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Introduction: Epilepsy is an extremely common neurological problem affecting dogs. One 

significant challenge is determining whether a dog’s paroxysmal episode is the result of 

seizure activity. Electroencephalography (EEG) is the only diagnostic tool that confirms 

seizure activity. Despite this, EEG is underutilized in veterinary medicine likely due to 

difficulties in equipment setup, e.g., painstaking subcutaneous electrode placement or 

sedation for instrumentation. Novel dry surface electrode systems investigated for people 

are less invasive than current minimally invasive subdermal wire electrodes (SWE) and 

may hasten EEG instrumentation in dogs.  

Objectives: The aim was to evaluate the clinical feasibility of dry surface electrodes for 

long-term EEG recording in dogs. We hypothesized that the dry surface electrodes would 

remain functional and perform equivalently to the SWE.  

Materials and Methods: One six-hour EEG was recorded from each of six awake healthy 

dogs. Four PressOn and four Spring-loaded dry surface electrodes were randomized 

each to one of eight locations above a gold standard SWE, creating four comparison 



pairs. Outcome analysis examined both quantitative and qualitative variables: power 

spectrum, electrode attachment, and artifact.  

Results: Power spectrum analysis showed good agreement between both dry electrodes 

and SWE for all frequency bands, but with a significant statistical bias - the dry electrodes 

consistently read higher. Impedance was significantly higher in both dry electrodes 

compared with the SWE. Overall, SWE electrodes were 3.14 times more likely than 

PressOn and 43.36 times more likely than Spring-loaded electrodes to remain attached. 

Movement artifact was significantly higher in both dry electrodes compared with SWE. 

Muscle artifact was significantly higher in SWE compared with both dry electrodes. The 

proportion of skin irritation was significantly higher in both dry electrodes compared with 

SWE.  

Conclusions: Both dry electrodes demonstrated a good power spectrum agreement with 

the SWE, indicating a clinically reliable signal. However, for most of the other outcome 

variables assessed, SWE consistently outperformed the novel dry electrodes. The 

PressOn electrode have potential for clinical use given the relatively good attachment 

properties. Both dry electrodes had unacceptably high impedances. This weakness will 

need to be overcome prior to their use in a clinical setting.   
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1 Epilepsy and seizures  

1.1 Introduction 

 Epilepsy has tremendous effects on the daily lives of humans and dogs alike. Advances 

in epilepsy research are aimed at improving diagnostic capabilities, as well as therapeutic 

options, with the hope of improving the lives of those of any species who are affected by 

it. In this literature review, the definitions, classifications, knowledge gaps and 

consequences of epilepsy will be discussed. The fundamentals of 

electroencephalography (EEG) significance in epileptology, EEG use, instrumentation as 

well as EEG limitations will be reviewed as well.  

 

1.2 Definitions and classifications 

The word epilepsy originates from ancient Greek and means “to seize, possess or afflict” 

1, however, over the course of history it was given many different names such as the 

sacred disease, lunacy and falling sickness 2, emphasizing its great impact and suspected 

supernatural nature. The fascination with this mysterious, debilitating, disease led to 

continued research throughout history in the search of better treatment and diagnostic 

tools 2,3.  
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 A universally accepted classification of seizures and epilepsy is important in order to 

create a common language among researchers, physicians and pet owners and should 

reflect recent advances in knowledge 4,5. Many of the classifications previously used in 

veterinary epilepsy have been adapted from human medicine. This adaptation has many 

limitations due to the subjectivity in the description of the patient’s seizure signs, limited 

diagnostic information in some cases due to cost constraints, difficulty to accurately 

assess the patient’s level of awareness and limited use of EEG, all of which were taken 

into account in determining human epilepsy terminology 4.  

 

 The need for better definitions and classifications of seizures resulted in the 

establishment of an independent veterinary task force, which published consensus 

statements relating to important topics in epilepsy 5. The International Veterinary Epilepsy 

Task Force (IVETF) defined an epileptic seizure as “excessive synchronous, usually self-

limiting, epileptic activity of neurons in the brain” 4. This excessive electrical activity occurs 

in the cerebral cortex. It is usually a transient event which typically manifests as 

involuntary motor function, unconsciousness, and autonomic activity 

(e.g., hypersalivation, urination) 6,7. Epilepsy is defined as a “disease of the brain 

characterized by an enduring predisposition to generate epileptic seizures” 4. In the 

clinical setting, a pet would be considered an epileptic if it has a history of two or more 

epileptic seizures which are more than 24 hours apart 4.   
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An important part of diagnosing epileptic seizures is determining the underlying cause of 

the seizures, which can result from disorders outside of the brain (i.e., extracranial 

causes) or disorders within the brain (i.e., intracranial causes) 8. Seizure disorders are 

categorized according to etiology into reactive seizures, structural epilepsy and idiopathic 

epilepsy 8. Reactive seizures occur as a response of a normal brain to a disturbance in 

function which is usually transient. These disturbances can be the result of systemic 

disorders such as hypoglycemia or hepatic encephalopathy or due to intoxications such 

as ethylene glycol 4,8. The neurological examination in these cases usually reveals 

bilateral and symmetrical deficits 8. These types of seizures are reversible and once the 

underlying cause has been identified and addressed the seizures should resolve 4. 

Structural epilepsy is the result of an intracranial structural disease such as an 

inflammatory process, vascular event or neoplasia. With this type of seizure etiology 

interictal neurological examination is often abnormal, however, a normal examination 

does not rule out the possibility of a structural disease, as 23% of dogs with structural 

epilepsy had a normal neurological examination in one study 9. Idiopathic epilepsy is a 

recurrent seizure disorder without an identifiable underlying brain disease 5,6. As such, 

the diagnosis of idiopathic epilepsy is a diagnosis of exclusion, which means that 

metabolic, toxic and structural brain diseases must be ruled out first. When diagnosing 

idiopathic epilepsy, other factors such as the age at onset of seizures (between six 

months and six years), normal interictal neurological and physical examination and 

normal hematologic and biochemical tests are also taken into consideration 8.  
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 Epileptic seizures can further be classified according by seizure type into focal, 

generalized and focal evolving into generalized seizures 4. Focal seizures result from an 

abnormal electrical activity in one cerebral hemisphere which manifest as lateralized 

signs. These can be motor (e.g., facial twitching), autonomic (e.g., salivation) or 

behavioral (e.g., anxiousness, attention seeking). Generalized seizures involve both 

cerebral hemispheres and therefore affect both sides of the body. In most generalized 

seizures, the animal will exhibit loss of consciousness, abnormal motor activity and/or 

autonomic signs (e.g., salivation, urination, defecation). Furthermore, focal seizures may 

spread from an initial focus in one hemisphere to the other hemisphere, thus evolving into 

a generalized seizure. The duration of the focal seizure in these cases may be very short 

and can be easily overlooked 4. The only way to detect the origin of the seizure onset 

zone is via EEG 10.  

 

The IVETF consensus statement regarding the diagnostic approach to epilepsy in dogs, 

describes three tiers of confidence levels in the diagnosis of idiopathic epilepsy 8. Tier III 

confidence level requires the identification of ictal or inter-ictal EEG abnormalities in 

addition to the diagnostic tests described in tiers I and II. Tier I states the requirement of 

at least two seizures more than 24 hours apart, age of onset between six months and six 

years, normal interictal physical and neurological examinations, as well as normal 

complete blood count, serum biochemistry and urinalysis. Tier II requirements include 

normal pre- and post-prandial bile acid testing and normal magnetic resonance imaging 

[MRI] and cerebrospinal fluid [CSF] analysis. Therefore, EEG is a useful tool in 
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establishing a diagnosis of idiopathic epilepsy with a high level of confidence. Despite the 

recommendation for EEG use in the diagnosis of epilepsy, it is still not routinely performed 

in veterinary medicine 11. Possible reasons include the lack of a standardized protocol for 

EEG recording and the requirement for sedation for electrode placement 11,12.  

 

1.3 Epilepsy in dogs  

Epilepsy is one of the most prevalent neurological problems for which dogs are presented 

for veterinary care 13. The prevalence of epilepsy in the dog population is estimated to be 

0.62% -0.75% 5,14,15. This was calculated based on a population of 87,317 dogs, which 

were presented to primary care veterinary practices in the United Kingdom, as well as a 

population of 665,000 insured dogs in Sweden. Epileptic dogs were found to have an 

increased risk of death at a young age 16,17. The median age of death for dogs with 

epilepsy was determined to be seven years, however, the age of death in dogs, whose 

death was directly related to their epilepsy, was lower (4.5 years), indicating that the 

diagnosis of epilepsy has an important effect on longevity in dogs. These findings make 

the diagnosis and therapy of epilepsy an important subject for research.  

 

Seizure disorders affect not only the quality of life of dogs, but also their owners. Owners 

of epileptic dogs are often emotionally distraught by the sight of the seizing animal and 

must commit significant resources to seizure management in terms of time as well as 
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finances 18,19. Several studies have evaluated the impact of epilepsy on dogs and their 

owners through the distribution of questionnaires  16,18-20. The majority of responders in 

these studies state that the responsibilities of caring for an epileptic dog took a toll on 

their lives and free time 19,20. In these studies, the owners reported they were feeling 

stressed to leave their dog unattended which made them avoid social activities, as well 

as vacations. They also reported a negative effect on their sleep as they would fear a 

seizure occurring during the night 16. 

 

The owner’s perception of their dog’s quality of life has a tremendous effect over their 

treatment decision-making process. Their impression of the dog’s well-being was closely 

associated with seizure control. The dog’s quality of life was evaluated to be lower for 

dogs with frequent seizures, dogs who experienced cluster seizures and dogs who 

required additional medication administration during a seizure 20. In some cases, the 

perception of a poor quality of life could lead to an early euthanasia decision. It was 

demonstrated that dogs who died or were euthanized due to their epilepsy had a 

significantly shorter life span with an estimated age of death of 4.5 years compared with 

epileptic dogs who died due to other causes 16. The same study also reported that the 

median age of death for epileptic dogs (seven years) was significantly lower than the 

expected age of death in their general population of dogs (ten years).  
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Sudden unexpected death in epilepsy is a recognized phenomenon in human medicine, 

defined as “sudden, unexpected, witnessed or unwitnessed, non-traumatic and non-

drowning death of a patient with epilepsy with or without evidence of a seizure, excluding 

documented status epilepticus, and in which postmortem examination does not reveal a 

toxicological or anatomic cause for death” 21. This was suggested to be the cause of death 

of approximately 15% of all human epilepsy-associated deaths 22,23. Although uncommon, 

reports of deaths in the peri-ictal period exist in the veterinary literature, further 

emphasizing the importance of achieving adequate seizure control in veterinary epileptic 

patients 22-24.  

 

 Management of epilepsy requires daily administration of anti-seizure drugs in order to try 

to decrease the frequency and severity of seizures 13. Adverse effects of anti-epileptic 

drugs were reported in over 80% of the dogs in one study 20. These included increased 

thirst and appetite, ataxia, lethargy and behavior changes 19,20. Furthermore, 

administration of these drugs requires both financial and time commitments from the 

owners, as some of drugs require more frequent administration 25. The median monthly 

expense for anti-epileptic drugs was estimated to be US$51-75, however, these ranged 

between US$0-200, with 10% of owners reporting an expense of over US$200  per month 

20. This is dependent on the size of the dog and the type and number of medications 

administered. It is important to note that these expenses do not include the cost of visits 

to the veterinary clinic, periodic blood tests and hospitalization for the purpose of cluster 

seizure management.  
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Interestingly, the majority of respondents in these studies did not consider the cost or 

number of medications administered to affect their dogs’ quality of life. This reflects the 

major limitation in all of the studies assessing quality of life. In these studies, information 

was obtained using online questionnaires, which were posted on pet epilepsy support 

websites or the referral centre website. The owners who seek a specialist’s opinion or 

frequently look for information online might be assumed to be naturally very committed to 

their dogs and are less likely to view medication administration or visits to the veterinary 

clinic as a nuisance. Furthermore, in one of these studies, dogs that fulfilled the inclusion 

criteria but were euthanized due to their seizures (approximately 10%) were not included 

in the study, further contributing a significant bias to this study’s results 19.  

 

A source of support for the owners was also found to be an important factor in managing 

dogs with epilepsy. The majority of owners reported that regular contact with their 

veterinarian helped to reduce stress and improved their motivation 16. Many epileptic dog 

owners also stated that they have subscribed to online support groups for pets with 

epilepsy, which provided further support and were an additional source of information 20. 

Therefore, veterinary professionals play an important role in the diagnosis and ongoing 

treatment of dogs with epilepsy. Improving diagnostic abilities and treatment options will 

result in better owner compliance and seizure control, as well as quality of life which, in 

turn, will hopefully affect the dog’s life span and prevent euthanasia at a young age.  
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1.4 Electroencephalography  

1.4.1 EEG- definition, history and applications 

Electroencephalography is the recording of the cerebral cortex’s electrical activity. It is 

performed by placing electrodes on the skull, scalp, or surface of the cerebral cortex 26. 

Although the use of EEG is much more common in human medicine, early EEG 

recordings were obtained using animal subjects 27,28. The field of EEG has evolved 

significantly over the years. It originated with the discovery of electrical potentials and the 

understanding that living tissues can produce recordable electrical activity 27,28. The first 

photographic recording of EEG was published in 1912 by Pravdich-Neminsky (1879-

1952) who used a string galvanometer and photographic paper when recording electrical 

activity from the brain of a dog. Another major contribution to the field of EEG is attributed 

to Hans Berger (1873-1941), who coined the term “electroencephalogram” and performed 

the first recording on a human subject 27,28.  

 

Since EEG recording is subject to different artifacts, including muscle activity and eye 

movement, the patient’s cooperation is paramount for achieving a satisfactory and high-

quality recording. Therefore, its use has been limited in veterinary medicine 11. A survey 

performed amongst board-certified neurologists in the United States and Canada, which 

was published in 1988, reported that 17 out of 19 responders performed EEG recording 

in their practices 29. However, with advanced imaging modalities such as computed 
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tomography (CT) and MRI becoming more accessible, it appears that the use of EEG has 

decreased 11, although the lack of any more recent surveys means the prevalence of 

current EEG use is unknown.  

 

Prior to delving further into the technical aspects of EEG, it is essential to understand its 

importance and applications in veterinary medicine, especially in light of newer imaging 

modalities, which may replace some EEG utilities such as the ability to localize structural 

cortical lesions 11. Electroencephalography is the only way to definitively confirm seizure 

activity directly (ictal discharges), or indirectly (interictal epileptogenic discharges). This 

means that seizure-associated changes in cortical electrical activity can be detected not 

only during a seizure but also during the period between seizures 30. For example, 

interictal epileptogenic discharges were reported in a family of Golden Retrievers with 

idiopathic epilepsy, further supporting the diagnosis with the highest level of confidence 

(i.e., Tier III level of confidence) 31.  

 

One of the challenges faced by both general practitioners and veterinary neurologists is 

determining whether an episode or recurrent episodes are, in fact, the result of seizure 

activity 32. This differentiation is important in order to provide appropriate treatment. 

Movement disorders such as paroxysmal dyskinesias can resemble seizure activity, as 

both can involve self-limiting involuntary motor activity 32. This can be further complicated 

by the fact that both epileptic seizures and movement disorders can co-exist as two 
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separate entities within the same patient 32,33. Syncopal episodes are also considered to 

be an important seizure imposter, as they are both paroxysmal events which involve loss 

of consciousness and increased muscle tone 34,35. Behavioral episodes may also 

resemble seizures since they can start abruptly as a response to different environmental 

triggers 36. Furthermore, as clinicians rely mostly on the owners’ description of the 

episodes, an accurate assessment of the nature of the observed episodes (i.e., seizures 

vs paroxysmal episodes mimicking seizures) can be very challenging 35,37,38.  

 

A recent study looked at the agreement among veterinary professionals regarding the 

nature of paroxysmal events in dogs and cats  38. In this study, ten board certified 

neurologists and five general practitioners were presented with a hundred videos of cats 

and dogs exhibiting paroxysmal events and were asked whether they thought a certain 

event was a seizure and if not, what type of event they thought it was. Surprisingly, the 

level of agreement among all observers was found to be low, especially with focal 

seizures  38. This further emphasizes the complexity of appropriate diagnosis of epileptic 

seizures and the need for a reliable diagnostic tool to differentiate between seizures and 

other paroxysmal events.  

 

The recognition of some types of seizures is very challenging as they can be easily 

overlooked, resulting in delay of appropriate treatment. For example, EEG was used to 

confirm absence seizures in a Rhodesian Ridgeback with juvenile myoclonic epilepsy. 39. 
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In another case report, a young Chihuahua was evaluated for short episodes of head and 

nose twitching, along with limb jerking and staring episodes occurring mainly at rest. 

Electroencephalography identified ictal abnormalities that were time locked to the 

reported episodes 40. These types of episodes could have been easily misdiagnosed as 

exaggerated sleep movements or hiccups with a resulting delay in therapy. Other than 

EEG, there are no diagnostic tools that would be able to effectively confirm such 

conditions.  

Status epilepticus (SE) is a life-threatening condition clinically defined as a prolonged 

seizure, lasting more than five minutes or more than two seizures without recovering in 

between 4,22. As seizure activity continues, the overt clinical manifestations of seizures 

can become more difficult to recognize in spite of continuous seizure activity and the only 

evidence of seizure activity can be detected by EEG. This condition is referred to as a 

non-convulsive status epilepticus (NCSE) 22. Non-convulsive status epilepticus was 

recognized in 21% of people with altered mentation 22,41. Early recognition of NCSE is 

important in order to avoid secondary neuronal damage and achieve better seizure 

control 42. Neurological patients are routinely monitored via continuous EEG in human 

hospitals 42. This has also been reported in a case series of seven dogs and three cats 

admitted to the intensive care unit (ICU) with status epilepticus 42. Although a consensus 

regarding specific treatment goals has not been set, the continuous EEG recording was 

helpful in guiding the medical team with decisions regarding anesthesia depth and titration 

of anti-seizure medications 42. Therefore, appropriate training on EEG interpretation and 
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making the process of EEG recording more accessible is of paramount importance in the 

field of veterinary neurology.  

 

Electroencephalography is used in human medicine not only for identifying epileptic 

seizures but also for anesthesia monitoring. Since analysis of raw EEG data requires 

experience, quantitative EEG (QEEG) variables are used to assess the depth of 

anesthesia, titrate anesthesia drug administration and avoid accidental awareness during 

general anesthesia 43. Quantitative EEG renders the EEG waveform into its component 

frequencies, providing a more objective and simplified way to analyze the EEG recording 

43,44. Electroencephalography has also been utilized in the field of veterinary anesthesia 

as a research tool in order to assess the depth of sedation and analgesia in response to 

different drugs, validating the efficacy of these drugs in veterinary patients by monitoring 

for EEG changes associated with a deep plane of anesthesia 45-47. 

 

Epilepsy syndromes have been recognized in people and are defined as “clusters of signs 

and symptoms customarily occurring together” 48. Electroclinical syndromes are specific 

epilepsy syndromes classified based on specific categories such as the age at the time 

of disease onset, unique EEG characteristics and semiology of seizures 49. The ability to 

distinguish between the different syndromes aids in providing an appropriate treatment 

and determining prognosis 49. Electroencephalography plays an important role in the 

definition and research of electroclinical syndromes 48. Unfortunately, the veterinary 
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literature describing such syndromes is very limited. One example of an electroclinical 

syndrome, described in both humans and Rhodesian Ridgeback dogs is juvenile 

myoclonic epilepsy. This syndrome in dogs in characterized by an age of onset of 

between six weeks and 18 months, predominantly myoclonic seizures that can evolve 

into generalized tonic-clonic seizures, photosensitivity and a typical ictal EEG pattern 

consisting of fronto-central 4-5 Hz spike and wave complexes or polyspike wave 

complexes 39,48,50.  

  

Another potential utility of EEG recording lies in its ability to localize the seizure focus 

26. Epileptic seizures originate from an area called the epileptogenic zone, termed as “the 

minimum amount of cortex that must be resected (or completely disconnected surgically) 

to produce seizure freedom” 10,51. The epileptogenic zone is comprised of five distinct 

cortical zones, namely the symptomatogenic zone (i.e., the area of cortex that is 

responsible for the production of the signs of the seizure when this region is activated), 

the irritative zone (i.e., the area of cortex that generates the interictal spikes), the seizure 

onset zone (i.e., the area of cortex that is responsible for initiation of the clinical seizures), 

the structural abnormal zone (i.e., structural lesion that results in epilepsy) and the 

functional deficit zone (i.e., cortical area with an abnormal function during the interictal 

period) 51. The identification of three out of these five zones (i.e., the symptomatogenic 

zone, irritative zone and seizure onset zone) relies on EEG recording. This task can be 

challenging since these zones are not necessarily present in the same location in the 

cortex 51. In human patients, EEG is commonly used to identify a specific epileptogenic 



 

 

 

 

15 

zone as part of a pre-surgical evaluation 52. Identification of specific epileptogenic zones 

via EEG has not been established in dogs and further research in this field is needed, 

with the hope of being able to offer surgical options for refractory epileptic dogs in the 

future  51-53.  

 

In summary, EEG has many important applications in both human and veterinary 

medicine. It can aid in the diagnosis of seizure activity, guide appropriate treatment plans 

and monitor therapeutic responses. In spite of its many advantages it is currently 

underutilized in veterinary medicine, likely due to interpretation difficulties, technical 

challenges and the absence of a standardized recording protocol 30. 

 

1.4.2 Neurophysiology of EEG 

In order to fully understand the technicalities of EEG recording it is important to 

understand how the EEG signal is generated and acquired. This will improve the quality 

of data collected and allow for accurate conclusions to be drawn from the EEG recordings 

54.  

 

In the brain, there are two major populations of cells comprising the grey and white matter: 

neurons and glial cells 26. The glial cells are more abundant. They surround the neurons, 
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providing both structural and metabolic support 50. The neurons are specialized cells 

designed for communication. Like other cells, the neurons have a cell body, referred to 

as a soma, which contains different organelles. However, unlike other cells, the neurons 

have a long extension, called an axon and terminal endings called dendrites. The 

neurons’ unique cell membrane enables them to generate electrical impulses, which then 

travel from the cell body through the axon and into the dendritic zone. The electrical 

impulses travel to the next neuron through a special gap known as a synapse 26. The 

neuronal electrical activity, which produces the recorded signal, arises from the more 

superficial areas of the cortex, at a depth of approximately five millimeters. However, 

deeper tissues may indirectly influence the signal 26. The cerebral cortex is located directly 

under the scalp as a sheet-like structure 51. The neurons within the cerebral cortex are 

arranged in columns, with their dendrites being more superficial than their cell bodies 26. 

The signals received by these neurons can be either excitatory or inhibitory post-synaptic 

potentials  26. Excitation of these cortical neurons results in a negative extracellular 

voltage around their dendritic zone (sink) and a separate positive voltage around the cell 

body (source). This is termed a dipole (Figure 1). Electrodes placed on the scalp are able 

to detect the sum of charges in their close surroundings (both positive and negative). If 

the distance between the negative and positive charges is equal, the net reading will be 

zero. A negative or positive potential is recorded, depending on the direction of the 

current, as measured with respect to a reference electrode 26,54. A dipole produced by a 

single neuron is too small to be measured by the electrodes and in order to produce a 
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measurable signal, a large quantity of neurons must be both parallel to each other and 

be active synchronously 54.  

 

As previously mentioned, the EEG recordings are obtained using electrodes placed on 

the scalp 26. The EEG signal travels from its source in the brain to the electrodes via two 

types of conduction processes: volume conduction and capacitance. Volume conduction 

refers to the wave of charge created by pools of ions repelling other ions of the same 

charge. This wave travels through the extracellular space until it can no longer continue 

as it reaches the edge of the volume it was passing through. In the case of the EEG 

signal, volume conduction ends once the signal reaches the skull. From that point on 

capacitance takes over. A capacitor is an insulating layer that enables two pools of 

charges to form on either side of it. One type of ions repels another group of ions with the 

same charge into the next insulating layer, thus allowing for the signal to propagate 

through multiple layers. With EEG recording, the different layers through which the signal 

has to pass include the brain, meninges, skull, scalp and from there to the recording 

electrode 54. The gap between the scalp and electrode is impassable for ions as they are 

unable to travel through dead skin, hair and air, which are very poor conductors. In order 

to overcome that obstacle, a highly conductive electrode gel is commonly used to bridge 

between these media (Figure 2) 54.  
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Figure 1: Dipole. The excitation of neurons results in a negative extracellular voltage on one end of the 

neuron and a separate positive voltage on the opposite end.  
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Figure 2: Capacitance. Charge created by the dipoles volume conducts to the next layer, where 

capacitance helps it jump across into the next layer.  
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The signal measured by the electrodes is the result of continuous repeated 

measurements performed at a frequency of approximately once every 250- 500Hz 55. This 

is called the sampling rate and can be set in the EEG machine 54. The properties of the 

recorded signal are characterized by their frequencies and amplitude. The neuronal 

activity recorded cycles between positive and negative charges, the rate of which is 

referred to as the signal’s frequency and is usually between 0.5 and 50 Hz 26,54. The 

amplitude of the signal reflects the voltage recorded from the cortical source and is usually 

smaller than 100 microvolts 26. As mentioned, synchronous neuronal activity is required 

in order to produce a measurable signal. This synchronous activity results in different 

patterns which can be recognized and are the basis of EEG interpretation 26. 

 

1.4.3 Montage 

In order to understand how the information obtained from the recording electrodes is 

interpreted, it is first essential to understand how it is presented. When electrodes are 

attached into the electrode box (i.e., EEG machine), the signal from each one is 

subtracted from that of another electrode used as a reference. Therefore, the signal 

obtained is the difference between two electrodes 26,56. The recording obtained from one 

pair of electrodes is referred to as derivation and the resulting recording is often called a 

channel 57. A collection of derivations, which are simultaneously displayed, is referred to 

as a montage 26,57.  
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When recording and interpreting EEG, two types of montages are used: referential and 

bipolar. A referential montage is the result of multiple derivations in which one of the 

electrodes is always the same reference electrode and the second electrode changes. 

Since there is no area on the head that is completely electrically inactive, the electrode 

used as a reference is also recording a signal from the cortex 26,57. In a bipolar montage 

both electrodes in a derivation are located over active cortical regions and there is no one 

electrode common to all derivations. The electrodes are connected in a way that forms 

chains, oriented longitudinally and/or transversely and circumferentially around the head. 

In this manner, there is one electrode that is common to two adjacent derivations 26,57. 

When looking at a referential montage, abnormal activity is identified based on the 

appearance of a larger amplitude compared with the background, while in a bipolar 

montage, abnormal activity appears as opposite deflections in two derivations sharing the 

same electrode. This phenomenon is called instrumental phase reversal 26,56.  

 

In human medicine, the American clinical neurophysiology society guidelines state that 

the minimum number of channels required for adequate EEG recording is sixteen 58. An 

adequate number of electrodes is important for accurate representation of small cortical 

regions 58.  

In veterinary medicine, there is no consensus regarding the number or location of 

electrodes to be used. Early reports used as little as two channels with later reports using 
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six and eight channel EEG 59,60. More recently, James and colleagues described the use 

of fifteen electrodes for wireless video-EEG recording in dogs 30.  

 

1.4.4 Voltage, current, resistance and impedance 

In order to acquire better understanding regarding the role of different components within 

an EEG system, one must first be familiar with the definitions of the electrical terms 

voltage, current, resistance and impedance. 

 

Voltage is the difference in electrical charge between two locations. A voltage drop is the 

change in voltage measured after a resistance in the system is encountered; every time 

the voltage reaches a point of resistance it drops further. This decrease is what makes 

the voltage measurable 54. 

 

Current is defined as “the amount of electrical charge that moves from one place to 

another in a given period of time” 54. In an EEG system, it is the electrical fields created 

by the cerebral cortex that establish the current and therefore it is a preset condition that 

cannot be changed by manipulating the recording system 54.  
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Resistance is defined as the “opposition to direct current flow”. The resistance determines 

how fast a charge will flow from one point to another. Impedance highly resembles 

resistance but it relates to the opposition of alternating current flow, rather than direct flow 

as in the case of resistance 54,61. Since the cortical electrical currents recorded by the 

EEG are alternating, the term impedance is more appropriate when discussing EEG 

systems 54,61. In order to measure impedance a small electrical current is passed between 

two electrodes and the opposition to the current flow is measured 61. This measurement 

includes the impedance of all the components between the two electrodes, including the 

one between each of the electrodes and the skin, which usually contains a layer of dead 

skin cells with a high impedance 61. A good EEG system will keep the impedance between 

the electrode and the skin to a minimum. In that way, the voltage drop across that 

interface will be minimized and a larger voltage will be available for the amplifier to 

measure 54. It is therefore, recommended that the impedance be routinely checked prior 

to recording 58. An acceptable impedance should be no more than 10 kOhms 58. A 

significantly high impedance can result in a high noise artifact which can interfere with 

accurate interpretation of the EEG recording 56. However, it should not be below 100 

Ohms, as this is an indication of a short circuit or a shunt in the system 56.  
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1.4.5 Activation techniques 

Although EEG is a useful tool for the diagnosis of epilepsy, similar to other diagnostic 

tools it has limitations and may not show abnormalities even in epileptic patients. It was 

reported that as few as 20-50% of human epileptic patients undergoing EEG 

demonstrated interictal abnormalities on their first examination 62. In order to increase the 

diagnostic yield of EEG, several activation techniques can be employed. Activation 

techniques are different stimuli, exerted by the examiner, that are meant to induce the 

appearance of epileptogenic discharges on the EEG as well as the occurrence of ictal 

events 30. In human medicine, the use of activation techniques improved the diagnostic 

ability of EEG in 11% of the cases that had an initial normal or equivocal EEG in one 

study 63.  

Different activation techniques utilized in human medicine include intermittent photic 

stimulation, hyperventilation, recording during natural sleep, sleep deprivation, withdrawal 

of antiepileptic drugs or exposure to any stimuli known to induce seizures/behavioral 

events in a specific individual 11,30. During intermittent photic stimulation, a flashing bright 

light is being used with increasing frequencies (from 1-30 Hz) for short periods of time (5-

10 seconds). In human patients, these are performed with eyes open as well as with 

closed eyes and the procedure is stopped if an epileptiform discharge is identified. This 

method is often used to evaluate the seizure threshold of a patient 64. When 

hyperventilation is used, the patient is asked to breath deep and fast for 3-5 minutes. The 

expected effect on the EEG is slowing of the background rhythm as well as increased 

delta waves 64. The exact mechanism of hyperventilation induced EEG changes remains 



 

 

 

 

25 

controversial, however, a common theory claims that the resulting hypocapnia leads to a 

decrease in cerebral blood flow via vasoconstriction which, in turn, leads to reduced 

cerebral oxygen and glucose. This decrease is thought to be responsible for the EEG 

background slowing 64. In human medicine, hyperventilation was shown to be more 

effective as an activation technique with generalized seizures 64,65. Both photic stimulation 

and hyperventilation have been used in veterinary medicine 53,66,67. Brauer and 

colleagues evaluated the usefulness of a short anesthetic protocol with propofol and 

rocuronium for EEG recording in ten dogs using hyperventilation and photic stimulation 

as activation techniques 66. Both activation techniques did not provoke any epileptogenic 

discharges, however, since the recordings were performed on healthy research dogs, the 

absence of EEG abnormalities was not unexpected, and these findings provided a 

baseline for future studies. In a second study, Brauer and colleagues proceeded to 

evaluate short-term EEG recordings under general anesthesia on epileptic dogs using 

the same activation techniques 53. They concluded that both activation techniques did not 

provoke interictal epileptogenic discharges. This is in contrast to a study by Holliday and 

colleagues in which photic stimulation was applied during EEG recordings in 13 dogs. 

Using this activation technique, paroxysmal activity was detected more frequently in 

seven of these dogs 68. Brauer and colleagues used five electrodes for EEG recordings 

(F3, F4, Cz, O1, O2). This small number of electrodes could have potentially affected the 

ability to recognize paroxysmal interictal discharges. However, since Holliday and 

colleagues have used a similar number of electrodes (six channel recordings) this does 

not completely explain the discrepancy in findings between the studies. Another possible 
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explanation is recording time. Holliday and colleagues performed EEG recordings for one 

to two hours, while Brauer and colleagues’ recording sessions were approximately 17 

minutes long. This is also consistent with Brauer and colleagues’ other finding in this study 

demonstrating that a short recording duration identified interictal epileptogenic discharges 

in only 25% of the epileptic dogs, concluding that the proposed anesthetic protocol may 

not be ideal for EEG recording 53. Although James and colleagues reported there was no 

association between EEG recording time and the likelihood of reaching a diagnosis, their 

median recording duration was 1.5 hours 30. Thus, it is still possible that too short of a 

recording may affect the ability to identify EEG abnormalities even when activation 

techniques are applied. In addition, James and colleagues performed EEG recordings in 

awake dogs which could also have affected the results, making comparison with the 

Brauer and colleagues’ study challenging. Recording during natural sleep and exposure 

to a known ictal-inducing stimuli have also been reported in veterinary medicine, however, 

there are no current studies which assessed the diagnostic yield of these specific 

activation techniques 30,68. Sleep deprivation and withdrawal of antiepileptic drugs are not 

applied due to obvious ethical reasons.  

 

1.4.6 EEG interpretation, QEEG and power spectrum analysis  

Electroencephalogram recordings are represented by waveforms. The acquired EEG 

data can be interpreted either visually or quantitatively. Visual interpretation requires 

examination of the raw EEG data by an experienced clinician and is time consuming, 
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especially with long recordings 69. Quantitative EEG is the “mathematical processing of 

digitally recorded EEG in order to highlight specific waveform components, transform the 

EEG into a format or domain that elucidates relevant information, or associates numerical 

results with the EEG data for subsequent review or comparison” 70. One form of QEEG 

in common use is spectral analysis 71. Spectral analysis is based on the assumption that 

the raw EEG can be presented as sinus waves of the different band frequencies 72. 

Fourier transformation is the tool used to transform a waveform, such as the EEG signal, 

into its different component frequencies. The result of this mathematical method is a 

power spectrum, represented as power vs frequency graphs for which an area under the 

curve (AUC) can be calculated 44. The power of specific frequency bands obtained in this 

method can be used in order to compare different epochs chosen from the EEG recording 

69. Frequency bands are the four EEG ranges which are used for clinical purposes: alpha, 

beta, delta and theta. The alpha band includes a frequency range of 8-13 Hz, which 

appears in the awake state when the eyes are closed and disappears when the eyes are 

open or with sleep. The beta band includes a frequency range of 13-30 Hz. Its presence 

requires normal cortical function and it is recognized in the awake state with eyes open. 

The delta band includes a frequency of 0.5-4 Hz and is recognized during some stages 

of non-rapid eye movement (NREM) sleep. Finally, the theta band includes a frequency 

of 4-7 Hz and appears during an awake active state, as well as during different stages of 

NREM sleep 11,44,69.  
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Spectral edge analysis is another form of QEEG signal representation. In this form of 

analysis, the 95th percentile frequency of the AUC is identified. In other words, the 

separation point between the lower 95% of frequencies and the upper 5% of frequencies 

is identified. The resulting value of this spectral edge frequency (FFT95) is a number 

representing the frequency which separates the power into the lower 95% and upper 5% 

of frequencies 44. By using the spectral edge frequency, the waveform of the EEG is 

expressed as one single number, which is beneficial for anesthetic depth evaluation. 

However, the downside of using FFT95 as a variable is that significant changes in 

frequency bands can occur without a concomitant change in the FFT95 value 44.  

 

1.4.7 EEG instrumentation  

EEG recording systems are designed to measure electrical activity 54. This requires 

special instrumentation. It consists of the EEG machine, the ‘electrode board’, an amplifier 

and the electrodes, the terminal end of which is inserted into the EEG machine 26,56 . 

Originally, EEG recordings were analog, however, the current recommendation is to use 

digital EEG, which is far more sensitive, reliable and allows for post-recording 

modifications, as well as better storage 26,58.  

 

As clinicians and researchers, we are interested in the electrical activity originating in the 

brain, however, the recording systems will record not only the desired brain activity but 
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also electrical activity from different other sources, external or internal. The portion of the 

voltage that originates in the cortical source is referred to as the signal. Similarly, the 

portion of the voltage that originates in sources other the brain is referred to as noise. The 

signal to noise ratio (SNR) is a measurement of how much of a signal a system is able to 

measure compared with noise. A system with a high SNR can produce a better-quality 

signal than a system with a low SNR. External noises originate in different sources in the 

environment that are able to produce electrical activity, such as lights, computers or other 

electrical devices. Internal noises are patient related and originate within the body and, 

therefore, cannot be eliminated. Examples include cardiac conduction signals, which 

have constant oscillations, muscle activity or eye movements.  Electroencephalography 

systems can address external noises by either using a passive shield in the form of 

conductive metal around the electrode, which blocks the external electrical activity, or by 

using active electrodes. Active electrodes have amplifiers located very close to the 

electrode itself. Amplification of the signal before noise is introduced into the system 

allows for a better SNR. In order to address the problem of internal noise, different filtering 

methods and artifact detection can be applied after signal acquisition. Due to the great 

influence EEG equipment has on the signals recorded it is crucial for the clinician to be 

familiar with the different components of EEG instrumentation in order to appropriately 

interpret the EEG findings 56.  

 



 

 

 

 

30 

1.4.7.1 Amplifiers 

The electrical signals originating in the cortex are very small, thus they have to be 

amplified in order to be displayed. This is achieved via an amplifier 56. Within the EEG 

system, an amplifier is responsible for maximizing the SNR, as well as for increasing the 

size of the signal obtained above the size of the noise by means of multiplying the voltage 

input by a certain constant 54,56. The amplification factor is termed gain, which is measured 

in decibels (dB) 56. A dynamic range is defined as the range within which the amplifier 

receives the input voltage and is usually set for 7 mV/mm for most EEG recordings 56.  

An important feature of an amplifier is its input impedance. Input impedance is a 

measurement of how well an amplifier is able to endure a weak signal, usually resulting 

from a poor connection between the electrode and the skin. The input impedance is 

constant per specific amplifier and is determined by its design 54. When an amplifier’s 

input impedance is high, the system can tolerate high electrode impedance without 

compromising on the quality of the signal obtained. Conversely, when an amplifier’s input 

impedance is low, it is less able to endure a weak signal and therefore the effect of 

electrode impedance will be greater and a signal of inferior quality will be obtained 54. 

 

Another feature of the amplifier is the common mode rejection. This term refers to the 

ability of an EEG system to reject signals from noise that is common to both electrodes 

in a derivation 61. This is a way of reducing noise in a system, however, it primarily reduces 

external noise, originating from the environment and not internal noises 26,61. A system 
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with an amplifier with a high common mode rejection will have less signals from noise 

and a higher SNR. However, this feature is also dependant on the ratio between the 

electrode impedance and the amplifier’s input impedance; with the increase in electrode 

impedance the common mode rejection of an amplifier decreases, thus resulting in a 

lower SNR 61.  

 

1.4.7.2 Electrodes  

1.4.7.2.1 General information 

The electrodes are not an integral part of the EEG machine, however, they are usually 

included as part of the EEG instrumentation 56. There are different types of electrodes 

available on the market, however, all of them consist of a part that comes into contact 

with the skin or subcutaneous tissue and a long, insulated wire which terminates with a 

pin that connects to the electrode box 26,56.  

 

As one of the goals of EEG recording is to detect the cortical source of the abnormality, 

as well as the distribution of the electrical activity, it is important to use an adequate 

number of electrodes to cover all areas of cortex 58. In human medicine, the most common 

method of electrode placement used is the standard 10-20 system. This method is 

designed to provide a replicable EEG recording and it relies on the association between 

the location of an electrode and a specific underlying cortical region 58,73,74. The system 
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uses a minimum of 21 electrodes placed at a distance of either 10% or 20% of the 

distance between the inion-nasion (front-back) and the left and right preauricular points 

73,74. Each electrode is named according to its anatomical location over a certain cerebral 

hemisphere and a numbering system is used in order to differentiate between right and 

left. In this system, odd numbers represent the left hemisphere and even numbers 

represent the right hemisphere. 26,74. For example, F3 represent an electrode that is 

placed over the left frontal cortex and O2 represents an electrode placed over the right 

occipital cortex. In addition, a reference electrode (R) and a ground electrode (G) are also 

used in each recording 58. Unlike human epileptology, in veterinary medicine there is 

currently no standardized protocol for electrode placement 30.  

 

Although many advancements have been made in the development of EEG equipment, 

the electrodes are still considered to be the weakest link in EEG recording 75,76. The 

electrodes are a bridge connecting  the skin of the scalp and the EEG machine and, 

therefore, they have the ability to affect the signal recorded 77. Electrode properties such 

as impedance and the type of metal used are important factors that can affect the quality 

of EEG recording obtained 58,61,77. 
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1.4.7.2.2 Electrode types  

Although different EEG electrodes possess the same principles, there are different types 

of electrodes on the market and new types of electrodes are continuously being tested 

78,79. In order to evaluate which type of electrode would best serve our needs it is important 

for the clinician to be familiar with the advantages and disadvantages of each type of 

electrode.  

 

1.4.7.2.3 Skin surface (“wet”) electrodes  

Skin surface or “wet” electrodes are comprised of small metal plates that are attached to 

the skin of the scalp26,80. The most commonly used type of surface electrode in human 

medicine is a ring/cup electrode which can be made out of different metals, such as silver-

silver chloride (Ag/AgCl), gold (Au), tin (Sn) and platinum (Pt), which is placed on shaved 

skin 36,80,81. The electrodes are usually glued to the skin using an electrode paste 

(collodion) in order to assure their proper attachment 26. As mentioned, the outer layer of 

the skin, which is called the stratum corneum (SC), has isolating properties and therefore 

an electrolytic gel is needed in order to bypass these properties and reduce the 

impedance of the skin, thus the name wet electrodes 54,81. The electrode gel needs to be 

reapplied regularly as it evaporates with time, thus making the use of these electrodes for 

long-term recording challenging 26,81. Reapplication of the electrolytic gel may not be 

easily feasible in some instances. For example, if the electrodes are placed over sensitive 

locations such as near the eyes or if the distance between electrodes is too small, such 
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that reapplication of the gel can result in smearing and subsequently short circuiting the 

system 82. The use of electrolytic gel in people can also result in direct adverse effects 

such as contact dermatitis 82,83. Furthermore, reduction of impedance when using this 

type of electrodes can also be achieved through abrasion of the skin in order to remove 

dead skin cells, which contain less water 81,84. Overall, application of wet electrodes can 

be a long and unpleasant process 82. In addition, as they are made out of metal, the wet 

surface electrodes are not MRI or CT compatible, thus limiting their use in critically ill 

patients that may require these tests to be performed 26.  

 

Another aspect to consider is the possible risk of contamination of reusable electrodes 

such as the wet electrodes. A recent study evaluated the presence of bacteria on clean 

and ready to use reusable cup EEG electrodes in four different hospitals in the United 

states 85. A total of 124 specimens were tested with a positive culture found in 25% of 

samples. Out of the eight different bacterial species identified, 88% were considered a 

risk or potential risk for human infection. Although the findings in this paper raise a 

potentially serious concern, the association between the presence of bacteria and scalp 

infection was not evaluated and it is unclear whether these findings have any substantial 

repercussions on patients undergoing EEG recording. Moreover, the cleaning methods 

used in the different sites, as well as the types of cup electrodes (type of metal used) 

were not standardized, which could theoretically affect the presence of bacteria. Although 

this study examined cup EEG electrodes, due to the high costs of electrodes, most types 

of EEG electrodes used are usually reusable and the potential risk of electrode-
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associated infection is a valid question that needs to be investigated on a larger scale, 

using standardized cleaning methods in multiple sites and different types of electrodes, 

while also looking into association between the presence of bacteria and development of 

infections. In spite of the aforementioned disadvantages of the wet electrodes, their main 

advantage is that they are considered to be less invasive, as they are placed on the 

surface of the scalp rather than in the skin 26. 

 

1.4.7.2.4 Subcutaneous needle electrodes 

Subcutaneous needle electrodes (SNE) are comprised of a very thin gauge needle with 

a beveled edge, which facilitates easy insertion 86. Similar to the skin surface electrodes, 

where the entire surface of metal cups serves as the recording area, with the 

subcutaneous needle electrodes, the entire surface of the needle is the recording area. 

Therefore, the direction in which the electrodes are inserted is very important, as it can 

affect the distance between electrodes and subsequently cause voltage asymmetries 86. 

Proper insertion of the needles superficially under the skin and parallel to the scalp is also 

important in prevention of local pressure on the top of the needle when the electrodes are 

secured to the scalp 86. Although the needles used are very thin (27-28 gauge) and are 

therefore, considered to be minimally invasive, they are associated with some degree of 

discomfort 26,86. However, the application of the subcutaneous needle electrodes is fast 

with no need for skin preparation, analgesia or periodic maintenance 26,75,86. They do, 

however, require the use of electrode glue or adhesive bandage in order to secure them 
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in place to reduce artifact from electrode movement 26,86. These electrodes are also 

disposable and come in sterile packages, thus minimizing the risk for infection. This also 

makes them more expensive as a new set of electrodes has to be used for each patient. 

However, since their application is relatively fast, they save the cost of labor 86. Moreover, 

the fast application of the subcutaneous needle electrodes also makes them an attractive 

option for emergency EEG in human intensive care units, although long-term recording 

with needles in place is not recommended 26,86. The SNE can be used in CT scans, 

although some imaging artifacts can be noted. That is in comparison with the cup 

electrodes which result in large streak artifacts on CT images 86.  

 

Conversely, SNE are not compatible with MRI, although the off-label use of needle 

electrodes for the purpose of intraoperative monitoring during intraoperative MRI 

procedures was reported in one human medical centre 87. However, MRI effects, such as 

electrode heating, tend to be very unpredictable and varies between different facilities 

and therefore the authors recommend that each facility performs its own site-specific 

testing prior to considering the use of SNE in MRI 87.   
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1.4.7.2.5 Subdermal wire electrodes  

Subdermal wire electrodes (SWE), are comprised of a wire, usually made of silver-silver 

chloride, that is inserted using a small gauge needle 75. The wire is mostly insulated by 

Teflon, however, the tip of the electrode (distal 3-5 mm) is bare and lacks insulation 75. 

These electrodes can come in different lengths, however, most commonly they are 5 cm 

long 75. Similar to the subcutaneous needle electrodes, the SWE are inserted 

subcutaneously, are relatively fast and easy to apply, do not need periodic maintenance 

and do not require skin preparation or analgesia prior to application 26,75,86. The SWE are 

considered to be invasive with local bleeding reported in 40% of placement in people 75. 

In spite of that, the actual track created in the skin by the wire is very small (0.25 mm 

diameter) and  bleeding can be easily controlled via local pressure 75. Similar to the SNE, 

the SWE are designed to be disposable and are usually supplied in sterile packages 75.  

 

The first human EEG recordings were relatively short in duration (30-45 minutes), 

however, with progression of EEG use and the need for continuous recordings in the 

critical care setting, the need for electrodes that can permit long-term recording became 

more evident. One of the main advantages of the SWE is that they can be utilized for 

long-term recording due to their rapid application and flexibility of the wire 75. Martz and 

colleagues 76 described a case of refractory status epilepticus where SWE were used for 

60 consecutive days. During that period of time no electrode replacement or adjustment 

was warranted with no scalp injury after removal. The decision to use SWE electrodes 
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was based on ease of application compared with the wet cup electrodes and the potential 

decreased risk of infection compared with SNE. This, however, was a case report and no 

comparison with other electrode types was made.  

 

When deciding between different types of electrodes for long-term recording, artifacts 

should also be taken into account. In one study, performed by James et al 36 comparing 

the use of SWE, gold cup electrodes and SNE, the SWE were found to have a longer 

duration of artifact throughout the recording in awake dogs after recordings of over two 

hours. However, as the total duration of artifact was short, it was not very significant 

clinically. This was in contrast to another study, which compared SWE to disk electrodes 

in comatose human patients 88. This study concluded that SWE had overall less artifacts 

than the disk electrode, however, they demonstrated more motion artifact 88. As the 

artifacts in the study conducted by James et al were mostly related to fluctuations of 

charge around the electrodes it is impossible to compare these two studies and make 

definitive conclusions regarding the artifact susceptibility of the SWE. Another important 

advantage of the SWE is that they are both CT and MRI compatible, which negates the 

need for removal and then reapplication of the equipment when a critical patient requires 

advanced imaging while being monitored 75.  

 

One of the main disadvantages of this type of electrodes is that they are very easily 

dislodged and, similar to the SNE, they require protection via a bandage and/or tape 26,75. 
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Since the wire is very strong, the chances of it breaking under the skin are extremely low 

75.  

 

1.4.7.2.6 Dry electrodes   

Due to the laborious and time-consuming process of application of the wet electrodes or 

the invasiveness of the SNE and SWE, the search for new types of electrodes that would 

overcome these disadvantages while maintaining low impedance and good signal 

acquisition is continuous 89. Furthermore, the recent advancements in the field of brain-

computer interface, which utilizes brain signals for the purpose of communication and 

provides people with, for example, motor neuron diseases an alternative mode of 

communication, is another important driving force for the development of better EEG 

electrodes 89,90.  

 

Newer types of surface electrodes do not require the use of electrode gel and are, 

therefore, called dry surface electrodes 81. One of the main advantages of these 

electrodes is that they do not require frequent maintenance (i.e., reapplication of electrode 

gel) and are thus better for long-term recordings. They also do not require abrasion of the 

skin 81.  
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Another important advantage is that they are noninvasive compared to the SNE or SWE 

and, therefore, minimize patient discomfort, allow for faster equipment set up and could 

potentially reduce the need for sedation for the purpose of electrode placement, as they 

result in less resistance from the veterinary patient at the time of application. These 

electrodes are able to overcome the isolating properties of the stratum corneum (SC) by 

penetrating into this layer, while avoiding the underlying layer (i.e., dermis), by using 

different engineering solutions such as small microtips that penetrate the skin or the force 

of a spring-loaded sensor 78,81.  

 

The main technological approaches of dry surface electrodes are classified into spiky 

contact, capacitive/non-contact or other 89. In the spiky contact approach, the electrode 

surface consists of multiple small spikes that either come into contact with the skin or 

penetrate through the SC. The length of these spikes can be in the scale of nanometers, 

micrometers, millimeters and even centimeters. The main disadvantages of the very small 

spikes (nanometers and micrometers) is the needle strength and risk for breakage which 

can lead to infection and impedance mismatch. Furthermore, they were only tested on 

areas without hair and it is unclear whether a good signal can be achieved on hair-covered 

skin. In contrast, the electrodes with the micrometer scale spikes were found to work well 

on hair-covered skin due to their size and distance between spikes. They are also less 

fragile than the smaller spikes. However, this also results in inadequate skin contact due 

to the fact the spikes of this size to not penetrate the SC. This problem can be solved via 

a cap that applies pressure on the electrodes, ensuring proper contact 89. Dry electrodes 
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with spikes in the centimeter scale were also tested, however, their main disadvantage 

was a very high impedance that required the use of an ultra-high input impedance 

amplifier 89,91. Capacitive electrodes do not require direct contact with the skin. In this 

method the detection disc of the electrodes is insulated, allowing the signal to travel via 

capacitance 89,92. These, however, are not suitable for EEG recording due to their low 

amplitude levels which are inadequate for recording EEG signals. Other disadvantages 

include high impedance and motion artifacts as a result of difficulty in proper fixation of 

these electrodes 89. Other methods are constantly being developed, for example, Lin and 

colleagues 93 described dry electrodes made out of an electrically conductive polymer 

foam, which allows the electrode to conform itself to the shape of the scalp, thus resulting 

in better contact and lower impedance. Although many different types of dry surface 

electrodes have been tested in people, they have not yet been tested in dogs.  

 

In summary, EEG is an important diagnostic and research tool that is currently 

underutilized in veterinary medicine. Gaps in knowledge regarding EEG interpretation and 

epileptic syndromes, the complexity of EEG instrumentation, invasiveness of electrodes 

and the need for sedation for the purpose of electrode placement, all contribute to EEG 

underuse. Dry electrode systems used in human medicine are reported to be less 

invasive, faster to apply and provide a reliable signal, which is comparable to the gold 

standard. The clinical use of dry electrode systems is an attractive field of research in 

veterinary medicine since a faster and easier EEG electrode application could promote 
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more frequent use of EEG in the clinical setting and advance our understanding of 

veterinary epileptology.  

 

 

1.5 Objective and hypothesis  

The aim of this study was to evaluate the feasibility of non- invasive dry surface electrodes 

for long-term EEG recording in dogs. We hypothesized that the dry surface electrodes 

would remain functional and perform equivalently to the minimally invasive SWE currently 

used in the Ontario Veterinary College (OVC). 
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2 Materials and methods  
2.1 Animals  

Dogs were selected from a colony of dogs at the University of Guelph usually used for 

teaching purposes. The medical records of all dogs were reviewed for any previous 

illnesses in order to determine eligibility to participate in the study. All dogs were 

determined healthy based on a normal physical and neurological examination. The dogs 

were housed and cared for following the study protocol approved by the University of 

Guelph Animal Care Committee. 

 

2.2 Study design 

Two recordings were initially performed on two dogs selected at random in order to 

standardize the protocol. These recordings were subsequently discarded. For the 

remaining six dogs, one EEG recording was obtained from each dog over a six-hour 

day.  A total of 6 recordings were used for final analysis.  

At the beginning of each recording day each dog underwent a complete physical and 

neurological examination. An intravenous (IV) catheter (22-gauge X one-inch catheter, 

Becton Dickinson Infusion Therapy Systems Inc, USA) was placed using either the 

lateral saphenous or cephalic veins. The dogs were sedated for electrode placement 

using propofol (Propofol injection 1%, Fresenius Kabi Canada Ltd, Toronto, ON, 

Canada) at a starting dose of 6 mg/kg IV which was then titrated at 1 mg/kg increments 

as needed to maintain sedation. An adequate plane of sedation in a calm quiet dog was 
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determined by confirming decreased jaw muscle tone and the weakening of the 

palpebral reflex, but maintenance of spontaneous breathing. Monitoring of physiological 

parameters was performed during the sedation period and oxygen supplementation was 

provided as needed based on continuous evaluation of vital parameters (heart rate, 

respiratory rate, rectal body temperature, mucous membrane color and capillary refill 

time). Following electrode placement, the dogs were recovered in a quiet area while 

being closely monitored.  

 

2.3 Electrode placement  

The hair of each dog’s scalp was clipped in eight target locations (F7/F8, T3/T4, F3/F4, 

C3/C4), representing the target locations planned for the novel electrode placement. 

The clipped areas did not exceed 1 cm in diameter. The skin of the shaved areas was 

checked for any clipper burn and irritation. 
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2.3.1 Control electrodes  

Subdermal wire electrodes  were then inserted subcutaneously (Subdermal wire 

electrode, model F-SWEL-48, Grass Technologies, an Astro-Med Inc Product Group, 

West Warwick, RI) using a 25-gauge hypodermic needle (25-gauge X 5/8-inch 

hypodermic needle, Terumo, Tokyo, Japan) on ten skull locations: F7/F8, F3/F4, T3/T4, 

C3/C4, Fz, and Cz, with a ground electrode placed on the dorsal midline of the neck 

and a reference electrode placed on midline between the medial canthi (Figure 3), as 

previously described by James and colleagues 30. The SWE for the eight target 

locations were angled and inserted such that the tip of the wire sat within the 

subcutaneous tissue directly underneath the shaved areas, corresponding with the later 

placement of surface electrodes. The presence and location of capillary bleeding upon 

electrode insertion was documented when present. Each SWE was secured to the skin 

using an adhesive tape at their insertion points (Figure 4A). 

 

2.3.2 Novel electrodes  

Eight dry surface electrodes were placed for each recording; four commercially 

available PressOn electrodes (POE) (Rhythmlink, South Carolina, USA) (Figure 4B) and 

four spring-loaded sensors (SLE) (Figure 4C) obtained from a startup company (Brain 

Rhythm Inc. Taiwan). All dry surface electrodes were placed over the eight shaved 

target locations on the scalp (i.e., at the same locations as the SWE simultaneously). 

The dry electrodes were randomized to one of the eight scalp target locations using a 

block split plot design. The PressOn electrodes were placed using a designated plastic 
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applicator (Figure 4D). Although the applicator is intended for a single use in human 

medicine, due to cost limitations in veterinary medicine this is not always feasible. 

Therefore, in our study, the PressOn electrodes were reloaded and reused after they 

were thoroughly cleaned with isopropyl alcohol 70% to mimic clinical situations. An 

adhesive tape was placed on top of each electrode as an extra security measure. The 

spring-loaded sensors were placed using two pieces of adhesive tape (Figure 4E). 

Thus, each dog had pairs of electrodes at each of the eight target locations: four 

PressOn and four spring-loaded on the surface each paired with an SWE in the 

subcutaneous tissue below. 

Once all electrodes were placed, impedance was measured and appropriate electrodes 

were re-positioned, as needed. The electrodes were adjusted such that the impedance 

was kept below 16 kOhms for the SWE. In case of an unacceptably high impedance 

values for any of the control electrodes (i.e., SWE) the electrode was changed or 

repositioned and resecured, and impedance was rechecked to ensure that it was within 

limits. Subsequently, an elastic adhesive bandage (Kendall Expandover, Covidien AG, 

Mansfield, Mass, USA) was applied over the head to further secure the electrodes and 

prevent dislodgement. The leads that connected the electrodes to the EEG box were 

secured to a neck collar in a tension loop with a non-adhesive bandage. An Elizabethan 

collar (V Buster, Kruuse, Denmark) was fitted after electrode placement for each of the 

dogs. Impedance was measured again in the middle of the recording day (after 

approximately three hours) and, if a significant number of the electrodes were not 

removed by the dog, at the end of the day.  
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Video-EEG recordings were performed with a wireless video-EEG machine (Trackit 

MK3 EEG/Polygraphy Recorder with Video, Lifelines Neurodiagnostic Systems, Inc., 

Troy, IL, USA). The electrodes were attached to the EEG electrode box 

(transmitter/amplifier box), which was placed in a designated pocket in a special 

harness “backpack” to allow for an ambulatory EEG recording (Figure 4F). The video 

camera was attached to a laptop and was positioned in front of the dog in a way that 

allowed for much of the face to be visible.  

Equipment set up and recordings were performed in a quiet room. The dogs were 

closely monitored during recovery from sedation and during the 6 hours of recording. 

They were provided with food, water and toys and all dogs were taken for walks on their 

regular schedule. All bandage material and EEG equipment was removed at the end of 

each recording day. The presence and location of capillary bleeding upon removal of 

the SWE was documented. In order to document skin irritation for the dry electrodes, 

manifesting as erythema over the clipped area on the head, photographs of each dog’s 

scalp were taken at the end of recording with a focus on areas where erythema was 

noted in order to later document these locations. 
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Figure 3: Electrode placement map- dorsal view of a canine skull. Two types of dry surface 

electrodes (i.e., four PressOn and four Spring- loaded electrodes) were randomized to one of eight 

locations (F7/F8, F3/F4, T3/T4, C3/C4) above a subdermal wire electrode (SWE) as a gold standard, 

creating four comparison pairs. 
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Figure 4: Electrode placement and EEG equipment set up. Each SWE was secured to the skin using 

an adhesive tape at their insertion points (A). PressOn electrode attached to the skin over the clipped 

area (B). Spring-loaded electrode containing 16 pins (C). PressOn electrode plastic applicator (D). 

Spring- loaded sensors placed using adhesive tape (E). One of the research dogs with head bandage 

after electrode placement and the EEG electrode box placed in a designated pocket in a special harness 

(F).  
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2.4 EEG analysis  

Outcome variables for analysis consisted of both quantitative and qualitative variables.  

2.4.1 Quantitative analysis 

Power spectrum, spectral edge analysis (FFT95), impedance measurements and 

analysis of unattached electrodes were the quantitative variables. Frequency bands and 

spectral edge frequency were obtained using Insight II software (Persyst Development 

Corporation, Prescott, AZ), which is a commercial software used in both human and 

veterinary epileptology. Binned analysis was used with Hamming windows, 256 

points/window and 50% overlapping windows. Binned analysis followed similar 

previously reported protocols 94. Bins were arranged into four EEG frequency bands of 

delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz) and beta (12-32 Hz). Spectral edge 

frequency was evaluated as another derivation of power spectrum analysis. The 

frequency band power and spectral edge frequency was reported in Hz.  

Nine one-second epochs every 40 minutes (times 40, 80, 120, 160, 200, 240, 280, 320, 

360 minutes) were chosen for quantitative EEG analysis (QEEG). If the amount of 

artifact in some channels greatly affected the ability to appropriately assess the 

remaining channels, the next one second epoch was selected. Electrodes that were 

deemed as unattached for each epoch were excluded from the final analysis. 

Impedance evaluation was intended to be performed at three times points (i.e., 

beginning, middle and end of recording). Values were then compared among the 

different time points as well between each dry electrode type and the SWE.  
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2.4.2 Qualitative analysis  

Qualitative variables analyzed included artifact analysis, pair guess analysis and the 

presence or absence of skin irritation. For the purpose of artifact and pair guess 

analysis each recording was divided into three intervals (0-2 hours, 2-4 hours and 4-6 

hours). Three ten second epochs were selected for analysis, each from the middle of 

the above-mentioned intervals (i.e., beginning of the first, third and fifth hours). If 

artifacts were determined to be so great that they affected the ability to appropriately 

assess the remaining channels, the next ten second epoch was selected. For each 

epoch, five artifact categories were examined: muscle artifact, electrode pop, 

instrumental/other, movement, ECG and 60 Hertz (i.e., alternating current) artifacts. 

Artifact analysis was performed with the 60 Hz notch filter on.  

Three reviewers (FJ, TP and MH) each visually analyzed EEG recordings from all six 

dogs. One reviewer (MH) selected the epochs for the other two reviewers. Each epoch 

was assigned a letter and presented as a separate image in which the time was erased 

in order to allow for blinding to avoid bias relating to potential differences in the quality 

of recording at the end of each recording day compared to the beginning (Figure 5). 

Thus, the two other reviewers (FJ and TP) were blinded with regards to the epoch 

recording time.  
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Figure 5: Example of a 10-second epoch referential montage used for qualitative analysis. SWE 

derivations can be seen at the top with the dry electrode derivations at the bottom, marked as Sig65- 

Sig72.  

 

For muscle artifact a subjective scale of 0 to 3 (ranging from 0, no artifact, to 3, severe 

artifact) was used as was previously described by Ward and colleagues 95. The number 

of electrode pops was counted per each channel on each of the epochs analyzed. For 

movement artifact, represented as the variable ‘number of events’, each physiologic 

artifact event per channel was recorded (i.e., each eye movement, ear movement, and 

head movement). The presence of ECG artifact was noted as yes/no for each channel. 

Under the instrumental/other category, the presence of an instrumental artifact such as 
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‘baseline wander’ was recoded as yes or no. Lastly, the 60 Hertz artifact was assessed 

as a subjective visible difference (again yes/no) when the 60 Hz filter was applied 

compared to when it was absent.  

In order to determine how well the electrodes remained attached over time, it was 

documented which of the electrodes were attached or unattached during six different 

epochs for each recording. Six 10-minute epochs were selected, one epoch for each 

hour of recording (at the end of each hour). Similar to previous epoch selection, if 

artifact was too great and affected the ability to appropriately assess the remaining 

channels, the next ten second epoch was selected. Unattached electrodes were 

considered to be those channels that displayed a signal that was consistently visually 

different from the recorded cerebral activity of the other channels. Electrodes that 

appeared to be similar to the background in more than 50% of the time during a given 

epoch were considered as attached. The discernible difference from the background 

recorded by the other channels was considered to be the result of a faulty contact 

between the electrode and the scalp. The location of each dry electrode on the scalp 

(top vs side) was documented in order to determine whether the application of the novel 

electrodes on the top of the head compared to the side affected the signal. This was 

done as a post-hoc examination since top vs side location was not taken into 

consideration in the initial randomization process.  

Furthermore, to determine whether the signal received from each electrode pair (i.e., 

novel electrode and SWE) was visually similar, all investigators tried to guess which 
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novel electrode channels corresponded to which of the SWE channels, i.e., which 

electrodes were paired at target locations. Electrodes that were determined as 

unattached were not included in the pair guess analysis. Correct and incorrect guesses 

were reported for each of the attached novel electrodes.  

 

2.5 Statistical analysis  

The use of six dogs for this pilot study was elected based on a previous study 

investigating the use of three types of EEG electrodes in dogs 36. To assess agreement 

between paired electrodes for the purpose of power spectrum analysis Lin’s 

concordance correlation was performed comparing the spectrum of either the POE or 

SLE to the control SWE located directly below it. To assess bias in data that was not 

normally distributed, the Wilcoxon signed rank test was applied. If the data was not 

normally distributed then, in addition to the Lin’s concordance correlation, a Spearmans 

correlation was run. Paired differences were checked for normality with a Shapiro-Wilk 

test. 

 

For impedance analysis the values received for each SWE electrode for all 

measurement points was subtracted from its pair (i.e., POE or SLE). These values were 

then averaged and a paired T-test on the mean difference as well as Lin’s concordance 

correlation were performed. In addition, the impedance values received from each 

electrode at the beginning of recording were subtracted from those received at the 
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middle of recording. The differences were then averaged for all electrodes in all six 

dogs.  

A paired T-test was used to compare the impedance values at the beginning of the 

recording to the values obtained at the middle of recording and Lin’s concordance 

correlation was performed to assess agreement.  

 

To determine if significant differences existed in the proportion of attached electrodes 

between type, location, and over time, a general linear mixed binary model accounting 

for repeated measures on electrodes was run. Factors included in the model were type 

(SWE vs SLE or POE), epoch (1-6, i.e., over the duration of the recording) and location 

(top vs side). Interactions were also included in the model. Non-significant factors were 

removed.  

 

Prior to final qualitative data analysis, agreement among reviewers was evaluated. 

Either Lin’s concordance correlation (for movement artifact) or Kappa (for electrode pop, 

muscle artifact, instrumental and pair-guess) were performed, comparing the more 

experienced reviewer (FJ) with either the second reviewer (TP) or the third reviewer 

(MH). The purpose of agreement analysis was to establish whether it was possible to 

use the data recorded by one reviewer (MH) for the final statistical analysis as well as to 

decide whether it was possible to use some of the variables in the final statistical model.  
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For movement artifact analysis the number of artifact events per epoch for each SWE 

was subtracted from the values recorded for its paired dry electrode. The results were 

averaged, and Wilcoxon signed rank test was performed in order to compare the 

difference in median movement artifact events between SWE and the novel electrodes. 

Similarly, for muscle artifact the values for muscle artifact score for each SWE was 

subtracted from the scores recorded for the dry electrodes and then averaged with a 

Wilcoxon signed rank test performed to compare differences in medians.  

 

For the 60 Hz artifact the proportion of electrodes that exhibited this type of artifact were 

reported. For instrumental artifact McNemar’s test was performed to determine whether 

there was a significant difference in proportions between dry electrodes and the SWE.  

For irritation score analysis a general linear model for a binary distribution was used in 

order to account for random effect of dogs.   
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3 Results  
Six healthy adult Beagle dogs were included in the study; three castrated males and three 

spayed females.  

3.1 Quantitative analysis  

3.1.1 Power spectrum analysis  

When comparing the different band frequencies from the attached SLE with the paired 

SWE located underneath, Lin’s concordance correlation demonstrated a moderate 

agreement for the alpha band (rhoc 0.55, LL 0.43, UL 0.67) and good agreement for 

beta (rhoc 0.63, LL 0.51, UL 0.74), delta (rhoc 0.66, LL 0.55, UL 0.76) and theta (rhoc 

0.65, LL 0.54, UL 0.75) bands. Spectral edge frequency (FFT95) was also found to 

have a good agreement (rhoc 0.69, LL 0.59, UL 0.79) (Table 1). When comparing band 

frequencies from attached POE with the paired SWE, Lin’s concordance correlation 

demonstrated a substantial agreement for alpha (rhoc 0.74, LL 0.66, UL 0.81), beta 

(0.82, LL 0.76, UL 0.87), delta (rhoc 0.73, LL 0.66, UL 0.80) and theta (0.71, LL 0.64, 

UL 0.79) bands, as well as a substantial agreement for FFT95 (rhoc 0.74, LL 0.67, UL 

0.82) (Table 2). Although there was a good agreement between both dry electrodes and 

the SWE there was a significant statistical bias (i.e., significant differences between the 

means) in power spectra. This means that in all frequency bands, the power spectra for 

both the POE and SLE was consistently higher than the SWE.  

Upon comparison of the mean difference between the SWE and both dry electrodes 

(POE and SLE) it appeared that the mean difference for the low frequency bands (delta 
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and theta) was on average higher than the mean difference in the high frequency bands 

(alpha and beta) (Figure 6). 

 
Table 1: Power spectrum analysis of SLE vs SWE.  
 

 

 

  

Power 
spectrum 

Mean 
difference 

Mean 
difference 

lower 
tolerance 

limit 

Mean 
difference 

upper 
tolerance 

limit 

Wilcox 
Signed 

rank test 
(S) 

Coefficient 
of 

concordance  

(rhoc) 

rhoc 
Lower 
limit 

rhoc 
Upper 
limit 

Spearman’s 
correlation 
coefficient 

(r) 

Alpha 1.49 0.46 4.79 <0.0001 0.55 0.43 0.67 0.66 

Beta 1.22 0.36 4.19 <0.0001 0.63 0.51 0.74 0.72 

Delta 1.41 0.28 6.96 <0.0001 0.66 0.55 0.76 0.72 

Theta 1.43 0.35 5.77 <0.0001 0.65 0.54 0.75 0.72 

FFT95 0.95 0.36 2.50 <0.0001 0.69 0.59 0.79 0.78 



 

 

 

 

59 

Table 2: Power spectrum analysis of POE vs SWE. 
 

 

 

 

 

Figure 6: Power spectrum means. The mean difference for the low frequency bands (delta and theta) 

for both dry electrodes was on average higher than the mean difference in the high frequency bands 

(alpha and beta). 

Power 
spectrum 

Mean 
difference 

Mean 
difference 

lower 
tolerance 

limit 

Mean 
difference 

upper 
tolerance 

limit 

Wilcoxon 
Signed 

rank test 
(S) 

Coefficient 
of 

concordance 
(rhoc) 

rhoc 
lower 
limit 

rhoc 
upper 
limit 

Spearman’s 
correlation 

coefficient (r) 

Alpha 1.22 0.37 4.03 0.0023 0.74 0.66 0.81 0.80 

Beta 0.99 0.42 2.37 <0.0001 0.82 0.76 0.87 0.86 

Delta 1.27 0.24 6.54 <0.0001 0.73 0.66 0.80 0.77 

Theta 1.29 0.28 5.91 <0.0001 0.71 0.64 0.79 0.76 

FFT95 0.90 0.42 1.94 <0.0001 0.74 0.67 0.82 0.76 
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3.1.2 Impedance  

Impedance was measured at the beginning and middle of recording day for all six dogs. 

For some of the dogs, impedance was also measured at the end of recording day, 

however, this measurement was not included in the final analysis since this data was 

not available for all dogs due to equipment failure (i.e., dogs removed a significant 

amount of the electrodes) by that time in the day.  

Impedance comparison between the novel electrodes and control electrodes 

demonstrated a poor agreement between the POE and SWE and between SLE and 

SWE (P< 0.001) with a consistently higher impedance for POE compared to SWE 

(mean difference SWE-POE -70.794 kΩ, LTL -150.976, UTL -9.387), as well as a 

consistently higher impedance for SLE compared to SWE (mean difference SWE-SLE -

77.666 kΩ, LTL -143.771, UTL -11.562) (Table 3).  

The impedance measured at the beginning of recording (Imp1) was also compared to 

the one measured in the middle of recording day (Imp2). A poor agreement was found 

between the two time points for the SLE (rhoc -0.004, LL -0.017, UL 0.07, mean 

difference 7.17, LTL -56.081, UTL -41.738, P <0.001) and POE (rhoc 0.186, LL 0.48, UL 

0.423, mean difference 8.55, LTL -66.839, UTL -49.729, P< 0.001) as well as control 

SWE electrodes (rhoc -0.13, , LL -0.041, UL 0.015,  mean difference -23.4, LTL -

60.924, UTL -107.879, P< 0.001) with a statistical bias towards a higher impedance in 

the middle of recording for the SWE (mean difference -23.477 kΩ, LTL -0.13, UTL -

107.879) (Table 4). 
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Table 3: Impedance comparison between the SWE and both dry electrodes (POE and SLE).  
 

Electrode 
comparison 

Paired T- 
test mean 
difference 

(kΩ) 

Lower 
tolerance 

limit 
(kΩ) 

Upper 
tolerance 

limit 
(kΩ) 

P-value Lin’s 
concordance 

coefficient 
(rhoc) 

Lower 
limit 

Upper 
limit 

SWE- POE -70.794 -9.387 -150.976 <0.0001 0.0089 -0.041 0.059 

SWE- SLE -77.666 -11.562 -143.771 <0.0001 0.0062 -0.022 0.035 

 
Table 4: Impedance difference between the beginning of recording and middle of recording for all 

electrode types.  

 

Electrode Paired T-
test mean 
difference 

(kΩ) 

Lower 
tolerance 
limit (kΩ) 

Upper 
tolerance 
limit (kΩ) 

P-value Lin’s 
concordance 

coefficient 
(rhoc) 

Lower 
limit 

Upper 
limit 

SWE -23.477 -60.924 -107.879 <0.0001 -0.131 -0.041 0.015 

SLE 7.171 -56.081 -41.738 <0.0001 -0.004 -0.017 0.007 

POE 8.554 -66.839 -49.729 0.0003 0.186 0.048 0.324 
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3.1.3 Electrode attachment  

Electrode type was the only significant predictor of electrode attachment in the final 

statistical model. Time and location (top vs side) had no significant effect on electrode 

attachment. The proportion of the attached SWE electrodes was 89.81% compared to 

73.71% for POE (P< 0.033) and 99% for SWE compared to 56% for SLE (P= 0.001) 

over the 6 different epochs analyzed (Figure 7). Overall, SWE electrodes were 3.14 

times more likely to remain attached compared to POE and 43.36 more likely to remain 

attached compared to the SLE.  

 

Figure 7: Proportion of electrode attachment throughout 6 hours of EEG recordings for all dogs. 
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3.2 Qualitative analysis  

Several qualitative parameters were analyzed to visually compare the signal obtained 

from the novel electrodes to the SWE. Agreement was calculated between three 

reviewers (movement, muscle, instrumental, pair-guess) and the majority of rhoc and 

kappa values were in the moderate (0.41-0.6) to substantial (0.61- 0.8) range. These 

are presented as tables (Appendix 1 and 2). Since it was deemed that there was a 

reasonable agreement between reviewers, it was decided to use the analysis obtained 

from one reviewer (MH) for the final statistical analysis. 

3.2.1 Artifact and pair guess analysis 

Movement artifact for the SLE (counted as number of movement events per epoch) was 

found to be significantly higher compared to the SWE (mean difference= -1.6, UTL 5.33, 

LTL -8.51, P < 0.001). Similar results were found when comparing POE to SWE, with a 

significantly higher movement artifact in POE (mean difference= -0.916, UTL 5.23, LTL -

7.07, P= 0.017). 

Muscle artifact, however, was found to be significantly higher in SWE compared with 

SLE (mean difference= 0.25, SD= 0.543, P= 0.007) or with POE (mean difference= 0.2, 

SD= 0.459, P= 0.003). The proportion of the 60 Hz artifact was 4% for POE compared 

with zero for SWE and 25% for SLE compared with 7.5% for SWE. The difference in 

proportions was not significant for either the POE vs SWE (P= 0.5) or the SLE vs SWE 

(P= 0.039).  
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ECG and electrode pop artifacts were excluded from the final statistical analysis since 

the amount of this type of artifact in all electrodes was minimal and insufficient for a 

meaningful statistical analysis. Results are provided as appendix tables (Appendix 3 

and 4).  

For instrumental artifact, McNemar’s test showed a trend towards a higher proportion of 

artifact in the POE (8.5%) compared to the SWE (2.5%), however, this was not 

statistically significant (P= 0.375). Similar results were documented for the SLE (12.5%) 

compared with the SWE (2.5%) with no statistical difference (P= 0.281).   

The proportion of correct guesses of novel electrode and SWE pairs was evaluated for 

both a more experienced researcher (FJ) and a less experienced one (MH). For the 

SLE-SWE pairs, the proportion of correct guesses was 50% for an experienced 

researcher compared with 33% for a novice and for the POE-SWE pairs, the proportion 

of correct guesses was 48% for an experienced researcher and 38% for a novice. 

However, these differences were not statistically significant (P= 0.146 and P= 0.332, 

respectively).  

 

3.2.2  Irritation analysis 

The proportion of skin irritation documented was significantly higher (P= 0.041) in the 

POE (37.5%) compared with the SWE (16.67%) and significantly higher (P= 0.0053) in 

the SLE (28.84%) compared with the SWE (8.1%).  
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4 Discussion  
In our pilot study, two types of dry surface electrodes were compared with the 

subdermal wire electrodes, used as a gold standard, as it is the electrode of choice in 

our institution. In order to determine whether these new electrodes can potentially 

replace the standard electrodes, we aimed to test, in a clinical setting, their validity in 

comparison to the SWE. The validity was evaluated based on reliability of signal quality, 

ability to stay attached for a prolonged period of time, as well as the presence of 

irritation. For that purpose, the novel electrodes were paired to the SWE by placing 

them at the same locations simultaneously (the dry surface electrode on top of the 

location of the subcutaneous electrode) during wireless EEG recordings in six healthy 

dogs. Both quantitative and qualitative outcome measures were used in an attempt to 

determine whether the recorded signals were comparable. Although a good agreement 

between both types of dry electrodes and the SWE was demonstrated, the SWE was 

consistently superior to the POE and SLE. The POE could potentially be used for 

clinical EEG recordings if their high impedance can be overcome.  

 

Among quantitative methods, power spectrum analysis and spectral edge analysis are 

commonly used in human epileptology for the purpose of long-term EEG analysis and 

can aid in the detection of seizure activity, anesthesia depth monitoring, as well as 

monitoring for conditions such as delayed cerebral ischemia 44,71. In the past few 

decades, quantitative EEG has been the focus of research in many different fields of 
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human medicine, including a potential use in psychiatry as a biomarker for psychiatric 

disorders 96 and identification and monitoring of people with traumatic brain injury 97. 

Quantitative EEG has been demonstrated to shorten the time required for continuous 

EEG interpretation and is often utilized by neurophysiologists 98. The simplification of 

the raw EEG data by extracting mathematical values can enable less experienced 

medical personnel to draw conclusions and monitor continuous EEG recordings in 

several patients at the same time 99. The main limitation of QEEG in veterinary medicine 

lies in its validity. Most of the data regarding its use was obtained from human studies 

and these values have not been validated in dogs as of yet 100. However, power 

spectrum analysis has been validated in ducks, turkeys and chickens in several studies 

94,101,102. In companion animals, spectral analysis has been used for monitoring 

anesthetic depth in dogs 103,104.  

Quantitative EEG tools have also been used for comparison of different EEG electrodes 

and systems in people and therefore this type of analysis was included in the current 

study 105,106. Power spectrum results from our study indicated a good agreement 

between both dry electrodes and the SWE for all frequency bands and spectral edge 

frequency (FFT95), indicating that a reliable signal can be obtained as long as the dry 

electrodes remain attached. However, there was a significant statistical bias (i.e., 

significant differences between the means) between both novel electrodes and SWE. 

This means that the power for all frequency bands obtained from both POE and SLE 

was consistently higher than the power obtained from the SWE. This is clearly 

visualized in Figure 3.  
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In addition, it appeared that the mean difference between the SWE and both dry 

electrodes (POE and SLE) in the low frequency bands (delta and theta) was on average 

higher than the mean difference in the high frequency bands (alpha and beta). 

However, this did not achieve the statistical significance we see in the literature. Halford 

and colleagues 107 compared a dry electrode system to the standard wet surface 

electrode system and reported that the power spectrum was significantly different for 

both systems when EEG recordings were performed while study subjects were moving. 

In the resting state, however, a significant difference was found only in a frequency 

band below 4 Hz (delta) or at 90 Hz. Similarly, Hinrichs and colleagues 106 compared 

dry to wet electrode systems and demonstrated a greater power in low frequencies in 

the dry EEG system. This higher power in the lower frequencies may be explained by 

movement artifact. Dry electrode systems are known to detect more movement artifact 

as a result of movement of the electrode against the scalp, which results in an artifact of 

low-frequency and high amplitude 107. Our study did find a significantly higher detection 

of movement artifact by the dry electrodes. 

The significant difference in means (i.e., statistical bias) shown for all frequency bands 

and not just for the lower frequency band could be the result of the fact that EEG 

recordings in the current study were performed in awake dogs. Therefore, according to 

the findings in the study by Halford and colleagues, movement of study subjects may 

have contributed to the identified bias. This points to a weakness in our study, as 

epochs were not distinguished based on the activity level of the dogs. Classifying the 

activity level using the video recordings obtained and repeating the power spectrum 
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analysis should be considered for a future study. There may be less significant bias if 

the difference between paired electrodes is evaluated during the dogs’ quiet periods 

compared to more active periods. 

 

There are clinical implications for the power spectrum bias between the dry electrodes 

and the gold standard. The delta band frequency is recognized during the sleep state 

and, therefore, a greater power of this band is expected to be seen during anesthesia, 

on routine long-term EEG recordings in the clinic while the animal is sleeping, while 

using drowsiness and sleep as an activation technique, and during continuous EEG 

recording in the ICU for the purpose of non-convulsive status epilepticus identification. 

Since greater power in the delta frequency band in the dry electrode system was 

reported in the literature, it would be important for the clinician to be aware of this 

possible recording bias when interpreting the raw EEG data. This bias could potentially 

lead to misinterpretation of the EEG background, leading the clinician to believe that the 

animal is in the sleep state. However, in spite of the tendency towards higher power in 

the lower frequency bands, Hinrichs and colleagues reported there was no difference 

between the two EEG systems when the raw data was visually analyzed separately by 

two neurologists. Therefore, this finding does not appear to have actual clinical 

implications 106. Although a similar visual analysis was not performed for clinical 

purposes in epileptic dogs in our study, given the statistically significant good 

agreement between the novel and control electrodes for all frequency bands, it is likely 

that the observed statistical bias has no clinical implications.  
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Even though best efforts at achieving maximal attachment were made, fewer dry 

electrodes than SWE were available for statistical analysis as they were more likely to 

become detached and had to be excluded from the power spectrum analysis. 

Therefore, it is possible that a statistical significance may have been demonstrated in 

the low frequency bands if more dry electrodes were available. Altogether, these 

findings suggest that, for the attached electrodes, both dry electrodes tested in our 

study (SLE and POE) were able to provide a reliable signal that was comparable to the 

control electrodes.  

 

A possible limitation of the spectral analysis in this study can be related to epoch 

selection. Some epoch selection criteria, such as epoch length, can affect the results of 

QEEG analysis 108. Mocks and Gasser 108 reported an epoch of 20 seconds to be 

sufficient for spectral analysis in people, as longer epochs did not result in statistical 

significance in variability between individuals. In another study investigating the effect of 

epoch length on power spectrum analysis, it was determined that an epoch length of 

two seconds was preferred over four, eight, sixteen and 32 second epochs, 

demonstrating less variability and allowing more rapid detection of EEG changes 109. 

However, it is also imperative that the epoch chosen will not be too short, since a short 

epoch has less data points to analyze and therefore the differences between different 

data points will appear greater 44. The currently more common epoch length for the 

purpose of anesthesia monitoring in people is 4-8 seconds 44. Nine one-second epochs 

in 40-minute intervals throughout each recording were used for spectral analysis in our 
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study. It is possible that longer epochs may have demonstrated greater variation 

between electrodes, however, the comparison of multiple epochs per recording should 

have minimized the effects of a shorter epoch length. In a recent study evaluating brain 

death in laying hens, 24 one-second epochs were selected for spectral analysis out of a 

ten minute-long EEG recording, allowing for valuable results to be obtained 94. Selection 

of a larger number of epochs per recording may have also affected the variability of the 

results and should be considered for future studies.  

 

Another epoch selection criterion is the quality of recording and artifact contamination 

108. Ideally, a selected epoch should be completely free of artifacts or baseline shifting in 

order to provide accurate frequency band values 44. For this reason, if the amount of 

artifact was determined to be too great at the beginning of the predetermined interval, 

the next clear one-second epoch was selected. However, since the determination of 

degree of artifact was very subjective, some selected epochs may not have been 

completely devoid of artifacts. It is possible to exclude artifact-contaminated epochs 

from analysis by defining band frequencies above or below which the epoch would be 

rejected 106. This method aims at decreasing possible artifacts in a more objective way 

by the computer and should be considered for future use in similar studies. 

Nevertheless, this method is not devoid of limitations since the automated exclusion of 

epochs in this manner can result in concomitant exclusion of clinically significant 

abnormalities in the EEG recording.  
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The mean impedance of both novel electrodes demonstrated a significantly higher 

impedance than the SWE. Acceptable impedance should ideally be below 10 kOhms 58. 

Dry surface electrodes are known to have higher impedances with some reported 

values starting at a few hundred kOhms and reaching as high as 107 Ohms (10,000 

kOhms) 106,107,110. These high impedances affect the quality of recording since they 

result in a high level of noise artifact 56. One way to overcome this hurdle is to use 

impedance converting amplifiers which transform the high impedance into a low 

impedance on a local level in each individual electrode. These amplifiers are part of the 

electrode’s design and are termed ‘active electrodes’ 107,110. Both dry electrodes in our 

study did not contain impedance converting amplifiers and are thus not considere active 

electrodes. Dry active electrodes might be more suitable for veterinary clinical purposes 

and should be considered for the next series of studies.   

 

Both novel electrodes investigated in our study have been successfully used in people. 

When the use of SLE was investigated and compared to a wet EEG system, it was 

demonstrated that the impedance was close to that of the wet electrodes and ranged 

between 4- 14 kOhms. Furthermore, impedance was lower than the wet electrode 

system when used on hairy sites 79. Regarding the POE, Rhythmlink’s online product 

information 111 states that the product’s impedance readings were noted to be higher 

than standard electrodes, however, if applied correctly, data quality should not be 

affected. There is no information concerning expected impedance values, however, 
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given the recommended upper limit of 10 kOhms for EEG recordings to be acceptable, 

it is assumed that the POE impedance values are kept within these limits.  

 

It is therefore surprising that such high impedance values were registered in both novel 

electrodes in this study. One possibility to consider should be potential differences in 

skin physiology. Due to the isolating properties of the SC electrodes that are able to 

penetrate this skin layer and reach the inner layers which have a lower impedance, can 

potentially negate the need for an electrolytic gel. The POE contains small teeth that, 

once applied to the skin using the plastic applicator, should be embedded into the SC. If 

this layer is too thick, then a certain electrode may not be able to penetrate it. The SC 

layer thickness is reported to be 0.02 mm in people and 5.41 micrometer (0.005 mm) in 

dogs 112,113. Given that the SC thickness appears to be thinner in dogs, a higher 

impedance due to inadequate penetration through this layer does not seem to be a 

plausible cause.   

 

Another potential cause for the higher recorded impedance in the novel electrodes may 

be related to differences between species in the skin’s ability to sweat. The flow of ions 

through the SC layer can occur in two possible pathways: between the layers of 

corneocytes or via the skin appendages, the most important of which are the sweat 

pores 114. It has been shown that a reduction in impedance occurs with time using dry 

electrode systems in people due to the accumulation of moisture and sweat on the skin 
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114,115. Unlike people, dogs do not rely on sweating as a main thermoregulatory 

mechanism as they have limited sweating abilities 116. Most of the sweating in dogs 

occurs via sweat glands located in the footpads (i.e., atrichial sweat glands). The 

second type of sweat glands (i.e., epitrichial sweat glands), located through haired skin, 

likely do not have any thermoregulatory function but a primarily pheromonal function 117. 

Thus, the lack of sweat buildup may have played a role in maintaining high impedance 

values compared to those registered in people. However, when comparing impedance 

values at the beginning of recording compared to the middle of recording (i.e., 

approximately three hours after onset of recording), there seemed to be a statistical bias 

towards a higher impedance at the middle of recording for the SWE (i.e., the difference 

in impedance means was higher at the middle compared to the beginning), whereas 

impedance values in the middle of recordings were lower for the POE and SLE. Since 

sweating cannot be accounted for this decrease in impedance, one possible explanation 

may be moisture buildup over time due to the bandaging material. Nevertheless, the 

impedance values documented later in the recording remained unacceptably high. The 

increase in impedance values over time in the SWE is likely due to electrode 

dislodgement. Microhemorrhages at the site of the electrode tip may also contribute to 

increased impedance later in the recording since blood accumulation can interfere with 

the availability of ions needed for electrical conduction, thus resulting in increased 

impedance 118. The presence of bleeding upon insertion or removal of SWE was not 

frequently documented, yet it is possible that these microbleeds occurred and 

accumulated subcutaneously during recording and went unnoticed.   



 

 

 

 

74 

One way to reduce the effects of high skin-electrode impedance is to use a very high 

input impedance amplifier 106,115. The input impedance of the amplifier used in our study 

was >100 MOhms. Although this should be sufficient in order to allow for signals to 

come through and be readable even with the high impedance obtained for the dry 

electrodes used in this study, the use of amplifiers with a higher input impedance may 

produce a better signal. No modifications could be applied to the amplifier used in this 

study since the equipment was obtained as part of the EEG recording system and its 

settings are predetermined.  

  

Electrode design is another factor that may have some impact on impedance and the 

quality of signal acquisition. The SLE contain multiple small spikes/fingers that come 

into contact with the skin. The multiplicity of fingers is aimed at stabilizing the electrodes 

on the scalp as well as providing several points of skin contact 119. Nathan and 

colleagues 119 investigated the effect of the number of fingers in these types of 

electrodes on signal acquisition and concluded that designs with fewer and farther apart 

fingers had better ability to penetrate through hair. This, however, was not investigated 

in animals and inference to this electrode’s behaviors in dogs as well as in different 

thickness of fur is not possible.  

 Furthermore, different fingers were shown to pick up different signals as a result of 

different impedances, which could lead to more noise artifact if many of the fingers have 

high impedance. It was suggested that a signal can be improved by choosing only those 
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fingers that have good skin contact 119. Hinrichs and colleagues 106 have used dry 

electrodes containing two spring loaded silver pins for each electrode. The SLE used in 

our study contains 16 fingers. Although no hair penetration properties were required 

since the hair at the point of electrode placement was clipped, the large number of 

fingers may have affected the signal acquisition, especially if improper skin contact 

occurred in several of these fingers. Moreover, since, unlike the use of these types of 

electrodes in people, there is no designated EEG cap in dogs, there may be 

inadequate/unequal scalp contact due to insufficient pressure which can be even more 

challenging with a larger number of fingers per electrode.   

 

One of the main challenges in the search for the optimal EEG electrode is one that will 

achieve adequate attachments for a long duration. Electrode attachment over the 6-

hour EEG recording time was documented in our study. The location of electrodes (top 

vs side) was also taken into consideration in order to determine whether this had any 

effect on electrode attachment given that placement of the novel electrodes was 

subjectively more difficult when placed on the side, especially with the SLE. It was 

postulated that fewer electrodes will remain attached as time passes, especially with the 

novel electrodes, and that electrodes placed on the side would be more prone to 

detachment compared to surface electrodes that were placed on the top. Interestingly, 

neither time nor location had an effect on electrode attachment. The only significant 

predictor of electrode attachment was electrode type, with SWE electrodes being 3.14 

times more likely to remain attached compared to POE and 43.36 more likely to remain 
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attached compared to SLE. Kam and colleagues 105 reported similar findings, with a 

higher number of malfunctioning electrodes that needed to be replaced in the dry EEG 

system compared to the wet system. They also reported that more of these 

malfunctioning electrodes were located over the fronto-temporal area. This was thought 

to be due to increased temporalis muscle tension as a result of tightly securing the EEG 

cap over the muscle. The effect of a specific location was not analyzed in the current 

study.  

 

The superior attachment of the SWE in the current study is not surprising given that the 

electrode is placed in the subdermal tissue before being taped in place and thus, if 

secured correctly, is more difficult to dislodge compared with a surface electrode. The 

POE is applied using a single use designated plastic applicator and is supposed to 

penetrate through the stratum corneum. In our study, these electrodes were reloaded 

and reused after being thoroughly cleaned. This decision was implemented for two 

reasons: first, reusing electrodes would be more practical in veterinary practice in terms 

of pricing (a box of five POE cost US$ 40, which means using POE as the main 

electrode would cost US$ 120 per dog). Second, we wanted to see whether reusing the 

plastic applicator was possible. Since the POE are not intended for multiple use it is 

possible that they dislodged more easily due to dulling of the electrode’s teeth. Future 

comparison of attachment between SWE and single use POE would be a matter of 

interest and may provide a different result. It is also not surprising that the SLE were 

much less likely to remain attached. Unlike the SWE and POE, the SLE are dependent 
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upon external pressure to remain attached. Attempts to achieve adequate pressure and 

accurate electrode positioning were made using bandaging material and adhesive tape, 

however, this may not have been enough to maintain long-term attachment. This will be 

a challenge for future investigations of the dry electrodes. 

 

Another weakness of the attachment analysis in this study is the randomization process. 

A block split plot design was used in order to randomize the novel electrodes over the 

eight locations on the scalp, however, side vs top location was not initially taken into 

account in this process. This could have potentially affected the results since if one type 

of surface electrode that tends to attach better than the other was placed more 

commonly on the side it would appear as if location (i.e., side vs top) did not have an 

effect on attachment.  

 

An important advantage of the dry electrode EEG system is faster application. Halford 

and colleagues 107 reported an average application time of 21.1 minutes for the wet 

electrode system compared with 5.7 minutes for the dry electrode system. Di Flumeri 

and colleagues 120 also reported significantly shorter application times for the dry 

electrode systems they investigated, with an average of over five minutes for the wet 

electrodes compared with 3-5 minutes for different types of dry electrode systems. Time 

of electrode application was not evaluated in our study due to other goals, however, the 

authors felt that POE application may have been faster than SWE and SLE given the 
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designated plastic applicator that was very easy to use. The SLE application was much 

more time consuming since the period of time needed to ensure adequate external 

pressure in the correct position was lengthy. This problem may be solved by designing 

an adjustable elastic EEG cap similar to the ones used for human EEG recording.  

 

Wet surface electrodes are considered the gold standard for EEG recording in people 

and therefore most papers investigating dry electrode system properties have been 

compared to wet electrode systems 119. Given the requirement for scalp abrasion and 

regular gel reapplication the wet electrode systems are considered to be less 

comfortable for the patient. When asked about the comfort level of the dry compared to 

wet electrode systems, research subjects consistently reported greater comfort with the 

dry electrode system, especially when pertaining to the application process 106,107. Since 

the application of wet electrode systems in veterinary medicine is very challenging they 

are not routinely used in the clinical setting and therefore the gold standard in our study 

was the SWE system. Although no skin abrasion is required for SWE placement, due to 

the use of a small gauge hypodermic needle for wire application it is considered more 

invasive than the dry electrode system. As the level of comfort is difficult to assess in 

veterinary patients the presence of irritation, manifested as the presence of erythema, 

visible in the clipped area for the novel electrodes or bleeding either upon insertion or 

removal for the SWE, was documented. More irritation was documented for the POE 

and SLE compared with the SWE. Given that the surface electrodes were less invasive 

this finding was unexpected.  
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These results can be explained by the electrodes’ design and the evaluation method. 

Due to the spring-like properties of the spikes in the SLE, long-term recording can result 

in continuous pressure exerted by the spikes which can cause mild skin erythema. 

Similarly, the small teeth that penetrate through the SC could have resulted in mild skin 

irritation once the elastic bandage was placed on the head for the six hour recording 

duration. Most importantly, evaluation of irritation from the dry electrodes in this study 

was made by evaluating erythema on the skin on areas from which the hair was clipped. 

Since the hair was not clipped at the SWE insertion points, mild bleeding upon insertion 

or removal of these electrodes could have been missed. Furthermore, the greater 

irritation observed in the dry electrodes may not necessarily translate into clinical 

discomfort, especially when considering the reported comfort level in similar 

experiments in people 107,120. Although the SWE in our study were placed with the 

assistance of sedation, given the relative invasiveness of the hypodermic needle, it can 

be assumed that the SWE placement may be less comfortable than the POE or SLE.  

 

In order to further evaluate the reliability of the recorded signal, qualitative analysis was 

performed. This included documentation of artifacts and attempts at guessing the pairs 

of novel and control electrodes based on visual assessment of the traces. It was 

established that EEG artifacts recognized in human medicine can also be identified in 

canine EEG recordings 121. According to the standardized computer-based organized 

reporting of EEG (SCORE), artifacts can be divided into two main categories: biological 

(physiological) and non- biological 122. The biological artifacts documented in our study 
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were movement (i.e., eye, ear), muscle and ECG. Non-biological artifacts included 

electrode pop, other instrumental artifact (i.e., shifting of baseline) and 60 Hz artifact. 

One major flaw of all artifact analysis in our study was the subjective nature of the 

analysis. This was minimized by concordance calculations between three reviewers 

prior to final analysis. A software for automated identification of EEG artifacts has been 

used in other studies, however, this was not available in our study 106.  

Physiologic movement artifacts in our study included eye and ear movements, chest 

movements and respiration, and were all analyzed together due to morphological 

similarities of these artifacts. The amount of movement artifact was found to be 

significantly higher in the SLE and POE compared with SWE, meaning that the two new 

electrodes reported more movements than the corresponding SWE. This finding is not 

surprising given that more movement is expected from surface electrodes as they have 

more ability to move against the scalp 107. Young and colleagues compared SWE with 

collodion-applied disk electrodes in human ICU patients and reported that motion 

artifact was observed more frequently in the SWE 88. It was speculated that movement 

of electrode wires protruding from the skin was responsible for that type of artifact. This 

was in comparison to surface electrodes secured to the scalp using collodion, which is a 

substance with strong adhesive properties. The difference in movement artifact results 

between this study and the one conducted by Young and colleagues is likely related to 

the fact that the POE and SLE were not attached to the scalp using a strong adhesive 

substance which made them more susceptible to this type of artifact in comparison with 

the SWE (which were taped down from insertion to the base of the skull to reduce wire-
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movement). It should be noted that movement artifacts, such as eye movements, are 

artifacts of low frequency and high amplitude. Given the reported observations in the 

literature regarding a higher power for the delta band in the dry electrode system, it 

would be challenging to determine whether these observations were, in fact, movement 

artifacts or more pronounced delta waves. Reassessing these epochs using video 

recordings time locked to the suspected artifacts may assist in this determination.  

 

The SWE were found to be more susceptible to muscle artifact compared with the dry 

electrodes in this study. There is not much data in recent literature comparing dry and 

wet EEG electrode systems with respect to muscle artifact specifically, however, it was 

suggested that dry electrode systems tend to have an overall larger number of epochs 

contaminated with artifact 106. The greater amount of muscle artifact in the SWE is most 

likely due to accidental insertion of some electrodes into or closer to the subcutaneous 

muscle layer compared to the surface electrodes which would be less affected by this 

artifact.  

 

Electrocardiogram artifacts, which are physiologic artifacts that correlated with the 

contraction of the heart, were very rare (only one channel in one epoch for one of the 

dogs was affected) and, therefore, were not included in the statistical analysis. 

Electrocardiogram artifact was reported to be observed more commonly in large breed 
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dogs, which can explain the rarity of this type of artifact in our study given the use of 

Beagle dogs 121.  

 

Electrode pops are the result of changes in electrical charge on the electrode surface 

36,88,121. When the impedance changes suddenly the result is a transient, usually 

positive, discharge seen only in a single electrode in a referential montage 88,121. James 

and colleagues 36 compared the use of three EEG electrodes (i.e., subdermal wire 

electrodes, gold cup electrode and subdermal needle electrode) in a long-term 

recording in awake dogs and concluded that duration of artifact was significantly higher 

in SWE when recording was longer than two hours, when most of these artifacts were 

electrode pops. This was thought to be related to bleeding at the site of electrode 

insertion 36. In our study, very few electrode pop artifacts were documented for all 

electrodes and, therefore, this type of artifact was not included in the statistical analysis. 

Possible explanations for the low frequency of this type of non-biological artifact could 

be a low occurrence of capillary bleeding at the electrode’s insertion point for the SWE 

in this study or misclassification of some of the electrode pop artifact events as another 

type of artifact. Another possibility is related to the method with which electrode pop 

artifact was evaluated in the current study. In the aforementioned study, James and 

colleagues evaluated the duration of artifact within 20-minute epochs throughout 8-hour 

recordings, whereas in the current study the number of electrode pops was counted 

within ten-second epochs. Evaluation of longer epochs and summation of the duration 
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of artifact within these epochs, as opposed to counting the number of artifact 

occurrences, could have resulted in more frequent observations of this type of artifact.     

 

Instrumental artifact evaluation included external equipment artifacts but also fluctuation 

of baseline, thought to be related to loose electrode connectivity (but still considered 

attached) or some form of movement. Although more instrumental artifact was recorded 

for both novel electrodes compared with the SWE, this was not statistically significant, 

indicating that, in spite of attachment problems, the novel electrodes may not be more 

prone to this type of artifact. However, a statistical difference may have been identified if 

more of the novel electrodes were attached and available for analysis. Placement of 

more dry electrodes of each type per recording would have been preferable as it would 

provide for more data for analysis. A larger number of dry electrodes was not used in 

the current study due to limitation on the number of available ports in the electrode box 

needed for attachment of the electrodes. Furthermore, similar to the movement artifact 

analysis, since this type of artifact is also in the delta band, and given the identified bias 

in this band, determining the source of this artifact is challenging.  

 

More 60 Hz artifacts (i.e., line noise) was recorded for the dry electrodes compared with 

the SWE, however, this difference was not statistically significant. It was reported that a 

greater amount of line noise is expected with higher impedances 61. Hinrichs and 

colleagues 106 documented less line noise for the dry electrode system compared to the 
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wet when impedance was low, however, the dry system had more line noise when 

impedances were high. Given the high impedances reported here for the novel 

electrodes, a greater degree of 60 Hz artifact would be expected for the dry systems. 

The lack of statistical significance could be attributed to the small sample size along 

with the exclusion of the unattached electrodes from statistical analysis.  

 

In order to subjectively assess whether the raw data was visually similar between the 

dry electrodes and the SWE, an attempt was made to guess which dry electrode was 

paired (i.e., located directly above) with which SWE electrode on different epochs. 

Although not statistically significant, the more experienced investigator (FJ) was able to 

guess correctly more pairs than the less experienced investigator (MH). This is not 

entirely surprising since experience plays a role in interpretation of raw EEG data. 

However, in both cases the proportion of correct guesses appeared relatively low and 

did not exceed 50%. Nevertheless, the low success rate of correct guesses does not 

necessarily imply that the EEG traces from the novel electrodes were significantly 

different from the gold standard. One important factor that can affect the ability to 

correctly guess the pairs of electrodes is a high resemblance of the acquired signal in 

many of the channels which can lead to incorrect pairing. In their electrode comparison 

study, Hinrichs and colleagues had two experienced neurologists, who were blinded to 

the type of electrode system used, evaluate the EEG recordings and report the type of 

background or spontaneous activity they identified 106. This method of visual raw data 

analysis is perhaps more suitable when comparing EEG recording systems as it can 
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also provide information regarding the ability of clinicians to accurately interpret the 

EEG tracings, draw conclusions and reach a diagnosis. Testing the novel electrodes on 

epileptic patients and comparing the ability to detect pathologies would also have an 

added value. 

 

To the author’s knowledge, this is the first investigation of the feasibility of dry electrode 

systems in veterinary medicine. The appeal of dry electrode systems in terms of ease of 

use and comfort led to an abundance of literature in recent years, investigating the 

validity in people of new dry electrodes which are constantly being developed 

106,107,120,123. The comparison of the dry systems in these papers was made against wet 

surface electrode systems as this is considered to be the gold standard in people 120. Di 

Flumeri and colleagues 120 compared three different types of dry electrode systems, one 

of which was similar to the SLE used in the current study, against the traditional ring 

silver/silver-chloride wet surface electrodes. They concluded that the dry electrodes 

tested were highly reliable in terms of signal quality and ease of use and suggested that 

they should be considered as a replacement for the wet electrodes. Although some 

similarities to the current study exist, direct comparison between the study performed by 

Di Flumeri and colleagues as well as similar other papers and this study is difficult due 

to some inherent differences in methodology attributed to limitations in veterinary EEG 

recording. For example, in the study by Di Flumeri and colleagues the dry electrodes 

tested were used with a flexible acquisition system, which included amplifiers more 

adequate for these electrodes. One type of electrode investigated in that paper, which 
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had multi-spikes for contact similar to the SLE, had an amplifier with an input 

impedance of over 10 Gohms. This type of amplifier can easily overcome the expected 

higher impedance in these electrodes. The use of designated acquisition systems was 

not feasible in the current study due to cost limitations, as well as the desire to 

investigate whether these types of electrodes can be used with our available EEG 

recording equipment. However, future use of such systems obtained from the 

manufacturer, should be considered in order to improve the quality of the signal. 

Furthermore, the investigated dry electrodes in that study were tested consecutively and 

not simultaneously, as was the case in other similar studies 106,107,123. Consecutive 

electrode testing was also performed by James and colleagues when comparing three 

different types of EEG electrodes in awake and sedated dogs 36. The limitation in testing 

different electrode systems in a consecutive manner is that it makes the comparison 

more challenging since time is a factor that needs to be taken into consideration. In 

order to try and overcome this limitation, Di Flumeri and colleagues used three 

additional wet electrodes, which served as controls, that were placed in locations 

different than the ones used for the other electrodes and were kept in these locations 

throughout the entire study (i.e., during all four consecutive recordings). They then 

averaged the power spectral densities of these channels and compared them with the 

average obtained from the other wet electrodes with a good correlation found on the 

different recordings. Additional gold standard electrodes (i.e., SWE) were placed over 

the Fz and Cz locations in the current study. A comparative power spectra analysis was 

not performed using these electrodes as there was no concern regarding a bias due to 
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the effect of time since recordings were done simultaneously. The main reason for 

placing additional SWE was to accomplish better temporal and spatial resolution, as 

data from this study is being used for other studies, as well as to facilitate post hoc 

changes in reference. A possible drawback of simultaneous testing of electrodes is the 

potential introduction of artifacts or changes in signal due to the other electrode placed 

at the same location. Dry electrodes without SWE underneath could have been used as 

controls in this study and should be considered for future studies. 

 

Di Flumeri and colleague’s study demonstrated an overall good power spectra 

correlation between all dry and wet electrodes, however, a decrease in correlation was 

shown when moving from frontal to parietal regions, likely due to hair. Power spectra 

correlation based on specific locations was not performed in the current study since the 

two types of dry electrodes were randomized among the different locations and 

locations were different between the 6 recordings. However, since the hair was clipped 

at the locations of the dry electrodes, the effect of hair volume on the acquired signal 

and power spectra results would not be expected.  

 

Many of the studies comparing dry and wet electrode systems in people have also 

performed power spectra analysis in different conditions such as eyes closed, eyes 

open and while the test subjects were performing certain tasks. Di Flumeri and 

colleagues found that the correlation between dry and wet electrodes was lower in the 
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eyes closed compared with the eyes open condition, although the difference in 

correlation was small and not significant 120. Similar findings were not demonstrated in 

another paper comparing electrode systems in eyes open vs eye closed conditions 106, 

however, since different dry electrode systems were used, a direct comparison between 

these papers is not possible. Investigation under different conditions was not performed 

in this study. A comparison between dry and gold standard electrode systems under 

sedation vs in the awake states should be considered for future studies. In spite of the 

comparable performance of dry and wet systems demonstrated in Di Flumeri and 

colleague’s study, they did not evaluate the degree of artifacts or visually analyzed the 

recordings and therefore it is difficult to assess whether the dry electrodes would 

actually perform equivalently to the gold standard in a clinical setting.  

 

The main limitations in this study include the small sample size of both dogs and the 

number of dry electrodes tested per dog. Given that this was a pilot study which mainly 

aimed at investigating the usability of these dry electrodes, this small sample size 

seems adequate. The small number of dry electrodes tested was the result of technical 

limitations related to EEG equipment and the use of a larger number of electrodes per 

dog should be considered in future studies. Another limitation is the lack of designated 

recording equipment such as a designated high input impedance amplifier and an EEG 

cap (for the SLE). This likely affected the number of artifacts documented and, in the 

case of SLE, affected proper attachment which subsequently reduced further the 

number of electrodes available for analysis.   
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5 Summary and conclusions   
This study was the first to investigate the feasibility of dry electrodes for EEG recording 

in dogs. The relative invasiveness and complexity of EEG instrumentation, as well as 

the frequent need for sedation for electrode placement are some of the reasons for EEG 

underutilization in veterinary medicine. The search for an easy, non- invasive and fast 

method of EEG electrode placement is crucial for the advancement of EEG research 

and veterinary epileptology.  

Both dry electrodes investigated in this study demonstrated a good power spectrum 

agreement with the SWE, indicating a reliable signal. However, for most of the other 

outcome variables assessed, SWE consistently outperformed the novel dry electrodes. 

The POE may have potential for clinical use given the relatively good attachment 

properties. The use of multiple-pin dry electrodes similar to the SLE is challenging in 

veterinary medicine due to lack of a designated EEG cap. The impedances for both 

POE and SLE were unacceptably high and this weakness will need to be overcome 

prior to using these dry electrodes in a clinical setting.  

5.1 Future directions  

Seeing that the use of dry electrode systems for EEG recording has been greatly 

investigated in human medicine, it is only reasonable that it should be explored in 

veterinary medicine as well. Future research in this field should focus on testing 

electrodes with improved ability to overcome the high impedance limitation of dry 

electrodes. Examples include active electrodes, such as a two-wired active spring- 
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loaded electrode recently introduced 124 or the use of dry electrodes in conjunction with 

a designated acquisition system. Another important future research goal should aim at 

developing an adjustable elastic EEG cap, as this will enable the potential use of 

commercially available dry electrodes that require local pressure in order to obtain 

adequate contact with the skin. Many EEG equipment companies have EEG headsets 

that are uniquely designed to work in an optimal way with their electrodes. These 

headsets often allow the clinician/ technician to choose which electrode locations they 

want to use and enable easy electrode replacement. The challenge in designing a 

veterinary EEG cap lies not only in the differences in skull shape and size but also in the 

fact that there is no validated 10-20 system equivalent for electrode placement in dogs 

and cats. Nevertheless, a good veterinary EEG cap design should focus on being 

adjustable such that it could fit different skulls. If this is achieved, then designated 

electrode insertion ports could be built into the cap, allowing for insertion of electrodes 

after the cap had been mounted and enable the replacement and adjustment of 

electrodes without removing the cap. Using flexible port locations in an EEG cap could 

accommodate a future validated electrode placement.  
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APPENDICES  

 

Appendix 1: Reviewer agreement SLE vs SWE   

 

Variable  SLE SWE 
Movement * FJ/MH Rhoc= 0.76 

Bias= -0.19 
P- value= 0.98 

Rhoc= 0.90 
Bias= 0.57 
P- value= <0.0001 

Movement FJ/TP Rhoc= 0.67 
Bias= 1.23 
P- value= 0.008 

Rhoc= 0.22 
Bias= 1.36 
P- value= 0.005 

Instrumental FJ/MH Kappa= 0.44 
95% CI 0.11-0.77 
P- value= 0.009 

Kappa= 1.0 
95% CI 1.0-1.0 
P- value= 0.01 

Instrumental FJ/TP Kappa= 0.55 
95% CI 0.25-0.84 
P- value= 0.001 

Kappa= 0.31 
95% CI -0.15-0.79 
P- value= 0.07 

Muscle FJ/MH Weighted Kappa= 0.88 
95% CI 0.73-1.0 
P- value= <0.0001 

Weighted Kappa= 0.70 
95% CI 0.57-0.83 
P- value= <0.0001 

Muscle FJ/TP Weighted Kappa= 0.42 
95% CI 0.16-069 
P- value= 0.0002 

Weighted Kappa= 0.51 
95% CI 0.35-0.66 
P- value= <0.0001 

Pair-guess FJ/MH Kappa= 0.33 
95% CI 0.04-0.62 
P- value= 0.07 

Kappa= 0.33 
95% CI 0.04-0.62 
P- value= 0.07 

Pair-guess FJ/TP Kappa= 0.06  
95% CI -0.29-0.41 
P- value= 1.0 

Kappa= 0.06 
95% CI -0.29-0.4 
P- value= 1.0 
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* FJ- Fiona James, MH- Michal Hazenfratz, TP- Thomas Parmentier 
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Appendix 2: Reviewer agreement POE vs SWE   

 

Variable  POE SWE 
Movement * FJ/MH Rhoc= 0.81 

Bias= 0.37 
P- value= 0.911 

Rhoc= 0.95 
Bias= 0.26 
P- value= 0.083 

Movement FJ/TP Rhoc= 0.436 
Bias= 1.26 
P- value= 0.0073 

Rhoc= 0.25 
Bias= 1.19 
P- value= 0.14 

Instrumental FJ/MH Kappa= 0.77 
95% CI 0.48-1.0 
P- value<0.0001 

Kappa= 0.65 
95% CI 0.03-1.0 
P- value= 0.029 

Instrumental FJ/TP Kappa= 0.46 
95% CI 0.14-0.79 
P- value= 0.0032 

Kappa= 0.31 
95% CI -0.15-0.79 
P- value= 0.074 

Muscle FJ/MH Kappa= 0.61 
95% CI 0.31-0.91 
P- value= 0.0002 

Weighted Kappa= 0.68 
95% CI 0.50-0.86 
P- value= <0.0001 

Muscle FJ/TP Kappa= 0.32 
95% CI 0.10-0.53 
P- value= 0.0030 

Weighted Kappa= 0.49 
95% CI 0.32-0.66 
P- value= <0.0001 

Pair-guess FJ/MH Kappa= 0.34 
95% CI 0.08-0.59 
P- value= 0.0217 

Kappa= 0.44 
95% CI 0.18-0.69 
P- value= 0.004 

Pair-guess FJ/TP Kappa= 0.26 
95% CI 0.02-0.51 
P- value= 0.0769 

Kappa= 0.29 
95% CI -0.006-0.59 
P- value= 0.08 

 

* FJ- Fiona James, MH- Michal Hazenfratz, TP- Thomas Parmentier 
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Appendix 3: Number of artifacts out of attached electrodes for electrode pop and ECG- SLE vs 
SWE 

 

Artifact SLE SWE 
Electrode pop 3/41 0/71 
ECG 1/41 0/71 

 

 

 

 

Appendix 4: Number of artifacts out of attached electrodes for electrode pop and ECG- POE vs 
SWE 

 

Artifact POE SWE 
Electrode pop 2/53 1/67 
ECG 0/53 0/67 

 

 

 


