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Abstract 
 
The causes of canine epilepsy are poorly understood. The current aetiologic 

classification scheme for canine epilepsy includes the categories structural 

epilepsy, idiopathic epilepsy with genetic or suspected genetic cause, or 

idiopathic epilepsy of unknown cause. It is likely that dogs with idiopathic 

epilepsy of unknown cause have heterogeneous underlying pathologies, 

including subtle structural change that cannot be identified on conventional 

visual inspection of brain magnetic resonance images. This thesis examines the 

causes of epilepsy in a sample of Australian dogs presented to the University of 

Melbourne Veterinary Hospital. The general hypotheses explored by the studies 

described in this work are that some cases of canine idiopathic epilepsy have 

underlying structural brain pathologies similar to those identified in humans with 

epilepsy, and that canine idiopathic epilepsy is associated with increased 

cerebral levels of the excitatory neurotransmitter glutamate. 

The prevalence of epilepsy in dogs presented to the University of Melbourne 

Veterinary Hospital was 1.1%, and idiopathic epilepsy of unknown cause 

represented 75% of epilepsy diagnoses. Of the 25% of dogs with structural 

epilepsy, brain tumours were the most frequent cause (60%), followed by 

meningoencephalitis of unknown origin (11%). In dogs with idiopathic epilepsy, 

odds ratio analysis identified 21 breeds of dog with an increased risk of a 

diagnosis of epilepsy. The Hungarian viszla had a particularly strong 

association with this diagnosis, but in none of the dogs diagnosed with 

idiopathic epilepsy was a familial history of epilepsy reported. 

Based on retrospective, randomised and blinded, subjective review of brain 

magnetic resonance imaging scans of dogs with idiopathic epilepsy and 

controls, there was no convincing evidence of the magnetic resonance imaging 

findings of hippocampal sclerosis or focal cortical dysplasia. Brain MRIs were 

also evaluated using atlas-based segmentation and volumetry, based on a 

novel canine brain atlas developed for this research. Hippocampal atrophy was 

used as a biomarker for possible hippocampal sclerosis. Unilateral or bilateral 

hippocampal atrophy was identified in 15% of dogs with idiopathic epilepsy, 
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based on identifying those dogs with a hippocampal formation volume below the 

lower 95% reference limit for hippocampal volume established in control dogs. 

Increased volume of the cerebral cortex was used as a biomarker for possible 

cortical dysplasia, and reduced volume of the cerebral cortex was a biomarker 

for cerebrocortical atrophy. Dogs with idiopathic epilepsy had statistically 

significant reductions in cerebrocortical volume in the left and right olfactory, 

temporal, occipital, and right parietal lobes.  

The second hypothesis was that dogs with idiopathic epilepsy had elevated 

cerebral glutamate, the major excitatory neurotransmitter in the brain. This was 

explored non-invasively in dogs with naturally occurring epilepsy, using proton 

magnetic resonance spectroscopy to measure in vivo brain glutamate. There 

was no significant difference in either glutamate or glutamate to creatine ratio 

between dogs with epilepsy and controls. 

Further work is required to establish whether hippocampal atrophy in dogs with 

epilepsy is due to hippocampal sclerosis. This work could use both volumetry, 

T2 relaxometry, and histopathologic evaluation of brain samples. Future 

investigation of the mechanisms of cerebrocortical atrophy in epilepsy may 

involve cortical thickness measures to allow targeted correlation of regions of 

localised cerebrocortical atrophy with brain histology, and fibre tracking to map 

epileptogenic networks, exploring the connections between EEG identified 

seizure focus and regions of cortical atrophy. The role of brain glutamate may 

be further investigated using multi-voxel magnetic resonance spectroscopy at 3 

Tesla, and glutamate transporter proteins and receptors may be investigated 

through laboratory techniques.  
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Chapter 1: Introduction 

Canine epilepsy is a common neurologic disorder, with an estimated prevalence 

at veterinary referral hospitals of approximately 2.0% of all cases seen 

(Zimmermann et al. 2009; Hamamoto et al. 2016). Epilepsy is defined as “a 

disease of the brain characterized by an enduring predisposition to generate 

epileptic seizures” (Berendt et al. 2015). As such, epilepsy is a clinical 

presentation rather than a disease diagnosis itself, and there are many potential 

clinical manifestations and causes of epilepsy. The current classification system 

for canine epilepsy applies two aetiologic categories: idiopathic epilepsy which 

may have genetic, suspected genetic or unknown cause, and structural epilepsy 

(Berendt et al. 2015). 

Genetic epilepsies may be suspected based on identified genes, familial history 

or breed prevalence. An increased prevalence of epilepsy is reported in many 

canine breeds. Most studies that describe the breed incidence or prevalence of 

canine epilepsy focus on a single breed or few breeds of dog. Whilst some 

studies widely survey dogs of a particular breed (Famula et al. 1997; Jaggy et 

al. 1998; Kathmann et al. 1999; Berendt et al. 2002; Gullov et al. 2011; Viitmaa 

et al. 2013), others focus on families of affected dogs (Patterson et al. 2003; 

Patterson et al. 2005; Casal, Munuve, Janis, Werner & Henthorn 2006b). 

Broader descriptive studies reporting the prevalence of epilepsy often describe 

the proportion of affected breeds without accounting for the popularity of those 

breeds within the dog population. In humans a number of genes causing 

epilepsy have been identified, many of which code for mutations to ion 

channels, neurotransmitter receptors or transporters (Marakhonov et al. 2018; 

Wei et al. 2017; Dhiman 2017; Meldrum et al. 1999; Steinlein 1998)  It is now 

recognised that many epilepsies have a complex inheritance due to mutations 

in multiple susceptibility genes (Helbig et al. 2008), and that epigenetic factors 

likely play an important role in phenotypic expression (Helbig et al. 2008; 

Qureshi & Mehler 2010). In dogs epilepsy genes have been described in the 

Lagotto Romagnolo (Jokinen et al. 2007; Seppälä et al. 2011), and Belgian 
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shepherd (Seppälä et al. 2012). In other breeds nine mutations have been 

identified which cause a form of epilepsy similar to Lafora disease (Lohi et al. 

2005), and neuronal ceroid-lipofuscinosis (Katz et al. 2005; Melville et al. 2005; 

Awano, Katz, D. P. O'Brien, Taylor, et al. 2006; Awano, Katz, D. P. O'Brien, 

Sohar, et al. 2006; Sanders et al. 2010; Katz et al. 2011; Farias et al. 2011; 

Ekenstedt & Oberbauer 2013). These storage diseases alter brain structure and 

result in progressive myoclonic epileptic seizures (which feature brief single or 

multiple contractions of muscles), so may also be classified as structural 

epilepsies. 

Structural epilepsies are caused by physical changes to brain structure and 

many of the common causes in dogs, such as brain tumours or encephalitis, are 

readily identified on brain magnetic resonance imaging (MRI) scans. Most 

veterinary studies that report the aetiology of epilepsy as idiopathic or structural 

(symptomatic) do not provide details on the proportion of different causes of 

structural epilepsy. In humans the introduction of high resolution MRI and 

epilepsy specific MRI protocols in the late 1980’s allowed reliable pre-surgical 

identification of previously unrecognised subtle structural pathology (Jackson et 

al. 1990). Structural brain abnormalities are identified on MRI in 43 to 61% of 

human patients with drug-resistant focal epilepsy undergoing pre-surgical 

evaluation (Berg et al. 2003; McGonigal et al. 2007). In those patients with a 

structural lesion, surgical resection of this epileptogenic focus provides a 

significant reduction in seizure frequency, in some cases seizure remission, and 

a lasting effect on quality of life (S. Spencer & Huh 2008; S. Spencer et al. 

2003; Wiebe et al. 2001; Kral et al. 2003). A large scale review of resected brain 

specimens from human patients with focal epilepsy found that hippocampal 

sclerosis (HS) was the most common finding (40% of cases), followed by 

epilepsy-associated tumours (27%) and malformations of cortical development 

(13%) such as focal cortical dysplasia (FCD) and polymicrogyria (Blümcke 

2009). There is currently little evidence for such subtle brain pathology in 

epileptic dogs, however research into potential structural causes of canine 

epilepsy has been hampered by inconsistent use of epilepsy specific MRI 
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protocols, limited availability of high field strength MRI, and low availability of 

post-mortem material from epileptic dogs for histopathologic evaluation. 

In approximately half of dogs with epilepsy the cause of recurrent seizures is 

not known and a diagnosis of idiopathic epilepsy is made. The prevalence of 

canine idiopathic epilepsy of unknown cause (IE-U) is estimated at 0.62% of 

dogs attending primary veterinary practice in the United Kingdom (Kearsley-

Fleet et al. 2013); similar data are not available for Australian dogs. Although 

some dogs diagnosed with idiopathic epilepsy are suspected to have an 

underlying genetic cause, subtle structural brain disease may be present but not 

yet identified because of inappropriate selection and planning of MRI 

sequences and unfamiliarity of veterinary neurologists and radiologists with 

subtle MRI findings in epilepsy. Further investigation is required to determine if 

the structural pathologies frequently identified in human epilepsy (such as HS, 

FCD, and cortical atrophy) are also present in canine epilepsy patients. 

The molecular basis underlying epilepsy is complex and incompletely 

understood. Molecular mechanisms for epileptogenesis are unlikely to be the 

same for all epileptic patients as a variety of pathways are potentially involved. 

Potential mechanisms include altered neuronal excitability through changes to 

neuronal ion channels, the balance between the excitatory neurotransmitter 

glutamate and inhibitory neurotransmitter gamma-amino-butyric acid (GABA), 

and the role of neurotransmitter receptors and transporters. The role of 

excitatory neurotransmitters such as glutamate in the initiation and propagation 

of epileptic seizures has long been of interest in human medicine, with many 

studies on this arising from models of epilepsy induced in rats. Glutamate and 

GABA levels within the cerebrospinal fluid (CSF) of epileptic dogs have been 

investigated (Ellenberger et al. 2004; Podell & Hadjiconstantinou 1997), and 

CSF glutamate and glutamic acid levels were found to be higher in epileptic 

dogs (Creevy et al. 2013; T. Hasegawa et al. 2014). Limited research has been 

conducted on in vivo measurement of brain glutamate in canine epilepsy, with 

one study that used intra-cerebral microdialysis to measure glutamate levels in 
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four epileptic Shetland sheepdogs (Morita, Takahashi, et al. 2005). Another 

study used magnetic resonance spectroscopy (MRS) for in vivo measurement 

of brain metabolites in dogs with induced status epilepticus, and found 

increased glutamate in the post-ictal period (Neppl et al. 2001). The 

investigation of the role of glutamate in naturally occurring canine epilepsy will 

help further the knowledge of epilepsy pathophysiology in both canine and 

human species. 

The emotional toll placed on owners of epileptic dogs is high; owners often find 

it distressing to observe seizures in their dog. The top three concerns 

expressed by owners of epileptic dogs are “the dog’s quality of life”, “seizure 

frequency” and “side effects of anti-seizure drugs”. Although most owners are 

highly dedicated to their dog and do not regard administering medications as a 

nuisance, 60% of owners acknowledge that caring for an epileptic dog affects 

organisation of their free time (Chang et al. 2006). In addition, a financial burden 

is placed on owners who pursue diagnostic testing such as blood tests and 

brain MRI, ongoing blood tests to monitor drug therapy, and the ongoing 

expense of anti-seizure medication. For many owners, the emotional and 

financial burden of caring for an epileptic dog is too high and the decision is 

made to euthanase their pet. In other cases, epilepsy is severe and poorly 

controlled with medication, resulting in death of the dog through prolonged 

seizures (status epilepticus) or euthanasia at the owner’s request. Epileptic 

dogs are therefore at risk of premature death, surviving a median of 2.3 years 

after diagnosis (Berendt et al. 2007). Survival time for dogs euthanased due to 

idiopathic epilepsy is significantly shorter than survival time for dogs 

euthanased for other reasons (Berendt et al. 2007; Fredsø et al. 2014). 

Epilepsy not only reduces the quantity of a dog’s life, but potentially has a 

chronic negative effect on quality of a dog’s life (Packer & Volk 2015); many 

dogs with IE-U have behavioural co-morbidities, showing fear/anxiety, defensive 

aggression, abnormal perception and demented behaviour (Shihab et al. 2011). 

These issues of the poor quality and quantity of life in epileptic dogs and toll 

placed on their owners provide the motivation for this research topic. 
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1.1 Research objectives 

The objectives of the studies described in this thesis are to describe the causes 

of epilepsy in a population of Australian dogs, and to investigate potential 

underlying causes of recurrent seizures in dogs with poorly controlled idiopathic 

epilepsy of unknown cause (IE-U). The general hypotheses are that some 

cases of canine IE-U have underlying structural brain pathologies similar to 

those identified in humans, and that canine IE-U is associated with increased 

cerebral levels of the excitatory neurotransmitter glutamate. 

The specific research objectives were to: 

• describe the prevalence of idiopathic and structural epilepsy in dogs 

presented to a University Veterinary Teaching Hospital in Australia, with 

detailed evaluation of the causes of structural epilepsy and risk of IE-U in 

individual dog breeds (Chapter 4) 

• investigate both subjective and objective features of hippocampal sclerosis 
and cortical dysplasia on canine MRI brain scans (Chapter 5 and 6) 

• develop techniques for computer-assisted image analysis of canine brain 

MRI scans to perform atlas-based segmentation (ABS) and volumetry 

(Chapters 3, 5, and 6) 

• using hippocampal atrophy as a biomarker for hippocampal sclerosis, 

investigate differences in hippocampal formation volume in dogs with  

IE-U compared to dogs without epilepsy (Chapter 5) 

• using increased cerebral cortical volume as a biomarker for focal cortical 

dysplasia, and decreased cerebral cortical volume as a biomarker for 

cortical atrophy, investigate regional (lobar) differences in cerebral 

cortical volume in dogs with IE-U compared to dogs without epilepsy 

(Chapter 6) 

• investigate differences in the concentration of brain glutamate between 

dogs with IE-U compared to dogs without epilepsy, using the in-vivo 

measurement technique of MRS (Chapter 7) 
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Chapter 2: Literature Review 

2.1 Canine epilepsy 

2.1.1 Definitions and IVETF recommendations 

The 2015 publication of a series of consensus reports by the International 

Veterinary Epilepsy Task Force (IVETF) represents the first real attempt to 

provide internationally accepted guidelines on the diagnosis, description, 

investigation and treatment of canine epilepsy. Before this, inconsistent 

application of diagnostic methods and a lack of uniformity in the application of 

epilepsy terminology has caused confusion and created difficulty with meta-

analysis of the literature. The recommendations set out by the IVETF reflect 

consideration of reports by the International League Against Epilepsy (ILAE), an 

appreciation of the state of knowledge in canine epilepsy research, and 

acknowledgement of both historical and current practice by veterinarians.  

The IVETF define epilepsy as a disease of the brain with an enduring 

predisposition to generate epileptic seizures, which are an excessive 

synchronous epileptic activity of neurons in the brain. This definition is exclusive 

of the reactive seizure, where a reversible metabolic or toxic insult to the brain 

causes a transient disturbance in neurologic function (Berendt et al. 2015). 

According to the IVETF, aetiologic classification of canine epilepsy can fall into 

two categories: idiopathic epilepsy and structural epilepsy (Berendt et al. 2015). 

Retention of the diagnosis idiopathic epilepsy runs contrary to recent ILAE 

recommendations (Berg et al. 2010), but reflects common use of the term and 

acknowledges the familiarity many veterinarians have with this diagnosis.  

Three forms of idiopathic epilepsy are recognised: proven genetic, suspected 

genetic, and epilepsy of unknown cause (Berendt et al. 2015). Proven genetic 

idiopathic epilepsy is applied when the gene or genes responsible for the 

disease are known. A diagnosis of suspected genetic idiopathic epilepsy applies 

when there is a breed prevalence of over 2% or a high familial incidence of 
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idiopathic epilepsy. Idiopathic epilepsy of unknown cause (IE-U) remains an 

important category reflecting the current lack of knowledge in the field and 

includes the previous diagnosis of cryptogenic epilepsy. The IVETF provide 

guidelines for the confidence level of a diagnosis of IE-U (De Risio et al. 2015). 

The minimum requirements for a diagnosis of IE-U with Tier I level of 

confidence requires a history of two or more unprovoked epileptic seizures at 

least 24 hours apart and an age of onset between six months and six years. 

Also required are an unremarkable interictal physical and neurological 

examination and no significant findings on a minimum database of blood tests 

and urinalysis. The addition of unremarkable fasting and postprandial serum 

bile acids, unremarkable brain magnetic resonance imaging (MRI) scan and 

CSF analysis raises the level of confidence to Tier II, and electroencephalogram 

(EEG) abnormalities consistent with a seizure disorder permit Tier III level of 

confidence. In dogs with an onset of epilepsy outside the six months to six 

years age range, a diagnosis of IE-U requires the additional tests of brain MRI 

and CSF analysis.  

The identification of cerebral pathology that may plausibly cause seizures leads 

to a diagnosis of structural epilepsy. Cerebral pathology may include neoplasia, 

infection or inflammation, vascular, traumatic, anomalous or developmental 

lesions, and degenerative diseases. Confirmation of underlying pathology may 

be through diagnostic imaging findings, CSF analysis, postmortem or 

histopathology findings (Berendt et al. 2015). Note that there may be some 

cross-over between epilepsy aetiology categories, for example, some 

neurodegenerative diseases such as neuronal ceroid lipofuscinosis have a 

genetic basis, and while they may be considered a genetic idiopathic epilepsy, 

they are also appropriately designated as structural epilepsy. 

Seizure classification may also follow the origin and distribution of abnormal 

neuronal activity. Generalised seizures result from epileptic neuronal activity in 

both cerebral hemispheres. In dogs, generalised seizures most often present 

with tonic, clonic, or tonic-clonic epileptic activity, usually with loss of 
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consciousness, salivation, urination and defecation. Less commonly, non-

convulsive generalised seizures may occur with sudden loss of muscle tone 

(atonic seizures). Generalised epileptic seizures may occur from the onset, or 

may begin as focal seizures and progress to generalised activity. Focal epileptic 

seizures (sometimes termed ‘partial’ seizures) have regional motor, autonomic 

or behavioural signs. They occur as the result of abnormal discharges from a 

localised region of the brain, known as the seizure focus. In dogs it is often 

difficult to know if there is abnormal consciousness during a focal seizure 

(Packer et al. 2015), so the recommendation from IVETF is to avoid simple 

(consciousness retained) or complex (consciousness impaired) designations 

when discussing focal epilepsy. 

The term status epilepticus refers to an epileptic seizure that shows no signs of 

concluding after a duration typically expected for that seizure type (i.e., greater 

than five minutes), or refers to recurrent epileptic seizures with incomplete 

recovery of consciousness between seizures (Berendt et al. 2015). 

The mainstay of treatment for canine epilepsy is the use of anti-seizure drugs. 

Several anti-seizure drugs are available for use in dogs, with phenobarbital the 

preferred first-line treatment and potassium bromide commonly prescribed as 

second-line therapy (Boothe & Dewey 2012; Thomas 2010; Bhatti et al. 2015). 

Other anti-seizure drugs used in dogs are imepitoin (Tipold 1995; Bhatti et al. 

2015; Rundfeldt et al. 2015), levetiracetam (Muñana et al. 2012; Fredsø et al. 

2016; Volk et al. 2008; Patterson et al. 2008), and gabapentin (Bhatti et al. 

2015). The goal of any anti-seizure therapy is complete remission, defined as 

freedom from seizures (Packer et al. 2014). Many dogs will achieve a reduction 

in seizure frequency rather than complete remission, however a significant 

number of patients will demonstrate anti-seizure drug-resistance. Consistent 

definitions of drug-resistance are not available in the veterinary literature. An 

anti-seizure drug is regarded as effective if it results in a 50% or more reduction 

in seizure frequency (Volk et al. 2008; Platt et al. 2006). This definition seems to 

arise from a paper by Trepanier and colleagues (1998) who investigated serum 



 

 
Page 9 of 239 

Chapter 2  

antiepileptic concentrations in epileptic dogs treated with potassium bromide 

and other anti-seizure drugs (Trepanier et al. 1998). Volk, therefore, defines a 

dog as having drug-resistant epilepsy if the administration of phenobarbitone 

and potassium bromide at therapeutic serum concentrations does not reduce 

seizure frequency by 50% or more (Volk et al. 2008). These definitions are 

somewhat open-ended because they do not provide recommendations on the 

seizure frequency at which to initiate treatment. By comparison in human 

medicine, the ILAE consensus proposal defines drug-resistant epilepsy as “the 

failure of adequate trials of two tolerated, appropriately chosen and used 

antiepileptic drug schedules (whether as monotherapies or in combination) to 

achieve sustained seizure freedom” (Kwan et al. 2010). 

2.1.2 Subtypes of canine epilepsy 

2.1.2.1 Genetic or suspected genetic idiopathic epilepsy 

A diagnosis of proven genetic idiopathic epilepsy is only possible in a few 

breeds of dog. To date, the only identified mutation causing 'classic' non-

progressive idiopathic epilepsy occurs with an autosomal recessive pattern of 

inheritance in the Lagotto Romagnolo dog. This mutation is a truncation defect 

in the LGI2 gene which affects postnatal pruning of neurons (Seppälä et al. 

2011). In affected dogs signs of epilepsy are focal onset with secondary 

generalisation commencing at approximately two months of age, remitting by 

four months of age. This canine mutation has similarities to mutations in the 

human epilepsy gene LGI1, and clinical features of the associated epilepsy 

syndrome are similar between the two species. 

In the Belgian shepherd, genome-wide association studies were used to identify 

a locus of interest at CFA37 with the ADAM23 gene a candidate gene, although 

a specific mutation is not yet isolated (Seppälä et al. 2012).  

Some mutations identified in dogs produce the progressive myoclonic 

epilepsies of Lafora disease and neuronal ceroid lipofuscinosis. These 
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mutations produce a degenerative structural change to the brain so may also be 

regarded as ‘structural epilepsies’. Affected dogs respond poorly to anti-seizure 

medication, and eventually, die or are euthanased due to the progressive nature 

of the condition (Hülsmeyer et al. 2015). 

In the miniature wire-haired Dachshund an autosomal recessive progressive 

myoclonic epilepsy has been identified, analogous to Lafora disease in humans 

which is caused by mutations in EPM2A or EPM2B genes that code for the 

proteins laforin and malin, respectively. The function of these proteins is poorly 

understood, but a deficiency in laforin leads to elevated phosphorylation of 

glycogen and poorly branched glycogen-like polysaccharides which accumulate 

intracellularly in a variety of organs including nervous tissue as ‘Lafora bodies’ 

(A. A. Webb et al. 2009). In dogs, this form of epilepsy manifests at six to nine 

years of age as intermittent fine whole-body tremors, and intermittent myoclonic 

contractions of the head and neck muscles in response to visual and acoustic 

stimuli (Potschka et al. 2013). Signs progress to generalised seizures, declining 

cognitive function and death (A. A. Webb et al. 2009; Schoeman et al. 2002). 

The causative mutation is an expanded repeat within the EPM2B gene; this 

mutation is also present in the Basset hound (Lohi et al. 2005). 

Research has identified eight genes that cause canine neuronal ceroid 

lipofuscinosis, a group of lysosomal storage disorders that cause a progressive 

myoclonic epilepsy. This group of disorders result in the accumulation of 

storage bodies that resemble the lipopigments ceroid and lipofuscin, however 

the molecular mechanisms behind accumulation of abnormal proteins appear to 

be heterogeneous. These diseases are characterised by regional inflammation 

and neurodegeneration, however the exact molecular mechanisms are not clear 

and may be different for different mutations (Palmer et al. 2013). In dogs, all 

neuronal ceroid lipofuscinosis syndromes have an autosomal recessive pattern 

of inheritance and most have an early onset of approximately one to two years 

of age, except the American Staffordshire terrier with an age of onset of three to 

five years. Missense mutations to the CLN5, CLN6 and CLN8 genes occur in 
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the Border collie (Melville et al. 2005), Australian shepherd (Katz et al. 2011), 

and English setter (Katz et al. 2005), respectively. The American bulldog has a 

missense mutation in the CTSD gene (Awano, Katz, D. P. O'Brien, Taylor, et al. 

2006). In the Dachshund, single nucleotide deletion mutation occurs in the 

TPP1 gene (Awano, Katz, D. P. O'Brien, Sohar, et al. 2006), and a single 

nucleotide insertion mutation in the PPT1 gene (Sanders et al. 2010). The 

American Staffordshire terrier has a substitution mutation to the ARSG gene 

(Abitbol et al. 2010), while a single nucleotide deletion to the ATP13A2 gene 

occurs in the Tibetan terrier (Farias et al. 2011). All mutations identified in dogs 

have direct analogues to mutations identified in humans. 

Many dog breeds are suspected to have genetic idiopathic epilepsy. These 

suspicions are well-founded and based upon a higher prevalence of idiopathic 

epilepsy than that estimated for the general population, or a strong familial 

history of epilepsy. Prevalence and familial studies identified a suspected 

inherited basis to epilepsy in the Australian shepherd, beagle, Belgian tervuren, 

Belgian shepherd, Bernese mountain dog, Border collie, Border terrier, 

dalmatian, English springer spaniel, Irish wolfhound, Italian spinone, Labrador 

retriever, golden retriever, petit basset griffon Vendeen, Finnish spitz, Shetland 

sheepdog, standard poodle, Hungarian vizsla (Cunningham & Farnbach 1988; 

Famula et al. 1997; Berendt et al. 2002; Patterson et al. 2003; Casal, Munuve, 

Janis, Werner & Henthorn 2006b; Gullov et al. 2011; Viitmaa et al. 2013; 

Hülsmeyer et al. 2015). A complex and polygenic mode of inheritance is 

suspected in many breeds (Jaggy et al. 1998; Kathmann et al. 1999; Patterson 

et al. 2003; Patterson et al. 2005; Casal, Munuve, Janis, Werner & Henthorn 

2006b).  (Figure 2.1) 
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Figure 2.1 Sample pedigrees showing the relationship between dogs affected with epilepsy 
(black symbols). Squares are males, circles are females. A) derived from 29 related epileptic 
Hungarian viszla dogs, reproduced with permission (Patterson et al. 2003). B) derived from 19 
related epileptic Irish wolfhound dogs, reproduced with permission  (Casal, Munuve, Janis, 
Werner & Henthorn 2006a). 
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In human genetic epilepsies, mutations occur in at least 465 different genes, 

many of which code for ion channel subunits (Reid et al. 2009; Chambers et al. 

2016). Examination of these so-called ʻchannelopathiesʼ allows a better 

understanding of the pathophysiologic mechanisms of epileptic seizures. 

Mutations also occur in genes for neurotransmitter receptors; others encode for 

the lysosomal storage disorders of Lafora disease, and neuronal ceroid 

lipofuscinosis. Despite this, most human genetic epilepsies also remain 

unsolved at the molecular level and have complex patterns of inheritance, with 

many contributing genetic and environmental factors influencing phenotypic 

expression. 

2.1.2.2 Idiopathic epilepsy of unknown cause 

Review of the veterinary literature reveals varying use of the term ‘idiopathic 

epilepsy’ (Mariani 2013). For some authors, the term ‘idiopathic epilepsy’ is 

synonymous with genetic epilepsy (Berendt & Gram 1999). Others use the term 

‘idiopathic epilepsy’ to represent a disorder by itself, characterised by the age of 

onset between one and five years, and absence of other neurological 

abnormalities (Thomas 2010). Still, others use the term idiopathic epilepsy 

when structural and metabolic causes of epilepsy have been excluded and 

make no assumptions as to the underlying mechanism of the disease (Podell et 

al. 1995). It is the latter use of the term which is now known as idiopathic 

epilepsy of unknown cause (IE-U) (Berendt et al. 2015). Some authors have 

used the term ‘primary epilepsy’ when discussing recurrent seizures without any 

known cause and no interictal neurologic deficits (Podell et al. 1995; Ghormley 

et al. 2015). The term ‘cryptogenic epilepsy’ implies that a structural lesion is 

suspected and the patient does not fit with the typical pattern of onset of IE-U. 

In the words of Schwartz and colleagues (2013) “The designation as either 

idiopathic or cryptogenic epilepsy is somewhat arbitrary at present.” A diagnosis 

of cryptogenic epilepsy was often applied to animals with an older age of onset, 

for example over seven years or older (Schwartz et al. 2013). Dogs with focal 

epileptic seizures were given a diagnosis of cryptogenic epilepsy following the 
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incorrect assumption that generalised seizures were typical for IE-U while focal 

seizures were typical for structural epilepsy (Monteiro et al. 2012). There is now 

abundant evidence that focal epileptic seizures can occur both with IE-U and 

structural epilepsy (Jaggy & Bernardini 1998; Berendt & Gram 1999; Patterson 

et al. 2003; Patterson et al. 2005; Licht et al. 2007; Arrol et al. 2012; Armaşu et 

al. 2014), and that many dogs are presented with epileptic seizures at an older 

age but have normal brain MRI scans (Schwartz et al. 2013; Ghormley et al. 

2015). Therefore, seizure type (focal or generalised) and age of seizure onset 

should not be used to distinguish between idiopathic epilepsy or structural 

epilepsy, and many dogs previously categorised as having ‘cryptogenic’ 

epilepsy would now be classified as having IE-U. 

There remains the possibility that dogs with IE-U may have an underlying 

genetic cause but the causative mutation is not yet identified, or that they may 

have as yet unidentified subtle structural brain disease than cannot be detected 

with conventional MRI and review processes.  

2.1.2.3 Structural epilepsy 

Brain tumours and encephalitis are the most common cause of structural 

epilepsy in dogs (Podell et al. 1995; Zimmermann et al. 2009; Hamamoto et al. 

2016). The prevalence of structural epilepsy is somewhat difficult to determine 

as most studies do not consistently apply advanced imaging as part of the 

diagnostic investigation, but estimates range from 21 to 52% (Hamamoto et al. 

2016; Podell et al. 1995; Pakozdy et al. 2008; Zimmermann et al. 2009; Armaşu 

et al. 2014). Brain MRI is more likely to be performed in dogs where the degree 

of suspicion for structural epilepsy is higher, which may lead to selection bias in 

estimates of disease frequency. Predictors for epileptic dogs to have structural 

epilepsy include an older age of onset of seizures, cluster seizures, an 

abnormal inter-ictal neurologic exam, and abnormal CSF results (Bush et al. 

2002; Armaşu et al. 2014).  

The largest study looking at the prevalence of structural epilepsy in dogs found 
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that around one-third of epileptic dogs had structural epilepsy. Of dogs with 

structural epilepsy, 8% had hydrocephalus while the remaining 92% had 

asymmetric structural disease suggestive of neoplasia, inflammatory brain 

disease or vascular lesions. Necropsy was not performed in all dogs with results 

based on a presumptive MRI diagnosis, so at best we can say that brain 

neoplasia, encephalitis or vascular disease may be present in approximately 

one-third of dogs with epilepsy (Armaşu et al. 2014). Earlier work found brain 

tumours in 31% of dogs with structural epilepsy and inflammatory brain disease 

in 18% of dogs with structural epilepsy. However, histopathologic confirmation 

was not available for all dogs and brain imaging and CSF analysis were not 

performed in all dogs, so the reliability of these figures is not known (Pakozdy et 

al. 2008). The incidence of brain tumours in dogs with epilepsy appears to be 

higher than in humans with epilepsy, where only 4% of human epilepsy patients 

had brain tumours (van Breemen et al. 2007). 

Tumour-Associated Epilepsy 

Almost half of dogs with primary brain tumours present with seizures as the 

most common complaint (Snyder et al. 2006). Meningioma is the most common 

type of primary brain tumour (45%), followed by astrocytoma (17%), 

oligodendroglioma (14%), and choroid plexus tumour (7%) (Snyder et al. 2006). 

Invasive nasal and pituitary tumours are also often encountered, while 

metastatic neoplasia is thought to represent approximately 7% of brain tumours 

(Heidner et al. 1991). 

A retrospective study of 68 dogs with histopathologically confirmed brain 

neoplasia found that 42 (62%) had tumour associated seizures (Schwartz et al. 

2011). In humans with brain tumours, the frequency of epilepsy is 30% or more 

depending on tumour type, with low-grade gliomas being the most epileptogenic 

and meningiomas less epileptogenic (van Breemen et al. 2007). This contrasts 

with the available evidence in dogs which did not identify an association 

between tumour type and risk of seizures (Schwartz et al. 2011). Seizures 

occurred more frequently in dogs with primary brain tumours (41 of 62 dogs) 
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compared with dogs with metastatic brain tumours (1 of 6 dogs). Note that in 

this study there were relatively few dogs with each type of brain tumour, which 

may affect the results. These authors found that a frontal lobe location of the 

lesion, marked contrast enhancement, and the presence of brain herniation 

were risk factors for tumour associated epilepsy (Schwartz et al. 2011). 

Non-infectious encephalitis and epilepsy 

Canine non-infectious encephalitides include granulomatous 

meningoencephalitis, necrotising meningoencephalitis, and necrotising 

leucoencephalitis. These three conditions are associated with several small 

breeds of dog. Age of onset is typically three to seven years (Coates & Jeffery 

2014), with an overrepresentation of females (Granger et al. 2010). 

Granulomatous meningoencephalitis is the most common form, representing up 

to 25% of canine inflammatory brain diseases (Tipold 1995). Initial reports of 

necrotising meningoencephalitis were in Pug dogs (Cordy & Holliday 1989) but 

more recent reports describe the disease in many other small breeds of dog 

(Coates & Jeffery 2014). Necrotising leucoencephalitis is reported in the 

Yorkshire terrier (Tipold et al. 1993) and French bulldog (Timmann et al. 2007). 

The aetiology of these diseases remains unclear. They may represent distinct 

disease entities or may be variations of a common aetiologic pathway (Coates 

& Jeffery 2014), so this heterogeneous group of conditions are often termed 

‘meningoencephalitis of unknown origin’ (MUO) (Granger et al. 2010). Current 

theories on the aetiology of MUO suggest it is an immune mediated disease 

with predisposing genetic factors, possibly triggered by environmental 

exposures such as infection or tissue injury (Park et al. 2012; Coates & Jeffery 

2014). 

The prevalence of MUO as a cause for structural epilepsy is difficult to 

determine from the available literature due to regional differences in breed 

proportions and potential causative agents. Available studies indicate that 9 – 

37% of dogs with structural epilepsy have inflammatory intracranial disease 
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(Podell et al. 1995; Hamamoto et al. 2016). 

Intracranial fluid accumulation - hydrocephalus and diverticula 

Hydrocephalus is distension of the ventricular system of the brain due to 

inadequate drainage of CSF and may be classified as obstructive or non-

obstructive in cause (Estey 2016). Dogs frequently have asymptomatic dilation 

of the lateral ventricles (Vullo et al. 1997; Kii et al. 1997), which can make it 

difficult to determine the significance of an MRI finding of lateral 

ventriculomegaly. Ratios of linear or area measurements are used to quantify 

the degree of ventriculomegaly (Spaulding & Sharp 1990; Kii et al. 1997; Pivetta 

et al. 2013), however there appears to be overlap in these measurements 

between neurologically normal and abnormal dogs. Ventricular asymmetry is 

recognised in up to 38% of dogs but is usually clinically insignificant (Haan et al. 

1994; Pivetta et al. 2013). There is no difference in the prevalence of 

asymmetry of the lateral ventricles in dogs with idiopathic epilepsy compared 

with neurologically normal dogs (Pivetta et al. 2013). Ventriculomegaly is more 

likely to be clinically relevant when one or more of the following findings are 

present: the ventricle/brain index is greater than 0.6, there is elevation of the 

corpus callosum, dorsoventral flattening of the inter-thalamic adhesion, 

periventricular oedema, dilation of the olfactory recesses, thinning of cortical 

sulci, and disruption of the internal capsule adjacent to the caudate nucleus 

(Laubner et al. 2015). 

Intracranial arachnoid diverticulae (‘cysts’) are uncommon and are diagnosed in 

both juvenile and mature dogs (Vernau et al. 1997; Bertolini et al. 2016). 

Brachycephalic and small breed dogs are more commonly affected (Vernau et 

al. 1997; Matiasek et al. 2007; Bertolini et al. 2016). Diverticulae may be 

classified by location as supracollicular fluid accumulation (located dorsal to the 

mesencephalon, associated with the quadrigeminal cistern or third ventricle) 

(Vernau et al. 1997; Matiasek et al. 2007; Bertolini et al. 2016); fourth ventricle 

diverticulae (sometimes referred to as ‘choroid plexus cysts’); and near the 

pituitary gland (adenohypophyseal or Rathke’s cleft cysts) (Bazelle et al. 2015; 
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Hamann et al. 1999). Arachnoid diverticulae may be asymptomatic (Duque et 

al. 2005; Matiasek et al. 2007) or associated with clinical signs dependent on 

diverticulum location. Supracollicular lesions may produce forebrain signs 

including seizures but the presence of clinical signs appears to be related to the 

size of the diverticulum and degree of brain compression, with one study 

showing occipital lobe compression of greater than 14% mid-sagittal length of 

the cerebrum was always associated with seizure activity (Matiasek et al. 2007). 

It should be noted, however, that these dogs did not have an EEG performed 

and it is possible the arachnoid diverticula may not be the cause of seizures. 

Studies in humans have shown focal epileptiform EEG abnormalities in sites 

distant from an intracranial cyst, and the causal relationship between 

supracollicular fluid accumulation and seizures remains debatable (Yalçin et al. 

2002; Duque et al. 2005). 

The prevalence of hydrocephalus and arachnoid diverticulae in dogs with 

epilepsy is not well documented, but it is likely of low prevalence. A study of 

dogs with juvenile onset seizures identified hydrocephalus in six of 127 dogs 

(5%) (Arrol et al. 2012). A larger study of epileptic dogs of all ages found 

hydrocephalus in 11 of 404 dogs (3%) (Armaşu et al. 2014). The prevalence of 

arachnoid diverticulae in dogs with epilepsy is expected to be lower. Other 

studies of dogs with epilepsy group the MRI findings of hydrocephalus, cortical 

malformations and intracranial cysts into an ‘anomalous’ category, preventing 

the reader from distilling specific prevalence information (Pakozdy et al. 2008; 

Hamamoto et al. 2016). 

Malformations of cortical development 

Malformations of cortical development (MCD) represent a heterogeneous group 

of conditions caused by a problem with one of the following steps of brain 

development: neuroblast proliferation and differentiation, neuronal migration, 

and cortical organization (Barkovich et al. 2005). In humans, three groups of 

malformations are described, based upon consideration of molecular biology, 

genetics and imaging findings. (Table 2.1)  
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Table 2.1. Classification of malformations of cortical development in humans. FCD = focal 
cortical dysplasia. Adapted from (Barkovich et al. 2005).  

Group I abnormal neuronal 
and glial proliferation 
or apoptosis 

I.A reduced proliferation or 
accelerated apoptosis - 
microcephaly 

• small brain 
• simplified gyral pattern, shallow sulci 
• +/- hypoplasia of corpus callosum 

  I.B increased proliferation or 
decreased apoptosis - 
megalencephaly 

• large brain 
• +/- polymicrogyria 
• +/- agyria 

  I.C abnormal proliferation - 
focal and diffuse dysgenesis 
and dysplasia 

• tuberous sclerosis complex - cortical or 
subependymal tubers and white matter 
abnormalities 

• FCD type II (with dysmorphic neurons) 
• hemimegalencephaly 

  I.D abnormal proliferation and 
neoplasia 

• dysembryoplastic neuroepithelial tumour 
• ganglioglioma 
• gangliocytoma 

Group II abnormal neuronal 
migration 

II.A neuroependymal (initiation 
of migration) 

• periventricular nodular heterotopia - 
nodules of grey matter adjacent to 
ventricles, normal overlying brain 

  II.B generalised abnormalities 
of transmantle migration 

• lissencephaly - agyria, pachygyria, 
subcortical band heterotopia 

  II.C localised abnormalities of 
transmantle migration 

• subcortical heterotopia - reduced size of 
hemisphere, distortion of ventricles, 
diminished abnormal white matter, 
thinning of overlying cortex, shallow sulci 

• sublobar dysplasia 

  II.D pial limiting membrane 
(terminal migration defects) 

• cobblestone malformations - reduction in 
sulcation with a bumpy cortical surface 

Group III abnormal post-
migrational 
development 

III.A polymicrogyria with 
schizencephalic clefts or 
calcifications 

• presumably due to infection or vascular 
causes 

  III.B polymicrogyria without 
clefts or calcifications 

• inborn errors of metabolism 

  III.C focal cortical dysplasias  • FCD type I (with abnormal cortical 
lamination) 

• FCD type III (architectural distortion of 
cortical layer), associated with 
hippocampal sclerosis, injury, vascular 
malformation or epileptogenic tumour 

  III.D post-migrational 
microcephaly 

• small head size at birth developing 
severe microcephaly by 1-2 years of age 
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Clinical signs in patients with MCD are varied but in humans they often cause 

developmental delay and are a focus for epileptiform activity (Aronica et al. 

2012; Fitsiori et al. 2012). Malformations of cortical development are the cause 

of approximately one-quarter of drug-resistant epilepsies in children and young 

adults (Barkovich 2005). Focal cortical dysplasias (FCD) represent the most 

common form of MCD in epileptic patients (Liu et al. 2015). General MRI 

findings of FCD include cortical thickening, blurring of the grey-white matter 

junction, T2W/FLAIR hyperintensity of the cerebral white matter or grey matter, 

abnormal sulcal or gyral pattern, and segmental and/or lobar hypoplasia. 

Malformations of cortical development appear to be an uncommon cause of 

seizures in the dog. In a study of 136 dogs with epilepsy onset at less than one 

year of age, only 23 dogs (17%) had identifiable structural brain disease and 

none of these had a developmental brain abnormality identifiable on MRI (Arrol 

et al. 2012). Gross developmental brain abnormalities reported in the dog 

include polymicrogyria in standard poodles (Jurney et al. 2009), and 

lissencephaly in the Lhasa apso with individual cases reported in other breeds 

of dog (Zaki 1976; Greene et al. 1976; Saito et al. 2002; Fraser & le Chevoir 

2016). 

It is suspected that more subtle malformations of cortical development occur in 

dogs with epilepsy but are infrequently recognised on MRI, most likely because 

of the poor sensitivity of standard brain MRI protocols at detecting subtle 

pathology (Bernasconi et al. 2011; Rusbridge et al. 2015). That subtle MCD 

exist in epileptic dogs is supported by a recent report of bilaterally symmetric 

FCD in an epileptic Golden Retriever. Thick-slice brain MRI scans did not 

identify the lesions, but histologically there were bilaterally symmetric foci of 

disorganised cortical grey matter within the tips of the right and left suprasylvian 

gyri of the temporal cortex (Casey et al. 2014). In a 12-year-old neutered male 

miniature Dachshund with late onset epilepsy, MRI identified polymicrogyria and 

sub-ependymal heterotopia, however, this was not confirmed by histology (D. 

Hasegawa 2016). In other case reports of focal dysplastic lesions in the dog, 
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there was concurrent significant cerebral pathology that may also cause 

structural epilepsy. These cases describe unilateral hippocampal hamartia in 

conjunction with necrotising meningoencephalitis (Cantile et al. 2001), bilateral 

malformation of the dentate gyrus in and granulomatous meningoencephalitis 

(Klang et al. 2014), and cortical neuronal dysplasia with porencephaly 

(Machado et al. 2012).  

Hippocampal sclerosis 

In human medicine, temporal lobe epilepsy (TLE) is the most common form of 

focal onset epilepsy representing almost half of reported cases in adults that are 

resistant to medication (Ito et al. 2003). This type of epilepsy is often associated 

with hippocampal sclerosis (HS) which is neuronal loss and gliosis within the 

hippocampus (Margerison & Corsellis 1966). Whether HS is an original cause of 

seizures or a consequence of seizures leading to permanent change and a new 

epileptogenic focus, is not known. Longitudinal studies of epileptic humans 

indicate a greater proportion of patients with chronic active epilepsy have 

significant cerebral, hippocampal or cerebellar atrophy compared with those 

with newly diagnosed epilepsy (Duncan 2002). 

The identification of an underlying focal structural abnormality such as HS or 

FCD provides a surgical target, with resection affording improved seizure 

control or elimination of seizures (Wiebe et al. 2001; Fauser et al. 2004; 

Bernasconi et al. 2011). The existence and importance of such structural 

lesions in canine epilepsy is unclear. Although isolated cases of hippocampal 

pathology resembling HS are reported in dogs (Andersson & Olsson 1959; 

Yamasaki et al. 1991; D. Hasegawa et al. 2002), it is not a well-recognised 

antemortem diagnosis, most likely because the MRI abnormalities are subtle 

and require high-resolution protocols and experience in interpretation (Jackson 

et al. 1990). Several reports document HS in epileptic cats (Fatzer et al. 2000; 

E. Wagner et al. 2014), but the importance of this pathology in epileptic dogs 

remains controversial (Poncelet 2011; Hori et al. 2015). 
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Three case reports describe histopathologic change resembling HS in individual 

epileptic dogs with poorly controlled seizures (Andersson & Olsson 1959; 

Yamasaki et al. 1991; D. Hasegawa et al. 2002). In these cases, pathology was 

also found in other regions of the brain and the authors did not make a strong 

link to hippocampal sclerosis as a potential cause of epilepsy. In a larger case 

series of 68 epileptic beagles that died due to status epilepticus, dogs had 

ischemic brain damage affecting several regions and in half of these the 

hippocampus was affected (Montgomery & A. C. Lee 1983). It remains 

debatable whether the described lesions reflect acute ischaemic brain damage 

or HS. Two imaging based studies documented hippocampal asymmetry in 

epileptic dogs which may indicate unilateral hippocampal atrophy (Kuwabara, 

Hasegawa, Kobayashi, et al. 2010; Estey et al. 2017).  

Some authors state that TLE is not a common cause of epilepsy in dogs 

(Buckmaster et al. 2002). The validity of this conclusion must be questioned, 

however, as this study was based upon the absence of histopathologic 

abnormalities in six dogs euthanased due to drug-resistant epilepsy, rather than 

a wide-scale EEG or MRI study of epileptic dogs. 

Other structural diseases associated with epilepsy 

Other malformations, not included under the spectrum of MCD, may be 

associated with recurrent seizures.  

Cerebral vascular hamartomas are a developmental lesion that is a rare cause 

of drug-resistant epilepsy in humans. These are also rare in the dog with seven 

cases reported in the literature, and seizures occurring in three of seven dogs 

(Thomas et al. 1995; Thomas et al. 1997; S. H. Smith & Van Winkle 2001).  

Porencephaly and hydranencephaly are caused by the foetal or perinatal 

destruction of the brain, with brain parenchyma being replaced by CSF. Causes 

for cerebral injury leading to hydranencephaly and porencephaly include 

hypoxia-ischemia, toxicity, trauma and viral infections. Porencephaly is rarely 
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reported in the dog and may cause seizures. Two small case series report 

seizures in four of eleven dogs with porencephaly (Schmidt et al. 2012; Davies 

et al. 2012). Similar to descriptions in human medicine, porencephaly in the dog 

may occur concurrently with hippocampal atrophy (defined as hippocampal 

volume asymmetry >6%) (Hori et al. 2015). Whether hippocampal atrophy was 

a primary epileptogenic lesion or occurred as a consequence of recurrent 

seizures and excitotoxic damage is unknown. 

2.1.3 Epidemiology 

It is hard to find reliable epidemiological information on canine epilepsy due to 

inconsistency in the use of terms describing epilepsy, and an inconsistent 

approach to diagnostic testing. Prevalence figures are usually calculated for 

data collected over a period of time and often do not consider deaths of 

epileptic dogs so may not reflect true prevalence. Also, there are differences 

between data derived from referral institutions compared with the non-referral 

population of dogs. Recent recommendations from the IVETF regarding 

epilepsy terminology and diagnosis will alleviate this difficulty and should make 

possible future meta-analysis of the literature. 

The prevalence of epilepsy in any given population depends on the context 

(referral population or general population) and the survival of epileptic dogs. For 

example, in cultures where euthanasia is not readily considered the prevalence 

of epilepsy may be higher than in populations where euthanasia is accepted for 

dogs with drug-resistant epilepsy. 

A recent study conducted in the United Kingdom from primary care records of a 

sample of over 450,000 dogs estimated the one year prevalence of seizures, 

both epileptic and reactive, was 0.82% (Erlen et al. 2018). A smaller scale study 

estimated the prevalence of idiopathic epilepsy among the general dog 

population at 0.62%, based on a survey of 92 primary care veterinary practices 

in the United Kingdom (Kearsley-Fleet et al. 2013).  
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The prevalence of all types of epilepsy (excluding reactive seizures) in the 

referral veterinary hospital setting is reported to be between 1.87 and 1.97% 

(Hamamoto et al. 2016; Zimmermann et al. 2009). Idiopathic epilepsy was 

reported to comprise between 37 and 49% of epileptic cases, and structural 

epilepsy between 21% and 30% of cases, with around one third of epileptic 

cases not classifiable as either idiopathic or structural epilepsy (Hamamoto et 

al. 2016; Zimmermann et al. 2009). If only cases with classifiable epilepsy are 

considered, then IE-U is reported in between 48 to 69% of cases (Hamamoto et 

al. 2016; Podell et al. 1995; Pakozdy et al. 2008; Armaşu et al. 2014). In canine 

juvenile onset epilepsy where the first seizure is at one year of age or younger, 

up to 80% of dogs have IE-U (Arrol et al. 2012), reflecting the lower incidence of 

brain tumours and inflammatory brain disease in young dogs.  

In general, a shorter survival time can be expected for dogs diagnosed with 

structural epilepsy compared with IE-U, dogs diagnosed at an older age, and 

dogs with either focal onset seizures, high seizure frequency, or status 

epilepticus (Hamamoto et al. 2016; Heske et al. 2014). Reported survival times 

vary widely depending on the study, with median survival time ranging from 2.3 

years to 10.4 years from onset of seizures (Berendt et al. 2007; Fredsø et al. 

2014; Hamamoto et al. 2016), and 1.5 years from the time of diagnosis (Heske 

et al. 2014). 

A Japanese study retrospectively evaluated dogs with epilepsy presented to a 

teaching hospital over a ten year period and is the only epidemiological study to 

date that applies the IVETF classification scheme (Hamamoto et al. 2016). 

Epileptic dogs were included if they had a history of at least two epileptic 

seizures over 24 hours apart. Dogs with diagnosed or suspected reactive 

seizures were excluded, as were dogs with paroxysmal events suspected to be 

of other cause (for example cardiac, syncopal, narcolepsy, and movement 

disorders). In this study, 358 out of 19,193 dogs admitted to the hospital during 

the same period, satisfied the IVETF definition of epilepsy (refer to Chapter 

2.1.1 of thesis) giving prevalence of epilepsy of 1.87%. Of the 358 dogs with 
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epilepsy, 48% satisfied the IVETF tier I or tier II level of evidence for a diagnosis 

of IE-U, 21% were diagnosed with structural epilepsy, while the remaining 110 

dogs could not be classified into either group as none had brain MRI or CSF 

analysis performed. Of the dogs with structural epilepsy, the underlying cause 

was MUO (36.9%), neoplasia (28.9%), anomalous disease (11.8%), vascular 

disease (7.9%), and trauma (1.3%). The remaining 13.2% of dogs could not be 

classified due to the presence of co-existing lesions. Focal epileptic seizures 

occurred more frequently than generalised epileptic seizures in dogs with IE-U, 

while generalised epileptic seizures were more common in dogs with structural 

epilepsy (Hamamoto et al. 2016). 

The largest epidemiological study of canine epilepsy took place in Sweden, 

based on a database of 665,249 insured dogs over a 12-year period (Heske et 

al. 2014). This study provides fairly robust estimates of the population as a high 

proportion of dogs are insured with the data estimated to cover 40% of the 

Swedish dog population. In addition, earlier studies validated the accuracy of 

information in the insurance database, and showed that claims for epilepsy had 

a positive predictive value of 71% for a final diagnosis of epilepsy in the practice 

records. Of dogs insured over the study period, 5013 (0.75%) had at least one 

claim for epilepsy or status epilepticus, giving an incidence of six new cases per 

10,000 insured dogs per year. The study group included dogs with both 

idiopathic epilepsy and structural epilepsy but did not detail the proportion of 

these forms of epilepsy. There was a greater prevalence of epilepsy in males 

than female dogs. Boxer dogs had the highest incidence rate of claims for 

epilepsy compared with other breeds, followed by the Border terrier, cavalier 

King Charles spaniel, Labrador retriever, poodle and Yorkshire terrier. The 

median survival time after diagnosis was 1.5 years, with survival time negatively 

influenced by age, and working dog status (Heske et al. 2014). 

In the study of dogs with idiopathic epilepsy from general practices in the United 

Kingdom, males were over 1.5 times more likely to have a diagnosis of 

idiopathic epilepsy than females, and the Border terrier had 2.7 times the odds, 
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and German shepherd dog had 1.9 times the odds of idiopathic epilepsy 

compared with crossbred dogs. Neutering status and body weight did not 

influence the odds of idiopathic epilepsy (Kearsley-Fleet et al. 2013). 

Another study from the United Kingdom looked at breed prevalence of 

idiopathic epilepsy, based on cases with blood tests submitted to a diagnostic 

pathology laboratory for testing phenobarbitone levels. In this study, 1260 

epileptic dogs were identified that had three or more seizures more than 24 

hours apart and did not have a diagnosis of acquired (that is structural) epilepsy 

or reactive seizures. The comparison group comprised 2040 non-epileptic dogs 

identified from the United Kingdom DNA Archive for Companion Animals and 

contained a range of dogs with a variety of clinical conditions. Over half the 

dogs with epilepsy were represented by four pure breeds and the cross-bred 

dog. Proportions of these five groups are as follows: cross-bred dogs (20.5%), 

Labrador retriever (11%), Border collie (10.5%), German shepherd dog (6.5%), 

and Staffordshire bull terrier (5.2%). The study did not calculate odds ratios for 

a diagnosis of idiopathic epilepsy in a particular dog breed, so breed popularity 

may play a role in this prevalence data. Age distributions were similar for dogs 

with idiopathic epilepsy compared with the non-epileptic comparison group, 

although importantly age of onset of idiopathic epilepsy was not considered. 

Compared with the non-epileptic group of dogs, dogs with idiopathic epilepsy 

were more likely to be male and more likely to be neutered (Short et al. 2011). 

Breed prevalence data does, however, appear to be highly regionally 

dependent and is influenced by the popularity of different dog breeds with local 

genetics affecting odds ratios for idiopathic epilepsy of genetic or suspected 

genetic origin. 

The reported prevalence of active cases of epilepsy in humans is five to ten per 

1000 population in North America (Wiebe et al. 2001), which is lower than the 

reported prevalence in dogs but may not include humans with well controlled 

epilepsy. The incidence is approximately five new cases per 10,000 population 

per year, which is comparable to the reported incidence of epilepsy in the 
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general population of dogs (Sander 2003; Hesdorffer et al. 2011; Heske et al. 

2014). The incidence of epilepsy is high in infants, drops down by 20 years of 

age, and rises again by about age 60 to be highest in the elderly, where there is 

also the competing risk of death (Hesdorffer et al. 2011). The prognosis for all 

types of epilepsy is reasonably good with more than 70% of human patients 

achieve long-term remission within five years of diagnosis (Sander 2003). 

However, epilepsy still carries an increased risk of premature death with 

‘sudden unexpected death in epilepsy’ one of the leading causes of increased 

mortality, similar to the situation seen in dogs (Sander 2003; Fredsø et al. 

2014). 

In humans, the most frequent type of seizure is the complex focal seizure (i.e. 

focal impaired awareness seizures), which affects between 40 to 50% of people 

with epilepsy. In the majority of these patients, seizures originate from the 

hippocampus and amygdala, and the type of epilepsy is termed temporal lobe 

epilepsy (TLE) (Ito et al. 2003). A large-scale study of 4512 surgical brain 

specimens obtained from patients with drug-resistant focal epilepsy found 

hippocampal sclerosis was the most common finding representing 40% of 

cases, and malformations of cortical development such as FCD and 

polymicrogyria identified in 13% of cases. Epilepsy-associated tumours 

represented 27% of lesions (Blümcke 2009). 

2.1.4 Diagnosis 

2.1.4.1 General approach to diagnostic testing 

Diagnosis of epilepsy requires the clinician to distinguish between an actual 

seizure disorder and mimics such as syncopal or collapse episodes, 

behavioural abnormalities, and paroxysmal movement disorders (Urkasemsin & 

Olby 2014; De Risio et al. 2015). Diagnostic testing is then directed toward 

establishing whether seizures have an intracranial or extracranial cause. When 

extracranial causes of seizures have been excluded, testing attempts to 

establish whether the cause of epilepsy is due to underlying structural brain 
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disease or may be ‘idiopathic’. 

The diagnostic work-up of a dog with recurrent seizures typically involves a 

complete blood cell count, serum biochemistry profile, and urinalysis (Thomas 

2010). Fasting serum bile acids may be performed to evaluate hepatic function 

in dogs with abnormal hepatic enzymes, or when a portosystemic shunt is 

suspected (De Risio et al. 2015). Although CSF analysis is useful to exclude 

infectious and inflammatory brain disease it has low specificity (Tipold 1995) 

and is not routinely performed in canine epileptic patients, possibly because of 

the requirement of general anaesthesia and risks associated with sample 

collection. Due to the higher prevalence of structural epilepsy in very young or 

very old dogs, demonstration of normal CSF is of particular importance to 

exclude infectious and inflammatory diseases and reach a diagnosis of 

idiopathic epilepsy in these age groups (Podell et al. 1995; Goncalves et al. 

2010; Arrol et al. 2012). 

Electroencephalography (EEG) is not commonly used to investigate dogs with 

seizures, partly due to limited availability of suitable equipment and technical 

difficulties with achieving high quality readings, due to anatomic peculiarities in 

dogs and the requirement for sedation or anaesthesia (Pellegrino & Sica 2004; 

Brauer et al. 2011). At this time, there is no recommendation to include EEG in 

the routine investigation of dogs with epilepsy (De Risio et al. 2015). 

2.1.4.2 Magnetic resonance imaging (MRI) 

Brain MRI allows non-invasive evaluation of the brain for a disease that may 

cause structural epilepsy and remains an important test to reach a diagnosis of 

IE-U. Because IE-U is a diagnosis of exclusion, it is important that the MRI 

examination is optimised to maximise sensitivity to detect lesions. 

Magnetic resonance imaging is highly sensitive for most pathologic processes 

that occur in the brain and performs well in classifying neoplastic (Se 87.4%) 

versus inflammatory or infectious diseases (Se 86.0%) (Wolff et al. 2012). In 
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this study MRI had lower sensitivity for identifying cerebrovascular disease (Se 

38.9%), however, the MRI protocol did not use sequences to detect restricted 

water diffusion seen with acute cerebrovascular accidents. Such sequences are 

diffusion weighted imaging with apparent diffusion coefficient mapping and 

would be expected to improve the sensitivity of MRI for detection of vascular 

lesions. While MRI performed well at discriminating between neoplastic and 

inflammatory disease, it had poor ability to distinguish between specific 

aetiologic categories of brain neoplasia and inflammatory disease (Wolff et al. 

2012). Identification of subtle structural brain abnormalities remains challenging 

with the conventionally available magnet strengths of 0.2 Tesla to 1.5 Tesla, 

due in part to the small size of the canine brain with subsequent problems to 

obtain sufficient signal to noise ratio (SNR) with thin slices in a clinically 

reasonable time. A clinical diagnosis is often reached through consideration of 

MRI findings in conjunction with history, signalment, and CSF analysis, 

however, confirmation of the clinical diagnosis still requires brain histology (Vite 

& Cross 2011). 

Existing publications detail a variety of MRI protocols used to evaluate dogs 

with epilepsy. Many of these studies did not use high-resolution volumetric 

sequences, lacked diffusion-weighted imaging sequences which are sensitive 

for detection of cerebrovascular disease, and lacked sequences sensitive for 

the detection of haemorrhage or calcifications. Only recently has an epilepsy-

specific MRI protocol been described for use in dogs. The protocol is designed 

to facilitate detailed examination of areas susceptible to generating and 

perpetuating seizures such as the hippocampus (Rusbridge et al. 2015). The 

protocols emphasise alignment of planes relative to the hippocampus and for 

high-field MRI the use of high resolution volumetric T1W sequences. (Table 2.2)  
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Table 2.2 Canine epilepsy specific MRI protocols for low-field and high-field MRI machines. 
T1W = T1 weighted sequence T2W = T2 weighted sequence FLAIR = fluid attenuation inversion 
recovery sequence GRE = gradient echo sequence. Adapted from Rusbridge and colleagues 
(2015) (Rusbridge et al. 2015).  

 Low field MRI sequences High field MRI sequences 

slice thickness 4mm or less 3mm or less 

sagittal plane T1W T2W 

transverse plane parallel to 
long axis of hippocampus 

T1W, T2W, FLAIR (optional) T2W, GRE (sensitive to 
hemosiderin or calcification), 
FLAIR (optional) 

dorsal plane perpendicular to 
long axis of hippocampus 

T1W, T2W, FLAIR T1W 3D technique with 1mm 
isotropic voxels, T2W, FLAIR 

intravenous contrast Post-contrast T1W (optional) Post-contrast T1W 3D 
technique (optional) 
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Although brain MRI is increasing in availability, it requires the dog to be 

anaesthetised and is a relatively expensive test. For these reasons the IVETF 

guidelines do not require that all epileptic dogs have a brain MRI, instead brain 

MRI is recommended when there is a high likelihood of identifying an 

abnormality. 

Factors that play into this risk of structural epilepsy include the age at onset of 

epileptic seizures, the presence of interictal neurologic abnormalities, and CSF 

abnormalities. Predictive factors for an epileptic dog to have an abnormal brain 

MRI are an abnormal neurologic examination and abnormal CSF results. When 

both neurologic examination and CSF results were abnormal, 97% of epileptic 

dogs had an abnormal MRI scan, compared with only 6% when both neurologic 

examination and CSF results were normal (Bush et al. 2002). These authors 

found that age was not significantly associated with the results of brain MRI, 

which is in contrast to other work which has shown structural epilepsy is more 

likely in dogs with seizure onset at very young or very old age (Podell et al. 

1995; Pakozdy et al. 2008; P. M. Smith et al. 2008; Armaşu et al. 2014; 

Ghormley et al. 2015). Dogs between six months and six years of age at 

epileptic seizure onset were 2.65 times more likely to have IE-U than structural 

epilepsy (De Risio et al. 2015). Arising from this statistic is the recommendation 

that a negative brain MRI is required for a diagnosis of IE-U in dogs with seizure 

onset less than six months or greater than six years of age (De Risio et al. 

2015). 

Following seizures some dogs may have reversible changes to the brain on 

MRI consisting of diffuse, extensive T2 weighted hyperintensities predominantly 

in the piriform and temporal lobes, cingulate gyrus and hippocampus. These 

changes are not always symmetric and may exhibit mild contrast enhancement. 

The distribution of lesions is similar to post-seizure change seen in the brains of 

humans, caused by cytotoxic oedema and gliosis. Histology on one dog 

revealed oedema, neovascularisation, reactive astrocytosis, and acute neuronal 

necrosis. Post-seizure lesions usually resolve within 16 weeks, so if doubt 
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exists as to the nature of the lesions, a follow-up MRI examination is 

recommended (Mellema et al. 1999). 

2.1.4.3 Advanced diagnostic imaging 

Further advanced imaging techniques are not typically used in canine patients, 

however research reports have described the use of positron emission 

tomography to examine cerebral glucose metabolism in dogs with epilepsy 

(Jokinen et al. 2014; Viitmaa et al. 2014), and single photon emission computed 

tomography to evaluate brain perfusion in dogs with idiopathic epilepsy (Martlé 

et al. 2009). There are no reports of the use of magnetoencephalography or 

fMRI in dogs with epilepsy, although the techniques have been applied in 

normal dogs. 

2.2 Pathophysiology of epileptic seizures 

Little is known about the pathophysiology of epilepsy in dogs with a limited 

number of studies characterising the neuropathological changes in canine 

epilepsy. The pathophysiology of epileptic seizures is extrapolated from what is 

known from human and rodent studies. 

Seizures result from rapid, excessive or synchronous electrical discharge of 

neuronal networks in the brain. At a cellular level, several biochemical 

processes occur that promote both hyperexcitability and synchronous discharge 

of groups of neurons. The recurrent nature of epilepsy suggests an enduring 

change or predisposition of the brain toward epileptic seizures in a process 

known as epileptogenesis. 

2.2.1 Normal neural activity 

2.2.1.1 Overview of structure and function 

The two main cell types within the brain are neurons and glia. Neurons are 

responsible for the conduction of electrical impulses called an ‘action potential’, 
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and the communication of these impulses to other neurons through junctions 

called synapses. Glia do not produce action potentials but modulate neuronal 

activity through regulation of extracellular ions and neurotransmitters.  

Neurons have their cell bodies located within cortical and subcortical grey 

matter, with long axonal projections comprising the white matter. Functionally 

the cerebral cortex is arranged in columns that run perpendicular to the surface, 

so that neurons within a column respond to the same feature of a stimulus. In 

addition to this strong columnar connectivity, neurons send out lateral horizontal 

projections to synapse with adjacent neurons. Interneurons provide local 

connections between neurons, and may be excitatory or inhibitory in nature. 

Cerebral white matter comprises groups of axons that transmit impulses 

throughout the nervous system. Axons may be classified as projection, 

association or commissural fibres depending on which areas of the central 

nervous system they connect (Evans & Miller 2013). 

2.2.1.2 Transmission of neural impulses 

Normal neural activity requires transmission of an impulse by a large change in 

the electrical potential, an action potential, along the surface of the neuron. The 

electrical potential across the neuronal membrane is dependent on the balance 

of sodium, potassium, and to a lesser extent chloride and calcium ions across 

that membrane. Ion concentrations are controlled by membrane ion pumps 

which maintain resting membrane electrical potential, and ligand-gated ion 

channels which respond to neurotransmitters and change the post-synaptic 

membrane electrical potential. When the post-synaptic membrane sufficiently 

depolarises, an action potential is triggered which propagates along the axon by 

voltage-gated ion channels.  

When the action potential reaches the presynaptic terminal it triggers the fusion 

of neurotransmitter vesicles with the neuronal membrane, releasing 

neurotransmitter into the synaptic cleft. In this way, the complex mix of 

excitatory and inhibitory signals received from many pre synaptic neurons are 
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integrated to determine if a post synaptic neuron will release it’s 

neurotransmitter (B. G. Klein 2013). 

2.2.1.3 Neurotransmitters 

Glutamate is the main excitatory neurotransmitter within the central nervous 

system, while GABA is the main inhibitory neurotransmitter. Glutamate is 

synthesised in the presynaptic neuron from glutamine through the action of the 

enzyme glutaminase. It is packaged into pre-synaptic vesicles. Following 

release into the synaptic cleft, glutamate is rapidly taken up by glutamate 

transporter proteins located both within neurons and glial cells (Crino et al. 

2002). Following uptake by astrocytes, glutamate is converted back into 

glutamine by the enzyme glutamine synthetase. Glutamate may also act as a 

substrate for the synthesis of GABA. Re-uptake of GABA is also mediated by 

specific transporter proteins (Rousseaux 2008). Figure 2.2 is a diagram 

showing the cycle of glutamate within the central nervous system. 
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Figure 2.2 Diagram showing the metabolism, excretion and uptake of glutamate at the level of 
the synapse. Gln = glutamine  Glu = glutamate  GABA = gamma-amino-butyric acid  Na+ = 
sodium ion  EAAT = excitatory amino acid transporter  NMDA = N-methyl-D-aspartic acid 
sensitive ionotropic glutamate receptor  AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazole 
proprionic acid sensitive ionotropic glutamate receptor  mGluR = metabotropic glutamate 
receptor 
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2.2.2 Neuronal activity during epileptic seizures 

Epileptic seizures arise within the forebrain. Electroencephalography shows that 

epileptic seizures are produced by sustained and synchronous firing of a 

population of neurons within the brain. Synchronous depolarisation of neurons 

may be triggered by enhanced neuronal excitation or inhibition, and loss of 

normal regulatory feedback mechanisms (Ropper & Brown 2005). The exact 

mechanisms leading to generation of the first seizure are not completely 

understood and are likely to reflect a combination of pathologic processes that 

may be unique for different types of epilepsy. Most seizures are self-limiting, 

however if seizures do not spontaneously terminate then status epilepticus 

occurs. 

2.2.3 Development of the epileptic brain 

Single seizures may be caused by electrolyte disturbances, drugs, toxins, 

hypoglycaemia, hypoxia and ischemia, while epilepsy results from permanent 

changes to the brain making it predisposed to recurrent seizures. Epilepsy may 

have genetic basis such as the so-called ‘channelopathies’. Alternatively, 

epilepsy may arise from a permanent change in neuronal morphology or 

networks, induced by previous seizures, trauma, inflammation or neural 

degeneration in a process known as epileptogenesis. 

2.2.3.1 Genetic epilepsy - the ‘channelopathies’ 

Mutations to voltage- or ligand-gated ion channels are a major cause of genetic 

idiopathic epilepsy in humans. In humans, the majority of identified monogenic 

epilepsy genes code for mutations in ion channels (Reid et al. 2009). This is in 

contrast to the known genetic epilepsies in dogs, which are largely mutations 

leading to progressive neurodegenerative diseases, or a mutation that affects 

post-natal pruning of neurons (Lohi et al. 2005; Seppälä et al. 2011; Hülsmeyer 

et al. 2015). 
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2.2.3.2 Epileptogenesis 

Following injury to the brain, there is a latent period of months to years in which 

seizures do not occur (Patterson 2013). Changes to the brain during this latent 

period result in the development of epilepsy, and are known as 

“epileptogenesis”. Although such changes are not completely understood they 

are thought to include neurodegeneration and neuronal death, neurogenesis, 

axonal sprouting, reorganisation of neural networks, glial cell activation, 

angiogenesis, and invasion of inflammatory cells, all of which can cause 

neurons to become hyperexcitable and lead to spontaneous seizures (Patterson 

2013). Rodent models of epileptogenesis have shown that during the latent 

period after brain injury EEG shows ‘microseizures’ that do not develop into 

clinically detectable seizures. In the regions affected by ‘microseizures’ there 

develops stronger activation of recurrent excitatory networks, a reduction in 

synaptic strength, and inhibitory interneurons are replaced with excitatory 

interneurons (Dichter 2009). In humans, the structures that are most susceptible 

to epileptogenesis are the motor cortex, hippocampal formation, and amygdala 

(Goetz 2007). This may be due to a greater oxygen requirement within these 

metabolically active areas predisposing them to hypoxic damage, and because 

the hippocampus is one of the only areas where neurogenesis occurs in the 

adult brain. 

There is evidence that epilepsy can develop following an episode of transient 

status epilepticus. This is observed in humans with epilepsy, and in animal 

models where status epilepticus is pharmacologically induced. The proposed 

mechanism is that status epilepticus induces morphological brain injury that 

causes recurrent seizures even when the original inciting cause for seizures is 

removed, and is known as ‘kindling’ (Lothman & Bertram 1993; McNamara 

1984; Gorter et al. 2016). Areas of the brain susceptible to kindling, from most 

sensitive to least sensitive, are the amygdala, globus pallidus, piriform cortex, 

olfactory area, anterior neocortex, entorhinal cortex, olfactory bulb, septal area, 

preoptic area, caudate-putamen, and hippocampus (Goddard et al. 1969). 
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Observations from experimental models of epilepsy involving kindling of the 

hippocampus have demonstrated that seizures induce structural and 

electrophysiologic alterations in hippocampal pathways that may lead to 

increased excitability and could play a role in the development and progression 

of TLE (Sutula et al. 1988). 

Systematic research into the area of epileptogenesis is limited in dogs, however 

hippocampal neurogenesis with glial cell activation was identified in a 16 week 

old epileptic German shepherd dog euthanased due to poor response to 

phenobarbital (Borschensky et al. 2012). Post-seizure change within the canine 

brain is observed on brain MRI to occur in the piriform and temporal lobes, 

cingulate gyrus and hippocampus (Mellema et al. 1999), similar anatomic areas 

that are susceptible to ‘kindling’. Histologic changes were only documented in 

one of the dogs in this report, but showed oedema, neovascularisation, reactive 

astrocytosis, and acute neuronal necrosis (Mellema et al. 1999). Several other 

isolated case reports describe neuronal damage and glial activation in the 

brains of epileptic dogs with the hippocampus commonly affected (Andersson & 

Olsson 1959; Yamasaki et al. 1991; D. Hasegawa et al. 2002). Although 

published reports in dogs are limited it appears likely that changes to the canine 

brain occur after seizures, that some brain regions are predisposed to injury that 

may cause permanent change and contribute to the development of epilepsy.  

2.2.3.3 Glutamate and excitotoxicity 

Under various conditions, neurons can become damaged or killed due to over-

stimulation by glutamate. High glutamate levels cause excessive calcium influx 

into neurons, resulting in a cascade of enzyme activation that causes protein 

breakdown, free radical formation, lipid peroxidation and ultimately neuronal 

death.  Potential causes of excessive glutamate accumulation may include 

increased glutamate release into the extracellular space, decreased glutamate 

uptake by supportive glial cells, and spillage of glutamate from neurons injured 

by trauma or ischemia (Mark, L. P. et al. 2001). Increased glutamate receptor 

sensitivity and GABA neuron loss both contribute to epilepsy, and glutamate 
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excitotoxicity is a major mechanism implicated in the pathogenesis of 

hippocampal sclerosis (Mark, L. P. et al. 2001; Fritsch et al. 2009; Patterson 

2013). 

In dogs, the role of glutamate in epileptic seizures has been investigated by 

several groups. Increased glutamate levels are found in the CSF of epileptic 

dogs (Podell & Hadjiconstantinou 1997), while Ellenberger and co-authors 

found CSF concentrations of glutamate were decreased in dogs with genetic 

epilepsy (Ellenberger et al. 2004). Evaluation of CSF glutamate does not 

directly reflect cerebral glutamate, and the possibility of glutamate being 

metabolised to either glutamine or GABA within CSF may account for these 

different results.  Work by Morita and co-authors suggests that elevated 

glutamate and decreased glutamate transporter GLT1 has a role to play in 

epileptic Shetland Sheepdogs (Morita, Takahashi, et al. 2005). Magnetic 

Resonance Spectroscopy has been used to estimate in vivo cerebral glutamate, 

by measuring cerebral Glx (glutamate plus glutamine) in dogs with 

experimentally induced status epilepticus (Neppl et al. 2001). These authors 

found an increase in Glx concentration in the post-ictal period, within 3 hours of 

induced status epilepticus. 

2.3 Magnetic Resonance Imaging 

2.3.1 The use of MRI in human epilepsy 

2.3.2.1 Clinical applications 

Magnetic Resonance Imaging is an integral part of the diagnostic work-up of the 

human epileptic patient, particularly in the pre-surgical assessment of patients 

with drug-resistant epilepsy. Lesions are more frequently identified on MRI 

scans of patients with drug-resistant epilepsy compared with those presenting 

with first seizure (Vattipally & Bronen 2004), because over half of those 

presenting with a single seizure have a non-epileptic problem such as syncope 

(Rizvi et al. 2016). In patients with drug-resistant epilepsy the sensitivity of MRI 
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for detecting structural lesions ranged from 82 to 86%, however these estimates 

are based upon older studies with less sophisticated MRI protocols (Bronen et 

al. 1996; Scott et al. 1999). The importance of epilepsy specific protocols and 

expertise in interpretation was highlighted in a study which found that in patients 

with drug-resistant focal epilepsy the sensitivity for lesion detection using 

standard MRI protocols and ‘non-expert’ readers was 39%, for standard MRI 

protocols and ‘expert’ interpretation was 50%, while with epilepsy specific MRI 

protocols and ‘expert’ interpretation the sensitivity was 91% (Oertzen et al. 

2002). Sensitivity of lesion detection is further improved by the inclusion of 

diffusion weighted imaging, post-acquisition processing techniques, and 

quantification of image data (Duncan et al. 2016). 

Pre-surgical MRI requires high quality volumetric sequences for evaluation of 

structure, with quantification of hippocampal volume and T2 signal. The MRI 

results must be interpreted in the context of clinical and EEG data, as in some 

patients the EEG-identified epileptic focus may be distant from the MRI-

identified structural lesion (Fish & S. Spencer 1995). When an MRI-identified 

lesion is concordant with EEG data, fMRI is used to map eloquent areas or 

regions of cortex that are involved in language, motor function and memory.  If 

the planned resection is near an eloquent area then tractography provides 

additional data to aid surgical planning. If a lesion is not identified on MRI, or an 

identified lesion is discordant with EEG findings then advanced techniques such 

as FDG-PET (positron emission tomography), ictal SPECT (single photon 

emission computed tomography), magnetoencephalography, MRS, EEG-fMRI, 

and intra-cranial EEG may be performed (Duncan et al. 2016). 

In human medicine the evolution of epilepsy-specific MRI protocols in the late 

1980s led to increased sensitivity of the modality for detecting structural brain 

pathology in epileptic patients (Jack et al. 1988; Jack et al. 1989; Jackson et al. 

1990). Crucial to this was progress in identifying subtle structural brain lesions, 

a process aided by correlation of an EEG-identified epileptogenic focus with 

findings on brain MRI and histopathology. A basic epilepsy MRI protocol was 
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established by the ILAE in 1997. This included whole brain T1W and T2W 

sequences acquired with the minimum slice thickness possible in two 

orthogonal planes, and a volumetric T1W sequence for three-dimensional 

reconstruction (ILAE Commission 1997). With improvements in MRI scanner 

hardware and software, a newer proposed protocol is detailed in Table 2.3.  

Importantly, this protocol recommends that alignment of sequences be oriented 

relative to the long axis of the hippocampal body to maximise detection of many 

lesions, not just those located in the hippocampus (Wellmer et al. 2013). 
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Sequence Plane Comments 

3D volumetric T1 weighted 
1mm isotropic voxels 

Any • provides excellent grey-white matter 
contrast 

• allows assessment of cortical thickness 
and detection of MCD 

• can be reformatted in any plane and 
post-processed for computer-assisted 
analysis 

T2 weighted 
slice thickness <3mm 

axial and 
coronal 

• for evaluation of hippocampal 
architecture 

• for identification of cystic lesions 

FLAIR 
slice thickness <3mm 

axial and 
coronal 

• sensitive to HS, FCD, tumours, 
inflammation and scars 

T2* gradient echo or 
susceptibility-weighted 
imaging 

axial • sensitive to calcified and vascular 
lesions 

 

Table 2.3 Brain MRI protocol for the identification of structural abnormalities in human patients 
with epilepsy. Note that all planes are to be aligned relative to body of the hippocampal 
formation. Adapted from Wellmer and colleagues (2013) (Wellmer et al. 2013). 
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Potential findings on MRI are a normal study with no focal structural 

abnormality, hippocampal sclerosis, malformations such as cortical dysplasia 

and heterotopia, brain tumour such as dysembryoplastic neuroepithelial tumour, 

ganglioglioma or astrocytoma, vascular malformations, and gliosis (Oertzen et 

al. 2002; Vattipally & Bronen 2004). Traditionally malformations of cortical 

development (including FCD and HS) were thought to be of low prevalence 

however improvements in imaging techniques has led to an increase in the 

estimate of prevalence to at least 25% of all cases (Kini et al. 2016). 

Hippocampal sclerosis (HS) and focal cortical dysplasia (FCD) are the most 

commonly missed diagnoses (Duncan et al. 2016). Hippocampal sclerosis 

appears as a unilateral or bilateral reduction in hippocampal volume and 

increase in T2W signal intensity. These changes may be observed by visual 

inspection, however subtle cases may require computer assisted analysis by 

automated volumetry, shape evaluation, and voxel-based T2 relaxometry to 

detect changes. Focal cortical dysplasias appear as focal cortical thickening, 

blurring of the grey-white matter junction, abnormal gyrification pattern, 

abnormal asymmetry of structure, and increased T2W signal intensity in 

underlying white matter. Up to 80% of lesions located in the depths of a sulcus 

cannot be detected by visual inspection (Besson et al. 2008). Detection of 

lesions is aided by curvilinear multiplanar reformats of the cerebral surface 

(Bastos et al. 1995), voxel-based morphometry to compare the distribution of 

grey and white matter with a control population, voxel-based T2 relaxometry, 

and cortical thickness mapping (Duncan et al. 2016). 

2.3.2.2 Computer-assisted analysis 

Visual inspection of brain MR images can detect obvious abnormalities in brain 

structure but subtle changes to the size, shape and signal intensity may be 

missed. Computer-assisted analysis has been a valuable adjunct in the 

interpretation of individual MR images, and developments in automated 

computer detection of epileptogenic lesions may improve the sensitivity of MRI 

for lesion detection in a clinical setting (Kini et al. 2016). Computer-assisted 
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analysis is of crucial importance in researching anatomic changes in many 

neurologic diseases by detection of group differences at one point in time 

through cross-sectional studies, or identifying changes during the progression of 

a disease through longitudinal studies. 

There are many techniques described for computer-assisted analysis of brain 

MR images. Most have been developed as research applications but may be 

applied clinically at the institution where the technique was developed, reflecting 

local expertise in the technique (Kini et al. 2016). Computer-assisted analysis 

usually requires volumetric T1W, T2W or diffusion weighted MRI data. The first 

step for most computer-assisted analysis techniques is segmentation of brain 

structures, which then allows analysis of specific regions. Often, segmentation 

relies on a posteriori knowledge derived from a brain atlas, and the accuracy of 

segmentation and image co-registration is improved when study-specific 

templates are used (Das, Avants, Grossman & Gee 2009a). Computer-assisted 

analysis approaches may be divided into brain morphometry which studies the 

size and shape of the brain and its structures, and relaxometry which studies 

tissue characteristics that alter the MRI signal intensity.  

Segmentation 

Morphometry may be performed by manual segmentation of anatomic 

structures however this is time consuming and not feasible to apply in a large 

number of subjects. Semi-automated methods of segmentation may speed up 

this process, and include thresholding, region growing and active control 

models (Balafar et al. 2010). Automatic methods of segmentation are readily 

available in many imaging analysis software packages, and are applied to 

volumetric MRI scans with high SNR and high grey and white matter contrast.  

Automatic segmentation methods first require extraction of the brain whereby 

non-brain voxels are excluded, and subsequent processes are applied to this 

‘brain image’ (A. Klein et al. 2010). Segmentation by tissue class into grey 

matter, white matter and CSF is based on signal intensity differences and is 
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readily applied to individual MRI scans. More complex segmentation may be 

performed using atlas-based segmentation (ABS). This process relies on the 

use of a brain atlas, which is a template brain image that has anatomic 

structures segmented and labelled (Cabezas et al. 2011). The subject brain 

image is spatially normalised or registered to the template brain image, creating 

a registration equation. The inverse of this equation is then applied to the atlas 

segmentation, which produces segmentation of the structure of interest in the 

subject brain (Figure 2.3). 

 

 

 

 



 

 
Page 46 of 239 

Chapter 2  

 

 
Figure 2.3 Schematic diagram representing the workflow for atlas-based segmentation.  1) 
Multiple volumetric T1W MRI brain images are combined to produce a high signal to noise ratio 
template image that retains information from all images in the sample.  2) The subject brain 
image is registered to the template brain image to produce a warped subject brain.  3) The 
structure of interest (in this example, right hippocampal formation in red) is segmented by 
applying the atlas segmentation.  4) An inverse registration is performed on the warped subject 
brain to produce the original subject image with the structure of interest labelled. 
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Atlas-based segmentation permits rapid segmentation of complex structures in 

many subjects, and is thus useful for large scale research. The accuracy of ABS 

depends on fidelity of the co-registration between subject and template images 

(Pardoe et al. 2009). The fidelity of co-registration is improved when MRI data is 

acquired from the same scanner using the same parameters, and individuals 

contributing to the template are similar to the subject in terms of size, shape, 

sex, and age. For best performance of ABS, registration methods used for 

creation of the template should be the same as registration methods used to 

register subjects to the template (A. Klein et al. 2010). 

Methods of image registration 

Cross-sectional studies rely on registering each subject brain image (or source 

image) to a reference or ‘typical’ template brain image (or target image) 

(Ashburner et al. 2003). 

For accurate registration to take place, brain images should have equivalent 

matrix size, be oriented in the same space, and be processed to reduce image 

noise and correct field inhomogeneity. Methods of image registration are based 

on recognising similarities in image intensity using similarity metrics, or based 

on recognising commonality of features such as the anterior and posterior 

commissures. 

The simplest technique of spatial normalisation are affine transformation 

methods, whereby the source image is linearly translated through the x, y, and z 

planes, rotated, and scaled to increase or decrease in size to match the target 

image. These simple affine transformation methods produce global registration, 

preserving the structure and shape of the source image. They do not account 

for the marked heterogeneity in cortical surface and internal structure of the 

brain, cannot model localised brain differences, and are inadequate for 

registration of one brain to another (A. Klein et al. 2009). Non-linear registration 

methods are capable of locally warping the source image to align with the target 

and produce higher fidelity image registration, capturing differences in shape 
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and resulting in better alignment of key features. They include elastic and 

diffeomorphic registration algorithms. Elastic transformations are capable of 

greater localised deformation than affine transformations, and produce better 

co-registration between objects of different shape (Figure 2.4). An example 

diffeomorphic transformation model is the SynN algorithm in Advanced 

Normalisation Tools (ANTs) software, which preserves topology and performs 

better at cortical mapping than some elastic transformational models (Avants et 

al. 2008). 

Most image registration strategies involve several steps, commencing with 

noise reduction and field inhomogeneity correction, followed by the simple affine 

transformation, and then the more advanced elastic or diffeomorphic 

transformation. During registration a deformation field is computed, which stores 

information on the extent of warping and intensity increase or decrease of each 

voxel. This deformation field can then be used to automatically segment 

structures through label propagation, whereby atlas labels are propagated into 

the source image space using the inverse function of the deformation field 

(Cabezas et al. 2011). 
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Figure 2.4. Pictorial representation of the concept of A) an affine transformation, and B) an 
elastic transformation of a two-dimensional shape. In the affine transformation the object has 
been rotated, scaled down in size and translated to the right and down, and proportionate 
relationships between areas of the object remain constant. In the elastic transformation the 
object has been warped, with different deformations applied to localised areas of the object.  
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MRI brain atlases 

An MRI brain atlas is defined as a volumetric brain MRI image with an overlay 

of segmented and labelled neuroanatomic structures. In addition to anatomic 

labels, brain atlases may have overlying functional datasets such as regional 

blood flow or metabolite concentrations. MRI brain atlases are of central 

importance in neuroimaging research. They may be used to automatically apply 

functional or anatomic labels to a new brain MR image. An MRI brain atlas 

representing the ‘average’ of many individuals provides a common spatial 

framework that compensates for individual differences in brain structure, and 

facilitates navigating and visualising a wide range of data. This permits 

comparison of groups of individuals, comparisons between individuals, or within 

one individual over time. When linked with appropriate datasets, brain atlases 

allow access to existing knowledge about brain structure and function, which 

helps to develop new insights into the workings of both normal and diseased 

brains.  

Many human MRI brain atlases are available, and include the early Talairach 

atlas (Talairach & Tournoux 1988), to more recent MNI atlases produced by the 

Montreal Neuroimaging Institute, SPL atlases produced by the Surgical 

Planning Laboratory of Harvard Medical School, and the Desikan-Killiany atlas 

which is available in FreeSurfer software (Desikan et al. 2006). Probabilistic 

brain atlases represent the variability that persists after registration. Every point 

within registered subject brain is represented by a probability of different labels, 

reflecting the wide variability in the normal population (Mazziotta et al. 1995; 

Van Essen 2002).  

The construction of a brain atlas is a time consuming task so public atlas 

repositories have been created to share the brain atlases of a variety of species 

such as human, non-human primates, rodents, and sheep (Van Essen 2002; 

Cabezas et al. 2011; Frey et al. 2011; Liyanage et al. 2016). To date only one 

canine brain atlas has been made publicly available, derived from fifteen 

mesaticephalic mixed breed dogs, thirteen of which had inherited severe retinal 
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dysfunction since birth (Datta et al. 2012). 

Computer-assisted morphometry 

Computer-assisted morphometry is a way of statistically characterising 

structural brain differences, or for finding correlations between brain shape and 

disease severity. Computer-assisted morphometry may be as simple as 

performing ABS and analysing the size and shape of segmented structures, or 

may take on more complex, large region or whole of brain statistical 

approaches. Three broad approaches to computer-assisted morphometry are 

deformation-based morphometry, voxel-based morphometry (VBM), and 

surface-based analysis (Greve 2011; Ashburner et al. 2003). 

Voxel-based morphometry is a voxel-wise comparison of registered brain 

images. Voxel-based morphometry is a popular technique because it is 

relatively easy to use and produces biologically plausible results which, 

although difficult to validate, are comparable to manual and visual 

measurements (Whitwell 2009). In epilepsy research VBM was shown to be 

useful in detecting FCD lesions (J. Wagner et al. 2011), and has also revealed 

focal reductions in grey matter (Li et al. 2012). The technique has been applied 

in dogs to assess grey and white matter atrophy in canine brain ageing (Tapp et 

al. 2006), and a pilot study in five beagle dogs with IE found focal reductions in 

grey matter volume in the olfactory bulb, parietal and temporal cortex, 

hippocampus and cingulate gyrus (Frank et al. 2018).  

Surface-based analysis derives measurements from geometric models of the 

cortical surface (Greve 2011). Surface-based analysis was used to detect 

epileptogenic cortical malformations in humans with known lesions (Thesen et 

al. 2011), and to show regional thinning of the neocortex in patients with mesial 

TLE (McDonald et al. 2008). Surface-based analysis has not yet been applied 

to dogs. 
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Evaluation of cortical thickness 

Several techniques are available to evaluate changes to the cerebral cortex, 

and include regional volume measurements made by segmentation, regional 

volume determination by VBM, calculating cortical surface area, and cortical 

thickness mapping. Regional volume measurements are an insensitive method 

for detecting changes to the cerebral cortex, as regional volume is more closely 

related to surface area than thickness, and surface area changes little with 

degenerative diseases while thickness can greatly reduce (Winkler et al. 2010). 

Evaluation of cortical thickness is not a trivial task, made difficult by the complex 

folding pattern of gyri and sulci. True cortical thickness measurements must be 

made perpendicular to the tangent of the three-dimensional curved cortical 

surface which cannot be accurately determined on planar images. Because of 

difficulties with obtaining accurate manual measurements of cortical thickness 

and time consuming nature of manual measurements, neuroimaging scientists 

rely on robust software to determine cortical thickness (Tustison et al. 2014).  

All methods for computer-assisted cortical thickness measurement involve 

establishment of a point to point correspondence between the grey-white matter 

boundary and the grey matter-CSF boundary, then measure the shortest 

distance between these two points. Methods for analysing cortical thickness 

may be broadly categorised as methods involving surface extraction or 

volumetric methods that establish a priori point to point correspondence.  

2.4 Magnetic Resonance Spectroscopy 

2.4.1 Basic principles of MRS 

Magnetic Resonance Spectroscopy is a method of molecular imaging, allowing 

the in vivo measurement of various metabolites within a defined volume of 

tissue. For neurologic applications proton MRS is usually employed, which 

measures the MR signal from protons attached to molecules other than water. 

An example of an MRS spectrum from the brain is depicted in Figure 2.5. The 
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vertical axis of this spectrum represents the signal intensity. The horizontal axis 

represents either the absolute frequency in Hertz at which the signal was 

detected, or uses a relative scale called the chemical shift or ppm scale.  

Because the resonant frequency of metabolites is dependent on magnetic field 

strength, often the relative scale is used. This scale calculates the chemical shift 

in parts per million (ppm) relative to the universal standard of tetramethylsilane 

at 0 ppm (Lynch & R. O'Brien 2014). Each peak represents proton nuclei in 

different chemical environments, and is characteristic of known metabolites. 

This biochemical ‘fingerprint’ will be altered when there is disease of the brain, 

and changes to the spectra may be characteristic for particular disease 

processes. 
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Figure 2.5 Proton MRS spectrum acquired from a normal dog at 1.5 Tesla (TE = 35 ms). The 
vertical axis represents signal intensity and the horizontal axis represents the chemical shift in 
parts per million. Each peak represents the following metabolites. myoI = myo-inositol, Cho = 
choline, Cr = creatine, Glx = glutamine, glutamate and gamma-amino-butyric acid, NAA = N-
acetylaspartate, lac = lactate, lip = lipid. 
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2.4.1.1 Quality of the spectra 

Suppression of the water signal is an important first step in the acquisition of 

spectroscopic data. Hydrogen atoms within water molecules are so abundant in 

living tissue that a large water peak is produced which drowns out signal from 

other metabolites. 

Provided water suppression is adequate, three main factors influence the 

quality and accuracy of the MRS spectrum: 

1. the signal to noise ratio (SNR) 

2. spectral resolution (separation of metabolite peaks) 

3. magnetic field homogeneity 

A high SNR means more accurate spectra as there is greater signal, reflecting 

the true state, compared to noise, or background random effects that don’t 

reflect the true state. To achieve adequate SNR, typical voxel sizes in human 

brain MRS range from 1 to 10 cm3 (Blüml 2013), with a 2 x 2 x 2 cm voxel 

(8cm3) recommended at 1.5 Tesla (Vermoolen et al. 2010). Imaging at higher 

magnetic field strengths improves signal assignment to metabolites (Tkáč et al. 

2001), and produces larger chemical shift which improves separation of 

resonance peaks for different metabolites (Dydak & Schär 2006). Magnetic field 

homogeneity influences separation of peaks. In dogs local field inhomogeneities 

are introduced within the brain by adjacent air filled spaces (frontal sinuses and 

tympanic bullae) and diploe (fat) within thick skull bones, and can be 

problematic in achieving high quality spectra despite shimming and placement 

of saturation bands (Ober et al. 2013).  

Selection of an appropriate TE is an important consideration. Long TE methods 

(>135 ms) are easier to use in clinical practise being less susceptible to 

hardware imperfections, producing a flatter base line and allowing easy 

separation of the three main peaks, N-acetylaspartate, creatine, and choline. 

Short TE methods (35 ms) allow the detection of more metabolites and can 

improve SNR through increasing the number of acquisitions within a given scan 
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period. Identification of the metabolites glutamate and glutamine requires a 

short TE technique (Blüml 2013). 

2.4.1.2 Single voxel MRS versus chemical shift imaging 

Single voxel MRS acquires signal from a single user-defined volume or region 

within the brain. Single voxel MRS is relatively rapidly acquired, and is more 

robust than chemical shift imaging when short echo times are selected (Blüml 

2013). However, because relatively large voxels are required to generate 

sufficient SNR, spectra may lack specificity in terms of tissue type and anatomic 

location. 

Chemical shift imaging, sometimes referred to as multi-voxel MRS, 

simultaneously acquires multiple spectra from a slice or volume, and is an 

efficient method to acquire spectra from different parts of the brain. 

Disadvantages of chemical shift imaging include difficulties in interpreting the 

large volume of data that is generated, and difficulties in maintaining good 

magnetic field homogeneity. Chemical shift imaging is not available on all MRI 

systems. 

2.4.1.3 Important metabolites observed with proton MRS of the brain 

N-acetylaspartate 

The most prominent peak in a normal MRS spectrum of the brain, located at 

approximately 2.01ppm, is created by N-acetylaspartate. This metabolite is 

synthesised within neuronal mitochondria and is transported to 

oligodendrocytes where it is degraded to aspartate and acetate (Hajek & 

Dezortova 2008). Located almost exclusively in neurones and more 

concentrated in grey matter than white matter, this metabolite is considered to 

be a neuronal marker. In humans the concentration of N-acetylaspartate 

correlates well with myelination during brain maturation (Hajek & Dezortova 

2008). Reduced N-acetylaspartate signal is seen with pathological processes 

resulting in neuronal loss, such as infarcts, brain tumours, epilepsy, multiple 
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sclerosis, and Alzheimer’s disease. 

Creatine/phosphocreatine 

These two metabolites are required for energy supply for biochemical 

processes, and are considered a marker of energetic metabolism. The similarity 

of these two metabolites prevents separation of their spectra peaks at 1.5 Tesla 

magnetic field strength, thus a peak at approximately 3.03 ppm is observed 

(Govindaraju et al. 2000). Creatine and phosphocreatine are metabolised to 

creatinine which is excreted by the kidneys in urine. The creatine peak is 

relatively constant under various pathologic processes, thus creatine is often 

used as a reference peak to normalise metabolite signal intensities (Dydak & 

Schär 2006). Decreased creatine signal has, however, been reported with 

tumours, stroke, and meningoencephalitis, and it’s use as a standard for 

determining ratios has been called into question (Govindaraju et al. 2000; 

Carrera et al. 2016). 

Choline compounds 

Choline containing compounds produce a prominent MRS peak at 3.20 ppm, 

with a complex pattern of less important signals at other resonant frequencies. 

The choline signal is considered a marker of membranes, because choline 

containing compounds are incorporated into membrane phosopholipids. An 

increase in choline signal may indicate cell proliferation (for example seen in 

brain tumours) (Callot et al. 2008), cell disruption such as seen with ischaemia 

or trauma, or inflammation by macrophages (Mader et al. 2008). Decreased 

choline signal may be seen with liver disease and hepatic encephalopathy 

(Govindaraju et al. 2000). 

Glutamate and glutamine 

Glutamine is a substrate for glutathione (an anti-oxidant) and glutamate (the 

major excitatory neurotransmitter). Although glutamine and glutamate have high 

concentration within the brain, the signal is a complex multiplet pattern with 
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often small, split peaks that superimpose on each other centred at the 2.04 to 

2.46 ppm range thus are labelled together as Glx. At higher magnetic field 

strengths (ie. 3 Tesla and above) it becomes easier to separate out the signals 

of these metabolites (Kantarci et al. 2003). The concentration of glutamate in 

the human brain is 6.0 - 12.5 mmol/kgww and the concentration of glutamine is 

3.0 - 5.8 mmol/kgww. In humans Glx peaks increase in neurodegenerative 

diseases, epilepsy, hepatic encephalopathy and ischemia (Dydak & Schär 

2006). 

Gamma-amino butyrate (GABA) 

The main inhibitory neurotransmitter within the brain is GABA. Altered 

concentrations are associated with several neurological disorders. The 

spectrum for GABA includes three multiplet peaks centred on 1.89, 2.28 and 

3.01 ppm; due to considerable overlap with other metabolites, measurement of 

GABA usually focuses on the 3.01 ppm peak (Govindaraju et al. 2000). 

Myo-inositol 

The function of myo-inositol is not well understood, but it is believed to be an 

essential requirement for cell growth and is considered a glial marker (Ross 

1991; Brand et al. 1993). It has a doublet of peaks centred at 3.52 ppm and a 

triplet of peaks centred at 3.61 ppm. Other peaks are obscured, with the peak at 

3.27 ppm obscured by choline and 4.05 ppm not observed due to water 

suppression (Govindaraju et al. 2000). In humans myo-inositol increases in 

demyelinating diseases and Alzheimer’s disease. 

Lactate 

Lactate is normally at such low concentrations within the brain that it is often not 

detectable with MRS, however it is present within CSF (Lin et al. 1999). It is the 

end product of anaerobic glycolysis, so when identified as a peak at 1.31 ppm it 

indicates deranged energy metabolism. Lactate may be elevated with ischemia, 

brain tumours, necrotic tissue, abscesses, or fluid-filled cysts (Govindaraju et al. 
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2000). 

Lipid 

The normal brain should contain very little lipid, however if the voxel of interest 

incorporates the skull or subcutaneous tissues then a lipid signal may be 

present as a broad peak at 0.9 and 1.2 ppm. When present within a brain 

tumour, lipid signal indicates necrosis (Lin et al. 1999). Increased lipid signal is 

seen with high-grade glioma, lymphoma and metastases (Lynch & R. O'Brien 

2014). 

2.4.2 Interpretation of the MRS spectra 

Each metabolite will have peaks on the MRS spectrum at known frequency. The 

area underneath that peak is proportional to the number of protons resonating 

at that frequency, which correlates to the concentration of a metabolite. 

The MRS spectrum may be interpreted qualitatively by evaluation of the shape 

and visual estimation of the relative size of each peak. Quantitative evaluation 

involves measurement of the height or area under the peaks of the MRS 

spectra. Relative quantification may be performed by determining concentration 

ratios, where the height of the peak of the metabolite of interest is expressed as 

a proportion relative to the creatine peak. Absolute quantification is technically 

difficult to perform. The most widely used, commercially available method is the 

linear combination of model spectra (LCModel) (Provencher 2001), which 

incorporates maximum prior information into the analysis. Maximum likelihood 

estimates of metabolite concentrations are provided, and the uncertainty of the 

estimate is obtained as the Cramer-Rao Lower bounds estimate. 

2.4.3 Use of MRS in human epilepsy 

Magnetic resonance spectroscopy has been used extensively in research into 

many human neurologic diseases such as stroke, tumours (determination of 

tumour type and grade, distinguishing between tumour recurrence or radiation 



 

 
Page 60 of 239 

Chapter 2  

necrosis), head trauma, developmental conditions (such as myelin and neuronal 

dysgenesis), degenerative conditions, and metabolic diseases. This review will 

focus on the use of MRS for epilepsy. 

Metabolic abnormalities may be observed in the brain of patients with epilepsy, 

either caused by seizures alone, or caused by errors of metabolism that may 

lead to seizures. During seizures there is an increased metabolic demand on 

brain cells. Changes identified on MRS include an increase in lactate reflecting 

anaerobic metabolism; elevations in lactate are associated with the 

epileptogenic lesion and occur shortly after seizure, with lactate levels 

normalising in the days following a seizure (Castillo et al. 2001). Reductions in 

N-acetylaspartate are also seen idiopathic generalised epilepsy and focal 

epileptogenic lesions, and reflect neuronal loss, damage, or increased energy 

consumption (Hiremath & Najm 2007; Doelken et al. 2010). MRS may also 

detect inborn errors of metabolism, such as mitochondrial disorders and 

creatine deficiency (Caruso et al. 2013). Very marked elevation in lactate and 

elevations in Glx/creatine ratio raises concern for an inborn error of metabolism. 

A reduction in N-acetylaspartate/creatine has been used to lateralise an 

epileptogenic focus (Leite et al. 2013), and is useful in surgical planning. 

Cendes and colleagues (1995) found that, compared to EEG as the gold 

standard for lateralising the epileptic focus in patients with TLE, MRS correctly 

lateralised in 25/30 patients, and by combining MRS and MRI the lateralisation 

was correct in 28/30 patients (Cendes et al. 1995). This reduction in N-

acetylaspartate/creatine is correlated with the duration of TLE, and patients with 

more frequent generalised tonic clonic seizures had lower N-

acetylaspartate/creatine (Bernasconi 2004). The authors suggest these results 

indicate that there is progressive neuronal damage in TLE. 

In patients with epilepsy associated with FCD characteristic MRS spectral 

patterns were proposed to help distinguish normal from epileptogenic tissue 

(Tschampa et al. 2015), with a significant increase in choline and decrease in 

N-acetylaspartate in the dysplastic lesion. Mean myo-inositol was distinctly but 
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not significantly increased, and lesional creatine correlated with frequency of 

seizures. 

Other work has shown elevated glutamate/glutamine (Glx) in patients with 

idiopathic generalised epilepsy (Helms et al. 2006; Doelken et al. 2010), drug-

resistant epilepsy associated with malformations in cortical development 

(Simister et al. 2007), and in patients with a seizure focus localised to the frontal 

or temporal regions but no visible lesion on brain MRI (Jansen et al. 2014).  

2.4.4 Use of MRS in dogs 

Reports on the use of proton MRS in dogs arise in the early 1990s, where MRS 

was used to characterise metabolites observed in implanted canine brain 

tumours (Barker et al. 1993; J. H. Anderson et al. 1994). Later reports evaluated 

brain lactate in canine models of liver failure (Nyberg et al. 1998); demonstrated 

increased brain glutamate and glutamine (Glx) in canine models of prolonged 

generalised seizures (Neppl et al. 2001); and explored the use of reduced N-

acetylaspartate as a biomarker for neuronal injury following induction of 

circulatory arrest (Barreiro et al. 2006). 

Despite the continued use of proton MRS in human clinical neurology and 

research, the technique has experienced slow uptake in veterinary medicine. 

The first publication in a veterinary journal on the use of MRS in dogs appeared 

in 2009, and evaluated the five cerebral metabolites myo-Inositol, choline, 

creatine, N-acetylaspartate, and lactate, in a canine model of ischemic stroke 

(Kang et al. 2009). The first published report of use of canine brain MRS in a 

clinical context evaluated proton MRS changes in dogs with hepatic 

encephalopathy (Carrera et al. 2014). Other publications have investigated the 

use of MRS to differentiate between inflammatory and neoplastic brain disease 

(Stadler et al. 2014; Carrera et al. 2016), to monitor dogs undergoing radiation 

therapy for treatment of meningoencephalitis of unknown origin (Beckmann et 

al. 2015), and investigate tick-borne encephalitis (Sievert et al. 2016). The 

application of MRS to the investigation of canine idiopathic epilepsy has not yet 
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been described. 

Several publications have addressed quantification of brain metabolites in dogs 

derived from MRS data. Most of these have used long TE techniques and 

relative quantification of the main metabolites N-acetylaspartate, choline and 

creatine, providing ratios of metabolites (Warrington et al. 2013; Ono et al. 

2014; Choi et al. 2016), however one publication has used short TE technique 

to evaluate more metabolites, with absolute quantification performed using the 

software package LCModel (Carrera et al. 2015). The estimates provided by 

Carrera and colleagues (2015) are provided in Table 2.4, together with 

comparison concentrations determined in humans. Both Carrera and colleagues 

(2015) and Warrington and colleagues (2013) describe differences in metabolite 

concentrations between humans and dogs, which emphasises the importance 

of using species specific reference ranges when considering brain metabolites. 
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metabolite Single voxel 

proton MRS at 
1.5 Tesla 
(Barker et al. 
1994) 
 

Single voxel 
proton MRS at 
3 Tesla  
(mmol/L of brain 
water) 
(Carrera et al. 2015) 

reported 
concentrations in 
human brain 
(mmol/kgww) 
(Govindaraju et al. 
2000) 

N-acetylaspartate 10.9 +/- 2.7 6.87 - 7.87 7.9 - 16.6 

glutamine/glutamate  11.20 - 13.54 3.0 – 5.8 / 6.0 – 12.5 

creatine/phosphocreatine 7.7 +/- 2.1  5.1 - 10.6 / 3.2 - 5.5 

choline 1.7 +/- 0.6 1.89 - 2.30 0.9 - 2.5 

myo-inositol  7.27 - 10.77 3.8 - 8.1 

 
Table 2.4 Reported metabolite concentrations obtained from in vivo proton MRS in the brain of 
dogs and humans (Barker et al. 1994; Govindaraju et al. 2000; Carrera et al. 2015). 
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2.5 Animal models for human epilepsy 

Animal models have been used to help elucidate the pathophysiology of 

epilepsy (McNamara 1984; Meldrum et al. 1999), to test the efficacy of anti-

seizure medications (Loscher 1997), and to trial monitoring and therapeutic 

devices (Freestone et al. 2013; Long et al. 2014; Brinkmann et al. 2015).  

There are two main approaches to the use of animal models for human 

epilepsy; experimentally induced epilepsy models, and models of naturally 

occurring epilepsy. Models of induced epilepsy have the benefit of allowing 

timely and detailed observations in a highly controlled environment, usually in 

rodents and primates. Such models permit robust experimental design and 

allow timely and cost-effective investigation of research questions. 

Unfortunately, the results from such experiments do not always translate well to 

clinical practice, due to the many subtle and complex differences in 

pathophysiology between induced models and naturally occurring disease.  

Research models involving naturally occurring epilepsy may present a better 

simulation of clinical epilepsy in humans. Unfortunately, however, the frequency 

of naturally occurring seizures may be sporadic and unpredictable, which 

presents logistical difficulties when investigating these animals. In dogs, a range 

of clinical epilepsy syndromes occur, and many are similar to human epilepsies. 

The larger size of the canine brain and greater similarities to human brain 

anatomy compared with the rodent brain may make dogs a more suitable 

animal model. There are clear benefits to using dogs for trials of implantable 

monitoring and therapeutic devices, which may be technically difficult or 

impossible to test in rodents. In privately owned dogs, it's hard to put in place 

environmental controls, and knowledge of seizure activity may rely on 

intermittent observations made by untrained owners (Potschka et al. 2013). For 

privately owned animals, there are understandable restrictions on interventions 

including brain biopsy and post-mortem. Nevertheless, dogs may represent a 

good model for translational research, particularly in the trial of new epilepsy 
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therapies. A potential pathway could involve the use of rodent-induced epilepsy 

models to screen for new anti-seizure drugs, and then the use of a canine 

naturally occurring epilepsy model for randomised clinical trials at a relatively 

low cost, before seeking approval for human trials (Leppik et al. 2011; Patterson 

2014). 

2.5.1 Naturally occurring epilepsy 

The cat and the dog are two accessible domestic species in which spontaneous 

epilepsy is relatively common. In both species the clinical descriptions of 

seizure activity closely resemble common epilepsy syndromes observed in 

humans. Familial spontaneous epilepsy in cats has been described, and a 

colony of these cats is maintained for research (Kuwabara, Hasegawa, Ogawa, 

et al. 2010). There is mounting evidence that mesial TLE occurs in cats, with 

support from clinical characteristics, EEG, MRI volumetry, and histopathologic 

findings (Mizoguchi et al. 2014; E. Wagner et al. 2014; D. Hasegawa et al. 

2014). 

Both Licht and Berendt have found similarities between dogs and humans in the 

clinical manifestation of epilepsy (Licht et al. 2002; Berendt et al. 2004). Both 

studies found most dogs had some seizures with partial onset and most had 

secondary generalisation to tonic-clonic seizures (Licht et al. 2002). Berendt 

and co-authors found that motor signs and paroxysms of behavioural signs 

were most common, confirming similarities with human partial epilepsy (Berendt 

et al. 2004). Both dogs and humans develop status epilepticus. In addition, 

dogs display behavioural co-morbidities similar to the psychiatric co-morbidities 

described in human epileptic patients (Shihab et al. 2011). 

As further support for the use of canine epilepsy as a translational model for 

human epilepsy, patterns of EEG abnormalities in canine epileptics are similar 

to those seen in humans (Berendt et al. 1999). More recently, implantable 

wireless continuous intracranial EEG was performed in 6 epileptic dogs (Davis 

et al. 2011), and demonstrated ‘striking’ similarities to EEG findings in humans 
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with partial onset epilepsy. 

There are inter-species similarities between dogs and humans in the 

pharmacologic management of epilepsy. The main anti-seizure drugs used in 

dogs are phenobarbital, potassium bromide, levetiracetam and zonisamide 

(Thomas 2010; Volk et al. 2008). These are also used in humans, and in both 

species resistance to treatment with anti-seizure drugs occurs. Recently, dogs 

have been used as a proof-of-concept model for intramuscular levetiracetam to 

control status epilepticus, to assist obtaining Australian Therapeutic Goods 

Administration or United States Food and Drug Administration approval for large 

scale human trials (Patterson et al. 2008; Patterson 2014).  

There has been recent interest in the use of dogs to trial implantable devices. 

Such devices may be used for monitoring, as in the case of intracranial EEG or 

neurostimulation therapies (Muñana et al. 2012; Coles et al. 2013; Davis et al. 

2011; Long et al. 2014). The larger size of the dog and anatomic similarities to 

the human brain offer advantages over rodent models; the exact same device 

may be trialled in dogs, and implantation of devices is technically similar to the 

procedure in humans. Following the successful trials of intracranial EEG in 

dogs, the device was successfully trialled for long-term monitoring in 15 humans 

with epilepsy (Cook et al. 2013).  

The validity of canine epilepsy as a naturally occurring model for epilepsy in 

humans is supported, therefore, by similarities between dogs and humans in the 

clinical manifestations of epilepsy, EEG abnormalities, and medical therapy. 

When comparing known aetiologies of epilepsy between the two species it is 

important to acknowledge that much less known about the aetiology of epilepsy 

in dogs.  
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Chapter 3: General methods 

3.1 Introduction 

The research questions were investigated through evaluation of canine epilepsy 

cases presenting to the University of Melbourne Veterinary Teaching Hospital. 

Brain magnetic resonance imaging (MRI) scans provided information on brain 

morphology, and the technique of proton magnetic resonance spectroscopy 

(MRS) provided in vivo information on brain metabolites including glutamate. 

3.2 Patient selection 

All studies were based on a convenience sample comprising all available dogs 

that met the inclusion criteria during the data collection period between 1st 

October 2010 and 31st September 2014. 

Epidemiology of canine epilepsy diagnosed at the University of Melbourne 

Veterinary Teaching Hospital was investigated through a cross-sectional study 

of dogs presented to the veterinary hospital during the data collection period. All 

dogs presented for consultation during this period comprised the subject pool of 

dogs, n = 37,427. From that subject pool, dogs with epilepsy (defined as two or 

more seizures at least 24 hours apart) were identified through evaluation of the 

medical records, n = 413. Sufficient information was available to classify 

epilepsy as structural or IE-U in 359 of 413 dogs. Structural epilepsy was 

confirmed in 90 of 359 dogs according to the identification of a lesion on brain 

MRI, CSF analysis or pathology examination. In 269 of 359 dogs, epilepsy was 

classified as IE-U according to the IVETF Tier I or Tier II level of certainty (refer 

to Chapter 2.1.1 p 7 of thesis). Insufficient information was available to classify 

epilepsy in the remaining 54 dogs with epilepsy. 

Structural brain change in dogs with IE-U was investigated through a case-

control study design. The brain MRI scans of dogs with a clinical diagnosis of 
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IE-U and a non-epileptic control group of dogs that also had a brain MRI scan 

with no obvious structural brain lesions were analysed. Of the 269 dogs 

identified with IE-U, 117 dogs or 43% had a brain MRI performed as part of the 

diagnostic investigation. Of those dogs with IE-U that had a brain MRI, 74 dogs 

or 63% had a brain MRI scan with data of a suitable quality and format for 

computer-assisted analysis. Thus, computer assisted analysis was performed 

on 74/269 or 28% of dogs with IE-U. 

The role of glutamate in IE-U was also investigated with a case-control study 

design. Both epileptic and non-epileptic dogs were included when the brain 

MRS data were of adequate quality to permit calculation of brain glutamate 

concentration. Of the 117 dogs with IE-U that had a brain MRI, 72/117 or 62% 

had MRS acquired, and 59 of those spectra were of adequate quality for 

analysis, representing 59/269 or 22% of dogs with IE-U. 

Dogs selected for this research were either clinical patients of the University of 

Melbourne Veterinary Teaching Hospital neurology service or were used in a 

separate Masters research project. In the case of clinical patients, data was 

retrospectively collated and comprised information collected during the normal 

course of clinical investigation for the animal’s condition, such as blood tests, 

CSF analysis, brain MRI scans, surgical biopsy or necropsy material. The 

University of Melbourne animal ethics committee waived the requirement for 

specific ethics approval for retrospective use of this information. The other dogs 

were part of a teaching dog colony at the University Veterinary Hospital. 

Information was retrospectively collated on clinical data. Blood tests and brain 

MRI scans were performed on these dogs as part of a separate Masters 

research project (institutional ethics approval number 1011690).  

3.3 Data management 

Demographic, historical, and clinical data were derived from review of patient 

information stored on the veterinary hospital information system called RxWorks 
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(Henry Schein Veterinary Solutions, https://www.rxworks.com), and entered into 

a database in the program FileMaker Pro 12.0v5. This spreadsheet formed the 

master database. Output from the master database was anonymised with each 

record encoded with a unique patient number. 

All MRI scans were stored and reviewed on the veterinary hospital Picture 

Archiving and Communication System (PACS) software called Synapse 

(Synapse (PACS) v3.1, Fujifilm, Tokyo, Japan). Reviewers of the brain MRI 

scans were not blinded to patient information on first review of MRI scans 

during management of the clinical case, however as part of this thesis MRI 

scans were both anonymised and randomised for the study requiring subjective 

evaluation of MRI scans. 

Computer-assisted MRI analysis utilised the volumetric T1 weighted sequence, 

which was uploaded to a high-performance computer (Dell PowerEdge C6145 

with 256Gb of RAM using the Sun Grid Engine (SGE) Oracle, Oracle and Sun 

Microsystems, Redwood Shores, Calif.). The scan data were anonymised by 

allocation of a subject number. All template creation, image registration, 

segmentation, and measures of overlap functions were performed on this high-

performance computer. 

Results were tabulated in separate spreadsheets using the program Numbers 

v3.6.2., and exported to GraphPad Prism 6 v6.0h or Stata/MP v13.1 for 

statistical analysis. 

3.4 Magnetic Resonance Imaging 

3.4.1 Anaesthesia for MRI 

All dogs were anaesthetised for brain MRI. The anaesthetic protocol used was 

at the discretion of the attending veterinary anaesthetist, but typically included a 

pre-medication of intravenous midazolam and methadone, induction with 

intravenous propofol, and maintenance with a constant rate intravenous infusion 
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of propofol with or without inhaled isoflurane. All dogs were intubated for 

anaesthesia and supplemented with inhaled oxygen. Interventions during MRI 

acquisition such as the administration of mannitol, intravenous fluids, or 

ionotopic agents, was at the discretion of the attending veterinary anaesthetist. 

Blood pressure, electrocardiogram, and ventilation parameters were monitored 

during the procedure. Details of each anaesthetic were not tabulated for this 

thesis. 

3.4.2 Hardware 

Dogs were imaged using a 1.5 Tesla magnetic field strength MRI machine 

(Signa, GE Healthcare, Little Chalfont, Buckinghamshire, England). A knee 

radiofrequency (RF) coil with an internal diameter of 13 cm was used for dogs 

with a small head, or an 8-channel brain RF coil with internal diameter of 21cm 

for dogs with a large head. MR examinations were performed by a veterinary 

radiographer. 

3.4.2 Sequences 

Multiple sequences were acquired in accordance with the veterinary hospital’s 

standard brain imaging protocol.  The sequences are listed in Table 3.1 and 

included the sagittal and transverse plane T2-weighted fast spin echo, 

transverse plane T2-weighted fluid-attenuated inversion recovery, T2* gradient 

echo, diffusion-weighted imaging with calculation of the apparent diffusion co-

efficient map, and dorsal plane T1-weighted 3D fast spoiled gradient recalled 

(3D FAST SPGR) sequence aligned perpendicular to the long axis of the 

hippocampal formation, acquired before and after intravenous administration of 

the paramagnetic contrast agent gadodiamide (Omniscan, GE Healthcare, Little 

Chalfont, Buckinghamshire, England) at 0.1 mmol/kg. The parameters listed are 

approximate as adjustments were made on a case by case basis.  For 

subjective review of MRI scans, the T1-weighted 3D sequence was reformatted 

into transverse and sagittal planes.  
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Sequence TR 
(ms) 

TE 
(ms) 

TI 
(ms) 

flip 
angle 

slice 
thickness 
(mm) 

interslice 
gap (mm) 

number of 
excitations 

T1 weighted  
3D FAST 
SPGR 

13 5.7 600 15 1 0 1 

T2 weighted 
FSE 

5000 94 0 90 3 0.5 1 

FLAIR 9002 117 2250 90 3 0.5 2 

T2* GRE 840 22 0 15 3 0.5 1 

DWI 8000 106 0 90 3 0.5 4 

 

Table 3.1 Typical acquisition parameters for brain MRI following the standard protocol at the 
University of Melbourne Veterinary Teaching Hospital. TR = repetition time, TE = echo time, TI 
= inversion time, ms = milliseconds, mm = millimetres, 3D FAST SPGR = three-dimensional 
ultrafast gradient echo sequence, FSE = fast spin echo sequence, FLAIR = fluid attenuation 
inversion recovery sequence, GRE = gradient echo sequence, DWI = diffusion weighted 
imaging sequence. 
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3.4.3 Proton Magnetic Resonance Spectroscopy 

Proton MRS was acquired using the automated MRS technique PROBE/SV 

(single voxel Proton Brain Exam, a proprietary technique by GE Medical 

Systems) which uses automated voxel shimming and has in-built water 

suppression (P. G. Webb et al. 1994; Tien et al. 1996). The PRESS sequence 

(Point Resolved Spectroscopy) was used for spatial localisation, and is a well-

known and validated technique for obtaining proton MRS data, offering superior 

signal-to-noise ratio and increased sensitivity to T2 relaxation effects compared 

with the alternative stimulated echo acquisition method (STEAM) sequence 

(Hurd et al. 2004; Schubert et al. 2004; Yahya et al. 2008; Snyder & Wilman 

2010). Chemical shift imaging (multivoxel MRS) was not available. A short echo 

time of 35 ms was chosen to increase SNR and improve detection of the 

metabolites glutamate and glutamine. Following shimming of the magnet, 

spectra were acquired when the full-width half-maximum was below six Hertz 

and water suppression was above 97%. 

The single voxel was a rectangular cuboid with dimensions tailored to the size 

of the brain and volume ranging between 2.1 to 7.6 cm3. Voxel length was 

standardised to 20 mm, with height and width adjusted according to brain size 

(average width of 17 mm and average height of 17.8 mm). The same voxel was 

used for shimming and acquisition. Spectra were acquired twice, with the voxel 

centred over the left and the right mesial temporal lobe. (Figure 3.1) 
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Figure 3.1. Transverse plane T2W image of a dog’s brain showing placement of the voxel for 
MRS acquisition. 
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3.5 Subjective analysis of MRI scans for morphologic 

abnormalities in dogs with idiopathic epilepsy of unknown 

cause 

3.5.1 Case selection 

Dogs with high resolution brain MRI scans were retrospectively identified and 

dogs selected for the study if they had a clinical diagnosis of IE-U or had no 

epilepsy and no MRI evidence of structural brain disease (control). At the time 

of case selection in December 2011, 30 dogs with IE-U and 18 control dogs 

were identified. 

3.5.2 Evaluation of brain MRI scans 

Brain MRI scans were reviewed using Synapse viewing software and 

consensus opinion reached by two registered specialist Veterinary Radiologists, 

Dayle Tyrrell and Marjorie Milne. Scans were evaluated for subjective MRI 

findings that are described with hippocampal sclerosis (Jackson et al. 1990; 

Jackson 1995) and malformations of cortical development (Blaser & Jay 2002; 

Colombo et al. 2003) in humans. The reviewer was required to indicate if a 

feature was present or absent, and whether it occurred on the left, right or both 

sides of the brain. For reference, reviewers were provided with pictorial MRI 

examples of each abnormality in humans. 

3.5.3 Statistical analysis 

Descriptive statistics for age, body weight and sex for IE-U and control groups 

were calculated. The frequency of positive subjective findings was described 

and compared between IE-U and control groups. For positive findings, the effect 

of age at the time of MRI and duration of epilepsy were evaluated using non-

parametric statistical tests. Significance level was set at p = 0.05. Analyses 

were performed using GraphPad Prism v6.0 and Stata/MP v 13.1. 
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3.6 Computer-assisted analysis of brain MRI for morphologic 

abnormalities in dogs with idiopathic epilepsy of unknown 

cause 

Computer-assisted analysis of brain MRI scans used the volumetric T1W 3D 

FAST SPGR sequence. The DICOM files were imported into a high-

performance computer and converted to the NIfTI file format for all 

manipulations. Where necessary images were re-oriented and the matrix re-

sized to match a 256 x 156 x 256 matrix. Atlas-based segmentation was used to 

segment and determine left and right hippocampal formation volume and 

regional cortical volumes (cerebral cortex following lobar regional divisions). 

Details of software used for computer-assisted analysis are found in section 3.8 

of this thesis. 

3.6.1 Case selection 

Dogs with high resolution brain MRI scans obtained during the study period of 

1st October 2010 and 31st September 2014 were retrospectively identified and 

dogs selected for the study if they had a clinical diagnosis of IE-U. The control 

group of dogs had a high-resolution brain MRI scan with no epilepsy and no 

MRI evidence of structural brain disease, and were selected to match the IE-U 

group as far as possible in terms of demographic features (brain shape, age, 

sex, body weight, breed). 

3.6.2 Creation of a canine brain template image and brain atlas 

A study-specific brain template image was created that was specific for the MRI 

scanner and protocols used, and specific for the subjects and control dogs of 

this study. Study-specific brain templates aid the accuracy of normalisation of 

subjects to the template and improves the accuracy of computer-assisted 

analysis (Das, Avants, Grossman & Gee 2009a). 

The brain template image was created from 25 dogs with IE-U and 25 non-
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epileptic (control) dogs with no obvious abnormalities on brain MRI. To improve 

theoretical accuracy of ABS, dogs were selected for the template on the 

premise that their brain images should be similar to the IE-U group brain 

images. The biggest variation in the appearance of the canine brain on MRI is 

caused by differences in shape, thus the variation in brain shape of dogs in the 

IE-U group were represented as closely as possible by dogs in the template 

group by matching according to brain shape. Previous work has discussed the 

influence of cephalic index (defined as [skull width/skull length] x 100) on brain 

morphology, finding that as cephalic index increases as seen in brachycephalic 

dogs, there is progressive ventral pitching of the long axis of the brain and 

ventral shift of the olfactory lobe, independent of body weight or brain size 

(Roberts et al. 2010). Cephalic index is typically used to organise dogs into 

brachycephalic, mesaticephalic, and dolichocephalic skull shapes. In the 

present study, the variation in brain shape was captured by categorising dogs 

as having brachycephalic, mesaticephalic, or dolichocephalic brain shape 

(Figure 3.2) based upon the following criteria: 

• brachycephalic brain shape: the bulk of the olfactory bulb is rotated 

ventral to the frontal lobes 

• mesaticephalic brain shape: brains were less round in which the bulk of 

the olfactory bulb was located equal or rostral to the frontal lobes 

• dolichocephalic brain shape:  brains were elongated oval shape on 

sagittal plane, with prominent olfactory bulbs that extended rostral to the 

frontal lobes 

Note that brain shape does not necessarily correlate with head shape, as some 

small breed dogs with mesaticephalic head type such as the miniature pinscher 

will have brachycephalic brain shape, while the boxer with a classic 

brachycephalic head type has a more mesaticephalic brain shape. 
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Figure 3.2. Sagittal plane MRI images as examples of A) the brachycephalic brain shape 
chihuahua, B) mesaticephalic brain shape cocker spaniel, and C) dolichocephalic brain shape 
greyhound. The relative position of the olfactory bulb is indicated by the yellow arrow. 
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Within sub-groupings by brain shape, dogs were then selected according to 

age, sex, bodyweight and breed (where possible), to match as closely as 

possible the entire IE-U group. Control dogs contributing to the template were 

also matched using the same selection process.  

For each dog contributing to the template, a brain image was extracted using 

customised brain masks created using ITK-Snap (Yushkevich et al. 2006), with 

a combination of thresholded region-growing techniques (SnakeROI tool), 

manual intervention to clarify margins, and smoothing of the final brain mask 

image (Figure 3.3). Each head MRI image was multiplied by the customised 

binarised brain mask to remove tissue external to the brain and produce the 

brain image. This method of brain extraction was preferred over automatic brain 

extraction techniques available in software such as FSL, which are designed to 

work with the shape of the human brain and did not cleanly remove non-brain 

tissue without removing parts of the canine brain. 
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Figure 3.3. Brain extraction using ITK-Snap. In A), the head image has been thresholded and 

multiple spherical regions of interest are placed by the operator over the brain parenchyma. In 
B), the regions of interest are expanded to meet the threshold margins, filling the area of the 
tissue of interest to create a brain mask. In C), areas where the brain mask has ‘leaked’ outside 
the confines of the brain (arrows) are manually removed. In D), a three-dimensional rendering of 
the brain mask is seen. This mask is binarised and multiplied by the head image to remove all 
head tissue external to the mask, finally creating a brain image as seen in E).  
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An unbiased template was generated from the extracted brain T1W NIfTI 

images using the ANTs buildtemplateparallel script which builds the template 

through diffeomorphic transformation of input images (Avants, Tustison & Song 

2011; Avants et al. 2008; Avants & Gee 2004). That script performs well 

compared with other elastic deformation methods used for template generation 

(Avants et al. 2008). That script performs an affine registration of the input 

images into one brain and intensity normalises and averages the result to 

produce a new, fuzzy-looking brain image. Each of the original images is then 

nonlinearly registered to the average brain image using a SynN algorithm, to 

produce a new shape-based averaged brain. The non-linear registration was 

repeated four times, each iteration used to update the average brain image until 

an optimal template was obtained. Preceding all image registrations, N4 bias 

field corrections were performed with the following settings: cross-correlation 

similarity metric, 60x90x40 nonlinear iterations by use of Greedy-SyN 

transformation model with a 0.2 step-size. These parameters are suggested by 

the software developers for computationally distributed optimal template 

construction (Avants et al. 2008; Avants, Tustison & Song 2011; Avants, 

Tustison, Song, et al. 2011). 

On the template image the following anatomic structures were segmented and 

labels were applied to produce the brain atlas: left and right hippocampal 

formation (HF which included the dentate gyrus, hippocampus and subiculum); 

cortical grey matter; cortical grey matter following lobar divisions; white matter; 

subcortical grey matter; CSF. The template and it’s segmentations is depicted in 

Figure 3.4. Segmentations of the hippocampi and cortical lobar boundaries was 

achieved by manual tracing using ITK-Snap. Segmentation of tissue types (grey 

matter, white matter and CSF) was achieved using the FMRIB’s Automated 

Segmentation Tool (FAST) in FSL followed by manual cleaning up of 

boundaries in ITK-Snap. The location and margins of anatomic structures was 

determined by identifying changes in voxel intensity indicating different tissue 

types (grey matter, white matter, CSF), by reference to veterinary anatomic 

texts (Evans & Miller 2013; Adrianov & Mering 2010), human publications (Van 
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Hoesen 1995; Jack et al. 1995; Jeukens et al. 2009; Malykhin et al. 2007), 

veterinary publications (Vullo et al. 1996; Jung et al. 2010; Milne et al. 2013), 

and consultation with a veterinary neuroanatomist (Christine Thomson, personal 

communication, November 2016).  
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Figure 3.4. The brain atlas. A) Template brain image in dorsal plane. B) Three-dimensional 
rendering of the template brain surface viewed from the right side, showing lobar divisions of the 
cerebral cortex. C) Three-dimensional rendering of the left (yellow) and right (red) hippocampal 
formation, viewed from rostral to caudal. D) Transverse, E) para-sagittal, and F) dorsal plane 
images through the template brain atlas showing segmented structures. Colour code: cyan = 
olfactory cortex, orange = frontal lobe, red = temporal lobe, gold = parietal lobe, purple = 
occipital lobe, blue = CSF, pale pink = white matter and basal nuclei, yellow = brain stem, green 
= cerebellum. 
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3.6.3 Segmentation and volumetry using a canine brain atlas 

Atlas-based segmentation (ABS) was used to segment and calculate the 

volume of the following structures of epileptic and control dogs: 

a) the left hippocampal formation 

b) the right hippocampal formation and  

c) cerebral cortex by lobar region 

The process of ABS requires diffeomorphic registration of the subject brain to 

the template brain using the SyN algorithm through the 

WarpImageMultiTransform command in ANTs (Avants & Gee 2004). The 

inverse registration was simultaneously computed, and was applied to atlas 

segmentations to produce segmentations of individual structures. 

The process of ABS requires each individual brain image to be warped to the 

space of the template brain, template segmentation is applied, and the inverse 

warp is performed to produce a segmentation of that individual’s brain structure. 

Three open source medical image analysis software programs were used to 

perform registration and segmentation processes; image registration was 

performed using the WarpImageMultiTransform command in ANTs which 

calculated deformation matrices, while application of the FSLmaths 

multiplication tool produced segmentations. Each atlas-based segmentation 

was visually inspected for accuracy by overlying a transparency of the 

segmentation over the individual’s brain image and observing the alignment of 

the segmentation with the actual structure. When an over- or under-estimation 

of the structure’s boundaries was evident, the ABS derived volume was 

manually edited using ITKSnap to match actual boundaries.   

3.6.3.1 Adjusted volumes 

Dogs have a wide range of body weight and brain size, resulting in a wide range 

of normal absolute volume of various brain structures. To enable meaningful 

statistical comparison of volumes, an analysis of covariance (ANCOVA) 
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approach was used to adjust the volume of the structure of interest on the basis 

of intracranial volume (ICV). This technique is described in humans by Jack 

(1989) (Jack et al. 1989) and was applied in the dog (Milne et al. 2013). It is an 

established method for standardising volumes prior to statistical comparison. 

The following equation was used to calculate the adjusted volume: 

volume(adjusted) = volume (observed) - (B X [ICV - ICVmean]) 

where B is the slope of the regression line of volume of the structure of interest 

regressed on total intracranial volume, ICV is the intracranial volume of the 

subject, and ICVmean is the overall mean ICV for the sample population. 

3.6.3.2 Evaluation of the accuracy of atlas-based segmentation 

The accuracy of ABS in the dog was determined using manual tracing of 

structures as the ‘gold standard’. The degree of overlap between manually 

traced and ABS derived volumes was determined using the Dice and Jaccard 

similarity coefficients which were calculated using the LabelOverlapMeasures 

command in ANTs (Tustison & Gee 2009). 

The Dice coefficient (Figure 3.5) is commonly reported in human ABS research 

and provides a useful measure of comparing the accuracy of ABS in humans 

and dogs. In both Dice and Jaccard co-efficient, the closer the similarity 

coefficient is to one indicates greater spatial agreement between areas or 

volumes. 
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Figure 3.5. Venn diagram illustrating overlap of two-dimensional areas S and T. Calculation of 

the Dice similarity coefficient follows the formula 2 x (|S⋂T| / |S|+|T|) and reflects the proportion 

of overlapping area or volume relative to the total area or volume of both structures. Calculation 

of the Jaccard coefficient follows the formula (|S⋂T| / |S⋃T|) and reflects the proportion of 

overlapping area or volume relative to the combined area or volume. 
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 A proof of principle study (Milne et al. 2016) showed that ABS for segmentation 

of the hippocampal formation and caudate nucleus had comparable accuracy to 

similar techniques performed in human segmentation research, with a Dice co-

efficient ranging from 0.88 to 0.97 depending on structure segmented. The 

Jaccard coefficient was used for logistic regression analysis in this proof of 

principle study, and ranged from 0.72 to 0.80. Accuracy of ABS was improved 

when brains were extracted using a manually traced brain mask rather than an 

automatically generated brain mask (Milne et al. 2016). 

3.6.4 Statistical analysis for atlas-based segmentation 

Three approaches were used to evaluate regional changes in volume of the 

hippocampal formation and cerebral cortex. The first two approaches used 

statistics for group-wise comparison of distributions of adjusted volumes and 

asymmetry ratios. Asymmetry ratios have been described previously 

(Kuwabara, Hasegawa, Kobayashi, et al. 2010; Estey et al. 2017), and are 

appropriate in cases of unilateral pathology. If no difference was found by 

group-wise comparison, a threshold for normal adjusted structural volume was 

established in the control group; each dog in the IE-U group was considered 

individually against the control-established normal limits.  

Group-wise comparisons used an unpaired Student’s t-test with Welch’s 

correction for unequal variances where required for parametric data, or if data 

were not normally distributed a Mann-Whitney U test was applied. Statistical 

significance level was set a p = 0.05. 

The individual case approach considered the adjusted volume of each structure 

of left and right sides individually, comparing with upper and lower 95% 

referenced limits established using the robust method (Horn et al. 1998), which 

is appropriate for low numbers. This approach acknowledges that in some 

cases pathology may be bilateral.  

Epileptic dogs identified as having adjusted volumes outside the reference limits 
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were considered separately from ‘all’ IE-U dogs to see if a difference was 

present for age and duration of epilepsy, using Mann-Whitney U test. 

3.7 Analysis of in vivo glutamate in dogs with idiopathic 

epilepsy 

In vivo brain glutamate was measured using proton MRS. Technical parameters 

for spectra acquisition are described in 3.4.3.  

3.7.1 Case selection 

Retrospective evaluation of canine brain MRI scans obtained during the data 

collection period of 1st October 2010 and 31st September 2014 identified dogs 

which had MRS acquired from the left and right sides of the brain. Both dogs 

with IE-U and control dogs with no epilepsy and no identifiable structural brain 

lesion were included. Dogs were excluded when the quality of MRS spectra was 

not adequate to enable accurate estimation of glutamate concentration. 

3.7.2 Processing MRS data 

The MRS data were processed using LCModel (Provencher 1993). Spectra 

were only included in the analysis if they were of adequate quality, with a stable 

baseline, well-defined peaks of the major metabolites N-acetylaspartate, 

choline, and creatine, no lipid peak contamination with the lipid peak separated 

from and no higher than the N-acetylaspartate peak, and the accuracy of 

glutamate quantification by LCModel with a Cramer-Rao lower bounds of < 20% 

(Möller-Hartmann et al. 2002; Carrera et al. 2014). 

3.7.3 Statistical analysis 

Descriptive statistics of the estimated glutamate concentration in IE-U and 

control groups were calculated. Comparison of estimated glutamate levels in 

the IE-U and control groups was performed using the Mann-Whitney U test. 

Significance level was set at p = 0.05.  
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3.8 Software 

Studies in this thesis used a variety of software programs to organise, process, 

and analyse data. Details of software and its application within this thesis are 

provided below. 

3.8.1 FileMaker Pro 12.0v5 

FileMaker Pro is a commercially available database application from FileMaker 

Inc. It integrates database features with a customisable graphical user interface, 

permitting flexible and efficient data entry and flexible handling of large volumes 

of data. The user can customise export of various lines of data. This application 

was used for primary data storage, with numerical data exported to other 

applications for analysis. 

3.8.2 Synapse v3.1 

Synapse is a commercially available PACS software available through FujiFilm. 

It is used for storage, distribution and review of medical images. It was used for 

subjective review of all brain MRI scans for this thesis. 

3.8.3 Bash-Scripting 

Bash is a computer command language interpreter for the GNU operating 

system. It provides a Unix-like command line user interface, or Unix shell. This 

Unix shell was written by Brian Fox for the GNU project (a free software project) 

(Ramey & Fox 2016). Programs in ANTs and FSL were commanded in Bash. 

3.8.4 ANTs v1.9.4  

Advanced Normalisation Tools (ANTs) (Penn Image Computing and Science 

Laboratory, Philadelphia, Penn.) is a series of programs for image registration, 

segmentation, and analysis, developed at the Richards Medical Research 

Laboratories, University of Pennsylvania, PA, USA. It was used for the creation 

of a study specific brain MRI template, registration tasks, and calculation of 
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measures of overlap between manually segmented and automatically 

segmented volumes. 

3.8.5 FSL v5.0.7 

FSL (FMRIB Analysis Group, Oxford, England) is a free software library 

developed by the FMRIB Analysis Group at the University and the John 

Radcliffe Hospital in Oxford. It contains several different packages allowing 

structural, functional and diffusion MRI data analysis. It was used for some 

linear registrations and for visual inspection of the accuracy of atlas-based 

segmentations. 

3.8.6 ITK-Snap v2.0.0, 3.0.0 and 3.4.0 

ITK-Snap (Yushkevich P, Penn Image Computing and Science Laboratory, 

Department of Radiology, University of Pennsylvania, Philadelphia, Penn, and 

Gerig G, Scientific Computing and Imaging Institute, University of Utah, Salt 

Lake City, Utah) is an open source software application for segmentation of 

medical images in a three-dimensional space. It offers a variety of segmentation 

methods including manual delineation of structures, and semi-automated 

methods based on thresholding algorithms and user-controlled expansion of 

regions of interest. It was used to perform all manual segmentations and 

volume calculations. 

3.8.7 LCModel v6.2.2 

LCModel is commercially available software for automatic quantification of  

in-vivo proton MR spectra. 

3.8.8 Numbers v3.6.2 

Numbers is a commercially available spreadsheet application available for Mac. 

It is capable of standard statistical functions. It was used to tabulate numeric 

data from the FileMakerPro data base, volume measurements from ITKSnap, 

Measures of Overlap from ANTs, and MRS measurements from LCModel. Data 



 

 
Page 90 of 239 

Chapter 3  

were then exported to GraphPad Prism or Stata for analysis. 

3.8.9 GraphPad Prism v6.0h 

GraphPad Prism (GraphPad Software, La Jolla California USA) is a 

commercially available graphing and statistical software package. It includes all 

standard statistical tests. If not described elsewhere, GraphPad Prism was used 

for statistical analysis and graph production in this thesis. 

3.8.10 Stata/MP v13.1 

Stata (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, 

TX: StataCorp LP) is a commercially available data analysis and statistical 

software. It is operated from the command line, but incorporates a graphical 

user interface for data management and is capable of producing graphs. It 

includes all standard statistical tests as well as advanced statistical tests for 

extended data analysis. Stata was used for logistic regression.  
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Chapter 4: Subjects and Epidemiology 

4.1 Introduction 

Recent development of guidelines for the diagnosis and classification of canine 

epilepsy (Berendt et al. 2015) has finally provided a framework for a consistent 

approach to reporting the epidemiologic features of canine epilepsy within the 

literature. Prior to this, a high degree of variability in the application of terms to 

describe canine epilepsy and inconsistent application of diagnostic criteria to 

reach a diagnosis of idiopathic epilepsy has prevented meta-analysis of the 

literature. To date, only one publication from Japan has described the 

epidemiologic features of canine epilepsy in that country (Hamamoto et al. 

2016). Other reliable epidemiologic data is lacking, and differences in the types 

of canine epilepsy seen in different geographic contexts has not been 

considered. 

The aim of this chapter is to describe the epidemiologic features of epilepsy in 

dogs presenting to the University of Melbourne Veterinary Hospital during the 

four-year study period, applying the classification scheme presented by the 

IVETF (see Chapter 2.1.1.). Both idiopathic epilepsy of unknown cause (IE-U) 

and structural epilepsy are considered, and details of the prevalence of different 

causes of structural epilepsy are described. The following hypotheses are 

tested: 1) that IE-U is more commonly diagnosed in dogs presenting to 

veterinarians than structural epilepsy, 2) that some breeds have predilection for 

IE-U compared to all dog breeds, 3) that brain tumours are the most common 

cause of structural epilepsy in dogs, and 4) meningioma represents the most 

common brain tumour type in dogs with structural epilepsy. 

4.2 Methods 

Dogs were identified by searching the hospital information system (RxWorks, 

Henry Schein Veterinary Solutions, https://www.rxworks.com) for entries during 
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the data collection period between 1st October 2010 and 31st September 2014. 

Two searches were performed. All dogs receiving a consultation at the 

University of Melbourne Veterinary Hospital at least once were identified and 

comprised the subject pool of dogs. This included dogs presenting to the 

primary care, referral and emergency care clinics. Possible epileptic dogs were 

identified as those where the word epilepsy or seizure was used in the patient 

history. The medical records of possible epileptic dogs were reviewed and dogs 

were included in the epilepsy group if they had a history of two or more seizures 

at least 24 hours apart. Dogs with a single recorded seizure and dogs with a 

single episode of cluster seizures were excluded. Dogs were also excluded if 

the history was inadequate to make an accurate determination of epilepsy (for 

example if history recorded “had epilepsy as a pup” but no further mention of 

ongoing seizures or blood test results was included). Dogs with reactive 

seizures attributed to metabolic diseases such as hypercalcaemia or 

hepatopathies, or intoxications, were excluded. Dogs were also excluded if 

syncope was suspected, or if symptomatology was vague and could indicate a 

canine movement disorder. 

Demographic data that were recorded comprised breed, age at time of 

consultation, age at seizure onset if known, weight, and sex. Dogs with epilepsy 

were grouped according to the following categories:  

1) Epilepsy but insufficient information available to classify as having IE-U 

or structural epilepsy. 

2) Dogs with IE-U according to tier I or tier II IVETF level of certainty (see 

Chapter 2.1.1) (Berendt et al. 2015), with the exclusion of requiring 

urinalysis. 

3) Dogs with structural epilepsy, the diagnosis supported by inflammatory 

CSF results or lesions identified on brain MRI or post-mortem 

examination. 

Dogs with structural epilepsy were classified as having a histologically 

confirmed tumour, a suspected tumour on brain imaging, confirmed infectious 
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inflammatory brain disease, suspected MUO with appropriate signalment and 

MRI findings but CSF analysis was not performed, MUO with appropriate 

signalment and supportive CSF results, hydrocephalus (defined as dilation of 

the lateral ventricles with a ventricle-brain index as measured in the dorsal 

plane > 60%, elevation of the corpus callosum, and flattening of the inter-

thalamic adhesion (Laubner et al. 2015)), large supracollicular fluid 

accumulation causing occipital lobe compression (occupying > 14% of the 

expected craniocaudal dimension of the cerebrum on mid-sagittal section 

(Matiasek et al. 2007)), congenital malformation, cerebrovascular accident, and 

uncertain diagnosis but one or more structural abnormalities identified on MRI. 

The prevalence of IE-U and structural epilepsy, and prevalence of different 

causes of structural epilepsy were calculated relative to the subject pool of dogs 

attending the University of Melbourne Veterinary Hospital during the same study 

period. Epidemiological features were described for dogs classified with IE-U 

and structural epilepsy. The distributions of age at epilepsy onset and body 

weight were compared between IE-U and structural epilepsy groups using the 

Mann-Whitney U test. A Chi squared test was used to compare sex between  

IE-U and structural epilepsy groups. The statistical significance level was set at  

p ≤ 0.05. The relationship between breed and a diagnosis of IE-U was explored 

through odds ratios. Contingency tables were created for each breed with the 

exposure variable as breed and the outcome variable as IE-U. Odds ratios with 

95% confidence interval for a diagnosis of IE-U in a given dog breed were 

calculated relative to the subject pool of dogs, and the Chi squared statistic 

calculated. The significance level for the Chi squared statistic was set at  

p ≤ 0.05, that is breeds with a Chi squared statistic p value of ≤ 0.05 were 

deemed to have a statistically significant association with IE-U. Descriptive 

statistics were calculated and graphs produced using GraphPad Prism v6.0h 

(GraphPad Software, La Jolla California USA). Other statistical tests were 

conducted using Stata/MP v13.1 (StataCorp. 2013. Stata Statistical Software: 

Release 13. College Station, TX: StataCorp LP). 
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4.3 Results 

During the study period a total of 37,427 new consultations with dogs occurred 

and this was the subject pool of dogs. Over this period 558 dogs were identified 

with the word epilepsy or seizure in the history text. Of these, 413/37,427 

(1.1%) of these were determined to have epilepsy, giving a prevalence of 11 per 

1,000 consultations. 

4.3.1 Aetiology of epilepsy 

Of the dogs with epilepsy, 54/413 (13%) could not be classified as having IE-U 

or structural epilepsy due to insufficient information in the medical records. This 

was most often due to a dog with onset of seizures under six months (6/54) or 

over six years (41/54) without brain MRI or CSF analysis, or unknown age of 

onset (4/54). Two dogs satisfied the IVETF Tier I level of certainty for diagnosis 

of IE-U, but a post-mortem performed three months or more after the initial 

presentation identified change within the brain that potentially could cause 

seizures (one with osteosarcoma metastases to the brain, and one with 

possible meningoencephalitis of unknown origin or post-mortem artefact). One 

dog that otherwise satisfied Tier I level of certainty for a diagnosis of IE-U did 

not have complete blood work. 

Of the remaining 359 dogs with classifiable epilepsy, 269/359 (75%) were 

classified as having IE-U according to the IVETF Tier I or Tier II level of 

certainty (with the exception of requiring urinalysis which was inconsistently 

performed). Although a brain MRI is not required for IVETF Tier I level of 

certainty for a diagnosis of IE-U, 117/269 (43%) dogs identified with IE-U had a 

brain MRI performed as part of the diagnostic investigation, which was regarded 

as normal on subjective interpretation by a veterinary radiologist. 

Of the 359 dogs with classifiable epilepsy, 90/359 (25%) were classified as 

having structural epilepsy. Causes of structural epilepsy are listed in Table 4.1, 

and proportions are displayed in Figure 4.1.  
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Table 4.1 Causes of structural epilepsy in 90 dogs presented to the University of Melbourne 
Veterinary Hospital between October 2010 and September 2014. MUO = meningoencephalitis 
of unknown origin. 
  

diagnosis number of dogs 
(total n = 90) proportion (%) 

tumour confirmed with histology 23 26 

tumour suspected (no histology) 31 34 

MUO confirmed with cerebrospinal fluid 8 8.9 

MUO suspected (no cerebrospinal fluid) 2 2.2 

hydrocephalus 4 4.4 

large supracollicular fluid accumulation 2 2.2 

cerebrovascular accident 5 5.6 

congenital malformation 3 3.3 

inflammatory infectious 1 1.1 

uncertain 11 12 
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Figure 4.1 Proportion of different causes of structural epilepsy in 90 dogs presented to the 
University of Melbourne Veterinary Hospital between October 2010 and September 2014. MUO 
= meningoencephalitis of unknown origin.  
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The most common cause of structural epilepsy affecting 54/90 (60%) of cases 

was a brain tumour. These were either confirmed by histology (n=23) or 

suspected based on MRI characteristics (n=31). In 11/90 (12%) cases the 

cause of structural epilepsy was listed as uncertain. This was either due to the 

presence of multiple structural abnormalities on MRI, haemorrhagic lesions 

which could not be differentiated into haemorrhagic stroke or tumour, 

irreconcilable discord between MRI and histologic findings, suspected but 

unconfirmed degenerative disease, and suspected but unconfirmed ischaemic 

lesions. The third most common cause of structural epilepsy was 

meningoencephalitis of unknown origin, which was diagnosed in 10/90 (11%) 

dogs. Most of these cases had supportive inflammatory change on analysis of 

CSF (n=8), and in the remainder the diagnosis was based on the combination 

of classic signalment and MRI findings without supportive CSF results (n=2). 

Intracranial fluid accumulations comprised 6/90 (6.7%) of structural epilepsy 

cases, with hydrocephalus (n=4) more commonly identified than large 

supracollicular fluid accumulations (n=2). Cerebrovascular accidents were 

identified in 5/90 (5.6%) of dogs. Congenital malformations were recognised in 

3/90 (3.3%) of dogs, and included one case of lissencephaly and two cases of 

corpus callosum agenesis. Finally, a single dog diagnosed with infectious 

encephalitis was a five-year old Labrador retriever with multifocal lesions on 

MRI, inflammatory CSF and a positive Neospora result on polymerase chain 

reaction testing of CSF. Examples of the MRI appearance of these structural 

diseases are provided in Figure 4.2. 
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Figure 4.2 A) through D) 
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Figure 4.2 E) through H)  
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Figure 4.2 MRI examples of structural epilepsy. Dorsal and transverse plane MR images are 
oriented following radiological display convention with the right side of the dog displayed on the 
left of the image. A) meningioma compressing the left frontal lobe in a 14-year-old male 
neutered Maltese terrier x shih tzu, i) dorsal plane T1W sequence with intravenous contrast ii) 
transverse plane FLAIR sequence. B) oligodendroglioma in the right temporal lobe of a nine-
year-old male neutered boxer dog i) dorsal plane T1W sequence with intravenous contrast ii) 

transverse plane FLAIR sequence. C) MUO in the right temporal and frontal and left frontal 
lobes of an eight-year-old male neutered Maltese terrier x shih tzu, i) dorsal plane T1W 
sequence with intravenous contrast ii) transverse plane FLAIR sequence. D) hydrocephalus in a 
two-year-old male neutered British bulldog i) dorsal plane T1W sequence ii) sagittal plane T2W 
sequence. E) large supracollicular fluid accumulation in a four-and-a-half-month old female 
neutered pug dog i) dorsal plane T1W sequence ii) sagittal plane T2W sequence. F) congenital 
malformations i) agenesis of the corpus callosum in a two-and-a-half-month old female neutered 
bull mastiff, sagittal plane T2W sequence, ii) lissencephaly in a six-year-old male neutered 
kelpie, transverse plane T2W sequence. G) cerebrovascular accident in the left parietal lobe of 
a 14-year-old female neutered coolie i) transverse plane FLAIR sequence, ii) transverse plane 
T1W sequence with intravenous contrast, iii) DWI sequence (top) with ADC map (bottom) 
showing restricted diffusion. H) cerebral neosporosis in a five-year-old female neutered 
Labrador retriever i) dorsal plane T1W sequence with intravenous contrast ii) transverse plane 
FLAIR sequence. T1W = T1 weighted; T2W = T2 weighted; FLAIR = fluid attenuation inversion 
recovery; DWI = diffusion weighted imaging; ADC = apparent diffusion coefficient; MUO = 
meningoencephalitis of unknown origin 
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Of the 23 dogs with histologically confirmed brain tumours, meningioma was 

most commonly identified, being diagnosed in 8/23 (35%) cases. 

Oligodendrogliomas were the next most common diagnosis, in 6/23 (26%), with 

oligoastrocytomas (n=2) and astrocytoma (n=1) also identified in fewer number. 

When all glial tumours were considered together, they comprised 9/23 (39%) of 

cases, approaching similarity in frequency of diagnosis as meningioma. Choroid 

plexus tumours were identified in two dogs, and metastatic adenocarcinoma in 

one. Three extra-axial tumours were identified, one each of nasal carcinoma, an 

olfactory neuroblastoma, and a cholesteatoma. 

When both histologic diagnosis and presumptive MRI diagnosis of tumour type 

were considered (n=54), meningioma was the most common tumour diagnosis 

at 20/54 (37%), closely followed by glioma at 16/54 (30%). No attempt was 

made to distinguish between types of glioma based on MRI characteristics 

alone. 

4.2.2 Demographic features of epilepsy  

The age of onset of epilepsy was recorded for 257 dogs with IE-U and 88 dogs 

with structural epilepsy. Dogs with IE-U had a median age of onset of three 

years, with a range of 0.079 years (29 days) to 14 years. Dogs with structural 

epilepsy had a median age of onset of eight years, with a range of 0.019 years 

(seven days) to 16 years. A Mann-Whitney U test showed that the median age 

of dogs with structural epilepsy was significantly older than dogs with IE-U (p < 

0.05). 

Body weight was recorded for 267 dogs with IE-U and 84 dogs with structural 

epilepsy. Dogs with IE-U had a median body weight of 18 kg, with a range of 

0.50 to 58 kg. Dogs with structural epilepsy had a median body weight of 16 kg, 

with a range of 2.4 to 56 kg. A Mann-Whitney U test did not show any difference 

in body weight between the two groups (p = 0.06). 

Sex was recorded as female, female neutered, male and male neutered for all 
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dogs. A Chi squared test did not show any significant differences in the 

distribution of different sex classes for dogs with IE-U compared with dogs with 

structural epilepsy (p = 0.29). The distribution of sexes for IE-U and structural 

epilepsy groups is shown in Figure 4.3. 
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Figure 4.3 Bar graph showing the proportion of the different sex categories in dogs with 
idiopathic epilepsy (blue) and structural epilepsy (orange). There is no significant difference in 
the distribution of sexes between the two categories. 
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There were 80 breeds of dog recorded as having IE-U. Of these the most 

commonly recorded breeds with epilepsy were the Staffordshire bull terrier 

(n=25), the Labrador retriever (n=20), golden retriever (n=13), Jack Russell 

terrier (n=11), cavalier King Charles spaniel and German shepherd (n=10 

each), Border collie (n=9), boxer dog (n=8), beagle, Hungarian viszla, Labrador 

x poodle, Pomeranian, and pug dog (n=7 each), cocker spaniel, Maltese cross 

and Maltese x shih tzu (n=6 each), kelpie cross (n=5), cross bred dog, German 

shorthaired pointer, poodle cross, Rottweiler and Siberian husky (n=4 each), 

Blue heeler, bulldog, cavalier King Charles Spaniel x poodle, Pomeranian cross, 

toy poodle and whippet (n=3 each), beagle cross, Bernese mountain dog, 

Bichon frise, Border collie cross, boxer cross, chihuahua, chihuahua cross, 

Dalmation, English springer spaniel, flat coated retriever, fox terrier, German 

shepherd cross, heeler cross, miniature fox terrier, poodle, miniature poodle, 

and cocker spaniel cross poodle (n=2 each), with one each of another 35 

breeds of dog. 

One breed of dog, the Havanese, was excluded from odds ratio analysis 

because only one Havanese presented to the hospital during the study period 

and this dog had IE-U, which precluded calculation of an odds ratio. A 

statistically significant association between IE-U and breed was identified in 21 

breeds of dog, as indicated by the Chi squared statistic p value ≤ 0.05. These 

breeds are listed in Table 4.2. Odds ratios and the 95% confidence interval for 

all 79 breeds are shown in Figure 4.4. Note that of the top eight most frequently 

recorded breeds with a diagnosis of IE-U, only two, the Staffordshire bull terrier 

and golden retriever, had a statistically significant increased risk of a diagnosis 

of IE-U with modest odds ratios of 2.1 and 1.9 respectively. The other six 

breeds (Labrador retriever, Jack Russell terrier, Cavalier King Charles spaniel, 

German shepherd, Border collie and boxer dog) did not have a significant 

increase in risk due to the high frequency of these breeds within the general 

hospital population.   
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Breed clinical 
diagnosis 
of IE-U 

dogs 
presenting 
to 
University 
of 
Melbourne 
Veterinary 
Hospital 

odds ratio lower 95% 
CI 

upper 95% 
CI 

Chi2 

beagle 7 466 2.1 0.85 4.5 4.06 
bulldog 3 74 5.9 1.2 18 11.56 
English pointer x 1 10 15 0.35 111 12.08 
English springer spaniel 2 45 6.5 0.76 25 8.76 
flat coated retriever 2 12 28 3.0 131 42.79 
German pointer 1 21 7.0 0.17 43 4.81 
golden retriever 13 977 1.9 1.0 3.3 5.26 
Gordon setter 1 18 8.2 0.19 52 5.90 
heeler x 2 58 5.0 0.58 19 6.07 
Hungarian vizsla 7 86 13 4.8 27 66.52 
Italian greyhound 1 13 12 0.27 79 8.86 
Labradoodle 7 225 4.5 1.8 9.6 18.16 
miniature poodle x 1 4 46 0.88 577 33.05 
Norwich terrier 1 4 46 0.88 577 33.05 
poodle (miniature) 2 76 3.8 0.44 14 3.91 
Russian terrier 1 5 35 0.70 351 26.05 
Scottish terrier x 1 3 69 1.2 1334 44.72 
spaniel 1 4 46 0.88 577 33.05 
Springer spaniel 1 3 69 1.2 1334 44.72 
Staffordshire bull terrier 25 1755 2.1 1.3 3.2 12.85 
Yorkshire terrier 1 54 2.6 1.6 25 16.91 

 
Table 4.2 Odds ratio and 95% confidence interval of a diagnosis of idiopathic epilepsy of 
unknown cause (IE-U) in a given dog breed, compared to the hospital population over the same 
study period (n=37427). Only breeds with a statistically significant increased odds (p value for 
the Chi squared statistic was ≤ 0.05) are included in this table. CI = confidence interval. Chi2 = 
Chi squared statistic. 
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Figure 4.4 Odds ratios for a diagnosis of idiopathic epilepsy of unknown cause (IE-U) for a given 
dog breed. 79 breeds are represented, and ranked from lowest to highest odds ratio. A 

logarithmic scale with a base of 10 is used for the odds ratio on the x axis. The vertical dotted 
line indicates an odds ratio of 1. Breeds that had a significant association with IE-U and lower 
95% confidence limit of the odds ratio above 1 are indicated in red, while breeds that had a 
significant association with IE-U and a lower 95% confidence limit below 1 are indicated in 
orange. GSHP = German shorthaired pointer. CKCS = cavalier King Charles spaniel.  
X = crossed with another breed  
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4.3 Discussion 

Results of this study support the hypotheses that idiopathic epilepsy is more 

commonly diagnosed than structural epilepsy in dogs presenting to the 

University of Melbourne Veterinary Hospital, and that brain tumours are the 

most common cause of structural epilepsy with meningiomas occurring slightly 

more frequently in epileptic dogs than oligodendrogliomas.  

Although the University of Melbourne Veterinary Hospital has primary accession 

(approximately 43%), emergency accession (approximately 45%) and referral 

accession (approximately 12%) case load, the population of dogs seen at the 

University of Melbourne Veterinary Hospital may not be representative of the 

wider population of pet dogs. As such, results from this study should not be 

extrapolated to all dogs. Despite this limitation, the present study represents the 

most detailed epidemiological investigation into the causes of canine epilepsy, 

using a broad-based sample of Australian dogs, and applying contemporary 

canine epilepsy classification criteria. 

The prevalence of epilepsy reported in the present study is 1.1% of dogs 

presenting to the University of Melbourne Veterinary Hospital, which is slightly 

lower than the prevalence of 1.9% (Hamamoto et al. 2016), and 2.0% 

(Zimmermann et al. 2009) reported previously. Whilst this difference in results 

may indicate regional differences in the frequency of epilepsy, a more likely 

explanation is difference in case load, with the previous studies deriving data 

from referral caseload only. The prevalence of epilepsy seen by the different 

service classes at the University of Melbourne Veterinary Hospital was not 

evaluated in the present study. The difference in prevalence may also in part be 

attributable to approximately one in four dogs from the possibly epileptic pool 

being excluded from the study. Although some of these dogs had reactive 

seizures, many presented to the emergency clinic for a single seizure or cluster 

seizures and were returned back to their primary care veterinarian, so it is not 

known whether they developed an enduring tendency for seizures (ie. repeated 



 

 
Page 108 of 239 

Chapter 4  

seizures more than 24 hours apart). Despite this, the proportion of all possibly 

epileptic dogs of the subject pool of dogs was still only 1.5%, which still remains 

lower than previously reported prevalence.  

In this study approximately 75% of dogs with classifiable epilepsy had idiopathic 

epilepsy, which is higher than the reported frequency of 48 to 69% (Hamamoto 

et al. 2016; Podell et al. 1995; Pakozdy et al. 2008; Armaşu et al. 2014). This 

may reflect a true difference in our hospital population of dogs, but is more likely 

because only 13% of epileptic dogs in the present study could not be classified 

as having IE-U according to tier I or II level of evidence for IE-U, compared with 

approximately one third in other studies. The higher rate of classification as  

IE-U or structural epilepsy may be due the regular use of blood tests in dogs 

with repeat seizures and ready availability of MRI at our hospital. It is important 

to note the limitation that a brain MRI or post-mortem was not performed in all 

dogs diagnosed with IE-U; it is possible that some dogs with IE-U had 

underlying structural brain disease however this is unlikely as these dogs had a 

normal inter-ictal neurologic examination (Bush et al. 2002). 

Odds ratio analysis identified 21 breeds of dog that had a significant association 

with having IE-U, when compared with the hospital population over the same 

time period. This is one of few veterinary studies to look at the risk of IE-U in 

different dog breeds in a case-control manner, without biased inclusion criteria 

restricting age of first seizure or focussing on an individual breed or familial line 

of dogs. In the present study, Labrador retrievers, Jack Russell terriers, Cavalier 

King Charles spaniels, German shepherds, Border collies, boxers, Pomeranians 

and pugs initially appear over-represented however these are popular breeds in 

the local area and odds ratio analysis did not identify a significant association 

between these breeds and a diagnosis of epilepsy. Of the 21 breeds with an 

association with IE-U, four are suspected to have an inherited basis to epilepsy 

based on other prevalence and familial studies. These are the beagle 

(Hülsmeyer et al. 2015), English springer spaniel (Patterson et al. 2005), golden 

retriever (Srenk & Jaggy 1996) and Hungarian vizsla (Patterson et al. 2003). 
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The American bulldog (Awano, Katz, D. P. O'Brien, Taylor, et al. 2006) and 

American Staffordshire bull terrier (Abitbol et al. 2010) are breeds where 

mutations have been identified that cause canine neuronal ceroid lipofuscinosis, 

and although hospital records were not precise as to the breed, both bulldog 

and Staffordshire bull terrier were identified as having an association with IE-U 

in the present study. Special mention should be made of the Hungarian vizsla; 

of the 86 Hungarian vizslas presenting to the hospital during the study period, 

seven dogs or 8% had IE-U. Although the prevalence of IE-U may be higher for 

other breeds (100% of the one Havanese dog that attended the hospital had IE-

U), a reasonably high number of Hungarian vizslas presented to the hospital 

allowing calculation of an odds ratio of 13 with narrow confidence limits, and the 

strongest association between breed and IE-U with a Chi squared statistic of 

66.52. The most common breed, the Staffordshire bull terrier, had a narrow 

confidence limits about the odds ratio of 2.1, however the lower prevalence of 

IE-U in this breed at 1.4% did not produce as strong an association between 

breed and IE-U. 

The present study provides a valuable snapshot of the causes of structural 

epilepsy. Many other publications do not provide a detailed breakdown of the 

final diagnosis in dogs with structural epilepsy. An earlier study found 31% of 

dogs with structural epilepsy had brain tumours and 18% had inflammatory 

brain disease, however 41% of dogs with seizures were excluded from the 

analysis due to incomplete information, which may bias the results (Pakozdy et 

al. 2008). A more complete study of epileptic dogs reported that 8% of dogs 

with structural epilepsy had hydrocephalus while the remaining 92% had 

asymmetric brain disease representing neoplasia, inflammatory brain disease or 

vascular lesions (Armaşu et al. 2014). In the present study a distinction was 

made between neoplasia, inflammatory brain disease and vascular lesions by 

considering all clinical information, not just MRI findings. The routine use of 

diffusion weighted imaging at our institution increases the sensitivity and 

specificity for the diagnosis of vascular lesions and increases diagnostic 

confidence of MRI findings. The results of the present study also make a clear 
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distinction between cases where inflammatory brain disease was suspected 

versus confirmed with CSF analysis, and when a brain tumour was suspected 

versus confirmed with histology. 

In contrast with the results of a similar study from Japan, the present study 

found that brain tumours were the most common cause of structural epilepsy at 

60%, with MUO comprising only 11% of causes of structural epilepsy. The other 

study found MUO was the most common cause for structural epilepsy at 37%, 

with neoplasia making up 29% of cases. The disparate results may in part be 

explained by a high rate of ownership of small breed dogs in Japan (median 

body weight in the Japanese study was 6.0 kg) which may increase the 

prevalence of MUO, compared with the present study where medium to large 

breed dogs were common (median body weight in the present study was 18 

kg). These contrasting results highlight the importance of considering regional 

differences in disease prevalence when extrapolating the results of a published 

study to a different set of circumstances. 

The present study found that in dogs with tumour associated epilepsy, 

meningiomas were slightly more common than oligodendrogliomas, with a 

prevalence of between 34 and 37% depending on whether histologically 

confirmed, or both confirmed and suspected meningiomas are considered. 

Meningioma is the most common type of primary brain tumour in the dog 

(Snyder et al. 2006), however a previous study did not identify an association 

between brain tumour type and risk of seizures (Schwartz et al. 2011). The risk 

of seizures with types of brain tumours was not analysed in the present study 

due to the absence of control data from dogs with brain tumours but not 

epilepsy. 

Although the age of onset of epilepsy varied widely within both IE-U and 

structural epilepsy categories with a similar range of reported age of onset for 

the two categories, the median age of dogs with structural epilepsy was 

significantly older than dogs with IE-U. This is in agreement with the previous 

literature (Pakozdy et al. 2008; Hamamoto et al. 2016), but to a large extent is a 
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predictable finding because the IVETF guidelines (refer to Chapter 2.1.1) 

require more strict diagnostic criteria for IE-U in dogs with an age of seizure 

onset over 6 years, and in this study 41 epileptic dogs were excluded from the 

IE-U group because of an old age of seizure onset but no available MRI and 

CSF results. It is difficult to know whether inclusion of all dogs into the correct 

IE-U or structural epilepsy category would produce different results. 

No difference in median weight was identified between IE-U and structural 

epilepsy, which is similar to findings reported by Hamamoto and colleagues 

(2016) (Hamamoto et al. 2016), but contrasts other earlier studies (Pakozdy et 

al. 2008). No sex predilection for IE-U or structural epilepsy was identified, 

similar to more recent studies (Hamamoto et al. 2016). 

Several interesting clinical features of epilepsy were not evaluated due to the 

retrospective nature of the study, complicated by lack of a standardised method 

for recording of historical and clinical data. This may be overcome in future 

studies by collecting history with a standardised questionnaire. Seizure 

semiology, frequency and severity would be interesting to analyse, as recent 

publications debunk the long-held myth that dogs with IE-U have generalised 

onset of seizures and dogs with structural epilepsy have focal onset seizures. 

Accurate descriptions of seizure semiology may also assist identification of a 

seizure focus and aid future studies investigating subtle structural pathology in 

‘idiopathic’ epileptic dogs. Mortality data would also be interesting to know, and 

although the death of some epileptic dogs was recorded most dogs were lost to 

follow-up. 

4.4 Conclusion 

This study highlights some important epidemiological features of canine 

epilepsy at an Australian University veterinary hospital practice. The large 

number of cases and high classification rate of idiopathic or structural epilepsy 

using IVETF recommendations represent strengths of the current study. 
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Idiopathic epilepsy was a much more common diagnosis than structural 

epilepsy. Although the age ranges for dogs with structural and idiopathic 

epilepsy are similar, dogs with structural epilepsy have a higher median age. 

Brain tumours were the most common cause of structural epilepsy with 

meningiomas recognised slightly more frequently than oligodendrogliomas. 

Details are provided about the frequency of other causes of structural epilepsy. 

In addition, analysis of the risk of idiopathic epilepsy in a given dog breed is 

provided with the Hungarian vizsla demonstrating a particularly strong breed 

association with a diagnosis of idiopathic epilepsy. 
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Chapter 5: The role of hippocampal sclerosis in 
idiopathic epilepsy of unknown cause 

5.1 Introduction 

The hippocampi are paired structures located in the mesial temporal lobe, on 

the axial surface of the lateral ventricles (Figure 5.1). Functionally the 

hippocampi are part of the limbic system which is involved with emotional 

behaviour and memory. The hippocampi are connected to the remainder of the 

limbic system by rostroventrally curved white matter projections called the 

fornix, which connect to paired mamillary bodies on the ventral aspect of the 

diencephalon. Other components of the limbic system include diencephalon 

structures of the rostral, lateral, dorsomedial, dorsal, paraventricular and 

intralaminar nuclei, habenular nuclei and hypothalamus; and telencephalic 

structures of the parahippocampal gyrus, amygdala, cingulate cortex, septal 

region, and parts of the rhinencephalon (Evans & Miller 2013).  

The hippocampal formation is comprised of the dentate gyrus which is centrally 

located, being wrapped by the hippocampus proper (Figure 5.1B inset), which 

can be further divided into CA1, CA2, CA3 and CA4 subfields. Extending from 

the hippocampus is a short length of grey matter called the subiculum. The 

hippocampus and dentate gyrus are wrapped in a thin layer of white matter, the 

alveus, which extends rostrally as the fimbria, and thence as the fornix, 

connecting with the mammillary bodies. The hippocampus functions in spatial 

awareness required for navigation, the consolidation of short-term to long-term 

memory and recall required for learned behaviours, and emotional memory and 

moderation. 
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Figure 5.1. Location and structure of the hippocampus. A) Transverse plane MRI image of the 
dog’s brain showing the right hippocampal formation (red) and left hippocampal formation 
(green), located on the axial surface of the lateral ventricles.  B) Dorsal plane MRI image of the 
dog’s brain showing the left and right hippocampal formation, with an inset diagram (yellow box) 
of the left hippocampal formation showing its components, being the dentate gyrus, 
hippocampus proper with CA1, CA2, CA3 and CA4 subfields, subiculum, alveus and fimbria. 
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Hippocampal sclerosis (HS) describes a disorder of the hippocampus 

characterised by atrophy and gliosis (Margerison & Corsellis 1966). In humans, 

this pathology is present in a high proportion of patients with drug-resistant TLE 

(Cendes et al. 2014). Differing patterns of neuronal loss are seen in humans 

with mesial temporal lobe epilepsy and HS; in most there is neuronal loss 

affecting all subfields, in other patients focal cell loss most often affecting the 

CA1 subfield, is recognised (Blümcke 2009). Regional atrophy affecting the 

head, body or tail has also been reported (Bronen et al. 1995). 

A finding of HS is not specific for epilepsy and in humans this pathology has 

been identified in other chronic brain diseases such as Alzheimer’s Disease 

(Dawe et al. 2011) schizophrenia (Radonic et al. 2011), multiple sclerosis (V. M. 

Anderson et al. 2010), and depression (Cole et al. 2011). Hippocampal volume 

also declines with advanced age, probably related to generalised cerebral 

atrophy (Jack et al. 1992). Whether HS represents a primary cause of seizures, 

or is an epileptogenic focus arising as a consequence of the excitotoxic effects 

of recurrent or prolonged seizures is not known (Cendes et al. 2014; Blümcke et 

al. 2002; Theodore et al. 1999). In humans with drug-resistant TLE and 

concurrent HS, resection of the affected hippocampus results in elimination of 

seizures or improved seizure control in many (S. Spencer et al. 2003). For this 

reason, there is recent interest in the possible role HS may play in dogs and 

cats with drug-resistant epilepsy.  

Isolated case reports describe histopathologic change resembling HS in 

epileptic dogs that died or were euthanised due to poorly controlled epilepsy, 

although the final pathologic interpretation often did not consider HS as the 

diagnosis. The described changes include bilateral hippocampal neuronal 

atrophy and gliosis (Andersson & Olsson 1959); neuronal loss, gemistocytic to 

fibrillary astrocytosis and vascular proliferation in the limbic portion of the 

cingulate gyrus, amygdala, hippocampus and dorsomedial nucleus of the 

thalamus (Yamasaki et al. 1991); and loss of pyramidal cells in both 

hippocampi, worse on the left side, and ischaemic changes with laminar 
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malacia and gliosis, most marked in the cingulate gyrus (D. Hasegawa et al. 

2002). The largest case series reporting epilepsy-associated pathology in the 

hippocampus followed 68 epileptic beagle dogs that died during episodes of 

status epilepticus. Almost half of these dogs had a particular pattern of 

ischaemic brain damage affecting several cerebral regions including the 

hippocampus. It remains debatable whether the described lesions reflect acute 

ischaemic brain damage or HS (Montgomery & A. C. Lee 1983). 

Brain MRI findings in HS include hippocampal atrophy or a reduction in 

hippocampal size, a loss of the normal internal architecture of the hippocampus, 

and an increase in T2W or FLAIR signal intensity. One study investigated MRI 

findings in 58 epileptics and 35 control dogs, using thick slice transverse plane 

T2W images. The authors found visually noticeable asymmetry of the 

hippocampus in 12% of cases. When volume was measured by manual tracing 

of the hippocampus, 48% of cases had hippocampal asymmetry of over 6% 

consistent with hippocampal atrophy (Kuwabara, Hasegawa, Kobayashi, et al. 

2010). To date there has been no large-scale evaluation using high resolution 

volumetric MRI of whether hippocampal sclerosis is present in dogs with 

idiopathic epilepsy of unknown cause (IE-U). The main hypothesis is that some 

dogs classified as having idiopathic epilepsy of unknown cause (IE-U) will have 

hippocampal sclerosis. The hypothesis was investigated by two means: 

subjective evaluation of canine brain MRI scans for features consistent with 

hippocampal sclerosis, and objective measurements of hippocampal volume in 

epileptic and control dogs to detect hippocampal atrophy as a biomarker for 

hippocampal sclerosis. A secondary hypothesis is that dogs with epilepsy and 

hippocampal atrophy will have epilepsy of longer duration than epileptic dogs 

without hippocampal atrophy, which may support the theory that HS occurs as a 

consequence of seizures. 
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5.2 Subjective evaluation of MRI for hippocampal sclerosis 

5.2.1 Methods 

5.2.1.1 Case selection 

Dogs with high resolution brain MRI scans acquired at the University of 

Melbourne Veterinary Hospital between October 2010 and November 2011 

were retrospectively identified by searching the hospital PACS (Synapse v3.1, 

FujiFilm, Tokyo, Japan). Dogs were selected for the study if they had a clinical 

diagnosis of IE-U based on having two or more seizures at least 24 hours apart 

and no obvious structural abnormalities on brain MRI as interpreted by both a 

veterinary radiologist and neurologist. Control dogs had no epilepsy and no MRI 

evidence of structural brain disease. 30 dogs with IE-U and 18 control dogs 

were identified. 

5.2.1.2 MRI acquisition 

All dogs underwent MRI as described in Chapter 3.4. The standard MRI 

protocol acquired the following sequences: sagittal and transverse plane T2-

weighted fast spin echo, transverse plane T2-weighted fluid-attenuated 

inversion recovery, T2* gradient echo, diffuse-weighted imaging with calculated 

apparent diffusion co-efficient map, and dorsal plane T1-weighted 3D fast 

spoiled gradient recalled sequence aligned perpendicular to the long axis of the 

hippocampal formation. 

5.2.1.3 MRI Interpretation 

Brain MRI scans were reviewed using Synapse viewing software and 

consensus opinion reached by two registered specialist Veterinary Radiologists, 

Marjorie Milne and Dayle Tyrrell. Brain MRI scans were reviewed in a computer-

generated randomised order at least six months after image acquisition and 

reviewers were blinded to the subject group (IE-U or control). The order in 

which sequences were reviewed was at the discretion of the radiologist, but all 
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obtained sequences were available for consideration.  Brain MRI scans were 

evaluated for subjective MRI findings that are described with hippocampal 

sclerosis in humans (Jackson et al. 1990; Jackson 1995). The reviewer was 

required to indicate if a feature was present or absent, and whether it occurred 

in the left, right or both sides of the brain. For reference, reviewers were 

provided with pictorial MRI examples of each abnormality in humans (Figure 

5.2). 

The following features related to hippocampal sclerosis: 

• hippocampal atrophy: a reduction in hippocampal formation size 

• increase in T2W signal of the hippocampal formation 

• decrease in the T1W signal of the hippocampal formation 

• abnormal internal architecture of the hippocampal formation 
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Figure 5.2. Pictorial examples of hippocampal sclerosis in humans. A) Atrophy and increased 
T2W signal of the left hippocampus (arrow) and loss of internal architecture and B) T2W 
Hippocampal hyperintensity seen post-seizure, reproduced with permission (Camacho & 
Castillo 2007) C) atrophy of the left hippocampal formation, reproduced with permission (Van 
Paesschen 2004). 
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5.2.1.4 Statistical analysis 

Descriptive statistics for age at presentation and sex for IE-U and control groups 

were calculated. The frequency of positive subjective findings was described 

and compared between IE-U and control groups.  

For the finding of hippocampal atrophy, age at time of presentation was 

compared between dogs in the IE-U group and control group, and those that 

had identifiable atrophy and those that didn’t, using the Kruskal-Wallis test. 

Duration of epilepsy in dogs with and without identifiable hippocampal atrophy 

were compared using a Mann-Whitney U test. Significance level was set at  

p ≤ 0.05.  

Analyses were performed using GraphPad Prism v6.0 and Stata/MP v 13.1. 

5.2.2 Results 

5.2.2.4 Dogs 

Of the 30 dogs with IE-U, 24 breeds were represented, while in the 18 control 

dogs, 13 breeds were represented; details are tabulated in Table 5.1. 

Details of the distribution of age in dogs with epilepsy and controls is also 

provided in Table 5.1. An unpaired Student’s t test did not reveal a significant 

difference in the distribution of age between epileptic and control dogs.  

The median duration of epilepsy was six months with a range of 24 hours to 

four years. 
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Demographic feature IE-U (n=30) Control (n=18) 

Breed pug dog (n=4) 
Border collie (n=3), 
Staffordshire bull terrier 
(n=2), Maltese terrier cross 
(n=2),  
beagle, beagle cross, 
boxer, boxer cross, 
Labrador retriever, Labrador 
cross, standard poodle, toy 
poodle, poodle cross, (n=1 
each) 
 

Greyhound (n=5) 
Boxer (n=2), beagle, 
bulldog, cavalier King 
Charles spaniel, chihuahua, 
golden retriever, griffon 
Bruxellois, kelpie, Maltese 
terrier, Maltese terrier cross, 
rottweiler, shi-tzu, (n=1 
each) 

Sex Female (n=3) 
Female neutered (n=10) 
Male (n=4) 
Male neutered (n=13) 

Female (n=2) 
Female neutered (n=11) 
Male (n=2) 
Male neutered (n=3) 

Age in years 
mean (standard 
deviation SD), range 

5.86 (SD 3.85) 
4 months – 13 years 

5.87 (SD 3.45) 
10 months - 13 years 

 

Table 5.1 Demographic data for dogs with idiopathic epilepsy of unknown cause (IE-U) and 
controls. 
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5.2.2.5 Subjective MRI findings 

Abnormal subjective findings were not commonly seen. The frequency of 

abnormal subjective MRI findings is summarised in Table 5.2, which shows 

similarity in the frequency of findings between epilepsy and control groups. 

Subjective reduction in hippocampal size was seen in both epileptic (n=5) and 

control (n=5) dogs, and in all of these dogs, unilateral atrophy was recognised. 

Examples of hippocampal atrophy are provided in Figure 5.3. A) and B). 

A Kruskal-Wallis test revealed no significant difference (P 0.831) in the age at 

presentation of epileptic dogs with hippocampal atrophy (median 4.5 years, 

range of 1 to 8.5 years), compared with epileptic dogs without hippocampal 

atrophy, and compared with control dogs with and without atrophy. Summary 

descriptive statistics for age of dogs with and without hippocampal atrophy are 

listed in Table 5.3. 

Epileptic dogs with hippocampal atrophy had epilepsy of relatively short 

duration with a median time between the onset of epilepsy and brain MRI of one 

week (range 2 days to 10 months). There was, however, no significant 

difference in the duration of epilepsy between dogs with hippocampal atrophy 

and dogs without, median 7 months (range 24 hours to 4 years), Mann-Whitney 

U test, p value of 0.12. 

An increase in T2W signal of the right hippocampal formation without 

appreciable hippocampal atrophy was seen in one epileptic dog, a six and a 

half-year old male neutered Jack Russell Terrier who had epilepsy for 10 

months prior to brain imaging (Figure 5.3 C). The dog demonstrated signs of 

partial seizures with episodic behavioural change including repetitive biting 

motion and muscle fasciculation of the limbs. These episodes occurred several 

months apart, but prior to presentation were becoming more frequent with four 

episodes over the prior 6 days and two episodes on the day prior to brain MRI. 
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MRI findings with hippocampal sclerosis IE-U (n=30) Control (n=18) 

hippocampal atrophy 5 5 

hippocampal T2W hyperintensity 1 0 

hippocampal T1W hypointensity 0 0 

abnormal hippocampal architecture 0 0 

 
Table 5.2 Frequency of abnormal brain MRI findings in dogs with a diagnosis of idiopathic 
epilepsy of unknown cause (IE-U) and controls. 
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Figure 5.3 A) Dorsal plane T1W 3D FAST SPGR image of the brain of a one-year old male 
neutered epileptic pug, with epilepsy of 10 months duration. There is atrophy of the right 
hippocampus (arrow) B) Dorsal plane T1W 3D FAST SPGR image of the brain of a control dog, 
a 13-year-old female desexed beagle with left sided vestibular signs. There is atrophy of the left 
hippocampus (arrow).  C) Transverse plane FLAIR image of the brain of a six-and-a-half-year-
old male neutered Jack Russell terrier with epilepsy of 10 months duration. There is T2W 
hyperintensity of the right hippocampus (white arrows). 
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 Age at presentation to UVet, in years 
Median (range) 

IE-U Control 

With hippocampal atrophy  4.5 (1.0 - 8.5) 
(n=5) 

4.25 (3.5 - 13) 
(n=5) 

Without hippocampal atrophy 5.5 (0.33 - 13) 
(n=25) 

6.5 (0.83 - 11) 
(n=13) 

 
Table 5.3 Median (range) age in years at presentation of dogs with idiopathic epilepsy of 
unknown cause (IE-U) and control dogs, sub-grouped according to presence of hippocampal 
atrophy as identified on subjective examination of brain MRI scans. 
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5.3 MRI volumetry of the canine hippocampus using atlas-

based segmentation 

5.3.1 Methods 

5.3.1.1 Case Selection 

Dogs with a high-resolution brain MRI scan acquired at the University of 

Melbourne Veterinary Hospital between October 2010 and September 2014 

were retrospectively identified by searching the hospital PACS (Synapse v3.1, 

FujiFilm, Tokyo, Japan). From those dogs, two groups were identified: dogs with 

IE-U and matched controls. The IE-U group were dogs with a clinical diagnosis 

of IE-U that satisfied Tier I level of confidence in diagnosis of IE-U as outlined 

by the IVETF (De Risio et al. 2015) (refer to Chapter 2.1.1),  and have no 

obvious structural abnormalities identified on visual inspection of a brain MRI 

scan by both registered specialist veterinary radiologist and veterinary 

neurologist. Briefly, Tier I level of confidence in a diagnosis of IE-U requires a 

history of two or more unprovoked epileptic seizures at least 24 hours apart, 

with an unremarkable inter-ictal clinical and neurologic examination, and no 

significant findings on minimum database blood testing. The consensus states 

that IE-U most commonly has an age of onset between six months and six 

years of age, and if onset of epilepsy is outside this age range then brain MRI 

and CSF analysis is recommended. As all dogs had a brain MRI scan, age of 

onset was not applied as an inclusion criterion. In dogs that were imaged with 

brain MRI less than 24 hours after seizure onset, or imaged after only one 

recorded seizure event, the presence of enduring seizure episodes (i.e. 

epilepsy) was confirmed during follow-up consultations. 

The demographic features of brain shape, age, body weight, sex and breed 

were recorded for IE-U dogs. Control dogs were selected to match as closely as 

possible the demographic features of the IE-U group. To be eligible for the 

control group, dogs had to have no history of epileptic seizures, and no obvious 

structural abnormalities identified on visual inspection of the brain MRI scan by 
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both registered specialist veterinary radiologist and veterinary neurologist. 

Control dogs were not required to be neurologically normal. 

Seventy-four dogs with IE-U had brain MRI scans suitable for analysis. Fifty 

dogs were used to create the template, 25 dogs from the IE-U group and 25 

matched controls. 

5.3.1.2 Atlas-based segmentation and volume determination 

The technique for ABS is described in Chapter 3.6.3.  In brief, the process 

utilised the high resolution T1W 3D FAST SPGR sequence to create a non-

biased brain MRI template comprising case and control brains. Structures of 

interest were segmented in the template.  Each individual brain was warped to 

the space of the template brain, template segmentation was applied, and the 

inverse warp was performed to produce a segmentation of that individual’s brain 

structure. This process employed three open source software packages, FSL, 

ITKSnap, and ANTs. 

For this portion of the thesis, ABS was used to segment the left and right 

hippocampal formation, which includes both dentate gyrus, hippocampus proper 

and subiculum. The customised brain mask was used to calculate intracranial 

volume. (Figure 5.4)
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Figure 5.4 Three-dimensional renderings of A) the segmentations of the left and right 
hippocampal formation, and B) brain mask representing intracranial volume, viewed from a 
caudodorsal angle. 
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Volumes of the left and right hippocampal formation and volume of a 

customised brain mask were calculated in ITKSnap, and recorded in a 

spreadsheet. Hippocampal formation volumes were adjusted to brain volume 

using an ANCOVA approach (Jack et al. 1989; Free et al. 1995) as described in 

Chapter 3.6.3, following the formula 

volume(adjusted) = volume (observed) - (B X [ICV - ICVmean]) 

where B is the slope of the regression line of volume of the structure of interest 

regressed on total intracranial volume, ICV is the intracranial volume of the 

subject, and ICVmean is the overall mean ICV for the study population 

The accuracy of ABS for segmentation of the hippocampal formation was 

compared against manual tracing as the gold standard by calculation of the 

Dice coefficient of overlap, as described in Chapter 3.6.3.2. 

5.3.1.3 Statistical analysis 

To confirm similarity between groups of dogs descriptive statistics for age at 

presentation, age at onset of epilepsy, duration of epilepsy, body weight, sex 

and brain shape were compiled and compared using non-parametric statistical 

tests. The Kruskal-Wallis and Mann-Whitney U test were used for continuous 

variables and the Chi-squared test for categorical variables. 

Group-wise comparison between IE-U and control groups was performed by 

comparing the distribution of median volumes of each of the brain or ICV, left 

and right hippocampal formation, using the Mann Whitney-U test. Comparison 

between the means of adjusted HF volume was performed using an unpaired 

Student’s t-test with Welch’s correction for unequal variances. 

Asymmetry ratios were calculated for hippocampal volume as the quotient of 

the larger hippocampal formation divided by the smaller hippocampal formation 

(Kuwabara, Hasegawa, Kobayashi, et al. 2010). The distribution of hippocampal 
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asymmetry ratios of the IE-U group was compared with the control group using 

the Mann-Whitney U test. 

The lower 95% reference limit and 90% confidence interval for left and right 

adjusted hippocampal volume was established using the robust method (Horn 

et al. 1998) which is appropriate for the small sample size of control dogs. Dogs 

from the IE-U group with an adjusted hippocampal volume below this reference 

limit were identified. 

The age at time of imaging and duration of epilepsy was compared between IE-

U dogs identified as having abnormal adjusted hippocampal volumes below the 

lower reference limit and dogs with IE-U and normal hippocampal volume, using 

a Mann-Whitney U test. 

Statistical analyses were performed using GraphPad v6.0h (GraphPad 

Software, La Jolla California USA) and Stata v13.1 (StataCorp 2013. Stata 

Statistical Software: Release 13. College Station, TX. StataCorp LP). Statistical 

significance level was set at p ≤ 0.05. 

5.3.2 Results 

5.3.2.1 Dogs 

During the study period between October 2010 to September 2014, 269 of 

37,427 dogs (0.7%) presented to the University of Melbourne Veterinary 

Hospital were diagnosed with IE-U according to the IVETF Tier I or Tier II level 

of certainty. Of those 269 dogs with IE-U, 117 or 43% had a brain MRI scan as 

part of the diagnostic investigation. Some of the brain MRI files were saved in 

the incorrect file format and some files were corrupted on conversion to the 

NIfTI file format; these files could not be used for atlas-based segmentation. 

Seventy-four (74) dogs had the brain MRI T1W 3D FAST SPGR series stored in 

a format suitable for atlas-based segmentation, capturing 28% of dogs 

diagnosed with IE-U at the University of Melbourne Vet Hospital. 
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With respect to the diagnosis of dogs with IE-U: of the 72 epileptic dogs for 

which age was known, 25 dogs had an age of onset for epilepsy that was 

outside the IVETF Tier I recommendations. Four dogs were under six months of 

age and 21 dogs were seven years of age or older. All of these 25 dogs had no 

abnormalities seen on brain MRI, and in the 19 dogs that had cerebrospinal 

fluid (CSF) collected, all had normal cytological analysis. In the small number of 

these dogs where bile acid tolerance test and polymerase chain reaction testing 

for infectious agents was performed, results were normal. The brain was 

histologically examined in only one dog with IE-U that was euthanased due to 

poor control of seizures; that dog did not have hippocampal atrophy on brain 

MRI. On histologic examination of the brain, no microscopic lesions were 

detected. 

The 74 epileptic dogs with available three-dimensional high resolution T1W 

brain image comprised the IE-U group. Approximately half IE-U dogs were 

classified with a mesaticephalic brain shape (n=39), with approximately a 

quarter each having brachycephalic (n=16) and dolichocephalic (n=19) brain 

shapes. Dogs in the IE-U group had a median age at presentation of 5.0 years 

(range 0.33 - 14), median age at epilepsy onset of 4.0 years (range 0.08 - 14), 

and median duration of epilepsy of 0.17 years (2 months) (range 0.002 - 4). A 

wide range of dog size was observed, with a median body weight of 19 kg 

(range 2.9 – 45). There were 34 females (five entire, 29 desexed) and 40 males 

(10 entire, 30 desexed). 

Dogs from the IE-U group were from a range of dog breeds with Labrador 

retriever (7), Boxer (6), cavalier King Charles spaniel (5), Border collie, Golden 

retriever, and Jack Russell terrier (4 each), Staffordshire bull terrier, beagle, 

German shepherd and Hungarian viszla (3 each), Maltese x shih tzu, 

Pomeranian and pug (2 each) the most commonly represented breeds. None of 

the IE-U dogs in this group had a known familial history of epilepsy, however in 

most cases knowledge of sibling health history was absent.  
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Of the control dogs, positive MRI findings not involving the brain were; otitis 

media and/or otitis interna (n=4), small nasal mass (n=1), and trigeminal neuritis 

(n=1). The most frequent clinical diagnosis was idiopathic vestibular disease 

(n=9), followed by behavioural change or aggression (n=3), and idiopathic 

cranial polyneuropathy (n=2). Other clinical diagnoses were: cerebellar ataxia, 

degenerative myelopathy, idiopathic trigeminal neuritis, hypertension secondary 

to adrenocortical tumour, immune mediated polyarthropathy causing neck pain, 

otitis media, metastatic neoplasia, and vomiting (n=1 each), with the diagnosis 

remaining open in two cases. 

Descriptive statistics for the IE-U group, IE-U contributors to the template, and 

control dogs are provided in Table 5.4.  

Comparison of age at presentation and body weight across all three groups 

used the Kruskal-Wallis test. Comparison of age at epilepsy onset and duration 

of epilepsy between all IE-U dogs and template IE-U dogs used the Mann-

Whitney U test. Comparison across all three groups for the categorical variables 

of brain shape and sex used the Chi-squared statistic. There were no 

statistically significant differences in these demographic features between 

groups. 
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Demographic 
feature 

IE-U  
(n=74) 

Template IE-U  
(n=25) 

Control (n=25) P 

age at presentation 
in years,  
median (range) 

4.96 (0.33, 14) 
n=74 
 

5.00 (0.33, 14) 
n=25 

9.00 (0.35, 16) 
n=25 

0.08 # 

age at epilepsy 
onset in years, 
median (range) 

3.94 (0.08, 14) 
n=72 

4.75 (0.31, 14) 
n=24 

N/A 0.68 $ 

duration of epilepsy 
in years,  
median (range) 

0.17 (0.002, 4.0) 
n=72 

0.09 (0.003, 3.0) 
n=24 

N/A 0.57 $ 

Bodyweight in 
kilograms, 
median (range) 

19 (2.9, 45) 
n=70 

24 (3.8, 45) 
n=24 

21 (1.2, 39) 
n=23 

0.89 # 

brain shape  
(B, M, D) 

(16,39,19) 
n=74 

(5,13,7) 
n=25 

(7,11,7) 
n=25 

0.98 ^ 

sex  
(F, FN, M, MN) 

(5,29,10,30) 
n=74 

(0,11,4,10) 
n=25 

(2,12,0,11) 
n=25 

0.43 ^ 

 
Table 5.4. Summary demographic data for all dogs in the idiopathic epilepsy of unknown cause 

(IE-U), dogs with IE-U contributing to the template, and control dogs. Note that bodyweight, age 
at the onset of epilepsy and hence epilepsy duration, were not known for all dogs, and the 
number of available data points for each variable are provided as n. For the variable brain 
shape, B = brachycephalic M = mesaticephalic D = dolichocephalic. For the variable sex, F = 
female FN = female neutered M = male MN = male neutered. N/A = not applicable. p values are 
for Kruskal-Wallis test (#), Mann-Whitney U test ($), or Chi-squared statistic (^) are provided for 
comparison of variables between groups.   
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5.3.2.2 Atlas-based segmentation and hippocampal volumetry 

Atlas-based segmentation was a rapid and accurate method for segmenting the 

left and right hippocampal formation. The mean (SD) Dice coefficient for the 

right hippocampal formation was 0.81 (0.03) with a range of 0.74 to 0.85, and 

for the left hippocampal formation was 0.83 (0.03) with a range of 0.75 and 

0.86. Visual inspection of segmentations showed slight under-segmentation or 

over-segmentation of the hippocampal tail in 26 of 99 dogs; these 

segmentations were manually edited in ITKSnap prior to final analysis. 

Hippocampal formation volumes increased linearly with ICV. (Figure 5.5) 

Adjusted HF volumes were calculated using the ANCOVA approach based on 

linear regression of HF volume against ICV. Mean ICV for all dogs was 83096 

mm3. The slope of the regression lines, B, was 0.0051 for the right hippocampal 

formation and 0.0049 for the left hippocampal formation. 

 

  



 

 
Page 135 of 239 

Chapter 5  

A)  

B)  

Figure 5.5 Scatter plots showing the association between intracranial volume and A) the right 
hippocampal formation (RtHF) volume, and B) the left hippocampal formation (LtHF) volume, in 
all IE-U and control dogs evaluated in this study (n=99). Lines of association are shown. The 
regression equation and correlation co-efficient (R2) are also shown. 
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Absolute intracranial volume, hippocampal volumes and hippocampal 

asymmetry ratio were not always normally distributed with some left skewed 

distributions, so comparison of absolute volumes and asymmetry ratios were 

made using non-parametric statistics. Adjusted left and right hippocampal 

volumes were normally distributed so comparisons were made using parametric 

statistics. 

The adjusted left hippocampal formation was statistically significantly smaller 

than the right for both groups; the difference was, however small. For the IE-U 

group the difference between means (95% CI) was -35 mm2 ( -56 to -13 mm2), 

p = 0.0017. For the control group, the difference between means (95% CI) was 

-31 mm2 ( -60 to -2.9 mm2), p = 0.03. 

Group-wise comparison found no significant difference between IE-U and 

control groups in the distribution of ICV, nor the volumes of right and left 

hippocampal formation, both when hippocampal volumes were considered as 

absolute values and when adjusted for ICV. (Table 5.5 and Figures 5.6) There 

was also no difference between the groups for hippocampal asymmetry ratio. 

(Figure 5.7) 

  



 

 
Page 137 of 239 

Chapter 5  

  IE-U (n=74) Control (n=25) p 

intracranial volume 
(mm3) 

median 86165 91350 0.29 $ 

range 50010,117600 48100, 115300  

right HF volume 
(mm3) 

median 569 612 0.42 $ 

range 343, 816 373, 845  

left HF volume 
(mm3) 

median 542 567 0.42 $ 

range 325, 738 360, 777  

adjusted right HF volume 
(mm3) 

mean (SD) 591 (71) 589 (55) 0.91✝ 

range 431, 765 486, 729  

adjusted left HF volume 
(mm3) 

mean (SD) 556 (61) 558 (44) 0.86 ✝ 

range 423, 686 474, 642  

hippocampal asymmetry 
ratio 

median 1.1 1.1 0.17 $ 

range 1.0, 1.3 1.0, 1.2  
 

Table 5.5 Hippocampal formation volume for dogs with idiopathic epilepsy of unknown cause 
(IE-U) (n=74) and control (n=25) dogs.  p values are for Mann-Whitney U test ($) and unpaired 

Student’s t-test for unequal SD with Welch’s correction (✝) for comparison of variables between 

groups. 
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Figure 5.6 Box plots comparing the adjusted hippocampal formation volumes for the idiopathic 
epilepsy of unknown cause (IE-U) group (n=74) and control group (n=25). The adjusted right 

hippocampal formation (RtHF) is on the left side of the graph, while adjusted left hippocampal 
formation (LtHF) is displayed on the right of the graph. Comparison of distributions using an 
Unpaired Student’s t test did not reveal a significant difference between IE-U and control 
groups. 
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Figure 5.7 Box plots showing the distribution of hippocampal asymmetry ratios for dogs with 
idiopathic epilepsy of unknown cause (IE-U) (n=74), compared to matched control dogs (n=25). 
There was no significant difference between groups, Mann Whitney-U test p = 0.17. 
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Lower 95% reference limit (90% confidence interval of the limit) for adjusted 

right hippocampal formation volume was 489 mm3 (454 – 517 mm3), and for 

adjusted left hippocampal formation volume was 480 mm3 (457 – 500 mm3). 

Eleven of the 74 (15%) dogs in the IE-U group had one or both HF below the 

lower 95% reference limit for adjusted hippocampal volume. (Figure 5.8) Five 

had a small left HF only, two had small right HF, while four had both left and 

right HF below the reference limit. 
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Figure 5.8 Scatter plots of the adjusted volumes of the right hippocampal formation (RtHF) (red 
circles) and left hippocampal formation (LtHF) (green squares) for dogs with idiopathic epilepsy 
of unknown cause (IE-U). The lower 95% reference limit for adjusted RtHF volume and adjusted 
LtHF volume is indicated by the dotted line. Values that are below this lower 95% reference limit 
are in open shapes. 
  



 

 
Page 142 of 239 

Chapter 5  

Of the 74 dogs with IE-U, duration of epilepsy was not known exactly for two 

dogs which were excluded from the following analysis comparing dogs with a 

small HF (n=11) and dogs with normal size HF (n=61). Groups were right 

skewed therefore comparison was conducted using Mann Whitney-U test for 

unpaired samples. 

When the 11 dogs with IE-U and a small HF were considered separately to the 

61 dogs with IE-U and normal size HF, there was no significant difference in the 

duration of epilepsy between these two groups. (Table 5.6) However, dogs with 

a small HF had a statistically significant younger age of onset of epilepsy 

compared with dogs with a HF of normal size (Figure 5.9), p = 0.0002, and were 

also younger at the time of imaging (Figure 5.10), p < 0.0001.  

  



 

 
Page 143 of 239 

Chapter 5  

 normal size HF (n=61) small HF (n=11) p 

Duration of epilepsy 
in years 
median (range) 

0.17 (0.004, 4.0) 0.058 (0.002, 2.0) 0.30 

Age at onset of 
epilepsy in years 
median (range) 

4.9 (0.25, 14) 1.4 (0.25, 6.0) 0.0002 * 

Age at the time of 
imaging in years 
median (range) 

5.0 (0.75, 14) 1.7 (0.33, 6.0) <0.0001 * 

 

Table 5.6 Duration of epilepsy, age of onset of epilepsy, and age at the time of MRI imaging. 
The small HF group comprises dogs with idiopathic epilepsy of unknown cause (IE-U) that had 
one or both adjusted HF volume less than the 95% lower reference limit. The normal size HF 
group comprises dogs with IE-U that had both left and right adjusted HF volumes within the 
normal reference limit. p values are for comparison using the Mann Whitney-U test. * denotes a 
statistically significant difference. 
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Figure 5.9 Box plots depicting age at onset of epilepsy for dogs with idiopathic epilepsy of 

unknown cause (IE-U) with adjusted HF volume within the reference limit (normal HF group, 
n=61) and IE-U dogs with one or more HF below the 95% reference limit (small HF group n=11).  
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Figure 5.10 Box plots depicting the distribution of age at the time of brain MRI imaging for dogs 
with idiopathic epilepsy of unknown cause (IE-U) with adjusted HF volume within the reference 

limit (normal HF group, n=61) and IE-U dogs with one or more HF below the 95% reference limit 
(small HF group n=11).  
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5.4 Discussion 

Atlas-based segmentation using the ‘lower reference limit’ method of analysis 

identified hippocampal atrophy in almost 15% of dogs with IE-U. Without brain 

histopathology it is not possible to say with certainty that these dogs have 

hippocampal sclerosis, however it is unlikely other neurologic disease was 

responsible for this finding as dogs did not have other neurologic signs. The 

findings cannot be explained by age-related hippocampal atrophy because the 

control group from which the lower reference limit was derived had no 

significant difference in age distribution compared with IE-U dogs. In addition, 

IE-U dogs with hippocampal atrophy tended to be young, with a significantly 

younger age at the time of imaging compared with IE-U dogs without 

hippocampal atrophy. Findings from this study indicate that some dogs 

classified as having idiopathic epilepsy will have a small hippocampus. As 

hippocampal sclerosis is, however, a histologic diagnosis, further work is 

required to achieve confirmation to support the hypothesis. 

Subjective detection of hippocampal abnormalities in dogs remains challenging. 

During the first part of this study, evaluators rarely recognised subjective 

features of HS despite being alert to their appearance in humans. A similar 

situation existed in human medicine in the mid-1980s, where subjective 

detection of hippocampal sclerosis on MRI was described as ‘controversial’ 

(Jackson et al. 1990). Evolution in understanding by neuroradiologists of the 

significance of subtle findings, improvement in MRI protocols, and correlation 

with histologic findings gradually led to an acceptance by the early 1990s that 

MRI could be used to identify hippocampal sclerosis in humans with drug-

resistant TLE. The sensitivity for detection of HS improves with a combination of 

experienced readers interpreting epilepsy-specific MRI protocols, with sensitivity 

of up to 91% compared with 39% sensitivity when non-expert readers interpret 

standard brain imaging protocols (Oertzen et al. 2002). Reliable detection of HS 

in humans requires a coronal plane specially oriented perpendicular to the long 

axis of the hippocampus. Identification of an increased T2W signal confined to a 
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unilaterally small hippocampus permits the diagnosis (Jackson et al. 1990; 

Oertzen et al. 2002) and diagnostic certainty is increased when both features 

are present and when loss of the internal structure is recognised (Jackson 

1995).  

Identification of the subtle features of HS is made more difficult in dogs due to 

the smaller size of their brain which reduces available MRI signal and affects 

both spatial and contrast resolution. These problems are mitigated by imaging 

with higher magnetic field strengths, and using RF coils with a higher number of 

channels that closely match the size of the canine head. The canine 

hippocampus also has a more curved shape compared with the human 

hippocampus (Figure 5.11). While MRI protocols permit acquisition of a dorsal 

plane scan perpendicular to the long axis of the body of the hippocampus, the 

plane remains oblique relative to the canine hippocampal head and tail which 

may make difficult the subjective detection of regional hippocampal atrophy 

affecting these areas. Up to 44% of humans with HS have regional atrophy 

(Bronen et al. 1995); as a similar situation may exist in epileptic dogs the 

subjective evaluation of a single plane through the hippocampus may not be a 

reliable technique for detecting HS. 
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Figure 5.11. Medial plane view of the hippocampus as a 3D rendered object, and superimposed 
over a parasagittal plane MRI image of the brain (inset) of A) a human (adapted and reproduced 
with permission (Gardner & Hogan 2005)), and B) a dog. 
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In this study, subjective hippocampal atrophy was identified in a greater 

proportion of control dogs (28%) than dogs with IE-U (17%), however overall 

numbers are low possibly leading to a type II error. In no dogs was hippocampal 

atrophy seen in conjunction with FLAIR hyperintensity, which supports an 

interpretation that subjective recognition of hippocampal atrophy on its own is 

neither sensitive nor specific for hippocampal sclerosis. 

Hippocampal FLAIR hyperintensity on its own is also problematic as a sole 

diagnostic criterion. In the absence of hippocampal atrophy, hyperintensity may 

reflect: hippocampal sclerosis, acute post-seizure changes such as cytotoxic 

oedema, or neoplasia. In the present study one dog was identified with FLAIR 

hyperintensity within the hippocampus. In this dog the hippocampus did not 

appear small and the dog had increasing frequency and severity of seizures, so 

this finding may represent post-seizure change such as oedema or gliosis.  This 

dog did have partial seizures with episodic behaviour change that could 

represent TLE. However, without EEG it is not possible to correlate the 

electrical seizure focus with observed change within the hippocampus. 

The secondary hypothesis, that epileptic dogs with hippocampal atrophy will 

have epilepsy of longer duration than epileptic dogs without hippocampal 

atrophy, was formulated around the theory that HS occurs as a consequence of 

seizures. The hippocampus has a higher density of N-methyl-D-aspartic acid 

receptors and greater metabolic demand than some other parts of the brain. 

The hippocampus has a high susceptibility to both hypoxic damage caused by 

seizures, and to damage induced by mechanical brain injury (Nevander et al. 

1985; Geddes et al. 2003; Isaeva et al. 2015). However, the results from this 

study do not support this secondary hypothesis, with no significant difference in 

the duration of epilepsy between dogs with small HF and dogs with a normal 

size HF. In fact, dogs with a normal size HF had a median duration of epilepsy 

almost three times longer than dogs with a small HF. In addition, dogs with a 

small HF identified using ABS were both younger at the time of imaging, and 

had onset of epilepsy at a younger age. This has important implications for the 
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potential pathogenesis of hippocampal sclerosis in epileptic dogs, and may 

suggest that either; a) HS is a primary/developmental pathology leading to 

seizures, b) HS develops in young dogs following a severe seizure event such 

as head trauma or febrile seizures, c) epileptic dogs with HS may have a more 

severe clinical manifestation of epilepsy and are presented to a referral hospital 

earlier in the course of their disease, or d) the mechanisms causing epilepsy in 

dogs without HS may take more time to clinically manifest.  It would be 

interesting to correlate severity of seizures (frequency and duration of individual 

seizure events) with duration of epilepsy prior to presentation, and with the 

presence of HS, however sufficiently detailed information on seizures was not 

available for most patients. 

In humans with hippocampal sclerosis, a familial history of TLE is rare, 

indicating that genetic factors don’t play a major role in the pathogenesis of this 

condition. Blumcke and colleagues (2002) proposed that HS is a developmental 

disorder caused by an early brain insult, evidenced by persistent Cajal-Retzius 

cells (interneurons which decline with brain maturation during early childhood, 

and which produce Reelin, a molecule responsible for guiding migration of glia 

and neurons), increased neurogenesis, and abnormal architectural organisation 

in the dentate gyrus and hippocampus (Blümcke et al. 2002). The authors 

propose that these changes may lower seizure threshold and increase the 

susceptibility of the hippocampus to further neuronal loss, with progressive 

degenerative change to the hippocampus. That the brain suffers an early insult 

in these patients was further supported by evidence derived from a large case 

series covering two European epilepsy centres, that around half of patients with 

HS had an initial precipitating brain injury before four years of age, such as; 

complex febrile seizures, birth trauma, head injury or meningitis. In these 

patients the mean age of onset of TLE was 11.5 years of age, and duration of 

TLE prior to excisional surgery of 23.3 years (Blümcke et al. 2002). In humans 

there seems to be a negative correlation between the duration of the history of 

focal seizures and ipsilateral hippocampal formation volume (Theodore et al. 

1999). While this seems to contradict findings from the present study in dogs, 
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this publication was restricted to people with focal complex seizures while the 

present study considered epileptic dogs with no clear indication of whether 

seizures were focal or generalised in onset, which affects interpretation of the 

results. 

Interestingly, a familial strain of TLE has been identified in cats with signs 

typical of limbic seizures and EEG indicative of an epileptogenic zone in mesial 

temporal structures (Kuwabara, Hasegawa, Ogawa, et al. 2010; Mizoguchi et al. 

2014). Visual inspection of hippocampi and volumetric studies found significant 

difference in hippocampal asymmetry compared with control cats suggesting 

the existence of hippocampal atrophy (Mizoguchi et al. 2014). A systematic, 

blinded comparison of subjective MR evaluation of 27 non-related epileptic and 

19 control cats found that epileptic cats with orofacial involvement (n=15) were 

more likely to have hippocampal FLAIR hyperintensity (Claßen et al. 2016). 

In the present study, dogs could not be categorised according to seizure 

semiology. It is therefore likely that epileptic dogs were heterogeneous in terms 

of the type and cause of epilepsy. This heterogeneity may decrease the 

sensitivity of group-based comparisons when searching for differences in MRI 

features between epileptic and control dogs. As an example, if the prevalence 

of HS is low in dogs with epilepsy, comparison of measures of central tendency 

for hippocampal volume between IE-U and control groups would not be likely to 

detect a difference. For this reason, three analytic methods were applied to 

detect hippocampal atrophy: 1) comparing between IE-U and control groups the 

measures of central tendency for hippocampal volume, 2) comparing between 

IE-U and control groups the left to right asymmetry in hippocampal volume, and 

3) establishing a lower threshold for ‘normal’ hippocampal volume and 

evaluating the hippocampal volume of each individual dog with epilepsy against 

this lower limit.  

The hippocampal asymmetry ratio is the quotient of the larger hippocampal 

formation divided by the smaller hippocampal formation, and has been 

described in dogs (Kuwabara, Hasegawa, Kobayashi, et al. 2010; Estey et al. 
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2017). A threshold asymmetry ratio of 1.16 was suggested by Estey and 

colleagues (2017) to have an 85% specificity identifying IE-U-associated 

asymmetry (Estey et al. 2017). If this threshold was applied to the data in this 

study, one control dog and three of the dogs with IE-U would be identified as 

having hippocampal asymmetry. The asymmetry ratio may be expected to be 

useful in cases of unilateral hippocampal atrophy, but is unlikely to identify 

bilateral hippocampal atrophy.  

The present study established a lower reference limit for HF volume to detect 

dogs with both unilateral and bilateral hippocampal atrophy. To improve the 

accuracy of this reference limit, control dogs were matched as closely as 

possible with epileptic dogs according to body weight, brain shape, age, and 

sex. In addition, a statistically conservative method was chosen to establish this 

lower reference limit to mitigate relatively low numbers (n=25) of control dogs. 

Recommendations on establishing reference limits using traditional statistical 

methods (such as quantiles and transformation of non-parametric data) suggest 

using large samples sizes of 120 for normally distributed samples and 200 for 

nonparametric samples (Horn et al. 1998). The robust method chosen for the 

present study is appropriate for samples sizes from 20 individuals and above 

(Horn et al. 1998). 

A clear limitation of the present study is that the seizure semiology and 

aetiology of epilepsy for the included epileptic dogs are not known. The 

diagnosis of idiopathic epilepsy was made on both observation of recurrent 

seizures and owner descriptions, but in no case was EEG performed to confirm 

the presence and location of epileptiform discharges within the dog’s brain. This 

led to the inclusion of a range of epileptic dogs that most likely have a variety of 

causes for epilepsy, such as genetic and neural metabolic disturbances, or a 

variety of subtle structural pathologies. More in-depth diagnostic techniques and 

stringent inclusion criteria to narrow case selection could result in a subject 

group with a higher prior probability of hippocampal pathology. Despite this 

limitation, ABS employed in a larger number of epileptic dogs, combined with an 
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analytic approach that considered epileptic individuals against a reference limit, 

yielded some interesting findings.  

The second major limitation to this study is the lack of histopathology results to 

relate the MR finding of hippocampal atrophy to pathological hippocampal 

sclerosis. This is a common limitation in such clinical studies on owned animals, 

where euthanasia is often performed by the referring veterinarian who is not 

experienced in removal of the brain for histology, and when owners are often 

reluctant to surrender the body of their pet for post-mortem examination. 

Only 28% of dogs diagnosed with IE-U at the University Veterinary Hospital 

during the study period were included for analysis by ABS. This may have led to 

selection bias, for example selecting for dogs that had more severe seizures. 

Anecdotally, financial cost is the most common reason owners choose not to 

have a brain MRI performed in their dog. 

An alternative analytic technique to objectively evaluate brain MRI for signs of 

hippocampal sclerosis is T2 relaxometry, whereby the T2W signal in the 

hippocampus may be quantified. T2 relaxometry of the hippocampus was 

recently investigated in 31 epileptic dogs and 15 controls. The technique 

quantified T2 values within manually placed defined regions of interest. There 

were no significant differences identified between IE-U and control dogs in their 

T2 values although six epileptic dogs showed higher T2 relaxation values than a 

cut-off (Lorincz et al. 2017). Larger scale studies with stringent case selection, 

combining both hippocampal volumetry and voxel-based T2 relaxometry are 

needed for further investigation. 

5.5 Conclusion 

Fifteen percent of epileptic dogs with idiopathic epilepsy included in this study 

had a small size of one or both hippocampi. It is not known whether this was 

caused by hippocampal sclerosis, however the young age of these dogs and an 

absence of other neurologic disease supports an interpretation of hippocampal 
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atrophy due to hippocampal sclerosis. Epileptic dogs with a small hippocampus 

tended to have a younger age of onset of epilepsy, which has implications for 

the potential pathogenesis of hippocampal sclerosis. Future studies should use 

standardised methods of recording the signs of seizures in epileptic dogs and 

results of EEG to better select dogs that may have a seizure focus in the 

temporal lobe (Pellegrino & Sica 2004; Wrzosek 2016). Prospective studies that 

use high-field strength volumetric MRI sequences, T2 relaxometry, and 

histopathologic evaluation of the hippocampus of deceased epileptic dogs will 

further our understanding of the role of hippocampal sclerosis in canine 

epilepsy. 
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Chapter 6: Cerebrocortical abnormalities in 
idiopathic epilepsy of unknown cause 

6.1 Introduction 

A wide range of cerebrocortical abnormalities are recognised to occur in 

humans with epilepsy. This may range from grossly obvious global 

malformations of cortical development (MCD) such as polymicrogyria and 

lissencephaly, grossly obvious focal malformations of cortical development such 

as nodular heterotopia, to more subtle focal cortical dysplasia (FCD) that may 

be difficult to detect on conventional visual observation of brain MRI. In addition 

to these developmental anomalies, regional reductions in cortical thickness has 

been recognised as a consequence of chronic epilepsy (Mueller et al. 2009; 

Bernhardt et al. 2009; Beheshti et al. 2018). 

Gross developmental brain malformations are an uncommonly recognised 

cause of epilepsy in the dog (Arrol et al. 2012). Reported malformations include 

polymicrogyria in standard poodles (Jurney et al. 2009), lissencephaly reported 

in lhasa apso dogs (Zaki 1976; Greene et al. 1976; Saito et al. 2002) and the 

kelpie (Fraser & le Chevoir 2016). The prevalence of subtle FCD is not known 

and systematic investigation into the prevalence of FCD in dogs diagnosed with 

‘idiopathic’ epilepsy of unknown cause (IE-U) is lacking. Sporadic case reports 

occasionally describe the histopathologic finding of cortical abnormalities that 

bear similarity to different forms of cortical dysplasia seen in humans. For 

example a recent report described histologically identified bilaterally symmetric 

FCD in an epileptic golden retriever; the lesions were not visible on thick-slice 

conventional MRI and abnormalities were only seen microscopically (Casey et 

al. 2014). Another recent report of a Dachshund with late onset epilepsy 

describes MRI findings of polymicrogyria and sub-ependymal heterotopia, 

however lesions were not confirmed with histology (D. Hasegawa 2016). In 

other case reports these developmental abnormalities are described in 

conjunction with other lesions that may also explain epilepsy. Unilateral 
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hippocampal hamartia were identified in a Pekingese dog with necrotising 

meningoencephalitis (Cantile et al. 2001); bilateral malformation of the dentate 

gyrus was reported in a dog with granulomatous meningoencephalitis (Klang et 

al. 2014); and cortical dysplasia was reported in a shih-tzu dog with 

porencephaly (Machado et al. 2012). 

It is suspected that both subtle cortical dysplasia (such as nodular heterotopia 

and FCD, both of which are associated with focal increases in grey matter 

thickness) and regional cortical atrophy are under-diagnosed in epileptic dogs. 

This may be due to poor sensitivity of standard brain MRI protocols at detecting 

subtle pathology, and relative inexperience of many veterinary radiologists and 

neurologists with the MRI appearance of these conditions. Computer-assisted 

analysis is beginning to gain traction in veterinary neuroimaging research to 

investigate subtle changes in a variety of neurologic conditions, using larger 

samples of dogs to improve sensitivity of the analysis. 

A recent pilot study compared regional cortical volume using voxel-based 

morphometry in five beagle dogs with IE-U and five beagle dogs with structural 

epilepsy, to five healthy beagles. The authors found reduced grey matter 

volume in the olfactory bulb, cingulate gyrus, hippocampus, and temporal and 

occipital cortices (Frank et al. 2018). This work has yet to be repeated on a 

wider scale with dogs of different breeds. 

This chapter explores the occurrence of cortical abnormalities in dogs with a 

presumptive clinical diagnosis of idiopathic epilepsy, through the use of brain 

MRI. The hypothesis is that some dogs with a clinical diagnosis of idiopathic 

epilepsy have an abnormal cerebral cortex that may be identified through 

regional changes in cortical volume, compared with a control population of non-

epileptic dogs. A two-phase approach was used to investigate this hypothesis. 

Firstly, subjective evaluation was undertaken of brain MRI scans for subtle 

anatomic changes. Secondly, atlas-based segmentation was used to derive 

cerebral cortical volume by lobar anatomic divisions, with lobar cortical volume 

compared between dogs with IE-U and non-epileptic controls. 
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6.2 Subjective evaluation of MRI for cerebrocortical 

abnormalities 

6.2.1 Methods 

6.2.1.1 Case selection 

Dogs with high resolution brain MRI scans acquired at the University of 

Melbourne Veterinary Hospital between October 2010 and November 2011 

were retrospectively identified by searching the hospital PACS (Synapse v3.1, 

FujiFilm, Tokyo, Japan). Dogs were selected for the study if they had a clinical 

diagnosis of idiopathic epilepsy of unknown cause (IE-U) based on having two 

or more seizures at least 24 hours apart and no identifiable structural 

abnormalities on brain MRI as interpreted by both a veterinary radiologist and 

neurologist. Control dogs had no epilepsy and no MRI evidence of structural 

brain disease. 30 dogs with IE-U and 18 control dogs were identified. 

6.2.1.2 MRI acquisition 

All dogs underwent MRI as described in Chapter 3.4. The standard MRI 

protocol acquired the following sequences: sagittal and transverse plane T2-

weighted fast spin echo, transverse plane T2-weighted fluid-attenuated 

inversion recovery, T2* gradient echo, diffuse-weighted imaging with calculated 

apparent diffusion co-efficient map, and dorsal plane T1-weighted 3D fast 

spoiled gradient recalled sequence aligned perpendicular to the long axis of the 

hippocampal formation. 

6.2.1.3 MRI Interpretation 

Brain MRI scans were reviewed using Synapse viewing software and 

consensus opinion reached by two registered specialist Veterinary Radiologists, 

Marjorie Milne and Dayle Tyrrell. Brain MRI scans were reviewed in a computer-

generated randomised order at least six months after image acquisition and 

reviewers were blinded to the subject group (IE-U or control). The order in 
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which sequences were reviewed was at the discretion of the radiologist, and all 

obtained sequences were available for consideration. Radiologists were asked 

to specifically evaluate the MRI studies for subjective features described with 

malformations of cortical development in humans (Blaser & Jay 2002; Colombo 

et al. 2003; Lehericy et al. 1995; Abdel Razek et al. 2009). Each reviewer was 

required to indicate if a feature was present or absent, and whether it occurred 

in the left, right or both sides of the brain. For reference, reviewers were 

provided with pictorial MRI examples of each abnormality in humans, with 

examples shown in Figure 6.1. 

The following features related to malformations of cortical development: 

• focal thickening of cortical grey matter 

• poor grey-white matter differentiation 

• abnormal gyration 

• wide and deep sulci 

• abnormal sub-cortical signal from grey-white matter junction to margins 

of lateral ventricle 

• nodules of subcortical grey matter (nodular heterotopia) 

• smooth subcortical bands of grey matter (band heterotopia) 

• lissencephaly 

• hemimegalencephaly 

• polymicrogyria 

• schizencephaly 
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Figure 6.1 Pictorial examples of malformations of cortical development in epileptic humans. A) 
focal thickening of cortical grey matter B) heterotopic grey matter in the right temporal lobe C) 

periventricular nodular heterotopia D) blurring of grey-white matter junction in focal cortical 
dysplasia E) subcortical band heterotopoia F) lissencephaly G) hemimegalencephaly. 
(Reproduced with permission, Figures A, B from (Lehericy et al. 1995); Figures C and F from 
(Abdel Razek et al. 2009); Figures D and G from (Blaser & Jay 2002); Figure E courtesy of 
A.Prof Frank Gaillard, Radiopaedia.org, rID: 5674 )  



 

 
Page 160 of 239 

Chapter 6  

6.2.1.4 Statistical analysis 

Dogs included in this portion of the study are the same as those reported in 

Chapter 5.2, so further reporting of descriptive statistics for these dogs is not 

repeated. Details of demographic features of these dogs is found in Chapter 

5.2.2.4. 

The frequency of positive subjective findings was described and compared 

between IE-U and control groups. 

6.2.2 Results 

All brain MRI scans were considered subjectively normal by both radiologists. In 

no dogs were the subtle findings suggestive of malformation of cortical 

development identified.  
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6.3 Computer-assisted analysis of cerebrocortical 

measurements 

6.3.1 Methods 

6.3.1.1 Case selection 

Cases and matched controls were identified as described in Chapter 5.2.1.1. 

Briefly, dogs with a clinical diagnosis of IE-U that had a high-resolution brain 

MRI scan acquired at the University of Melbourne Veterinary Hospital between 

October 2010 and September 2014 were retrospectively identified. During the 

same data collection period, matched control dogs who also had a high-

resolution brain MRI scan were identified. These dogs had no history of 

epileptic seizures and no obvious structural abnormalities on visual inspection 

of the brain MRI scan, and were matched to the IE-U group according to the 

demographic features of brain shape, age, body weight, sex and where possible 

breed. The same dogs that were analysed in Chapter 5.2.1.1 were used for this 

analysis, and comprised seventy-four dogs with IE-U. Fifty dogs were used to 

create the template for atlas-based segmentation, 25 dogs from the IE-U group 

and 25 matched controls. 

6.3.1.2 Creation of the cerebral cortical atlas 

Details of the process for creation of a canine brain atlas are provided in 

Chapter 3.6.2. Segmentation of the template image into cerebral cortical lobar 

divisions followed the following anatomic boundaries, which were determined by 

reference to veterinary anatomic texts (Evans & Miller 2013; Adrianov & Mering 

2010), veterinary publications (Vullo et al. 1996; Leigh et al. 2008; Jung et al. 

2010), and consultation with a veterinary neuroanatomist (Christine Thomson, 

personal communication, November 2016). As variation in description of 

cerebral lobar boundaries exists in the veterinary literature, when defining the 

boundaries for this cortical atlas a preference was given to using clear 

gyrus/sulcus landmarks, and to achieving correlation with functional cortical 
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zones and lobar boundaries as described in humans. The latter aim was 

achieved with particular reference to canine cerebrocortical functional zones as 

previously described (Gorska 1974; Adrianov & Mering 2010). 

Olfactory cortex - Comprised grey matter located on the surface of the olfactory 

bulb, extending caudolaterally along the olfactory peduncle, dorsally bounded 

by the rostral portion of the lateral rhinal sulcus, and caudally bounded by the 

piriform lobe of the temporal cortex. On the medial surface, the olfactory cortex 

was bounded by the medial rhinal sulcus, terminating caudally level with the tail 

of the caudate nucleus. 

Frontal cortex - Rostrally, commencing with grey matter covering the frontal 

gyrus, extending dorsocaually to include the post-cruciate gyrus, being bounded 

caudally by the ansate and coronal sulcus. Laterally, the frontal cortex includes 

the prorean gyrus and the rostral third of the supra-sylvian gyrus. On the medial 

surface, the frontal cortex included the frontal gyrus, genual gyrus and 

paraolfactory gyrus, being bordered caudally by the paraolfactory and callosal 

sulci. It is worthy to note that many veterinary texts do not include the post-

cruciate gyrus within the frontal lobe, instead opting for the more straightforward 

landmark of the cruciate sulcus as the caudal boundary for that lobe. In 

humans, the frontal lobe contains the functional area of motor cortex. In dogs, 

the motor cortex includes the post-cruciate gyrus (Gorska 1974; Adrianov & 

Mering 2010), so to preserve functional analogy with the human frontal cortex, 

the post-cruciate gyrus was included within frontal cortex in this atlas. 

Temporal cortex - Includes grey matter covering the piriform lobe and caudal 

composite gyrus, extending dorsally to include rostral and caudal portions of the 

sylvian gyrus, rostral, middle and caudal portions of the ectosylvian gyrus, and 

caudal portion of the suprasylvian gyrus. Caudally, the temporal cortex was 

bounded by the ectomarginal sulcus, continuing caudoventrally along the 

splenial sulcus. Medially, the temporal cortex included the hippocampus and 

parahippocampal gyrus, the cingulate gyrus extending rostrally around the 

corpus callosum, and the splenial gyrus. The dorsomedial border was the 
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cruciate sulcus, caudomedial border was the suprasplenial sulcus, and 

rostromedial border was the genual sulcus. 

Parietal cortex - Rostrally bounded by the ansate sulcus, including grey matter 

covering the marginal gyrus, rostral half of the endomarginal gyrus, and middle 

portion of the suprasylvian gyrus, extending caudally to the apex of the 

suprasylvian sulcus. The caudal boundary of this lobe was not defined by a 

sulcus, rather represented a dorsal continuation of a line originating at the apex 

of the suprasylvian sulcus. Ventromedially the parietal cortex was bounded by 

the confluence of cruciate and splenial sulci. 

Occipital cortex - Comprising grey matter covering the occipital gyrus 

caudomedially, being bounded medially by the suprasplenial sulcus, and 

extending laterally to include the caudal half of the ectomarginal and 

endomarginal gyri. Laterally it is bounded by the ectomarginal sulcus. Its rostral 

margin is that shared division with the parietal cortex, represented by a dorsal 

continuation of a line originating at the apex of the suprasylvian sulcus. 

6.3.1.3 Atlas-based segmentation of cerebral cortex by lobar division, 

and volume determination 

Atlas-based segmentation was used to segment the cerebral cortex, following 

lobar divisions, in all 74 epileptic dogs and 25 control dogs. Segmentations 

were visually inspected for fidelity with the original brain image by overlying a 

transparency of the segmentation on the brain image and evaluating in three 

planes. If there was poor fidelity to the segmentation, that case was discarded 

from analysis. Cerebral cortical volume in the left and right olfactory, frontal, 

temporal, parietal, and occipital lobes was calculated in ITKSnap, and recorded 

in a spreadsheet. Volumes were adjusted to brain volume using an ANCOVA 

approach (Jack et al. 1989; Free et al. 1995) as described in Chapter 3.6.3.1, 

following the formula 

volume(adjusted) = volume (observed) - (B X [ICV - ICVmean]) 
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where B is the slope of the regression line of volume of the structure of interest 

regressed on total intracranial volume, ICV is the intracranial volume of the 

subject, and ICVmean is the overall mean ICV for the study population. 

6.3.1.4 Statistical analysis 

The similarity of demographic features between IE-U and control groups of dogs 

was established following the same methods as described in Chapter 5. 

Descriptive statistics for each distribution of adjusted cortical volume by lobe 

were calculated. Outliers that were outside two standard deviations from the 

mean were excluded. Each distribution was tested for normality using the 

D’Agostino Pearson omnibus normality test. The distribution of cortical volumes 

for each lobe was compared between IE-U and control dogs; where lobar 

cortical volumes were normally distributed, an unpaired Student’s t test was 

used, with Welch’s correction for unequal standard deviations where 

appropriate. When distributions were not normally distributed and could not be 

readily normalised by square root, logarithmic, or reciprocal transformations, a 

Mann-Whitney test was used. Statistical significance level was set at p ≤ 0.05. 

The correlation between age, duration of epilepsy, and adjusted cortical volume 

by lobe was evaluated using linear regression and calculation of the Pearson 

correlation co-efficient for parametric data and Spearman Rank Correlation 

Coefficient for non-parametric data. The significance level for the correlation co-

efficient was set at p ≤ 0.05.  

Statistical analyses were performed using GraphPad v6.0h (GraphPad 

Software, La Jolla California USA) and Stata v13.1 (StataCorp 2013. Stata 

Statistical Software: Release 13. College Station, TX. StataCorp LP). 
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6.3.2 Results 

6.3.2.1 Cerebrocortical volume by lobes 

Atlas-based segmentation generally performed well, and was able to accurately 

segment the cerebral cortex in most dogs despite a wide range of brain shape. 

Figure 6.2 shows examples of segmentation in dogs with brachycephalic, 

mesaticephalic, and dolicocephalic brain shapes, on a single para-sagittal slice. 

Cortical segmentations had poor fidelity in eight of 74 dogs from the epilepsy 

group, and these dogs were excluded from further analysis. In five of the 

remaining 66 epileptic dogs, the olfactory lobe segmentations were inaccurate, 

most likely because the olfactory lobes were not entirely included within the 

scanned field of view; these measurements were excluded from analysis.  In 

these five patients, cortical segmentations from the remaining lobes were 

considered sufficiently accurate and retained for analysis.  

In the IE-U group there was one outlier for left parietal cortical volume that was 

over six times greater than one standard deviation above the mean; visual 

inspection of cortical segmentation in this patient found that although 

segmentation of other cortical lobes closely followed real cortical boundaries, 

the left parietal cortex was not accurately segmented so that measurement was 

discarded from further analysis. 
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Figure 6.2 Results of atlas-based segmentation of the cerebral cortex in dogs with  

A) brachycephalic, B) mesaticephalic, and C) dolichocephalic brain shapes. A single left 
parasagittal slice is displayed. The fidelity of segmentation remains good despite wide 
difference brain shapes. Cyan represents olfactory cortex, orange is frontal cortex, red is 
temporal cortex, yellow is parietal cortex, purple is occipital cortex. Cerebral white matter and 
deep grey matter is represented by pale pink. The ventricular system is represented by blue, 
brain stem by yellow, and cerebellum by green. 

 

  

A) B) C) 
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A comparison of demographic features between dogs with IE-U (n=66) and 

controls (n=25) found no significant difference in age at presentation, 

bodyweight, brain shape, and sex (Table 6.1). 

Table 6.2 provides descriptive statistics for absolute cerebral cortical volume by 

lobar divisions for IE-U and control dogs. Normally distributed data are reported 

as mean and standard deviation, while skewed data are reported as median 

and range. The largest cortical volume was observed in the temporal lobes with 

a combined left and right hemispheric mean volume of approximately 12000 

mm3, followed by the frontal lobe (approximately 8000 mm3), occipital lobe 

(approximately 4000 mm3), parietal lobe (approximately 2800 mm3), and 

olfactory lobe (approximately 2000 mm3). 

Table 6.3 provides descriptive statistics for adjusted cerebral cortical volume by 

lobar divisions for IE-U and control dogs. Normally distributed data are reported 

as mean and standard deviation, while skewed data are reported as median 

and range. The magnitude of difference is reported as the difference between 

means and standard error of the mean for data compared with parametric tests, 

or reported as difference between the medians for data compared using non-

parametric tests. 
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 IE-U  
(n=66) 

Control 
(n=25) 

P 

age at presentation in years,  
median (range) 

5.00 (0.33, 14) 9.00 (0.35, 16) 0.06 $ 

bodyweight in kilograms, 
median (range) 

 20.5 (2.9, 45) 
n=63 

20.80 (1.2, 39) 
n=23 

0.73 $ 

brain shape (B, M, D) (17,37,12) (7,11,7) 0.50 ^ 

sex (F, FN, M, MN) (5,26,9,26) (2,12,0,11) 0.28 ^ 

 
Table 6.1. Summary demographic data for all dogs in the idiopathic epilepsy of unknown cause 
(IE-U) group, and control dogs. Note that bodyweight was not known for all dogs, and the 
number of available data points for each variable are provided as n. For the variable brain 
shape, B = brachycephalic M = mesaticephalic D = dolichocephalic. For the variable sex, F = 
female FN = female neutered M = male MN = male neutered. p values are for Mann-Whitney U 
test ($), or Chi-squared statistic (^) are provided for comparison of variables between groups.  
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Cerebrocortical lobe Absolute cerebrocortical volume (mm3) 

IE-U Control 

olfactory right 706 (220) # 951.9 (300) 

left 738 (228) # 1000 (311) 

frontal right 3748 (882) 4026 (917) 

left 3759 (879) 4130 (919) 

temporal right 5526 (3204 - 8206)* 6268 (1395) 

left 5278 (1275) 5979 (1323) 

parietal right 1255 (326) 1395 (334) 

left 1290 (320) ^ 1413 (366) 

occipital right 1898 (497) 2206 (544) 

left 1794 (468) 2094 (512) 

 

Table 6.2 Cerebrocortical volume by lobar divisions in dogs with idiopathic epilepsy of unknown 
cause (IE-U) and controls, as derived by atlas-based segmentation. There were 66 dogs in the 
IE-U group and 25 in the control group, except for the olfactory lobes where measurements 
were available from 61 dogs in the IE-U group (indicated by #), and the left parietal lobe where 
there measurements were available from 65 dogs in the IE-U group (indicated by ^). All data 
sets were normally distributed and are reported as mean volume in mm3 (standard deviation), 
except for the right temporal cortical volume in the IE-U group which is reported as median 
volume in mm3 (range) (indicated by an *). 
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Cerebrocortical 
lobe 

 Adjusted cerebrocortical volume 
(mm3) 

  

IE-U Control P value Difference 
between means  
± SEM, or 
difference 
between medians 

olfactory right 728.2 (132)# 920 (130) p < 0.0001 -192 ± 31 

left 761.3 (136)# 967.6 (135) p < 0.0001 -206 ± 32 
 

frontal right 3800 (287) 3809 (3168-
5178)* 

p 0.61 -11 

left 3811 (302) 3900  
(3252 - 5308)* 

p 0.065 -109 

temporal right 5618  
(4520 - 7321)* 

6076  
(4377 - 7144)* 

p < 0.0001 -459 

left 5295  
(4538 - 7080)* 

5786 (636) p 0.0003 -472 

parietal right 1274 (125) 1346 (141) p 0.020 -72.0 ± 30.4 

left 1304 (125) ^ 1274 (125) p 0.13  -60 ± 39 

occipital right 1929 (179) 2129 (173) p < 0.0001 -201 ± 42 

left 1826  
(1215 - 2389)* 

1989  
(1590 - 2665)* 

p < 0.0001 -163 

 
Table 6.3 Adjusted cerebrocortical volume by lobar divisions in dogs with idiopathic epilepsy of 
unknown cause (IE-U) and controls, as derived by atlas-based segmentation. There were 66 

dogs with IE-U and 25 controls, except for the olfactory lobes where measurements were 
available from 61 dogs with IE-U (indicated by #), and the left parietal lobe where there were 
measurements available from 65 dogs with IE-U dogs (indicated by ^). Normally distributed data 
are reported as mean volume (standard deviation) in mm3, and are compared using an unpaired 
student’s t-test, with Welch’s correction applied with standard deviations were significantly 
different. Skewed data are reported as median (range) in mm3 (indicated by an *), and were 
compared using a Mann-Whitney test. The magnitude of difference between IE-U and control 
cortical volumes is indicated in the right column, as difference between means and standard 
error of mean (SEM) for data compared using parametric tests, and difference between 
medians for data compared using non-parametric tests.  



 

 
Page 171 of 239 

Chapter 6  

Figure 6.3 provides box plots showing the distribution of data by lobar division. 

Comparing the IE-U group with controls, there was a statistically significant 

reduction in adjusted cerebrocortical volume for the left and right olfactory lobe, 

left and right temporal lobe, right parietal lobe, and left and right occipital lobe. 

Proportionately the greatest reduction in volume occurred in the olfactory 

cortex, with reduction of between 20.9% and 21.3% for right and left sides 

respectively. The temporal and occipital cortices were reduced by 7.5% to 

9.4%, while the right parietal cortex was reduced by 5.3%.  
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A)    B)   
 

C)   D)  E)  

Figure 6.3 Box plots comparing the adjusted cerebral cortical volume (mm3), for IE-U and 

control groups of dogs, according to lobar divisions. Adjusted cortical volumes are recorded for 
right and left cerebral cortex separately A) temporal lobe B) frontal lobe C) olfactory lobe D) 
parietal lobe and E) occipital lobe. p values represent statistical significance of the comparison 
between IE-U and control groups. Normally distributed data were compared using an unpaired 
student’s t-test while skewed data were compared using a Mann-Whitney test. 
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In the control group of dogs, there was a statistically significant strong negative 

correlation between age and adjusted cortical volume for the left and right 

frontal lobes and left occipital lobe, and a weak negative correlation for 

temporal, right occipital, and right parietal lobes. The Pearson correlation co-

efficient and 95% confidence interval is given in Table 6.4, and a scatter plot 

showing age at the time of MRI acquisition versus adjusted cortical volume with 

linear regression lines is shown in Figure 6.4. There was no significant 

correlation between duration of epilepsy and adjusted cortical volume for any 

lobe. 
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Cerebrocortical lobe Correlation  
co-efficient between 
age and adjusted 
cortical volume 

95% CI P value 

olfactory right 0.06 * -0.34, 0.45 0.77 

left 0.07 * -0.34, 0.45 0.75 

frontal right -0.64 $ -0.83, -0.32 < 0.01 

left -0.74 $ -0.88, -0.48 < 0.01 

temporal right -0.43 $ -0.71, -0.02  0.04 

left -0.44 * -0.71, -0.06 0.03 

parietal right -0.42 * -0.70, -0.03 0.04 

left -0.38 * -0.67, 0.02 0.06 

occipital right -0.48 * -0.73, -0.10 0.02 

left -0.70 $ -0.86, -0.42 < 0.01 

 
 
Table 6.4 Correlation between age and adjusted cortical volume in control group of dogs. 
Pearson’s correlation coefficient was calculated for normally distributed data (*) while 
Spearman’s Rank Correlation Coefficient was calculated for non-parametric data ($). 
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Figure 6.4 Scatter plot showing the relationship between age at the time of brain MRI versus 
adjusted cortical volume in the control group of dogs (n=25). Results are grouped according to 
cerebrocortical lobe. Lines of association for each lobe are shown.  
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6.4 Discussion 

Despite additional training and increased awareness of subtle cerebrocortical 

abnormalities seen in human epilepsy, in the present study veterinary 

radiologists did not identify similar findings in dogs with IE-U. While this may 

indicate that such subtle pathologies do not exist, it is possible that the degree 

of change could not be appreciated with visual inspection of studies acquired at 

the magnetic field strength of 1.5 Tesla. Correlation with brain histology was not 

possible in this study as dogs with epilepsy were privately owned and owners 

did not make their dog available for post-mortem examination. In human 

medicine, it is recognised that a range of neuropathologies cannot be seen by 

conventional subjective review of brain MRI, and quantitative computer-assisted 

analysis aids detection of changes (Pardoe et al. 2009; Thesen et al. 2011; J. 

Wagner et al. 2011). Given the small size of the canine brain and reduced SNR, 

it is reasonable to expect similar limitations on conventional review of canine 

brain MRI scans. Reduced SNR is further contributed to by limitations in 

available coils, and the requirement to keep image acquisition times reasonably 

low in a clinical setting. 

In this study, dogs with IE-U had a statistically significant reduction in 

cerebrocortical volume in the olfactory, temporal, occipital and right parietal 

lobes. These findings support an earlier pilot study that used voxel-based 

morphometry in five beagles with idiopathic epilepsy, and found regional 

reductions in grey matter volume in the olfactory bulb, cingulate gyrus and 

hippocampus (which were included in the temporal cortex of the present study), 

and temporal and occipital cortices (Frank et al. 2018). 

Mechanisms behind reduced cerebral cortical volume in dogs with epilepsy is 

not known. In humans with epilepsy, proposed mechanisms that may act singly 

or in combination include microscopic cortical malformations such as 

microdysgenesis; and cortical atrophy caused by deafferentation due to 

excitotoxic effects (Mueller et al. 2009). Excitotoxicity is neuronal damage or 
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death due to overstimulation by glutamate, the main excitatory neurotransmitter 

in the brain. Excitotoxicity may occur locally at the epileptogenic zone, or occur 

in synaptically connected regions separate from the seizure focus, as seizure 

activity propagates along neural networks to those regions (Mueller et al. 2009). 

Interestingly, areas in the brain reported to be susceptible to kindling and 

permanent brain injury following seizure include parts of the temporal lobe and 

olfactory cortex (Goddard et al. 1969), which loosely matches the affected 

cortical regions identified in the present study. In addition to excitotoxicity, 

hypoxia may also be a contributing factor as a recent publication found dogs 

with IE-U had reduced cerebral perfusion in the piriform lobe, thalamus and 

temporal cortex (Hartmann et al. 2018). Regardless of the mechanism, the 

concept that seizure propagation leads to irreversible structural brain damage is 

supported by a longitudinal and cross-sectional study of humans with drug-

resistant TLE (Bernhardt et al. 2009). This study found progressive regional 

cortical atrophy both in the longitudinal portion of the study, and in the cross-

sectional portion where cortical thickness was negatively correlated with 

duration of epilepsy. 

That age was negatively correlated with cerebrocortical volume of some lobes 

in control dogs was not an unexpected finding. The particularly strong negative 

correlation between frontal lobe volume and age is supported by other work that 

used voxel-based morphometry to show frontal and to a lesser degree temporal 

lobe atrophy in aging dogs (Tapp et al. 2006). In humans, thinning of the 

cerebral cortex occurs with increasing age, and shows distinct regional variation 

which was thought to relate to rates of myelination and function (Sowell et al. 

2003). In the present study, although not statistically significant, the median age 

of dogs in the IE-U group was younger than in the control group, so the 

observed reduction in adjusted cerebrocortical volume by lobe in dogs with 

epilepsy is not likely to be age related. 

Similarity metrics such as the Dice co-efficient were not established for 

segmentation of the cerebral cortex. This was because of the length time taken 
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to manually segment the cerebral cortex; it took many hours equating to almost 

four months of work to manually segment the cortex of the template brain, 

which made it unfeasible to repeat this process for individual brains. Subjective 

visualisation of cortical segmentations overlayed on each subject’s MRI was 

used to judge whether the fidelity of each segmentation was accurate, and poor 

fidelity segmentations were rejected from analysis rather than spending hours 

manually editing those segmentations. Although similarity metrics were not 

established for the cerebral cortex, the canine brain atlas segmented the 

hippocampus and caudate nucleus with a high degree of accuracy (Milne et al. 

2016). 

Statistically significant differences in adjusted cortical volume by lobar division 

were found in the present study, however it is not known if this was due to 

widespread volume reduction, or to large reductions in volume of small focal 

regions or cortex. The volumetry technique employed in this study is a relatively 

coarse measure and does not allow identification of specific regions of cerebral 

cortex that may be affected. Such fine, localised comparisons of the cerebral 

cortex may be achieved through voxel-based morphometry which provides 

regional measures of cortical volume, or by comparison of direct cortical 

thickness measurements. This represents a future area of investigation.  

Another clear area of limitation of this study is the lack of available histology in 

dogs with idiopathic epilepsy, to confirm whether reduced cortical volume was 

due to atrophy or microdysgenesis. It remains challenging to obtain post-

mortem consent from owners of dogs with epilepsy, and many are euthanised 

by their primary referring veterinarian rather than the referral veterinary hospital. 

The sample size in this study was based on a convenience sample, using all 

available data of suitable quality collected over the data collection period of four 

years. With 66 dogs with epilepsy and 25 control dogs, this represented a larger 

sample size compared with similar studies that have evaluated dogs with 

epilepsy where number of affected dogs range from five to 58 (Frank et al. 

2018; Kuwabara, Hasegawa, Kobayashi, et al. 2010). 
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Although cortical atrophy appears to play a role in canine epilepsy, findings from 

the present study contribute to research into the pathophysiology of epilepsy in 

dogs, rather than having direct application to the diagnosis of epilepsy in an 

individual dog. There is a large degree of overlap in lobar cerebrocortical 

volume in dogs with and without epilepsy, so measurement of cerebrocortical 

volume in an individual is unlikely to be meaningful. As knowledge advances 

about localised cortical changes seen with epilepsy, direct cortical thickness 

measures in an individual may, in the future, aid identification of lesions in 

clinical patients. 

6.5 Conclusion  

Cerebrocortial lobe volumetry using atlas-based segmentation identified 

reduction in cerebrocortical volume in dogs with epilepsy compared to controls. 

The greatest proportionate reduction occurred in the olfactory cortex, followed 

by temporal, occipital and right parietal cortex. Although the cerebral cortex 

reduces in volume with increasing age, age is not an explanation for the 

observed results as dogs with epilepsy tended to be younger (although not 

significantly so) compared to controls. The cause of reduced cerebrocortical 

volume in dogs with epilepsy is not known. Cerebrocortical atrophy due to the 

excitotoxic effects of glutamate, or seizure-induced cerebral hypoxia are 

mechanisms proposed to explain these observations. Future work may use 

more refined techniques such as voxel-based morphometry and cortical 

thickness measures to narrow down the locations of cortical atrophy in dogs 

with epilepsy. Correlation of the EEG-defined epileptogenic focus with regions 

of atrophy, and exploring epileptogenic networks using tractography represent 

other interesting avenues for future investigation. 
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Chapter 7: In vivo brain glutamate in canine 
idiopathic epilepsy of unknown cause 

7.1 Introduction 

Glutamate is the major excitatory neurotransmitter within the brain, and has 

long been thought to be involved in the initiation and spread of seizure brain 

activity. Glutamate is synthesised in neurons from the precursor glutamine, and 

is recycled from the synaptic cleft by astrocytes which break glutamate back 

down into glutamine. Concentration of glutamate in the synaptic cleft is 

regulated by excitatory amino-acid transporter proteins which are found on both 

neurons and astrocytes. When glutamate is present in high levels a 

phenomenon known as ‘glutamate excitotoxicity’ occurs, whereby there is an 

excessive calcium influx into neurons which triggers a cascade of enzyme 

activation that causes protein breakdown, free radical formation, lipid 

peroxidation and neuronal death (Mark, L. P. et al. 2001). Glutamate 

excitotoxicity is thought to contribute to the development of hippocampal 

sclerosis and permanent damage in other brain areas. 

There is considerable interest in the role of glutamate in the development of the 

epileptic brain and the maintenance of epilepsy. In epileptic humans and rodent 

models of epilepsy, elevated brain glutamate and alterations to glutamate 

transporter proteins have been shown to occur (Zhang et al. 1991; Meldrum et 

al. 1999; Campbell & Hablitz 2008; Hamberger et al. 1991; Carlson et al. 1992). 

In vivo intra-hippocampal microdialysis in epileptic humans revealed high levels 

of extracellular glutamate within seizure foci, both before and during seizures 

with a precipitous rise in extracellular glutamate before seizures (During & D. 

Spencer 1993). Elevated excitatory amino acid transporter messenger RNA and 

protein levels were found in hippocampal and neocortical neurons of rats and 

humans with epilepsy (Crino et al. 2002). The authors thought that upregulation 

of these proteins may occur as a response to recurrent seizures. Other authors 
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have found decreased astrocytic expression of excitatory amino acid 

transporters in humans with FCD (Ulu et al. 2009) and TLE (Sarac et al. 2009).  

There is also some evidence that glutamate plays a role in canine epilepsy, 

although mechanisms are not clear. Podell and colleagues (1997) found 

increased glutamate in the CSF of epileptic dogs (Podell & Hadjiconstantinou 

1997). More recently it was shown that Labrador Retrievers with genetic 

epilepsy had reduced CSF glutamate compared to controls, which were healthy 

one year old Beagles (Ellenberger et al. 2004). The results of the latter study 

are somewhat difficult to explain, but as their control group had much higher 

glutamate than the earlier study it is possible age and breed related effects 

were present and not considered. Measurement of glutamate within CSF may 

not reflect glutamate within the brain, however in vivo measurement of brain 

glutamate remains challenging. Morita and co-authors used the invasive 

technique of intra-cerebral microdialysis in epileptic Shetland sheepdogs 

(Morita, Takahashi, et al. 2005), and found elevated brain glutamate. In that 

same study, immunohistochemical studies on dogs that died from status 

epilepticus found reduced levels of the glial glutamate transporter protein GLT1 

(also known as EAAT2). Another study used magnetic resonance spectroscopy 

(MRS) in dogs with experimentally induced status epilepticus, and found a 

15.4% mean increase in Glx (a combination of glutamate and glutamine) within 

three hours of induced status epilepticus (Neppl et al. 2001). To date, no 

publications have quantified in vivo brain glutamate in a cohort of dogs with 

spontaneously occurring idiopathic epilepsy. 

This chapter explores the role of cerebral glutamate in dogs with epilepsy. The 

hypothesis is that dogs with idiopathic epilepsy have increased cerebral 

glutamate compared with non-epileptic controls. The hypothesis was 

investigated by using MRS to quantify in-vivo brain glutamate in a large number 

of dogs, and compare brain glutamate in client-owned dogs with naturally 

occurring idiopathic epilepsy with glutamate measured in non-epileptic control 

dogs. This work is important in further elucidating the molecular mechanisms 
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behind canine epilepsy. It will help establish correspondence between human 

and canine epilepsy, and may indicate potential targets for new epilepsy 

therapies. 

7.2 Methods 

7.2.1 Case selection 

Dogs with high resolution brain MRI scans acquired at the University of 

Melbourne Veterinary Hospital between October 2010 and November 2014 

were retrospectively identified by searching the hospital PACS (Synapse v3.1, 

FujiFilm, Tokyo, Japan). Epileptic dogs were selected for this study if they had a 

clinical diagnosis of idiopathic epilepsy of unknown cause (IE-U) based on 

having two or more seizures at least 24 hours apart, no obvious structural 

abnormalities on brain MRI as interpreted by both a veterinary radiologist and 

neurologist. Control dogs also had a high resolution brain MRI scan, no 

epilepsy, no MRI evidence of brain disease.  

Dogs were only included if, as part of the brain MRI scan, a single voxel proton 

MRS spectrum of suitable quality was acquired. To be included, cases had to 

have at least one spectrum trace that had: 

• a Cramer-Rao Lower bounds (error estimate) for glutamate of less than 

20% 

• on visual inspection of the spectrum, clear definition of the peaks for the 

major metabolites N-acetylaspartate, creatinine and choline 

• on visual inspection of the spectrum, a smooth and relatively flat base-

line 

• on visual inspection of the residual plot, strongly non-random residuals 
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An example of a spectrum of suitable quality for inclusion is provided in Figure 

7.1. A), while a spectrum that was excluded is in Figure 7.1. B). 

7.2.2 MRS acquisition 

All MRI scans were performed on a 1.5 Tesla magnetic field strength MRI 

machine using a human knee RF coil or 8-channel brain RF coil, as described 

in Chapter 3 General Methods. The single voxel Proton Brain Exam 

(PROBE/SV, GE Medical Systems) technique was used to acquire MRS. This 

technique has inbuilt water suppression, automatic eddy current correction, and 

utilises the PRESS sequence. A short echo time of 35 milliseconds was 

selected for improved detection of glutamate and glutamine (Blüml 2013). Dogs 

were anaesthetised for MRI using a variety of anaesthetic protocols at the 

discretion of the attending anaesthetist. Anaesthesia typically included pre-

medication with intravenous midazolam and methodone, induction with 

intravenous propofol, and maintenance with a constant rate infusion of propofol 

with or without inhaled isoflurane. 

In each patient, two spectra were acquired with the voxel placed over the left 

and right mesial temporal lobe, which included the majority of the hippocampus 

and parahippocampal gyrus. Positioning of the voxel was limited by the need to 

avoid close proximity to the sinuses and tympanic bullae, and avoid close 

proximity to skull bones containing a large amount of diploe (fat). Close 

proximity to the sinuses results in signal broadening and susceptibility artefacts, 

while proximity to fat-containing skull bones leads to contamination of the 

spectra with excessive lipid signal. Saturation bands were placed around the 

voxel to eliminate signal from fat.  
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Figure 7.1 Example single voxel proton magnetic resonance imaging spectra, produced in 
LCModel. The baseline is the thin black line at the bottom of the graph. The thin black curve 

represents the raw input data with no smoothing, while the thick red line represents a LCModel 
fit to the raw data. In (A) the spectrum was of suitable quality to be included in analysis. Note 
the relatively flat baseline and clearly defined narrow peaks at 2.01 ppm representing N-
acetylaspartate (NAA), 3.03 ppm representing Creatine (Cr), and 3.2 ppm representing choline 
containing compounds (Cho). In (B), the spectrum was excluded from analysis. Although the 
three main metabolite peaks are visible, the baseline is variable and there is a large peak at 1.3 
ppm representing Lactate (Lac) which is distorting the spectrum baseline. 
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The single voxel ranged in size from 2.1 to 7.6 cm3, with voxel dimensions of 

20mm length, and an average width of 17.0mm and average height of 17.8mm. 

Voxel size varied according to ICV. Positioning and size constraints of the voxel 

meant that there was often a mixture of tissue types within the volume, including 

mesial temporal lobe grey matter, white matter, CSF from the lateral ventricles 

and part of the thalamus. 

The coils were shimmed to increase homogeneity of the magnetic field. A pre-

scan was performed, and spectra were acquired when full-width half-maximum 

was below six Hertz and water suppression was above 97%. Spectra were 

saved as p files, a proprietary GE file type for MRS data. 

7.2.3 MRS processing 

P files were imported into LCModel (LCModel v6.2.2) for quantification of 

metabolite concentration. The pre-programmed basis set ge_press_te35_95d 

was used, for spectra acquired with a short TE of 35 ms on a GE machine. 

Automatic water-scaling was also selected for processing. 

Data for each spectrum were output as PostScript file including a graphical 

trace of the spectrum (as in Figure 7.1), a concentration table, and a comma 

separated values file containing estimated absolute metabolite concentrations, 

Cramer-Rao lower bounds, and ratios of metabolites relative to creatine. Voxel 

location (left or right mesial temporal lobe), absolute concentration of glutamate, 

Cramer-Rao lower bounds for glutamate, ratio of glutamine to creatine, voxel 

volume and SNR of the spectrum were recorded in a spreadsheet (Numbers 

v3.6.2). 

7.2.4 Statistical analysis 

Descriptive statistics were calculated for the duration of epilepsy and 

demographic features of age, weight and sex. Comparison of demographic data 

for IE-U and control groups used Mann-Whitney test for continuous variables of 

age and body weight, and Chi squared test for the categorical variable of sex. 
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Data for absolute glutamate concentration and glutamate to creatine ratio were 

plotted as boxplots and visually inspected for normality. Normality was also 

tested using the D’Agostino-Pearson omnibus normality test. All glutamate to 

creatine ratio distributions and one of the glutamate concentration distributions 

was right skewed with data not able to be readily transformed to normality using 

square root, log and reciprocal functions, so non-parametric statistical tests 

were applied. Absolute glutamate values from the right and left side brain voxels 

was compared between IE-U and control groups, using the Mann Whitney-U 

test. This was repeated for glutamate to creatine ratio values. Values obtained 

from voxels placed over the left and right mesial temporal lobes were also 

compared using the Mann Whitney-U test. Statistical significance level was set 

at p ≤ 0.05. Analyses were performed using GraphPad Prism v6.0. 

7.3 Results 

7.3.1 Included cases 

During the study period, brain MRI scans were acquired in 117 dogs with IE-U 

and MRS was acquired as part of their study in 72. Only 59 of 72 dogs (82%) 

with IE-U and MRS had a spectrum of suitable quality for analysis. Of the 88 

control dogs that had a brain MRI scan, 57 had MRS performed and 46 of these 

(81%) had a MRS spectrum of suitable quality for analysis. Some dogs had 

suitable MRS spectrum available from one side of the brain only, some had 

spectra available from both sides. All included spectra had a SNR of six or 

higher. 

Descriptive statistics for the 59 IE-U dogs and 46 control dogs in this study are 

provided in Table 7.1. There were no significant differences between IE-U and 

control dogs for age, body-weight, or distribution of sex.  
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Demographic 
feature 

IE-U (n=59) Control (n=46) p 
value 

age (years) 5 (0.42 – 14)  (n=57) 7.0 (0.35 – 13)  (n=37) 0.26 

weight 
(kilograms) 

18 (2.9 – 45)  (n=54) 29 (3.1 – 39)  (n=37) 0.07 

sex (M=male, 
F=female, 
N=neutered) 

10 M, 24 MN, 3 F, 20 FN 
(n=57) 

7 M, 21 MN, 4 F, 12 FN 
(n=44) 

0.75 

duration of 
epilepsy at the 
time of imaging 
(years) 

0.14 (0.003 – 4.0)  (n=56) N/A  

 

Table 7.1. Descriptive statistics for dogs included in the study. Continuous variables are 
reported as median (range). IE-U = idiopathic epilepsy of unknown cause. The number of 
observations for each parameter are indicated as n. p values are reported for Mann-Whitney U 
test for age and body weight, and Chi squared test for sex. 
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7.3.2 In vivo glutamate 

Descriptive statistics for data on glutamate concentration and 

glutamate/creatine ratio are presented in Table 7.2. Note that the number of 

observations varied due to exclusions, and the number of observations for each 

location is indicated in the table. Boxplots comparing IE-U and control groups 

are presented in Figure 7.2. 

There was no significant difference in values obtained from left and right mesial 

temporal lobes. There were no significant differences between IE-U and control 

groups, in either glutamate concentration, or glutamate to creatine ratio for the 

left and right voxels.  
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Table 7.2 Descriptive statistics for glutamate concentration and glutamate/creatine ratio, as 
measured by single voxel proton magnetic resonance spectroscopy, from a voxel placed of the 
left and the right mesial temporal lobes of the brain of dogs with idiopathic epilepsy of unknown 
cause (IE-U) and non-epileptic controls.  p values are for comparison of IE-U and control groups 

using Mann-Whitney U test.  

  IE-U Control p value 

glutamate 
concentration 
median (range) 

right 7.2 (4.6, 10) 
(n=47) 

6.8 (4.9, 10) 0.97 

left 7.1 (4.2, 11) 
(n=39) 

6.7 (4.7, 12) 
(n=35) 

0.20 

glutamate/creatine 
ratio 
median (range) 

right 1.4 (0.84, 2.9) 
(n=47) 

1.4 (1.1, 3.3) 0.43 

Left 1.4 (0.98, 4.1) 
(n=39) 

1.4 (0.82, 2.4) 0.77 
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A) B)  

Figure 7.2. Box plots depicting A) glutamate concentration, and B) glutamate to creatine ratio as 
measured by single-voxel proton magnetic resonance spectroscopy, within voxels placed over 
the left and right mesial temporal lobe of the brain of dogs with idiopathic epilepsy of unknown 
cause (IE-U) and non-epileptic controls. 
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7.4 Discussion 

Despite the role of glutamate in the propagation and maintenance of epileptic 

brain activity in humans and laboratory animals, the use of MRS in our study did 

not confirm a role of glutamate in dogs with IE-U: we did not find a significant 

difference in brain glutamate concentrations between epileptic and non-epileptic 

dogs.  

In this study, both absolute glutamate concentration and concentration ratios 

with creatine are reported. Concentration ratios are less sensitive to the effects 

of relaxation and partial volume effects (Provencher 2001). In theory, creatine is 

relatively stable in different disease states and is widely reported as the 

reference metabolite in concentration ratios. The concentration of creatine in 

dogs, however, appears to be widely variable (Carrera et al. 2015) so ratios of 

metabolites with creatine may not be sufficiently accurate to use as the only 

method of metabolite quantification. Estimating absolute metabolite 

concentration requires sophisticated analysis of spectral data. LCModel 

achieves this by modelling the complete spectra rather than individual 

resonances, to enable incorporation of maximum prior information into the 

analysis. Prior information also includes input of scanner type, sequence, and 

appropriate basis set to permit accurate estimates of metabolite concentration 

(Provencher 2001).  

The accuracy of estimated metabolite concentration derived from MRS is 

dependent on the quality of the spectrum, which is influenced by the SNR, 

spectral resolution (separation of metabolite peaks), and magnetic field 

homogeneity. In this study, all spectra had an SNR of over six; other 

researchers have recommended an SNR of four or higher for spectra of 

acceptable quality (Carrera et al. 2014). LCModel provides an indication of the 

reliability of estimated concentration of the metabolites through a parameter 

named the Cramer-Rao lower bounds, which is the estimated standard 

deviation expressed in a percent of the estimated concentrations. Cramer-Rao 
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lower bounds take into account the quality of the spectra, including SNR, full 

width at half-maximum of peaks, and baseline (Kreis 2004; Provencher 2010). 

Cramer-Rao lower bounds of <20% have been used by many as an indicator of 

acceptable reliability of the estimated metabolite concentration (Möller-

Hartmann et al. 2002; Provencher 2010). Importantly in the present study, 

stringent observation of spectral quality and accuracy of the estimates was 

employed. Although this resulted in the exclusion of 13 epileptic dogs and 11 

control dogs from analysis, exclusions did not favour one group over the other 

and the results are considered optimally reliable due to application of stringent 

inclusion criteria. 

Optimisation of complex technical parameters play into maximising spectral 

quality, however not all parameters are under the control of the MR 

radiographer. An efficient way to improve signal quality is by increasing the size 

of the MRS voxel but this increases the heterogeneity of the tissue being 

sampled and leads to increased line width of the metabolic peaks (Gruber et al. 

2003). Typical voxel sizes in human brain MRS range from 1 to 10 cm3 (Blüml 

2013), with a 2 x 2 x 2 cm voxel (8cm3) recommended at 1.5 Tesla (Vermoolen 

et al. 2010). In dogs, in order to achieve reasonable SNR in a clinically feasible 

time frame, a voxel size of approximately 4 cm3 is required (Ober et al. 2013). In 

the present study voxel size ranged from 2.1 to 7.6 cm3, which was necessary 

due to the small size of the canine brain and need to avoid skull and air-filled 

frontal sinuses or tympanic bullae in order to maintain magnetic field 

homogeneity within the voxel. Even so, given the range of brain volumes seen 

in dogs in this study, voxel size occupied only approximately 5 to 6% total brain 

volume. Imaging at higher magnetic field strengths would be desirable to 

improve signal assignment to metabolites (Tkáč et al. 2001), and produce a 

larger chemical shift which improves separation of resonance peaks for different 

metabolites (Dydak & Schär 2006). Achieving good magnetic field homogeneity 

over a large region of the brain becomes more difficult at 3 Tesla magnetic field 

strength, although good quality spectra of the canine brain have been achieved 
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at 3 Tesla (Martin-Vaquero et al. 2012; Ober et al. 2013). High-field multi-voxel 

MRS represents an opportunity for future studies in epileptic dogs. 

The relatively large size of the voxel and small size of the canine brain meant 

that there was a mixture of tissue types within the acquisition volume, with grey 

and white matter, CSF from the lateral ventricles, and sometimes part of the 

thalamus included. Contamination of the voxel with signal from CSF can have 

an impact on measured metabolite concentrations (Guerrini et al. 2009). 

Methods are available to weight MRS results according to different tissue types 

within the voxel and correct for CSF contamination (Hetherington et al. 1996; 

McLean et al. 2000); these methods rely on segmentation of grey matter, white 

matter and CSF. The methods for this MRS study and canine atlas-based 

segmentation were developed in parallel; at that time, it was not known whether 

these tissue types could be accurately segmented in dogs, and so this was not 

accounted for in the analysis of MRS data. The glutamate to creatine ratio was 

reported to try an mitigate for this, as creatine is a marker of cellular metabolism 

(Hajek & Dezortova 2008).   

The requirement for general anaesthesia in dogs undergoing brain MRI 

introduces potential problems for quantifying brain metabolites, because some 

anaesthetic agents affect metabolite concentration. For example, in comparison 

to ketamine anaesthesia, pentobarbital resulted in significantly lower Glx, 

creatine and N-acetylaspartate (S.-H. Lee et al. 2010). A more recent study 

evaluated the effects of isoflurane, sevoflurane, propofol and alfaxolone on 

brain N-acetyl aspartate, choline, creatine, inositol, and glutamate/glutamine 

complex. These researchers found only minor changes in cerebral metabolite 

concentrations with anaesthetic dose changes (Söbbeler et al. 2018). Although 

the effect of anaesthetic agents was not specifically evaluated in the present 

study, dogs were typically anaesthetised with propofol and isoflurane so the 

influence of these agents on glutamate measurement is expected to be minimal. 

A limitation of the current study is that classification of dogs with IE-U is 

relatively crude in current veterinary medicine. The IE-U group may comprise 
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dogs with a range of biochemical and microstructural disturbances, and the 

epileptogenic focus may be located in different areas of the brain not covered 

by the mesial temporal lobe voxel. This would be expected to produce 

heterogeneous results in measurement of brain glutamate and group-wise 

evaluation of all IE-U dogs may mask high glutamate in a smaller subset of 

dogs. Another limitation is the requirement at 1.5 Tesla field strength for a large 

voxel relative to brain volume in order to achieve adequate SNR. This 

necessarily samples signal from multiple tissue types - CSF, cortical grey 

matter, white matter, and thalamus. At 3 Tesla, smaller voxel size or multi-voxel 

MRS may allow sampling of smaller volumes of tissue and produce different 

results, particularly if regional alterations of brain glutamate concentration occur 

in epileptic dogs. In addition, improved separation of glutamate and glutamine 

signals occurs at 3 Tesla and should permit collection of high quality spectra 

from a larger number of dogs. 

Though no difference in glutamate concentrations between IE-U and normal 

dogs was found in the present study, it remains possible that alteration in the 

expression of glutamate transporter proteins or glutamate receptors may play a 

role. For example, down-regulation of excitatory amino-acid transporter proteins 

would lead to increased glutamate in the synaptic space and increase the effect 

of ‘normal’ concentrations of glutamate. Alterations in glutamate transporter 

protein expression have been identified in some strains of epileptic rats, 

humans with TLE, and a group of Shetland sheepdogs with familial epilepsy 

(Morita, Takahashi, et al. 2005; During & D. Spencer 1993; Ulu et al. 2009; 

Tanaka 1997; Guo et al. 2010; Morita, TAKAHASHI, et al. 2005). Alternatively, 

up-regulation of ionotrophic and metabotrophic glutamate receptors may 

sensitise the brain to ‘normal’ glutamate levels (Dingledine 2012) 

7.5 Conclusion 

Despite the present study showing no elevation in brain glutamate in our 

sample of epileptic dogs, interest in the role of glutamate in epileptogenesis 
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necessitates further research which may focus on high field-strength MRS and 

the role of glutamate transporter proteins in epileptic dogs. 
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Chapter 8: General discussion and conclusion 

8.1 Summary of findings 

The overall aims of this thesis were to describe the epidemiologic features of 

epilepsy in Australian dogs, and to investigate potential structural and 

biochemical mechanisms for canine idiopathic epilepsy of unknown cause (IE-

U).  

An epidemiological analysis of a sample of Australian dogs presented to the 

University of Melbourne Veterinary Hospital for epilepsy is described in Chapter 

4, and was a retrospective evaluation of demographic features and causes of 

epilepsy in dogs presented to the Veterinary Hospital over a four-year period. 

The four-year prevalence of epilepsy at the University of Melbourne Veterinary 

Hospital between 2010 and 2014 was 1.1%. Three-quarters of dogs presented 

for epilepsy were diagnosed with IE-U, while one quarter were diagnosed with 

structural epilepsy. Brain tumours were the most common cause of structural 

epilepsy affecting 60% of dogs with this form of epilepsy, followed by 

meningoencephalitis of unknown origin affecting 11% of dogs. In dogs 

diagnosed with IE-U, 21 breeds of dog had a statistically significant increased 

odds of a diagnosis of idiopathic epilepsy, with the strongest association seen in 

the Hungarian viszla.  

Investigations into potential structural pathologies of canine IE-U focussed on 

using brain MRI scans to evaluate dogs with IE-U for evidence of hippocampal 

sclerosis as detailed in Chapter 5, or subtle cerebrocortical pathology such as 

focal cortical dysplasia or cerebrocortical atrophy as detailed in Chapter 6. Both 

Chapters investigated the same sample of dogs with IE-U and controls (without 

IE-U or structural brain disease). Both Chapters used subjective evaluation and 

computer-assisted morphometry of brain MRI scans to identify structural brain 

changes. 

Subjective, blinded, randomised review of the brain MRIs of dogs with IE-U and 
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controls, performed by two radiologists, who had undergone training to identify 

features of hippocampal sclerosis and cortical dysplasia on human brain MRI, 

did not find a significant difference in those MRI features between the two 

groups. 

Computer-assisted morphometry of brain MRI scans was undertaken to test for 

subtle structural brain change in dogs with IE-U, compared to controls. The 

technique of atlas-based segmentation was chosen to measure volume of the 

canine hippocampal formation, and volume of cerebral cortex following lobar 

divisions. A novel technique for atlas-based segmentation in the dog was 

developed, and is described in Chapter 3. This technique was developed using 

a customised canine brain MRI template that represented a wide range of 

canine brain sizes and shapes, and was generated through diffeomorphic 

registration of volumetric T1W MRI images of 50 dogs. Accuracy of atlas-based 

segmentation was established with the Dice co-efficient and Jaccard co-

efficient, using manual segmentation of the hippocampus and caudate nucleus 

as the ground truth. The atlas had good accuracy for segmenting these 

structures. 

Chapter 5 describes the results of hippocampal volumetry using atlas-based 

segmentation. There was no significant difference in the distribution of 

hippocampal volume or hippocampal asymmetry between IE-U and control 

groups. A lower 95% reference limit for hippocampal volume was established 

from the control group, and 15% of dogs with IE-U had one or both hippocampal 

formation below that threshold, indicating unilateral or bilateral hippocampal 

atrophy. Dogs with IE-U that had hippocampal atrophy were significantly 

younger at the time of imaging, and had an earlier onset of epilepsy compared 

to dogs with IE-U that did not have hippocampal atrophy.  

In the subsequent chapter, Chapter 6, cerebrocortical volume by lobar division 

was compared between dogs with IE-U and controls. Dogs with IE-U had a 

statistically significant reduction in cerebrocortical volume of the right and left 

olfactory, temporal, right parietal and occipital cortex. The greatest 
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proportionate reduction in volume of 21% was in the olfactory cortex, with a 

reduction of 7.5% to 9.4% in the temporal and occipital cortices, and 5.3% in the 

right parietal cortex. In control dogs, a strong negative correlation between age 

and volume of the frontal and left temporal lobe, and weak negative correlation 

between age and temporal, right occipital, and parietal lobes was observed. 

There was no significant difference in the distribution of age between dogs with 

IE-U and controls.  

The role of glutamate, the main excitatory neurotransmitter in the brain, as a 

biochemical mechanism for epilepsy in dogs is described in Chapter 7. In vivo 

brain glutamate was non-invasively measured using single voxel proton 

magnetic resonance spectroscopy (MRS), and quantified using LCModel. 

Compared with non-epileptic controls, dogs with IE-U did not have a 

significantly different concentration of brain glutamate, nor did they have a 

difference in glutamate to creatine ratio.  

8.2 General discussion 

Epilepsy is not an uncommon reason for dogs to be presented to a veterinarian. 

Canine epilepsy is associated with behavioural co-morbidities which can affect 

the owner-pet bond (Chang et al. 2006; Shihab et al. 2011; Packer & Volk 

2015). Added to this is the cost burden on owners to investigate and treat the 

condition, and reduced duration of life for epileptic dogs (Berendt et al. 2007; 

Fredsø et al. 2014), which contributes to the impact of canine epilepsy among 

the community. Research into the causes of epilepsy in dogs has been 

hampered by inconsistent use of aetiologic classification, inconsistent use of 

diagnostic tests, and sometimes small sample size. These problems will, in part, 

be alleviated by the recent publication of veterinary guidelines for classification 

of epilepsy, diagnosis of IE-U, and brain MRI epilepsy protocols (Berendt et al. 

2015; Rusbridge et al. 2015). 

The studies presented in this thesis drew on analysis of clinical cases of canine 
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epilepsy presenting to the University of Melbourne Veterinary Hospital over a 

four-year period. With 359 dogs identified with a classifiable form of epilepsy, 

and most dogs having detailed clinical investigation including high-field brain 

MRI, this represents the largest and most detailed study of its kind. Other 

publications describing epidemiology in larger numbers of dogs with epilepsy 

are either based on surveys of insurance records (Heske et al. 2014) or large 

multi-clinic databases (Kearsley-Fleet et al. 2013; Erlen et al. 2018), and do not 

examine in detail the causes of epilepsy. The majority of dog consultations at 

the University of Melbourne Veterinary Hospital are primary accession and 

emergency care, with only 12% referral cases; although the sample of dogs 

examined in this thesis are not the same as a survey of the general population 

of owned dogs, the high proportion of first-opinion case load produces more 

generalisable results compared with other epidemiologic studies of canine 

epilepsy which examined referral only cases (Pakozdy et al. 2008; Hamamoto 

et al. 2016).  

The prevalence of epilepsy at the University of Melbourne Veterinary Hospital 

was 1.1%, which is slightly lower than previously published prevalence figures 

described in referral hospital settings (Pakozdy et al. 2008; Hamamoto et al. 

2016), and likely reflects differences in case load. In the epidemiological study 

presented in this thesis, 87% of dogs with epilepsy had sufficiently detailed 

investigation and clinical records to enable classification of dogs as having 

structural epilepsy or idiopathic epilepsy, following IVETF recommendations 

(Berendt et al. 2015). The low proportion of dogs with epilepsy excluded from 

further analysis (13%) represents a strength of this study, compared with similar 

studies that had higher exclusion rates of 31 to 41% (Hamamoto et al. 2016; 

Pakozdy et al. 2008), or where exclusions were not reported (Zimmermann et 

al. 2009). 

Idiopathic epilepsy of unknown cause was diagnosed three times more 

frequently than structural epilepsy, with proportions of 75% and 25% 

respectively. These results are comparable to the 69% reported in the only 
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other methodologically similar study which also applied IVETF definitions 

(Hamamoto et al. 2016).  

In examining the causes of structural epilepsy, the study presented in this thesis 

found brain tumours were the most common cause with a proportion of 60%, 

compared with 29 to 31% in other studies (Hamamoto et al. 2016; Pakozdy et 

al. 2008). This may reflect true differences in prevalence; for example, the 

Japanese study found MUO the most common cause of epilepsy but that study 

evaluated a higher proportion of small breed dogs that are predisposed to 

inflammatory brain disease, compared to the present study. Different results 

may also reflect differences in inclusion criteria, the ready availability of brain 

MRI at the University of Melbourne Veterinary Hospital, and the relatively low 

number of cases excluded from the present study. An important limitation to 

note is that not all cases had histopathologic confirmation of the diagnosis. Of 

the 54 dogs diagnosed with a brain tumour, 23 had histologic confirmation and 

in the remainder the diagnosis was presumptive based upon consideration of 

MRI features, history and signalment. Of the 10 dogs diagnosed with MUO, 

none had brain histology available, but 8 had supportive CSF findings and in the 

remaining two, diagnosis was presumptive based upon consideration of MRI 

features, history and signalment. Although classification of some cases relied 

on presumptive diagnosis, the MRI protocol was uniformly applied and included 

pre- and post-contrast sequences, sequences sensitive for haemorrhage (T2* 

gradient echo), and sequences sensitive to detect restricted diffusion of water 

molecules seen with cerebrovascular accidents (diffuse weighted imaging with 

calculation of the apparent diffusion co-efficient map). This represents a more 

comprehensive panel of MRI sequences than often published in the veterinary 

literature, and may increase the level of confidence in the presumptive MRI 

diagnoses. 

The risk of a particular dog breed having a diagnosis of idiopathic epilepsy was 

calculated using odds ratios, which accounted for the frequency with which that 

breed was presented to the Veterinary Hospital during the same study period. 
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One other study reported the odds of a particular breed being diagnosed with 

epilepsy, and that study found modest increase in odds for the Border collie, 

Border terrier, German shepherd dog, golden retriever and Labrador retriever 

(Kearsley-Fleet et al. 2013). In the present study, 21 breeds of dog had a 

statistically significant increased odds of a diagnosis of idiopathic epilepsy; the 

golden retriever is the only breed in common with the prior study. Four of the 21 

breeds with significant increased odds of idiopathic epilepsy are reported to 

have an inherited basis, based on other prevalence and familial studies. Those 

breeds are the beagle (Hülsmeyer et al. 2015), English springer spaniel 

(Patterson et al. 2005), golden retriever (Srenk & Jaggy 1996) and Hungarian 

viszla (Patterson et al. 2003). In the present study, the strongest association 

between a diagnosis of idiopathic epilepsy and breed was seen in the 

Hungarian viszla. A limitation of the present epidemiological study is the 

retrospective nature of data collection; familial history was not available which 

may lead to genetic epilepsies being missed. As familial information was not 

available a diagnosis of idiopathic epilepsy of unknown cause (IE-U) is 

appropriate, however the potential for including a dog with a genetic mechanism 

for epilepsy in the IE-U group is acknowledged as a limitation of the study.   

The presence of hippocampal sclerosis and cerebrocortical abnormalities was 

investigated by subjective review of brain MRI scans by two reviewers, both 

Veterinary Radiologists, who had undertaken a period of training to recognise 

similar pathologies on human brain MRI scans. Neither hippocampal sclerosis 

or cerebrocortical abnormalities were convincingly seen on subjective review of 

brain MRIs. A radiologic diagnosis of hippocampal sclerosis requires both a 

reduction in hippocampal size and increase in T2W signal intensity; this 

combination of findings was not seen in any dog, however increased T2W 

signal intensity was seen in one individual with IE-U, and unilateral reduction in 

hippocampal size was seen in five dogs with IE-U and five control dogs. Focal 

cerebrocortical thickening or nodules, as seen in focal cortical dysplasia, and 

cerebrocortical atrophy was not identified in any dogs. The lack of significant 

findings from subjective review of brain MRI scans indicates the difficulty of 
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subjective detection of subtle structural brain change, even when the reviewer 

has heightened awareness of the potential for pathology. In humans with 

epilepsy, focal brain abnormalities are often not seen on routine visual 

inspection of brain MRI, even for experienced neuroradiologists (Thesen et al. 

2011). Dogs have a smaller brain size than humans (approximately 6% 

volume), and the clinical brain MRI scans acquired at 1.5 Tesla have an 

increased degree of image noise and reduced contrast compared to human 

brain MRI acquired at a similar magnetic field strength. In addition to these 

factors, limitations of not using customised animal brain coils, and obtaining 

images in a clinically feasible scan time contribute to the challenge of identifying 

subtle structural brain change in dogs. Evaluation of canine brain MRI scans 

acquired at a higher magnetic field strength and with multi-array radiofrequency 

coils may produce different results, due to the expected increase in signal to 

noise ratio. 

In humans, the sensitivity of subtle brain lesion detection in patients with 

epilepsy can be improved by using computer-assisted morphometric analysis 

(J. Wagner et al. 2011; Thesen et al. 2011; Pardoe et al. 2009). A morphometric 

technique called atlas-based segmentation was used in this thesis to objectively 

quantify hippocampal and cerebrocortical volume in dogs with idiopathic 

epilepsy and matched controls. Atlas-based segmentation uses co-registration 

of subject and template images to rapidly segment neuroanatomic structures in 

many subjects. This approach was chosen because a reduction in hippocampal 

volume or hippocampal atrophy could be used as a biomarker for hippocampal 

sclerosis, increased cerebrocortical volume may indicate focal cortical 

dysplasia, and decreased cerebrocortical volume indicates atrophy. 

Neuroinformatics is the use of computational models and analytic tools for brain 

imaging data, and this field has widespread application in human medical 

research. The field of neuroinformatics for dogs is in its infancy; these 

techniques do not yet have widespread uptake in veterinary research. At the 

time of development of atlas-based segmentation for this thesis, canine brain 
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MRI atlases were not available and many automated analysis techniques used 

in humans did not work well in dogs due to differences in the shape of the brain 

of these two species. For this thesis, a novel study-specific brain template 

image was created through diffeomorphic transformation and co-registration of 

the brain MRI images of 25 dogs with IE-U and 25 matched controls. The fidelity 

of image registration is improved when templates comprise both subject and 

control individuals that closely approximate the study population (Milne et al. 

2016). For this reason, an equal number of dogs with IE-U and control dogs 

were selected to build the template, and within each of these sub-groups, dogs 

were selected to match the overall study group of 74 dogs with IE-U. The first 

priority for selection of dogs into the template centered around brain shape 

(brachycephalic, mesaticephalic or dolichocephalic), as this represents the 

biggest source of variation in the canine brain. Following that, dogs were 

selected according to age, sex, body weight, and where possible breed. The 

ANTs manual indicates that templates stabilise at around 10 (human) 

individuals, with little improvement in accuracy when numbers are increased 

beyond this (Avants, Tustison, Song, et al. 2011). Given there are three major 

categories of canine brain shape, it was considered that at a minimum 30 dogs 

(10 of each brain shape) should be included in the template. To be 

conservative, 50 dogs were chosen to contribute to the template, with the 

proportion of each of brachycephalic, mesaticephalic and dolichocephalic brain 

shapes reflecting the final proportion of brain shapes observed in the subject 

group. 

The software ANTs was chosen to build the templates according to its proven 

ability to register images using diffeomorphic transformation algorithms. The 

template building tool and diffeomorphic registration tool in ANTs utilised SynN 

normalisation, which performs consistently and is accurate compared with other 

available software (Avants et al. 2008; A. Klein et al. 2009). Similarity metrics 

were not explored in the current approach; this could involve specifying the 

spatial location of the rostral and caudal commissures, and then proceeding 

with registration after images have been aligned according to these common 
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points. Future investigations could centre around examining which intensity-

based similarity metrics provide the best registration in dogs, and the influence 

on feature-based similarity metrics on accuracy of registration (Avants, 

Tustison, Song, et al. 2011). The accuracy of atlas-based segmentation using 

the atlas described in this thesis was established by comparing volumes of the 

hippocampal formation and caudate nucleus to volumes derived by manual 

segmentation, using the Dice and Jaccard co-efficient (Milne et al. 2016). The 

atlas had good accuracy for segmenting these structures, compared to similar 

techniques applied in human neuroimaging research (Cabezas et al. 2011).   

Of the 269 dogs with IE-U that presented to the University of Melbourne 

Veterinary Hospital, 117 (43%) had a brain MRI scan, and 74 dogs had a 

volumetric T1W brain image stored in a data format suitable for computer 

analysis. Thus, 74/269 or 28% of all dogs diagnosed with IE-U were analysed 

by atlas-based segmentation. It is a limitation of this study that all dogs with IE-

U seen by the Veterinary Hospital during the study period could not contribute 

to computer-assisted analysis. Often owners decline advanced brain imaging 

due to the cost burden of the procedure, or concern regarding risk of 

anaesthesia for their pet.  

Another limitation of the studies in this thesis is the relatively coarse nature of 

classification of types of epilepsy in dogs. In humans, classification of epilepsy 

syndromes is often influenced by detailed seizure semiology, and findings from 

EEG which may identify an epileptogenic focus. Thus, many human 

neuroinformatic studies have more restricted subject groups with defined types 

of epilepsy – for example, mesial temporal lobe epilepsy or frontal lobe 

epilepsy. It is expected that dogs classified as having IE-U have heterogeneous 

causes and underlying pathologies for their epilepsy. As such, analysing 

morphometric data by comparing measures of central tendency with a control 

group may not produce significant results, and different approaches to identify 

individual patients with significant differences in imaging parameters that 

exceed established limits may be required (Duncan 2002). This approach was 
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taken when evaluating hippocampal formation volume; there was no significant 

difference in the distribution of hippocampal volume for dogs with IE-U 

compared to controls, but 15% of dogs with IE-U had unilateral or bilateral 

hippocampal atrophy, based upon a lower limit for hippocampal volume 

established from the control group of dogs. It remains unknown whether 

hippocampal atrophy in these dogs is due to hippocampal sclerosis, or 

hippocampal atrophy due to other causes. Epileptic dogs with hippocampal 

atrophy were younger than epileptic dogs without hippocampal atrophy, so age-

related brain atrophy is unlikely to be the cause of the observed findings. In the 

absence of other known brain disease, it is not unreasonable to hypothesise 

that hippocampal atrophy in dogs with IE-U may be caused by hippocampal 

sclerosis. Future studies combining hippocampal volumetry with quantification 

of T2 relaxation times may prove useful, and have been employed in humans 

(Woermann et al. 1998; Chen et al. 2016; Sato et al. 2016). Dogs with 

hippocampal sclerosis would be expected to have both hippocampal atrophy 

and increased T2 relaxation times; however, studies that have histologic 

confirmation of hippocampal sclerosis and correlate this finding with MRI 

features are required. Another limitation of the studies in this thesis is that only 

one of the dogs with IE-U was available for post-mortem examination, so 

correlation of MRI findings with histology was not possible. In the single dog that 

had a post-mortem, microscopic lesions were not detected. 

Two other veterinary publications have used hippocampal volumetry on brain 

MRI scans as a biomarker for hippocampal sclerosis in dogs with epilepsy 

(Estey et al. 2017; Kuwabara, Hasegawa, Kobayashi, et al. 2010). These 

studies have employed different methodologic approaches to those described in 

this thesis. Both studies used thick-slice, two dimensional transverse planar 

T2W images with manual tracing of the hippocampus, and emphasised the use 

of hippocampal asymmetry to identify unilateral hippocampal atrophy. Despite 

differences in methodologic approach, findings from those previous and the 

present study support the presence of hippocampal atrophy in some dogs with 

IE-U. Further work is required to link hippocampal atrophy with hippocampal 
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sclerosis.  

Chapter 6 describes significant reductions in cortical volume in some cerebral 

lobes in dogs with IE-U. The lobar regions with reduced volume correspond to 

areas identified by Frank and colleagues (2018) who used voxel-based 

morphometry to identify regional reductions in cortical volume in five beagle 

dogs with epilepsy (Frank et al. 2018). The approach used in that study 

permitted more refined identification of regions of difference in cerebrocortical 

volume. Regional volume measurements are, however, an insensitive method 

for detecting changes to the cerebral cortex because regional volume is more 

closely related to surface area than thickness, and surface area changes little 

with degenerative diseases while thickness can greatly reduce (Winkler et al. 

2010). It follows that measurement of cerebrocortical thickness would be the 

most appropriate method to identify reductions in cerebrocortical grey matter. 

Evaluation of cortical thickness is not a trivial task, made difficult by the complex 

folding pattern of gyri and sulci. True cortical thickness measurements must be 

made perpendicular to the tangent of the three-dimensional curved cortical 

surface; this cannot be accurately determined on planar images, and requires 

analysis of volumetric data. Methods for analysing cortical thickness may be 

broadly categorised as methods involving surface extraction or volumetric 

methods that establish a priori point to point correspondence. This latter 

approach is used by the DiReCT cortical thickness measurement technique 

available in the ANTs software package (Das, Avants, Grossman & Gee 

2009b). Direct cortical thickness measurement represents an avenue for future 

investigation of cerebrocortical change in dogs with epilepsy, and may allow 

targeted histologic evaluation of abnormal areas.  

The study described in Chapter 7 did not find a significant difference in brain 

glutamate between dogs with IE-U and controls, using the technique of MRS. 

The study represents the first wide-scale evaluation of in-vivo brain glutamate in 

dogs with naturally occurring epilepsy, however it faced several methodologic 

limitations dictated by the technology available to image clinical patients. At the 



 

 
Page 207 of 239 

Chapter 8  

available magnetic field strength of 1.5 Tesla there is overlap between the 

resonances generated by glutamate and glutamine, and quantification of these 

metabolite concentrations can be difficult (Gruetter et al. 1998). If the 

computational model cannot achieve accurate separation of those resonances 

then there is a high degree of error in the estimated concentration of those 

metabolites; in this study that contributed to the exclusion of up to 19% of 

spectra from the study. When MRS is performed at higher magnetic field 

strengths, better spectral separation of glutamate and glutamine signal is 

achieved (Gruetter et al. 1998), which improves the reliability of detection of 

glutamate. The amount of MRS signal generated at the available magnetic field 

strength of 1.5 Tesla meant that a relatively large single voxel was required to 

generate sufficient SNR; although this voxel only occupied 5 to 6% of total brain 

volume, it unavoidably contained multiple tissue types. Future work could 

combine atlas-based segmentation of tissue types and MRS to evaluate (for 

example) glutamate within grey matter only, and may produce different results. 

Another approach could be to use chemical shift imaging, otherwise known as 

multi-voxel MRS. This technique samples a larger volume of tissue, but permits 

localisation of MRS signal from small region of the brain by measuring the 

chemical shift within the generated signal. Chemical shift imaging was not 

available on the MRI machine used in this study. 

The methods described in Chapter 7 centred around detecting an absolute 

increase in brain glutamate in dogs with IE-U. It is both possible and likely, 

however, that glutamate may play a role in the generation and propagation of 

epileptic seizures through different mechanisms. For example, a down-

regulation of astrocytic glutamate transporter proteins may increase the 

concentration of glutamate available in the synaptic space, or an increase in 

neuronal glutamate receptors may sensitise neurons to ‘normal’ levels of 

glutamate. These hypotheses could be investigated using molecular 

techniques, and represent future avenues for study. 
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8.3 Conclusion and future directions 

In summary, the causes of canine epilepsy are poorly understood. Recent 

progress in providing standardised schemes for classifying and diagnosing 

epilepsy (Berendt et al. 2015; Rusbridge et al. 2015) will help with more 

consistent research approaches. The aetiologic classification of canine 

idiopathic epilepsy, however, remains fairly coarse and it is likely that dogs 

diagnosed with IE-U have heterogeneous underlying pathologies. These may 

include: un-characterised genetic or metabolic derangements; and subtle 

structural abnormalities not identifiable on visual inspection of MRI, that are 

either developmental and cause for epilepsy, or develop as a consequence of 

repeat seizures. 

The studies presented in this thesis largely focus on using MRI to non-

invasively evaluate owned dogs with naturally occurring epilepsy for evidence of 

structural or biochemical change within the brain. A technique for atlas-based 

segmentation of canine brain MRI scans was developed and successfully 

applied to determine the volume of several neuroanatomic structures. This work 

represents one of the first applications of a canine brain atlas to neuroimaging 

research. The findings presented in this thesis, together with other similar work, 

provide mounting evidence that dogs with idiopathic epilepsy do indeed have 

subtle structural brain change that cannot be reliably identified on visual 

inspection of MRI.  Atlas-based segmentation identified a sub-set of dogs with 

IE-U that had reduced hippocampal volume, and also showed that dogs with IE-

U have reduced cerebrocortical volume. Collection of canine brain MRI data 

acquired with 3 Tesla MRI will facilitate future work using other computer-

assisted morphometric techniques, such as cortical thickness measures and T2 

relaxometry. Future work should correlate the results of morphometric analysis 

with EEG-identified epileptogenic focus and histopathology of the canine 

epileptic brain. In addition, the role that epileptogenic neural networks may play 

in the propagation of seizures and seizure-induced brain pathology may be 

explored using fibre tracking MRI techniques. 
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Findings from the studies described in this thesis reveal analogies between 

human and canine epilepsy; some dogs with IE-U demonstrated similar 

structural changes as those reported in some humans with epilepsy. The 

prevalence of naturally occurring epilepsy in dogs, large size of dogs, and 

similarities to human epilepsy support the use of dogs as a model for epilepsy in 

humans. In addition, elucidation of the mechanisms of canine epilepsy may 

offer improvement in the diagnosis and formulation of prognosis for affected 

dogs, and allow exploration of novel surgical and medical therapies to improve 

seizure control in canine epilepsy. 
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