compound over
time (Aschoff, 1965). There are known Zeitgebers than
entrain daily, weekly and annual (season changes) bio-
logical and behavioural rhythms. The dogs in our study
were exposed to daily Zeitgebers (cycles of light/dark,
mealtimes and interactions with caregivers), as well as
weekly Zeitgebers (changes in meal schedule, and interac-
tions with caregivers between weekdays and weekends).

An important concern for the analysis of free-running
endogenous multiday rhythms is to maintain synchroniza-
tion between the biological rhythm and the observer-
selected period of interest. Desynchronization may occur
for a number of reasons: (i) the period being tested dif-
fers from the endogenous rhythm (even small differences
will compound over multiple cycles), (ii) the endogenous
process is non-stationary, (iii) the endogenous rhythm has
an outlier period or (iv) the endogenous rhythm is
skewed. Under these conditions, the biological rhythm
will drift from the observer-defined period. Given the
lack of an associated Zeitgeber for longer time-scales, it
is important to consider desynchronization between peri-
ods being tested and endogenous rhythms. More work is
needed to ensure synchronization over time and for pro-
spective studies.

Seizure clusters were common in this cohort (67% of
the subjects), which is higher than the 25-50% preva-
lence reported for people with epilepsy (Milton et al.,
1987; Taubell et al., 1991). The temporal distribution of
seizures in seizure-cluster-dogs had marked deviation
from Poisson distribution and elevated Fano factor values
(Fig. 4, Table 3). Quantifying seizure clustering provides
information that can improve estimates of seizure proba-
bilities over different time intervals.

For three dogs, clustered seizures had characteristic
temporal distributions: there was progressive reduction in
seizure likelihood as time elapsed since the last seizure
increased. In other words, within a seizure cluster, the
longer one has gone since the prior seizure, the less likely
one is to have a subsequent seizure. This feature of seiz-
ure clusters has also been demonstrated in human data
(Osorio et al., 2009). One dog demonstrated significant
periodicity of clustered seizures, with ISI duration of 5Sh
and 16 min.

Two potential mechanisms for seizure clustering are (i)
a self-triggering mechanism whereby a single spontaneous
seizure influences seizure-likelihood for a following period
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of time (‘seizures beget seizures’) (Gowers, 1901), and (ii)
fluctuations in seizure threshold produce sustained peri-
ods when conditions for a seizure are favourable, inde-
pendent from any given seizure. It is appealing to
attribute seizure clusters to periodic fluctuations in seizure
threshold (mechanism ii) given the co-occurrence of mul-
tiday seizure periodicities and seizure clusters in our co-
hort (significant multiday periodicities for Dogs 1, 5 and
6, with a trend towards a monthly periodicity in Dog 2,
all of whom have seizure clusters). This finding, however,
does not preclude a role for seizures to influence subse-
quent seizure risk. Further work is needed to clarify the
impact that either mechanism has on seizure clusters.
Inducing seizures at different phases of an animal’s en-
dogenous rhythm could help distinguish fluctuations in
seizure threshold from a self-triggering mechanism.

Seizure clusters are well described in humans and have
significant impact on the clinical safety and wellbeing of
patients (Haut, 2015). Seizure clusters can evolve into
status epilepticus (Mitchell, 2002), result in more emer-
gency department visits (Haut, 2006), prolong hospital-
izations (Spatola et al., 2013) and increase the risk of
post-ictal psychosis (Kanner et al., 1996). Rescue medica-
tion protocols are in use to prevent or abort seizure clus-
ters and the associated morbidity (Abou-Khalil et al.,
2013). A high proportion of people with epilepsy have
seizure clusters, which underscores the importance of
medication and neurostimulation protocols to address
these periods of increased seizure risk.

To our knowledge, there are no neurostimulation pro-
tocols in use designed to adaptively cover the sustained
period of increased seizure risk in individuals prone to
seizure clusters. FDA-approved neurostimulation devices
for epilepsy either provide responsive neurostimulation
after seizure onset (Morrell and Group, 2011), or lack
seizure sensing function and provide open-loop, duty
cycle stimulation (e.g. cycling stimulation on for 1min
and off for 5min) (Fisher et al., 2010). Dogs with epi-
lepsy could be used as a model system to develop novel
closed-loop neurostimulation protocols to prevent or
moderate seizure clusters, a neurostimulation corollary to
existing medication protocols for patients predisposed to
seizure clusters.

The relationship between ISI and seizure duration, both
within and between the lead seizure category and clus-
tered seizure category, was complex and subject specific
(Supplementary Fig. 3, Supplementary Table 8). Our find-
ings do not demonstrate a consistent relationship between
ISI and seizure duration. When seizures were subdivided
into lead’ (lead seizure not including isolated seizures),
isolated, clustered’ (clustered seizures not including ter-
minal seizures) and terminal seizure categories only Dog
1 had significant differences in seizure durations
(Supplementary Fig. 4, Supplementary Table 9). For Dog
1 isolated and terminal seizures were longer than lead’
and clustered’ seizures. This finding is consistent with
human work that suggests the shorter duration of lead’
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and clustered’ seizures may fail to activate the inhibitory
mechanisms necessary to prevent a
(Ferastraoaru et al., 2016). This was not found in the
other three dogs with seizure clusters.

This study is limited by the number of subjects with
long-term ambulatory iEEG recordings. Although the
number of subjects is relatively small, the data sets are
large and span multiple months of iEEG recording with
> 30 seizures for each subject. Evaluation of the stability
of subject-specific circadian and multiday seizure rhythms
over time will benefit from even longer recording dura-
tions in the future. Some dogs had relatively infrequent
seizures, which impacts our ability to establish patterns
of seizure periodicity. Dog 1 had variation in seizure rate
over time, and this may cause challenges for prospective
studies. Very long cycles, such as annual cycles, could
not be evaluated due to insufficient recording duration.
We did not track the behavioural state of dogs in this
study, so associations between seizures and sleep or other
states were not assessed. We used objective quantification
of electrographic seizures for the study, given the limita-
tions of assessing non-motor symptoms of seizures in
dogs. The study was retrospective, and a future goal
would be to use knowledge about the temporal dynamics
of seizure events to prospectively forecast periods of
increased seizure risk, and to trial personalized medica-
tion and neurostimulation treatment protocols.

To our knowledge, this is the first study to objectively
characterize circadian and multiday seizure periodicities,
and seizure clusters in dogs with naturally occurring epi-
lepsy. Seizure periodicities and seizure clusters are com-
mon in dogs, as they are in humans, and dogs may serve
as a model system to evaluate the physiological and be-
havioural mechanisms that contribute to the non-random
temporal distributions of seizures. A better understanding
of seizure periodicities and seizure clusters can inform
personalized profiles of seizure risk, and may advance
seizure forecasting models. Dogs can accommodate neuro-
stimulation devices designed for humans, and may enable
the development of novel chronotherapy protocols where
neurostimulation and medications are adjusted based on
seizure risk.

seizure cluster
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