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Editorial their scientific impact. Furthermore, this has prevented

Epilepsy is one of the most common chronic neurological
diseases in companion animals. Its prevalence has been
estimated to be 0.6-0.75 % in the general dog population
[1, 2], which means that nearly every 130" dog presenting
in a veterinary practice will have epilepsy. Dogs and cats
with epilepsy experience debilitating epileptic seizures, but
epilepsy causes more than recurrent epileptic seizures
alone. Patients with epilepsy can suffer from transient
postictal behavioural changes and/or clinical deficits. Fur-
thermore, affected dogs have a shortened life expectancy,
and are at an increased risk of developing comorbidities
affecting the interictal period, such as neurobehavioural
changes, and a reduced quality of life [3—6]. The impact of
the disease does not only affect the patient, but also affects
the quality of life of the pet’s owner [5-7]. Based on the
importance of epilepsy for clinical and especially neuro-
logical practice a flourish of studies have been performed
and published over the last 30 years.

Despite this plethora of new information, the classifica-
tions, definitions, terminology, therapeutic outcome
measures, neuroimaging and neuropathological standards
have differed between many of these studies, making it
difficult to draw comparisons. This could potentially limit
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the implementation of a common understanding of epi-
lepsy and standardized professional guidelines, which
could support clinicians when diagnosing companion
animals with epilepsy and advising their owners. Many
of the classifications, definitions and terminology used
have reflected the most recent proposals of that time of
an international human epilepsy organisation, the Inter-
national League Against Epilepsy (ILAE). Since the 1960s
the ILAE have worked on defining, classifying and agree-
ing on the terminology used in human epilepsy [8-14].
The ILAE sees itself as “the world's preeminent association
of physicians and other health professionals working to-
wards a world where no persons' life is limited by epilepsy”
and has the mission “to ensure that health professionals,
patients and their care providers, governments, and the
public world-wide have the educational and research re-
sources that are essential in understanding, diagnosing
and treating persons with epilepsy” (ILAE homepage
www.ilae.org). The ILAE builds taskforces to fulfil its
mission, resulting in the publication of consensus state-
ments to provide the scientific and clinical framework
for the epilepsy community. These consensus statements
are regularly reviewed every 5-10 years, reflecting the con-
stant improvements in our understanding of the disease,
its treatment, comorbidities and complications.

In 2014, a group of Veterinary Neurology Specialists
and Non-specialists founded the International Veterinary
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Epilepsy Task Force (IVETF). The IVETF is deliberately
independent to any other veterinary or human organ-
isation and its main aim is to provide the veterinary
community, breeders and dog (and in part cat) owners
with consensus statements on the key areas in the field
of epilepsy. There is a ‘chain of care’ from the animal’s
breeder and owner through the first opinion practitioner
to the neurology specialist and neuroscientist. Each
consensus statement aims to be a ‘user friendly, pragmatic,
reliable and valid tool for the benefit of all of these stake-
holder groups. Furthermore, IVETF has worked towards
building a scientific and clinical framework to manage and
research epilepsy appropriately, and to provide a platform
to enable communication with other stakeholders using
the same, agreed “common language”. Each consensus
statement is based upon the current published under-
standing of epilepsy and represents in parts the authors’
interpretation of the published evidence. IVETF reflected
new thoughts from the human ILAE, but also considered
well accepted veterinary terminology and practice. To
ensure we had a broad range of stakeholders involved,
the consensus-working group was composed of and/or
consulted veterinary and human neurologists and neuro-
scientists, practitioners, neuropharmacologists and neuro-
pathologists. It is the first time that so many clinicians and
scientists have united and formally agreed on the key
aspects of companion animal epilepsy. This culminated
in twenty-six co-authors being involved in the process
of developing seven consensus statements. These consen-
sus statements should be seen as the beginning rather
than the end of this process, with the IVETF planning to
broaden its remit and membership in the future.

The IVETF has agreed on the following consensus state-
ments. The IVETF hopes that each statement will help ad-
vance the field of canine and feline epilepsy and ultimately
lead to better care for our patients:

1. International Veterinary Epilepsy Task Force
consensus report on epilepsy definition, classification
and terminology in companion animals

2. International Veterinary Epilepsy Task Force Consensus
Proposal: Diagnostic approach to epilepsy in dogs

3. International Veterinary Epilepsy Task Force current
understanding of idiopathic epilepsy of genetic or
suspected genetic origin in purebred dogs

4. International Veterinary Epilepsy Task Force
consensus proposal: Medical treatment of canine
epilepsy in Europe

5. International Veterinary Epilepsy Task Force
Consensus Proposal: Outcome of therapeutic
interventions in canine and feline epilepsy

6. International Veterinary Epilepsy Task Force
recommendations for a veterinary epilepsy-specific
MRI protocol

Page 2 of 2

7. International Veterinary Epilepsy Task Force
recommendations for systematic sampling and
processing of brains from epileptic dogs and cats
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Abstract

Dogs with epilepsy are among the commonest neurological patients in veterinary practice and therefore have
historically attracted much attention with regard to definitions, clinical approach and management. A number of
classification proposals for canine epilepsy have been published during the years reflecting always in parts the
current proposals coming from the human epilepsy organisation the International League Against Epilepsy (ILAE).
It has however not been possible to gain agreed consensus, “a common language”, for the classification and
terminology used between veterinary and human neurologists and neuroscientists, practitioners, neuropharmacologists
and neuropathologists. This has led to an unfortunate situation where different veterinary publications and textbook
chapters on epilepsy merely reflect individual author preferences with respect to terminology, which can be confusing
to the readers and influence the definition and diagnosis of epilepsy in first line practice and research studies.

In this document the International Veterinary Epilepsy Task Force (IVETF) discusses current understanding of canine
epilepsy and presents our 2015 proposal for terminology and classification of epilepsy and epileptic seizures. We
propose a classification system which reflects new thoughts from the human ILAE but also roots in former well
accepted terminology. We think that this classification system can be used by all stakeholders.

Keywords: Epilepsy, Seizures, Dog, Classification, Semiology

Background

Epilepsy is a complex brain disease where sudden and
abnormal activity in neuronal networks causes the
prominent clinical sign of seizures characterised by
motor, autonomic and/or behavioural features. Epileptic
seizures are episodic and brief (in most cases less than
2-3 min). Epilepsy can rise from a plethora of causes. A
few rare cases are purely genetic (e.g. channelopathies),
some are developmental and have complex genetic and
epigenetic influences (e.g. neuronal migration disorders)
and some are caused by injury to the brain (e.g. trauma,
infectious, inflammatory, vascular or neoplastic disease).
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In a significant number of cases, the cause is not clear. Al-
though the mechanisms behind companion animal epi-
lepsy are largely uncovered, it is clear that epilepsy in
some purebred dogs is a direct result of a genetic defect,
where seizures are the core clinical sign of disease. This
has been described for the Lagotto Romagnolo, Belgian
shepherd and Boerboels [1-4]. A high epilepsy prevalence
in a specific breed or the accumulation of epileptic indi-
viduals within specific dog families are strong indicators of
inherited epilepsy, but often it is unknown if genetic de-
fects are the sole cause of the epilepsy or if the epilepsy
might arise from multifactorial causal influences including
environmental, developmental, provoking and genetic fac-
tors, and similar issues apply to human cases [5].

The true prevalence of epilepsy in dogs is unknown
and has been estimated to be 0.6-0.75 % in the general

© 2015 Berendt et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver (http://

creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Institute of Canine Biology
www.linstituteOfCanineBiology.org



http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-015-0461-2&domain=pdf

mailto:mbe@sund.ku.dk

http://creativecommons.org/licenses/by/4.0

http://creativecommons.org/publicdomain/zero/1.0/

http://creativecommons.org/publicdomain/zero/1.0/



Berendt et al. BVIC Veterinary Research (2015) 11:182

dog population [6, 7]. Epidemiological population preva-
lence studies in specific breeds with idiopathic epilepsy
has been conducted in the Labrador retriever (3.1 %),
Belgian shepherd (9.4 %) and petit Basset Griffon vend-
een (8.9 %), and pedigree studies in the Boxer, Irish
wolfhound, English Springer spaniel, Vizsla, Bernese
mountain dog, Standard poodle, Belgian shepherd,
Border collie, Australian shepherd and Border terrier
among others, and these have provided evidence for inher-
ited epilepsy [8-25] (for further information on epilepsy
related to specific breeds see Hiillsmeyer et al. [26]). Given
the heterogeneity of epilepsy where causes and signs of
disease are greatly variable, a standardised terminology
and classification system for epilepsy is crucial in order to
provide accurate descriptive information for diagnostic
and communicative processes.

Since 1964 epilepsy and epileptic seizures have in hu-
man medicine been organized and categorized in a clas-
sification and terminology system, published by the
International League Against Epilepsy—ILAE [27-33].
The ILAE sees itself as “the world's preeminent associ-
ation of physicians and other health professionals work-
ing towards a world where no persons’ life is limited by
epilepsy” and the noble mission of this organization is
“to ensure that health professionals, patients and their
care providers, governments, and the public world-wide
have the educational and research resources that are es-
sential in understanding, diagnosing and treating persons
with epilepsy” (ILAE homepage www.ilae.org).

The 1985 classification of seizure types and the 1989
classification of the epilepsies continues to be used world-
wide in human epilepsy [32, 34]. However, in recent years,
the ILAE classification task force has taken to continually
updating and revising on the subject of epilepsy producing
new consensus documents approximately every 5 years
with the most recent being published in 2010 and a further
version is currently under much debate [27]. The termin-
ology and classification framework they provide is seen as
an ever evolving process, reflecting the constant gain in
our understanding of the disease and the complications in-
herent in ambiguous, misinterpreted and potentially stig-
matising vocabulary. This has generated considerable
discussion amongst their members reflecting the complex-
ity of the task.

In veterinary medicine, a number of classification pro-
posals for canine epilepsy have been published over the
years always reflecting in part the current ILAE pro-
posals (e.g. [35-38]). There remains, however, a lack of a
consensus, a common ‘language; for the classification
and terminology used between veterinary and human
neurologists and neuroscientists, practitioners, neuro-
pharmacologists and neuropathologists. Companion ani-
mal epilepsy papers reflect a variety of modifications of
the definitions of epilepsy and epileptic seizures derived
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from the core classification documents of the ILAE (e.g.
[1, 7, 9-15, 17, 23-25, 27, 28, 30-36, 38—46]. This has
led to an unfortunate situation where different veterin-
ary publications and textbook chapters on epilepsy
merely reflect individual author preferences with respect
to terminology, which can be confusing for the reader.
Put in a scientific and educational perspective, the exist-
ing lack of uniformity with respect to definitions and
terminology furthermore represents a major problem, as
comparisons between research studies are compro-
mised. Even more important, it prevents the implemen-
tation of a common understanding of epilepsy and
standardized professional guidelines which can help cli-
nicians when diagnosing animals with epilepsy and ad-
vising the owners.

Terminology and classification of epilepsy should be a
‘user friendly, reliable and valid tool for the benefit of
different users and the patient [47]. There is a ‘chain of
care’ from the pet’s owner through the primary clinician
to neurology specialists and researchers. The language
should be concise to reduce errors and to simplify con-
versation. The first opinion veterinarian and specialists
alike should be able to use the classification framework
to manage the disease appropriately and to communi-
cate with others using the same language. In the age of
the internet, the pet owner also needs to be able to, at
least in part, comprehend the terminology used. The sci-
entist should find in the classification a pragmatic and
reliable instrument to investigate the disease’s aetiology,
pathophysiology, treatment, and outcome. Finally ter-
minology should reflect current knowledge and not be
changed for the sake of change, which has recently also
been emphasized by Shorvon (2014) [5] and others with
respect to the ILAE discussions on classification. Other-
wise important historical data might be lost and in some
cases it might be wise to stay with terms which are in
widespread use and have stood a test of time instead of
a rapid change of terminology emanating from academic
discussions [5]. Considering these issues, terminology
and classification needs to fulfil dissimilar and some-
times antagonistic needs and at the same time be adapt-
able to change.

In adopting the terms associated with human epilepsy
we should acknowledge some of the very significant dif-
ferences when applying it to small animal patients. We
cannot interview our patients as in human medicine and
the clinician’s interpretation of the patient’s seizure signs
are invariably restricted to the owner's description and
often a poor quality video(s). Typically electroencephal-
ography (EEG) is an impractical tool in animals and so
cannot contribute to a general classification scheme—in
contrast to the situation in human medicine. Further-
more some owners will decline diagnostic investigation
due to financial concerns or because some procedures
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require general anaesthesia, and therefore the owners’
report of seizure history and phenomenology, supported
by digital (video) recordings, remain the most central
diagnostic epilepsy marker in companion animals (in
fact as it does in humans).

Another discrepancy between people and animals which
must be addressed is the assessment of possible impair-
ment of consciousness during seizures. The determination
of consciousness impairment is challenging and often very
important to people because of personal and public safety.
The ILAE classification cites consciousness as an import-
ant factor for diagnosis. Veterinary medicine is better
aligned with the challenges facing paediatric medicine in
this regard.

This consensus statement group aims to provide the
veterinary community with a proposal focused on the
classification of epilepsy and epileptic seizures. To en-
sure we have all stakeholders involved, the consensus-
working group is composed of veterinary and human
neurologists and neuroscientists, practitioners, neuro-
pharmacologists and neuropathologists.

Proposal

In recent years the ILAE has been able to advance hu-
man epilepsy classification to a sophisticated level as a
consequence of advanced diagnostics and the uncovering
of an increasing number of mechanisms (including gen-
etic) that lead to epilepsy. The definition of epilepsy ac-
cepted by the ILAE in 2005 reflected the immense
progress with respect to the identification of aetiologies
and the understanding of seizure generation. Here an
epileptic seizure was defined as: “A transient occurrence
of signs and/or symptoms due to abnormal excessive or
synchronous neuronal activity in the brain”, and epilepsy
was defined as: “A disorder of the brain characterized by
an enduring predisposition to generate epileptic seizures
and by the neurobiologic, cognitive, psychological, and so-
cial consequences of this condition. The definition of epi-
lepsy requires the occurrence of at least one epileptic
seizure” [30]. In 2010 the ILAE refined the definitions
even further [27]; to demonstrate the on-going discus-
sions in the ILAE, it has recently been proposed that
epilepsy should be considered a true disease of the brain
[48]. This contradicts the previous understanding of epi-
lepsy as a condition of the brain—or a collection of signs
from the brain. Berg and Scheffer stated back in 2011
[28]: “These proposals are not meant to be permanent,
but form part of a transition to a system that will ultim-
ately allow for meaningful translation of scientific under-
standing to the classification of the epilepsies for clinical
and other purposes”. Although we need to move veterin-
ary epilepsy classification forward we also must, as in
human medicine, consider carefully whether any change
of terminology is meaningful [5]; we must accept that
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currently we have not advanced the scientific under-
standing of the mechanisms leading to epilepsy in com-
panion animals to the level applicable to the ILAE.

In the following sections the IVETF discusses the
current understanding of companion animal epilepsy and
presents our 2015 proposal for terminology and classifica-
tion of epilepsy and epileptic seizures. We propose a clas-
sification system which reflects new thoughts from the
human ILAE but also has its roots in former well accepted
terminology. We think that this classification system can
be used by all stakeholders. The classification has two ele-
ments: (a) an aetiological element and (b) a seizure type
classification.

Definitions

In human medicine, epilepsy can often be confirmed
by electroencephalography (EEG) although epileptic
people may have a normal EEG and an abnormal EEG
can also exist in people without epilepsy. The use of
EEG in veterinary medicine is currently of questionable
routine clinical value and therefore our definitions
should be seen as clinically operational and reflecting
expert knowledge in the field with respect to the typ-
ical appearance of epileptic seizures and their symp-
tomatology. This is not a major drawback, and for
definition purposes, it is reasonable (in human and ani-
mal epilepsy) to define seizures and epilepsy by the
clinical appearance of seizures. Please also refer to the
glossary for further definitions not listed in the main
text.

Seizure

The term can be used for any sudden, short lasting and
transient event. It does not imply that the event is
epileptic.

Epileptic seizure

Manifestation(s) of excessive synchronous, usually self-
limiting epileptic activity of neurons in the brain. This
results in a transient occurrence of signs which may be
characterized by short episodes with convulsions or focal
motor, autonomic or behavioural features and due to ab-
normal excessive and/or synchronous epileptic neuronal
activity in the brain.

Reactive seizure

A reactive seizure is a seizure occurring as a natural re-
sponse from the normal brain to a transient disturbance
in function (metabolic or toxic in nature)—which is re-
versible when the cause or disturbance is rectified. A
provoked seizure can be considered as being synonym-
ous with a reactive seizure.
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Epilepsy

Epilepsy is defined as a disease of the brain characterized
by an enduring predisposition to generate epileptic sei-
zures. This definition is usually practically applied as having
at least two unprovoked epileptic seizures >24 h apart [48].

Classification

Historically veterinary medicine has operated with vari-
ous terminology/synonyms for epilepsy types defined
by aetiology and phenotypic manifestations which are
themselves defined by the distribution of abnormal
electrical activity in the brain. The development of ILAE
classifications and changes in veterinary epilepsy termino-
logy throughout time are detailed in Table 1 and 2.

Epilepsy types defined by aetiology

Idiopathic epilepsy

Idiopathic epilepsy (idiopathic defined as a disease in
its own right, per se) should be seen as the overarching
and bridging term, which can be sub-classified into three
sub-groups reflecting the advancements in the field:

1. Idiopathic epilepsy (genetic epilepsy)—a causative
gene for epilepsy has been identified/confirmed
genetic background

2. Idiopathic epilepsy (suspected genetic epilepsy)—a
genetic influence supported by a high breed
prevalence (>2 %), genealogical analysis and/or
familial accumulation of epileptic individuals™".
"Shorvon stated in 2014 [5): “It seems very likely that
the genetic influences in idiopathic epilepsies
probably are complex involving multiple genes and
interactions between genes (epistatic) and between
genes and the environment (epigenetic)’.

A list of breeds with a high epilepsy incidence or
prevalence compared to the general background
population can be found in Hiilsmeyer et al. [26].
Please note that the epilepsy status within breeds may
fluctuate over time and furthermore be influenced by
differences between countries (e.g. due to preferences
with respect to currently popular breeding lines).

3. Idiopathic epilepsy (epilepsy of unknown
cause)—epilepsy in which the nature of the
underlying cause is as yet unknown and with no
indication of structural epilepsy.

Please see consensus on Diagnostic approach to epilepsy in
dogs [49] for further information on diagnostic work-up.

Structural epilepsy

Structural epilepsy is characterized by epileptic seizures
which are provoked by intracranial/cerebral pathology
including vascular, inflammatory/infectious, traumatic,
anomalous/developmental, neoplastic and degenerative
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diseases confirmed by diagnostic imaging, cerebrospinal
fluid examination, DNA testing or post mortem findings
(see consensus on Diagnostic approach to epilepsy in
dogs [49]). Lafora disease progressive myoclonic epilepsy
would be classified under structural epilepsy as the gene
defect results in a storage disease which alters the brain
structurally and where the epileptic seizures associated
with the structural changes in the brain are one of the
multiple clinical and neurological signs associated with
the primary storage disease [50].

Classification by seizure semiology (seizure type
classification)
Focal epileptic seizures
Focal epileptic seizures are characterized by lateralized
and/or regional signs (motor, autonomic or behavioural
signs, alone or in combination). The ictal onset is consist-
ent from one epileptic seizure to another. They may be
discretely localised or more widely distributed. Focal epi-
leptic seizures may originate in subcortical structures, with
preferential propagation patterns that can involve the
contralateral hemisphere. With focal epileptic seizures, the
abnormal electrical activity arises in a localized group of
neurons or network within one hemisphere. The clinical
signs reflect the functions of the area or areas involved.
Focal epileptic seizures can present as:

e Motor (episodic focal motor phenomena e.g. facial
twitches, repeated jerking head movements,
rhythmic blinking, twitching of facial musculature or
repeated rhythmic jerks of one extremity)

e Autonomic (with parasympathetic and epigastric
components e.g. dilated pupils, hypersalivation or
vomiting)

e Behavioural (focal epileptic seizure activity which in
humans can represent psychic and/or sensory
seizure phenomena may in animals result in a short
lasting episodic change in behaviour such as e.g.
anxiousness, restlessnesss, unexplainable fear
reactions or abnormal attention seeking/‘clinging’ to
the owner.

Generalized epileptic seizures

Generalized epileptic seizures are characteried by bilateral
involvement (both sides of body and therefore both cere-
bral hemispheres involved). Generalized epileptic seizures
may occur alone or evolve from a focal epileptic seizure
start. In dogs and cats generalized epileptic seizures
predominantly present as tonic, clonic or tonic-clonic
epileptic seizures. As a rule the animal will lose
consciousness during convulsive epileptic seizures
(myoclonic seizures excluded). Salivation, urination and/
or defecation furthermore often also occur (myoclonic
seizures excluded).
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Table 1 Veterinary terminology and its most common amendments over time

Early terminology

Terminology currently in use

Suggested veterinary terminology 2015

EPILEPTIC SEIZURES

An epileptic seizure with clinical signs indicating activity which

starts in a localised area in the brain

-Will present with focal motor, autonomic or behavioural signs

alone or in combination

An epileptic seizure with clinical signs indicating activity
involving both cerebral hemispheres from the start.

-In dogs and cats the seizure presents predominantly as immediate
‘convulsions’ and loss of consciousness. Salivation, urination

and/or defecation often also occur during convulsions.

May also (but rare) present as atonic or myoclonic seizures

An epileptic seizure which starts in a localized area in the
brain and spreads subsequently to involve both hemispheres.
-In dogs and cats the seizure starts with localized motor,
autonomic and/or behavioural signs rapidly followed by
convulsions. Salivation, urination and/or defecation often

also occur during convulsions.

EPILEPSY
Epilepsy classified by aetiology

Epilepsy classified by aetiology

Epilepsy classified by aetiology

Petit Mal
Aura

Grand Mal (always implicating convulsions)

Partial seizure with secondary generalization

(secondary generalized seizure)

Primary Epilepsy
- Epilepsy where no structural cerebral
pathology is suspected

Secondary or Acquired epilepsy
- Epilepsy caused by identified
cerebral pathology

Cryptogenic

- Meaning hidden

Partial/focal seizure

- Simple partial/focal seizure
(consciousness unimpaired?)

- Complex partial/focal seizure
(consciousness impaired®)

Primary generalized seizure

Focal seizure with secondary
generalization

Idiopathic Epilepsy

- Epilepsy where no structural cerebral
pathology is suspected. A genetic
component may be involved

Symptomatic Epilepsy
- Epilepsy caused by identified
cerebral pathology

Probably or possibly symptomatic
epilepsy

- A suspected symptomatic cause, which

however remains obscure

Focal epileptic seizure®

Generalized epileptic seizure

Focal epileptic seizure evolving to become
generalized

Idiopathic Epilepsy

1. Proven genetic background

2. Suspected genetic background

3. Unknown cause and no indication of
structural epilepsy

Structural epilepsy
- Epilepsy caused by identified
cerebral pathology

Unknown cause

?Regarding our ability to evaluate if consciousness is unimpaired or impaired during focal seizures (former termed simple and complex focal seizures). We recommend that it is not attempted to interpret signs
occurring during focal seizures where dogs may appear e.g. confused, unable to recognize the owner or not responding to commands as impaired consciousness, as this cannot objectively be investigated in animals
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Table 2 Development of ILAE classifications

ILAE 1981 and 1989

ILAE 2010

Berg and Scheffer 2011 [28]

Generalized seizures are those in which the first
clinical and electroencephalographic changes
indicate initial involvement of both cerebral
hemispheres.

Focal seizures (previously defined as partial)
are those in which the first clinical and
electroencephalographic changes indicate
initial activation of a system of neurons limited
to a part of one cerebral hemisphere.

Idiopathic epilepsy: there is no underlying cause
other than a possible hereditary predisposition.

Symptomatic epilepsy: this type of epilepsy is
the consequence of a known or suspected
disorder of the central nervous system.

Cryptogenic (probable symptomatic) epilepsy:
this refers to a disorder whose cause is hidden or
occult. Cryptogenic epilepsies are presumed to
be symptomatic.

Generalized seizures are conceptualized as originating at some point within
and rapidly engaging bilaterally distributed networks. Such bilateral networks
can include cortical and subcortical structures, but do not necessarily include
the entire cortex.

Generalized seizures can be asymmetric.

Focal seizures are conceptualized as originating at some point within networks
limited to one hemisphere. They may be discretely localized or more widely
distributed. Focal seizures may originate in subcortical structures. For each
seizure type, ictal onset is consistent from one seizure to another, with
preferential propagation patterns that can involve the contralateral hemisphere.
The Glossary of Ictal Semiology [51] Provides an initial vocabulary which, while
in need of revision and expansion, is an example of the type of “dictionary”
needed for discussing seizure semiology. This not only allows but requires
greater precision in seizure description. Terms such as hypermotor, akinetic,
versive, hemiconvulsion, and retained responsiveness or awareness
communicate much more information about a patient’s seizure manifestations
than do the terms complex and simple partial.

Genetic epilepsy: the epilepsy is, as best as understood, the direct result of a
known or presumed genetic defect(s) in which seizures are the core symptom
of the disorder. This attribution must be supported by specific forms of evidence
(e.g. specific molecular genetic studies or family studies).

Structural and metabolic epilepsy: this type of epilepsy is the secondary result
of a distinct structural or metabolic condition. These structural or metabolic
disorders may be of acquired or genetic origin (as is the case for malformations
of cortical development and certain metabolic disorders).

Unknown epilepsy: the nature of the underlying cause is as yet unknown; it
may have a fundamental genetic basis (e.g. a previously unrecognized
channelopathy) or it may be the consequence of an unrecognized structural
or metabolic disorder not yet identified.

Genetic: The epilepsy is a direct result of a genetic cause.
Ideally, a gene and the mechanisms should be identified;
however, this term would also apply to electroclinical
syndromes for which twin or family segregation studies
reproducibly show clinical evidence of a genetic basis

(e.g., in the case of the genetic generalized epilepsies).

At this time, channelopathies are the best example of
genetic epilepsies. Ultimately, we expect causes of
epilepsies to be identified by the mechanisms involved (i,

channelopathies, mitochondrial respiratory chaindefects, etc.).

Structural-Metabolic: The epilepsy is the secondary result of a
separate structural or metabolic condition. Structural and
metabolic were combined to separate the concept from
genetic and also because the two are often inseparable.
Note that structural brain lesions, including many
malformations of cortical development, often have genetic
causes and most metabolic disorders are also of genetic
origin. The distinction between “genetic epilepsy” and
epilepsy due to a structural/metabolic cause is far from
perfect, but we anticipate more specific characterizations
of cause in the upcoming years.

Unknown: Plain and direct, this label simply and accurately
indicates ignorance and that further investigation is needed
to identify the cause of the epilepsy. Unlike cryptogenic
(presumed symptomatic), it makes no presumptions and
requires no explanation or reinterpretation.
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Generalized convulsive epileptic seizures involving
bilateral motor activity

Tonic-clonic

Tonic

Clonic

e Mpyoclonic (Jerking movements usually affecting
both sides of the body)

Non-convulsive generalized epileptic seizures

e Atonic (also called ‘drop attacks’—sudden and
general loss of muscle tone which usually cause the
animal to collapse)

Focal epileptic seizures evolving into generalized epileptic
seizures

Focal epileptic seizures can spread from initial regional
cerebral involvement to bilateral cerebral involvement.
The seizure will start with regional motor, autonomic
and/or behavioural signs and then rapidly be followed by
a convulsive stage with bilateral tonic, clonic or tonic-
clonic activity and loss of consciousness. This is the
most common seizure type observed in the dog. The
onset of the focal epileptic seizure is often very short
(seconds to minutes) after which follows the secondary
generalisation with convulsions. The focal epileptic seiz-
ure onset may be difficult to detect due to its brief na-
ture. When taking the seizure history, clients should be
interviewed thoroughly about what (or if something)
happens before convulsions (please see De Risio et al.
[49] for further information on diagnostic work-up).

The semiological description of an epileptic seizure

If classification is to be carried out according to seizure
type, it makes sense to have a systematic way of describ-
ing seizures. The evolution of the seizure over time is
what is important.

Phases associated with epileptic seizures

The epileptic seizure is classified as the ictus (seizure
activity)—followed by a postictal phase (where the nor-
mal brain function is restored). The ictus may consist of
a generalized epileptic seizure alone, a focal epileptic seiz-
ure alone, or a focal epileptic seizure which evolves into a
generalized seizure. In the postictal phase, the brain re-
stores its normal function. The postictal phase may be very
short or last for several hours to days. Typically, the animal
is disoriented, may have behavioural abnormalities such as
repetitive vocalisation, compulsive locomotion failing to
avoid obstacles, be tired, ataxic, hungry or thirsty, ex-
press a need to urinate, defecate or appear exhausted
and sleep for a longer period of time. Postictal blindness
or aggression may also be present.
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Prodrome

In some animals (but not so common), ictus may be pre-
ceded by a so-called prodrome, a long-term (hours to
days) change in disposition and indicator of forthcoming
seizures. Humans may experience days of, for example,
irritability, withdrawal or other emotional aberrations. In
dogs the most common prodromal signs described are
hours or days of restlessness, anxiousness, appear as be-
ing irritated (e.g. with uncharacteristic aggression to-
wards other pets), or attention-seeking behaviour which
is known to the owner as a long-term marker of a forth-
coming seizure episode. Prodromes (if present) can repre-
sent a potential important therapeutic window for pulse
therapy. Prodromal signs must be discriminated from focal
seizure signs. Prodromal signs are defined by their long
lasting nature whereas focal seizures which may display
similar signs when they occur alone or before generalized
convulsive seizures are very short (seconds to minutes).

Consciousness in focal epileptic seizures

Variable to no impairment of consciousness may appear
during focal seizures. However, we propose that no at-
tempt should be made to evaluate if consciousness is un-
impaired or impaired (previously described as simple or
complex focal (or partial) seizures respectively). Al-
though animals may appear as if consciousness is im-
paired during focal epileptic seizures (awake but being
confused, not recognizing the owner, not responding to
commands) we cannot assess this objectively. It will al-
ways be a subjective interpretation in animals that can-
not report what they are experiencing. Therefore it is
not meaningful to subclassify focal epileptic seizures
using consciousness.

Agreed modified glossary of descriptive terminology for
ictal semiology in accordance with the ILAE guidelines
(based on Blume et al. [51])

The glossary of descriptive terminology was discussed
within the IVETF in 2014. The terms that the majority
of the group (>50 % of 95%CI from 14 raters) felt could
be also used to describe ictal semiology are listed below:

I. General terms

1.0 Semiology That branch of linguistics concerned
with clinical signs.

2.0 Epileptic seizure Manifestation(s) of excessive
synchronous, usually self-limiting epileptic activity
of neurons in the brain. This results in a transient
occurrence of signs which may be characterized by
short episodes with convulsions or focal motor,
autonomic or behavioural features and due to
abnormal excessive or synchronous epileptic
neuronal activity in the brain.
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3.0 ICTUS A sudden neurological occurrence such as
a stroke or an epileptic seizure.

4.0 Epilepsy Epilepsy is defined as a disease of
the brain characterized by an enduring
predisposition to generate epileptic seizures. This
definition is usually practically applied as having
at least two unprovoked epileptic seizures >24 h
apart [48].

5.0 Focal epileptic seizures are conceptualized as
originating within networks limited to one
hemisphere. They may be discretely localized or
more widely distributed. Focal epileptic seizures may
originate in subcortical structures. For each epileptic
seizure type, ictal onset is consistent from one seizure
to another, with preferential propagation patterns that
can involve the contralateral hemisphere [27].

6.0 Generalised epileptic seizure An epileptic seizure
whose initial semiology indicates, or is consistent
with, more than minimal involvement of both
cerebral hemispheres. Generalized epileptic seizures
are conceptualized as originating at some point
within, and rapidly engaging, bilaterally distributed
networks [27].

7.0 Convulsion Primarily a lay term. Episodes of
excessive, abnormal muscle contractions, usually
bilateral, which may be sustained or interrupted.

Il. Terms describing epileptic seizure semiology
These are descriptors of seizures unless specified otherwise.

1.0 Motor Involves skeletal musculature resulting in
any phenotypic manifestation. The motor event
could consist of an increase (positive) or decrease
(negative) in muscle contraction to produce a
movement. Unless noted, the following terms are
adjectives modifying “motor seizure” or “seizure”
e.g. “tonic motor seizure or dystonic seizure”, and
whose definitions can usually be understood as
prefaced by: “refers to ...”.

1.1.1 Tonic A sustained increase in muscle
contraction lasting a few seconds to minutes.
1.1.1.2.1 Versive A sustained, forced conjugate
ocular, cephalic and/or truncal rotation
or lateral deviation from the midline.
1.1.1.2.2 Dystonic Sustained contractions of
both agonist and antagonist muscles
producing athetoid or twisting
movements which when prolonged
may produce abnormal postures.
1.1.2 Myoclonic (adjective); Myoclonus (noun)
Sudden, brief (<100 msec) involuntary single
or multiple contraction(s) of muscles(s) or
muscle groups of variable topography (axial,
proximal limb, distal).
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1.1.2.1Clonic Myoclonus which is regularly
repetitive, involves the same muscle
groups, at a frequency of about 2—-3
seconds, and is prolonged. Synonym:
rhythmic myoclonus.

1.1.3 Tonic-clonic A sequence consisting of a tonic
followed by a clonic phase. Variants such as
clonic-tonic-clonic may be seen.

1.1.3.1Generalised tonic-clonic epileptic seizure
(Formerly "Grand Mal" Seizure) Noun:
Bilateral symmetrical tonic contraction then
bilateral clonic contractions of somatic
muscles usually associated with autonomic
phenomena.

1.1.4 Atonic Sudden loss or diminution of muscle
tone without an apparent preceding myoclonic
or tonic event lasting one to two seconds or
more, involving head, trunk, jaw or limb
musculature.

1.1.5 Synchronous (Asynchronous) Motor events
occurring (not) at the same time or at the
same rate in sets of body parts.

1.2 Automatism Noun: A more or less coordinated,
repetitive, motor activity usually occurring when
cognition is impaired and for which the subject is
usually amnesic afterwards. This often resembles a
voluntary movement, and may consist of
inappropriate continuation of ongoing preictal motor
activity.

The following adjectives are usually employed to

modify “automatism”.

1.2.1 Oroalimentary Lip smacking, lip pursing,
chewing, licking, teeth grinding or swallowing.

1.2.2 Pedal Indicates principally distal component
involvement, bilateral or unilateral. Usually
running movement.

2.0 Non-motor

2.1 Aura* Noun: A ‘subjective’ ictal phenomenon that, in
a given patient, may precede an observable seizure; if
alone, constitutes a sensory seizure. This can result in
behavioral changes such as fear, aggression, searching
behaviour, attention, body sensation.

*What is an aura? Commonly owners report that they
can foresee a motor seizure when specific, and to the
owner, well known signs repeatedly appear within seconds
or minutes prior to convulsions. The term aura has in the
past been used to describe such a forewarning of convul-
sions. This term originated from human epileptology
where aura in early ILAE classifications was used “to de-
note symptomatology that encompasses subjective sensory
phenomena as well as vegetative signs (for example, the
epigastric sensations accompanying mesial temporal epi-
lepsy)” and thus did not include motor phenomena. The
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group recommends that the term aura is not used in vet-
erinary medicine. The signs occurring as the first indica-
tion of seizure activity (marking the beginning of ictus)
and interpreted by the dog owner as a warning sign is in-
deed a focal seizure onset and should be referred to as
such.

2.2 Autonomic A sensation consistent with
involvement of the autonomic nervous system,
including cardiovascular, gastrointestinal, sudomotor,
vasomotor and thermoregulatory functions. In
companion animals, salivation, mydriasis, urination
and/or defecation may commonly be observed.

3.0 Somatotopic modifiers

3.1 Laterality
3.1.1 Unilateral Exclusive or virtually exclusive

involvement of one side as a motor, sensory or
autonomic phenomenon.
3.1.1.1HEMI- A prefix to other descriptors e.g.
hemiclonic.

3.1.2 Generalised (syn. “bilateral”) More than
minimal involvement of each side as a motor
or autonomic phenomenon.

Motor component: further modified as:

3.1.2.1 Asymmetrical Clear distinction in
quantity and/or distribution of activity on
the two sides.

3.1.2.2 Symmetrical Virtual bilateral equality in
these respects.

3.2 Body part Refers to area involved i.e. limb, face,

trunk and other.

3.2.1 Axial Involves trunk, including neck.

3.2.2 Proximal limb Signifies involvement from
shoulders to metacarpus, hip to metatarsus.

3.2.3 Distal limb Indicates involvement of paws.

4.0 Modifiers and descriptors of epileptic seizure
timing The following terms are listed in the form
(adjective, noun, verb) according to principal usage;
as adjective unless specified.

4.1 Incidence Noun: Refers to the number of epileptic
seizures within a time period or the number of
seizure days per unit of time.

4.1.1 Regular, irregular Consistent (inconsistent)
or predictable (unpredictable, chaotic)
intervals between such events.

4.1.2 Cluster Incidence of epileptic seizures within
a given period (usually one or a few days)
which exceeds the average of incidence over a
longer period for the patient. Cluster seizures
can be defined clinically as two or more
seizures within a 24-h period.

4.1.3 Provocative factor Noun: Transient and
sporadic endogenous or exogenous element
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capable of augmenting seizure incidence in the

patient with chronic epilepsy and evoking

seizures in susceptible non-epileptic

individuals.

4.1.3.1Reactive A reactive seizure is a seizure
occurring as a natural response from the
normal brain to a transient disturbance in
function (metabolic or toxic in
nature)—which is reversible when the
cause or disturbance is rectified. A
provoked seizure can be considered as
being synonymous with a reactive seizure.
4.1.3.2Reflex Objectively and consistently

demonstrated to be evoked by a specific
afferent stimulus or by activity of the
patient. Afferent stimuli can be:
elementary, i.e. unstructured (light flashes,
startle, a monotone sound) or elaborate i.e.
structured, (a symphony). Activity may be
elementary, e.g. motor (a movement).

5.0 Duration Time between the beginning of initial
epileptic seizure manifestations, such as the e.g.,
focal epileptic seizure signs or full body convulsions
to the cessation of experienced or observed epileptic
seizure activity. Does not include non-specific seizure
premonitions or postictal states.

5.1 Status epilepticus An epileptic seizure which shows
no clinical signs of arresting after a duration
encompassing the great majority of seizures of that
type in most patients or recurrent epileptic seizures
without resumption of baseline central nervous system
function interictally. Status epilepticus can be defined
clinically as (a) greater than 5 min of continuous
epileptic seizures or (b) two or more discrete epileptic
seizures between which there is incomplete recovery of
consciousness (for generalized convulsive seizures).

6.0 Severity A multicomponent assessment of an
epileptic seizure by observers and the patient.

Components primarily of observer assessment include:

duration, extent of motor involvement, impairment of
interaction with environment intra-ictally, maximum
number of seizures per unit of time.

7.0 Prodrome A pre-ictal phenomenon. A subjective or
objective clinical alteration that heralds the onset of
an epileptic seizure but does not form part of it.
Prodrome is a long lasting event (hours to days) and
should not be confused with focal onset seizure signs
which are very brief events (seconds to minutes).

8.0 Postictal phenomenon A transient clinical
abnormality of central nervous system function that
appears or becomes accentuated when clinical signs
of the ictus have ended.
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8.1 Lateralising (TODD‘S (or bravais’))
phenomenon Any unilateral postictal dysfunction
relating to motor, somatosensory and/or integrative
functions including visual, auditory or
somatosensory.

8.1 Non-lateralising phenomenon Behavioural
changes such as fear, aggression, increased appetite.
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Abstract

This article outlines the consensus proposal on diagnosis of epilepsy in dogs by the International Veterinary
Epilepsy Task Force. The aim of this consensus proposal is to improve consistency in the diagnosis of epilepsy in
the clinical and research settings. The diagnostic approach to the patient presenting with a history of suspected
epileptic seizures incorporates two fundamental steps: to establish if the events the animal is demonstrating
truly represent epileptic seizures and if so, to identify their underlying cause. Differentiation of epileptic seizures
from other non-epileptic episodic paroxysmal events can be challenging. Criteria that can be used to make this
differentiation are presented in detail and discussed. Criteria for the diagnosis of idiopathic epilepsy (IE) are
described in a three-tier system. Tier | confidence level for the diagnosis of IE is based on a history of two or
more unprovoked epileptic seizures occurring at least 24 h apart, age at epileptic seizure onset of between six
months and six years, unremarkable inter-ictal physical and neurological examination, and no significant
abnormalities on minimum data base blood tests and urinalysis. Tier Il confidence level for the diagnosis of IE is
based on the factors listed in tier I and unremarkable fasting and post-prandial bile acids, magnetic resonance
imaging (MRI) of the brain (based on an epilepsy-specific brain MRI protocol) and cerebrospinal fluid (CSF) analysis.
Tier lll confidence level for the diagnosis of IE is based on the factors listed in tier | and Il and identification of
electroencephalographic abnormalities characteristic for seizure disorders. The authors recommend performing
MRI of the brain and routine CSF analysis, after exclusion of reactive seizures, in dogs with age at epileptic seizure
onset <6 months or >6 years, inter-ictal neurological abnormalities consistent with intracranial neurolocalisation,
status epilepticus or cluster seizure at epileptic seizure onset, or a previous presumptive diagnosis of IE and
drug-resistance with a single antiepileptic drug titrated to the highest tolerable dose.

This consensus article represents the basis for a more standardised diagnostic approach to the seizure patient.
These recommendations will evolve over time with advances in neuroimaging, electroencephalography, and
molecular genetics of canine epilepsy.
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Background

An epileptic seizure is “a transient occurrence of signs
due to abnormal excessive or synchronous neuronal ac-
tivity in the brain” [1] which may manifest in different
ways and may be caused by a variety of underlying
aetiologies. Epilepsy is defined as a disease of the brain
characterized by an enduring predisposition to generate
epileptic seizures. This definition is usually practically
applied as the occurrence of two or more unprovoked
epileptic seizures at least 24 h apart [2].

The term idiopathic epilepsy (IE) has been used in a
variety of settings in the veterinary literature and by vet-
erinarians in clinical practice. Analogous with a recently
debated proposal for a revised classification by the Inter-
national League against Epilepsy (ILAE) [3], it has also
been proposed that the term idiopathic should be re-
placed in the veterinary literature [4]. The term genetic
epilepsy was therefore introduced to refer to epilepsy
occurring as a direct result of a known or strongly sus-
pected genetic defect (or defects) and in which epileptic
seizures are the primary clinical sign of the disorder. In
general, genetic epilepsies usually have no identifiable
structural brain lesions or other neurologic deficits, and
have an age-dependent onset. The term unknown epi-
lepsy has been proposed to refer to epilepsy where the
underlying cause is unknown [3, 4]. However, a more re-
cent review article discussed how the substitution of the
term ‘idiopathic’ with ‘genetic’ may be misleading and
idiopathic epilepsy was defined as an epilepsy of pre-
dominantly genetic or presumed genetic origin in which
there were no gross neuroanatomic or neuropathologic
abnormalities nor other relevant underlying diseases [5].
In our consensus proposal on classification and termin-
ology (see consensus on epilepsy definition, classification
and terminology in companion animals) we have ex-
plained why we recommend retaining the term IE, and
have defined IE as a disease in its own right, per se. A
genetic origin of IE is supported by genetic testing (when
available) and a genetic influence is supported by a high
breed prevalence (>2 %), genealogical analysis and/or
familial accumulation of epileptic individuals. However
in the clinical setting IE remains most commonly a diag-
nosis of exclusion following diagnostic investigations for
causes of reactive seizures and structural epilepsy.

To date different criteria have been used in the veter-
inary literature to diagnose IE. The majority of veterin-
ary studies have used a history of recurrent epileptic
seizures, an unremarkable inter-ictal clinical and neuro-
logical examination and an unremarkable complete
blood cell count and serum biochemistry profile as the
minimum criteria for its diagnosis. However, the exact
parameters included in the biochemistry profile vary
among studies and institutions. Age at seizure onset has
not been consistently used as a diagnostic criteria, and
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when used the age range has varied, most commonly
being 1 to 5 years, 6 months to 5 years or 6 months to
6 years. An unremarkable magnetic resonance imaging
(MRI) study of the brain and cerebrospinal fluid (CSF)
analysis have been used inconsistently as diagnostic
criteria and there has been wide variability in MRI pro-
tocols. To further support the diagnosis of IE, particu-
larly when brain MRI was not performed, a minimum
follow-up period ranging from 1 to 3 years without the
development of inter-ictal neurological deficits has also
been suggested [6-8].

To improve consistency in the diagnosis of IE amongst
institutions and clinical studies we have produced the
following consensus proposal.

Criteria for the diagnosis of epileptic seizures

The diagnostic approach to the patient presenting with a
history of suspected epileptic seizures incorporates two
fundamental steps:

1. Establish if the events the animal is demonstrating
truly represent epileptic seizures or are consistent
with a different episodic paroxysmal disorder.

2. Identify the underlying cause of the epileptic seizure.

1. Is the animal having epileptic seizures?

First of all the clinician needs to determine whether the
dog is indeed having epileptic seizures. A detailed and
accurate history is the foundation for investigation of the
seizure patient [9]. The owner of the epileptic dog
should complete a standardised epilepsy questionnaire
(Additional file 1) and obtain video-footage whenever
possible. This information can help the clinician to
clarify the nature of the event (e.g, epileptic seizure
versus other episodic paroxysmal event) and its pheno-
type. Numerous disorders can result in episodic parox-
ysmal events that may mimic epileptic seizures. A
detailed review of paroxysmal movement disorders as
well as other events which may mimic epileptic sei-
zures is beyond the scope of this consensus article and
can be found elsewhere [10, 11]. The main focus of this
section of our consensus article is the criteria allowing
differentiation of epileptic seizures from other non-
epileptic episodic paroxysmal events (Table 1).

A complete clinical and neurological examination may
help identify abnormalities suggestive of underlying
disease processes, including cardiovascular system ab-
normalities in dogs with syncope and clinical signs of
neuromuscular disease, vestibular dysfunction or fore-
brain disease.

Paroxysmal movement disorders or paroxysmal dyskine-
sias refer to abnormal, sudden, involuntary contraction of
a group of skeletal muscles which recur episodically [10].
These paroxysms can be challenging to differentiate from
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Table 1 Clinical characteristics of episodic disorders

Discriminator Syncope Narcolepsy/ Neuromuscular  Paroxysmal behaviour  Vestibular Paroxysmal Idiopathic head  Seizure
Cataplexy weakness changes (compulsive  attack Dyskinesia tremor
disorder)
Clinical status Normal or Altered sleep/wake  Normal or Normal Normal Normal Normal Normal or forebrain
between arrhythmia, cycle, normal clinical generalised signs
episodes pulse deficits, heart  examination weakness, muscle
murmur, cyanosis, atrophy, pain,
abnormal lung decreased
auscultation reflexes
Precipitating event or  Exercise, excitement  Excitement, eating  Activity, exercise  Behavioural triggers None None or activity, None or stress, ~ None or flashing lights,
trigger (eg, fear) exercise, fatigue, anxiety, stress
excitement, overstimulation
stress
Pre-event changes None None None None None None None Pre-ictal signs may be
observed including:
anxiety, restlessness,
increased affection,
contact-seeking,
withdrawal, hiding,
aggressiveness, and
vocalization
Event description Brief, sudden Sudden collapse Stiff, stilted gait ~ Pacing, barking, Head tilt, Dystonia, chorea, Vertical or Depending on seizure
collapse prior to collapse  licking, nystagmus, ballismus, athetosis, horizontal focus, focal or generalized,
and rapid recovery chasing imaginary vestibular ataxia, tremors, impaired  rhythmic head  tonic-clonic movements
objects or tall, collapse towards posture, inability movement most common
chewing side of head tilt to stand or walk
objects
Level of Reduced to absent  Normal if only Normal Normal Normal or Normal Normal Often impaired
consciousness cataplexy. Absent disorientated
(asleep) in narcolepsy
Autonomic signs Possible None None None None None None Possible: hypersalivation,
abnormalities defaecation, urination
of heart rate and
rhythm
Muscle tone Flaccid (all body) Flaccid (all body) Often flaccid Normal Unilateral decrease  Hypertonicity (focal Normal Typically increased: tonic
(can in extensor muscle  or generalised) (hypertonicity) or
appear spastic tone alternating tonic-clonic
with certain movements
myopathies)
Lateralising signs No No No No Yes Possible No Possible
Duration Seconds Seconds to minutes  Minutes to hours  Minutes to hours Seconds to hours Seconds to hours  Seconds to Seconds to minutes or
hours > 5 min in case of status
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Table 1 Clinical characteristics of episodic disorders (Continued)

Post-episodic changes

Further comments

None None
May be Often occurs in
accompanied young purebred

by cough, increased  dogs.
respiratory noise

None None None

May be History of anxiety Subtle signs of
accompanied by disorder vestibular disease
dysphagia, might persist
dysphonia,

regurgitation,

dyspnoea

None or tiredness ~ None, tiredness,
or restlessness

Interaction with the Episodes can be
owner can alleviate interrupted by
or interrupt the the owner
episode. Consider

breed specific

disorders and age

at onset.

Post-ictal signs
frequently

occur including:
disorientation,
aggressive

behaviour, restlessness,
pacing, lethargy, deep
sleep, hunger, thirst,
ataxia,

proprioceptive deficits,
and blindness

Facial muscles often
involved during the ictus
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epileptic seizures, particularly from focal motor epileptic
seizures. Animals affected by movement disorders are
often normal between episodes. The absence of other clin-
ical signs during the episodes, including autonomic signs,
changes in consciousness and electroencephalographic ab-
normalities, have been suggested to support the diagnosis
of paroxysmal movement disorders [10]. However, focal
epileptic seizures can occur with no concurrent alteration
in consciousness or autonomic signs and electroencephal-
ography (EEQ) is often challenging to perform in the clin-
ical setting. In a recent study evaluating the diagnostic
utility of inter-ictal short time EEG recordings in epileptic
dogs under general anaesthesia with propofol and the
muscle relaxant rocuronium bromide, interictal paroxys-
mal epileptiform activity was detected in only 25 % of IE
dogs [12]. The signalment and age at onset of the paroxys-
mal event can assist in establishing the nature of these
events. Certain movement disorders are breed-specific,
generally occur in young dogs and their phenotype may
be well characterised [10]. To date the associated genetic
defect (e.g, deletion in the gene BCAN) has been identi-
fied only in Cavalier King Charles spaniels with paroxys-
mal exercise-induced dyskinesia (also known as episodic
falling) [13, 14]. Genetic investigations in other breeds are
ongoing. Identification of causative genetic mutations of
breed specific movement disorders will significantly
improve our ability to diagnose these conditions. Inter-
estingly, specific mutations in human patients with
dyskinesias may also be associated with epileptic sei-
zures or a high occurrence of seizure disorders in their
relatives [15].

A genetic predisposition to IE has been suggested in
numerous canine breeds [16] and a familial history of
recurrent epileptic seizures or IE should raise the suspi-
cion of IE, although diagnostic procedures need to be
performed to exclude other aetiologies. Generalised epi-
leptic seizures typically occur at rest or during sleep, last
less than 5 min and are usually followed by abnormal
clinical manifestations (post-ictal signs) including dis-
orientation, restlessness, pacing, lethargy, deep sleep,
hunger, thirst, ataxia, proprioceptive deficits, and less
commonly, aggressive behaviour and blindness. The
presence of impaired consciousness (e.g, altered aware-
ness and responsiveness to the environment and stim-
uli), oro-facial muscle involvement, autonomic signs and
convulsions during the ictus all support the classification
of the episodes as epileptic seizures. During the ictus
(particularly during the generalized epileptic seizure
phase) the animal cannot be distracted and the owner
cannot alter the course of the event by manipulating the
dog. Conversely, dogs with paroxysmal movement disor-
ders tend to continue to attempt to perform the activity
they were previously doing (e.g, playing) during the
paroxysmal event and owner intervention may alter the

Page 5 of 11

course of the episode. For example, in the majority of
Dobermanns with idiopathic head tremor, the owners
reported that they could consistently interrupt each head
tremor episode. In some cases, stroking the dogs, talking
to them, or asking them to get up was sufficient to inter-
rupt the episode. In other cases, stronger stimuli
(favourite toys or snacks, encouraging them, taking them
for a walk) were needed to interrupt the head tremor
episode [17]. Similarly in a study in English bulldogs
with idiopathic head tremors, several owners reported
that distraction or treats were generally sufficient to alter
or stop the episodes [18].

A recent study highlighted the challenge in differenti-
ating epileptic and non-epileptic paroxysmal events. This
study investigated the level of agreement between veteri-
narians (both neurology specialists and non-specialists)
in the description and classification of videos depicting
canine and feline paroxysmal events, where the ob-
servers were blinded to the history, results of diagnostic
investigations and treatment response [19]. The level of
agreement on whether a paroxysmal event was an
epileptic seizure or other paroxysm was fair. Overall
agreement on epileptic seizure type was moderate.
Generalised epileptic seizures had the highest level of
agreement and focal epileptic seizures had the lowest.
Agreement was fair for level of consciousness and the
presence of autonomic signs, but poor for neurobehav-
ioral signs. Agreement for motor signs ranged from
poor to moderate. There were significant differences in
epileptic seizure semiology and classification between
specialists and non-specialists.

Absolute confirmation of the epileptic nature of an
event can only be obtained by observing simultaneously
the characteristic EEG changes and physical manifest-
ation of the seizures, however this is rarely practical in
veterinary medicine and currently there is no reliable,
standard protocol for acquiring EEG recordings in dogs.
Physiological artifacts (e.g., muscle contractions, electro-
cardiogram, electrooculogram) and physical factors (e.g,
EEG instrumentation, electrode type and montage,
methods of patient restraint) affect acquisition and inter-
pretation of EEG tracings [20]. Variability in the physical
factors mentioned above has contributed to discrepan-
cies in the results of numerous veterinary studies evalu-
ating EEG. Efforts are currently in progress to further
develop EEG recording in veterinary clinical practice. Al-
though it is unlikely that EEG will become a routine
diagnostic procedure for all epileptic dogs in the near fu-
ture, EEG may become more widely used by veterinary
neurology specialists for the investigation of selected
cases (e.g, dogs in which a diagnosis of epilepsy versus
other episodic paroxysmal disorder is particularly chal-
lenging). As an example, a veterinary video-EEG study
diagnosed a juvenile Chihuahua with subtle myoclonic
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absence events with perioral myoclonia and head twitch-
ing [21]. The author identified bilateral generalised
synchronous 4Hz spike-and-wave complexes on ictal
EEG time locked with the "absence-like" event, along
with rhythmically correlated head and nose twitching. In
this case video-EEG was essential to confirm the epilep-
tic nature of the episodes. Currently the paucity of veter-
inary literature does not allow a clear consensus
recommendation for EEG recording in veterinary pa-
tients to be proposed.

2. What is the cause of the epileptic seizure?

After having established that the episodic paroxysmal
events do indeed represent epileptic seizures, the next
step is to determine the underlying cause as this will
have major implications on treatment selection and
prognosis. Both intra and extra cranial disorders can
cause seizure activity.

Reactive seizures Reactive seizures can result from sys-
temic metabolic disorders (e.g., hypoglycaemia, electro-
lyte disorders, portosystemic shunt resulting in hepatic
encephalopathy) or from intoxications (e.g, carbamates,
organophosphates, lead poisoning, ethylene glycol tox-
icity, metaldehyde, strychnine). The history and clinical
presentation may help the clinician to suspect a particu-
lar aetiology, although diagnosing certain intoxications
can be quite challenging. In a recent study the most fre-
quent cause of reactive seizures were intoxications
(39 %, 37/96 of dogs) and hypoglycaemia (32 %, 31/96 of
dogs) [22]. In this study, 41 % (39/96) of dogs were pre-
sented in status epilepticus [22]. Another study showed
that dogs with reactive seizures caused by exogenous
toxicity have a significantly higher risk of developing
status epilepticus, particularly as first manifestation of a
seizure disorder, than dogs with other seizure aetiologies
[23]. Dogs with poisoning had a 2.7 times higher risk of
presenting in status epilepticus at seizure onset than
dogs with IE or structural epilepsy [23]. The clinical
presentation in dogs with metabolic and toxic disorders
is variable and depends on the underlying aetiology.
Toxic disorders often have an acute (< 24 h) onset and
neurological signs may be preceded or accompanied by
gastrointestinal, cardiovascular or respiratory signs.
Dependent on the specific toxin, muscle tremors and
fasciculations are frequently the initial clinical signs.
Metabolic disorders can present with an acute, sub-
acute, or chronic onset and may be progressive or
relapsing and remitting. For example, chronic lead in-
toxication may result in recurrent seizures. Systemic
clinical abnormalities can often be detected on general
physical examination. Generally neurological examin-
ation reveals deficits consistent with diffuse, bilateral
and often symmetrical forebrain involvement.
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Structural epilepsy Structural forebrain disorders result-
ing in epileptic seizures include a large array of conditions
including vascular, inflammatory/ infectious, traumatic,
anomalous/ developmental, neoplastic and degenerative
diseases. Neurological examination is often abnormal and
may reveal asymmetric neurological deficits in dogs with
lateralised brain pathology. In a recent study, 47 % of dogs
with lateralised structural cerebral lesions had asymmet-
rical neurological deficits and 55 % of dogs with symmet-
rical structural brain lesions had symmetrical neurological
deficits identified on neurological examination [24]. Dogs
with inter-ictal neurological abnormalities were 16.5 times
more likely to have an asymmetrical structural cerebral le-
sion and 12.5 times more likely to have a symmetrical
structural cerebral lesion than IE [24]. A normal inter-ictal
neurological examination, however, does not completely
rule out structural epilepsy as focal lesions in particular
areas of the forebrain, such as the olfactory bulb, frontal
and pyriform lobes (“clinically silent regions”) can result
in epileptic seizures without any other neurological signs.
Indeed, in the study mentioned above, 23 % (34/146) of
dogs with structural epilepsy had a normal neurological
examination in the inter-ictal period. In a study on risk
factors for development of epileptic seizures in dogs with
intracranial neoplasia, an epileptic seizure was the first
sign of intracranial disease noted by the owners in 76 % of
dogs and dogs with frontal lobe neoplasia were more likely
to develop epileptic seizures than dogs with neoplasia in
other intracranial locations [25].

The inter-ictal neurological status has been combined
with the dog’s age at epileptic seizure onset in an at-
tempt to predict the probability of identifying structural
cerebral disorders in dogs presenting with recurrent epi-
leptic seizures (see section below on recommendation
on when to perform MRI of the brain).

Epileptic seizure type (e.g, focal versus generalised)
should not be used as an isolated variable to predict the
presence of structural cerebral disease. Indeed focal
epileptic seizures have been reported in dogs with IE
[26-29] and in a recent study the prevalence of general-
ised epileptic seizures was similar between dogs with IE
(77 %) and dogs with asymmetrical structural cerebral
lesion (79 %) [24]. Furthermore, in a study in dogs with
epileptic seizures associated with intracranial neoplasia,
93 % of dogs had generalised epileptic seizures and 7 %
had focal epileptic seizures [25]. A detailed description
of diagnosis of exogenous toxic, metabolic and structural
forebrain disorders is beyond the scope of this consensus
article and can be found elsewhere [30—32].

Idiopathic epilepsy The diagnosis of IE is one of exclu-
sion and is made based on the age at epileptic seizure
onset, unremarkable inter-ictal physical and neurological
examinations, and exclusion of metabolic, toxic and
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structural cerebral disorders by means of diagnostic in-
vestigations. A history of IE in genetically related dogs
further supports the diagnosis.

The dog’s age range at seizure onset has been evalu-
ated in various studies in order to predict the likelihood
of diagnosing IE (see recommendation on when to per-
Sform MRI of the brain).

Criteria for the diagnosis of Idiopathic epilepsy

Tier | confidence level for the diagnosis of IE

A history of two or more unprovoked epileptic seizures
occurring at least 24 h apart, age at epileptic seizure on-
set of between 6 months and 6 years, unremarkable
inter-ictal physical and neurological examination (except
for antiepileptic drug (AED) induced neurologic abnor-
malities and post-ictal neurologic deficits), and no clinic-
ally significant abnormalities on minimum data base
(MDB) blood tests and urinalysis. MDB blood tests
include: complete blood cell count (CBC), serum bio-
chemistry profile (sodium, potassium, chloride, calcium,
phosphate, alanine aminotransferase (ALT), alkaline
phosphatise (ALP), total bilirubin, urea, creatinine, total
protein, albumin, glucose, cholesterol, triglycerides, and
fasting bile acids and/or ammonia). Urinalysis includes
specific gravity, protein, glucose, pH, and sediment
cytology. A family history of IE further supports the
diagnosis.

Dogs with suspected AED-induced neurologic abnor-
malities and/ or postictal neurologic deficits should be
re-examined when steady state serum concentrations of
AED is achieved or resolution of post-ictal changes is
expected (within less than 1 week), respectively.

Neurobehavioural comorbidities can occur in dogs
with IE [33], similarly to human patients [34], and their
presence should therefore not imply a diagnosis of struc-
tural epilepsy. However MRI studies of the brain (see
consensus statement on epilepsy-specific brain MRI
protocol) and CSF analysis are recommended in these
dogs.

Additional discretionary laboratory parameters depend-
ing on the index of disease suspicion include: fasting and
post-prandial bile acids, fasted ammonia and abdominal
ultrasound when hepatic encephalopathy is suspected;
total T4 (TT4), free T4 (fT4), and thyroid stimulating
hormone (TSH) when thyroid disorders are suspected
(thyroid testing should be performed prior to long term
treatment with AEDs due to possible interactions between
AED and the thyroid hormones); fructosamine, glucose
curve and/ or glucose:insulin ratio when insulinoma is
suspected; serum creatine kinase (CK) activity and lactate
levels whenever muscle disease is suspected (results
should be interpreted in relation to time of sampling since
the last epileptic seizure event and severity and duration
of the epileptic seizure event, as excessive muscle activity
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during epileptic seizures activity can transiently increase
CK activity and lactate levels); serology/ polymerase chain
reaction (PCR)/ antigen testing for regional infectious dis-
orders (these should be performed whenever infectious
disorders are suspected); vitamin B12 when cobalamin
malabsorption is considered; ionized calcium when hypo-
calcemia is suspected; testing for specific toxins or toxico-
logical screening by mass spectroscopy when toxin
exposure is suspected; quantification of amino acids and
organic acids and determination of glycosaminoglycans,
oligosaccharides, purines, and pyrimidines in serum, CSF
or urine when inborn errors of metabolism are suspected;
genetic testing when a disorder with known genetic muta-
tion is suspected (e.g, benign familial juvenile epilepsy in
the Lagotto Romagnolo, progressive myoclonic epilepsy in
miniature wire haired Dachshunds, L-2-hydroxyglutaric
aciduria in Staffordshire bull terriers). In addition, imaging
of the thorax and abdomen should be performed when
metastatic neoplastic disease is a possibility. Ocular fundic
examination and non-invasive blood pressure measure-
ment should also be performed when hypertension is sus-
pected. Further details on diagnostic investigations to
identify underlying aetiologies of seizures can be found
elsewhere [30].

Tier Il confidence level for the diagnosis of IE
Unremarkable fasting and post-prandial bile acids, MRI
of the brain (see consensus statement on epilepsy-specific
brain MRI protocol) and CSF analysis in addition to fac-
tors listed in tier L.

If abnormalities compatible with seizure-associated
changes are identified on MRI, the MRI protocol should
be repeated after a 16 week seizure free interval (when-
ever possible) (see below: Epileptic seizure-associated
CSF and brain MRI changes).

If the results of routine CSF analysis are abnormal
then additional testing on CSF and serum for regional
infectious disorders should be performed. CSF abnor-
malities (generally mild) may occur as a result of
epileptic seizure activity [35] (see below: Epileptic
seizure-associated CSF and brain MRI changes). Time
to resolution of epileptic seizure-associated CSF abnor-
malities is unknown. If CSF abnormalities are present
but the results of investigations for infectious disorders
on CSF and serum are negative and brain MRI is unre-
markable or shows post-ictal changes, then the CSF
analysis should be repeated following a seizure free
interval of at least 6 weeks.

Tier Ill confidence level for the diagnosis of IE

Identification of ictal or inter-ictal EEG abnormalities
characteristic for seizure disorders according to criteria
validated in human medicine, in addition to factors
listed in tier I and II. However, further research is
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needed to characterise the optimal protocol for EEG use
in clinical veterinary practice.

Epileptic seizure-associated CSF and brain MRI changes
Epileptic seizure activity has been reported to cause CSF
abnormalities [35] and intraparenchymal cerebral signal
changes on MRI performed within 14 days of the last
epileptic seizure [36]. The MRI signal changes are lo-
cated unilaterally or bilaterally, predominantly in the
piriform and temporal lobes, and sometimes also in the
olfactory bulb and frontal lobe. The signal changes are
characterised by varying degrees of hyperintensity on T2
weighted, FLAIR and diffusion-weighted imaging,
hypointensity on T1 weighted images, and occasionally
heterogenous contrast enhancement following gadolin-
ium administration [36, 37]. Following antiepileptic
treatment only, these signal changes partly or completely
resolved on repeated MRI 10 to 16 weeks later, indicat-
ing that these changes most likely represent cytotoxic
and vasogenic oedema induced by the epileptic seizures.
Histologic examination of the affected temporal cortex,
hippocampus and piriform lobe revealed oedema, neo-
vascularization, reactive astrocytosis, and acute neuronal
necrosis [36]. Repeated MRI of the brain after a period
of seizure control, along with clinical and CSF analysis
findings, may help to differentiate epileptic seizure-
induced changes from inflammatory or neoplastic epi-
leptogenic structural lesions [36].

Mild postictal CSF pleocytosis and sometimes also in-
creased protein concentration have been reported as a
transient CSF abnormality in people, generally following
repetitive generalized tonic-clonic seizures [38]. Mild
CSF pleocytosis (up to 12 WBC/ul, reference range 0-5
WBC/ul) has also been identified following single focal
or generalized tonic-clonic seizures in a small number of
patients, particularly when CSF sampling occurred
within 12 h of the last seizure [39]. A study in idiopathic
epileptic dogs identified an association between CSF
white blood cell (WBC) count and time interval between
the last seizure and the collection of the CSE. The longer
the time interval, the lower the CSF WBC count. How-
ever, the CSF WBC count was within the reference
range (<5 WBC/yl) in all dogs and 80 % of dogs under-
went CSF sampling 3 or more days after the last seizure.
No association was found between CSF protein concen-
tration and time of CSF collection and the occurrence of
cluster seizures was not associated with any significant
change in CSF WBC or protein concentration [35]. The
pathophysiology of seizure-induced CSF pleocytosis re-
mains unclear. It is possible that a transient disturbance
of the blood-brain barrier function (which has been
demonstrated after seizures in experimental animals)
and release of chemotactic substances into the CSF
during the seizures result in these CSF abnormalities
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[40]. Repeated CSF sampling after a seizure free interval
reveals no abnormalities [38].

Recommendation on when to perform MRI of the
brain The dog’s age at seizure onset and the presence of
interictal neurological abnormalities have been evaluated
in an attempt to predict the probability of identifying
structural cerebral disorders in epileptic dogs. In a study
in a non-referral canine population, structural epilepsy
was statistically more probable in dogs <1 year or > 7 years
of age at seizure onset, whereas IE was statistically more
probable in dogs aged 1 to 5 years at first seizure and
when the interictal period was longer than 4 weeks [41].
In a retrospective study on a referral population of 240
dog with epileptic seizures, seizure onset between 1 and
5 years of age was associated with a 3.25 times greater
likelihood for idiopathic epilepsy than structural epilepsy
and reactive seizures [6]. One study reported brain MRI
abnormalities in 22 % (14/63) and 90 % (47/52) of epilep-
tic dogs with normal and abnormal neurological examin-
ation, respectively [42]. Results of CSF analysis (normal
versus abnormal) were significantly associated with the re-
sults of the MRI study (normal versus abnormal), in dogs
with both normal and abnormal neurological examination
[42]. Another study reported clinically significant MRI ab-
normalities, including olfactory or frontal lobe neoplasia,
in 2.2 % (1/46) and 26.7 % (8/30) of inter-ictally normal
epileptic dogs younger and older than 6 years of age, re-
spectively [43]. In a study including dogs whose first seiz-
ure occurred below the age of one year, 26 % (6/23) of
dogs with a normal neurological examination had an
underlying structural brain disease identified with MRI
and CSF analysis [44]. Another study including dogs
whose first seizure occurred >7 years of age identified an
underlying CNS structural disease in 59 % (53/90) of dogs
with an unremarkable inter-ictal neurologic examination
[45]. A retrospective study including 99 dogs > 5 years of
age at epileptic seizure onset reported that an abnormal
neurologic examination had 74 % sensitivity and 62 % spe-
cificity to predict structural epilepsy with positive and
negative predictive values of 79 %, and 55 %, respectively
[46]. Of the 53 dogs with an abnormal neurological exam-
ination, 42 (79 %) had a lesion detected by MRI or had
abnormal findings on CSF analysis (some dogs had both
CSF and MRI abnormalities). Fifteen of the 33 (45 %) dogs
with normal neurological examination had structural epi-
lepsy diagnosed on the basis of MRI or CSF analysis
results [46]. Another recent study demonstrated that age
at seizure onset and neurological examination findings
were both significantly associated with type of brain
disease (functional versus structural) [24]. In this
study, 89 % (230/258) of dogs with IE had an age at
seizure onset < 6 years and 84 % (217/258) of dogs with
IE were neurologically normal inter-ictally. Dogs that
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were older at seizure onset were significantly more
likely to have an asymmetrical structural cerebral le-
sion (mean age at seizure onset 7.6 + 3.4 years) than IE
(3.3 £2.1 years). The odds of identifying an asymmet-
rical structural cerebral lesion rather than IE increased
1.6-fold with each additional year of age at seizure on-
set. Dogs with neurological abnormalities inter-ictally
were 16.5 times more likely to have an asymmetrical
structural cerebral lesion and 12.5 times more likely to
have a symmetrical structural cerebral lesion than IE.
Dogs with single seizures rather than cluster seizures
were more likely to have IE than an asymmetrical
structural cerebral lesion [24]. In another study, of 51
dogs presenting with status epilepticus as the first
manifestation of seizure disorder, 45.1 % had structural
epilepsy, 31.4 % had reactive seizures and 23.5 % had
IE [23]. Dogs with IE had a reduced risk of developing
status epilepticus at seizure onset compared to dogs
with structural epilepsy or reactive seizures [23].

To further investigate the predictive value of age at
epileptic seizure onset to differentiate between idiopathic
and structural epilepsy, the data from the studies
performed by Pakozdy [6] and Armasu [24] have been
combined and analysed. There were 372 dogs with IE
and 236 dogs with structural epilepsy. There was a sig-
nificant association between age of onset and cause of
epilepsy for dogs under 6 years of age at epileptic seizure
onset (Chi-squared = 5.136, n =431, p = 0.023) when the
cut-off was set at 6 months (Fig. 1). Dogs between
6 months and 6 years were significantly more likely to
be affected by idiopathic than symptomatic epilepsy

M\ diopathic Epilepsy B Structural Epilepsy

80.0%

Percentage of dogs in age category

Under 6 months
Age at onset

6 months - 6 years

Figure 1 Proportion of dogs with idiopathic and structural epilepsy
stratified by age at epileptic seizure onset (< 6 months versus
6 months to 6 years)
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compared to dogs under 6 months. Whereas, there was
no significant association between age of onset and
cause of epilepsy for dogs under 6 years of age at
epileptic seizure onset (Chi-squared =2.95, n =431,
p =0.086) when the cut-off was set at 1 year (Fig. 2).
A binary logistic regression demonstrated that dogs
aged between 6 months and 6 years at epileptic seiz-
ure onset were 2.65 times more likely to be affected
by IE than SE (p=0.03) than those under 6 months
of age at epileptic seizure onset. Whereas, a binary
logistic regression demonstrated that there was no
significant association between age of onset and cause
of epilepsy for dogs under 6 years of age at epileptic
seizure onset (p>0.05) when the cut-off was set at
1 year. When comparing the 5 versus 6 years of age at
epileptic seizure onset as upper cut off, the 6 year cut
off was a better predictor (77.3 % accuracy versus
74.5 %) and had a better model fit with a lower Akaike
Information Criteria (AIC) value. A binary logistic re-
gression demonstrated that dogs under 6 at age at epi-
leptic seizure onset were 10.89 times more likely to be
affected by IE than structural epilepsy (p<0.001).
Whereas, a binary logistic regression demonstrated
that dogs under 5 of age at epileptic seizure onset were
8.00 times more likely to be affected by IE than struc-
tural epilepsy (p < 0.001).

Based on the information described above, the authors’
recommendation is to perform MRI of the brain (using
the veterinary epilepsy-specific MRI protocol) and rou-
tine CSF analysis, after exclusion of reactive seizures, in
dogs with:

M Idiopathic Epilepsy M Structural Epilepsy

80.0%

Percentage of dogs in age category

Under 1 year

1year - 6 years
Age at onset
Figure 2 Proportion of dogs with idiopathic and structural epilepsy
stratified by age at epileptic seizure onset (< 1 year versus 1
to 6 years)
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e age at epileptic seizure onset <6 months or >6 years

e interictal neurological abnormalities consistent with
intracranial neurolocalisation

e status epilepticus or cluster seizure

e a previous presumptive diagnosis of IE and
drug-resistance with a single AED titrated to the
highest tolerable dose.

Conclusions

The recommendations presented in this article represent
the basis of a more standardised diagnostic approach to
the seizure patient. These guidelines are likely to evolve
over time with advances in structural and functional neu-
roimaging, EEG, and molecular genetics of canine epilepsy.

Additional file

[ Additional file 1: Standardised epilepsy investigation questionnaire. J
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Abstract

Canine idiopathic epilepsy is a common neurological disease affecting both purebred and crossbred dogs. Various
breed-specific cohort, epidemiological and genetic studies have been conducted to date, which all improved our
knowledge and general understanding of canine idiopathic epilepsy, and in particular our knowledge of those
breeds studied. However, these studies also frequently revealed differences between the investigated breeds with
respect to clinical features, inheritance and prevalence rates. Awareness and observation of breed-specific differences is
important for successful management of the dog with epilepsy in everyday clinical practice and furthermore may
promote canine epilepsy research. The following manuscript reviews the evidence available for breeds which have
been identified as being predisposed to idiopathic epilepsy with a proven or suspected genetic background, and
highlights different breed specific clinical features (e.g. age at onset, sex, seizure type), treatment response, prevalence
rates and proposed inheritance reported in the literature. In addition, certain breed-specific diseases that may act as
potential differentials for idiopathic epilepsy are highlighted.

Keywords: Idiopathic epilepsy, Dog, Breed, Epilepsy prevalence, Epileptic seizure

Introduction

Canine idiopathic epilepsy is a common neurological
disease and has been recently defined as two or more
unprovoked seizures at least 24 h apart with no identifi-
able underlying etiology other than a suspected genetic
origin. Idiopathic epilepsy still represents a diagnosis of
exclusion and an appropriate diagnostic workup is es-
sential as a correct diagnosis impacts treatment and
breeding decisions [1]. Affected dogs most often require
life-long antiepileptic medication and regular control
visits. Consequently, the daily lives of many owners are
affected by concerns related to their pet’s seizures and
the changes in daily routine [1-4]. Furthermore, canine
idiopathic epilepsy is a disease, which is characterised by
a broad array of clinical signs, age of onset, and at least

* Correspondence: v.huelsmeyer@medizinische-kleintierklinik.de
'Centre for Clinical Veterinary Medicine, Ludwig-Maximilians-University,
Veterindrstr. 13, 80539 Munich, Germany

Full list of author information is available at the end of the article

( BiolMed Central

in part underlying genetic backgrounds (see also Tables 1
and 2) [5, 6]. In recent years, idiopathic epilepsy with a
proven or suspected genetic background has been re-
ported for a number of purebred dogs with most studies
focusing on clinical characteristics and genetic aspects.
However, most studies have not yet identified causative
gene mutations, suggesting that, either the research
group in question did not have resources or availability
to go from clinical to genetic identification of mono-
genic epilepsy-causing genes or that inheritance may be
complex, involving several or many susceptibility genes,
and be reflective of additional environmental interac-
tions similar to what is proposed for many human gen-
etic epilepsies [5-7]. The individual dog's response to
antiepileptic treatment may also be complex and in
some individuals, successful antiepileptic drug treatment
presents a time- and cost-consuming challenge with an
increased risk for poor quality of life, premature death
or euthanasia when seizures cannot be adequately
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Table 1 Depicting breed-specific data regarding age of seizure onset

Page 2 of 28

Breed

Age at seizure onset

Reference

Australian Shepherd
Belgian Shepherd

Bernese Mountain dog
Border Collie

Border Terrier
Dalmatian

English Springer Spaniel
Finnish Spitz

Golden Retriever

Hungarian (Magyar) Vizsla
Irish Wolfhound
[talian Spinone

Labrador Retriever

Lagotto Romganolo

Petit Basset Griffon Vendeen
Shetland Sheepdog
Standard Poodle

2.5 years (median)

3.3 years (mean)

3.3 years (mean)

26.5 months (mean)

2.5 years (median)

3.2 years (mean)

2.9 years (median), 3.2 years (mean)

3 years (median)

3 years (median)

27.5 months (mean)

24.9 months (mean)

3 years (median)

by the age of 3 years in 73 % of dogs
38 months (mean)

30.6 months (mean)

34 months for males and 28 months for females (mean)
by the age of 4 years in 76 % of dogs
6.3 weeks (mean)

2 years (median)

predominantly between 1 and 1.5 years
3.7 years (median)

24 years (median), 2.8 years (mean)

Weiss| et al. 2012 [9]
Berendt et al. 2008 [23]
Seppala et al. 2012 [34]
Kathmann et al. 1999 [45]
Hulsmeyer et al. 2010 [8]
Kloene et al. 2008 [56]
Licht et al. 2002 [65]
Patterson et al. 2005 [74]
Viitmaa et al. 2013 [82]
Srenk et al. 1994 [84]
Lengweiler&Jaggy 1999 [86]
Patterson et al. 2003 [87]
Casal et al. 2006 [24]

De Risio et al. 2015 [93]
Jaggy et al. 1998 [95]
Heynold et al. 1997 [94]
Berendt et al. 2002 [26]
Jokinen et al. 2007 [105]
Gullgv et al. 2011 [25]
Morita et al. 2002 [109]
Licht et al. 2007 [113]
Licht et al. 2002 [65]

controlled [8—13]. Estimated prevalence data among the
general dog population have been reported with variable
results [14—17]. The true prevalence of epilepsy in dogs
is unknown and has been estimated to be 0.6-0.75 % in
general dog population [16, 18]. However, prevalence
rates may differ considerably when looking at hospital
populations with prevalence rates of 0.5-5 % in non-
referral population and of 1-2.6 % in referral hospital
population [14-17, 19-22]. In breeds, which are predis-
posed to idiopathic epilepsy, considerable higher preva-
lence rates are reported [23-26] than the prevalence
estimated for the general dog population (see Table 3.),
which is one of the reasons a genetic component is sus-
pected in certain canine breeds. Current data show that
the clinical courses, seizure semiology, treatment re-
sponses and heritability may differ substantially between
dog breeds and also between geographically distinct
populations of the same breed, which further highlights
the complexity of the disease. In summary, knowledge
and consideration of these breed-specific (or even
population-specific) differences is important, as this may
potentially impact the choice of treatment regimen,
prognosis for the patient and advice given to owners of
an epileptic dog. In the future breed-specific knowledge
and epileptic syndromes may be defined in further detail

which may not only advance future research in identify-
ing causative gene mutations but also may support the
development of “personalised” or “breed-specific” treat-
ment concepts. The following manuscript reviews dog
breeds, which have been identified as being predisposed
to idiopathic epilepsy, with a special focus on different
epilepsy phenotypes regarding clinical features, treat-
ment response and inheritance. In addition, certain
breed-specific diseases that may act as potential differen-
tials for idiopathic epilepsy are highlighted. The seizure
terminology used in the original studies has been
adapted and uniformed (as far as possible) in line with
the new Guidelines for Epilepsy Definition, Classification
and Terminology in Companion Animals throughout
the manuscript.

Australian Shepherd

In the current literature, there is one specific study of idio-
pathic epilepsy in Australian Shepherds available [9]. This
longitudinal German cohort study was published in 2012
and includes detailed data for 50 affected Australian Shep-
herds (from Germany, Switzerland and Austria). Fifty un-
affected Australian Shepherds served as control dogs.
Idiopathic epilepsy was defined as recurrent seizures
(=2 seizures >4 weeks apart), age at onset<5 years,
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Page 3 of 28

Table 2 Depicting breed-specific data regarding seizure type and seizure remission

Breed Seizure type

History of cluster seizures or Remission rate Reference
status epilepticus

Australian Shepherd 36 % generalised epileptic seizures

26 % focal epileptic seizures evolving into
generalised seizures

38 % both seizure types

52 % showed also focal epileptic seizures
(in addition to their generalised epileptic
seizures or focal

epileptic seizures evolving into
generalised seizures)
Belgian Shepherd 18 % generalised epileptic seizures
25 9% focal

53 % focal epileptic seizures evolving into
generalised seizures

4 % unclassified
6 % generalised epileptic seizures

83 9% focal epileptic seizures or focal
epileptic seizures evolving into
generalised seizures

11 % unclassified

ns.

18 % generalised epileptic seizures
7 % focal epileptic seizures

37 % focal epileptic seizures evolving into
generalised epileptic seizures

34 % generalised epileptic seizures with
unknown onset

4 % unclassified

Bernese Mountain dog 98 % generalised epileptic seizures

2 % focal epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

Border Collie 8 % generalised epileptic seizures

78 % focal epileptic seizures evolving into
generalised seizures

14 % unclassified

45 % showed also focal epileptic seizures
(in addition to their generalised epileptic
seizures or focal epileptic seizures evolving
into generalised seizures)
Border Terrier 68 % generalised epileptic seizures
32 % focal epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was
not performed.
Cavalier King Charles 39 % generalised epileptic seizures
36 % focal epileptic seizures

25 % focal epileptic seizures evolving into
generalised seizures

20 % cluster seizures 12 % Weissl et al. 2012 [9]

12 % status epilepticus

48 % history of both

ns. ns. Berendt et al. 2008 [23]
n.s. ns. Berendt et al. 2009 [41]
33 % cluster seizures 13.7 % Gullgv et al. 2012 [37]
33 % cluster seizures ns. Seppala et al. 2012 [34]
n.s. ns. Kathmann et al. 1999 [45]
45 9% cluster seizures 18 % Hulsmeyer et al. 2010 [8]
4 % status epilepticus

49 % history of both

ns. ns. Kloene et al. 2008 [56]
ns. ns. Driver et al. 2013 [59]
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Table 2 Depicting breed-specific data regarding seizure type and seizure remission (Continued)

Page 4 of 28

Collie (rough and smooth)

Dalmatian

English Springer Spaniel

Finnish Spitz

Golden Retriever

Hungarian (Magyar) Vizsla

Irish Wolfhound

[talian Spinone

Labrador Retriever

Predominantly generalised

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

20 % generalised epileptic seizures

80 % focal epileptic seizures or focal
epileptic seizures evolving into
generalised seizures

47 % generalised epileptic seizures
33 % focal epileptic seizures

20 % focal epileptic seizures evolving into
generalised seizures

1 % generalised epileptic seizures
54 % focal epileptic seizures

31 % focal epileptic seizures evolving into
generalised seizures

7 % generalised with unknown onset
7 % completely unclassified
83 % generalised epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

92 % generalised epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

21 % generalised epileptic seizures
62 % focal epileptic seizures

17 % focal epileptic seizures evolving into
generalised seizures

Predominantly generalised epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

23 % generalised epileptic seizures

51 % focal epileptic seizures evolving into
generalised seizures

26 % generalised epileptic seizures with
unknown onset

24 % generalised epileptic seizures

70 % focal epileptic seizures or focal
epileptic seizures evolving into
generalised seizures

91 % generalised epileptic seizures
9 % focal epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

35 % cluster seizures

63.6 % cluster seizures

38 % cluster seizures

16.2 % cluster seizures

n.s.

ns.

n.s.

n.s.

ns.

ns.
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ns.

n.s.

n.s.

ns.

ns.

n.s.

n.s.

n.s.

n.s.

n.s.

ns.

Munana et al. 2012 [64]

Licht et al. 2002 [65]

Patterson et al. 2005 [74]

Viitmaa et al. 2013 [82]

Lengweiler&Jaggy 1999 [86]

Srenk et al. 1994 [84]

Patterson et al. 2003 [87]

Casal et al. 2006 [24]

DeRisio et al. 2015 [93]

Berendt et al. 2002 [26]

Heynold et al. 1997 [94]
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Table 2 Depicting breed-specific data regarding seizure type and seizure remission (Continued)

96 % generalised epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was

not performed.

Lagotto Romagnolo Mainly focal epileptic seizures

Petit Baset Griffon Vendeen 5 % generalised epileptic seizures

41 % focal epileptic seizures

52 % focal epileptic seizures evolving into
generalised seizures

2 % unclassified

Shetland Sheepdog Predominantly generalised epileptic seizures

Distinction between (primary) generalised
epileptic seizures and focal epileptic seizures
evolving into generalised seizures was
not performed.
Standard Poodle 3.5 % generalised epileptic seizures
33 % focal epileptic seizures

60 % focal epileptic seizures evolving into
generalised seizures

3.5 % generalised epileptic seizures with
unknown onset

Predominantly focal epileptic seizures or
focal epileptic seizures evolving into
generalised seizures

ns. ns. Jaggy et al. 1998 [95]

ns. by 8-13 weeks Jokinen et al. 2007 [105]
of age

ns. ns. Gullgv et al. 2011 [25]

ns. ns. Morita et al. 2002 [109]

ns. ns. Licht et al. 2007 [113]

34 % cluster seizures ns. Licht et al. 2002 [65]

n.s. not specified

unremarkable laboratory results (CBC, biochemical
profile, pre- and postprandial serum bile acids concen-
tration), and normal interictal neurologic examination
performed by the study investigators or a specialist in
veterinary neurology. Magnetic resonance imaging
(MRI) and cerebrospinal fluid (CSF) analysis were
strongly recommended and obligatory if the age of on-
set was < 6 months. Dogs with a history of head trauma
or structural brain disease were excluded. Advanced
diagnostic imaging and CSF analysis were performed in
42 % of affected dogs [9]. Prevalence data for this breed
yet are not reported. The median age at seizure onset
was 2.5 years [9]. Among epileptic dogs, 64 % were
males and 36 % females. The seizure type was specified
as (primary) generalised epileptic seizures in 36 % of
dogs and as focal epileptic seizures evolving into gener-
alised seizures in 26 % of dogs; the remaining dogs
(38 %) showed both seizure types [9]. In addition to
their (primary or secondary) generalised seizures, 52 %
of dogs also experienced focal seizures [9]. Focal sei-
zures often presented with focal tremors, salivation,
dilated pupils, and lateral head turn. Concomitant
or solitary episodes with variable states of awareness
and behavioural changes like panic attacks, sporadic ag-
gressiveness, pacing, staring, or adverse reactions to

emotive words were common [9]. Exclusively discrete
seizures (single seizure per day) occurred in 20 % of
dogs; of the remaining dogs 20 % had a history of clus-
ter seizures, 12 % had a history of status epilepticus,
and 48 % of dogs had a history of both. In summary,
68 % of dogs had a history of cluster seizures and 60 %
of dogs a history of status epilepticus [9]. An important
observation was that in 28 % of dogs the first seizure
event presented as a cluster seizure or status epilepti-
cus. Although severe clinical courses (high incidence of
cluster seizures and status epilepticus) were frequently
reported among Australian Shepherds, seizure remis-
sion was obtained in 12 % of dogs (6 % with and 6 %
without antiepileptic treatment) [9], which is in line
with remission rates reported in other canine epilepsy
studies [8, 10, 11, 27]. The treatment response was re-
ported to be poor (=1 seizure day/month) in 56 % of
Australian Shepherds (treatment response was only
assessed for dogs that were treated sufficiently with
phenobarbital alone or in combination with other
AEDs; which was the case in 70 % of the study popula-
tion) [9]. Phenobarbital serum concentrations did not
differ between dogs with good seizure control and dogs
with poor seizure control [9]. Among the deceased
dogs (30 % of the population) the median age at death
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Table 3 Depicting breed-specific epilepsy prevalence estimates
Breed Prevalence Country  Number of dogs Study information/Epilepsy definition Reference
Belgian Tervueren 17 % USA Complete records of 997 dogs containing 170 Dogs were included as epilepsy cases when Famula et al.
epileptic dogs. Data collection late 1980s. they experienced at least one seizure. Only dogs, 1997 [38]
which were at least five years of age at the time
of the survey were included in the analysis to
avoid censoring those individuals, which may
have had their first seizure later in life.
Belgian Shepherd 9.5 % Denmark 1.248 registered dogs in the Danish Dogs that had experienced two or more Berendt et al.
(Tervueren and Kennel Club, representative sample with seizures were defined as epilepsy cases. 2008 [23]
Groenendael) interview of 516 dog owners identifying
49 epileptic dogs. Data collection
1995-2004.
Belgian Shepherd 33 % Denmark 199 family members (152 Groenendael Dogs that had experienced two or more Berendt et al.
(Tervueren and and 47 Tervueren) containing 66 epileptic dogs  seizures were defined as epilepsy cases. 2009 [41]
Groenendael) (53 Groenendael & 13 Tervueren). Data
) collection 1988-2005.
One large family
Border Terrier 13,1 % Germany Records of 365 dogs containing 47 epileptic ~ Not provided Kloene et al.
individuals. Data collection from 1986-2000. 2008 [56]
Irish Wolfhound 183 % USA 796 Irish Wolfhounds from 115 litters Dogs that had experienced more than Casal et al.
with 146 identified epilepsy cases. 2 seizures. Average inbreeding coefficient 2006 [24]
(calculated throughout 10 generations) for all
the dogs entered into the study was 0.156.
Labrador Retriever 3.1 % Denmark 29.602 Danish Labrador retrievers registered  Dogs that had experienced two or more Berendt et al.
in the Danish Kennel Club in a 10-year period. recurrent seizures. 2002 [26]
From the reference population a representative
sample of 550 dogs were selected for by
random sampling stratified by year of birth.
After questionnaire interviews of all 550
dog-owners and clinical investigation of
epilepsy suspected dogs, 17 dogs were finally
identified with idiopathic epilepsy. Data
collection 1989-1999.
Petit Basset Griffon 8.9 % Denmark 876 PBGV dogs registered in the Danish Dogs that had experienced at least 2 Gullgv et al.
Vendeen (PBGY) Kennel Club (56 dogs were exported), 471 seizures with a minimum interval of 24 h. 2011 [25]
owner interviews identified 42 epileptic
individuals. Data collection 1999-2008.
Finnish Spitz Dog 54 % Finland  The epilepsy prevalence was calculated for Dogs that had experienced at least 2 Viitmaa
the dogs that were living when their owners  seizure episodes without interictal et al.
answered a questionnaire (111 epilepsy neurologic abnormalities. 2013 [82]
cases/2.069 total dogs). The questionnaire
was sent to all owners of 1- to 10-year-old
dogs during the period from June 2003 to
July 2004.
[talian Spinone 53 % UK The owners of all UK Kennel Club registered DeRisio
[talian Spinoni born between 2000 and 2011 Recurrent seizures (22 seizures occurring >24 h et al.
(n=3331) were invited to participate in the  apart) with an onset between 6 months and 2015 [93]

study. Of these, 1192 returned the phase |
questionnaire and 63 dogs (5.3 %) were
identified with idiopathic epilepsy. Of the
remaining dogs 0.6 % were identified with

6 years of age in dogs with normal interictal
physical and neurologic examinations and
results of a CBC and biochemistry profile within
the normal reference range.

structural epilepsy, 0.6 % were identified
with reactive epileptic seizures and 1.5 % had

unclassified epilepsy.

was 3.1 years [9]. The identification of a causative gene
mutation has not yet been reported, but a common
founder of 29 affected Australian Shepherds and a clus-
tering manifestation in littermates, full or half siblings
was detected [9]. An important observation of this
study was, that during the case recruitment phase, a
large subset of dogs were reported with recurrent

episodes of altered mentation, bizarre behavioural ac-
tivity and autonomic signs, which corroborated suspi-
cion for potential focal seizures. None of those dogs
experienced generalised seizures and in most cases
diagnostic work-up was lacking because the neuro-
logical signs were mild. Thus, these animals were in-
cluded as neither case nor control dogs. However,
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based on those findings and in contrast to the above-
mentioned frequent severe clinical courses a distinct
mild and focal epilepsy course cannot be excluded for
the Australian Shepherd breed and may need to be fur-
ther elucidated in the future [9]. Identified risk factors:
The median age of seizure onset was lower in non-
merle-coloured (1.8 years) than in merle-coloured
(2.8 years) dogs [9]. Seizure control was associated with
age at seizure onset (older age with better seizure con-
trol) and coat colour (merle dogs with better seizure
control) but appeared unrelated to the ABCB1 (MDRI1)
genotype (when interpreting the latter finding, it needs
to be considered that out of all the epilepsy cases
only one dog was determined to be homozygous for
the ABCB1-1A mutation) [9]. Seizure remission oc-
curred independently of the clinical course and seizure
frequency [9]. No association was found between seiz-
ure control, phenobarbital serum concentration and the
number of administered drugs, indicating that there
may be a subcategory of severe intrinsic epilepsy in
Australian Shepherd dogs [9]. Reduced survival times
were found in dogs with poor seizure control, in dogs
<2 years of age at seizure onset, in dogs experiencing >
10 seizure days within the first six months after seizure
onset and in non-merle coloured dogs [9]. However, in
a multivariable COX regression analysis only a high ini-
tial seizure frequency (210 seizure days/6 months after
seizure onset) and poor seizure control remained statis-
tically significant with respect to reduced survival
times. Overall, dogs with good seizure control had a
lower risk of death than dogs with poor seizure control
[9]. Potential breed-specific diseases that may mimic
idiopathic epilepsy: Neuronal ceroid lipofuscinosis
(NCL), a neurodegenerative storage disorder, may also
manifest with epileptic seizures and/or fly-biting epi-
sodes and therefore may present a potential differential
in young Australian Shepherds with seizures. However,
NCL usually manifests with concurrent severe neuro-
logical and/or cognitive abnormalities and seizures usu-
ally occur late in the disease course [28]. A gene test
for NCL in Australian Shepherds is available (missense
mutation in the CLN6 gene) [29]. One study from
2011, diagnosed two Australian Shepherds with
exercise-induced collapse (EIC), which also may mimic
a seizure event, and therefore should be considered as
a potential differential to epileptic seizures. However, a
dynamin-1 (DNM1)-gene-mutation was not detected in
those two Australian Shepherds [30]. EIC usually is trig-
gered by strenuous physical exercise and consciousness
usually remains preserved during episodes, which may help
to clinically differentiate between epileptic seizures and EIC
[30]. Furthermore, the Australian Shepherd breed has a
high frequency of the ABCB1-gene mutation (nt230 (del4))
that results in non-functional P-glycoprotein (P-gp)
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expression and neurotoxicity to drugs, which are P-gp sub-
strates [31, 32]. This may need to be considered as a differ-
ential for idiopathic epilepsy in Australian Shepherd dogs
that present with acute epileptic seizures and potential pre-
vious exposure to neurotoxic P-gp substrates. The fre-
quency of dogs homozygous for the mutant allele is
reported to range between 1.7 - 25 % depending on the re-
spective study and geographic area [33].

Belgian Shepherd (mainly Groenendal and Tervueren
variants)

There are ten different studies available that focus specific-
ally on idiopathic epilepsy in the Belgian Shepherd (mainly
Groenendal and Tervueren variants) [23, 34—42]. This rela-
tively high number of studies leaves the Belgian Shepherd
as one of the most intensively studied dog breeds in the
field of canine epilepsy. Interestingly, an inheritance of idio-
pathic epilepsy in this breed was first suggested in 1968
[42]. All of the available studies respectively focus on seiz-
ure semiology, prevalence, mode of inheritance and gene
mutation identification; and have been conducted mainly in
Denmark [23, 37, 41], the United States [35, 36, 38—40] and
Finland [34]. The variability in results between individual
studies may be attributed to the examination of geographic-
ally and genetically distinct populations and variable study
designs and inclusion and exclusion criteria being applied.
One Danish study published in 2008 was an epidemio-
logical study of a larger population of Belgian Shepherds
registered in the Danish Kennel Club in a 10-year period.
Prevalence was estimated at 9.5 % based on interviews of
516 dog owners, which identified 49 dogs with idiopathic
epilepsy [23]. Mean age at seizure onset was 3.3 years.
However, 39 % of all affected dogs did not experience their
first seizure until after four years of age. Of the investigated
epileptic dogs, 63.3 % were females and 36.7 % were male;
however, a significant gender predisposition was not de-
tected. The seizure type was reported to be focal in 25 % of
dogs, focal evolving into generalisation in 53 % of dogs and
(primary) generalised in 18 % of dogs (in 4 % of dogs sei-
zures could not be classified). The most commonly re-
ported focal seizure phenomenology included ataxia,
crawling, swaying, behaviour suggesting fear, salivation, ex-
cessive attention seeking and disorientation. The median
survival time from seizure onset was 2.5 years among de-
ceased dogs [23]. In 2009 the same authors investigated a
selected large Danish Belgian Shepherd family including
199 individuals with 66 idiopathic epilepsy affected dogs
[41]. The epilepsy prevalence in this selected family was es-
timated at 33 % [41], which showed that accumulation of
epileptic individuals within certain breeding lines can result
in substantially higher prevalence estimates than in the
breed in general (as reflected by the two Danish studies)
[23]. As found in the Danish breed study from 2008, the
seizure type was predominantly (83 % of dogs) defined as
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focal or focal epileptic seizures evolving into generalised sei-
zures, while only 6 % of dogs experienced (primary) gener-
alised epileptic seizures [41]. In 11 % of dogs, seizures could
not be classified. Due to the high prevalence of focal sei-
zures the authors discussed if this familial epilepsy could be
compared to familial focal epilepsy in humans [41]. This
large Danish Belgian shepherd family was further investi-
gated with respect to survival and selected risk factors for
premature death by a longitudinal observational study pub-
lished in 2012 [37]. The life span of epileptic dogs was not
significantly shortened by the presence of epilepsy. Epilepsy
was the predominant cause of death in the population and
epilepsy-related deaths accounted for 70 % of all deaths in
the group of dogs with epilepsy. Two probable sudden un-
expected deaths related to epilepsy occurred in dogs with
generalised seizures. Cluster seizures occurred in 33 % but
did not significantly influence the life span of epileptic dogs.
Dogs with epilepsy had an epilepsy remission proportion of
13.7 % [37]. A 2012 genome wide-association study includ-
ing Belgian Shepherd epilepsy cases from Denmark,
Finland and USA (159 cases and 148 controls) identified a
novel idiopathic epilepsy locus [34]. The mean age at seiz-
ure onset in the dogs participating in the study was 3.3 years
[34], which is in line with findings of the Danish study [23].
The median seizure frequency was 5.25 seizures per year
with some dogs experiencing less than one seizure per year
and others up to 10 seizures per day. One third (33 %) of
the affected dogs had a history of cluster seizures. The seiz-
ure type was defined as focal epileptic seizures evolving into
generalised seizures in 37 % of dogs, as generalised seizures
with unknown onset in 34 % of dogs, as (primary) general-
ised in 18 % of dogs and as focal in 7 % of the dogs. In 4 %
of dogs the seizures remained unclassified [34]. Only 3 % of
the dogs did not respond to antiepileptic drug treatment,
while the remaining dogs all responded at least with some
degree of seizure frequency reduction. A number of dogs
participating in the study had an EEG examination and
interictal EEG revealed epileptiform activity with variable
foci in all examined dogs [34]. Multiple studies have been
conducted with respect to potential modes of inheritance
in this breed, however results were not always consistent
and this again may reflect different study design, inclusion
and exclusion criteria. In the Danish study from 2009 the
mode of inheritance of epilepsy was based on segregation
analysis reported to be simple mendelian with a segregation
pattern resembling autosomal dominant inheritance but
with possible incomplete penetrance [41]. These results
contradict the findings from an older USA study in 2003, in
which a polygenic mode of inheritance influenced by a sin-
gle autosomal recessive locus was suggested [35]. Further-
more a study from 1997 found that a single locus model
does not appear adequate as an explanation [38], but the
same investigators in a 2000 study suggested a single locus
with a large effect on the incidence of seizures [39]. The
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1997 USA study estimated the heritability of epilepsy in the
Belgian Shepherd dog at 0.77 [38], and the 1998 USA study
predicted that the offspring of the mating of two non-
epileptic dogs has a probability of 0.99 of never suffering
from a seizure, while the offspring of the mating of two
dogs who have each had one seizure has a predicted prob-
ability 0.58 of never suffering from a seizure [40]. Although,
the clinical phenotype of idiopathic epilepsy in the Belgian
shepherd is well described and extensive research efforts
have been undertaken, it has not yet been possible to iden-
tify causative gene mutation(s) responsible for idiopathic
epilepsy in the breed [34—36]. Identified risk factors: Intact
dogs with idiopathic epilepsy had a significantly increased
risk of being euthanised because of idiopathic epilepsy
compared to neutered dogs with idiopathic epilepsy [23].
Recently, it was found that homozygosity for a two-SNP
haplotype within the ADAM23 gene conferred the highest
risk for idiopathic epilepsy among the investigated Belgian
shepherds [34]. These data suggested that the identified
ADAM?23 variant is a polymorphism, but yet needs to be
further confirmed. Potential breed-specific diseases that
may mimic idiopathic epilepsy: In the authors’ experience
the most important differential to be excluded in the Groe-
nendael and Tervueren is a (often exercise induced) epi-
sodic involuntary movement disorder similar to paroxysmal
dyskinesia described in Chinook dogs [43] and Border ter-
riers [44]. It is recommended that the paroxysmal episode
be filmed. The paroxysmal movement disorder can be dis-
tinguished from seizures because the dogs remain respon-
sive to stimuli and their environment, for example will
continue to try to play. The episodes are typically longer in
duration than epileptic seizures and characterised by dys-
tonic limb lifting (all joints in flexion). The dog may be-
come recumbent but often remains standing (personal
communication Clare Rusbridge February 2015).

Bernese Mountain dog

In the current literature, one study about idiopathic epi-
lepsy in Bernese Mountain dogs is available [45]. This
study includes 50 affected dogs from Switzerland and
was published in 1999. Idiopathic epilepsy was diag-
nosed when physical and neurological examination,
haematology, serum biochemistry, urine and CSF ana-
lysis were unremarkable. Detailed data regarding defin-
ition of idiopathic epilepsy were not provided in this
study [45]. Sixty-nine healthy Bernese Mountain dogs
served as control dogs and a possible gender predispos-
ition was analysed by the use of a non-preselected popu-
lation containing 4005 Swiss Bernese Mountain dogs
[45]. Prevalence data have not been reported for this
breed [45]. The mean age of seizure onset was 2.2 years
(26.5 months) with 62 % of dogs exhibited their first
seizure between one to three years of age, 20 % had an
age of seizure onset of less than one year and 18 %
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experienced the first seizure at an age > 3 years [45]. A
gender predisposition for males (62 %) compared to fe-
males (38 %) was observed. The gender ratios (males to
females) were 1.6:1 among epileptic dogs, 1:1.1 among
non-epileptic control dogs and 1:1.4 among all dogs
[45]. The seizure type was defined as generalised in 98 %
of dogs and as focal in 2 % of dogs [45]. However, a de-
tailed differentiation between (primary) generalised sei-
zures and focal epileptic seizures evolving into generalised
epileptic seizures was not conducted, hence some of the
dogs may have experienced focal seizures evolving into
generalisation rather than (primary) generalised seizures.
The seizure frequency was not analysed in detail, but was
reported to range from three seizures per week to one
seizure every year, with 50 % of dogs experiencing more
than one seizure every two months. The results of the
pedigree analyses and binomial test were best compatible
with a polygenic, recessive (possibly sex-modified) mode
of inheritance [45]. The identification of a causative gene
mutation has not yet been reported [45]. Identified risk
factors: The age at seizure onset was significantly lower in
dogs from affected parental animals than in dogs from
healthy parental animals [45].

Border Collie

In the current literature, one specific study about idio-
pathic epilepsy in Border Collies is available [8]. This
study — conducted in Germany — was published in 2010
and provides data regarding clinical characteristics and
heritability of epilepsy among a German Border Collie
population [8]. The latter study, included data of 49
Border Collies diagnosed with idiopathic epilepsy; no
control dogs were included. Idiopathic epilepsy was de-
fined as recurrent seizures (>2 seizure days at least
4 weeks apart) with an onset between 6 months and
5 years of age in dogs with otherwise normal physical,
laboratory, and neurological characteristics upon exam-
ination. Requested minimal laboratory investigations in-
cluded a CBC and biochemical profile. MRI and CSF
analysis were requested if age at seizure onset was <
6 months or>5 years of age [8]. Detailed prevalence
data have yet not been provided for this breed [8]. Al-
though detailed prevalence data are not available, the
Border Collie was among the most common affected
breeds in several epidemiological canine epilepsy studies
in the UK [17, 46, 47]. The median age at seizure onset
in the German study was 2.4 years with 74 % of dogs ex-
periencing their first seizure between 1 and 5 vyears.
However 18 % experienced the first seizure at an age <
1 year and 8 % of dogs had an age of > 5 years. No gen-
der predisposition was detected with 49 % males and
51 % females. The seizure type was defined as focal epi-
leptic seizures evolving into generalised seizures in 78 %
of dogs and as (primary) generalised in 8 % of dogs. In
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14 % of dogs the seizures remained unclassified, as seiz-
ure onset was not clearly observed. In addition, 45 % of
dogs also had sporadic focal epileptic seizures, which
manifested as sudden uncontrolled head or facial twitch-
ing mostly associated with impaired consciousness. Ac-
tive epilepsy (=1 epileptic seizure in the last year of the
study or in the year preceding death) was documented
in 82 % of dogs and seizure remission was reported for
18 % of the Border Collies with idiopathic epilepsy,
which is similar to reported remission rates in other dog
populations [9, 11, 27, 47]. However, a recent canine epi-
lepsy study which focussed on identification of clinical
risk factors for remission revealed the Border Collie as
the breed least likely to achieve seizure remission [47].
Of all affected dogs 45 % had a history of cluster sei-
zures, 4 % had a history of status epilepticus and 49 %
had a history of both. Overall, 94 % of all dogs included
in the German study experienced at least one episode of
cluster seizures and 60 % of all dogs had at least one epi-
sode of status epilepticus [8]. A high prevalence of clus-
ter seizures among Border Collies was also found in a
recent study about canine juvenile epilepsy in the UK
[10], however, in contradiction to this data another UK
study reported the Border Collie as being less affected
by cluster seizures (>80 % not clustering) [46]. The me-
dian age at death among the deceased epileptic Border
Collies (47 % of the study population) was 5.2 years [8],
which is more than half that of the general UK Border
Collie population (median age at death 13.5 years) found
in another study [48]. The median survival time from
seizure onset for deceased epileptic Border Collies was
short being only 2.1 years in the German study [8]. This
finding was supported by another study that also found a
significant shorter mean survival time for Border Collies
with idiopathic epilepsy (3.6 years) compared to a general
dog population with idiopathic epilepsy (7.9 years) [10].
Treatment response was reported to be poor (>1 seizure
day/month) in 71 % of dogs that were treated adequately
(67 % of the study population) with > 2 antiepileptic drugs
[8]. In summary, all above-mentioned clinical data suggest
that this breed may generally have a severe epilepsy course
and epileptic Border Collies are more likely to be eutha-
nised than affected dogs of other breeds. Based on pedi-
gree analysis, 29 affected dogs shared a common ancestor,
indicating a strong genetic background for epilepsy in
Border Collies. The identification of a causative gene mu-
tation has yet to be achieved [8]. Identified risk factors: No
positive impact of neutering on the course of epilepsy was
detected. Comparison between dogs with active epilepsy
and dogs in remission identified significant differences in
age at seizure onset (older age at seizure onset in dogs that
went into remission) and age at death (younger age at
death for dogs with active epilepsy). Furthermore, initial
seizure frequency (during the first 6 months) was
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significantly lower in dogs that went into remission com-
pared to dogs with continuing epilepsy. Reduced survival
times were found in dogs with young age at seizure onset
(<2 years of age) and dogs with a severe epilepsy course
(occurrence of status epilepticus) [8]. No significant asso-
ciation between survival time and sex, reproductive status
or number of administered drugs was identified. A Swiss
study identified a polymorphism in the ABCB1-gene that
was found to be associated with antiepileptic drug resist-
ance (T > G variation in intron 1) in Border Collies [49].
This ABCB1-polymorphism (T > G variant) was detected
in a later Japanese study with a frequency of 9.8 % among
a Japanese Border Collie population [50]. In contrast to a
known “loss of function” for the nt230 (del4) mutation,
the T > G variation is hypothesised to have an ABCB1
drug transporter’gain of function” and therefore poten-
tially might contribute to drug resistance. However, future
research is required to investigate those associations fur-
ther and also to investigate the possible mechanisms of
this ABCB1-polymorphism on drug resistant epilepsy in
Border Collies. Potential breed-specific diseases that may
mimic idiopathic epilepsy: NCL, a neurodegenerative dis-
order, may also manifest with epileptic seizures and there-
fore may present a potential differential in young Border
Collies presenting with seizures [51-53]. However, NCL is
reported to manifest between the age of 15 and 22 months
[51, 53] with severe and rapidly progressive neurological
signs (e.g. vision impairment, gait abnormalities, dementia,
behavioural abnormalities, aggression). Affected Border
Collis died before the age of 3 years and the latest they
were euthanized after the onset of clinical signs was
6 months [51]. A causative gene mutation for NCL in
Border Collies has been identified and a gene test is avail-
able (mutation in the CLN5 gene) [54]. One study from
2011 reported 20 Border Collies diagnosed with exercise-
induced collapse, but a DNM1-gene-mutation was not ob-
served in any of these Border Collies [30]. However, in
contrast to epileptic seizures, EIC usually is triggered by
strenuous exercise and consciousness usually remains pre-
served during episodes and the dog’s behaviour suggests
discomfort from heat (panting, seeking shade and/or
water), which may help a clinician to differentiate between
these two diseases [30]. The Border Collie breed is also af-
fected by the ABCBI/MDRI1-gene mutation (nt230
(del4)), which may need to be considered in dogs with
acute seizures and potential previous exposure to neuro-
toxic P-gp substrates. The frequency of homozygous af-
fected dogs is reported with 0.3 % [33]. There is one
case report describing hyperammonemic encephalopathy
(normal bile acids, but abnormal ammonia tolerance test)
secondary to a hereditary selective cobalamin malabsorp-
tion in a juvenile Border Collie that presented with neuro-
logical signs, such as an abnormal mental state (stupor)
[55]. However, although this particular dog did not seizure,
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hyperammonemia may carry a potential risk for reactive
seizures in other Border Collies with such hyperammone-
mic encephalopathy.

Border Terrier

One specific study about epilepsy in Border Terriers that
was conducted in Germany and published in 2008 is
available in the current literature [56]. This study in-
cluded 47 affected dogs and 318 non-affected control
dogs collected by questionnaires send to owners of dogs
registered in the German Terrier Club. Detailed data re-
garding epilepsy definition were not provided [56]. The
prevalence of epilepsy was estimated at 13.1 % among
the investigated population [56]. In line with this high
prevalence, a UK epilepsy prevalence and risk factor
study reported the Border Terrier with a 2.7 times in-
creased odds of epilepsy compared with crossbred dogs
[17]. A gender predisposition was not detected with
53 % males and 47 % females in the German study. The
mean age at seizure onset was 3.2 years. The clinical
course was assessed as mild in most of the dogs (70 %)
with only occasional seizures per year; only 27 % of dogs
suffered from multiple seizures per month. Cluster sei-
zures were documented in 8.5 % of dogs. The seizure
type was defined as generalised epileptic seizures in
68 % of dogs and as focal epileptic seizures in 32 % of
dogs, however a differentiation between (primary) gener-
alised epileptic seizures and focal epileptic seizures
evolving into generalised seizures was not performed. In
17 % of dogs autonomic signs (urination, defecation)
were reported during a seizure and some of the dogs
(27.6 %) experienced preictal signs, such as restlessness,
disorientation, behaviour suggesting fear or seeking
owners’ attention [57]. Hence, according to the new clas-
sification guidelines some of those dogs with a “preictal
phase” (27.6 %) might be reclassified as having focal sei-
zures evolving into generalised seizures. The seizures
were defined as tonic in 46.8 % of dogs, as clonic in
14.9 % of dogs and as tonic-clonic in 38.3 % of dogs. In
51 % of dogs seizures occurred when they were in a rest-
ing position [57]. One important finding was that in
most of the dogs (79 %) consciousness was assessed as
preserved during a seizure, and only 21 % of dogs expe-
rienced an ictal loss of consciousness. Thirty per cent of
dogs were treated with phenobarbital, and in 23.4 % of
dogs, owners subjectively reported at least some clinical
improvement [57]. The identification of a causative gene
mutation has not yet been reported [56]. Potential
breed-specific diseases that may mimic idiopathic epi-
lepsy: Canine epileptoid cramping syndrome (CECS) is
proposed as paroxysmal dyskinesia affecting Border Ter-
riers. Recently, detailed data regarding typical clinical
phenotypes of 29 CECS-affected Border Terriers have
been published [44]. Based on the similarities regarding
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clinical semiology and typical age of disease manifest-
ation, CECS is an important differential to epileptic sei-
zures in this breed; even for experienced clinicians
CECS may mimic a seizure disorder and vice versa. Dis-
tinct phenotypic characteristic of the paroxysmal events
in CECS are generalised tremor, dystonia and difficulty
walking. Episodes were reported to last from 2—-30 min
in the majority of dogs and in some up to 150 min [44].
In addition, some owners report signs of gastrointestinal
distress associated with the episodes, including borbo-
rygmi during the episode and vomiting and diarrhoea
before or after the episode in almost 50 % of the dogs.
From a clinical point of view, the assessment of con-
sciousness and the occurrence of autonomic signs such
as urination, defecation or salivation during an episode
may help to differentiate between both diseases, with
CECS usually being characterized by a normal conscious
state and absence of above mentioned autonomous signs
[44]. However, as 79 % of epileptic Border Terriers were
reported to have preserved consciousness during an epi-
leptic seizure in the German study [56] and 62 % of
Border Terriers diagnosed with CECS showed some kind
of “pre- and postcramping” signs (such as eating grass,
vomiting, or seeking to be near owners) [44] diagnosis still
may remain challenging and potential overlapping of both
diseases needs to be further elucidated in the future (e.g.
with ambulatory ictal EEG examinations). With regard to
response to therapy, therapeutic trials with phenobarbital,
potassium bromide, diazepam, butylscopolamin resulted
in no improvement in the majority of CECS affected dogs,
but 50 % of the owners felt improvement after a dietary
change (e.g. change to hypoallergenic diet) [44].

Cavalier King Charles Spaniel

For several years it has been suggested that idiopathic
epilepsy may occur as an independent disease in this
breed and may not be the consequence of the frequently
occurring Chiari-like malformation [58]. This hypothesis
was supported by a study from 2013 that did not find a
significant association between the degree of the Chiari-
like malformation, (such as degree of ventriculomegaly)
and the occurrence of epileptic seizures [59]. However,
an overlapping of the two diseases cannot be entirely ex-
cluded. According to the findings of the study published
in 2013 the seizure type was defined as (primary) gener-
alised epileptic seizures in 39 % of the dogs, as focal epi-
leptic seizures in 36 % and as focal epileptic seizures
evolving into generalised seizures in 25 % of dogs [59].
No detailed data regarding potential modes of inherit-
ance are available; however, epilepsy was found more
frequently in lines originating from whole-colour dogs
[58]. Potential breed-specific diseases that may mimic
idiopathic epilepsy: Cavalier King Charles Spaniels are
also known to suffer from Episodic Falling (paroxysmal
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exercise-induced dyskinesia) [60]. Episodic falling is a
movement disorder that typically manifests between the
age of 4 months and four years. Falling episodes are in-
duced by physical activity, stress and excitement and
manifest with hypertonicity of the limbs resulting in in-
ability to move or even complete collapse. In contrast to
epileptic seizures consciousness usually is not affected
during these episodes [60]. A gene test is available for
episodic falling that is based on evidence of a BCAN (bre-
vican) mutation [61, 62]. Older Cavalier King Charles
spaniels (>5 years old) have a high prevalence of myoclo-
nus, which manifests most commonly as a brief jerking of
the head and forelimbs when the dog is standing or sitting.
Initially the syndrome is relatively benign but can be
progressive with affected dogs suffering frequent jerks
which may interfere with function, for example cause
the dog to fall or stumble [63]. The syndrome can be
confused with focal epileptic seizures but generally does
not respond to AEDs licenced for dogs although may re-
spond to levetiracetam (personal communication Clare
Rusbridge February 2015). The pathogenesis of the
myoclonus is as yet undetermined.

Collie (rough and smooth coated; or Scottish sheepdog
also known as Scottish Collie)

There is no specific epidemiological study for the Rough
and Smooth coated Collie available, but one study has
been published, which specifically focused on seizure
control in association to the ABCB1/MDR1-genotype in
epileptic Rough and Smooth coated Collies [64]. This
study was conducted in the USA and included 29 Rough
and Smooth Collies with suspected idiopathic epilepsy
[64]. The investigated population consisted of 25 Rough
coated Collies, 3 Smooth coated Collies, and 1 Collie
cross. Collies with an age of seizure onset between
6 months and 5 years of age and a minimum 6-month
history of AED administration were recruited for this co-
hort study [64]. All dogs had a presumptive diagnosis of
idiopathic epilepsy, which was made by the primary vet-
erinarian based on examination findings and laboratory
analysis [64]. A good seizure control was defined as <1
seizure/month and no occurrence of cluster seizures; a
poor seizure control was defined by>1 seizure/month
or the occurrence of cluster seizures [64]. Among the in-
vestigated population 66 % received one antiepileptic
drug, 31 % received two antiepileptic drugs and 3 %
received three antiepileptic drugs. Overall, 38 % of dogs
were reported to have a poor seizure control, with a
mean seizure frequency of 3.9 seizures/month; the
remaining 62 % of dogs had a good seizure control with
a mean seizure frequency of 0.29 seizures/month.
Eighty-nine per cent of dogs with a good seizure control
were managed with a single AED and 50 % of those dogs
with a good seizure control became seizure free. Of
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the dogs with a poor seizure control 91 % had a history
of cluster seizures (=35 % of all dogs). Of all participat-
ing dogs, 48 % were homozygous for the ABCBI-/
MDRI1-gene mutation (nt230 (del4)) (M/M), 38 % were
heterozygous for the mutation (M/N), and 14 % had the
wild-type genotype (N/N). The M/M group had signifi-
cantly better seizure control than the M/N or N/N
groups. However, as the M/N and N/N groups suffered
more frequently from antiepileptic drug adverse effects
than dogs from the M/M group (with non-significant
differences of antiepileptic drug serum concentrations
among all groups), the authors concluded, that the asso-
ciation of the M/M genotype with better seizure control
compared to the M/N or N/N (with poorer seizure
control) does not support the transporter hypothesis of
Pgp-mediated drug resistance in this breed. The authors
rather considered the association between genotype
and seizure outcome as an epiphenomenon, with the
ABCB1/MDRI1-gene mutation being associated with a
less robust seizure phenotype that favours drug efficacy
in accordance to the intrinsic disease severity theory
[64]. However, Rough and Smooth coated Collies appear
to have a less severe clinical manifestation of idiopathic
epilepsy when compared with other breeds such as the
Australian Shepherd or Border Collie. Potential breed-
specific diseases that may mimic idiopathic epilepsy: As
mentioned above Rough and Smooth Collies are breeds
affected by ABCB1/MDRI1-gene mutation, which needs
to be considered for dogs with very acute seizures and
potential previous exposure to neurotoxic P-gp sub-
strates. The frequency of homozygous affected dogs is
reported to range between 24 - 52 % depending on the
respective study and geographic area [33].

Dalmatian

To date, there is no study available that has specifically
evaluated idiopathic epilepsy in Dalmatians, but Short et
al. found that the Dalmatian was in the “top 14” of dog
breeds with epilepsy in the UK [46]. By contrast the Dal-
matian was not listed in the “top 20” of dog breeds rank-
ing in Kennel Club number registrations in 2011, which
suggests a predisposition to epilepsy [46]. Furthermore,
one study that reported clinical manifestations of natur-
ally occurring canine epileptic seizures also included
very detailed seizure data of 11 Dalmatians with prob-
able idiopathic epilepsy [65], and hence this breed was
included in the present manuscript. However, interpret-
ation of these data should be made with caution due to
the low number of investigated dogs. The latter study clas-
sified dogs as having probable idiopathic epilepsy if they
had had at least 1 seizure without any evidence of an
underlying cause. Specifically, the following conditions all
had to be met: the owner’s answers to health- related
questions revealed no illnesses or events (e.g., head
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trauma) that could plausibly account for the seizures, at
least 1 year had passed since seizure onset during which
no interictal neurologic abnormalities were observed, and
the dog was between 6 months and 7.5 years old when sei-
zures began [65]. The median age at seizure onset among
those eleven Dalmatians was 2.9 years. The number of
Dalmatians was too small to reliably assess a potential
gender predisposition, however, 36.4 % of the dogs were
males and 63.6 % were females [65]. Among dogs, in
which owners were able to reliably report the initial stages
of an epileptic seizure, 20 % were reported to have (pri-
mary) generalised seizures and 80 % were reported to suf-
fer from focal or focal seizures evolving into generalisation
[65]. The mean seizure frequency was analysed with 9.7
seizures per year. At least one cluster seizure event was re-
ported in 63.6 % of dogs; further analysis revealed that
among dogs with cluster seizures the mean percentage of
total episodes that were clusters was 17.8 % [65]. Mean
duration of a generalised seizure was 3.3 min, whereas
mean duration of a focal seizure was 4.7 min. Mean
duration of a postictal phase after generalised seizures
was 16 min and after a focal seizure 0.9 min [65]. The
majority of dogs (72.7 %) received antiepileptic treat-
ment, but treatment response could not be assessed re-
liably because few dogs provided enough seizure
baseline data, making it impossible to evaluate their
overall response to treatment [65].

Dutch breeds

There are nine different Dutch pedigree breeds. Although
most of these breeds occur in the surrounding countries
of the Netherlands, all nine breeds are small in number,
increasing the risk of hereditary disorders [66, 67]. Re-
cently all case-record logs from the nine Dutch breeders
associations representing the nine Dutch breeds were
reviewed [68]. Dogs presented with epileptic seizures were
either classified as suffering from idiopathic generalised
tonic-clonic seizures or classified as focal epilepsy based
on their history, the clinical signs and diagnostic work-up.
There are four breeds, ‘Het Nederlandse Kooikerhondje’
‘Drentse Patrijshond; ‘Stabyhoun; and ‘Saarlooswolthond’
with a higher incidence of idiopathic epilepsy [68]. Inter-
estingly the incidence of idiopathic epilepsy is, within the
other Dutch breeds, ‘Hollandse Herder (also called Dutch
Shepherd), ‘Smoushond; ‘Het Nederlandse Markiesje, “‘Wet-
terhoun, ‘Nederlandse Schapendoes’ remarkably low com-
pared with most pedigree breeds. Hollandse herder: the
incidence of generalised tonic-clonic epilepsy varied dur-
ing the last ten years around 0.25 %. The affected dogs are
presented between one to three years of age [68]. This
breed, that originates to before 1890, may have a small
common ancestry with the Belgian Shepherd dog [66] and
like the Belgian Shepherd dog different hair coat varieties
are recognised (shorthair, longhair and roughcoat).
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However, in contrast with the Belgian Shepherd the inci-
dence of idiopathic epilepsy is low in all varieties. Smoush-
ond: the incidence of dogs presented with generalised
tonic-clonic seizures was 0.7 % during the last 20 years.
Another 0.7 % of the dogs were presented with signs sug-
gestive of focal epilepsy but none of these dogs showed
secondary generalisation As the frequency of these focal
seizures remained low in these dogs it remains question-
able how to classify these dogs [68]. Het Nederlandse Mar-
kiesje: the incidence of idiopathic epilepsy appears to be,
with only 0.29 %. Within this breed a novel lethal neuro-
logical disorder has been identified in recently weaned
pups, with an incidence of 1 %, that has been classified as
a paroxysmal hyperekplexia [69]. Although affected dogs
remain conscious, the tonic rigidity of this disorder may
be confused with a myoclonic or tonic epilepsy [69]. Wet-
terhoun: this extremely small breed belongs to the group
of Retrievers and Water dogs and originated from the
Friesian area of the Netherlands. Although the number of
Wetterhouns bred annually is too small (between 60 an
150) to maintain a healthy population, the incidence of
generalised tonic-clonic epilepsy is extremely low: 0.1 %.
Similar figures have been found in the Nederlandse Scha-
pendoes (0.18 %) [68]. In contrast with these aforemen-
tioned five breeds that have a very low prevalence of
epilepsy, there are four other Dutch breeds that are more
greatly affected. The highest incidence has been found in
the Drentse Patrijshond. Within the Drentse Patrijshond,
a spaniel type of hunting dog, idiopathic epilepsy has been
reported since 1986 [70]. In 1986 the incidence of idio-
pathic generalised epilepsy was at least 1.4 %. If the inves-
tigators excluded a group with missing data the incidence
was calculated to be up to 9.4 %. Males and females were
equally affected, and the dogs, were between 9 months
and 5 years of age with a median of three years of age at
onset of seizures [70]. Affected dogs did not have a higher
inbreeding coefficient compared to the non-affected popu-
lation [70]. The hereditary grade (h?) was found to be be-
tween 0.33 and 0.47, which is highly suggestive for a
genetic origin. Recently, the number of affected animals
was again evaluated using the earlier described inclusion
criteria [68]. The incidence, calculated over the last
20 years currently varies between 3 to 5 %. The majority
of the affected dogs only have one to two seizures per time
period but a small number (<10 %) suffered from clusters
with more than three seizures per event [68]. In contrast
with the earlier study of Bobbert and Reekers [70] , dogs
could be presented up to 8 years of age before being iden-
tified as suffering from idiopathic epilepsy. As some of
these affected dogs already had been bred from, the inci-
dence of idiopathic epilepsy remains high. The Stabijhoun,
a Friesian type of spaniel hunting dog (also called ‘moles
dog’ as it is used to catch moles) had an average incidence
of 1.5 % over the last 15 years. Dogs were presented
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between one and 5 years of age. Although not statistically
significant males appeared to be more affected than fe-
males (59 % males to 41 % females). Typically, the dogs
are presented with generalised tonic-clonic seizures.
Het Nederlandse Kooikerhondje, also called ‘Dutch
Decoy Dog’ as it is used as “decoy” to catch ducks [71]
was re-established after the 2nd World War and sub-
jected to a long period of intense inbreeding [72]. As a
consequence several, hereditary, neurological disorders
have been recognized in this breed [73]. The incidence
of idiopathic epilepsy, calculated for the last 14 years is
estimated to be 1.4 %. Males (71 %) appear to be over-
represented compared to females (29 %). The dogs are
normally presented between the age of 1 and 3 years
old [68]. The last breed, the Saarlooswolfhond, is a
breed established from a German Shepherd and Euro-
pean wolf hybrid and was created just before the 2°¢
World War by Mr. Leendert Saarloos [66, 67]. The
population is very small and highly inbred, with in-
breeding coefficients varying between 25 to 60 %. A
total of 37 dogs have been identified suffering from
tonic-clonic seizures. The treatment response rate ap-
pears to be poor in this breed and up to 50 % suffer
from cluster seizures. Up to 50 % of these dogs were
euthanised, due too poor control of the seizures, within
two years after their first seizure [68]. As the breed is
highly inbred, selection against epilepsy is very challen-
ging. Currently the breeders are using, with permission
of the Dutch Kennel club, outcrossing to improve the
genetic variation within this breed [68].

English Springer Spaniel

In the current literature, one specific study about epi-
lepsy in English Springer Spaniels is available [74]. This
study was published in 2005 and provides data regarding
clinical characteristics and mode of inheritance of idio-
pathic epilepsy among an US English Springer Spaniel
population [74]. The latter study included 45 dogs diag-
nosed with idiopathic epilepsy. Idiopathic epilepsy was
defined as >2 seizures at least 1 month apart, without
any evidence of toxin exposure or head trauma, and re-
sults of routine serum biochemical testing and interictal
neurologic examinations were normal. Dogs in which
seizures first began at<6 months or>5 years of age
were considered to have idiopathic epilepsy only if CSF
analysis and CT or MRI had been performed and no
underlying cause of the seizures had been identified or if
2 years had lapsed since the onset of seizures without
any interictal neurologic abnormalities [74]. The median
age of seizure onset was reported as 3 years. A bimodal
age distribution was detected with one peak at 1-3 years
(60 %) and one peak at 5-6 years (20 %) [74]. There was
no significant gender predisposition [74]. The seizure
type was defined as (primary) generalised in 47 % of
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dogs and as focal or focal epileptic seizures evolving into
generalised seizures in 53 % of dogs. For the dogs with
focal seizures, 58 % of dogs had simple focal seizures,
38 % had focal epileptic seizures evolving into general-
ised seizures, and 4 % had complex focal seizures char-
acterized by stereotypic repetitive behaviours [74].
Applying the new seizure classification guidelines the
seizure type distribution would be: 47 % generalised epi-
leptic seizures, 33 % focal epileptic seizures and 20 %
focal epileptic seizures evolving into generalised epileptic
seizures. Seizure frequency ranged from 12 seizures per
month to 1 seizure every 2 years (median 5 seizures per
year). A history of cluster seizures was reported in 38 %
of dogs [74]. Sixty-seven per cent of the dogs received
an antiepileptic drug treatment. Treatment response was
assessed subjectively based on the owners‘opinion with a
reported good response in 23 % of treated dogs, a mod-
erate response in 47 % of dogs and a poor response in
30 % of dogs [74]. Detailed prevalence data have yet not
been provided for this breed. However, one epidemio-
logical study conducted in the UK reported 2.3 % Eng-
lish Springer Spaniels among 1260 dogs with epilepsy
and reported a high incidence of cluster seizures [46].
Similarly, another UK study found that the English
Springer Spaniel was one of the most commonly epi-
lepsy affected purebreds [17]; however, it must be con-
sidered that the English Springer Spaniel is a popular
breed in the UK, and thus may be overrepresented in
this population in general. In contrast to the UK epi-
demiological studies, the English Springer Spaniel 2013
UK Breed Health survey found that the prevalence of
epilepsy was 0.6 % (26 of 4327 dogs) [75]. Epilepsy was
reported as occurring in young and middle aged dogs, of
which 18 were male and 8 female. However in the mor-
tality section of this survey (dogs which had died be-
tween 1st January 2008 and 31st July 2013) epilepsy was
reported as the cause of 3.2 % of all deaths [75]. Many
of the deaths were young dogs and consequently the UK
breed club expressed concern about the disease and its
impact. Pedigree analysis and results of segregation ana-
lysis of the US study were consistent with a partially
penetrant autosomal recessive or polygenic inheritance
[74]. The identification of a causative gene mutation has
not yet reported [76]. Potential breed-specific diseases
that may mimic idiopathic epilepsy: Fucosidosis is a lyso-
somal storage disease, which affects humans and English
Springer Spaniels. The disease is autosomal reces-
sively inherited in both species and results from a
deficiency of the enzyme alpha-L-fucosidase [77, 78].
Affected English Springer Spaniels present with behav-
ioural changes and signs of motor dysfunction that start
at one to two years of age. Behavioural changes may mani-
fest as bizarre behaviour patterns, aggression or unusually
depressed mental state, and affected dogs appear to forget

Page 14 of 28

previously learned behaviours [77]. These behavioural
changes may carry a risk of mistaking focal epileptic sei-
zures as a potential differential in the early stage of the
disease. However, Fucosidosis progresses rapidly, and
death or euthanasia usually occurs within a few weeks
from the onset of clinical signs [78]. A genetic test for
Fucosidosis is available [79].

Finnish Spitz

Four specific studies about epilepsy in Finnish Spitz dogs
are currently available [80-83], reporting prevalence,
clinical characteristics, mode of inheritance, imaging
findings and EEG findings. One prospective epidemio-
logical study published in 2013 reported an epilepsy preva-
lence of 5.4 % among the Finnish Spitz dog population in
Finland that were still alive [82]. This epidemiological
study provided data regarding phenotype, inheritance and
risk factors for idiopathic epilepsy of 141 affected Finnish
Spitz dogs. For this study idiopathic epilepsy was defined
as at least 2 seizure episodes without interictal neurologic
abnormalities; with data collected by questionnaires and
telephone interviews [82]. The latter study detected a sig-
nificant gender predisposition with 60.1 % males and
39.9 % females compared to a control population [82].
The median age of seizure onset was 3 years [82]. The me-
dian seizure frequency was 2 seizures per year. A history
of cluster seizures was reported for 16.2 % of dogs. The
seizure type was defined as focal epileptic seizures in 54 %
of the dogs, as focal epileptic seizures evolving into gener-
alised seizures in 31 % of the dogs and as (primary) gener-
alised epileptic seizures in 1 % of the dogs [82]. In 7 % of
dogs the seizures were generalised but with unknown on-
set and in an additional 7 % of dogs the seizure type was
unclassified. The median seizure duration was long at
11.75 min (occasionally > 40 min). The disease course was
reported as non-progressive in 67.8 % of the dogs and
treatment response was assessed as good in 78.9 % of the
dogs [82]. The heritability was estimated at 0.22 and,
hence, a complex pattern of inheritance such as polygenic
recessive or autosomal recessive with incomplete pene-
trance was suggested [82]. Another study conducted in
2006 focused on EEG and MRI findings in 11 affected
Finnish Spitz dogs [81]. Among those dogs the seizure
type again predominantly was defined as focal epileptic
seizure or as focal epileptic seizure evolving into gener-
alised epileptic seizures (in 73 % of the dogs), with the
majority of dogs experiencing the latter seizure type
[81]. In 23 % of dogs, episodic behavioural changes were
present that lasted for only a few minutes such as dis-
orientation, fear and compulsive walking. These epi-
sodes were classified as focal seizure activity, since
consciousness was altered during these episodes [81].
Based on the predominant focal seizure type the term
focal idiopathic epilepsy was proposed. On EEG
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examination, focal epileptic activity was found in 64 %
of dogs, and generalised epileptic activity was observed
in 36 % of dogs [81]. On MRI examination, contrast en-
hancement was detected within the right parietal cortex
in one of the dogs, but was suggested to be a reversible
postictal finding, as such changes were not observed in
repeated MRI examination of the same dog [81]. The
remaining dogs showed no MRI abnormalities [81]. An-
other EEG study from 2007 - including 15 affected
Finnish Spitz dogs — reported that paroxysmal activity
seems to originate from a caudal-occipital location [80].
Furthermore, the EEGs of dogs with epilepsy exhibited a
significant difference in background frequency bands
compared with healthy control dogs; and beyond that,
phenobarbital treatment in affected dogs was identified
to markedly influence all background activity bands
[80]. Recently, a FDG-PET-study has been published
that investigated 11 affected Finnish Spitz dogs diag-
nosed with focal idiopathic epilepsy and six healthy con-
trols [83]. This study identified that epileptic dogs had
significantly lower standardized uptake values in numer-
ous cortical regions, the cerebellum, and the hippocampus
compared to the control dogs. The lowest standardized
uptake values were found in the occipital lobe. Thus, the
authors of this study suggested the use of FDG-PET as a
diagnostic tool for Finnish Spitz dogs with suspected idio-
pathic epilepsy [83]. Identified risk factors: A generalised
seizure phase was determined to be a risk factor for devel-
opment of progressive disease [82]. Predisposing factors
associated with the occurrence of seizure generalisation
were the age of onset (<3 years), duration of the seizure
(1-10 min and =20 min), number of feeding times per
day (only once per day), and when the dog was used for
hunting [82].

Golden Retriever

Three studies focusing specifically on idiopathic epilepsy
in Golden Retrievers —all conducted in Switzerland —
have been published in the veterinary literature to date
[84—86]. These studies provide information about clin-
ical manifestation, heritability and EEG characteristics.
Based on the study, 25 affected dogs [86], 36 affected
dogs [84] or 5 affected dogs [85] were included, respect-
ively. Prevalence data have not been reported to date,
but the Golden Retriever was among the most common
affected breeds in an UK epidemiological epilepsy study
[17]; however, this may be due to the Golden Retriever
being a very popular breed in the UK. Depending on the
respective study the mean age at seizure onset ranged
between 27.5 months (~2.3 years) [84] and 24.9 months
(=2 years) [86]. The 1994 study, was a retrospective co-
hort study, that diagnosed idiopathic epilepsy when nor-
mal results on clinical, neurological, laboratory, CSF and
EEG examinations were evident [84]. This study found a
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significant gender predisposition for male dogs (ratio 3.5:1),
but only when a distribution of 1:1 for the general dog
population was assumed [84]. Generalised epileptic seizures
were reported as the most common seizure type among all
of the studies with 83 % [86] and 92 % [84], respectively,
but a detailed distinction between (primary) generalised
epileptic seizures and focal epileptic seizures evolving into
generalised epileptic seizures was not provided [84, 86].
Hence, a proportion of dogs may have suffered from focal
epileptic seizures evolving into generalised epileptic seizures
instead of (primary) generalised epileptic seizures. A long-
term treatment study from 1999 included epileptic dogs
when they had at least 2 epileptic seizures, normal clinical
and neurological examination, normal routine blood work,
normal urine analysis and normal CSF analysis. Dogs that
were pre-treated with antiepileptic treatment were excluded
from the study [86]. The mean seizure frequency was re-
ported with one seizure every 16 days in the latter study
[86]. A good initial treatment response to phenobarbital
was observed in most of the dogs, however, after 4 years,
treatment response was poor with almost half (43 %) of the
dogs being euthanized [86]. The mean survival time after
diagnosis was 46 months (=3.8 years) among phenobarbital
treated dogs [86]. A continuous positive impact of castra-
tion/neutering on seizure course was not found in any of
the studies (although in few dogs a transient improvement
was initially noted) [84, 86]. An EEG study from 1996 fre-
quently identified spindles in all recordings of five exam-
ined epileptic Golden Retrievers [85]. Early data already
suggested a genetic base for this breed, based on an in-
creased idiopathic epilepsy prevalence of certain subpopula-
tions and a repeated occurrence in different families of the
same sires [84]. Based on pedigree analyses and binomial
testing an autosomal multifactorial recessive mode of inher-
itance was suspected [84]. The identification of a causative
gene mutation has not yet been reported. Identified risk
factors: Treatment response was better the earlier an anti-
epileptic treatment was initiated and the lower the pre-
treatment seizure frequency [86]. Potential breed-specific
diseases that may mimic idiopathic epilepsy: One study
that investigated EIC among several dog breeds (Labrador
Retrievers and non-Labrador retriever breeds) identified
some Golden Retrievers diagnosed with EIC; however, a
DNM1-gene mutation was not identified in any of the af-
fected Golden Retrievers [30]. In contrast to epileptic sei-
zures EIC usually is triggered by strenuous exercise and
mental status predominantly remains normal during epi-
sodes, which may help a clinician to differentiate between
both diseases.

Hungarian (Magyar) Vizsla

To date, one study about clinical characteristics and in-
heritance of idiopathic epilepsy in Hungarian (Magyar)
Vizslas has been published in 2003 [87]. This study was
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conducted in the United States and summarised infor-
mation on 29 Hungarian (Magyar) Vizslas diagnosed
with idiopathic epilepsy and 114 non-affected siblings
and parents [87]. Idiopathic epilepsy was defined on the
basis of a dog having 2 or more seizures occurring at
least 1 month apart, no evidence of toxin exposure or
head trauma, normal serum chemistry results, and a
normal neurologic examination. For dogs with an age at
seizure onset <6 months or >5 years, unremarkable find-
ings on CT or MRI scans and CSF analysis were re-
quired [87]. Five dogs underwent CSF analysis and three
dogs had brain-imaging studies [87]. Prevalence data are
yet not reported for this breed, but among 1260 dogs
with epilepsy in the UK 0.6 % were Hungarian (Magyar)
Vizslas [46]. No significant gender predisposition was
found with 59 % males compared to 41 % females [87].
The median age of seizure onset was 3 years. The seiz-
ure type was defined as focal epileptic seizures in 79 %
of dogs and as generalised epileptic seizures in 21 % of
dogs. In 22 % of those dogs with focal epileptic seizures,
the seizures evolved into generalised epileptic seizures.
In other words, 62 % of dogs had focal epileptic seizures,
17 % of dogs had focal epileptic seizures evolving into
generalised seizures and 21 % had generalised epileptic
seizures. Initial focal epileptic seizure signs consisted
of a combination of limb or head tremors, staring, my-
driasis, lip smacking, salivating, facial twitching and/or
vomiting [87]. Two dogs, diagnosed with focal seizures,
exhibited fly-biting episodes which responded to antiepi-
leptic drugs [87]. The median seizure frequency for the
study population was 9 seizures per year. Forty-eight per
cent of the 29 epileptic dogs received antiepileptic drug
treatment with 21 % of those being not well controlled
based on their owners subjective opinion [87]. The seg-
regation analysis was consistent with an autosomal re-
cessive inheritance; however, polygenic inheritance could
not be excluded [87]. Pedigree analysis revealed that all
affected dogs could be traced back to a common sire.
The identification of a causative gene mutation has not
yet reported [76, 87].

Irish Wolfhound

In the current literature, one study is available that pro-
vides information regarding heritability and clinical char-
acteristics of idiopathic epilepsy in Irish Wolfhounds [24].
The latter study was published in 2006 and conducted in
the United States [24]. The diagnosis of idiopathic epilepsy
was made based on a history of more than 2 seizures
in the absence of other medical problems. Absence of
other medical problems was confirmed for all affected
dogs by normal physical and neurologic examination
results, CBC, serum biochemical analysis, ammonia or
bile acid values or both, and urine analysis. Dogs were
considered unaffected if no seizure had been observed
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during the dog’s lifetime. Seizure-free dogs that died be-
fore the age of 4 years and dogs who had seizures in the
presence of seizure-associated conditions or diseases,
compatible with metabolic seizures or structural epilepsy
were excluded from the study [24]. Among a population
that contained 796 Irish Wolfthounds, 146 dogs with idio-
pathic epilepsy were identified, leading to an estimated
epilepsy prevalence of 18.3 % [24]. In 73 % of dogs the age
at seizure onset was under three years old, with males hav-
ing a later average age at seizure onset than females [24].
The seizure type was predominantly defined as general-
ised, but a precise description of seizure onset signs (e.g.
focal epileptic seizures evolving into generalised seizures)
was not provided. A gender predisposition towards males
was found (61.6 % affected males versus 38.4 % affected
females) compared to the control population [24]. The life
expectancy of epileptic individuals compared to the gen-
eral life expectancy of Irish Wolfhounds (provided by an-
other study [88]) was reduced by two years [24]. The
average inbreeding coefficient (calculated throughout 10
generations) for all the dogs entered into the study was
0.156 [24]. The heritability index for the affected dogs,
their littermates, and unaffected parents was calculated at
0.87. Pedigree analysis and segregation analysis were best
compatible with a complex pattern of inheritance such as
an autosomal recessive trait with incomplete penetrance
[24]. The identification of a causative gene mutation has
not yet been reported. Potential breed-specific diseases
that may mimic idiopathic epilepsy: Hyperekplexia (also
known as startle disease), which has been described in
Irish Wolfhounds is a disease characterized by noise- or
touch-induced episodes of muscle stiffness and apnoea
[89]. In affected pups clinical signs start 5-7 days post-
partum and manifest with handling-evoked extensor
rigidity and tremor. A micro-deletion of a presynaptic
glycine-transporter-gene (GlyT2, SLC6A5) has been identi-
fied in affected Irish Wolfhound puppies [89]. Beside star-
tle disease, a genetic predisposition for intrahepatic
portosystemic shunts has been reported for the Irish Wolf-
hound [90]. Therefore potential hepatic encephalopathy
needs to be considered in young Irish Wolfthounds that
present with seizures [90]. In addition to portosystemic
shunts a transient idiopathic hyperammonemia (with
normal bile acid testing) due to urea cycle enzyme defi-
ciency has been reported in Irish Wolfhound puppies
[91, 92]. However, whether this transient and usually
only moderate hyperammonemia may also contribute to
seizures has not been investigated in detail, but may be
considered in Irish Wolfhounds puppies with seizures
and normal bile acid testing.

Italian Spinone
Very recently, the Italian Spinone was reported to be
affected by idiopathic epilepsy [93]. A population study
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was conducted to estimate the prevalence of idiopathic
epilepsy in the Italian Spinoni in the UK and to investigate
predictors of survival and seizure remission. The owners
of all UK Kennel Club registered Italian Spinoni were in-
vited to complete a phase I questionnaire. The phase I
questionnaires, the primary veterinarian’s, and, when
available, the veterinary neurologist’s medical records (in-
cluding results of diagnostic investigations) were reviewed
by the investigators to identify Italian Spinoni with idio-
pathic epilepsy and obtain data on treatment and survival.
Additional information on various aspects of epilepsy (in-
cluding seizure phenomenology and frequency) was ob-
tained from owners of epileptic Italian Spinoni who
completed the phase II questionnaire. The phase I ques-
tionnaire was returned for 1192 Italian Spinoni, of these,
63 Italian Spinoni were identified with idiopathic epilepsy.
The prevalence of idiopathic epilepsy in the Italian Spi-
noni in the UK was estimated as 5.3 %. Mean age at first
seizure was 38 months (median: 35 months). The gender
distribution of the epileptic dogs was 67 % males and 33 %
females (male to female ratio 2:1), but was not compared
to the general Italian Spinone population. The phase II
questionnaire was returned for 47 (75 %) of the 63 idio-
pathic epileptic Italian Spinoni. The most common seizure
type was generalised tonic-clonic seizures with impaired
consciousness and autonomic manifestations (e.g., in-
creased salivation, urination, defecation) for all 47 Italian
Spinoni. Focal epileptic seizures evolving into generalised
epileptic seizures were consistently recognized by the
owners of 24 Italian Spinoni (51 %). Cluster seizures and
status epilepticus occurred anytime in life in 46 (73 %)
and 13 (21 %) Italian Spinoni, respectively. Seizure remis-
sion occurred in 3 (6 %) of the 47 Italian Spinoni whose
owners returned the phase II questionnaire. Successful an-
tiepileptic drug treatment with good seizure control was
reported to be challenging in many instances. The identifi-
cation of a causative gene mutation has not yet reported,
but genetic analyses are currently in progress [93]. Identi-
fied risk factors: Survival time was significantly shorter in
Italian Spinoni euthanised because of poorly controlled
epilepsy compared with epileptic Italian Spinoni that died
of unrelated disorders. Survival was significantly longer in
Italian Spinoni with no cluster seizures and in Italian Spi-
noni in which antiepileptic medication was initiated after
the second seizure rather than after >3 seizures [93].

Labrador Retriever

Three studies investigating idiopathic epilepsy in the Lab-
rador Retriever are currently available; two Swiss [94, 95]
and one Danish [26] study. All three studies focus on dif-
ferent aspects of heritability and clinical characteristics.
The Swiss studies were cohort studies and idiopathic
epilepsy was defined by occurrence of more than one
(or two) seizures (depending on study) and normal
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findings on physical examination, neurological examin-
ation, routine blood work, urine and CSF analysis [94, 95].
The two Swiss studies include 54 [94] and 55 [95]. Labra-
dor Retrievers with idiopathic epilepsy, respectively, and
they do not provide prevalence data [94, 95]. The Danish
study [26] is an epidemiological cross sectional population
study, which investigated a reference population of 29,602
Labrador retrievers registered in the Danish Kennel Club
in a ten year period. From the reference population a rep-
resentative sample of 550 dogs were selected for by ran-
dom sampling stratified by year of birth. After
questionnaire interviews of all 550 dog owners and clinical
investigation of dogs, suspected with epilepsy, 17 dogs
were finally identified with idiopathic epilepsy giving a
prevalence of 3.1 % among the investigated Danish popu-
lation [26]. No gender predisposition or positive effects of
castration on epilepsy course was detected in the Swiss or
the Danish studies [26, 94, 95]. The Danish study reported
the seizure type as generalised epileptic seizures in 24 % of
dogs and as focal epileptic seizures or focal epileptic sei-
zures evolving into generalised seizures in 70 % of dogs.
Among the latter 70 % of dogs focal epileptic seizures
were rare, whereas focal epileptic seizures evolving into
generalised seizures were predominant [26]. In both Swiss
studies the seizure type was reported to be generalised in
almost all the dogs (91 % [94] and 96 % [95], respectively)
and only 9 % presented with focal epileptic seizures [94].
But, the latter two Swiss studies did not distinguish be-
tween (primary) generalised epileptic seizures and focal
epileptic seizures evolving into generalised seizures; and
preictal signs were reported in a substantial number of
dogs (which were not considered as part/onset of a seiz-
ure), which may explain the discrepancy to the seizure
type found in the Danish study. Age at seizure onset was
reported with a mean age of 30.6 months in one of the
Swiss studies [95], with a mean age of 34 months for males
and 28 months for females in the other Swiss study [94],
and with 76 % of dogs having the first seizure by the age
of 4 years in the Danish study [26]. The average seizure
frequency in one of the Swiss studies was one every
65 days in dogs with generalised seizures and one every
205 days in dogs with focal seizures, however, approxi-
mately half of the dogs had seizures more than once a
month [94]. Pedigree analysis was best compatible with a
polygenic, recessive inheritance according to one of the
Swiss studies [95]. The identification of a causative gene
mutation has not yet been reported. Identified risk factors:
The 1997 Swiss study found that Labrador Retrievers with
a higher age at seizure onset showed a good treatment re-
sponse, even if treatment began late. Dogs with low seiz-
ure frequencies and low total numbers of seizures
responded well to therapy if treated as early as possible.
Untreated dogs mostly showed a progressive disease
course [94]. One study that examined inhibitory and
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excitatory neurotransmitters in the CSF of epileptic
Labrador Retrievers, epileptic non-Labrador Retrievers
and non-epileptic control dogs, identified that CSF con-
centrations of y-aminobutyric acid (GABA) and glutamate
(GLU) were significantly lower in Labrador Retrievers with
idiopathic epilepsy than in a control-group of non-
epileptic dogs as well as in non-Labrador Retriever dogs
with idiopathic epilepsy [96]. However, the GLU to GABA
ratio was significantly higher in epileptic Labrador Re-
triever than in epileptic non—Labrador Retriever dogs.
It was suggested that an imbalance between GABAergic
inhibition and excitation by glutamate (indicated by the
high GLU-GABA ratio) in epileptic Labrador Retrievers
may be involved in the epileptogenic processes in this
breed [96]. However, whether those findings are the
cause or the consequence of seizure activity or a com-
bination of both cannot be concluded and still need to
be further elucidated. Potential breed-specific diseases
that may mimic idiopathic epilepsy: For the Labrador
Retriever EIC, predominantly caused by a DNM1-gene
mutation, needs to be considered as potential differen-
tials for epileptic seizures. Several studies suggest the
existence of another and “DNM-1-independent” EIC
condition in Labrador Retrievers, as some of the EIC-
affected Labrador Retrievers are negative or heterozy-
gous for the DNMI-gene mutation (approximately
15-30 % of EIC affected Labrador Retriever) [97, 98].
Hence, two distinct terms have gained acceptance for
Labrador Retrievers: d-EIC (homozygous DNM1I-gene
mutation) and non-d-EIC (negative or heterozygous for
the DNM1-gene mutation) [30, 97, 98]. Apart from a
suspected diverse genetic background for the latter two
EIC types, clinical differences between d-EIC and non-
d-EIC have been observed. However, in general, and
in contrast to seizures, EIC-episodes are induced by
strenuous exercise. Contrary to epileptic seizures
muscle tone is initially decreased in the affected limbs
and consciousness remains preserved in more than
80 % of the Labrador Retriever with d-EIC. Another
study also reported a wide-based pelvic limb stance,
crouched posture and falling to the side during d-EIC
[99]. For non-d-EIC, the collapse episodes are re-
ported to occur at an older age, furthermore abnor-
mal mentation and involvement of all limbs are
observed more frequently®®. A gene test for d-EIC in
Labrador Retrievers is available [30]. Narcolepsy with
cataplexy, which may potentially mimic a seizure
event, has also been reported in Labrador Retrievers
[100, 101]. However, in contrast to seizures a clinical
hallmark of narcolepsy, are sudden episodes of muscle
atonia triggered by excitement such as presentation of
food. Another disease that may mimic seizure epi-
sodes in Labrador Retriever puppies is familial reflex
myoclonus, in which the affected puppies present
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with spasticity and opisthotonus at the age of 3 weeks
[102], especially when handled or lifted up. In gen-
eral, the Labrador Retriever breed is not known to be
predisposed for NCL, however, one case report exists
reporting an eight year old Labrador Retriever diag-
nosed with NCL on necropsy [103]. This dog had a
11-month history of progressive focal seizures with
generalised seizures at the end stage of the disease
[103]. Rapid eye movement (REM) sleep disorder is
another potential differential when assessing an epi-
leptic Labrador Retriever, with one case report of a 9-
month-old Labrador retriever cross presenting with two
morphologically distinct types of seizure episodes, one that
occurred only during sleep and one that occurred only when
awake. An EEG identified that the sleep-associated episodes
occurred during REM sleep, consistent with a diagnosis of
a REM behaviour disorder, which was improved with a tri-
cyclic antidepressant medication. The waking episodes were
diagnosed as epileptic seizures, as there was a clinical
response to antiepileptic medication [104].

Lagotto Romagnolo

To date three studies about clinical signs, heritability
and FDG-PET imaging findings in benign familial ju-
venile epilepsy in the Lagotto Romagnolo dog have
been published [105-107]. The first study was pub-
lished in 2007 and focused on clinical characteristics
and clinical course, which both appeared to resemble
the human form of benign familial juvenile epilepsy
[105]. The latter study included 25 Lagotto Romagnolo
puppies with (simple or complex) focal seizures and 3
adult Lagotto Romagnolo dogs exhibiting similar clin-
ical signs [105]. However, prevalence data are yet not
available. The mean age of seizure onset is reported as
6.3 weeks of age (with most puppies being affected by
1-2 month of age). The benign disease course is char-
acterized by a spontaneous seizure remission by 8 to
13 weeks of age [105]. The epileptic seizures manifest
with episodic stiffness, generalised tremor and a pre-
dominantly preserved consciousness. Although this
seizure semiology is a rather uncommon presentation
for epileptic seizures, epileptiform EEG activity was
detected in affected puppies [105]. Puppies that were
severely affected also suffered from interictal ataxia and
hypermetria. The seizure frequency varied from mul-
tiple episodes per day to one episode per week. A
gender-predisposition was not found. Histopathologic
examination in one puppy and one adult dog, revealed
Purkinje cell inclusions and vacuolation of axons re-
stricted to the cerebellum [105]. A simple autosomal
recessive inheritance was best compatible with pedigree
analysis [105]. Using a genome-wide association study
the disease locus was mapped to chromosome 3 where
a protein-truncating mutation in the LGI2 gene was

Institute of Canine Biology
www.linstituteOfCanineBiology.org





Hulsmeyer et al. BMC Veterinary Research (2015) 11:175

identified in 2011 [106]. The latter study showed that
LGI2, like the human analogue epilepsy gene LGI1, is
neuronally secreted and acts on metalloproteinase-
lacking members of the ADAM family of neuronal re-
ceptors, which function in synapse remodelling. It was
identified that LGI2 truncation, like LGI1 truncations,
prevents secretion and ADAM interaction [106]. LGI2
was highly expressed in the immediate post-natal
period until halfway through pruning, unlike LGII,
which is expressed in the latter part of pruning and be-
yond. LGI2 acts at least in part through the same
ADAM receptors as LGI1, but earlier, ensuring elec-
trical stability during pruning time, preceding this same
function performed by LGI1 later in life [106]. Hence,
this functional LGI2-to-LGI1 transition may explain the
benign and remitting course of epilepsy in the Lagotto
Romagnolo breed. A genetic test is available for Lagotto
Romagnolos. One study among a large Lagotto Romag-
nolo population from 3 different countries identified
32 % dogs as disease carriers [106]. It should be noted
that in a small proportion of dogs seizures occurred at
an adult age [105]. However, in almost all of these adult
cases no LGI2 gene mutation was identified, suggesting
that there might exist a second and distinct form of
epilepsy in the Lagotto Romagnolo [106]. One recent
study focussed on FDG PET-imaging in affected
Lagotto Romagnolos [107]. Visual analysis revealed
areas of hypometabolism interictally in five out of six
dogs with juvenile epilepsy in the occipital, temporal,
and parietal cortex. Epileptiform EEG activity occurred
in three of these dogs in the same areas where PET
showed cortical hypometabolism [107]. Visual analysis
showed no abnormalities in cerebral glucose uptake of
dogs with adult-onset epilepsy, which further supports
the theory of another etiologically different form of
genetic epilepsy in this dog breed [107]. Apart from the
structural epilepsies that result from neurodegenerative
diseases such as progressive myoclonus epilepsy or
NCL, the Lagotto Romagnolo is the first dog breed
where an idiopathic epilepsy causative gene mutation
has been identified. Potential breed-specific diseases
that may mimic idiopathic epilepsy: One report
describes 2 Lagotto Romagnolo puppies diagnosed with
cerebellar cortical abiotrophy, which might be consid-
ered as potential differential to benign familial juvenile
epilepsy in this dog breed [108]. However, in cerebellar
cortical abiotrophy the clinical (cerebellar) signs were
reported as rapidly progressive or progressive followed
by a static phase with no evidence of an episodic nature
[108], which contrasts the episodic signs and remitting
disease course evident in benign familial juvenile epi-
lepsy [105]. In one of the cerebellar cortical abiotrophy
affected puppies the cerebellum was slightly decreased
in size on MRI examination of the brain [108].
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Petit Basset Griffon Vendeen (PBGV)

One retrospective epidemiological population study in-
vestigating clinical characteristics and prevalence of epi-
lepsy in PBGV dogs has been published in 2011
(including both living and deceased dogs) [25]. This
study was conducted in Denmark and included all PBGV
dogs (=820) registered in the Danish Kennel Club be-
tween 1999-2008. Idiopathic epilepsy was defined on
the basis of a dog having at least 2 seizures with a mini-
mum interval of 24 h and the dog having a typical epi-
leptic seizure phenomenology [25]. All dogs that were
defined as epilepsy positive after an interview validation
and that were still alive, were invited to participate in a
clinical evaluation at the study centre, which included
clinical examination, neurological examination and
blood samples analysed by CBC, serum biochemistry in-
cluding thyroid hormone concentration and urinalysis,
ECG and ultrasound of the heart by a cardiologist (n = 19).
A few owners were offered an MRI of their dog’s brain
(n =3) [25]. Forty-two dogs were evaluated to be true
epilepsy cases and the epilepsy prevalence among the
Danish PBGV population was estimated at 8.9 % [25].
The median age at seizure onset was 2 years. The gen-
der distribution was 62 % males and 38 % females, but
there was no significant gender predisposition detected
(compared to the general PBGV population) [25]. The
seizure type was defined as focal epileptic seizures in
41 % of dogs and as focal epileptic seizures evolving
into generalised epileptic seizures in 52 % of dogs. In
5 % of dogs generalised epileptic seizures were identi-
fied and in 2 % of dogs the seizures remained unclassi-
fied. The most commonly reported focal seizure signs
included motor signs such as ataxia and contractions of
single muscle groups, autonomic signs such as vomit-
ing and salivation and paroxysms of behavioural signs
such as excessive attention seeking or standing with a
blank stare not responding to external stimuli. The typ-
ical seizure duration varied from one to three minutes.
A strong litter effect was demonstrated supporting the
hypothesis of a hereditary component of epilepsy in the
PBGV. Identification of a causative gene mutation has
not been reported [25].

Shetland Sheepdog

Three reports about epilepsy in Shetland Sheepdogs are
available in the current literature [109-111]. All studies
were conducted in Japan. The first study was published
in 2002 and reports about a large family of Shetland
Sheepdogs with natural occurring familial frontal lobe
epilepsy defined by EEG analysis and seizure semiology
[109]. Two litters of one large family were produced de-
liberately for prospective examination in this study. A
detailed definition for idiopathic epilepsy was not pro-
vided [109]. The age at seizure onset was predominantly
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between 1 and 1.5 years of age. The average seizure fre-
quency varied from one seizure every week to one every
6 months. The gender distribution was 79 % females
compared to 21 % males. The seizure type was predom-
inantly defined as generalised in almost all cases, but de-
tailed classification of initial seizures signs was not
conducted [109], hence a proportion of dogs might have
experienced focal seizures evolving into generalised sei-
zures instead of (primary) generalised seizures. EEG
examination identified paroxysmal discharges predomin-
antly in the frontal lobes [109]. Based on this, this epi-
lepsy was postulated as familial frontal lobe epilepsy,
however with prolonged disease duration also the par-
ietal, temporal and occipital lobes showed epileptiform
activity on EEG [109]. Pedigree analysis excluded poten-
tial mitochondrial or sex-linked inheritance and a multi-
factorial inheritance was suggested to be most likely
[109]. Identification of a causative gene mutation has
not yet reported. Additional findings of the latter study
were increased aspartate and glutamate levels in the CSF
in some of the epileptic dogs compared to control dogs
[109]. Hence, another study that was published in 2005
focussed on intracerebral microdialysis and EEG record-
ing as well as histopathological examination of epileptic
Shetland Sheepdogs [110]. Intracerebral microdialysis and
EEG - both conducted during hyperventilation — revealed
increased extracellular glutamate and aspartate concentra-
tions in the cerebral cortex of epileptic dogs. Coinciding
with the increase in excitatory neurotransmitters, an in-
crease in paroxysmal discharges on EEG was detected.
On histopathological examination, dogs affected by sta-
tus epilepticus showed a reduced density of glutamate
receptors in the area of the lateral nucleus of the thal-
amus. In addition, glutamate positive granules were
found within the perineural spaces of the cerebral cor-
tex. It was considered possible that a decrease of
glutamate receptor levels may induce an increase in
extracellular glutamate concentration, which would
evoke neuronal hyperexcitability and may contribute to
a collapse of extracellular glutamate regulation during
status epilepticus [110]. Another case report of a Shet-
land sheepdog with drug resistant epilepsy identified
hippocampal and mesial temporal lobe sclerosis on nec-
ropsy. However, this finding was suggested as a
secondary phenomenon induced by recurrent seizures
rather than to be a primary seizure-causing finding
[111]. Potential breed-specific diseases that may mimic
idiopathic epilepsy: For the Shetland sheepdog a spongi-
form encephalopathy has been reported, which appears
with neurological signs that may mimic a seizure event.
However, clinical manifestation is early within the first
weeks of life (between the 2— 9 weeks of life) and con-
sists of tremors, ataxia, paresis, spasticity and loss of
cranial nerve function. DNA sequencing of affected
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puppies showed a point mutation that resulted in an
amino acid change of mitochondrial encoded cyto-
chrome b [112]. The Shetland sheepdog is also a dog
breed frequently affected by ABCB1/MDR1-gene muta-
tion, with identified mutant allele frequencies between
1-12 % depending on the respective study and geo-
graphic area [33], which may need to be considered in
Shetland sheepdogs with acute seizures and potential
previous exposure to neurotoxic P-gp substrates.

Standard Poodle

In the current literature, there are two studies available
that provide information about idiopathic epilepsy in the
Standard Poodle [65, 113]. One study, that was pub-
lished in 2007, reports clinical characteristics and mode
of inheritance of epilepsy in a large family of Standard
Poodles in the United States [113]. This study included
30 Standard Poodles diagnosed with probable idiopathic
epilepsy and 90 healthy controls. Dogs were defined as
having’probable idiopathic epilepsy’ if they had had at
least 1 seizure without any evidence of an underlying
cause. Specifically, the following conditions all had to be
met: the owner’s answers to health-related questions re-
vealed no illnesses or events (e.g., head trauma) that
could plausibly account for the seizures, at least 1 year
had passed since seizure onset during which no interictal
neurologic abnormalities were observed, and the dog
was between 6 months and 7.5 years old when seizures
began [113]. The term’probable’ was used because the
medical work up was insufficient to definitely exclude
other causes of epilepsy and because dogs that had expe-
rienced only a single seizure were also included [113].
No significant gender predisposition was detected be-
tween affected males (57 %) and females (43 %). The
median age at seizure onset was 3.7 years, however, 20 %
of all affected dogs had their first seizure after an age of
five years [113]. The seizure type could be determined in
29 dogs and was defined as focal epileptic seizures in
33 % and as focal epileptic seizure evolving into general-
ised epileptic seizures in 60 % of dogs [113]. Overall
93 % of the dogs had focal epileptic seizures or focal
epileptic seizures evolving into generalised seizures. In
3.5 % of dogs seizures were classified as (primary) gener-
alised epileptic seizures; in another 3.5 % of dogs the
epileptic seizures were generalised but the exact onset of
seizures could not be determined precisely [113]. As the
majority of dogs (93 %) among this family experienced
focal epileptic seizures or focal epileptic seizures evolv-
ing into generalised seizures, familial focal epilepsy was
suggested [113]. Focal epileptic seizures consisted of
shaking, jerking, or shivering; incoordination character-
ized by staggering or an inability to stand; stiffness or ri-
gidity; and unusual movements or body positions such
as a head tilt or awkward limb lifting. Autonomic signs
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included hypersalivation, panting, urination, and increased
heart rate. Some dogs also presented with increased anxiety
or automatisms such as licking, lip smacking, swallowing or
circling [113]. Only 13 % of the dogs received antiepileptic
drug treatment and all of them showed a good treatment
response. The segregation analyses suggested a recessive
autosomal inheritance with almost complete penetrance
[113]. All examined Standard poodles in the latter study
were closely related; hence, it is possible that there might
be different epilepsy courses and modes of inheritance in
geographically and genetically distinct standard poodle pop-
ulations. However, a frequent occurrence of focal or focal
epileptic seizures evolving into generalised seizures in
Standard poodles was already reported in an earlier study
from 2002 [65]; but the two studies (2002 and 2007) were
conducted by the same authors and it was mentioned that
few of the dogs were included in both studies. The study
from 2002 reported a median age at onset of 2.4 years, a
median seizure frequency of 2.8 seizures per year and a his-
tory of cluster seizures in 34.1 % of affected Standard Poo-
dles [65]. Identification of a causative gene mutation has
not yet been reported [65, 113]. Potential breed-specific dis-
eases that may mimic idiopathic epilepsy: For the Standard
Poodle, a neonatal encephalopathy with seizures (NEWYS)
has been reported that may play a role as potential differen-
tial in Standard poodle puppies with seizures [114]. How-
ever, NEWS manifests immediately after birth with ataxia,
tremors and generalised tonic-clonic seizures. As a rule, af-
fected puppies die within the first two months of life. A
missense mutation in the canine orthologue of ATF2 has
been identified in affected puppies [114]. Polymicrogyria is
a rare malformation of the cerebrum characterized by
an excessive number of small, histologically anomalous
gyri and has been described in Standard Poodles [115,
116]. Affected dogs experience cortical blindness and
other neurologic abnormalities including abnormal
(hypermetria) gait and behavioural changes [115, 116]
and may be considered as differential in young Standard
Poodles that present with focal seizures or behavioural
changes. Neurological signs predominantly start at a
very young age (<4 months). MRI examination is con-
sistent with multiple disorganized gyri, which especially
may be seen on T2-weighted dorsal plane images [115].
EEG-examination of 1 dog revealed epileptiform
discharges, including both spike and spike and wave
discharges with voltage maximum potentials over the
parietal/occipital region, which supported the repetitive
behaviour as focal seizures [115].

German Shepherd, Beagle, Dachshund and Keeshond

There are a few older publications available that specific-
ally focus on epilepsy in German Shepherds, Beagles,
Dachshunds or Keeshonds [117-120]. Particularly for
the Beagle, it should be mentioned that most of the
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earlier published data are based mainly on laboratory
dog populations [117]. However, one recent epidemio-
logical investigation and one genetic investigation sup-
port an increased risk for idiopathic epilepsy in Beagles
at present [22, 76]. In Beagles, Dachshunds (miniature
wirehaired) and Basset Hounds it is important to con-
sider the occurrence of progressive myoclonus epilepsy
(Lafora disease), as the latter is considered a neurode-
generative disorder and structural-metabolic epilepsy ra-
ther than idiopathic epilepsy [121-123]. In Dachshunds
(and Bassett Hounds) a gene test for progressive myo-
clonus (Lafora) epilepsy is available [124]. Data from the
Dachshund Breed council surveys in 2012 and 2015 sug-
gest a epilepsy prevalence of approximately 1 % but rising
to 3.7 % in miniature long haired Dachshunds (personal
communication Clare Rusbridge February 2015). For the
Keeshond, older studies proved a clear founder effect,
which was most likely consistent with an autosomal reces-
sive inheritance [120, 125], the median age at onset was re-
ported with 2 years and some EEG examination has been
made, however, further detailed clinical data are lacking.
There are no up-to date studies available about idiopathic
epilepsy in German Shepherds Dogs, but several current
epidemiological canine epilepsy studies have been published
that include interesting information for this breed. Most of
those epidemiological studies have been conducted in the
UK, and most of them identified the German Shepherd Dog
among the most common epilepsy affected breeds [17, 46,
47]. Another epidemiological study revealed the German
Shepherd Dog has an increased risk of cluster seizures com-
pared to other breeds like the Labrador Retriever [126].

Finally, it is important to consider that in addition to the
above mentioned dog breeds, there is strong clinical evi-
dence that many more purebreds, such as the Siberian
Husky, Staffordshire Bull Terrier, Boxer dog, Greater Swiss
Mountain dog, Schipperke and many others appear to be
affected by idiopathic epilepsy [10, 17, 22, 46, 47, 76]. 1t is
only a matter of time until detailed data regarding the
clinical characteristics and inheritance for those so far
“suspected” breeds will be published. Furthermore,
current epidemiological data suggest that beside pure-
bred dogs, crossbreeds with idiopathic epilepsy present
an increasing proportion among canine idiopathic epi-
lepsy populations [46].

Conclusion and future perspectives

The present manuscript was conceived to review current
knowledge of idiopathic epilepsy in purebreds with special
interest on breed-specific phenotypes including clinical
characteristics, disease course, seizure control and genetic
transmission. Some differences, and in parts even
contradicting findings became evident among breeds, and
even — at least to some degree — between geographically
distinct populations of the same breed. This may to some
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Table 4 Depicting variable study design

Breed Study N Study designs Case selection Inclusion criteria Exclusion criteria Investigations for confirmation
of idiopathic epilepsy
Australian Shepherd Weissl et al. 50 Cohort, controls Questionaire &phone 22 seizures = 4 weeks History of skull trauma PE, NE, laboratory with bile acid
2012 [9] interview apart, age at onset stimulation test
<
=5 years MRI/CSF (47 %)
Urinary organic/amino acids
(20 %)
Post mortem (4 %)
Belgian Shepherd Berendt et al. 49  Population Questionnnaire (validated) 22 seizures ns. ns.
2008 [23] survey (breed) &phone interview
Seppala et al. 94 Cohort, controls Questionnaire >2 seizures n.s. Detailed examination (18 %) [35]
2012 [34] PE, NE, laboratory
MRI/CSF
Descriptive: EEG (18 %)b
Oberbauer et al. 164 Cohort Owner-reported =2 seizures ns. ns.
2003 [35] (family-based) generalized seizures &
questionnaire
Oberbauer et al. 74 Cohort, controls Owner and veterinarian 22 seizures n.s. ns.
2010 [36] reported generalized
seizures
Gullov et al. 51  Cohort, controls Questionnaire & phone >2 seizures n.s. PE, NE, laboratory with thyroid
2012 [37] (family-based) interview profile, ECG
Berendt et al. 66 Cohort Questionnaire & phone 22 seizures History suggesting PE, NE, laboratory with thyroid
2009 [41] (family-based) interview intracranial disease profile, ECG
and progressive
neurological signs.
Famula et al. 23 Population Questionnaire 1 seizure n.s. ns.
1997 [38] 14 Survey (breed) 59 seizures
Famula & Oberbauer 21 Population Questionnaire 1 seizure n.s. ns.
2000 [39] 157 survey (breed) >9 seizures
Bernese Mountain Dog ~ Kathmann et al. 50 Cohort Questionnaire History of epileptic ns. PE, NE, laboratory with bile acid
1999 [45] seizures stimulation test, CSF
Border Collie Hulsmeyer et al. 49  Cohort Questionnaire & phone 22 seizures, at least Presence of any initial PE, NE, laboratory
2010 [8] interview 4 weeks apart precipitating event
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Table 4 Depicting variable study design (Continued)

Border Terrier

Cavalier King Charles

Collie

Dalmatian

English Springer Spaniel

Finnish Spitz

Golden Retriever

Kearsley-Fleet et al.
2013 [17]

Kloene et al.
2008 [56]

Rusbridge&Knowler

2004 [58]

Driver et al.
2013 [59]

Munana et al.
2012 [64]

Licht et al.
2002 [65]

Patterson et al.
2005 [74]

Kearsley-Fleet
etal. 2013 [17]

Jeserevic et al.
2007 [80]

Viitmaa et al.
2006 [81]

Viitmaa et al.
2013 [82]

Viitmaa et al.
2014 [83]

Srenk&Jaggy
1996 [85]

Srenk et al.
1994 [84]

n.s.

47

40

29

29

45

n.s.

36

Population survey
(vet practice)

Population survey
(breed)

Cohort, controls
(family
investigation)

Cohort, controls

Cohort

Cohort

Cohort

Population survey
(vet practice)

Cohort, controls

Cohort, controls

Population survey
(breed)

Cohort

Cohort, controls

Cohort

Electronic patient records

Questionnaire

Owner-reported seizures

Medical record search
CKCS with CM

Questionnaire

Questionnaire & phone
interview

Questionnaire & phone
interview

Electronic patient records

Questionnaire & phone
interview

Questionnaire, medical
records review

Questionnaire, medical
records review

22 seizures for 2 1 year, or

=4 prescript- ions of AEDs

ns.

Diagnosis by veterinarian
(generalized seizures, AED)

History of epileptic seizures

Age of onset>6 m/< 5y,
> 6 m prescription of AEDs

21 seizure

=2 seizures, = 4 weeks
apart

=2 seizures for 2 1 year, or

24 prescriptions of AEDs

=2 focal seizures

22 focal seizures

22 seizure episodes

=2 focal seizures

History of epileptic seizures,
normal diagnostic tests

History of epileptic seizures,
normal diagnostic tests
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Medical records documented
disease that could have
caused epilepsy including
brain imaging abnormalities

ns.

Clinical signs of CM

MR lesions other than CM
or ventriculomegaly

Abnormal laboratory data

Evidence for structural
epilepsy, seizures were not
seen from the beginning

Evidence for head trauma
or toxin exposure

Medical records documented
disease that could have
caused epilepsy including
brain imaging abnormalities

Evidence for structural
epilepsy

Interictal neurologic
abnormalities,

onset < 1y, only 1 seizure
episode

ns.

n.s.

PE, laboratory

PE, NE, laboratory with bile acid
stimulation test® (10 %)

CT/CSF (10 %)

Urinary organic/amino acids
(47 %)

ns.

Laboratory with bile acid
stimulation test, CSF, EEG®

Laboratory

PE, NE, laboratory, bile acid
stimulation test, tests for
suspected toxin exposure

NE, laboratory age of onset
<6 m />5y: MRl or CT WNL
or > 2y without interictal
abnormalities

PE, CBC, biochemical profile

PE, NE, laboratory
MRI/CSF (73 %), EEGP
PE, NE, laboratory, MRI/CSF, EEG®

PE, NE, laboratory (27.8 %)

PE, NE, laboratory
EEG®

PE, NE repeatedly, laboratory with
bile acids or ammonia, CSF, EEG
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Table 4 Depicting variable study design (Continued)

Hungarian (Magyar)
Vizsla

Irish Wolfhound

[talian Spinone

Labrador Retriever

Lagotto Romagnolo

Petit Basset Griffon

Shetland Sheepdog

Standard Poodle

Lengweiler&Jaggy
1999 [86]

Patterson et al.
2003 [87]

Casal et al.
2006 [24]

DeRisio et al.
2015 [93]

Heynold et al.
1997 [94]

Jaggy et al.
1998 [95]

Jokinen et al.
2007 [105]

Gullov et al.
2011 [25]

Morita et al.
2002 [109]

Licht et al.
2007 [113]

Licht et al.
2002 [65]

25

29

146

63

55

25

42

30

Cohort

Population survey
(breed)

Population survey
(families)

Population survey
(breed)

Cohort (medical
records)

Cohort, controls

Cohort,
case—control

Population survey
(breed)

Cohort (family)

Population survey
(family)

Cohort

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Breeder-reported
seizures families

Questionnaire (validated)
&
phone interview%

Prospective investigation

Short questionnaire, &
phone interview,
6 months follow-up

Owner-reported seizures

Questionnaire & phone
interview

22 seizures

22 seizures, 2 1 month
apart

22 seizures

22 seizures, 2 24 h apart
onset >6 m / <6y

22 seizures video
documentation (28 %)

22 seizures

Seizure episodes

22 seizures, 2 24 h apart

Repeated seizures

21 seizure

21 seizure

n.s.

Evidence of toxin exposure
or head trauma

Other medical problems

ns.

Other medical problems

ns.

n.s.

ns.

History of illness or head
trauma
that could account for seizures

Age of onset <6 m/>7.5y

Evidence for structural epilepsy,
seizures were not seen from
the beginning

PE, NE repeatedly, laboratory with
bile acids or ammonia, CSF

NE, laboratory
If<6m/>5<y: CT /MRI/CSF

PE, NE, laboratory with bile acids
or ammonia or both post
mortem exam (10 %)

PE, NE, laboratory

PE, NE, laboratory with bile acids
or ammonia, CSF

PE, NE, laboratory with bile acids
or ammonia, CSF at presentation
and at 6 month follow-up

PE, NE, laboratory, MRI/CSF
EEG/EMG/BAERP
Post mortem (n=1)

Laboratory, thyroid function,
cardiac exam (45 %) bile acid
stimulation test (21 %)

MRI (7 %)

Laboratory

EEG on repeated occasions®
CSF (64 %)

Post mortem (64 %)

21 year unremarkable follow-up

PE, NE, laboratory, bile acid
stimulation test, tests for
suspected toxin exposure

3some dogs with elevated bile acids; ® EEG was used for descriptive purposes and not as a diagnostic test for IE

n.s. not specified, PE physical examination, NE neurological examination, MRl magnetic resonance imaging, CSF cerebrospinal fluid analysis, EEG electroencephalography, ECG electrocardiogram
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degree reflect the development over time in our under-
standing of epilepsy, different study designs (see Table 4)
and definitions for epilepsy and seizure terms that have
been applied and furthermore genetic diversity between
dog breeds and in some cases between geographically dis-
tinct populations of the same breed. Frequently, variable
study designs were evident, with individual studies con-
taining variable levels of disease-specific parameters (e.g.
analysing occurrence of cluster seizures or not) and more-
over data collections were performed in different ways
(e.g. prospectively versus retrospectively). In human medi-
cine, general guidelines and classification systems have
long been established under the care of the International
League Against Epilepsy. As these guidelines remain con-
stantly under progress and are kept updated over the
years, they have substantially promoted research and care
for epilepsy patients, especially by diagnosis and treat-
ment [127-133]. In recent years, strong efforts have
been made to classify and define epilepsy terms in veter-
inary medicine, in particular, the clinical classification of
different seizure types has been advanced by the appli-
cation of human medicine classification systems [2, 65,
134-137]. However, direct comparability between ca-
nine epilepsy studies remains limited to some degree,
due to the above mentioned issues, which point once more
to the need for generally accepted concepts and guidelines
for the conduct of epilepsy studies among the veterinary
community, under guidance of a specialised veterinary
epilepsy task force. The currently formed International
Veterinary Epilepsy Task Force has crafted several consen-
sus statements to help overcome these challenges in the
area of Classification, Diagnosis, Treatment, Neuroimaging,
Treatment outcomes, and Neuropathology. This might
help establish new consistent studies of breed-specific ca-
nine epilepsy phenotypes and syndromes, which in turn
may help to promote genetic analysis and to establish
novel antiepileptic drug treatment strategies.
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Abstract

In Europe, the number of antiepileptic drugs (AEDs) licensed for dogs has grown considerably over the last years.
Nevertheless, the same questions remain, which include, 1) when to start treatment, 2) which drug is best used
initially, 3) which adjunctive AED can be advised if treatment with the initial drug is unsatisfactory, and 4) when
treatment changes should be considered. In this consensus proposal, an overview is given on the aim of AED
treatment, when to start long-term treatment in canine epilepsy and which veterinary AEDs are currently in use for
dogs. The consensus proposal for drug treatment protocols, 1) is based on current published evidence-based literature,
2) considers the current legal framework of the cascade regulation for the prescription of veterinary drugs in Europe,
and 3) reflects the authors’ experience. With this paper it is aimed to provide a consensus for the management of
canine idiopathic epilepsy. Furthermore, for the management of structural epilepsy AEDs are inevitable in addition

to treating the underlying cause, if possible.

Keywords: Dog, Epileptic seizure, Epilepsy, Treatment

Background

In Europe, the number of antiepileptic drugs (AEDs) li-
censed for dogs has grown considerably over the last
years. Nevertheless, the same questions remain, which
include, 1) when to start treatment, 2) which drug is best
used initially, 3) which adjunctive AED can be advised if
treatment with the initial drug is unsatisfactory, and 4)
when treatment changes should be considered. In this
consensus proposal, an overview is given on the aim of
AED treatment, when to start long-term treatment in
canine epilepsy and which veterinary AEDs are currently
in use for dogs. The consensus proposal for drug treatment
protocols, 1) is based on current published evidence-based
literature [17], 2) considers the current legal framework of
the cascade regulation for the prescription of veterinary
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drugs in Europe, and 3) reflects the authors’ experience.
With this paper it is aimed to provide a consensus for the
management of canine idiopathic epilepsy. Furthermore,
for the management of structural epilepsy AEDs are in-
evitable in addition to treating the underlying cause, if
possible.

At present, there is no doubt that the administration
of AEDs is the mainstay of therapy. In fact, the term
AED is rather inappropriate as the mode of action of
most AEDs is to suppress epileptic seizures, not epilep-
togenesis or the pathophysiological mechanisms of epi-
lepsy. Perhaps, in the future, the term anti-seizure drugs
might be more applicable in veterinary neurology, a term
that is increasingly used in human epilepsy. Additionally,
it is known that epileptic seizure frequency appears to
increase over time in a subpopulation of dogs with un-
treated idiopathic epilepsy, reflecting the need of AED
treatment in these patients [63].

In our consensus proposal on classification and termin-
ology we have defined idiopathic epilepsy as a disease in
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its own right, per se. A genetic origin of idiopathic epilepsy
is supported by genetic testing (when available) and a gen-
etic influence is supported by a high breed prevalence
(>2 %), genealogical analysis and /or familial accumulation
of epileptic individuals. However in the clinical setting
idiopathic epilepsy remains most commonly a diagnosis of
exclusion following diagnostic investigations for causes of
reactive seizures and structural epilepsy.

Aims of AED treatment

The ideal goal of AED therapy is to balance the ability
to eliminate epileptic seizures with the quality of life of
the patient. Seizure eradication is often not likely in
dogs. More realistic goals are to decrease seizure fre-
quency, duration, severity and the total number of epi-
leptic seizures that occur over a short time span, with
no or limited and acceptable AED adverse effects to
maximize the dog’s and owner’s quality of life. Clinicians
should approach treatment using the following paradigm
[23, 76, 91, 92, 120]:

— Decide when to start AED treatment

— Choose the most appropriate AED and dosage

— Know if and when to monitor serum AED
concentrations and adjust treatment accordingly

— Know when to add or change to a different AED

— Promote pet owner compliance

When to recommend maintenance AED treatment?
Definitive, evidence-based data on when to start AED
therapy in dogs based on seizure frequency and type is
lacking. As such, extrapolation from human medicine may
be possible to provide treatment guidelines. Clinicians
should consider the general health of the patient, as well
as the owner’s lifestyle, financial limitations, and comfort
with the proposed therapeutic regimen. Individualized
therapy is paramount for choosing a treatment plan. As a
general rule, the authors recommend initiation of long-
term treatment in dogs with idiopathic epilepsy when any
one of the following criteria is present:

— Interictal period of <6 months (i.e. 2 or more
epileptic seizures within a 6 month period)

— Status epilepticus or cluster seizures

— The postictal signs are considered especially
severe (e.g. aggression, blindness) or last longer
than 24 hours

— The epileptic seizure frequency and/or duration
is increasing and/or seizure severity is
deteriorating over 3 interictal periods

In humans, the decision regarding when to recommend
AED treatment is based on a number of risk factors
(e.g. risk of recurrence, seizure type, tolerability, adverse
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effects) [42, 115]. In people, clear proof exists that there is
no benefit initiating AED treatment after a single unpro-
voked seizure [42], but there is evidence to support start-
ing treatment after the second seizure [43, 108]. In dogs,
long-term seizure management is thought to be most suc-
cessful when appropriate AED therapy is started early in
the course of the disease, especially in dogs with a high
seizure density and in dog breeds known to suffer from a
severe form of epilepsy [12-14]. A total number of > 10
seizures during the first 6 months of the disease appeared
to be correlated with a poor outcome in Australian Shep-
herds with idiopathic epilepsy [132]. Furthermore, recent
evidence exists that seizure density is a crucial risk factor,
experiencing cluster seizures, and being male is associated
with poor AED response [84].

A strong correlation exists in epileptic people between
a high seizure frequency prior to AED treatment and
poor AED response [16, 34, 59]. Historically, this has
been attributed to kindling, in which seizure activity
leads to intensification of subsequent seizures [117].
However, there is little clinical evidence that kindling
plays a role in either dogs [54] or humans [111] with re-
current seizures. In humans, a multifactorial pathogen-
esis is suggested [14, 52]. Recent epidemiologic data
suggest that there are differences in the intrinsic severity
of epilepsy among individuals, and these differences in-
fluence a patient’s response to medication and long-term
outcome. Additionally, evidence for seizure-associated
alterations that affect the pharmacodynamics and
pharmacokinetics of AEDs have been suggested [99].
Breed-related differences in epilepsy severity have been
described in dogs, with a moderate to severe clinical
course reported in Australian Shepherds [132], Border
Collies [49, 84], Italian Spinoni [24], German Shepherds
and Staffordshire Bull Terriers [84], whereas a less se-
vere form of the disease has been described in a different
cohort of Collies (mainly rough coated) [77], Labrador
Retrievers [7] and Belgian Shepherds [45]. Consequently,
genetics may affect the success of treatment and may ex-
plain why some breeds are more predisposed to drug re-
sistant epilepsy [3, 77].

Choice of AED therapy

There are no evidence-based guidelines regarding the
choice of AEDs in dogs. When choosing an AED for the
management of epilepsy in dogs several factors need to
be taken into account (AED-specific factors (e.g. regula-
tory aspects, safety, tolerability, adverse effects, drug inter-
actions, frequency of administration), dog-related factors
(e.g. seizure type, frequency and aetiology, underlying
pathologies such as kidney/hepatic/gastrointestinal prob-
lems) and owner-related factors (e.g. lifestyle, financial cir-
cumstances)) [23]. In the end, however, AED choice is
often determined on a case-by-case basis.
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Until recently, primary treatment options for dogs
with epilepsy have focused mainly on phenobarbital (PB)
and potassium bromide (KBr) due to their long standing
history, widespread availability, and low cost. While both
AEDs are still widely used in veterinary practice, several
newer AEDs approved for use in people are also being
used for the management of canine idiopathic epilepsy
mainly as add-on treatment. Moreover, since early 2013,
imepitoin has been introduced in most European coun-
tries for the management of recurrent single generalized
epileptic seizures in dogs with idiopathic epilepsy.

Several AEDs of the older generation approved for
humans have been shown to be unsuitable for use in
dogs as most have an elimination half-life that is too
short to allow convenient dosing by owners, these in-
clude phenytoin, carbamazepine, valproic acid, and etho-
suximide [119]. Some are even toxic in dogs such as
lamotrigine (the metabolite is cardiotoxic) [26, 136] and
vigabatrin (associated with neurotoxicity and haemolytic
anemia) [113, 131, 138].

Since the 1990s, new AEDs with improved tolerability,
fewer side effects and reduced drug interaction potential
have been approved for the management of epilepsy in
humans. Many of these novel drugs appear to be rela-
tively safe in dogs, these include levetiracetam, zonisa-
mide, felbamate, topiramate, gabapentin, and pregabalin.
Pharmacokinetic studies on lacosamide [68] and rufina-
mide [137] support the potential use of these drugs in
dogs, but they have not been evaluated in the clinical
setting. Although these newer drugs have gained consid-
erable popularity in the management of canine epilepsy,
scientific data on their safety and efficacy are very lim-
ited and cost is often prohibitive.

Phenobarbital

Efficacy

PB has the longest history of chronic use of all AEDs in
veterinary medicine. After decades of use, it has been
approved in 2009 for the prevention of seizures caused
by generalized epilepsy in dogs. PB has a favourable
pharmacokinetic profile and is relatively safe [2, 87, 97].
PB seems to be effective in decreasing seizure frequency
in approximately 60-93 % of dogs with idiopathic epi-
lepsy when plasma concentrations are maintained within
the therapeutic range of 25-35 mg/l [10, 31, 74, 105].
According to Charalambous et al. (2014) [17], there is
overall good evidence for recommending the use of PB
as a monotherapy AED in dogs with idiopathic epilepsy.
Moreover, the superior efficacy of PB was demonstrated
in a randomized clinical trial comparing PB to bromide
(Br) as first-line AED in dogs, in which 85 % of dogs ad-
ministered PB became seizure-free for 6 months com-
pared with 52 % of dogs administered Br [10]. This
study demonstrated a higher efficacy of PB compared to
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Br as a monotherapy, providing better seizure control
and showing fewer side effects.

Pharmacokinetics

PB is rapidly (within 2h) absorbed after oral administra-
tion in dogs, with a reported bioavailability of approxi-
mately 90 % [2, 87]. Peak serum concentrations are
achieved approximately 4-8h after oral administration in
dogs [2, 97]. The initial elimination half-life in normal
dogs has been reported to range from 37-73h after mul-
tiple oral dosing [96]. Plasma protein binding is approxi-
mately 45 % in dogs [36]. PB crosses the placenta and
can be teratogenic.

PB is metabolized primarily by hepatic microsomal en-
zymes and approximately 25 % is excreted unchanged in
the urine. There is individual variability in PB absorption,
excretion and elimination half-life [2, 87, 97]. In dogs, PB
is a potent inducer of cytochrome P450 enzyme activity in
the liver [48], and this significantly increases hepatic pro-
duction of reactive oxygen species, thus increasing the risk
of hepatic injury [107]. Therefore PB is contraindicated in
dogs with hepatic dysfunction. The induction of cyto-
chrome P450 activity in the liver can lead to autoinduction
or accelerated clearance of itself over time, also known as
metabolic tolerance, as well as endogenous compounds
(such as thyroid hormones) [40, 48]. As a result, with
chronic PB administration in dogs, its total body clearance
increases and elimination half-life decreases progressively
which stabilizes between 30-45 days after starting therapy
[97]. This can result in reduction of PB serum concen-
trations and therapeutic failure and therefore, monitor-
ing of serum PB concentrations is very important for
dose modulation over time.

A parenteral form of PB is available for intramuscular
(IM) or intravenous (IV) administration. Different PB
formulations are available in different countries, it should
be emphasized, however, that IM formulations cannot be
used IV and vice versa. Parenteral administration of PB is
useful for administering maintenance therapy in hospital-
ized patients that are unable to take oral medication. The
pharmacokinetics of IM PB have not been explored in
dogs, however, studies in humans have shown a similar
absorption after IM administration compared to oral ad-
ministration [135]. The elimination half-life in dogs after a
single IV dose is approximately 93h [87].

Pharmacokinetic interactions

In dogs, chronic PB administration can affect the dispos-
ition of other co-administered medications which are me-
tabolized by cytochrome P450 subfamilies and/or bound
to plasma proteins [48]. PB can alter the pharmacokinetics
and as a consequence may decrease the therapeutic ef-
fect of other AEDs (levetiracetam, zonisamide, and ben-
zodiazepines) as well as corticosteroids, cyclosporine,
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metronidazole, voriconazole, digoxin, digitoxin, phenyl-
butazone and some anaesthetics (e.g. thiopental) [23, 33,
72, 82, 130]. As diazepam is used as first-line medicine for
emergency use (e.g. status epilepticus) in practice it should
be emphasized to double the IV or rectal dose of diazepam
in dogs treated chronically with PB [130]. Concurrent ad-
ministration of PB and medications that inhibit hepatic
microsomal cytochrome P450 enzymes such as cimetidine,
omeprazole, lansoprazole, chloramphenicol, trimethoprim,
fluoroquinolones, tetracyclines, ketoconazole, fluconazole,
itraconazole, fluoxetine, felbamate and topiramate may
inhibit PB metabolism, increase serum concentration and
can result in toxicity [10].

Common adverse effects

Most of the adverse effects due to PB are dose dependent,
occur early after treatment initiation or dose increase and
generally disappear or decrease in the subsequent weeks due
to development of pharmacokinetic and pharmacodynamic
tolerance [35, 121] (Table 1). The adverse effects include
sedation, ataxia, polyphagia, polydipsia and polyuria. For an
in-depth review on the adverse effects of PB, the reader is
referred to comprehensive book chapters [23, 32, 91].
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Idiosyncratic adverse effects

These effects occur uncommonly in dogs and include
hepatotoxicity [13, 22, 39, 75], haematologic abnormalities
(anaemia, and/or thrombocytopenia, and/or neutropenia)
[51, 56]), superficial necrolytic dermatitis [66], potential
risk for pancreatitis [38, 46], dyskinesia [58], anxiety [58],
and hypoalbuminaemia [41] (Table 1). Most of these
idiosyncratic reactions are potentially reversible with dis-
continuation of PB. For an in-depth review on the idiosyn-
cratic adverse effects of PB the reader is referred to
comprehensive book chapters [23, 32, 91].

Laboratory changes

Laboratory changes related to chronic PB administration in
dogs include elevation in serum liver enzyme activities [39,
41, 75], cholesterol and triglyceride concentrations [41]. Alter-
ations in some endocrine function testing may occur (thyroid
and adrenal function, pituitary-adrenal axis) [21, 41, 128]. For
an in-depth review on these laboratory changes the reader is

referred to comprehensive book chapters [23, 32, 91].

Dose and monitoring (Fig. 1)
The recommended oral starting dose of PB in dogs is
2.5-3 mg/kg BID. Subsequently, the oral dosage is tailored

Table 1 Most common reported adverse effects seen in dogs treated with PB, imepitoin and KBr (rarely reported and/or

idiosyncratic adverse effects are indicated in grey

AED

Adverse effects in dogs

PB

Imepitoin

KBr

Sedation

Ataxia

Polyphagia

Polydipsia/polyuria
Hepatotoxicity

Haematologic abnormalities
Superficial necrolytic dermatitis
Potential risk of pancreatitis
Dyskinesia and anxiousness
Hypoalbuminaemie

Polyphagia (often transient)
Hyperactivity, apathy, polyuria, polydipsia, hypersalivation, somnolence,

vomiting, ataxia, apathy, diarrhoea, prolapsed nictitating membrane,

decreased sight and sensitivity to sound
Sedation

Ataxia and pelvic limb weakness
Polydipsia/polyuria

Polyphagia

Nausea, vomiting and/or diarrhea
Personality changes (aggression, irritability, hyperactivity)
Megaoesophagus

Persistent cough

Increased risk of pancreatitis
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| Start PB 2.5 - 3 mg/kg BID

v
Test serum drug concentrations 14 days after

Adequate seizure control* -

Monitor complete blood cell
count, biochemical profile, bile

starting treatment or after a change in dose

Inadequate
Seizure
control*

v

and serum PB < 35 mg/l i

acid stimulation test, serum PB
level at 3 months then cvery 6
months. If the dog is in
remission or has no seizures:

every 12 months.

*Serum drug concentration <30 mg/l increase PB dose using formula A
*Serum drug concentration 30 - 35 mg/l start KBr therapy (see Figure 3)
*Serum drug concentration > 35 mg/l reduce PB dose aiming for serum
drug concentration <35 mg/l and start KBr therapy (see Figure 3)

Fig. 1 PB treatment flow diagram for decision making during seizure management in an otherwise healthy dog. The authors advise to start with
PB (and add KBr if inadequate seizure control after optimal use of PB (Fig. 3)): in dogs with idiopathic epilepsy experiencing recurrent single
generalised epileptic seizures; in dogs with idiopathic epilepsy experiencing cluster seizures or status epilepticus; in dogs with other epilepsy
types. *Criteria for (in)adequate seizure control with regard to efficacy and tolerability (see Consensus proposal: Outcome of therapeutic
interventions in canine and feline epilepsy [94]). 1. Treatment efficacious: a: Achievement of complete treatment success (i.e. seizure freedom or
extension of the interseizure interval to three times the longest pretreatment interseizure interval and for a minimum of three months (ideally > 1
year); b: Achievement of partial treatment success (i.e. a reduction in seizure frequency including information on seizure incidence (usually at least
50 % or more reduction defines a drug responder), a reduction in seizure severity, or a reduction in frequency of seizure clusters and/or status
epilepticus). 2. Treatment not tolerated i.e. appearance of severe adverse effects necessitating discontinuation of the AED

to the individual patient based on seizure control, adverse
effects and serum concentration monitoring.

Because of considerable variability in the pharmaco-
kinetics of PB among individuals, the serum concentra-
tion should be measured 14 days after starting therapy
(baseline concentration for future adjustments) or after
a change in dose. To evaluate the effect of metabolic
tolerance, a second PB serum concentration can be
measured 6 weeks after initiation of therapy. Recom-
mendations on optimal timing of blood collection for
serum PB concentration monitoring in dogs vary among
studies [23]. Generally, serum concentrations can be
checked at any time in the dosing cycle as the change
in PB concentrations through a daily dosing interval is
not therapeutically relevant once steady-state has been
achieved [62, 70]. However, in dogs receiving a dose of
5 mg/kg BID or higher, trough concentrations were sig-
nificantly lower than non-trough concentrations and
serum PB concentration monitoring at the same time
post-drug dosing was recommended, in order to allow
accurate comparison of results in these dogs [70]. Another
study recommended performing serum PB concentration
monitoring on a trough sample as a significant difference
between peak and trough PB concentration was identified
in individual dogs [10]. The therapeutic range of PB in
serum is 15 mg/l to 40 mg/l in dogs. However, it is the au-
thors’ opinion that in the majority of dogs a serum PB
concentration between 25-30 mg/l is required for optimal
seizure control. Serum concentrations of more than 35
mg/l are associated with an increased risk of hepatotoxicity

and should be avoided [22, 75]. In case of inadequate seiz-
ure control, serum PB concentrations must be used to
guide increases in drug dose. Dose adjustments can be cal-
culated according to the following formula (Formula A):

New PB total daily dosage in mg
= (desired serum PB concentration/actual serum PB concentration)

% actual PB total daily dosage in mg

A dog with adequate seizure control, but serum drug
concentrations below the reported therapeutic range,
does not require alteration of the drug dose, as this
serum concentration may be sufficient for that individ-
ual. Generally, the desired serum AED concentration for
individual patients should be the lowest possible concen-
tration associated with >50 % reduction in seizure fre-
quency or seizure-freedom and absence of intolerable
adverse effects [23].

In animals with cluster seizures, status epilepticus or
high seizure frequency, PB can be administered at a
loading dose of 15-20 mg/kg IV, IM or PO divided in
multiple doses of 3-5 mg/kg over 24—48h to obtain a
therapeutic brain concentration quickly and then sustain
it [10]. Serum PB concentrations can be measured 1-3
days after loading. Some authors load as soon as possible
(over 40 to 60 min) and start with a loading dose of 10
to 12 mg/kg IV followed by two further boluses of 4 to 6
mg/kg 20 min apart.

Complete blood cell count, biochemical profile (includ-
ing cholesterol and triglycerides), and bile acid stimulation
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test should be performed before starting PB treatment and
periodically at 3 months and then every 6 months during
treatment. In case of adequate seizure control, serum PB
concentrations should be monitored every 6 months. If
the dog is in remission or has no seizures, a periodical
control every 12 months is advised.

Imepitoin

Efficacy

Imepitoin was initially developed as a new AED for
humans, but, the more favourable pharmacokinetic profile
of imepitoin in dogs versus humans led to the decision to
develop imepitoin for the treatment of canine idiopathic
epilepsy [102]. Based on randomized controlled trials that
demonstrated antiepileptic efficacy, high tolerability and
safety in epileptic dogs, the drug was approved in 2013 for
this indication in Europe [64, 98, 122]. It has been recom-
mended to use imepitoin in dogs with idiopathic epilepsy
experiencing recurrent single generalized epileptic sei-
zures, however, its efficacy has not yet been demonstrated
in dogs with cluster seizures or status epilepticus [30]. In a
recent randomized controlled study [122], the efficacy of
imepitoin was compared with PB in 226 client-owned
dogs. The administration of imepitoin twice daily in incre-
mental doses of 10, 20 or 30 mg/kg demonstrated that the
majority of dogs with idiopathic epilepsy were managed
successfully with imepitoin without significant difference
to the efficacy of PB. The frequency of adverse events (e.g.
sedation, polydipsia, polyphagia) was significantly higher
in the PB group [122]. In a study by Rieck et al. (2006)
[98], dogs with chronic epilepsy not responding to PB or
primidone received imepitoin (in its initial formulation) or
KBr as adjunct AED and the seizure frequency improved
to a similar degree in both groups. According to Chara-
lambous et al. (2014) [17], there is good evidence for
recommending the use of imepitoin as monotherapy in
dogs with recurrent single generalized epileptic seizures,
but insufficient evidence for use as adjunct AED. At
present, scientific data and evidence-based guidelines on
which AED can best be combined with imepitoin are lack-
ing, and further research is needed. Nevertheless, at this
moment, the authors recommend the use of PB as adjunct
AED in dogs receiving the maximum dose of imepitoin
and experiencing poor seizure control. According to the
authors, in case of combined therapy with imepitoin and
PB, it is advised to slowly wean off imepitoin over several
months if seizure control appears successful on PB and/or
to reduce the dose of imepitoin if adverse effects (e.g. sed-
ation) occur (Fig. 2).

Pharmacokinetics

Following oral administration of imepitoin at a dose of
30 mg/kg in healthy Beagle dogs, high plasma levels
were observed within 30 min, but maximal plasma levels
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were only reached after 2-3h following a prolonged ab-
sorption time [101]. The elimination half-life was found
to be short; approximately 1.5 to 2h. However, in an-
other study in Beagle dogs, a longer half-life (~6 h) was
found after higher doses of imepitoin, and accumulation
of plasma levels was seen during chronic BID treatment
[64]. Also, it has to be considered that Beagle dogs elim-
inate AEDs more rapidly than other dog strains [122].
Despite the short half-life in healthy Beagle dogs, this
pharmacokinetic profile is reported as adequate to main-
tain therapeutically active concentrations with twice
daily dosing in dogs [64, 122]. Imepitoin is extensively
metabolized in the liver prior to elimination. In dogs,
imepitoin is mainly excreted via the faecal route rather
than the urinary route. Neither reduced kidney function
nor impaired liver function is likely to greatly influence
the pharmacokinetics of imepitoin [122].

Pharmacokinetic interactions and adverse reactions
There is no information on pharmacokinetic interactions
between imepitoin and other medications. Although,
imepitoin is a low affinity partial agonist for the benzodi-
azepine binding site of the GABA, receptor it has not
prevented the pharmacological activity of full benzodi-
azepine agonists such as diazepam in the clinical setting
(e.g. in dogs with status epilepticus) [122]. Consequently,
because the affinity of diazepam for the GABA 4 receptor
is much higher than imepitoin, care should be taken in
the emergency setting [122]. Therefore, dogs with idio-
pathic epilepsy treated with imepitoin and presented in
status epilepticus might require, in addition to diazepam,
an additional AED parenterally (e.g. PB, levetiracetam).
Mild and most commonly transient adverse reactions
(Table 1) have been reported in dogs administered 10-30
mg/kg BID of imepitoin in its initial formulation; polypha-
gia at the beginning of the treatment, hyperactivity,
polyuria, polydipsia, somnolence, hypersalivation, em-
esis, ataxia, lethargy, diarrhoea, prolapsed nictitating mem-
branes, decreased vision and sensitivity to sound [64, 98].
As part of the development of imepitoin for the treat-
ment of canine epilepsy, a target animal safety study in
dogs was conducted [96]. Under laboratory conditions,
healthy Beagle dogs were exposed to high doses (up to
150 mg/kg ql2h) of imepitoin for 6 months. Clinical
signs of toxicity were mild and infrequent and they were
mostly CNS (depression, transient ataxia) or gastrointes-
tinal system (vomiting, body weight loss, salivation) re-
lated. These clinical signs were not life-threatening and
generally resolved within 24h if symptomatic treatment
was given. These data indicate that imepitoin is a safe
AED and is well tolerated up to high doses in dogs
treated twice daily [96]. However, the safety of imepitoin
has not been evaluated in dogs weighing less than 5 kg
or in dogs with safety concerns such as renal, liver,
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Inadequate
Seizure
control*

v

Add adjunct AED (further research
necessary to decide which AED can best be
used as adjunct AED)#

in case of combined therapy with imepitoin
and PB, it is advised to slowly wean off
imepitoin if seizure control appears successful
on PB and /or to reduce the dose of imepitoin
if adverse effects (e.g. sedation) occur.

P Maintain dose and monitor dog
Start imepitoin 10 20 mg/kg BID | > clinically and neurologically +
monitor complete blood cell
Inadequate count and biochemical profile
iom‘ every 6 months. If the dog is in
v A . , | remission or has no scizures:
dequate seizure control
every 12 months.
Increase dose 30 mg/kg BID I —_—

Fig. 2 Imepitoin treatment flow diagram for decision making during seizure management in an otherwise healthy dog. The authors advise to
start with imepitoin in dogs with idiopathic epilepsy experiencing recurrent single generalised epileptic seizures. *Criteria for (in)adequate seizure
control with regard to efficacy and tolerability (see Consensus proposal: Outcome of therapeutic interventions in canine and feline epilepsy [94]).
1. Treatment efficacious: a: Achievement of complete treatment success (i.e. seizure freedom or extension of the interseizure interval to three
times the longest pretreatment interseizure interval and for a minimum of three months (ideally > 1 year), b: Achievement of partial treatment
success (i.e. a reduction in seizure frequency including information on seizure incidence (usually at least 50 % or more reduction defines a drug
responder), a reduction in seizure severity, or a reduction in frequency of seizure clusters and/or status epilepticus). 2. Treatment not tolerated i.e.
appearance of severe adverse effects necessitating discontinuation of the AED. *Currently there are no data available on which AED should be
added to imepitoin in case of inadequate seizure control. At this moment, the authors recommend the use of PB as adjunct AED in dogs
receiving the maximum dose of imepitoin and experiencing poor seizure control

cardiac, gastrointestinal or other disease. No idiosyncratic
reactions have been demonstrated so far. The routinely
measured liver enzymes’ activity do not appear to be in-
duced by imepitoin [96]. Compared with the traditional
benzodiazepines, such as diazepam, which acts as full ago-
nists at the benzodiazepine site of the GABA, receptor,
partial agonists such as imepitoin show less sedative ad-
verse effects and are not associated with tolerance and
dependence during long-term administration in animal
models [122]. Also in epileptic dogs, tolerance did not
develop and no withdrawal signs were observed after
treatment discontinuation [64].

Dose and monitoring (Fig. 2)

The oral dose range of imepitoin is 10-30 mg/kg BID.
The recommended oral starting dose of imepitoin is 10-20
mg/kg BID. If seizure control is not satisfactory after at
least 1 week of treatment at this dose and the medica-
tion is well tolerated, the dose can be increased up to a
maximum of 30 mg/kg BID. Reference range of plasma
or serum imepitoin concentrations is unknown and
there are no therapeutic monitoring recommendations
for imepitoin from the manufacturer. Pharmacokinetic
studies in dogs suggest variability in plasma imepitoin

concentrations among individuals and sampling times.
However, no correlation between plasma imepitoin con-
centration and seizure frequency reduction was identified
[64] therefore and because of its wide therapeutic index,
serum imepitoin monitoring is not needed.

The authors recommend a complete blood cell count
and biochemical profile before starting imepitoin treat-
ment and periodically every 6 months during treatment.
If the dog is in remission or has no seizures, a periodical
control every 12 months is advised.

Bromide

Efficacy

Br is usually administered as the potassium salt (KBr).
The sodium salt form (NaBr) contains more Br per gram
of compound, therefore, the dose should be approxi-
mately 15 % less than that calculated for KBr [124]. In
most EU countries, KBr is approved only for add-on
treatment in dogs with epilepsy drug-resistant to first-
line AED therapy. PB and KBr have a synergistic effect
and add-on treatment with KBr in epileptic dogs im-
proves seizure control in dogs that are poorly controlled
with PB alone [46, 93, 126]. A recent study showed that
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KBr was less efficacious and tolerable than PB as first-
line drug [10]. According to Charalambous et al. (2014)
[17] there is fair level of evidence for recommending the
use of KBr as a monotherapy, but less as adjunct AED.

Pharmacokinetics

The bioavailability of Br after oral administration in nor-
mal dogs is approximately 46 %. The elimination half-life
is long and ranges from 25-46 days in dogs, consequently,
it can take several months (approximately 3 months) be-
fore steady-state concentrations after treatment initiation
at maintenance dose are reached [46, 67, 90, 125]. KBr is
unbound to plasma proteins and can diffuse freely across
cellular membranes. KBr is not metabolised in the liver
and is therefore a good alternative in dogs with hepatic
dysfunction. KBr is excreted unchanged in the urine and
undergoes tubular reabsorption in competition with chlor-
ide. Therefore, dietary factors affecting chloride levels can
alter serum KBr concentrations [123]. High (low) dietary
chloride concentrations increase (decrease) the excretion
of KBr and shorten (prolong) its half-life. Dogs adminis-
tered KBr should be maintained on a constant diet (and
chloride intake) to prevent fluctuations in serum KBr
concentrations, which could result in therapeutic fail-
ure or toxicity. If dietary changes are necessary they
should be made gradually (over at least 5 days) and
serum concentrations of KBr should be monitored fol-
lowing dietary changes, especially if the dog becomes
sedated or has unexpected seizures. On biochemistry
profiles serum chloride concentrations are often falsely
elevated (“pseudohyperchloraemia”) because the assays
cannot distinguish between chloride and Br ions [123].

Pharmacokinetic interactions and adverse effects
Pharmacokinetic interactions of KBr are limited as KBr
is not metabolized or protein-bound. The main interac-
tions are associated with alterations in the renal excretion
of KBr. As already mentioned, the rate of elimination of
KBr varies proportionally and inversely to chloride intake.
Loop diuretics such as furosemide may enhance KBr elim-
ination by blocking KBr reabsorption through renal tubu-
lar chloride channels. KBr should be avoided in dogs with
renal dysfunction to prevent toxicity secondary to reduced
renal elimination [80].

Common, dose-dependent adverse effects of KBr in
dogs include sedation, ataxia and pelvic limb weakness,
polydipsia/polyuria, and polyphagia with weight gain
[4, 25, 46, 124] (Table 1). These effects occur in the
initial weeks of treatment and may be magnified by
concurrent PB administration. These adverse effects
subside (partly or completely), once KBr steady-state
concentrations are reached [125]. Gastrointestinal
irritation and clinical signs can be prevented or
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minimized by administering Br with food and dividing
the daily dose into 2 or more doses [4].

Uncommon idiosyncratic reactions of KBr in dogs in-
clude personality changes (aggressive behaviour, irritabil-
ity, hyperactivity), persistent cough, increased risk of
pancreatitis and megaoesofagus [4, 46, 67, 106] (Table 1).
Kbr may cause skin problems (bromoderma) in humans
[106], but no reports exist currently in dogs. For an in-
depth review on the adverse effects of Br the reader is
referred to comprehensive book chapters [23, 32, 91].

Dose and monitoring (Fig. 3)

The recommended oral starting dose of KBr is 15 mg/
kg BID when used as an add-on drug. An oral dose of
20 mg/kg BID is advised when used as a monotherapy.
Because of the long elimination half-life, KBr can be ad-
ministered once daily (preferably in the evening), however,
twice daily dosing as well as administration with food can
help to prevent gastrointestinal mucosa irritation [123].
Twice daily dosing is also recommended if excessive sed-
ation is present. Therapeutic ranges have been reported as
approximately 1000 mg/1 to 2000 mg/l when administered
in conjunction with PB and 2000mg/I to 3000mg/l when
administered alone [126]. Br has a long half-life, conse-
quently, reaching a steady-state serum concentration may
require several months (approximately 3 months). Due to
this long half-life, timing of blood sample collection rela-
tive to oral administration is not critical [123].

Baseline complete blood cell count, biochemical profile
(including cholesterol and triglycerides) should be per-
formed before starting KBr treatment and periodically
every 6 months during treatment. Serum KBr concen-
trations should be monitored 3 months after treatment
initiation (or dose change). In the long term, in dogs
with adequate seizure control, serum KBr concentra-
tions should be monitored every 6 months. If the dog is
in remission or has no seizures, a periodical control
every 12 months is advised.

A loading dose may be recommended to achieve steady-
state therapeutic concentrations more rapidly (e.g. in dogs
with frequent or severe seizures, or when PB must be rap-
idly discontinued because of life-threatening adverse ef-
fects). Different protocols have been reported. Oral loading
can be performed by administering KBr at a dose of 625
mg/kg given over 48h and divided into eight or more
doses. A more gradual loading can be accomplished giving
125 mg/kg/day divided in three to four daily administra-
tions for 5 consecutive days. Daily phone contact with the
owners is advised. Loading can be associated with adverse
effects (e.g. nausea, vomiting, diarrhoea, sedation, ataxia
and pelvic limb weakness, polydipsia, polyuria and poly-
phagia) and the dog should be hospitalized if loading takes
place over 48h (7,85). It is advised to stop loading when
serious adverse effects occur. Consider that dogs in which
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Inadequate seizure control* in spite of
optimal PB serum concentration

Seizure frequency

>1 every 2-3 weeks

Seizure frequency
<1 every 2-3 weeks

Load with KBr prior to starting maintenance KBr dose

during this KBr loading sheme.

for 5 consecutive days.

* 625 mg/kg divided in eight or more doses over 48h. Hospitalise

« or 125 mg/kg/day divide in three to four daily administrations

Start maintenance dose KBr
15 mg/kg BID or

30 mg/kg SID (evening)

Monitor complete

After starting the maintenance dose:

months
After loading: measure serum KBr
concentration afier 1 month

measure serum KBr concentration after 3

blood cell count,
biochemical profile,
and serum KBr
levels every 6
months. If the dog is
in remission or has

Adequate seizure control*
>

and serum KBr < 2000
mg/l

l Inadequate seizure control*

no seizures: every
12 months.

*Serum drug level 2000 mg/1 (£)

*Serum drug level <2000 mg/l: increase dose using formula B

severe adverse effects necessitating discontinuation of the AED

Fig. 3 KBr adjunct treatment flow diagram for decision making during seizure management in an otherwise healthy dog. *Criteria for (in)adequate
seizure control with regard to efficacy and tolerability (see Consensus proposal: Outcome of therapeutic interventions in canine and feline epilepsy
[94)). 1. Treatment efficacious: a: Achievement of complete treatment success (i.e. seizure freedom or extension of the interseizure interval to three
times the longest pretreatment interseizure interval and for a minimum of three months (ideally > 1 year), b: Achievement of partial treatment success
(ie. a reduction in seizure frequency including information on seizure incidence (usually at least 50 % or more reduction defines a drug responder), a
reduction in seizure severity, or a reduction in frequency of seizure clusters and/or status epilepticus). 2. Treatment not tolerated i.e. appearance of

KBr is used as adjunct AED to PB may be more prone to
adverse effects. In these cases, a PB dose decrease of 25 %
may be needed. Serum KBr levels should be monitored 1
month after loading.

Dose increases can be calculated according to the fol-
lowing formula

Formula B:

For concomitant PB and KBr treatment, the new main-
tenance dose can be calculated as follows:

(2000 mg/1 - actual serum KBr steady-state concentration) x 0.02
= mg/kg/day added to existing dose
Formula C:

In case of monotherapy KBr, the new maintenance
dose can be calculated as follows:

(2500 mg/1 - actual serum KBr steady-state concentration)

x 0.02 = mg/kg/day added to existing dose
Only PB and imepitoin are approved as first-line treat-
ment of canine epilepsy in the EU. In most EU coun-

tries, KBr is only approved as add-on treatment in dogs
resistant to first-line treatments. None of the drugs

discussed in the following section are approved for treat-
ment of dogs with epilepsy, thus, according to EU drug
laws, these drugs can only be used as adjunctive treat-
ment if monotherapy or polytherapy with the approved
treatments have failed. Furthermore, except for levetirac-
etam, none of the AEDs discussed in the following sec-
tion have been evaluated in randomized controlled trials
in epileptic dogs, so that the evidence for their efficacy is
very limited [17].

Levetiracetam

So far, three studies evaluated the efficacy of levetirace-
tam as an adjunct to other AEDs [79, 114, 127]. In all
these studies, the majority of the dogs were treated suc-
cessfully by oral levetiracetam as adjunct AED. The use
of oral levetiracetam was evaluated in an open-label
study and a response rate of 57 % was reported in dogs
with drug resistant epilepsy [127]. In a recent random-
ized placebo-controlled study by Muifiana et al. (2012)
[79], the use of levetiracetam was evaluated in dogs with
drug resistant epilepsy. A significant decrease in seizure
frequency was reported compared with baseline, however,
no difference was detected in seizure frequency when
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levetiractam was compared with placebo. However, the di-
vergence in group size and the small sample size (due to
the high dropout rate) may have contributed to this result.
Nevertheless, a trend towards a decrease in seizure fre-
quency and increase in responder rate during levetirace-
tam administration compared to placebo warrants further
evaluation in a larger scale study. According to the study
of Charalambous et al.,, (2014) [17], there is a fair evidence
for recommending the use of levetiracetam as an adjunct
AED. Recently, a retrospective study provided further evi-
dence that administering levetiracetam as an adjunct AED
is well tolerated, and suppresses epileptic seizures signifi-
cantly in dogs with idiopathic epilepsy [83]. The authors
also confirmed that if seizure frequency increases, an extra
AED may be beneficial and they added the possibility of
administering levetiracetam as pulse treatment for cluster
seizures.

Levetiracetam possesses a favourable pharmacokinetic
profile in dogs with respect to its use as an add-on AED.
It has rapid and complete absorption after oral adminis-
tration, minimal protein binding, minimal hepatic metab-
olism and is excreted mainly unchanged via the kidneys.
In humans and dogs, renal clearance of levetiracetam is
progressively reduced in patients with increasing severity
of renal dysfunction [85], thus, dosage reduction should
be considered in patients with impaired renal function. As
levetiracetam has minimal hepatic metabolism [85], this
drug represents a useful therapeutic option in animals
with known or suspected hepatic dysfunction. However,
its short elimination half-life of 3-6 h necessitates fre-
quent administration. The recommended oral mainten-
ance dose of levetiracetam in dogs is 20 mg/kg TID-QID.
The same dose can be administered parenterally in dogs
(SC, IM, 1IV) when oral administration is not possible [86].
In a previous study [127] it was shown that some dogs de-
velop a tolerance to levetiracetam when used chronically.
This phenomenon, the ‘honeymoon effect; has been docu-
mented for other AEDs, e.g. zonisamide and levetiracetam
in dogs with epilepsy [127, 129]. Therefore, the introduc-
tion of the pulse treatment protocol (an initial dose of 60
mg/kg orally or parenterally after a seizure occurs or pre-
ictal signs are recognized by the owner, followed by 20
mg/kg TID until seizures do not occur for 48h) was devel-
oped, in order to start treatment only in case of cluster
seizures when therapeutic levetiracetam concentrations
need to be reached rapidly. The results in the recent study
by Packer et al., 2015 [83] supports this clinical approach.
Pulse treatment was, however, associated with more side
effects compared to maintenance levetiracetam therapy
[83]. Levetiracetam is well tolerated and generally safe in
dogs. Except for mild sedation, ataxia, decreased appetite
and vomiting adverse effects are very rarely described in
dogs [79, 127] (Table 2). Levetiracetam has also a different
mode of action compared to other AEDs and therefore
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Table 2 Most common reported adverse effects seen in dogs
treated with levetiracetam, zonisamide, felbamate, topiramate,
gabapentin, and pregabalin (rarely reported and/or idiosyncratic
adverse effects are indicated in grey

AED Adverse effects in dogs
Levetiracetam Sedation
Ataxia

Decreased appetite or anorexia

Vomiting

Behavioural changes
Zonisamide Sedation
Ataxia
Vomiting

Inappetence

Felbamate Keratoconjunctivitis sicca
Thrombocytopenia
Lymphopenia and leucopenia
Topiramate Sedation
Ataxia
Weight loss
Gabapentin Sedation
Ataxia
Pregabalin Sedation
Ataxia

Weakness

may be advantageous when polytherapy is instituted.
It selectively binds to a presynaptic protein (SVA2),
whereby it seems to modulate the release of neuro-
transmitters [86]. As, in dogs there is no information
available regarding a therapeutic range [79], the human
target range of 12—46 g/l can be used as guidance regard-
ing effective concentrations.

Studies in humans have shown that concomitant admin-
istration of AEDs that induce cytochrome P450 metabol-
ism such as PB, can alter the disposition of levetiracetam
[19]. Recently, it has been demonstrated that PB ad-
ministration significantly alters the pharmacokinetics of
levetiracetam in normal dogs [73]. Thus, levetiracetam
oral dose may need to be increased or dosing time
interval may need to be shortened when concurrently
administered with PB [73]. Also in dogs with epilepsy,
concurrent administration of PB alone or in combination
with KBr increases levetiracetam clearance compared to
concurrent administration of KBr alone [78]. Thus, dosage
increases might be indicated when utilizing levetiracetam
as add-on treatment with PB in dogs (78], preferably guided
by levetiracetam serum concentration measurement.
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Zonisamide

There are few reports on the use of zonisamide in dogs,
despite it being licensed for treatment of canine epilepsy
in Japan. One report evaluated the efficacy of oral zonisa-
mide as a monotherapy [18]. Two studies have been de-
scribed evaluating zonisamide as an add-on treatment in
dogs with drug resistant epilepsy [28, 129]. Based on the
results of these studies, Charalambous et al. (2014) [17]
concluded that, at present, there is insufficient evidence to
recommend the use of zonisamide either as a monotherapy
or as an adjunct AED in dogs. Larger studies are required
to evaluate zonisamide as a monotherapy or as an adjunct-
ive AED in dogs. Adverse effects in dogs include sedation,
vomiting, ataxia, and loss of appetite [18, 28, 129] (Table 2).
Additionally, recently hepatotoxicity has been described in
2 dogs receiving zonisamide monotherapy which is be-
lieved to be an idiosyncratic reaction to the drug [69, 104]
(Table 2). Renal tubular acidosis has also been described in
a dog receiving zonisamide monotherapy [20] (Table 2).
Thus, zonisamide should be used with caution in dogs with
renal or hepatic impairment. Both, hepatic and renal fail-
ures have been described in humans receiving zonisamide
as well. Currently, zonisamide is not available in every
country and when available, it can be very expensive.

Zonisamide is a sulphonamide-based anticonvulsant
approved for use in humans. The exact mechanism of
action is unknown, however, blockage of calcium channels,
enhancement of GABA release, inhibition of glutamate
release, and inhibition of voltage-gated sodium channels
might contribute to its anticonvulsant properties [61]. In
dogs, zonisamide is well-absorbed after oral administration,
has a relatively long elimination half-life (approximately
15h), and has low protein binding so that drug interactions
are minimized. The drug mainly undergoes hepatic metab-
olism via the cytochrome P450 system before excretion by
the kidneys [11].

The recommended oral starting dose of zonisamide in
dogs is 3-7 mg/kg BID and 7-10 mg/kg BID in dogs co-
administered hepatic microsomal enzymes inducers such
as PB [11, 28]. Serum concentrations of zonisamide
should be measured minimally 1 week after treatment
initiation or dosage adjustment to allow steady state con-
centrations be reached. Care should be taken to avoid
haemolysis, as falsely elevated serum zonisamide concen-
trations from lysed red blood cells may occur. The human
target range of 10-40 mg/l can be used as guidance re-
garding effective concentrations. [28]. Baseline complete
blood cell count and biochemical profile should be per-
formed before starting zonisamide treatment and period-
ically every 6 months during treatment.

Felbamate
One veterinary study evaluated the efficacy of felbamate
as an adjunct to PB in 6 dogs with focal idiopathic
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epilepsy [100]. According to Charalambous et al. (2014)
[17], the study demonstrated overall moderate/high risk
of bias. On this basis it was concluded that there is cur-
rently insufficient evidence to recommending the use of
felbamate as an add-on AED. Felbamate should be re-
served for dogs refractory to the other more thoroughly
investigated and safer AEDs in this species and as such
this is a 4™ or 5™ line option. In the clinical study by
Ruehlmann et al., (2001) [100] adverse effects noted in-
cluded keratoconjunctivitis sicca and mild blood dyscra-
sias (Table 2).

Felbamate is a dicarbamate AED released for use in
humans in 1993 for the control of focal seizures. Its
mechanism of action is multiple such as inhibition of
glycine-enhanced NMDA-induced intracellular calcium
currents [134], blockade of voltage-gated sodium channels
and inhibition of voltage —gated calcium currents [133].

In 1993, felbamate was marketed as a safe AED, which
lacked demonstrable toxic side effects and did not require
laboratory monitoring in humans. However, within a year
of its release it became evident that felbamate was associ-
ated with an unacceptable incidence of life-threatening
side effects [12], such as anorexia, weight loss, vomiting,
headache, irritability. Moreover, aplastic anemia and fatal
hepatotoxicity were also described [55, 134].

Pharmacokinetic interactions between felbamate and
other AEDs have been well described. E.g. felbamate
raises concurrent PB serum levels in a dose-dependent
manner [12], and the elimination of felbamate was noted
to be strikingly reduced when given with gabapentin
[50]. Felbamate is mainly metabolized by the liver [88]
and should therefore not be used in dogs with pre-
existing hepatic disease. Felbamate has an elimination
half-life of 5-7h.

The recommended oral starting dose in dogs is 20
mg/kg TID, increasing to 400-600mg/day every 1-2
weeks [1]. Haematologic evaluations and biochemistry
panels (esp. liver enzyme concentrations) should be per-
formed before felbamate therapy is initiated and during
therapy. This is especially important in animals receiving
concurrent PB. In humans, the signs of aplastic anaemia
and liver failure are usually seen during the first 6-12
months of therapy. In dogs, a minimum of monthly
blood tests should be performed for this period of time,
following-up every 6-12 months after this. Currently,
felbamate is not available in every country.

Topiramate

In 2013, one sudy evaluated the efficacy of topiramate as
an adjunct to PB, KBr, and levetiracetam in 10 dogs [57].
The dose was titrated (2-10 mg/kg) two to three times
daily. Sedation, ataxia and weight loss were the most
common adverse effects in dogs (Table 2). According to
Charalambous et al. (2014) [17], the study demontsrated
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an overall moderate/high risk of bias. Thus, there is cur-
rently insufficient evidence to recommend the use of
topiramate as an adjunct AED [17].

In humans, topiramate has served both as a monother-
apy and adjunctive therapy to treat focal and generalised
seizures [29, 71]. It is a sulphamate-substituted mono-
saccharide that acts on multiple signalling mechanisms
enhancing GABA-ergic activity and inhibiting voltage-
sensitive sodium and calcium channels, kainate-evoked
currents and carbonic anhydrase isoenzymes [118, 139].

From the available human data, topiramate is not metab-
olized extensively once absorbed, with 70-80 % of an ad-
ministered dose eliminated unchanged in the urine [65].
Topiramate has an elimination half-life of 2—-4h. Clearance
of topiramate is reduced in patients with renal impairment,
necessitating dosage adjustments [37]. In dogs, topiramate
is not extensively metabolized and is primarily eliminated
unchanged in the urine. However, biliary excretion is
present following topiramate administration in dogs [15].
The drug has a relatively low potential for clinically relevant
interactions with other medications [8, 53]. The most com-
monly observed adverse effects in humans are somnolence,
dizziness, ataxia, vertigo and speech disorders [110]. No ad-
verse reactions were reported in healthy Beagle dogs ad-
ministered 10-150 mg/kg daily oral doses for 15 days [116].

Gabapentin

Two prospective studies evaluated the efficacy of oral
gabapentin as an adjunct to other AEDs, giving a combined
sample size of 28 dogs [44, 89]. According to Charalambous
et al. (2014) [17], one study demonstrated an overall mod-
erate/high risk of bias and the other one demonstrated an
overall high risk of bias. None of the studies demonstrated
an increased likelihood that the majority of the dogs were
treated successfully by oral administration of gabapentin.
Accordingly, there is currently overall insufficient evidence
for recommending the use of gabapentin as an adjunct
AED [17]. If used, the recommended oral dosage of gaba-
pentin in dogs is 10 to 20 mg/kg TID, although dose reduc-
tion may be necessary in patients with reduced renal
function [9]. Sedation and ataxia were the most common
side effects reported in dogs [44, 89] (Table 2).

Gabapentin has been approved in people in Europe
and by the US Food and Drug Administration (FDA)
since 1993 for adjunctive treatment of focal seizures with
or without secondary generalisation and for the treatment
of post-herpetic neuralgia [9]. Its precise mechanism of
action is unclear, but is believed that much of its anticon-
vulsant effect is because of its binding to a specific modu-
latory protein of voltage-gated calcium channels, which
results in decreased release of excitatory neurotransmit-
ters [112]. In humans, gabapentin is entirely excreted by
the kidneys. In dogs, renal excretion occurs after a partial
hepatic metabolism. The elimination half-life is 3-4h.

Page 12 of 16

Although information in veterinary medicine is lim-
ited, pharmacokinetic interactions of gabapentin are un-
likely to occur as the drug has negligible protein binding
and does not induce hepatic cytochrome P450 family en-
zymes [95]. In humans, the elimination of felbamate was
noted to be significantly reduced when given with gaba-
pentin [50]. The most common adverse effects in humans
include dizziness, somnolence and fatigue [9]. These ef-
fects seem to be dose-dependent and resolve within the
first few weeks of treatment. No serious idiosyncratic reac-
tions or organ toxicities have been identified in humans or
animals [60].

Pregabalin
There is limited data on the use of pregabalin in dogs. In
a study by Dewey et al., (2009), the efficacy of oral preg-
abalin as an adjunct to PB and KBr was evaluated in 9
dogs [27]. According to Charalambous et al. (2014) [17],
this study demonstrated an overall moderate/high risk of
bias. Consequently, there is currently insufficient evi-
dence to recommend the use of pregabalin as an adjunct
AED [17]. If used, the recommended oral dose in dogs is
3—-4 mg/kg BID-TID. The most common adverse effects
(Table 2) in the study of Dewey et al., (2009) included
sedation, ataxia and weakness, and to minimize these,
treatment could be initiated at a dose of 2 mg/kg two to
three times daily and escalated by 1 mg/kg each week
until the final dose is achieved [27]. As pregabalin clearance
is highly correlated with renal function, dose reduction is
necessary in patients with reduced renal function [5, 9].
Pregabalin is a GABA analogue that is structurally
similar to gabapentin. Pregabalin was approved in 2004
for the treatment of adults with peripheral neuropathic
pain and as adjunctive treatment for adults with focal
seizures with or without secondary generalization. Preg-
abalin is more potent than gabapentin owing to a greater
affinity for its receptor [112]. Pharmacokinetic studies
have been performed in dogs, with a reported elimin-
ation half-life of approximately 7 h [103]. In humans,
pregabalin does not bind to plasma proteins and is ex-
creted virtually unchanged by the kidneys [9]. Pregabalin
does not undergo hepatic metabolism and does not in-
duce or inhibit hepatic enzymes such as the cytochrome
P450 system [5]. No clinically relevant pharmacokinetic
drug interactions have been identified in humans to
date. The most commonly reported adverse effects in
humans are dose-related and include dizziness, somno-
lence and ataxia [9].

Discontinuation of AEDs

Two main reasons for discontinuation of an AED are re-
mission of seizures or life-threatening adverse effects.
Generally, treatment for idiopathic epilepsy involves life-
long AED administration. However, remission has been
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reported in dogs. Remission rates between 15-30 % have
been described in hospital based populations [6, 7, 47, 49].
In a study by Packer et al. (2014) 14 % of dogs were in re-
mission on PB [84]. When >50 % reduction in seizure fre-
quency was used as the outcome measure, success rates
were markedly higher with 64,5 % of dogs achieving this
level of seizure reduction. Several factors were associated
with an increased likelihood of achieving remission, namely:
being female, neutered, no previous experience of cluster
seizures and an older age at onset of seizures. The same
four factors were associated with an increased likelihood of
achieving a 250 % reduction in seizure frequency [84]. The
breed least likely to go into remission or have an =50 %
reduction in seizure frequency was the Border Collie (0
and 40 %, respectively), the German Shepherd (11 and
35 %, respectively) and Staffordshire Bull Terrier (0 and
57 %, respectively) [84]. In a study by Hiilsmeyer et al.
(2010) the remission rate was 18 % in Border Collies
independent of disease severity [49]. The decision to
gradually taper the dose of an AED should be taken on
a case-by-case basis, but seizure freedom of at least 1-2
years is advised. In people with prolonged seizure re-
mission (generally 2 or more years), the decision to dis-
continue AED treatment is done on an individual basis
considering relative risks and benefits. Individuals with
the highest probability of remaining seizure-free are
those who had no structural brain lesion, a short dur-
ation of epilepsy, few seizures before pharmacological
control, and AED monotherapy [81, 109]. In dogs, how-
ever, little information on risk factors associated with
seizure relapse exist, thus the pet owner must be aware
that seizures may recur anytime during AED dose re-
duction of after discontinuation. To prevent withdrawal
seizures or status epilepticus it is advised to decrease
the dose with 20 % or less on a monthly basis.

In case of life-threatening adverse effects, instant ces-
sation of AED administration under 24h observation is
necessary. In these cases, loading with an alternative
AED should be initiated promptly in order to achieve
target serum concentrations before serum PB concentra-
tion decreases. Loading with KBr (see section on KBr) or
levetiracetam (see section on levetiracetam) is possible.
If hepatic function is normal, starting imepitoin or zoni-
samide at the recommended oral starting dose may be
another alternative.

Pet owner education

In order to promote a successful management of an epi-
leptic pet, owners need to be educated thoroughly on
[23, 32, 91]:

— The disease of their pet and the influence on their
daily life (considerations regarding e.g. leaving the
dog alone, what to do if travelling and leaving
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the dog in a kennel, fears of behavioural
comorbidities, ...)

— The need for AED therapy and the understanding
that this often is a lifetime commitment

— The aim of AED therapy

— The importance of regular administration of AEDs

— The fact that dose adjustments should only be made
after consulting a veterinarian

— DPotential adverse effects of AED therapy

— The importance of maintaining a detailed seizure
diary

— The importance of regular check-ups to monitor
AED blood concentrations as well as haematology/
serum biochemistry where appropriate

— The need for treatment modulation to achieve
optimal seizure control

— The possibility of occurrence of status epilepticus
and cluster seizures and the administration of
additional AEDs at home

— Costs involved

— The fact that drug interactions might occur when
combined with other AEDs or non-AEDs

— The understanding that abrupt drug withdrawal
might be detrimental

— The fact that diet (e.g salt content), diarrhoea and
vomiting may affect the absorption of AEDs. It
should be advised to keep the diet constant or to
make changes gradually and seek veterinary advice if
gastrointestinal signs occur.
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Abstract
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Common criteria for the diagnosis of drug resistance and the assessment of outcome are needed urgently as a
prerequisite for standardized evaluation and reporting of individual therapeutic responses in canine epilepsy. Thus,
we provide a proposal for the definition of drug resistance and partial therapeutic success in canine patients with
epilepsy. This consensus statement also suggests a list of factors and aspects of outcome, which should be considered
in addition to the impact on seizures. Moreover, these expert recommendations discuss criteria which determine the
validity and informative value of a therapeutic trial in an individual patient and also suggest the application of
individual outcome criteria. Agreement on common guidelines does not only render a basis for future optimization of
individual patient management, but is also a presupposition for the design and implementation of clinical studies with
highly standardized inclusion and exclusion criteria. Respective standardization will improve the comparability of
findings from different studies and renders an improved basis for multicenter studies. Therefore, this proposal provides
an in-depth discussion of the implications of outcome criteria for clinical studies. In particular ethical aspects and the
different options for study design and application of individual patient-centered outcome criteria are considered.

Background
Therapeutic management of canine and feline patients
with epilepsy poses a particular challenge for the practi-
tioner. The challenge is related to the multitude of eti-
ologies as well as the high inter-individual variance in
the clinical picture of canine and feline epilepsies. More-
over, the response to standard therapeutic regimes dif-
fers tremendously between individual patients.
Standardization in the assessment and reporting of out-
come of therapeutic interventions is essential for several
reasons. In individual patients, standardized procedures in
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the evaluation of therapeutic responses will guide practi-
tioners in the diagnosis of drug resistance as a basis for
the decision to continue with an alternate therapeutic re-
gime. Moreover, expert consensus based recommenda-
tions render a basis for common reporting schemes,
which can significantly improve the information content
of patient history documents e.g. in the case of referral to
a veterinary neurology specialist. Thus, one aim of this
consensus proposal is to provide expert recommendations
for the assessment of outcome in individual patients fo-
cusing on the impact on seizures but also considering
other relevant aspects of outcome. In addition, we provide
and discuss a list of criteria that determine whether a
therapeutic trial in an individual patient can be considered
adequate and informative. Respective guidelines will also
help to exclude pseudo-resistance (defined as lack of a re-
sponse due to an inadequate dosing or treatment regime)
in individual patients.
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Standardized assessment and reporting of therapeutic
outcome in individual patients also is a prerequisite for
the realization of scientifically proven clinical studies. In
general, it is of particular relevance for the informative
value of the study that strict inclusion and exclusion cri-
teria are considered in the enrolment of patients for
clinical studies evaluating a particular therapeutic re-
gime. For instance if the study plan is to enrol patients,
in which epilepsy proved to be resistant to monotherapy
with a specific antiepileptic drug, a common definition
of resistance as well as common criteria for an adequate
and informative trial are needed urgently. Thus, univer-
sal recommendations provided in this proposal will ren-
der a basis for an improved consideration of inclusion
and exclusion criteria, will help reduce study population
variance, and will thereby increase the significance of
study data sets and findings.

Considering the diversity of etiologies and phenotypes
of canine and feline epilepsy and considering the fact that
data from human patients indicate that therapeutic re-
sponses differ tremendously between patient subgroups
depending on etiology, epilepsy and seizures types, there
is a pressing need to perform clinical studies in respective
subgroups of canine and feline patients. Studies focusing
on epilepsy with a specific etiology will only be feasible in
the form of multicenter studies, which require common
schemes for outcome assessment. Thus, one purpose of
this consensus paper is to provide the scientific, practical
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and ethical aspects to be considered in different types of
epilepsy study designs.

Assessment of outcome in individual patients
Impact on seizures: definition of drug resistance and of
therapeutic success in individual patients
Despite a high number of studies dealing with the clinical
issue of drug resistance, a common definition of drug re-
sistant epilepsy is lacking. In 2010, a Task Force established
by the International League against Epilepsy (ILAE) has
proposed a working definition for drug resistance in human
patients, which since then has been assessed in clinical
practice: “Drug resistant epilepsy is defined as failure of
adequate trials of two tolerated, appropriately chosen and
used antiepileptic drug schedules (whether as monother-
apies or in combination) to achieve sustained seizure free-
dom” [1]. This definition has been the source of much
debate in relation to human epilepsy, and is intended
mainly for epidemiological work rather than to guide indi-
vidual practice. A recent study evaluated and confirmed
the reliability and validity of the criteria provided by the
definition [2]. The question for veterinary neurology is
whether this definition is suitable for the specific conditions
in clinical veterinary practice and whether it can be applied
to classify the outcome in canine and feline patients.

There is agreement that seizure freedom is the primary
treatment goal in the therapeutic management of canine
and feline epilepsy patients (Fig. 1; Table 1). Striving for

-

AED

Seizure free
> 3 times longest pretreatment

interictal interval and at least 3 months

Primary goal: seizure freedom

|

Partial therapeutic success?

- prevention of cluster seizures or status
epilepticus

- relevant reduction of seizure frequency

- reduction in seizure severity

considering pretreatment seizure frequency

Continue and evaluate
long-term success

Secondary goal

Continue and evaluate

Yes

‘Alternate AED schedule‘

Fig. 1 Categorization of seizure control. Seizure freedom is the primary treatment goal in the therapeutic management of canine and feline
epilepsy patients. The additional category of partial therapeutic success takes into account that the prevention of seizure clusters or status
epilepticus, and a reduction in seizure frequency or seizure severity can be of significant clinical relevance in veterinary patients

long-term success
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Table 1 Categorization of outcome in individual patients

Categories: seizure control
1. Seizure-free

2. Seizures continue with partial therapeutic success (specified: reduction
in seizure frequency including information on seizure incidence,
seizure severity, or reduction in frequency of seizure clusters and
status epilepticus)

3. Seizures continue without partial therapeutic success
4. Undetermined (specify reason)

Categories: tolerability

A. No adverse effects

B. Adverse effects

C. Treatment not tolerated (substantial adverse effects resulting in
discontinuation)

D. Undetermined (specify reason)

Consider that short-term and long-term success should be evaluated
and should be indicated as discussed in the text. As outlined in the text
respective outcome information should always include information
about the drug regime. Table modified from [1].

complete seizure control is of utmost importance consid-
ering the consequences of recurrent seizures. Repeated
epileptic seizures can result in neuronal cell loss, persistent
neuro-inflammation, disturbance of blood-brain barrier
function, and functional alterations in neurotransmitter
receptors and ion channels [3-5]. Respective alterations
can contribute to the development of behavioral co-
morbidities, can contribute to a progressively increasing
intrinsic disease severity, and a declining responsiveness
to therapeutic interventions [6].

Sudden unexpected death in epilepsy (SUDEP) is a
rare event, which however puts the patient at risk with
each single seizure event [7, 8]. Although an overall de-
creased life-span has not been confirmed in a recent
study focusing on idiopathic epilepsy [9], several other
reports acknowledge a decreased life-span in canine pa-
tients with idiopathic and structural (=symptomatic) epi-
lepsy [10—12]. These reports indicate that euthanasia is
the major risk factor contributing to a decreased life-
span due to uncontrolled seizures [10-12], but sudden
unexpected death in epilepsy (SUDEP) and seizure-
related falls, injuries, or asphyxiation are also risk factors
in the management of canine patients contributing to in-
creased mortality rates [11, 13]. To our knowledge no
information is available yet about SUDEP and life ex-
pectancy in feline epilepsy patients.

The ILAE Task Force has acknowledged in their
proposal that “a therapeutic intervention may lead to a
clinically meaningful reduction in seizure frequency (or
severity) that stops short of seizure freedom” [1]. In view
of the fact that complete vs. incomplete seizure control
does not have the same implications and consequences in
veterinary patients as it has in human patients due to the
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socioeconomic impact on daily lifestyles, and that thera-
peutic decisions have thus to be balanced with costs and
adverse effects, we included the category of partial thera-
peutic success as a secondary treatment goal in the classifi-
cation scheme that we suggest in this proposal (see 2.4)
(Fig. 1; Table 1). This decision also takes into consideration
that in the past AED induced remission for 1-3 years has
only been reported in 15 — 24 % of dogs with idiopathic
epilepsy in a wide range of studies focusing on different
dog breeds with epilepsy of various severity [11, 12, 14].

The additional category of partial therapeutic success
takes into account that a reduction in seizure frequency,
seizure severity, and the prevention of seizure clusters or
status epilepticus can be of significant clinical relevance in
veterinary patients (Fig. 1; Table 1). Regarding an impact
on seizure frequency it is difficult to set a %-based limit
for partial success, because the baseline seizure frequency
needs to be taken into consideration. Experience of veter-
inary neurologists suggests that patient caregivers, the
owners, often consider less than one seizure in 3 months
acceptable [15]. Thus, depending on the pretreatment seiz-
ure frequency a reduction of seizure density to a respective
seizure interval e. g. one seizure every 3 months can be
considered as a relevant effect. In addition, a reduction
in seizure severity can result in a clinically meaningful
success, if for instance spread of seizure activity e. g.
generalization of focal onset seizures is prevented so that
seizures remain focal. Moreover, the prevention of seizure
clusters or status epilepticus can significantly affect the
quality of life of the patient and the pet owner.

Partial therapeutic success can have a significant clin-
ical relevance in canine and feline patients also affecting
the owner’s decision for euthanasia. Nevertheless, we
propose to apply the ILAE Task Force definition for vet-
erinary patients thereby drug-resistant epilepsy is diag-
nosed if seizure freedom is not achieved with two
therapeutic trials. However, we suggest indicating for
each patient in which drug-resistant epilepsy has been
diagnosed if there was evidence for a partial therapeutic
success as outlined above.

Moreover, consideration should be given to the fact
that there might still be reasonable hope to achieve seiz-
ure freedom in patients in which several therapeutic tri-
als have failed. Respective evidence has been reported by
different groups performing studies in human patients
[16-18]. Neligan et al [17] concluded that about half of
the patients with apparent drug resistant epilepsy can
have relevant improvements in seizure control with fur-
ther drug changes. Based on these findings they dis-
cussed that the proposed ILAE Task Force definition
might be too restrictive [17]. Another study indicated
that childhood-onset epilepsy might require specific con-
siderations as 51 % of the patients with drug-resistant
epilepsy entered 5-year terminal remissions [18]. Despite
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the lack of respective, comprehensive data sets in veter-
inary medicine, we feel that it is important to avoid an
early classification of drug resistant epilepsy having a
negative impact on the clinician’s efforts to continue
with therapeutic trials in individual patients. Thus, we
suggest that the term drug resistant is always used along
with the specification ‘to which antiepileptic drugs, e.g.
phenobarbital resistant, imepitoin resistant and/or brom-
ide resistant [19, 20].

The ILAE task force definition lists an ‘appropriately
chosen antiepileptic drug schedule’ as a presupposition
for outcome conclusions [1]. In human patients know-
ledge about pathophysiological mechanisms as well as
the outcome of clinical studies rendered the basis for
treatment guidelines, which list first line antiepileptic
drugs, adjunctive antiepileptic drugs, second line antiepi-
leptic drugs, and antiepileptic drugs that may worsen
seizures for different seizure types and epilepsy syn-
dromes [21, 22]. Unfortunately, there is a lack of know-
ledge about drug responsiveness of different seizure
types and of epilepsies with different etiologies in veterin-
ary medicine. Despite this fact we propose to keep the
term ‘appropriately chosen’ in the definition (see consen-
sus statement on treatment for recommendations [23]),
when applying it to veterinary patients, as we expect a
gain in knowledge in the near future and as it should also
motivate to study differential responsiveness in patient
subgroups and canine vs. feline patients in more detail.

Please note that criteria for an adequate and inform-
ative trial in individual veterinary patients are discussed
under 2.4.

Other criteria and aspects of outcome

Impact on neurobehavioral comorbidities

Experimental studies as well as studies in human pa-
tients point to a bidirectional link between epileptic
seizures and psychological symptoms [24]. In human
epilepsy patients the increased prevalence of psychiatric
disorders including attention deficit hyperactivity dis-
order, depression, and anxiety disorders has been attrib-
uted to the psychosocial burden of epilepsy but also to
epilepsy-associated molecular, cellular, and network al-
terations. Also, it is postulated that in some instances,
the epilepsy and the co-morbidities are both the result
of similar underlying mechanisms. A direct impact of
pathophysiological mechanisms of epilepsy on neurobe-
havioral comorbidities is further confirmed by findings
in animal models [25]. So far only limited information is
available about epilepsy-associated neurobehavioral al-
terations in veterinary medicine. In drug-naive dogs di-
agnosed with idiopathic epilepsy the development of the
disease resulted in an increase in the behavioral scores
for Fear/Anxiety, Defensive Aggression, and Abnormal
Perception [26]. Following onset of medication
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Defensive Aggression was attenuated, whereas other be-
havioral alterations became evident including Abnormal
Reactivity, Attachment Disorder, Demented Behavior,
and Apathetic Behavior [26]. These data underline the
need to evaluate the effect of a therapeutic regime on
patient’s behavior with a particular focus on a beneficial
impact on neurobehavioral comorbidities. Therefore, it
is necessary to further develop behavioral scoring sys-
tems validated for the assessment of epilepsy-specific be-
havioral comorbidities. The efforts by Shihab et al [26]
and Wessmann et al [27] render an important basis for
respective score sheets, which are needed urgently for
different types of epilepsy in canine and feline patients.
In this context the questionnaire developed for the ana-
lysis of behavior in Cavalier King Charles Spaniels with
neuropathic pain due to Chiari-like malformation should
be considered as an example questionnaire tailored for a
specific neurological disease [28].

It is emphasized that data need to be collected before
the initiation of therapy, because only this baseline infor-
mation will allow distinguishing between disease-
associated alterations as well as beneficial or detrimental
effects of antiepileptic drugs. Moreover, despite the fact
that controversial findings exist, it is recommended to
thoroughly investigate the endocrine status in particular
considering that thyroid function might be altered in as-
sociation with epilepsy development and antiepileptic
drug treatment, and that the functional state of the thy-
roid gland has a major impact on neurobehavior and
brain function [29-32].

Adverse effects

Tolerability issues constitute an important limiting fac-
tor in the therapeutic management of epilepsy in human
and veterinary patients [27, 33, 34]. As further discussed
below they can significantly contribute to the patient’s
burden and can thereby determine drug retention rates.
Thus, the extent and the course of adverse effects should
be closely monitored when assessing the overall outcome
of a therapeutic trial in an individual patient (Table 1).
In general, it is important to distinguish between dose-
related effects and idiosyncratic effects as well as between
transient and long-term effects. Repeated evaluation of
adverse effects is necessary during titration phases but also
during chronic therapy. It needs to be considered that
adjustment and selective tolerance to specific adverse
effects can occur, and that aging or development of multi-
morbidities might alter the predisposition of individual
patients.

Pharmacological targeting of central nervous system
hyperexcitability is of course prone to be associated with
central nervous system adverse effects. However, pro-
nounced inter-individual differences exist in the suscep-
tibility to respective effects. Sedation or apathy and
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other behavioral alterations as well as a disturbance of
motor function [35, 36], sleep patterns, and cognition
[37] are among the dose-dependent central nervous sys-
tem effects, which should be considered in a patient’s
evaluation. In addition, systemic effects need to be
assessed including gastrointestinal effects. Moreover, it is
well known that the exposure to specific antiepileptic
drugs can increase the risk to develop pancreatitis [38,
39], hepatopathy, blood dyscrasias [40, 41] and skin re-
actions. Specific attention to the following introduction
of a new antiepileptic drug should be drawn to the po-
tential development of antiepileptic drug hypersensitivity
syndrome [42-45] which may evolve into a life-
threatening situation and requires immediate modifica-
tion of the drug regimen.

Food intake, water intake, body weight gain or loss can
be affected by both, central and peripheral effects of an-
tiepileptic drugs. The introduction of standardized vali-
dated questionnaires based on Likert or VAS scores
which comprise a respective list of frequent and rare ad-
verse effects allowing repeated comparison during drug
treatment are highly recommended. Comparison with
the pre-drug baseline condition, data, and antiepileptic
drug levels is of particular relevance. Evaluation should
also include pre-drug baseline and post-drug laboratory
evaluation which should ideally include CBC, extended
biochemical serum profile, urine and adequate evalu-
ation of liver function (pre- and postprandial bile acids
or ammonia). Evaluation of thyroid function is also rec-
ommended but faces specific challenges.

In case of polytherapy, putative drug interactions re-
quire specific considerations when assessing the tolerabil-
ity of an antiepileptic drug regime. Despite a controversial
discussion, we recommend that the endocrine status is
carefully controlled as thyroid function might be affected
by the disease as well as its treatment, and might in turn
affect the general condition with a pronounced impact on
behavior as well as body weight.

In case of severe adverse effects resulting in discon-
tinuation of a specific therapeutic approach, this fact
should be documented in the patient’s files with the
classification ‘treatment-not-tolerated’ with information
about the specific drug or other approach tested e.g.
‘Phenobarbital not tolerated’.

Assessment of the impact on quality of life
The impact of a treatment regime on quality of life (QoL)
must be considered as a major factor for the evaluation of
outcome. Thereby, therapeutic management can affect
QoL in a dichotomous manner. Whereas improved seiz-
ure control can exert beneficial effects on QoL, adverse ef-
fects can contribute to the patient’s burden.

The World Health Organization (WHO) has defined
QoL as the individual’s perception of their position in
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life in the context of the culture and value systems in
which they live and in relation to their goals, expecta-
tions, standards and concerns [46]. The International
Society for QoL Research considers health-related QoL
as the functional effect of a medical condition and/or its
consequent therapy upon a patient (http://www.isoqol.org).
They emphasize that health-related QoL is subjective and
multidimensional, encompassing physical and occupational
function, psychological state, social interaction and somatic
sensation. It is a matter of course that the assessment of
health-related quality of life in veterinary medicine is lim-
ited to just some selected dimensions and aspects from the
list of those considered in human medicine.

Whereas the development of standardized tools can
render a basis for patient-reported outcomes measure-
ment in human patients, assessment of the QoL of
veterinary patients poses an even greater challenge to
veterinary practitioners regardless of the indication. On
the other hand it is well known that the perception of a
veterinary patient’s QoL by the owner plays a major role
in important decisions regarding the therapeutic man-
agement of epilepsy or the decision for euthanasia of a
patient with difficult-to-treat or drug-resistant epilepsy.

Problems are associated with the fact that the owner’s
QoL can constitute a bias in the owner-based evaluation
of the QoL of veterinary patients with epilepsy. In this
context, it needs to be considered that caring for a dog
with idiopathic epilepsy proved to have a major impact
on the carer’s QoL [10, 27]. Thus, it is of particular rele-
vance to not only assess the patient’s QoL with owner-
based questionnaires but also to assess the carer’s QoL,
and consider both in interpretations. In this context, it is
of interest that the owner’s perception of their dog’s
quality of life proved to negatively correlate with the
amount of work required to care for the dog [47].

QoL evaluation should ideally be performed before
treatment onset, following treatment initiation, following
treatment adjustments regarding dose titration or drug
choice, and should be repeated on an annual basis.
Whereas patient-related questions in the questionnaire
developed by Wessmann et al [27] focused on the con-
trol of seizures and adverse effects of antiepileptic drugs,
owner-related key questions dealt with restrictions on
the carer’s life, frustrations of the carer, the owner’s dis-
taste of antiepileptic drug adverse effects, the carer’s
anxiety around the seizure event, and the perception of
rectal diazepam use. The efforts by Wessmann et al [27]
rendered a validated tool specific for canine idiopathic
epilepsy. Mufiana et al [48] have applied a QoL assess-
ment in the evaluation of adjunctive levetiracetam effi-
cacy and tolerability. The questionnaire used in this
study was adapted from one previously described by
Lord and Podell [47]. Respective standardized QoL as-
sessment tools need to be evaluated and if necessary
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further specified for symptomatic epilepsies, and need to
be developed for feline patients.

Adequate and informative therapeutic trial - criteria

In order to allow valid conclusions about the individual
outcome, each therapeutic trial should have been used at
optimal doses to exclude pseudoresistance defined as the
lack of a response due to an inadequate dosing or treat-
ment regime. As in human medicine, pseudoresistance
can have multiple reasons in veterinary patients. First of
all the compliance of the patient’s owner should be con-
sidered and if in doubt should be controlled by plasma
concentration analysis. As also emphasized by Kwan et
al [1] for human patients, it is of particular relevance to
guarantee an adequate dosing with sufficient duration
including efforts for optimization of dosing and titration
to clinically efficacious and still tolerated doses. If relevant
based on the mechanism of action of an antiepileptic drug,
it is recommended to control steady-state concentrations
in veterinary patients with plasma sampling and analysis
of trough levels before the next drug administration. Stan-
dardized drug level monitoring schemes are in general
highly recommended. In a recent study comparing the ef-
fect of timing of blood collection on serum phenobarbital
concentrations in dogs, no difference was evident between
trough, 3-hour and 6-hour concentrations indicating that
timing of blood sampling is not as important when pheno-
barbital is administered twice daily [49, 50]. However,
timing of sampling is likely to be of relevance, when anti-
epileptic drugs marketed for veterinary patients have failed
to achieve seizure control resulting in the use of drugs de-
veloped and marketed for human patients. The pharmaco-
kinetic features of respective antiepileptic drugs are often
suboptimal for dogs and cats, and have often not been
studied in detail in veterinary patients. Thus, the choice of
adequate administration intervals requires careful consid-
eration and control by determining trough levels. Deter-
mining trough concentrations is also of particular interest,
if seizures predominantly occur during the night. More-
over, it needs to be considered that small changes in
plasma concentrations might adversely affect outcome in
an individual patients, while no statistical effect might be
observed in a larger study population.

This however also requires valid knowledge about the
therapeutic plasma concentration range in dogs and cats,
which is not available for all antiepileptic drugs, which have
been used in canine and feline patients. Moreover, putative
drug interactions need to be considered with polytherapeu-
tic regimens. Mufiana et al [51] have recently reported
that concurrent administration of phenobarbital alone
or together with bromide significantly alters the disposition
of the antiepileptic drug levetiracetam compared to co-
administration of bromide alone. In line with previous
findings from healthy dogs [52], the findings pointed to the
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fact that phenobarbital lowers maximum plasma concen-
trations reached and accelerates the clearance of levetirace-
tam in epileptic dogs [51]. A similar interaction with
phenobarbital has been shown for zonisamide [53, 54].

As pointed out above, seizure freedom is the primary
goal in the therapeutic management of epilepsy patients.
An intense discussion has dealt with the minimum dur-
ation of a therapeutic trial allowing conclusions about
seizure-freedom in the course of an intervention trial.
Being considered seizure-free has major implications for
a human epilepsy patient for instance affecting the al-
lowance to drive or to work in specific environments. In
veterinary medicine the main question is whether the
duration of a trial has been long enough to be inform-
ative, so that one can decide about continuing with an-
other intervention trial in the case of therapeutic failure.
Moreover, trial duration also has significant implications
for the design of clinical studies, which require specific
ethical as well as trial validity considerations as further
discussed below.

A task force established by the ILAE has proposed that
a patient should be considered seizure-free in response
to a new intervention once no seizure occurred “during
a phase of at least three times the duration of their lon-
gest pre-intervention interseizure interval in the preced-
ing 12 months or during 12 months, whichever is
longer” [1]. Evaluation during a time span of at least
three times the duration of their longest preintervention
interseizure interval has been reported to result in a
95 % certainty that the patient’s seizure frequency has at
very least been decreased [1]. However, it has also been
emphasized that this certainty is only reached in patients
with a high seizure frequency. The ILAE task force pro-
posal is based on the statistical principle referred to as
the ‘Rule of Three, which dealt with the issue to calcu-
late confidence intervals for zero events [55, 56]. The
minimum duration of seizure freedom for 12 months
has been added by the Task Force in order to obtain in-
formation, if a clinically relevant sustained effect oc-
curred [1]. If seizure freedom of at least three times the
longest preintervention seizure interval has been reached
but for less than 12 months, the outcome regarding seiz-
ure control is considered “undetermined” until seizure
freedom lasts for at least 12 months [1]. More recently,
Westover et al [57] have stated that the “Rule of Three”
as an operational definition of seizure freedom might be
reasonable in many cases, but that in other common
cases a longer waiting time might be necessary. The au-
thors suggested a revised criterion for seizure freedom
which they termed the ‘Rule of Three-to-Six’ [57]. This
suggestion considers the pre-intervention probability for
therapeutic success, which for instance can be signifi-
cantly reduced in patients with a history of multiple
failed therapeutic trials. In veterinary medicine valid data
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is lacking so that it is not possible to reliably conclude
about pre-intervention probability. Thus, it is recom-
mended to consider the ILAE Task Force proposal as a
basis for seizure outcome classification in veterinary pa-
tients. However, the statistical limitations, which are
most pronounced in patients with low seizure frequen-
cies, need to be considered when drawing conclusions.

In this context, it is important to note that the devel-
opment of tolerance has been reported in canine pa-
tients during the course of a chronic antiepileptic drug
treatment regime. Thereby, one needs to distinguish be-
tween metabolic tolerance related to accelerated drug
metabolism and elimination rates and functional toler-
ance related to alterations in drug targets sites. Whereas
metabolic tolerance might be overcome by adjustment
of dosing or administration intervals, this might not be
possible with functional tolerance.

The phenomenon of tolerance also referred to as
the ‘honeymoon effect’ can result in relapse after pro-
longed periods of a pharmacological treatment. Tolerance
development has for instance been suggested by studies
with zonisamide or levetiracetam add-on regimens [58,
59]. However, in these studies the relapse or impairment
of seizure control occurred within 2 and 8 months follow-
ing initiation of the new therapeutic regime [58, 59]. Thus,
the fact that the seizure-free period should last at least
12 months according to the ILAE Task Force proposal
should account for most of the cases with tolerance devel-
opment in canine patients rather avoiding a bias of the
‘honeymoon effect’ on seizure outcome conclusion. How-
ever, it is also emphasized that relapse is possible later on,
and that a continued follow up of seizures during subse-
quent years is crucial in order to conclude about clinically
relevant long-term success. In this context, it is also im-
portant to consider that seizure reoccurrence during
therapy might also reflect ‘regression to the mean’ as pa-
tients often enter trials, when seizure frequency is high,
and for the first few months seizure frequency might
just be reduced due to the natural course of individual
seizure frequency fluctuation. Please note that the defin-
ition of short term and long term therapeutic success is
discussed in detail below (see subchapter on Outcome
criteria for clinical studies).

Several issues can result in the owners’ and practi-
tioners’ decision for discontinuation of a specific inter-
vention. In these cases, it is of utmost importance to
document the reasons for discontinuation in the pa-
tient’s files indicating whether tolerability issues, lack of
efficacy, lack of compliance, financial considerations or
other reasons resulted in the decision. Respective infor-
mation will be of relevance for future therapeutic man-
agement decisions throughout the patient’s life, and will
be of particular significance if the patient is enrolled in
future clinical studies.
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Assessment of outcome: implications for clinical
studies

Ethical and general aspects

There is a great interest of owners of epileptic dogs to par-
ticipate in trials of new antiepileptic drugs and regimens.
This interest is driven by failures of available antiepileptic
drugs in a proportion of epileptic dogs and concerns
about possible side effects of antiepileptic drug treatment
[12, 60-62]. There is general consensus that an inform-
ative clinical trial of antiepileptic drugs should be con-
ducted in a controlled, blinded and randomized manner
in order to achieve a high level of evidence [63] and to ad-
just for placebo effects which may average up to 30 %
[64], and which have been explained by natural fluctua-
tions in seizure frequency; but underreporting of seizures
towards the end of the trial or improper patient selection
may also increase clinical outcome variability [65, 66].

This raises several ethical issues which are of relevance
to epileptic dogs and their owners. In particular, there
are concerns that participation in placebo-controlled
clinical studies may withhold the chance for successful
treatment by the next individual therapeutic trial, either
due to the use of placebo or because of the requirements
to stay on an ineffective drug regime for prolonged time
periods in order to complete the study with a sufficient
number of subjects and to assess monthly seizure fre-
quency within a fixed treatment period.

These issues may be approached by the use of direct
comparison head-to-head trials and application of out-
come parameters which allow individual study end
points. Comparative head-to-head trials compare the
effectiveness of the drug under investigation against an-
other drug, usually a licensed drug with proven effective-
ness against placebo considered the gold standard for
the specific indication (active control; e. g. phenobar-
bital) [67]. This approach should provide each study par-
ticipant with a highly effective antiepileptic drug, but has
the draw-back that the differences between the interven-
tional group and the control group are smaller than if
compared to placebo and that higher numbers of partici-
pants are required for demonstration of smaller effects.
Assessment of outcome in clinical studies requires defin-
ition of clearly defined primary outcome measures. The
primary outcome measure in AED trials is efficacy defined
by the drug’s influence on seizure occurrence, but toler-
ability, quality of life, compliance and retention rates
should also be assessed in informative clinical trials [65].

The use of individual outcome parameters in clinical
trials which define individual study end points will be
possible if clinical studies aim at seizure freedom [1].
This has been suggested in human medicine for a long
time (e. g. time to first seizure, time to nth seizure, or in-
dividual patient-centered outcome criteria including tol-
erability issues), but clinical studies utilizing these
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outcome parameters are rarely found and validation for
veterinary patients would be required [65, 66, 68].

A more detailed discussion about general aspects re-
garding the design of clinical studies is beyond the scope
of this paper. In this consensus statement we will focus on
outcome parameters, and will just shortly introduce the
different types of clinical studies because study design and
inclusion criteria will affect assessment of outcome.

Types of clinical studies

Clinical studies of AED therapy should clearly describe
the study goal and the study population in focus. The
two different types of AED treatment trials are: (1)
Evaluation of AED monotherapy, or (2) evaluation of ad-
junctive AED add-on therapy. The study populations in
focus for the two study designs differ by chronicity and
likelihood of a positive outcome: Evaluation of AED
monotherapy focusses on patients with new onset epi-
lepsy, while the study population for evaluation of AED
add-on therapy is more likely to be composed of epi-
lepsy patients with a history of recurrent seizures for
prolonged time periods up to several years and proven
refractoriness to several AEDs. Controlled randomized
clinical studies with inclusion of control groups provide
higher levels of evidence and are preferred to uncon-
trolled open label pilot studies of antiepileptic drug effi-
cacy. In the latter each patient serves as its own control
and seizure frequency during the intervention period is
compared to a comparable baseline period. Uncontrolled
open label studies cannot differentiate between drug ef-
fects, natural disease fluctuations (placebo response) and
systemic influences e. g. intensified patient care during
the treatment period which might affect seizure fre-
quency. Still, open label pilot studies allow preliminary
conclusions as to the potential efficacy of the drug under
investigation, and can provide baseline statistical data
for calculation of the necessary group sizes to conduct
meaningful controlled clinical studies with adequate
statistical power. The major reason why controlled ran-
domized clinical studies fail to show an existing effect is
inadequate statistical power, caused by high drop-out
rates, insufficient patient numbers in the intervention
and control group to show an effect of a given size, or
high placebo responses [48, 64]. Patient selection con-
tributes to the variance within and between treatment
groups and will be further outlined below as part of the
inclusion criteria. Clinical studies in epilepsy also differ
significantly by the types of controls, which are used in
the respective studies. These should be clearly described
to facilitate interpretation of the results. Four different
types of controls are distinguished: (1) placebo, which
should have a similar appearance as the drug, (2) pseu-
doplacebo, meaning that the active drug is provided to
the control group in a low dose which may not be
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effective (3) active control (positive control, treatment
with an effective drug provided to the control group,
head-to-head trial) (4) pseudocontrol (control group
without any treatment; also termed negative control)
[69]. Often, for ethical reasons the only choice for a trial
in patients with new onset epilepsy can be an active
control trial [67]. In line with this concept, Boothe et al
[70] have performed a head-to-head trial comparing the
efficacy and tolerability of phenobarbital and bromide
as an initial monotherapy. During the development of
imepitoin as a new AED for canine epilepsy, several trial
types have been used in epileptic dogs [19]: (1) an open
(non-controlled) trial, comparing imepitoin with pheno-
barbital and primidone in newly diagnosed dogs with epi-
lepsy; (2) an open (non-controlled) trial, comparing add-
on with imepitoin with add-on with potassium bromide in
dogs resistant to treatment with phenobarbital and primi-
done; (3) a randomized controlled trial with imepitoin vs.
pseudoplacebo (low dose of imepitoin); (4) a randomized
controlled trial with imepitoin vs. primidone; and (5) a
randomized controlled trial with imepitoin vs. phenobar-
bital. The last trial type was used in a pivotal field trial for
approval of imepitoin by the European Medicines Agency
[20]. A randomized placebo-controlled trial for approval
in the U.S. is in progress. As an alternative the use of his-
toric controls is intensely discussed in human medicine
[71, 72]. However, due to alterations in study populations,
and placebo response rates over time and due to a pro-
nounced impact of study sites on outcome, the use of his-
toric controls also faces major issues. In veterinary
medicine, the paucity of well-controlled studies repre-
sents another limitation. In general, patients should be
assigned to the intervention and control groups in a
blinded and randomized manner to avoid any bias in pa-
tient selection. However, stratification of treatment
groups for disease severity and further parameters (e.g.
diagnosis, seizure type, appearance of cluster seizures,
age of onset, duration of seizures prior to treatment,
breed) may be warranted. Moreover, strict inclusion and
exclusion criteria need to be applied considering re-
spective parameters and clearly defining the study popu-
lation (Table 2).

In this context it should be mentioned that the pre-
ferred type of study varies by the intention of the re-
spective investigators e. g. regulatory ministries, drug
companies, or clinicians treating the respective patients.
The U.S. Food and Drug Administration (FDA) often re-
quires statistical proof of superiority to a drug with
known efficacy, European Medicines Agency (EMEA) re-
quires proof of noninferiority.

Outcome criteria for clinical studies
In human patients huge differences exist between epilep-
sies of different etiologies and seizure types regarding
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Table 2 Important inclusion criteria which may affect outcome

Criteria for the diagnosis of epilepsy  How exclusion of other episodic
events (paroxysmal dyskinesias,
tremors, episodic collapse etc.)
is achieved, which are likely not
to respond to interventions

with AEDs

Criteria to restrict the study
population under investigation
to specific patient groups,
breed-specific epilepsies,
specific etiologies

E. g. if restriction to patients
with idiopathic epilepsy, implies
to define specific measures and
examinations undertaken to
exclude other causes of epilepsy
that are known to influence
outcome in a significant manner.
These criteria should follow the
requirements for the diagnosis
of idiopathic epilepsy as defined
in a separate consensus statement.

Description of the specific
pharmacoresistance pattern of
the study population under
investigation e. g. resistance to
phenobarbital, potassium bromide,
imepitoin, levetiracetam etc.
Definition of pharmacoresistance
should follow previous consensus
in this paper, which may include
definition of minimum serum
concentrations, requirements for
measurement of trough levels and
definition of steady state periods
as deemed necessary based on
mechanism of action for the
specific drug for which
pharmacoresistance is defined.

Criteria to restrict the study
population to a specific
disease stage

Criteria to restrict the study
population under investigation
either to

- trials of AEDs in patients with
new onset epilepsy, or

- trials of AEDs in patients with
chronic refractory epilepsy

Definition of baseline data

(e.g. written seizure diary,
prospective, retrospective)

and duration of baseline

period for assessment of

median pre-treatment seizure
frequency, cluster seizure
frequency or assessment of

the longest seizure-free interval
in the year preceding study inclusion

Criteria for pre-drug assessment
in trials of AEDs in patients with
chronic epilepsy

Criteria to restrict the study
population to patients without
severe systemic disease which
will likely affect outcome

E. g. exclude severe preexisting
hepatic, renal, endocrine disease

responsiveness to different interventions, while only lim-
ited data are available in veterinary neurology with re-
gard to different types of epilepsies or breed-specific
epilepsy syndromes. It is generally agreed that a gain in
knowledge can only be obtained by applying stringent
inclusion criteria and defined endpoints, which define
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the patient groups under investigation and, furthermore,
set the base for large multicenter studies with adequate
statistical power. Inclusion criteria and outcome parame-
ters must be identical for the intervention and control
group, in order to avoid any bias which may influence
outcome assessment. Important inclusion criteria which
may influence outcome of clinical studies are outlined
shortly in Table 2, while the further discussion focuses
on the specific outcome parameters.

Regarding outcome criteria it is recommended to con-
sider all categories discussed above for individual pa-
tients, and to apply standardized evaluation tools for
assessment. Thus, the outcome assessment should not
only consider the impact on seizures (efficacy), but also
a detailed evaluation of adverse effects (tolerability) and
of the impact of the intervention on behavioral comor-
bidities, and on quality of life of the patient and care-
taker (Table 3). With regard to tolerability detailed data
on reasons for study drop-out should be provided for
each patient that exits prematurely. Furthermore reten-
tion rate is a clinical relevant parameter which reflects

Table 3 Summary of primary outcome endpoints which are
applicable to clinical studies and highlight different aspects of
outcome; modified from [65, 66, 73]

Outcome parameters

Efficacy
Conventional endpoints fixed treatment period

Seizure free rate (percentage
seizure freedom)®

no baseline data required

Short-term 24 weeks

Long-term 48 weeks — 3 years
Median seizure frequency reduction  baseline data required

Responder rate (percentage
responders)

baseline data required

(250 9% reduction median seizure frequency often not clinically relevant)
Individual endpoints

based on interseizure
interval

Time to first seizure

Time to second seizure
Time to n-th seizure

Pre-defined patient-centered
outcome criteria

individually assessed

Tolerability

10 be assessed, also assess number
and reasons for drop-outs

Adverse events

Quality of life
Patient’'s QOL score validated scores needed
Owner's QOL score control groups important

Retention rate applicable to long-term studies

? Need to specify reliability of assessment: (A) freedom of generalized seizures
only or (B) freedom of generalized and focal seizures
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the percentage of patients adhering to the drug after
prolonged treatment periods and thus is considered a
useful parameter for combined assessment of efficacy,
tolerability and even quality of life. Regarding the inter-
vention’s impact on seizures as many data should be col-
lected as possible. These should include total number of
seizures, seizure days allowing calculation of median
seizure frequency and seizure day frequency and seizure
free intervals (days). Additional parameters that assess
severity (occurrence of clusters and average number of
seizure per cluster, status epilepticus, focal seizures vs.
generalized seizures, severity and duration of post ictal
signs) should be included. This would allow assessment
of outcome in concordance with current recommenda-
tions in human medicine. Conventional primary out-
come parameters in humans are seizure free rate,
median seizure frequency, and responder rate, whereby a
drug responder is defined by a>50 % reduction in sei-
zures compared to baseline. However, this is generally
considered a very weak endpoint, also reached by pla-
cebo in many patients, so that many clinical studies pre-
fer at least 75 % reduction in seizure frequency. It
should be noted that responder rate may not be a clinic-
ally meaningful outcome parameter, while assessment of
the seizure free rate (percentage) is a hard outcome par-
ameter which is independent from baseline data and is
clinically relevant. Current ILAE guidelines request a >
20 % absolute difference in between treatment groups
for ascertainment of a clinically relevant positive out-
come [73, 74]. It remains debatable whether a 20 % dif-
ference in outcome constitutes a clinically relevant
difference in veterinary patients. A summary of outcome
criteria which highlight different aspects of the disease
and are currently discussed in human medicine is pro-
vided in Table 2. Study protocols and assessment
schemes should also collect information about putative
seizure precipitating events or factors (e.g. owner leav-
ing, excessive activity, transfer to kennel).

A consensus was reached within the group that de-
fined individual study end points based on individual
pretreatment seizure frequency are preferred and that
respective study designs should be further developed
and validated in accordance to suggestions for AED tri-
als in human patients [1]. Preferred endpoint was the
definition of short term success as seizure freedom for a
time-span exceeding three times the longest interseizure
interval (days) in the year preceding the study and for a
minimum of three months (time to 1% seizure) [1, 65,
66]. Thus, if seizure freedom is not achieved time to the
2" or n™ seizure was considered as an alternative out-
come parameter for add-on trials in patients with
chronic refractory epilepsy [1, 65]. In this setting, any
patient with continued seizures following a titration
phase will be classified as treatment failure and allowed
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to exit the study. Consequently, patients with complete
freedom of seizures or extension of the interseizure
interval to three times the longest interseizure interval
and a minimum of three months will be considered
treatment success and treatment should thereafter be
continued to assess the seizure free rate e. g. the per-
centage of patients with short-term or long-term free-
dom of seizures [67].

The use of seizure freedom as a primary outcome par-
ameter follows current ILAE recommendations and has
been successfully applied as primary outcome parameter
in one veterinary study focusing on new onset epilepsy
(outcome described as percentage seizure freedom, short
term) [70]. With this approach differences in seizure fre-
quency, seizure days, seizure severity, clusters or status
epilepticus during a fixed time period between groups
should be considered secondary outcome parameters in
clinical studies which can define and describe partial
treatment success in patients with chronic epilepsy par-
ticipating in add-on trials of AEDs in which seizure free-
dom may be difficult to achieve.

Open questions remain as to the definition of short
term or long term treatment success and whether seiz-
ure freedom can be a realistic goal in chronic epileptic
patients with AED drug polytherapy. Consensus exists
that the minimum duration of 24 weeks for studies in
human patients only assesses short term response to
AEDs, is subject to the so-called honeymoon effect, and
does not adequately predict long-term outcome after
1 year, 2 years or 5 years of treatment. Thus, follow-up
of patients for up to one year or even longer is war-
ranted. Besides seizure frequency, dogs’ QoL, owners’
QoL, adverse effects affecting tolerability, retention rate
of AED, survival rates and number and costs of veterin-
ary visits are other outcome parameters which may be
specifically applicable to long-term clinical studies in
veterinary patients due to the shortened life span of dogs
and cats compared to humans and the specific human-
animal-bond, which is affected by the disease. Open
questions remain also to the reliable assessment of focal
seizures in clinical studies in veterinary patients. Can
these be reliably counted and assessed in clinical studies
in veterinary patients without use of invasive EEG based
recording tools? Should improvement in generalized but
not in focal seizures be rated as a positive outcome e. g.
partial treatment success? These thoughts are especially
important if seizure freedom is applied as the primary
outcome parameter.

Further important points to be discussed are whether
stratification of treatment and control groups for appear-
ance of cluster seizures, breed and age of onset should
be attempted. Specifically the frequent appearance of
cluster seizure events appears to characterize a difficult
to treat subpopulation in veterinary patients with
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idiopathic epilepsy [12, 62, 75]. Differences between cer-
tain dog breeds appear to exist in regard to the natural
course of the epilepsy, while the impact of other factors
(e. g. previous head trauma) on outcome needs yet to be
defined. However, a more detailed discussion about gen-
eral aspects regarding the design of clinical studies and
the influence of study design on outcome assessment is
beyond the scope of this paper and will be provided in a
separate publication.
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Abstract

seizures not yet apparent in the veterinary literature.

Epilepsy is one of the most common chronic neurological diseases in veterinary practice. Magnetic resonance
imaging (MRI) is regarded as an important diagnostic test to reach the diagnosis of idiopathic epilepsy. However,
given that the diagnosis requires the exclusion of other differentials for seizures, the parameters for MRI examination
should allow the detection of subtle lesions which may not be obvious with existing techniques. In addition, there are
several differentials for idiopathic epilepsy in humans, for example some focal cortical dysplasias, which may only
apparent with special sequences, imaging planes and/or particular techniques used in performing the MRI scan. As a
result, there is a need to standardize MRI examination in veterinary patients with techniques that reliably diagnose
subtle lesions, identify post-seizure changes, and which will allow for future identification of underlying causes of

There is a need for a standardized veterinary epilepsy-specific MRI protocol which will facilitate more detailed
examination of areas susceptible to generating and perpetuating seizures, is cost efficient, simple to perform and
can be adapted for both low and high field scanners. Standardisation of imaging will improve clinical communication
and uniformity of case definition between research studies. A 6-7 sequence epilepsy-specific MRI protocol for
veterinary patients is proposed and further advanced MR and functional imaging is reviewed.

Keywords: Canine, Feline, Seizure, Imaging, Hippocampus

Background

Canine epilepsy has an estimated prevalence of 0.62—
0.75 % in primary veterinary practice [1, 2] and as such
is one of the most common chronic neurological
diseases. Magnetic resonance imaging (MRI) is regarded
as an essential diagnostic test however the specificity is
limited because the diagnosis of idiopathic epilepsy is
one of exclusion and the reliability of diagnosis is limited
by available technology and expertise in interpretation.
The International League against Epilepsy (ILAE) defines
idiopathic epilepsy as an epilepsy of predominately genetic
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( BiolMed Central

or presumed genetic origin and in which there is no gross
neuroanatomic or neuropathologic abnormality [3]. There-
fore by default, MRI examination of an animal with
idiopathic epilepsy should be “normal” (in human epilepsy
termed MRI-negative). However the ability to detect
lesions depends on many factors that affect the quality
of the MRI examination (Table 1). Some of these fac-
tors can be controlled, such as optimal slice thickness
and sequence. Other factors are less easy to influence.
For example, the ideal epilepsy protocol in humans
(Table 2) would include a gradient echo or similar tech-
nique for detecting haemorrhage or calcification. However
this sequence is sensitive to susceptibility artefacts arising
from the skull bones for example the mastoid area of the
temporal bone, which are a more significant problem in
veterinary patients that have a greater bone:brain ratio

© 2015 Rusbridge et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver (http://
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Table 1 Factors that have an effect on the ability to detect epileptic lesions on MRI

Type

Example

Notes

Protocol

Magnetic field
strength

Coll

Operator
factors

Interpreter
factors

Patient factors

Economic
factors

Slice thickness

Sequence

Low field versus high field
1.5 Tversus 3T

Type of coil used (for example Knee vs Head
coil)

Available channels

Inexperience / lack of training

Diligence

Inexperience / lack of training

Skull and air interface

Small brain

Brain conformation
General anaesthetic

Time

Machine costs (purchase of hardware, software,
housing and maintenance)

Relevance

Thinner slices give more chance of lesion detection. A routine scan with 5 mm thick slices and 0.5 mm interslice gaps with TIW
and T2W transverse image acquisitions and gadolinium contrast enhancement may be adequate to evaluate gross cerebral
abnormalities such as large tumours or malformations but may not detect subtle epileptic lesions. Slice thickness of 3 mm or less
in at least 2 orientations is recommended for examination of the epileptic brain and larger slice size risks missing lesions less than

5 mm [38]. However MRl machines of 1 T or less cannot provide thin slices with sufficient SNR within reasonable time. For this reason
machines under 1.5 T are considered insufficient for the imaging of human epilepsy patients unless there is no alternative [38].

Failure or inability to select the appropriate sequences to detect lesions. For example in humans, high resolution, volumetric and 3D
MRI acquisition is recommended to obtained detailed information on hippocampal anatomy, cortical gyral patterns, improve grey and
white matter contrast and to enable co-registration with other modalities or sequential MRI examinations [13, 38]. This requires a good
quality machine (1.5 T or more) and careful orientation of slice plane relative to patient position. FLAIR sequence is regarded as the most
useful image for detecting epileptic lesions in humans [38] however many low field machines produce FLAIR with low resolution.

Imaging with higher magnetic field-strength provides improved signal-to-noise ratio and spatial resolution which allows shorter
imaging times for a given resolution and/or higher resolution for a given imaging time. Higher signal-to-noise ratio allows
better resolution with smaller voxel size and thinner slice thickness [7].

Coils with minimum distance between receiving coil and brain surface and minimal diameter increase SNR and therefore image
quality. Some coils (for example brain coils) may limit the field of view that can be imaged before significant signal drop-off occurs.
The lack of availability of dog-specific coils and variation in dog head size makes coil selection challenging in some cases.

An 8 channel brain coil is usual in veterinary MRI but a 32 channel brain coil will provide much better SNR and contrast resolution.

A fully trained radiography technician understands the physics of MRI and anatomy allowing them to create images with excellent contrast
and clarity and target the brain structures to be studied. Typically, a trained MRI technician has undertaken a 3-year radiography degree plus
an additional 2-3 years of post-graduate MRI training. A poorly trained or unqualified operator may not be able to achieve optimal results
from the machine that they have. In veterinary medicine it is possible to operate a MRI service without a specialist qualification.

There are ways of improving image quality, for example increasing the number of averages (NEX) however these tend to increase
the acquisition time. Out with other reasons for decreasing imaging time (economic / duration of anaesthesia), operator
motivation is a factor. Bearing this in mind any recommended epilepsy-specific MRI protocol should not be overly onerous in order
to improve compliance. A basic protocol of 6 sequences is recommended [38].

Failure to recognise significant lesions or over-interpretation of other features. A study in humans found that 61 % of epileptogenic
lesions remained undetected following “non-expert” reports of “standard” MRI scans. The failure rate dropped to 9 % using an
epilepsy tailored MRI protocol with interpretation by experienced neuro-radiologists [39].

In some machines may cause susceptibility artefacts on gradient echo and T1W 3D imaging

Slice thickness should be proportional to the brain volume to achieve images with diagnostic quality i.e. animals with smaller brain
volume require thinner slices.

Changes in skull shape, in particular brachycephaly have resulted in changes in brain conformation [40].
Increased time under general anaesthesia may increase risk to patient.

Increased time of scanning increases cost and risks of anaesthesia. It is important to consider the balance between time of
acquisition and image quality in an animal under general anaesthesia.

Imaging with higher magnetic field-strength allows for superior images in a shorter imaging time but at a greater cost.

Identification and localisation of epileptic lesion is vital in humans with drug-resistant epilepsy, who may be candidates for potentially
curative resective epilepsy surgery. Whether this is applicable for dogs with idiopathic epilepsy remains to be seen. Technology that is
only capable of detecting large structural pathology such as tumours may be sufficient if it does not alter the management. However
acquisition of high quality scans may enable future identification of resectable lesions that are currently hypothesised.

Institute of Canine Biology
www.linstituteOfCanineBiology.org

Y6111 (5107) Yoipasay Lipuliaia/ DNG ‘I 12 d6pugsny

Gl jJo 7 obed





Rusbridge et al. BMC Veterinary Research (2015) 11:194

Table 2 Epilepsy-specific MRI protocol for humans This
“essential” 6 sequence protocol allows the detection of virtually
all common epileptogenic lesion in humans and was proposed
after systemic analysis of 2740 patients in a epilepsy pre-surgery
program [13, 38, 41]

Human epilepsy-specific MRI protocol

Slice thickness 3 mm or less

> T2W - 2 sequence orientations for hippocampal angulation
e Perpendicular to the long axis of the hippocampus
e Along the long axis of the hippocampus

> FLAIR - 2 sequence orientations for hippocampal angulation
e Perpendicular to the long axis of the hippocampus
e Along the long axis of the hippocampus

> TIW
e 3D volume with 1T mm isotropic voxel size

> Hemosiderin/calcification sensitive sequences e.g. gradient echo

than humans. The interface between bone and air can
cause inhomogeneity in the magnetic field and signal void
(susceptibility) artefact, particularly noticeable on special
sequences such as diffusion-weighted imaging (DWI) and
which can interfere with MR spectroscopic techniques.

The ability to detect epileptogenic lesions is further
limited by economics. For example, imaging with a 3
tesla (3 T) MRI system gives better anatomical detail
and is superior for detecting subtle lesions such as me-
sial temporal sclerosis [4] and migration disorders [5, 6].
However the initial and on-going cost of this technology
is prohibitive for many institutions and indeed much of
veterinary MRI is performed on low field (1 T or less)
scanners, which have decreased spatial resolution and
signal-to-noise ratio (SNR) [7].

Other technology may need to be employed to detect
lesions in MRI-negative patients. Methods of processing
MRI data post-acquisition have identified previously un-
detectable or overlooked abnormalities in humans [8, 9].
One such example is employed to improve hippocampal
volumetric measurements in the sparsely myelinated and
small brain of neonatal humans. To achieve this, contrast
is optimised by combining dual echo T2W and proton
density images [10]. In large part this is based upon the
fact that discovery of a surgically resectable lesion signifi-
cantly improves the prognosis in human drug-resistant
focal epilepsy, including abnormalities of the hippocampus
in the region of the mesial temporal lobe. As a result, if
the MRI is negative then further work-up, for example
with functional MR imaging, is engaged to help localize
the epileptogenic lesion [11-13]. Table 3 details examples
of the modalities used, none of which are established as
routine in animals. However before making recommenda-
tions for advanced imaging, the veterinary surgeon and
the owner must be clear about what is to be gained.
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Unless the diagnostic procedure changes the outcome or
management there may be little achieved by subjecting an
animal to invasive and/or expensive procedures. For
example, Smith and others found that if an epileptic dog
was less than six years old and had a normal inter-ictal
neurological examination then there was a 97 % confi-
dence of a unremarkable low field brain MRI, making
diagnosis of idiopathic epilepsy very likely [14]. At present,
given the lack of surgical or other therapeutic techniques
available to improve prognosis over standard antiepileptic
therapy, more research is required to improve the diag-
nostic sensitivity of MRI and establish the value of such
therapeutic techniques.

The purpose of this article is to propose an epilepsy-
specific MRI protocol that will optimise detection of lesions
ruling out idiopathic epilepsy as a diagnosis, standardise the
diagnosis for entry into clinical trials and facilitate detection
of lesions which develop as a consequence of epilepsy, as
well as provide high quality data for future studies investi-
gating the pathophysiology of epilepsy.

Aim of advanced diagnostic imaging for animals with
epilepsy

There are three main aims of advanced diagnostic im-
aging of the epileptic animal: 1) to rule out causes of
epileptic seizures which may be treatable with means
other than antiepileptic therapy only (e.g. inflammatory
or infectious brain disease) 2) to identify lesions which
are caused by seizures but are not themselves the source
of seizures for example hippocampal sclerosis and 3) to
provide data to further advance the field of research into
the pathogenesis and/or treatment of epilepsy. Import-
antly, MRI must always be preceded by a thorough in-
vestigation including a good clinical history with clinical
and neurological examination (see Consensus Proposal
on the diagnostic approach to epilepsy in dogs). In
addition, the absence of lesions identifiable on MRI
examination does not indicate prognosis or which drugs
are most appropriate. However MRI may enable the detec-
tion of lesions that may be associated with drug-resistance
such as hippocampal sclerosis [5]. High resolution imaging
of the hippocampus is therefore paramount in humans but
the value of this remains undetermined in animals [15, 16].

Identification of the epileptogenic lesion

Most veterinary hospitals that offer advanced diagnostic
imaging use the same protocol for the epileptic brain as
for detection of gross intracranial pathology such as tu-
mours. This reflects the aim of the procedure, namely to
identify those lesions that have a different prognosis or
treatment to idiopathic epilepsy. In human medicine,
different MRI protocols are performed depending on
whether the patient is expected to have idiopathic or
structural epilepsy. Some might recommend that epileptic
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Table 3 Novel imaging modalities for identifying epileptic foci

Modality

Principle

Veterinary application

Magnetoencephalography (MEG)
and magnetic source imaging (MSI)

Positron Emission Tomography (PET)

Ictal and inter-ictal single-photon
emission computed tomography
(ictal/inter-ictal SPECT)

Diffusion tensor imaging (DTI)

Functional magnetic resonance
imaging (fMRI)

fMRI-EEG

Functional connectivity MRI (FCMRI)

Near infra-red spectroscopy (NIRS)

Magnetic resonance spectroscopy
(MRS)

MEG - non-invasive functional imaging recording magnetic flux on the head surface
associated with electrical currents in activated sets of neurons. MSI - created when

MEG data is superimposed on a MRI [42].

Functional representational of brain activity (dependent of the radionuclide tracer
utilised) e.g. local glucose utilisation (fluorine-18 fluorodeoxyglucose - FDG). Brain
regions containing the epileptogenic zone have hypometabolism on inter-ictal
FDG-PET [12]. PET and MRI co-registration or integrated PET/MR with simultaneous

acquisition is considered superior [8].

Injection of a radiolabeled tracer during ictus and inter-ictus. Statistical comparison

of the blood flow changes. Ideally co-registered to MRI (SISCOM) [48, 49].

Detects tissue microstructural pathology that influences freedom of water

molecular diffusion. Has been used to detect hippocampal and temporal lobe
pathology in TLE and DTl tractography has been used in surgical planning [12].

Has demonstrated microstructural alterations in large white matter tracts in
idiopathic generalised epilepsy [51]

Utilises the different magnetic susceptibilities of deoxygenated and oxygenated
haemoglobin (blood oxygenation level dependent (BOLD) contrast). Deoxygenated

haemoglobin is paramagnetic leading to distortion of magnetic fields and a

shorter T2 relaxation time. Areas of increased brain activity have greater metabolic
demand and more oxygenated haemoglobin and a prolonged T2 relaxation time.
The difference in BOLD at rest and during a specific task (such as language and

memory) indicates the areas of the brain activated by the task [12].

EEG is acquired using a specialized system in the MRI machine while acquiring a
blood oxygenation level dependent (BOLD) sequence. The EEG is analysed for

epileptiform discharges spikes and the corresponding BOLD fMRI change is
evaluated [12].

Utilizes the principles of fMRI to demarcate brain networks. It evaluates the
structural changes distant from the epileptic focus. Main application is in
pathophysiology of the epilepsy but has the potential to guide surgery [12].

Probe transmits near infra-red spectrum wavelength rays that passed through the
cranium to a depth of approximately 2 cm and is absorbed by haemoglobin in the
tissue. Reflected rays are detected by a sensor probe. The strength of reflected rays
is inversely related to the concentration of haemoglobin in the brain tissue. The
resulting images are co-registered to the MRI to lateralize and localize the signal

changes [12].

MRS can be used to measure creatine (Cr), N-acetyl aspartate (NAA), choline (Cho),
lactate, myo-inositol and GABA non-invasively in the brain tissue [12]. Reduced
NAA/Cho and NAA/Cr was found in the lesional temporal lobe in TLE [61] and in
the epileptogenic/irritative zone in frontal lobe epilepsy [62]. These MRS changes

were most likely due to cell dysfunction than cell loss [12]
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Has been performed experimentally in anaesthetised non-epileptic dog [43].
May be limited by requirement for anaesthesia [44].
Identity microchip may interfere with recording [45].
Requires a magnetically shielded room and other expensive equipment [12].

FDG-PET may be useful as a diagnostic test for idiopathic epilepsy in the
dog [46, 47]

Practical difficulties of performing in ictus. Has been performed in inter-ictus
and in one study demonstrated subcortical hypoperfusion in epileptic
dogs [50]

Experimental studies suggest DTl is feasible in dog [52-54] and structural

abnormalities have been identified in a compulsive behaviour disorder [55].

No application for epilepsy yet.

Laboratory experimental studies, none relating to epilepsy [56]. Has been
used in trained awake dogs to assess cognition [57-59].

None as yet

None as yet

Pilot studies performed assessing positive emotional states in dogs [60]

Limited to superficial brain structures. May have limited application in dogs
with thicker skulls and muscle. However can be performed in awake
animals.

Studies in healthy dogs [63], laboratory canine model of seizures [64] and
in some disease states [65].
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Table 3 Novel imaging modalities for identifying epileptic foci (Continued)

Arterial spin labelling (ASL)

ASL is a non-invasive MRI technique to assess brain perfusion and therefore image None as yet
functional areas of the brain. Arterial blood is magnetically labelled using a 180°

radio frequency (RF) inversion pulse prior to imaging the region of interest (ROI).

The labelled blood flows into the ROl and reduces the MR signal and image intensity

at this area. Subtracting this image from the baseline MRI creates the perfusion image

which reflects the amount of blood delivered to each voxel [12, 66]. It has been used

to show mesial temporal hypometabolism [67] and hippocampal volume loss [68]
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Table 4 Differentials for idiopathic epilepsy that may require high resolution imaging to identify

Condition Imaging features

References

Congenital and developmental causes

Nodular heteroptopia/ focal

cortical dysplasia white matter.

L2-hydroxyglutaric aciduria

Abnormal location or thickness of deep grey matter, commonly periventricular or interspersed amongst [69]

Poor distinction between grey and white matter throughout cerebral hemispheres and deep grey matter.  [70]

Bilateral grey matter hyperintensity, especially the thalamus and cerebellum

Infectious and inflammatory causes

Distemper encephalitis

Patchy, asymmetric T2-weighted hyperintensities with mild or no contrast enhancement on T1W scans.  [7

Lesions are usually asymmetric, large, round to ovoid in shape throughout different parts of the forebrain,
especially in grey matter of the temporal lobe, as well as the brainstem, cerebellum and subcortical white

matter.

Rabies encephalitis

Very mild lesions - bilaterally symmetrical T2W hyperintensities in temporal lobes, hippocampus, [72]

hypothalamus, midbrain and pons with little or no contrast enhancement.

Metabolic, endocrine and nutritional causes

Hepatic encephalopathy
enhancement

Thiamine deficiency
colliculi, facial and vestibular nuclei

Bilaterally symmetrical TIW hyperintensities in caudate nuclei, thalamus, not associated with contrast [73]

Bilateral, symmetric T2W hyperintensities in caudate nuclei, lateral geniculate nuclei, red nucleus, caudal [74]

animals that are not expected to have idiopathic epilepsy
(for example those animals younger than 6 months or
older than 6 years or those patients with abnormal inter-
ictal neurological examination) could be examined using
an MRI protocol that does not require as high a resolution
imaging of the brain while those patients expected to have
idiopathic epilepsy could be examined using a higher reso-
lution protocol. However in practice the expense and risk
associated with general anaesthesia in veterinary patients
makes it unlikely that more than one protocol be used for
scanning an animal with epileptic seizures. Therefore any
protocol developed for animals must be capable of diag-
nosing both types of epilepsy.

For animals with a probable diagnosis of idiopathic
epilepsy (i.e. those animals that fulfil Tier 1 level of confi-
dence for diagnosis - see Consensus Proposal: Diagnostic
approach to epilepsy in dogs), many of the differential
diagnoses associated with structural epilepsy, in particular
large malformations and neoplastic causes, are relatively
straightforward to identify [6, 17, 18]. However, several are

associated with subtle changes that may be easily missed
without adequate resolution scanning and careful inter-
pretation. The most common of these are listed in Table 4.
It must also be remembered that any lesion identified is
not automatically epileptogenic in nature and other
evidence (e.g. EEG, seizure history) may be required to
demonstrate this [19].

Identification of lesions which are the consequence of
seizures

Longitudinal studies of epileptic humans suggest that
10 % of newly diagnosed patients and 25 % of those with
chronic active epilepsy develop significant cerebral,
hippocampal or cerebellar atrophy over 3.5 years [20].
More acute changes secondary to seizures have also been
reported (Fig. 1) and it is important that imaging tech-
niques are able to differentiate these resultant, reversible
changes from those that may be the cause of seizures.
Most commonly, changes that are the result of seizures are
found as T2-weighted hyperintensities predominantly in

presented in status epilepticus

Fig. 1 Post-ictal changes in the temporal and parietal lobe. Images obtained in a 1.5 T Siemens Symphony, Erlangen, Germany. Post-ictal oedema
in the temporal lobe (short white arrow), hippocampus (long white arrow) and cingulate gyrus (yellow arrow) in a 2 year male English Bulldog that
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the piriform and temporal lobes, as well as the cingulate
gyrus and hippocampus [21]. These changes resemble
those reported in humans and are likely to represent a
mixture of cytotoxic oedema and gliosis [21]. In some
cases mild contrast uptake may also be apparent [22]. In
general these changes are diffuse, relatively extensive, and
their characteristic location makes it straightforward to
distinguish them from epileptogenic lesions with either
high-field or low-field scanners. However sometimes in
can be difficult to ascertain if the changes are cause or
effect for example in VGKC-complex/LGI1 antibody-
associated limbic encephalitis in cats (Fig. 2) [23]. Cere-
brospinal fluid analysis can be unhelpful because post-ictal
pleocytosis can occur [24]. In ideal circumstances it would
be preferred to repeat imaging in the post ictal period and
also assess changes in brain volume/ atrophy however
available finances can limit this opportunity. In those pa-
tients with whom some doubt may remain, however, the
most useful procedure for identifying post-ictal MRI
changes is to repeat the scan at a later date, since these
changes resolve usually within 16 weeks [21].

Providing data for further research into the pathogenesis
and treatment of seizures

In humans, much attention has focussed on the hippo-
campus because temporal lobe epilepsy (TLE) is the
most common cause of complex focal epilepsy, and me-
sial temporal sclerosis (i.e. severe neuronal cell loss and
gliosis in the medial portion of the temporal lobe and
particularly in the hippocampus) is a major pathological
finding, occurring in roughly 50 % of TLE patients [25].
The pathogenesis of mesial temporal sclerosis is multi-
factorial and includes genetic factors and molecular
events such as channelopathies, activation of NMDA
receptors, and other conditions related to Ca(2+) influx
into neurons and imbalance of Ca(2+)-binding proteins
[26]. There has been much debate as to whether these
changes are the cause or the effect of seizures. Most sig-
nificantly, the surgical removal of these regions in patients
with an electroencephalographic (EEG) diagnosis that
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confirms their location as the source of seizure activity
results in significant improvement in seizure control in
up to 80 % of patients [27, 28]. The current diagnosis
of hippocampal sclerosis in humans requires specific
positioning of slices in order to define the hippocampus
accurately, together with a considerable body of research
defining the range of normal volumes in healthy individ-
uals. These techniques for hippocampal measurement have
been established for many years and TLE is one of the
more common homogenous forms of epilepsy, so adequate
numbers of patients are available for studies [20].

Whether hippocampal volume loss and mesial tem-
poral sclerosis is a parameter that should be assessed in
dog has yet to be established (Fig. 1). Hippocampal atro-
phy has been demonstrated in rodent models [29] and in
familial spontaneous epileptic cats where EEG features
suggested TLE [16]. Reduced volume of the hippocampus /
hippocampal atrophy has been demonstrated in epileptic
dogs [15]. Furthermore histopathological changes consist-
ent with hippocampal sclerosis have been well described in
epileptic cats [28, 30, 31] (Figs. 2, 3). For these reasons, as
well as the recognition that hippocampal sclerosis repre-
sents a common surgical target in the treatment of human
epilepsy, it appears prudent to evaluate the hippocam-
pus accurately in animal patients with epilepsy. There-
fore routine MR evaluation of the epileptic subject
should at least include a visual assessment of the hippo-
campus for atrophy, asymmetry in size, loss of defined
morphologic structure, increased T2W or T2W Fluid
Attenuated Inversion Recovery (FLAIR) signal and
decreased T1W signal [15, 32]. Hippocampal T2W
hyperintensity is well correlated with pathology and
hippocampal sclerosis and measurement of the T2 re-
laxation time (T2 relaxometry) can provide an objective
measure in humans but has not been assessed in dogs or
cats [32]. There is an argument that volumetric studies
should be performed in veterinary patients (Table 5) and
recent studies have defined the range in normal animals
[33]. However making volumetric measurements is a
labour intensive process requiring high resolution MRI

Fig. 2 Hippocampal changes in an 8 month male neutered Oriental Shorthair presented with status epilepticus. a Transverse TW2 at level of
pituitary gland. There is hyperintensity of the right temporal lobe (red arrow) (b) Transverse FLAIR at level of pituitary gland also demonstrating
hyperintensity of the right temporal lobe (red arrow) () Transverse TW1 at level of pituitary gland. There is slight gadolinium contrast enhancement in
the mesial temporal lobe. Images reproduced with the kind permission of Dr Ane Uriarte . The cat was suspected to have limbic encephalitis
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Fig. 3 Hippocampal changes in a 22 month male neutered Oriental
Shorthair with drug-resitant epilepsy. Images obtained ina 1.5 T MRl
(Siemens Symphony, Erlangen, Germany) 12 months after the images
in Fig. 2. Despite an initial course of corticosteroids and polypharmacy
with multiple anti-convulsants the cat seizured on an almost daily
basis. a Dorsal T2W orientated perpendicular to long axis of the
hippocampus. b Transverse T2W orientated parallel to the long axis
of the hippocampus. ¢ Dorsal FLAIR orientated perpendicular to
long axis of the hippocampus. d Transverse FLAIR orientated to
long axis of the hippocampus. e Dorsal TIW 3D images 1 mm slice
thickness orientated perpendicular to long axis of the hippocampus. f
Dorsal TTW orientated perpendicular to long axis of the hippocampus
post gadolinium. On FLAIR and T2W images there is reduction in
volume and a hyperintensity of the hippocampus (vellow arrows). With
the TIW 3D images it is possible to appreciate loss in definition between
the white and grey matter in addition to reduction in volume of the
hippocampus (blue arrow) There is no abnormal enhancement with
gadolinium contrast

and personnel training [33]. Currently this is only used as
a research tool, although in the future automated atlas-
based segmentation may make hippocampal volumetry
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Table 5 Reasons why it may be appropriate to perform
volumetric studies on hippocampus or other potentially
epileptogenic areas

Rationale for volumetric analysis

> To establish normative date

® Breed and size variations

e Age

e Gender

e Within subject functional and anatomical asymmetry [75]
> To provide a baseline

e At initial diagnosis and for serial comparison, for example, if
develops drug-resistant epilepsy

> To identify patients with poor prognosis / less likely to
respond to treatment

® Volume compared to normative data
e Within subject asymmetry in volume

> Improving cohort selection for entry into clinical trials
evaluating

e Antiepileptic drugs

o Neuro-protective agents that may modulate the
consequences of epilepsy on cognition and behaviour [76]

e Novel treatment modalities

more routine. Even in humans where hippocampal volu-
metry has established utility, the time demands and re-
quired technical skills mean that it has been difficult to
integrate into clinical practice [34]. Consequently patients
with a surgically resectable lesion may be missed. This has
led to the development of automated software which will

Table 6 Proposed epilepsy-specific MRI protocol for a high field
machine

Veterinary epilepsy-specific protocol for 1.5 T MRI

Slice thickness 3 mm or less

> T2W - 3 sequence orientations
e Sagittal enabling identification long axis of the hippocampus
e Dorsal, perpendicular to the long axis of the hippocampus
® Transverse, parallel to the long axis of the hippocampus
> FLAIR 1-2 sequence orientations for hippocampal angulation
® Dorsal, perpendicular to the long axis of the hippocampus

® Transverse, parallel to the long axis of the hippocampus
(optional)

> T1W

e 3D technigue at 1 mm isotropic voxel size (if possible) or
routine T1W dorsal, perpendicular to long axis of the
hippocampus

e T1W post paramagnetic contrast injection enhancement if
indicated by other pathology / desired by clinician

> Hemosiderin / calcification sensitive sequences e.g. gradient
echo

® Transverse, parallel to the long axis of the hippocampus
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Table 7 Proposed epilepsy specific MRI protocol for a low field
machine

Veterinary epilepsy-specific protocol for 0.2 T MRI

Slice thickness 4 mm or less

> T1W - 3 sequence orientations

® Sagittal enabling identification of the long axis of the
hippocampus

® Dorsal, perpendicular to the long axis of the hippocampus
® Transverse, parallel to the long axis of the hippocampus

> T2W - 2 sequence orientations for hippocampal angulation
® Dorsal, perpendicular to the long axis of the hippocampus
e Transverse, parallel to the long axis of the hippocampus

> FLAIR 1-2 sequence orientations for hippocampal
angulation

e Dorsal, perpendicular to the long axis of the hippocampus

® Transverse parallel to the long axis of the hippocampus
(optional)

> T1W post paramagnetic contrast enhancement
e |f indicated by other pathology / desired by clinician

o Number of sequences determined by pathology

compare an individual patient’s regional brain volumes
with a normative database, correcting for sex, head size,
and age [34]. Establishing automated software in veterin-
ary patients is challenging due to difficulties in automatic
brain extraction algorithms arising from the great vari-
ation is head shape and brain size and conformation.
Establishment of reference ranges for the three basic
canine brain shapes (dolicocephalic, mesaticephalic and
brachycephalic) may represent a suitable compromise.
Before making a recommendation of measurement of hip-
pocampal volumes in veterinary patients it should be

Fig. 4 Parasaggital slice in a veterinary epilepsy-specific protocol for
1.5 T MRI scanner. T2W parasagittal image of the brain demonstrating
a planned sequence parallel (yellow dotted line) and perpendicular (red
solid line) to the long axis of the hippocampus. Images obtained in a
1.5 T MRI (Siemens Symphony, Erlangen, Germany)
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remembered that hippocampal sclerosis is not applicable
to all idiopathic generalised epilepsies in humans espe-
cially if the epileptogenic focus is not the temporal lobe
[35]. Repeated seizures will affect other structures patho-
logically including the amygdala, cerebral neocortex and
the cerebellum [20].

Existing MRI protocols
Current protocols vary substantially between institu-
tions. Polling of members of the international veterinary
epilepsy task force determined that all protocols cur-
rently include imaging in at least two orientations
(transverse and sagittal) and the majority in three planes
(dorsal, typically orientated parallel to hard palate rather
than perpendicular to the long axis of the hippocampus).
T2W, T2W FLAIR and T1W images pre and post para-
magnetic contrast (gadolinium based) are included as
standard in most protocols used by specialists who are
active in the veterinary field. This differs from human
epilepsy-specific MRI protocols where routine adminis-
tration of gadolinium contrast is considered to provide
little advantage for idiopathic or TLE and is reserved for
patients in whom there is concern for tumour, vascular
malformations, inflammation, and infectious disease or
when these are suspected based on review of non-contrast
studies [35]. Routine administration of gadolinium con-
trast in veterinary medicine has been questioned [36].
Other sequences currently included in “veterinary brain
protocols” vary between institutions and may include
Gradient Echo (GE), T1 weighted Inversion Recovery
(T1WIR), Diffusion Weighted Imaging (DWI) and Short
Tau Inversion Recovery (STIR) or other fat suppression
techniques.

This variation between institutions suggests a need for
a uniform veterinary epilepsy-specific MRI protocol that
can provide a solid platform for clinical communication
and comparability of case definition between research
studies. There is also an argument for an MRI protocol
that is optimized for epilepsy evaluation facilitating more
detailed examination of areas susceptible to generating
and perpetuating seizures such as the frontal and tem-
poral lobes and other structures likely to be evaluated at
post-mortem in patients who have died. Such a protocol
must acknowledge financial constraints, be tailored for
low or high field machines and also complement patho-
logical studies.

Consensus on epilepsy-specific MRI protocol

There is a need for a standardized veterinary epilepsy-
specific MRI protocol which will facilitate more detailed
examination of areas susceptible to generating and per-
petuating seizures, complement pathological studies, is
economical, simple to perform and can be adapted for
both low and high field machines. Standardisation of

Institute of Canine Biology
www.linstituteOfCanineBiology.org





Rusbridge et al. BMC Veterinary Research (2015) 11:194 Page 10 of 15

Fig. 5 Veterinary epilepsy-specific protocol for high field MRI. Images obtained in a 1.5 T MRI (Siemens Symphony, Erlangen, Germany). Triplet of
MR images illustrating the positon of the parasagittal slice containing the hippocampus. Left. T2W parasagittal section demonstrating the hippocampus
for sequences orientated relative to the long axis. Middle. Dorsal FLAIR of the brain at the level of the orbits illustrating the position of the parasagittal
slice (green line). Right T2W transverse of the brain at the level of the hippocampus illustrating the position of the parasagittal slice (green line)

3T -
Fig. 6 Variation in appearance of the hippocampus in different skull shapes. a brachycephalic vs (b) mesocephalic vs (c) dolicocephalic with
orientation of transverse scans parallel to the long axis of the hippocampus

Fig. 7 Veterinary epilepsy-specific protocol for low field MRI. T1W parasagittal image (left) of the brain demonstrating a planned sequence orientated
parallel (green line) and perpendicular (red solid line) to the long axis of the hippocampus. It is easier to identify the hippocampus in TIW images from
a low field machine. For comparison the corresponding T2W parasagittal images are included (right). Images obtained in 0.2 T MRI (Esaote Grande,
Genova, Italy)
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Fig. 8 Veterinary epilepsy-specific protocol for high field MRI. The imaging time for 6 sequences (Figs. 8 and 9) on a 1.5 T MRI was 45 min. The
subject was an epileptic 16 month female Cocker spaniel (@) and (b) Transverse and parasagittal T2W image illustrating slice orientation. ¢ Dorsal
T2W orientated perpendicular to long axis of the hippocampus (d) Dorsal FLAIR orientated perpendicular to long axis of the hippocampus (e)
Dorsal TIW 3D imagesTmm slice thickness orientated perpendicular to long axis of the hippocampus

imaging will improve clinical communication and uni-
formity of case definition between research studies. We
propose the following protocols (Tables 6 and 7). During
protocol set-up, it is recommended that different parame-
ters (such as flip angle) are trialed in order to obtain the
optimal balance between grey-white matter contrast and
SNR (for information on MR parameters for 0, 2, 1.5 and
3T see Additional files 1, 2 and 3). Both protocols start
with obtaining a sagittal sequence. Due to the difference
in anatomical definition this is a T2W sequence in high
field machines and T1W sequence in low field machines.
In addition to identifying gross structural pathology the
sagittal images allow assessment of cerebellar atrophy ac-
cording to the protocol described by Thames and others
[37]. Using parasagittal images the long axis of the hippo-
campus is identified (Figs. 4, 5, 6, 7, 8 and 9). The hippo-
campus forms the medial wall of the temporal horn of the
lateral ventricle and is delineated on parasagittal images
by the contrasting cerebrospinal fluid. After identification
of the hippocampus, T2W and sequences are orientated
parallel and perpendicular to the long axis of the hippo-
campus (Figs. 4 and 7). T2W and FLAIR are acknowl-
edged to be optimal for detection of epileptic lesions in
humans in particular hippocampal changes (Figs. 2 and 3)

and therefore in humans two FLAIR sequences would be
obtained [38], however, it is recognized that performing
two FLAIR sequences may increase scanning time signifi-
cantly therefore we recommend that at a minimum a dor-
sal FLAIR sequence perpendicular to the long axis of the
hippocampus is obtained with an option for an additional
transverse sequence parallel to the long axis of the hippo-
campus. In high field scanners a transverse gradient echo
or similar sequences sensitive to detection of hemosiderin
and / or calcification should be obtained. Like the other
images this transverse image is also orientated parallel to
the hippocampus. In low field scanners additional T1W
sequences are recommended (Table 5). Some high field
machines may be able to obtain good resolution 3D TW1
images (Figs. 3, 8 and 10). For these the acquired slice
thickness is 1 mm or less giving improved chance of lesion
detection, better white and grey matter definition and can
be processed after imaging into any anatomical plane in-
cluding oblique. Furthermore this will facilitate volumetric
measurements and to enable co-registration with other mo-
dalities or sequential MRI examinations [13, 38]. If this is
not possible then a dorsal T1W sequence oriented along
the long axis of the hippocampus is suggested. As indicated
above there is an argument against routine paramagnetic

1.5 T MRI (Siemens Symphony, Erlangen, Germany)

Fig. 9 Veterinary epilepsy-specific protocol for high field MRI. a parasagittal T2W image illustrating slice orientation. b Transverse T2W orientated
parallel to the long axis of the hippocampus. ¢ Transverse FLAIR orientated parallel to the long axis of the hippocampus. Images obtained in a
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ina 1.5 T MRI (Siemens Symphony, Erlangen, Germany)

Fig. 10 Representative MRI from a 2.95 kg 5 year female entire Chihuahua dog that underwent a diagnostic investigation for cluster seizures. a
Parasagittal image demonstrating the hippocampus and the planned imaging perpendicular to the long axis (b) Dorsal FLAIR images orientated
perpendicular to long axis of the hippocampus demonstrating hyperintensity in the frontal lobe (short arrow). Although this protocol is optimised
for detection of hippocampal lesions visualisation of other pathology is not compromised. ¢ Dorsal TTW 3D images 1 mm slice thickness orientated
perpendicular to long axis of the hippocampus. The scrolled structure of the hippocampus is clearly defined despite the small patient size.
Furthermore the demarcation between white and grey matter can be appreciated (long arrow). d Post gadolinium T1W images are obtained
in further investigation of the frontal lobe pathology. The patient was diagnosed subsequently with necrotising encephalitis. Images obtained

contrast administration however it is acknowledged that
many veterinary neurologists would feel a MRI study of an
epileptic patient was incomplete without this therefore
these sequences are an optional extra. However if pathology
was detected in the unenhanced study, post-gadolinium se-
quences would be indicated (Fig. 10). Recommended slice
thickness is 3 mm or less for high field machines and 4 mm
or less for low field machines. Such a protocol would give
6-7 sequences for a high field machine and 6-7 sequences
on a low field machine (not including optional paramag-
netic contrast enhancement).

Additional files

Additional file 1: MRI Parameters for epilepsy-specific protocol on
a 0.2 T machine.

Additional file 2: MRI Parameters for epilepsy-specific protocol on
a 1.5 T machine.

Additional file 3: MRI Parameters for epilepsy-specific protocol on
a 3 T machine.
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Abstract

guidelines for companion animals.

research requirements.

material for scientific investigations.

Traditionally, histological investigations of the epileptic brain are required to identify epileptogenic brain lesions, to
evaluate the impact of seizure activity, to search for mechanisms of drug-resistance and to look for comorbidities.
For many instances, however, neuropathological studies fail to add substantial data on patients with complete
clinical work-up. This may be due to sparse training in epilepsy pathology and or due to lack of neuropathological

The protocols introduced herein shall facilitate systematic sampling and processing of epileptic brains and therefore
increase the efficacy, reliability and reproducibility of morphological studies in animals suffering from seizures.

Brain dissection protocols of two neuropathological centres with research focus in epilepsy have been optimised
with regards to their diagnostic yield and accuracy, their practicability and their feasibility concerning clinical

The recommended guidelines allow for easy, standardised and ubiquitous collection of brain regions, relevant for
seizure generation. Tissues harvested the prescribed way will increase the diagnostic efficacy and provide reliable
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Background

Paroxysmal seizure-like events are one of the most com-
mon causes of admission to neurological services in small
animal practice. With a prevalence ranging between 0.5 %
and 5.0 % amongst a general non-referral population of
dogs, with higher number of dogs being affected in spe-
cific breeds [1-4], epilepsy is a major health issue that se-
verely affects the performance, cognition and behaviour of
pets with recurrent seizures and thereby the quality of life
of the animals and owners, the owners’ economy as well
as their range of social activities [5-7].
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( BiolMed Central

Hence, the clinical and socioeconomical impact of epi-
lepsy, more than its semiological and pathomechanistic
resemblance to human epilepsy has been a trigger of clin-
ical research in that field ever since. However, the most re-
cent advances of imaging, video electroencephalography
and telemetry, pharmacotherapy and neurogenetics kicked-
off a new wave of enthusiasm in epileptology amongst vet-
erinary neurologists [1, 8—13].

With some exceptions [14, 15], the pace of clinical achieve-
ments in diagnostics, classification and management of
epilepsy patients in veterinary practice has not been paral-
leled by comparable insights into epilepsy-associated tissue
changes and, in particular, those underlying drug resistance.

Brain tissue studies in clinically affected animals often are
anecdotal and rarely comprise investigations for causative
changes and biomarkers. If tissue studies represent the
mainstay of rodent models of epilepsy, research in
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Table 1 Skill level thresholds in brain pathology with special reference to epilepsy pathology

Level Experience Anatomical baseline skills Semiological baseline Neuropathology baseline skills Achievement
skills & clinical
neurolocalisation
0 None: none none none na.
1° year student
(veterinary & human
medicine, neurobiology)
Untrained technician
Basic: External: Recognition of cerebrum, Distinction of clinical forebrain, Macro: Spotting malacia, gross Easy,
29 ear student cerebellum, brain stem and cerebellar and brainstem signs. malformations, mass Single training,
% ’ frontal/parietal/temporal/ lesions, haemorrhage. Within weeks
. - occipital regions.
Trained technician P 9
Internal: Distinction of white vs grey matter. Micro: None to basic neurohistology.
Il
Advanced: Recognition of brain lobes, major General: Specific neurolocalisation General: Recognition of basic Demanding,
Patholoay & neurolo brain regions (e.g. hippocampus based malformations, mass effects, Repeated training,
resfdgrfr?y neurology thalamus, basal nuclei), tracts and on clinical signs. haemorrhage, infiltrative lesions Within months
of regions containing expected nuclei. and basic neurodegeneration.
PhD students
General pathologist Epilepsy-specific: Distinction Epilepsy-specific: Histological
and localisation of seizure types. recognition of
stereotypic seizure-associated
changes.
Il Expert: Detailed knowledge of the Capable of subregional and nuclear Recognition and classification Demanding,
A broad-based species-specific topographic and neuro-localisation. of the above named entities, Cont” training,
- broad-base functional anatomy of the brain plus of microanomalies, distinct Within years

Neurology-trained
pathologist

Pathology-trained
neurologist

B. topic-based

Neuroscientist

including gyri and folia
organisation, distinct nuclei,
cortical areas and their patterning
as well as fibre connections,
neurotransmitter maps, cell
markers and the vascularity.

cytopathologies, brain specific
disease markers and
neurodegenerative disorders.

Knowledge and experience in
comparative neuropathology
including human disorders.
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Table 2 Important epilepsy-related brain zones and definitions
(adapted from [59])

Epileptogenic zone

Region of cortex that can generate epileptic
seizures and removal or disconnection of
which should lead to seizure freedom

Epileptogenic lesion  Distinct brain lesion, capable of generating

and sustaining epileptic seizures

Excitable zone Region susceptible to excitation spreading

from a primary focus

Irritative zone Region of cortex that generates interictal

epileptiform discharges on EEG

Seizure/ictal onset zone  Region where a clinical seizure originates

Symptomatogenic zone Region of cortex that generates the initial

seizure presentation (signs)

Functional deficit zone Region of cortex that in the interictal period

is clinically and/or electrophysiologically abnormal

Ictal/postictal changes  Nonspecific tissue changes due to local excitotoxicity

veterinary medicine appears to focus mainly on advancing
the genetic characterisation and less so on brain pathology
and anatomical changes.

One of the drawbacks that impacts negatively on the
neuropathological contribution to advancing the field of
canine and feline epilepsy is the lack of consensus guide-
lines for brain sampling, tissue processing, candidate areas,
stains and algorithms. Instead, most studies employ empir-
ical and inconsistent sampling modes and algorithms that
preclude external reproducibility and therefore limit the
scientific impact of the data obtained.

A standardised evaluation of brains from patients with
epilepsy should provide the basis for an informed dia-
logue between clinicians and pathologists, and therefore
requires a certain level of confidence and expertise in
that specific field (Table 1).

As we learned from the dichotomous evolution of epi-
lepsy pathology in humans, the advancement of surgical
therapy specifically promoted research and training in
focal epilepsies and produced a diaspora of neuropatholo-
gists with exceptional skills in reading biopsies from lobec-
tomy. Some of these diagnosticians influentially contribute
to the activities of the International League Against Epi-
lepsy (ILAE) and proved successful in implementing tissue
studies to the forefront of epilepsy research [16-21].

Table 3 Neuropathological sampling schemes
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In stark contrast, the interest in extra-focal pathologies
appears generally limited and attempts to foster retro-
spective post-mortem analyses in human epileptics are
sparse unless driven by forensic aspects [22, 23]. Natur-
ally, in veterinary medicine pathologists most commonly
face a post-mortem setting with incomplete data sets
but with the fortune of the entire brain being available
for examination. Due to paucity of centres with specific
expertise in epilepsy pathology, however, a dedicated
curriculum is difficult to acquire and experts are not
easily at hand for aiding processing and evaluation of
clinical cases in loco.

This limitation holds true for human autopsies as well.
Most requested post-mortem examinations are conducted
either by the coroner or hospital pathologists [23]. There
is a general perception that neuropathologists do not ne-
cessarily have to be involved into examination of epilepsy
cases until histological slides are available [23, 24]. This
view bears the risk of missing essential information on the
brain as prescriptions for sampling roughly propose guid-
ance by macroscopic changes, which requires a keen eye,
or from localising clinical, electrophysiological and/or im-
aging data, which requires special training [25].

Sending-off animal carcasses or unfixed post-mortem tis-
sues for remote examination by specialists is impractical,
expensive and, hence, not feasible. Consequently, a mean-
ingful progress in veterinary epilepsy pathology regarding
diagnosis, classification and research can be achieved only
if procedures and protocols are broadly available and man-
ageable in a para-clinical setting.

Detailed and standardised descriptions are required in
particular for immediate procedures, such as harvesting
of the brain, sampling from the fresh brain and fixation
that can be carried out by training level 0 personnel
(Table 1) but in the same vein may pose essential limits
to the adjacent work-up, diagnostic yield and accuracy.

Fixed tissues do not underlie the same time pressures.
Hence, investigators may acquire the neuro-anatomical
knowledge necessary to sample putatively epileptogenic
areas (for definition see Table 2) and those likely to carry
secondary changes [23, 24] during the fixation period.

Since “the obvious” poses the biggest obstacle to sus-
taining the diagnostic effort, data on the seizuring brain

Type Determinant Subtype Reproducibility Required skill levels
1 Evidence A: structural (MRI, gross pathology) Good 0-1
B: functional/symptomatogenic Good to fair [1-111
2 Systematic A: disease-dependent, e.g. epilepsy Good Il
B: disease-independent Good |
3 Random A: systematic (random sampling of distinct regions) Fair to poor I
B: non-systematic Poor 0
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Fig. 1 Caudodorsal view of the ventroflexed craniospinal junction in a dog after removal of paraxial muscles and laminectomie. Note the coning
of the cerebellum in the foramen magnum. DM: Dura mater; SOB: supraoccipital bone; Uv: Uvula

are poor in particular for patients with extensive struc-
tural brain lesions identified on magnetic resonance im-
aging (MRI), brain surgery or autopsy. It further needs
to be emphasised that the trigger of epilepsy (epilepto-
genic lesion) and the perilesional brain tissue may not
necessarily segregate or be contiguous with the perpetu-
ating epileptogenic zone which becomes evident through
incomplete seizure control after lesionectomy [1]. Re-
striction of the neuropathological examination to these
areas, therefore, may not offer an insight into the patho-
biology of an epileptic syndrome or the mechanisms of
drug resistance.

Even with obvious structural lesions the diagnostician
should follow the same procedures and sample the same
areas as one would in cases presented with reactive epi-
leptic seizures and idiopathic or genetic epilepsy.

Not to miss relevant information on the nature of sei-
zures, their possible causes and consequences, and on
related or unrelated comorbidities, there are three sam-
pling schemes to consider: (1) evidence-based sampling,
(2) systematic sampling and, for large brain volumes, (3)
random sampling (Table 3).

Scheme 1 comprises two different confidence levels.
For obvious reasons, sampling lesions identified via
MRI or on gross examination (type 1A) rarely poses a
problem. In contrast, symptomatogenic approaches to
brain sampling (type 1B) very much rely on both the
accuracy of the neurological history (see below) and
the clinical understanding of the pathologist. Inexperi-
enced investigators go easily with scheme 1A and are
inclined to sample brain regions at random (type
3A,B), regardless.

Apart from the above mentioned claim for evidence-
based sampling, autopsy guidelines for epilepsy by The
Royal College of Pathologists advertise simple and repro-
ducible systematic sampling from cingulate gyrus, hippo-
campus, parahippocampal gyrus, middle frontal gyrus,

e N\
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Fig. 2 Canine brain exposed via extensive craniectomy
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Fig. 3 Landmarks of the ventral brain surface in a dog (Fixed brain a, b, ¢, d; schematic illustration a’, b", ¢’, d"). Cru: crura cerebri; ERC: entorhinal cortex;
LRS: lateral rhinal sulcus; MCA: middle cerebral artery; OC: optic chiasm; PeRC: perirhinal cortex; Pit: pituitary stalk; PiLo: piriform lobe; PoRC: postrhinal
cortex; PPC: prepiriform cortex; SO: stria olfactoria; TFOP: transverse fibres of pons; TO: tuberculum olfactorium; Tra: trapezoid body; TS: transverse section
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superior and middle temporal gyri, caudate nucleus, puta-
men, globus pallidus, cerebellar vermis and cerebellar
hemispheres [24]. This selection is based on protocols
available for assessment of human neurodegenerative dis-
orders [26] and it is expected to facilitate identification of
(1) structural causes of epilepsy; (2) epilepsy-induced
changes; and (3) lethal consequences of seizures, such as
in Sudden Unexpected Death in Epilepsy (SUDEP) [23].
Likewise, it has been the consensus of the International
Veterinary Epilepsy Task Force (IVETF) to encourage and
facilitate systematic sampling of epilepsy brains in dogs
and cats in order to enable standardised diagnostic ap-
proaches and to obtain tissues adequately for epilepsy re-
search. The following protocol thus is driven by both
diagnostic motives and neurobiological considerations.
We hope, in particular, to facilitate studies on the involve-
ment and role of specific brain regions for seizure propa-
gation and semiology in dogs and cats since our current
understanding derives from suspected analogies to human
and rodent seizures.

Page 6 of 29

Determination of a structural brain abnormality in epi-
lepsy patients to be considered epileptogenic is based on
its type, neuroanatomical localisation and seizure phe-
nomenology. The term “epileptogenic” recently has been
restricted to a set of distinctive pathologies (e.g. dysem-
bryoplastic neuroepithelial tumours, focal cortical dys-
plasia, cavernoma and hippocampal sclerosis). Other
pathologies more accurately are referred to as “typically
epileptogenic” [2].

The fact that lesionectomy does not necessarily abolish
seizures [1] should increase the awareness that the princi-
pal lesion may just elicit a process in the excitable cortex
that may become an epileptogenic zone or focus itself.
The area where discharges convert into clinical seizures is
called seizure-onset or ictal-onset zone and may not be
contiguous to the symptomatogenic zone, excitation of
which determines the clinical type of seizures (Table 2).

In brain surgery of focal epilepsy, the goal is to remove
the epileptogenic zone, localised by electroencephalog-
raphy or functional MRI. The semiology and course,

cortex

Fig. 4 Insights into the three-dimensional orientation of the hippocampus after TS-1 (dashed line) in dog (a, a”) and cat (b, b’). AN: amygdaloid
nucleus; Cla: claustrum; ERC: entorhinal cortex; HC: hippocampal commissure; LGN: lateral geniculate nucleus; PeRC: perirhinal cortex; PPC: pre-piriforme
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however, may be influenced by brain regions that act as
seizure modifiers (e.g. claustrum) or propagators (e.g.
hippocampus). Those regions should not be left unseen,
even in straightforward focal structural epilepsy, to en-
able retrospective pathomechanistic and correlative
studies. If the primary or any mirror epileptic focus
cannot be excised completely, drug therapy should be
continued [1].

With all understanding of required speed and efficacy
of post-mortem examination as well as of ubiquitous fi-
nancial constraints that affect the number of slides
which can be processed, complete sampling and tissue
banking constitutes the base of good research practice
and of future scientific encounters that are expected to
impact on the management of epileptic patients.

Short overview of principal candidate areas

Epilepsy sampling should be guided by the acknowledg-
ment of possible mimicry and overlap with compulsive

Table 4 Macroscopic examination of the unfixed brain

Unfixed brain—checklist

UB-1 Changes to Cerebrum-cerebellum-brainstem size and volume

ratios
UB-2  Abnormalities of shape and patterning—tissue

a. lobes

b. lobules

c. gyri

d. folia
UB-3  Abnormalities of shape and patterning—spaces (FISS)

a. fissures

b. sulci

c. interfolia spaces
UB-4  Meningeal features

1. Dura mater a. thickness/appearance

b. venous sinuses
2. Leptomeninx a. transparency & thickness
b. meningeal blood vessels
1. filling
2. pattern & branching

UB-5 Supracollicular features

1. Tentorium cerebelli

a. position/impingement
b. thickness

2. Perimesencephalic cisterns/rostrocerebellar space

3. Lamina quadrigemina
UB-6  Cranial nerve roots

a. appearance

b. course

Page 7 of 29

and behavioural disorders, sleep disorders and move-
ment disorders [3, 4]. Sampling therefore extends from
the ascending reticular activating system (ARAS), via
thalamocortical areas to extrapyramidal motor centres of
the forebrain [5]. Little is known yet about the involve-
ment of certain brain regions in distinct forms of canine
and feline epilepsy, apart from orofacial seizures in cats
[6]. Broad sampling schemes are necessary at this stage
to acquire the respective data.

In most species, postictal and epileptogenic changes
predominantly involve grey matter of the forebrain [5]
and also Purkinje cells laden with glutamatergic synapses
[7, 8]. Neurochemistry and metabolic demands deter-
mine the irritability and hence the intrinsic vulnerability
to excitotoxicity. Minor local changes may translate into
convulsive activity and from there spread to adjacent or
remotely connected excitable areas via extra-synaptic
migratory excitation or neurotransmission. Certain areas
such as frontal cortex and temporal lobe are particularly
susceptible to generating and perpetuating seizures and
therefore should comprise the main regions of interest
when sampling brain tissue [9, 10].

Amongst irritable areas, the hippocampus resembles
the brain structure most commonly involved in seizures,
either primarily or secondarily. Thereby, its involvement

Table 5 Macroscopic examination of the trimmed brain

Trimmed brain—checklist
TB-1 FISS base

a. depth
b. width
C. course
TB-2 Cortical ribbon—subcortical white matter
a. thickness
b. symmetry
¢. delineation
d. white-grey ratio
TB-3 Large white matter tracts, capsules and interposed nuclei
a. volume & ratios
b. symmetry
c. delineation

d. misplaced grey matter

TB-4 Periventricular features
a. subependyma/glia limitans interna
b. periventricular white matter

TB-5 Ventricular features

a. ventricular size, symmetry, contents and communications
b. ependymal lining and vela
. circumventricular organs

d. choroid plexuses
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goes with essential regional, functional and interspecies
differences. In kindled and pilocarpine-treated rats, for
example, the ventral hippocampus presents with the
earliest discharges and most extensive neuronal losses,
amongst the septotemporal hippocampal axis [11, 12].
Likewise the temporoventral body (TVB), is the key area
for orofacial seizures amongst temporal lobe epilepsy in
cats; it is the main target of limbic encephalitis in
humans and cats and it is more susceptible to hippo-
campal sclerosis (HS) than the dorsal parts of hippocam-
pus [12-15].

HS is defined as pyramidal cell loss with gliosis and re-
sembles one of the most important acquired epilepsy-
promoting changes in humans [16]. It can result from
necrotising and non-necrotising hippocampal lesions
and thus should not be used synonymously with hippo-
campal necrosis. HS is subclassified according to the af-
fected cornu ammonis segments that can be evaluated
properly only in perpendicular sections of the hippocam-
pus [17]. Currently, the high prevalence of recurrent feline
epilepsy suggests a role in disease propagation in this spe-
cies [13]. Its occurrence in epileptic dogs awaits further
elucidation. Thus, suspected HS from hippocampal scans
[18] and volumetry require to be substantiated by tissue
studies [19]. Other forms of epilepsy-associated sclerosis
occur in entorhinal cortex, amygdala and the subpial mo-
lecular layer [20, 21]. Their occurrence and relevance in
feline and canine epilepsy remains to be clarified.

It should be noted that coexistence of HS with other
epileptogenic lesions (usually outside of the hippocampus)
is called “dual pathology” whereas “double pathology” re-
fers to two epileptogenic principal lesions, other than HS
[17]. If the latter occurs together with HS, this situation is
referred to as “triple pathology” [22].

Depending on the cause of epilepsy and animal spe-
cies, the flexure and dorsomedial tip of the hippocampal
tail may contribute to the epileptic syndrome. It is im-
portant to stick to the perpendicular section throughout
the longitudinal (septotemporal) axis of the hippocampus
to allow for proper evaluation of the cornu ammonis (CA)
segments and the dentate gyrus and for comparison in be-
tween the different hippocampal localisations. The same
holds true for the subiculum and parahippocampal gyrus
that may clarify whether HS is associated with reactive en-
cephalopathy such as in hypoglycaemia [23].

Even though our insights on this topic are incomplete,
temporal lobe involvement in canine epilepsy appears to
differ greatly from cats [24] and predominantly affects
the piriform cortex and amygdala, just rostral to the hip-
pocampal head. Hemispheric transverse sections of the
temporal lobe also allow for evaluation of entorhinal,
perirhinal and postrhinal cortices, insular cortex and the
claustrum, none of which has been systematically inves-
tigated in seizuring animals yet.

Page 8 of 29

Table 6 Brain lesion types

Pathological lesion
category

Type & underlying pathology

PL-1: Discolouration Pallor a. oedema
b. gliosis, sclerosis, fibrosis
¢. coagulation necrosis
d. mineralisation
e. infiltrative disease
Greyish a. oedema
b. colliquative necrosis
c. infiltrative disease
Yellow a. pus
b. caseous necrosis
¢. nuclear jaundice
Brown a. lipofuscinergic
b. siderosis
Black a. melanin
b. blood
Red blood
Pink carbon monoxide

PL-2: Loss & gain Architecture sparing: disproportion &

of tissue asymmetry
1. Gain a. regional oedema/
inflammation
b. malformation (e.g.
macrogyria)
c. harmatoma
d. low grade glioma
2. Loss a. atrophy/
neurodegeneration
b. hypoplasia
With architectural changes
1. Gain a. oedema
b. infiltrative disease
2. Loss a. atrophy

b. degeneration/necrosis

3. Topographical a. misplacement (e.g.
heterotopia)

b. disorganisation (dysplasia)

PL-3: Textural change  Induration a. glial/sclerosis
b. neoplasia
c. fibrosis
d. mineralisation
Softening a. oedema

b. collequative necrosis
c. inflammation

d. neoplasia
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Table 7 Systematic trimming of the occipitotemporal region (Block A)

Cuts Time View/specimen Landmarks and cutting levels Orientation of sections Aim/harvest Difficulty
TS-1 0 min  Ventral view of Transverse line through centre of 2D knife axis: laterolateral. Standard transverse section of the diencephalon. Easy
whole brain pituitary stalk and the broadest Plane: transver Ex the amvadaloid nucleus. thalamus and
laterolateral extension of the ane: ansverse. ﬁposlest ela Y9 ‘ato ulc eus, | Taa usat
piriform lobe often lateral geniculate nucleus, piriform cortex.
Blade movement: ventrodorsal. Allows for localisation of rostral tip of hippocampal
tail and head/TVB.

TS-2 2 min  Ventral view of Transverse line 2 mm caudal to 2D knife axis: ventrodorsal. Standard transverse section of the midbrain. Easy

TILT-1 4 min

HOR-1 7 min

TILT-2L/R 9 min

TS-3 11 min

brainstem

Caudal view of
occipital lobe
and rostral
mesencephalic
stump

Same as before

Same as previous
two steps

Lateral view of
dorsal wedge
remaining from
tissue Block A

the rostral border of TFOP

Horizontal line just dorsal to
transverse fibres of the pons

Horizontal line through the

upper mesencephalic aguaeduct

Lines perpendicularly set
through the vertex of both
occipitotemporal flexures.

Transverse line just 1-2 mm
caudal to the level of the
dorsomedial tip of
hippocampus.

Plane: transverse.
Blade movement: laterolateral
2D knife axis: laterolateral.

Plane: oblique, transverse with rostral

inclination so that the blade cuts the caudal

temporal lobe flexure at right angle.

Blade movement: from caudoventral to
rostodorsal.

2D knife axis: laterolateral.
Plane: horizontal.

Blade movement: caudorostral.

2D knife axis:
2R: dextroventral to sinistrodorsal.
2L: sinistroventral to dextrodorsal

Plane: oblique, longitudinal, with lateral
inclination (45° and 135°).

Blade movement: caudorostral.
2D knife axis: laterolateral.
Plane: transverse.

Blade movement: dextrodorsal to
sinistroventral or vice versa.

Prerequisite for TVB section

Epilepsy-specific sections of TVB.

Also shows prepiriform cortex, peri/entorhinal cortex.

Epilepsy-specific section.

Exposes CV of both hippocampi, parahippocampal
gyri, postrhinal and caudal perirhinal cortex as well
as lateral geniculate nucleus.

Epilepsy-specific sections of both hippocampal OV
and associated parahippocampal gyri, rostral colliculi,
optic radiations and main visual cortices.

Also, standard procedure in transtentorial herniation.

Epilepsy-specific section of dorsomedial hippocampal
tail and hippocampal commissure, corpus callosum,
occipitomesial cortex including cingulate gyrus and
associated subcortical white matter.

Easy but requires
some practice

Easy

Easy but requires
some practice

Moderately difficult
as the rostrocaudal
range is very small

Institute of Canine Biology
www.linstituteOfCanineBiology.org

9LZ:LL (5107) Y2Ipasay Aibulialop DING ‘b 12 Yasenen

6C J0 6 dbed





Matiasek et al. BMC Veterinary Research (2015) 11:216

Being a thalamocortical syndrome, epilepsy frequently
affects thalamus and lateral geniculate nucleus (own ob-
servations), which is synaptically connected to the oc-
cipital cortex. Investigation of this axis also may help to
differentiate between primary versus secondary occipital
lobe changes, due to forebrain enlargement and im-
pingement by the tentorium cerebelli.

Concerning the rostral pole of the brain, the diagnostic
interest in epileptic patients should carry on throughout
frontal lobe rostral to lamina terminalis and include the
precallosal fronto-olfactory region which is another area
with low-threshold excitability.

As the frontal lobe carries the motor cortex and major
extrapyramidal motor nuclei, it is the home of non-
ataxic movement disorders but also resembles an im-
portant symptomatogenic zone in motor seizures with
stereotypic movement pattern.

Naturally, the plethora of candidate areas for seizure
development and perpetuation is intimidating. The good
news is, all above mentioned areas and structures are
“mutually” sampled by a rather simple trimming protocol
within less than 30 min by inexperienced staff (see
Additional file 1) and about 10 min by experienced
investigators. Throughout all levels of expertise, regular
consultation of anatomical textbooks and articles featur-
ing topographic brain anatomy is inevitable (for useful
examples see [25—28]). Thereby, the examiner needs to
be aware of some terminological inconsistencies and the
incompleteness of the Nomina Anatomica Veterinaria
[27].

Table 8 Systematic trimming of the frontoparietal region (Block B)

Page 10 of 29

Guidelines for brain processing

Macro dissection and immediate post mortem procedures
Removal of the brain in epileptic patients employs a
standard approach via removal of the skin and of the
muscles of head and neck, mobilisation and dislocation
of orbital contents, frontonasal osteotomy and extensive
craniectomy. Before further preparation of the atlantooc-
cipital junction, preceding decapitation or supraoccipital
osteotomy, attention should be paid to possible cerebel-
lar coning and transforaminal herniation as a conse-
quence to intracranial pressure elevation (Fig. 1) [29].

Upon removal of the calvaria and dorsal (mid sagittal)
or ventrolateral (bilateral) durotomy, the exposed brain is
inspected in situ (Fig. 2). Thereafter, the olfactory bulbs
are explored and mobilised from the cribrosal lamina, the
brain is lifted and cranial nerves and the pituitary stalk are
transected avoiding unnecessary tearing.

The relief of having extracted the brain in one piece
all too often leads to premature immersion in formalin.
As a rule, a tiny piece of fresh brain tissue, deriving
from a clinically or macroscopically affected target
area, should be placed in RNA later® (Qiagen Inc, Hil-
den) or snap-frozen and stored at —-80 °C for possible
molecular analyses. Cerebrospinal fluid, brain swabs for
culture and other case-sensitive samples for microbio-
logical and virological testing also require to be har-
vested from the unfixed brain. If it comes to sampling
fresh tissue for an “-omics” approach (genomic, transcrip-
tomic, proteomic, metabolomic) to epilepsy or cryohistology,
prefixation sampling protocols can be quite sophisticated

Cuts Time  View/specimen Landmarks and cutting Orientation of sections Aim/harvest Difficulty

levels

TS-4 13 min Ventral view of the Transverse line through or 2D knife axis: laterolateral. Standard section of the Easy
frontal lobe just rostral to optic chiasm frontal lobe.

Plane: transverse. Boundary between thalamus

Blad " and basal nuclei; also shows septal
a te rgoverlnen ’ nuclei, body of fornix, rostral

ventrodorsal. commissure parietofrontal cortex.

TS-5 15 min Ventral (or dorsal) view Transverse midline section 2D knife axis: laterolateral. Standard section of the frontal lobe  Easy
of the frontal lobe of olfactory tuberculum Plane: t providing the best view of the basal

ane: ransverse. nuclei and capsules
Blade movement:
ventrodorsal.

HOR-2 17 min  Rostral view of the 2: Horizontal midline section 2D knife axis: laterolateral. Epilepsy-specific section of the Easy
still connected through proreus gyrus. susceptible olfactoryfrontal cortex.
hemispheres of ) - )

P ) 2' 2" followed by parallel Plane: horizontal. Standard section in ethmoidal
olfactoryfrontal brain : )
sections of the ventral block Blad " pathologies.
with 3 mm slice thickness. ade movement:
rostrocaudal.
SAG-1L/R 19 min Rostral view of the 1L/R: Sagittal lines through 2D knife axis: rostrocaudal.  Epilepsy-specific sections exposing  Easy

dorsal block of the
olfactoryfrontal brain

lateral third of proreus gyrus.

1 L/R/1 L"/R".followed by
parallel sections with 3 mm
slice thickness

Plane: sagittal.

Blade movement: rostrodorsal
to caudoventral.

motor cortex
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and vary in accordance to the objectives of the respective
study [30, 31].

If sampling is aspired from specific hippocampal re-
gions of the autopsied brain, the dissection protocol
mentioned below may apply even though the morph-
ology is preserved better if trimmed after fixation [32].
Detection of pathological changes by less experienced
staff increases significantly if gross examination is car-
ried out on the fixed brain [32, 33]

In surgically resected epileptogenic foci, tissue is lamellated
and slabs for “omics” and cryohistology are sandwiched
in between slices, undergoing routine formalin-fixation
and paraffin-embedding (FFPE) [32].

For a standard autopsy setting with an uncertain loca-
tion of the epileptogenic focus, it still may be worth to
snap-freeze a small section of hippocampus. Without
risking the accuracy of the standard sections, mentioned
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below, one single transverse section at the level of infun-
dibular recess of the third ventricle rostral to the
mammillary bodies (Figs. 3 and 4) may allow for tissue-
sparing identification of the dorsomedial tail of the
hippocampus from which bilateral samples can easily be
taken. Once, this has been achieved, the brain is
immersed in a sufficient volume of 10 % neutral buffered
formalin and fixed for 48 h prior to further trimming
and gross examination [33].

Post-fixation examination and trimming protocol
Preamble

Sampling of the different aspects of the hippocampus
with sections taken perpendicularly to the longitudinal
axis of the pyramidal cell band comprises the single
most critical step of trimming the epileptic brain.

fibres of pons; Tra: trapezoid body

Fig. 5 Planning of TS-2 (a, b) and inspection of the occipitotemporal brain and mesencephalon (@', b’) in dog (a', a") and cat (b, b’). Transection is
performed by a tipped blade (inlet). Aqu: mesencephalic aqueduct; BA: basilar artery; CCG: caudal composite gyrus; CN-lll: cranial nerve III; Cru:
crura cerebri; IF: intercrural cistern; LRS: lateral rhinal sulcus; Mam: mammillary bodies; PAG: periaqueductal gray matter; ParaH: parahippocampal
gyrus; PeRC: perirhinal cortex; PiLo: piriform lobe; PoRC: postrhinal cortex; Pyr: pyramis. RC: rostral colliculus; SplG: splenial gyrus; TFOP: transverse
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Nearly all other regions can be retrospectively col-
lected and identified from fixed and trimmed pieces of
brain (“bits in a bottle”). A reliable investigation of the
hippocampus, however, requires both the correct angle
of section and its physical connection to adjacent and
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connected structures such as the parahippocampal gyrus.
Thus, hippocampal sampling represents the centre of
efforts at this stage. However, the brain should not be cut
without prior evaluation! Essential information may be

TILT-2R

TILT-2*

periagueductal gray matter. Canine brain

)

a i
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Vertical
axis

Transverse =
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Fig. 6 Planning of occipitotemporal brain dissection in three steps. TFOP: transverse fibres of pons; Aqu: mesencephalic aqueduct; PAG:
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Transverse
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Transverse
Horizontal
plane
Vertical
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Fig. 7 Dissection of the temporoventral body of the hippocampus via TILT-1 in a dog. MA: mesencephalic aqueduct PAG: periaqueductal grey matter;
TFOP: transverse fibres of pons
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Fig. 8 Dissection of the caudal vertex of hippocampus via HOR-1 in a dog illustrated before (a, a’) and after (b, b") procurement of the temporoventral

missed and irreplaceably lost if macroscopic examination
has been skipped.

As in a general setting, the brain should be constantly
evaluated for anatomical abnormalities (Tables 4 and 5)
and distinct lesions (Table 6). Concerning the untrimmed

brain (Tables 4), this in particular refers to (UB-1) changes
to cerebrum-cerebellum-brain stem ratio, (UB-2) abnor-
mal brain shape and external patterning (lobes, lobules,
gyri, folia), (UB-3) increased orifical width of fissures,
interfolia spaces and sulci (FISS), (UB-4) leptomeningeal

-

TILT-2F

Fig. 9 Dissection (a) and inspection (b, dashed line) of the occipital vertex of the hippocampus in a dog. PAG: periaqueductal gray matter

TILT-24 TILT-2F
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Fig. 10 Overview of dissected temporoventral body (a: TVB), caudal vertex (b: CV), occipital vertex (c: OV) and commissure of hippocampus (c: HC).
Cing: cingulate gyrus; Cla: claustrum; ERC: entorhinal cortex; InsC: insular cortex; LGN: lateral geniculate nucleus; MGN: medial geniculate nucleus; ParaH:
parahippocampal gyrus; SpIG: splenial gyrus; VC: visual cortex
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transparency and vascular pattern, (UB-5) changes in the
rostrocerebellar space/quadrigeminal area and (UB-6) to
the appearance of cranial nerve roots.

Trimmed brain examination (Table 5), on the other
hand, checklists (TB-1) course, depth and width of FISS
base, (TB-2) volume, ratio, symmetry and delineation of
cortical ribbon and subcortical white matter, (TB-3)
visibility and symmetry of major white matter tracts and
prosencephalic nuclei, (TB-4) preservation of periven-
tricular white matter, (TB-5) appearance of the ven-
tricular surfaces, plexuses and vela, the ventricular size,
symmetry and contents.

Pathological lesions throughout the trimming process
may become evident simply by (PL-1) discolouration,
(PL-2) loss or gain of tissue and (PL-3) changes to the
texture (Table 6).
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Specific procedures
Trimming of the occipito-temporal region (tissue block A)
Orientation and planning after transverse section through
the pituitary stalk or mammillary bodies
If the brain has been removed in toto, this cut (Fig. 6)
should be performed with a long blade to enable fresh
sampling of the dorsomedial hippocampus. It also
resembles a scout section that allows for rostrocaudal local-
isation of the dorsomedial and ventrolateral hippocampal
boundaries and of the hippocampal (syn. fornical) commis-
sure. The insight gained from this section enables con-
trolled sampling of the hippocampus independent of
topographic variations in position and extension of the
hippocampus across cats and dogs and different skull types.
In addition to providing a good overview of the middle
diencephalon, this section reveals the amygdaloid nu-
cleus that is positioned just rostral to the TVB; this
should be included, as it is the second most vulnerable

HOR-1'!

mark our recommendation for systematic epilepsy pathology studies

Fig. 11 Overview of main brain slabs of Block A in correct angle of section. A selection of these may be further processed for histology. Asterisks
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Fig. 12 Planning (a, b) and performance (c, d) of dissection of the caudal and middle capsular region. AN: amygdaloid nucleus; Cing: cingulate
gyrus; CN: caudate nucleus; Forn: fornix; IC: internal capsule; InsC: insular cortex; LGN: lateral geniculate nucleus; OC: optic chiasm; SN: septal
nuclei; Thal: thalamus; TO: tuberculum olfactorium

rostral

caudal

area for seizure-associated sclerosis, in particular in tem-
poral lobe epilepsy identified clinically or on MRI, as
well as in epilepsy patients with behavioural abnormal-
ities and in unexplained drug resistance [34—36].

In particular in brachycephalic dogs and in cats, the
ventrodorsal axis of the hippocampus is very steep and its
concave plane is tilted towards the midline. Meaning that

there is no way to obtain perpendicular CA sections by

conventional transverse sections of the brain. The
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sectioning protocol should be tailored with regards to the
three-dimensional placement of the hippocampus within
the hemispheres (Table 7).

For epilepsy-related research the following segments
should be obtained bilaterally from the temporal lobe
and hippocampus:

1. amygdaloid nucleus with piriform cortex;

2. temporoventral body (TVB) with entorhinal
cortex;

3. caudal vertex of hippocampal flexure (CV) with
post-rhinal cortex;

4. occipital vertex of hippocampal flexure (OV) with
parahippocampal gyrus and visual cortex

5. dorsomedial tail at hippocampal commissure (HC)
with cingulate gyrus.
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Procurement of these regions is manageable for train-
ing level I personnel (Table 1) in 10 min or less if the
protocol is strictly followed (Tables 7, 8, 9).

Procurement of the temporoventral body of the hippocampus
For the second section (TS-2; Fig. 3), the caudal part of the
brain is approached ventrally. The transverse fibres of the
pons (TFOP) are easily recognised in between the conver-
gence of both crura cerebri (rostral) and the origin of the
pyramis (caudal). A transverse section of the brain stem is
performed with a pointed blade (e.g. scalpel blades no. 11
(cats) or 22 (dogs)), pointed ventrodorsally, just separating
the rostral quarter of TFOP from its caudal three quarters
(Fig. 5). That way, the caudal surface of the rostral mesen-
cephalic stump ventrally reveals the TFOP, the dorsal
border of which serves as the next landmark (Figs. 6 and 7).

Insert a long blade at the horizontal laterolateral axis
(0° angle), where the TFOP border the tegmentum and
lower the back edge of the blade ventrally until the sharp

(— Y‘\\\
\

\ / [
;A / /

I/
\__ I| i / Tr:anS\.rzz r:g
\U

\

Fig. 13 Planning and performance of fronto-olfactory dissection in a dog; rostral view. CN: caudate nucleus; CoCa: corpus callosum. CruS: cruciate
sulcus; OB: olfactory bulb; PraeCG: praecruciate gyrus; ProG: proreus gyrus; ProS: prorean sulcus PSS: presylvian sulcus
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mark our recommendation for systematic epilepsy pathology studies

Fig. 14 Overview of main brain slabs of Block B in correct angle of section. A selection of these may be further processed for histology. Asterisks

edge points towards the caudoventral curvature of the
temporal lobes (caudal composite gyrus and base of piri-
form lobes) at a right angle (Fig. 7).

If you perform the section in this tilted caudoventral
to rostrodorsal fashion (TILT-1), you will create a per-
pendicular section of the entorhinal cortex and TVB;
differential evaluation of individual CA segments (e.g.
for HS) or evaluation of the dentate gyrus and subicu-
lum pathology will be easy and reliable.

Adequate slices will be ready to be put in standard cas-
settes after another section is made parallel to the surface
of the wedge (TILT-1) and a longitudinal cut is made
through the attached brain stem (see Additional file 1).

Obtainment of the caudal vertex of hippocampal flexure

At the level of lateral geniculate nuclei (LGN), MR investi-
gation of the hippocampus in angled horizontal plane (or
coronal in humans) may allow for assessment of

hippocampal atrophy and HS [37]. Even though histopatho-
logical changes usually are more advanced in TVB, this ad-
jacent region should be sampled for correlative
investigations and for changes to the postrhinal and peri-
rhinal cortices [38—40].

It can be easily approached from caudal aspect again
(Fig. 6). A long blade is positioned horizontally at the dorsal
border of the mesencephalic aqueduct (Fig. 8). This section
(HOR-1) simply is conducted perpendicular to the transec-
tional surface of the mesencephalic stump in a caudorostral
fashion (horizontal plane). If the level has been correctly
chosen, the LGN are seen just opposite to the hippocampi
at the other side of the choroidal fissure (Fig. 10).

Procurement of the occipital vertex of hippocampal flexure
Additional sections of brain block A allow for a contextual
evaluation of the hippocampal OV, the parahippocampal
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rostral view
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Fig. 15 Dissection of central midbrain (a, a’), central metencephalon (b, b") and obex area (c, ¢’) in three steps. Ansi: ansiforme lobule; CC: caudal
colliculus; Cul: culmen; FisP: fissura prima; Fol; folium; Lol a: lateral lobules; Ob: obex; Pyr: pyramis; RC: rostral colliculus,; Tub: tuber. Canine brain

and splenial gyri, both directly exposed to the tentorium
and, hence, prone to impingement during herniation [29].
On caudal view of the left occipital lobe, the blade
is directed rostrally while the knife points clockwise
to 10.30 and the pivot is set slightly left to

mesencephalic aequeduct, where the periaquaeductal
grey matter dorsolaterally is expected to border the
tegmentum (TILT-2" Fig. 6; Fig. 9).

That way, the blade is supposed to cut the parahippo-
campal gyrus and hippocampus perpendicularly. For
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the right hemisphere the procedure is repeated just
mirror inverted (TILT-2R; Figs. 6 and 9).

Procurement of the dorsomedial hippocampal tail and
hippocampal commissure

Longitudinal variations of pathological lesions along the
septotemporal axis are frequently seen but have been
rarely associated to distinct aetiologies. Exceptions are
toxicopathological studies and rodent models of epilepsy
[11]. Respecting the varying connectivities, functions
and metabolism, and in particular our lack of knowledge
regarding selective vulnerabilities and involvement, the
dorsomedial hippocampus should not be omitted.

After obtainment of the occipital vertices, a wedge
shaped piece of block A remains containing the occipito-
mesial cortex, marginal and ectomarginal gyri bilaterally.
Rostral inspection of this wedge allows for judgement of
the rostral tip of the hippocampal tail in the midline, ven-
trally attached to the fornix. A transverse section (TS-3)
should be performed just about 1 mm caudal to this point.
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This level usually provides a perpendicular view of the dor-
sal CA segments and DG and of the hippocampal commis-
sure (Figs. 4 and 10) that may be one of the pathways
wiring excitations to the contralateral side of the brain.

A survey on the brain slides possibly sampled by trim-
ming of tissue block A is provided in Fig. 11.

Trimming of the parieto-frontal region (tissue block B)
Essential parts of parietal cortex will have already been
collected at the thalamic level. For gross inspection, fur-
ther transverse sections should be performed from ven-
tral at or just proximal of the optic chiasm (TS-4;
Figs. 3 and 12) to investigate septal nuclei, fornical body,
rostral commissure and basal nuclei. Depending on the
size of the brain, a parallel transverse section through
the middle part of the olfactory tuberculum (TS-5) pro-
vides a representative view of the frontal lobe, including
the caudal parts of frontal cortex, striatum and the cap-
sules (Figs. 3 and 12).

caudal view

rostral

rostral view

Vertical
axis

S LS

paramedi:sr\
T v

midline

CC: caudal colliculus; Para: paraflocculus; Verm: vermis

Fig. 16 Sagittal dissection of the caudal (a, a") and rostral (b, b") cerebellar lobes and the associated brain stem in a dog. Ansi: ansiform lobule;

caudal view

rostral view
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Fig. 17 Overview of main brain slabs of Block C in correct angle of section. A selection of these may be further processed for histology. Asterisks

Further trimming of the remaining tissue block B
(Table 8) mainly is dedicated to explore motor areas of
frontal cortex and the olfactory lobe, which resembles
another low threshold area for seizure generation and le-
sions of which are rarely associated with neurological
signs in dogs and cats other than seizures.

It proves useful to approach the olfactory bulb and
cortex, its connections to the periventricular brain and
subventricular zones using horizontal sections. To con-
duct the first horizontal section (HOR-2), the blade is
inserted in laterolateral axis at the proreus gyrus and the
tissue is cut in rostrocaudal direction (Fig. 13). With the
previous transverse cut, set caudal to the genu of the
corpus callosum, both hemispheric parts stay connected,
which facilitates cutting and processing. Depending on
the brain size, one or two further horizontal sections
(HOR-2’, -2") are performed at 3—4 mm interslice dis-
tances ventral to HOR-2 (Fig. 13).

Having achieved this, two sagittal sections through the
lateral third of the proreus gyrus (SAG-1Left/Right) and
again about 3 mm lateral to these (SAG-1'L/R) allow for
inspection of and sampling of motor cortex, flanking the
cruciate sulcus rostrally (pre-cruciate) and caudally (post-
cruciate) (Fig. 13). Further sagittal sections in vertical
plane (SAG-1" L/R) may be taken if for diagnostic
purposes.

An example of the tissue slabs achieved by trimming
of tissue block B is provided in Fig. 14.

Trimming of the hindbrain (tissue block C)

Brainstem and cerebellar seizures have not been re-
ported in domestic animals yet but there is some
histological evidence that epilepsy in dogs maybe asso-
ciated with cerebellocortical abnormalities [8]. Like-
wise, cerebellar atrophy is observed in about 25 % of
human epileptics presented at autopsy [41] with some
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Table 9 Trimming and sampling of midbrain and hindbrain (Block Q)

Cut Time  View/specimen Landmarks and cutting levels Orientation of Aim/harvest Difficulty
section
TS-2' 21 min Lateral view of Transverse line through the 2D knife axis: Standard section of the midbrain Easy
the midbrain intercollicular area (small brains) ventrodorsal.
or caudal colliculi (large brains)
Plane: transverse.
Blade movement:
laterolateral.
TS-6 22 min  Dorsal view of 6: Transverse line just caudal to 2D knife axis: Standard cross section of cerebellum Easy
the cerebellum the primary fissure. laterolateral. and medulla oblongata.
6".followed by a parallel section Plane: transverse. Shows central vermis, hemispheres,
with 3 mm slice thickness Blad " paraflocculus, flocculonodular lobe,
da ¢ morer‘neln : cerebellar roof, caudal/middle
orsoventral along peduncles and medulla oblongata.
the midline axis of
cerebellar
hemispheres.
TS-7 24 min Caudodorsal view  Transverse line close to the 2D knife axis: Standard section of the lower Easy
of the medullary  obex laterolateral. brainstem.
stum )
P Plane: transverse. Shows spinal tracts, vagal and
associated nuclei, proprioceptive
Blade movement: ' prop P
nuclei.
dorsoventral.
SAG-2M 25 min  Caudal view of Sagittal midline section through 2D knife axis: Standard section of cerebellar caudal Easy
cerebellum and caudal cerebellar vermis and ventrodorsal. lobe and in particular useful in
medulla underlying medulla. Plane: sadittal suspected foramen magnum
ane: sagittal, herniation.
midline.
Blade movement: Shows caudal vermis and midline
caudorostral. medulla.
SAG-2'L/R & 27 min Caudal view of 2'L/R: Sagittal lines, lateral und 2D knife axis: Standard sections for evaluation of Easy
SAG-2"L/R cerebellum and parallel to SAG-2M on each ventrodorsal. caudal cerebellar hemispheres.
medulla side.
2"L/R: .followed by parallel Plane: sagittal, Shows in particular lobules ansiformis
sections 3 mm lateral to 2'L/R.  paramedian. and dorsolateral proprioceptive and
vestibular areas of medulla.
Blade movement:
rostrocaudal.
SAG-3'L/R & 29 min Rostral view of the 3'L/R: Sagittal lines through the 2D knife axis: Standard sections for evaluation of Easy
SAG-3"L/R caudal midbrain lateral boundaries of ventrodorsal rostral cerebellar lobe and in particular

stump and the
rostral cerebellar
lobe

periagueductal grey matter,
about 1-2 mm lateral to the
aqueduct.

3"L/R: .followed by parallel
sections 3 mm lateral to 3'L/R.

the effects of transtentorial herniation,
as well as of pontomesencephalic
transition, including caudal collicul,
leminiscus and lateral tegmental nuclei

Plane: sagittal,
paramedian.

Blade movement:
rostrocaudal.

variabilities between anterior versus posterior lobe in-
volvement [42]. Cerebellar changes either are related
to the seizure-syndrome [8], to antiepileptic drug toxicity
[42] or to specific epileptogenic aetiologies, such as hyp-
oxia, ischaemia, intoxication or mitochondrial disease
[42, 43]. In contrast, there is no systematic interdepen-
dence between epilepsy and brainstem lesions.

Sampling of these areas pretty much underlies labora-
tory specific protocols with the basic requirement to ob-
tain sections from the cerebellum in two planes and to
investigate vital brainstem centres (Table 9).

In the following, one possible approach is illustrated
which, based upon the experience gained at our own la-
boratories (LMU Munich, UAB Barcelona), has proven
easy to perform and to standardise and is effective in
picking-up lesions blindly.

Procurement of mesencephalon

After TS-2, a transversely oriented tissue section is
taken from the caudal mesencephalic stump, either at
the intercollicular level or the level of the rostral colli-
culi (TS-2"). The caudal colliculi are sampled later on
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Table 10 Example of a CNS specific processing/embedding

cycle [45]

Incubation time Chemical Temperature
6h 70 % ethanol 40 °C
4h 80 % ethanol 40 °C
4h 90 % ethanol 40 °C
4h 100 % ethanol 40 °C
4h 100 % ethanol 40 °C
4h 100 % ethanol 40 °C
2h xylene 40 °C
2h xylene 40 °C
2h xylene 40 °C
1h paraffin? 60 °C
1h paraffin® 60 °C
1h paraffin® 60 °C
3h paraffin? 60 °C

Cycle times differ if fixation is performed with higher concentrations of
formalin as occasionally recommended for large specimens

*We recommend use of paraffin with 4 % DMSO (Paraplast®, Leica Biosystems,
Nussloch)

via paramedian sagittal sections in vertical plane (see
below).

Procurement of cerebellum and medulla oblongata at
mid-cerebellar level
In order to obtain a representative transverse section, the
cerebellum is approached from dorsal. After mesencephalic
sampling, sectioning (TS-6; Fig. 15) is carried out in a
dorsoventral direction along the dorsoventral axis of the
cerebellar hemispheres, with the long blade being inserted
2-3 mm caudal to the primary fissure. The parallel section
(TS-6"), necessary to obtain a tissue slice is then performed
either on the rostral or caudal stump, depending on the
placement of the cerebellar roof nuclei (Additional file 1).
This section provides a detailed view on the flocculo-
nodular lobe, paraflocculus, paravermis and dorsal ver-
mis, the cerebellar roof, including the associated nuclei,
the caudal peduncles or lateral foramina, and the me-
dulla at its largest laterolateral diameter that contains in
particular the dorsolateral sensory nuclei and motor nu-
clei of CN-VI and CN-VII (Fig. 15).

Procurement of the caudal vermis and the autonomic
centres of the caudal brainstem

Even though the last section being broadly considered
representative of the cerebellum, it does not contain
the essential spinocerebellar parts of the vermis, since
the nodulus belongs to the vestibulocerebellum and the
dorsal aspects of the vermis receive cortico-ponto-
cerebellar inputs. Furthermore, the medulla being cut at
mid rostocaudal level does not contain the respiratory
control  centre. In  particular in  combined
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(medullocerebellar) midline pathologies, such as in
transforaminal cerebellar herniation [29], it is essential
to study the micromorphology of these areas in detail.

Most of the vagal nerve nuclei and related parasympa-
thetic nuclei are preserved by gathering a transversely ori-
ented slab of brainstem from the obex area (TS-7; Fig. 15).

After that, the caudal part of the cerebellum and brain
stem can be sectioned sagittally through the midline
(SAG-2 M) and in sequential paramedian slides (SAG-
2'L/R; Fig. 16).

Histological slides from these brain slices allow for in-
spection of the comb-like two dimensional organisation
of the Purkinje cell dendrites, which is not possible on
transverse sections. It further elucidates histopatho-
logical sequelae of transtentorial herniation, which may
be subtle and restricted to the lingula or pyramis.

Obtainment of rostral cerebellar lobe and caudal
mesencephalon

Concerning, the transtentorial border zone, the implied
brain shifting and associated problems, the cerebellum
may have suffered from descending occipital lobes. In
contrast to transforaminal herniation, caudal transten-
torial protrusion of the occipital lobes results in a lesion
of the paravermal areas of the rostral cerebellum [29].
Midline sections, hence, do not necessarily reflect the ef-
fects of impingement. Evaluation of the rostral lobe

Table 11 Essential data (Level I) that are required to be
collected for a meaningful post-mortem examination

|. Data on the animal and
pedigree

# breed, age, gender

# evidence of seizures or other paroxysmal
and neurological diseases in the pedigree

# usual food and treats, dietary changes
# exposure to toxins/medications

Il. Data on the events &
clinical presentation

# possible triggers

# seizure onset semiology and
characteristics

# evidence of automatisms

# interictal neurological signs/
neurolocalisation

# seizure frequency and duration
# abnormal MRI and EEG findings

# abnormalities on blood work, CSF and
urine analysis

Il Epicrisis # treatment scheme and response

# changes to semiology

# recently acquired medical problems
# time span from last seizure to death
# natural death or euthanasia

# death in status epilepticus
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further may pick-up the anterior type of epilepsy-related
cerebellar atrophy [42].

Investigation of the brainstem underlying the rostral
cerebellar lobe, on the other hand, could help to detect sys-
temic ictogenic conditions such as global ischaemia [44]

There are two different assessment modes that may
be applied, depending on the individual case scenario.
The easier procedure (Table 9, Fig. 16) employs two
parallel sagittal or slightly inwardly rotated paramedial
sections in the rostrocaudal direction through caudal
colliculi and/or rostral peduncles (CC/RP) and the
caudally adjacent paravermis (SAG-3 L/R) as well as
parallel sections (SAG-3'L/R) conducted 3 mm farther
lateral (Fig. 16).

Figure 17 provides a summary of the possible tissue
slabs generated through the described protocol for tissue
block C trimming (Table 9).

An alternative option, used in distinct rostral com-
pression of the cerebellum would be a horizontal
section of the cerebellum just dorsal to the colliculi
with subsequent bilateral sagittal sections through the
“decapitated” CC/RP.

Post-Trimming procedures and histological
staining

Independent of the sections necessary for the requested
diagnosis, processing of the brain sections to paraffin
blocks is advisable to prevent the brain tissue from
formalin-induced, excessive aldehyde bridging and DNA
fragmentation. Processing cycles vary slightly in between
different labs and run on standard or, even better, dedicated
CNS programs with or without dimethylsulfoxide perme-
abilisation [45]. Table 10 provides an example of a CNS
adapted paraffin embedding cycle. It has to be made clear
that any attempt to accelerate histoprocessing will impact
negatively on the tissue quality and thereby compromise
detection of degenerative cytopathological features. Identi-
fication of infiltrative changes will be less severe.

Staining protocols, in addition to haematoxylin-eosin
(H.E.), are to be chosen in accordance to (1) the require-
ments of the individual case, (2) the investigational purpose
and (3) financial constraints. Overviews on neuropatho-
logical standard stains are provided elsewhere [46]

For elucidation of epilepsy-related changes it proved
beneficial to highlight the regional drop-out of nerve cells
by cresyl violet-based stains such as Nissl stain (without
myelin staining) or Kluver Barrera stain (with myelin
staining). In very fresh samples taken via brain surgery
or early post-mortem, NeuN immunohistochemistry
may be superior for highlighting neurons [47] but this
procedure also is far more expensive and immunoreactivity
rapidly decreases post-mortem and with prolonged fix-
ation periods.
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Apart from providing an insight into nerve cell density
neuronal stainings also facilitate the detection of his-
toarchitectural grey matter changes, such as dyslamina-
tion, and heterotopia [47]. Dysmorphic neurons, on the
other hand, become most obvious on staining for micro-
tubule associated protein 2 (MAP-2) and neurofilament
staining. Just the interpretation requires some experi-
ence in neuronal cytoarchitecture [47].

In post-mortem samples, differentiation of post- and
intra-ictal neuronal necrosis from terminal ischaemic
changes can be problematic, in particular if prefinal seiz-
ure episodes might have gone unseen. In such cases,
clarification of the fate of eosinophilic neurons can be
achieved using FluoroJade-B® or -C° [48, 49]. Other,
more specific markers of degeneration, necrosis and
apoptosis may be used based on the aim of investigation
and the experiences of the investigator.

Experience also comes into effect with evaluation of
glial response. Reactive astroglial changes occur with or
without preceding neuronal degeneration. Protoplas-
matic astrogliosis may be missed if the examiner is not
familiar with astroglial cytomorphological details. It be-
comes even more sophisticated to identify fibrillary
astrogliosis and isomorphic astrocytosis, without cyto-
plasmic accumulation. Intraobserver’s sensitivity can be
increased for both fibrillary and protoplasmic astroglio-
sis by staining for the filament glial fibrillary acidic pro-
tein (GFAP) and by use of the overall available marker
vimentin [17].

Most recently, the role of autoimmune mechanisms
[14] and neuroinflammation have gained new attention
in veterinary epileptology and led to introduction of im-
munosuppressive and anti-inflammatory treatment con-
cepts [50]. With regards to autoimmune encephalitis,
conventional markers for lymphocyte subsets, antibodies
and complement factors may shed light on their specific
involvement [14], while cellular infiltrates are seen on
standard stains (e.g. H.E.).

With ionized calcium-binding molecule (Ibal), even
subtle changes to the microglial activity can be nicely
visualised in paraffin embedded tissues of different
animal species [51] including the hippocampi of dogs
[52]. In combination with CD-163, It has also proved
to be a reliable marker for distinction of local micro-
glial response and invasive macrophages in canine en-
cephalitis [53].

Breakdown of the blood brain barrier due to seizures
or their primary pathologies will lead to pervasive effects
due to extravasation of fluid and possibly epilepsy pro-
moting molecules [54]. Postictal brain oedema usually
is quite prominent and its extension into the white mat-
ter remains visible for a prolonged period with proper
brain processing (see above). In grey matter, however, re-
absorption is quick and an oedema diagnosis may
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require staining for the water channel molecule aquapo-
rin 4 [55]. As surrogate for the possible influx of neuro-
active agents immunohistochemical staining for albumin
may be performed [54]

The list of histological tools could be further extended.
The major diagnostic purpose, though, is to identify epi-
leptogenic and postictal changes and to shed light on
possibly epileptogenic pathologies. It rarely is the stain-
ing panel that limits the success of brain histology in
clinical patients. Instead the relevant area may be easily
missed. For most investigations, H.E. staining combined
with Nissl’s stain and GFAP will provide sufficient data
for the clinician.

What the pathologist should know about the case?
Pathological studies on epilepsy brains in animals mainly
aim to identify undiagnosed seizure aetiologies, comor-
bidities and the substrate of drug-resistance as well as to
relate clinical findings, including the focality of seizures,
to morphological changes.

For a meaningful investigation, a certain data set has
to be obtained from the veterinarian and/or the owner
(Table 11) that clarifies predisposing factors and pedi-
gree data, the possibility of preceding or precipitating
events, possible exposure to toxins, neurological signs,
phenomenology and time course of the paroxysmal dis-
order, MRI and EEG data, concurrent medical problems
and therapy response.

Clinical data can be stratified, as Level 1 data (basic)
that are mandatory and Level 2 data (detailed) that are
optional. The questionnaires very much benefit from
requesting as much objective and binary parameters as
possible.

If not even Level 1 data can be obtained, efforts should
not be wasted, since pathological findings are not able to
produce and replace clinical observations. Those patients
must not be included in scientific studies as neither impact
nor relevance of tissue findings can be reproduced. The
same holds true for acquisition of control animals. Seizure
freedom has to be sought with the same stringency as
seizure histories in epilepsy patients.

Conclusions and outlook

Epilepsy is a highly prevalent disease in veterinary prac-
tice that demands to be investigated using a multi- and
transdisciplinary approach. Unfortunately, brain pathology
has been broadly perceived as a confirmative rather than
investigative tool in the retrospective work-up of epileptic
companion pets. This lack of enthusiasm may be due to
the paucity of tissue changes even in severe clinical presen-
tations [56], the sometimes overwhelming severity of non-
specific ictal and postictal changes, and the elusive ambi-
tion to localise an epileptic focus in the huge brain without
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EEG and functional imaging data or a thorough sampling
scheme.

Even though the advances in human epileptology are
dominated by the activities on focal epilepsy, we may
profit from the experiences in those cases and from par-
adigms that were brought to light by studies in rodents.
In fact, natural epilepsy in dogs and cats resembles an
ideal playground to test hypotheses originating from
“mice and men”. Comparative neuropathological con-
cepts, indeed, have unravelled important pathobiological
data that may impact on the clinical management and
prognostic considerations of epileptic animals [13, 14].

It remains to be seen that in animals advances in EEG,
functional imaging and brain surgery will translate into
surgical removal of epileptogenic brain tissue, other than
lesionectomy [1]. Until then we should benefit from the
availability of post-mortem brains the offer a precious op-
portunity to study anatomical, neurochemical and mo-
lecular determinants for seizure progression and drug
resistance, if the tissue has been stored and processed ac-
curately and changes, on high resolution, can be attributed
to specific functional brain regions. By application of the
procedures illustrated herein the caseload of epilepsies of
unknown cause may be further narrowed [57, 58].

Most hitherto published tissue studies in dogs and
cats, however, underscore even baseline neuroanatomical
accuracy and lack reproducible sampling schemes. That
way, the relevance of published findings for a larger
population of epileptic animals remains obscure, at best.

Even if the investigations may be high pitched and re-
stricted to specialised laboratories, accurate sampling of
epileptic brains can be performed at virtually any place
with minimal training requirements. The true impact of
the studies, on the other hand, very much depends on
these, less appreciated early investigational steps.

Since the mission of this group is to foster diagnosis,
research and clinical care of epilepsy in companion ani-
mals, this paper aims to ensure efficient brain sampling
by pathologists and neurologists. The above described
guideline rather has been tested in untrained staff and
rapidly can be implemented into every pathology labora-
tory that wishes to contribute to the alliance against

epilepsy.

Additional file

Additional file 1: Video featuring a real time demonstration of
systematic brain trimming. Please note, that other approaches may be
necessary for distinct lesions and neurological signs.
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