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Editorial on the Research Topic

Electroencephalography and other neuroelectrophysiologic studies in

post-MRI generation veterinary medicine

Neuroelectrophysiologic studies have long been integral for functional evaluations of
both the central and peripheral nervous systems. In the era preceding the widespread
use of magnetic resonance imaging (MRI) and computed tomography (CT) scans, these
tests played a crucial role. However, the advent of advanced imaging, particularly MRI,
shifted the paradigm in veterinary medicine, seemingly eclipsing the importance of
neuroelectrodiagnostics. The assumption was that imaging could provide a comprehensive
understanding of both structure and function.

This Research Topic explores the evolving landscape of neuroelectrophysiologic
studies in the post-MRI era. Despite the popularity of advanced imaging techniques,
veterinarians are re-evaluating the scope and significance of neuroelectrodiagnostics. It
is increasingly evident that diagnostic imaging, while proficient in detecting structural
abnormalities, falls short in documenting crucial functional aspects of the nervous system.

Several facets of electroencephalography (EEG) are explored in this Research Topic.
The first theme comprises advancements in EEG techniques. Luca et al. presented a
comprehensive survey of EEG usage and techniques in veterinary neurology. Findings
revealed underutilization and barriers such as equipment availability, highlighting the
need for standardization and harmonization of EEG techniques in canine neurology. In
response, to propose routine clinical short-term video-electroencephalography (vEEG)
recordings, Lyon et al. demonstrated its feasibility in unsedated dogs and cats. This
standardized, unanesthetized procedure proved clinically informative, positioning EEG
as a vital first-line neurological functional exploration test. Folkard et al. ventured into
homes, conducting in-home vEEG and actigraphy recordings. Their approach, integrating
vEEG and actigraphy, not only assesses behavior but also detects epileptic seizures.
This innovative study laid the groundwork for holistic insights into canine behavior in
natural settings.
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A second theme involved the use of EEG, to understand for
example pharmaceutical effects or age- or sleep-related features.
Mizuno et al. explored ketamine in cats with temporal lobe
epilepsy. Beyond sedation, ketamine emerged as an inducer
of epileptiform discharges during EEG recordings. This study
prompts a reconsideration of sedation alternatives, offering
a nuanced perspective on the potential activating effects of
pharmacologic choices on neuroelectrophysiologic studies.
Simultaneously, Pellegrino and Gómez Álvarez employed xylazine
sedation to unravel EEG features of the developing canine brain.
Their meticulous analysis provides a refined understanding of
EEG characteristics, emphasizing age-specific interpretation in
veterinary neuroelectrophysiology. Examining the senescent brain,
Mondino et al. scrutinized sleep-wakefulness cycles and EEG
features in senior dogs. Their polysomnographic study unveiled
age-related changes correlated with cognitive performance, offering
potential markers for canine cognitive dysfunction syndrome.

Williams et al. extended the scope of EEG to the marine world,
examining EEG in stranded California sea lions. Abnormalities in
EEG recordings shed light on domoic acid toxicosis, emphasizing
the importance of understanding EEG patterns in marine
mammals. Knipe et al. took a visual perspective, focusing on
periodic discharges in veterinary EEG. Their review explores these
enigmatic patterns, challenging our understanding and paving the
way for further research into the interpretation of these patterns in
clinical practice.

Extending neurophysiology to muscle health and neurosurgery
was the final theme in this post-MRI compilation. Verga et
al. delves into the realm of canine skeletal muscle health,
presenting normative values and repeatability for electrical
impedance myography. Their study provides a convenient and
non-invasive tool for assessing muscle condition, offering
insights into age-related changes and gender differences.
Okuno et al. address a critical aspect of neurosurgery,
evaluating the impact on spinal cord integrity during
thoracolumbar intervertebral disk herniation surgery in dogs.
Utilizing somatosensory-evoked potentials, they provide a
framework for maintaining electrophysiological safety during
surgical interventions.

This Research Topic of articles not only establishes the current
state of knowledge in post-MRI veterinary neuroelectrophysiology
but also propels the field forward with innovative methodologies

and insights. These contributions establish a foundation for
the future, where neuroelectrophysiology intertwines seamlessly
with veterinary clinical practice. Given the rapid development
of diagnostic technologies for neurological diseases in animals,
both advanced imaging diagnostics (CT and MRI) and all
electrodiagnostic techniques, their fusion may be predicted, with
consequential development of hybrid diagnostic solutions in
veterinary medicine.
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Somatosensory evoked
potentials of the tibial nerve
during the surgical
decompression of
thoracolumbar intervertebral
disk herniation in dogs

Seiichi Okuno1,2, Hirotaka Katahira3 and Kensuke Orito1*

1Laboratory of Physiology II, School of Veterinary Medicine, Azabu University, Sagamihara, Japan,
2Veterinary Clinic of Neurology, Isesaki, Japan, 3Laboratory of Environmental Biology, School of Life

and Environmental Science, Azabu University, Sagamihara, Japan

This study aimed to identify the impact on spinal cord integrity and determine

the electrophysiological safety level during surgery for thoracolumbar

intervertebral disk herniation in dogs. A total of 52 dogs diagnosed with

thoracolumbar intervertebral disk herniation were enrolled. The tibial nerve

somatosensory evoked potential elicited on the scalp by stimulation of

the tibial nerve was recorded before and during hemilaminectomy. Both

the amplitude and latency of the somatosensory evoked potential were

periodically registered, and the percentage changes from the pre-operative

control values (amplitude rate and latency rate) were calculated. When the

multifidus muscles were retracted after removal from the spinous processes

and vertebrae, the somatosensory evoked potential amplitude rate decreased

in all dogs, while the latency rate increased in 33 dogs examined. The amplitude

rate remained unchanged during the halting procedure, loosening retraction,

and hemilaminectomy. After removing the disc material from the spinal canal,

the amplitude rate was increased. The somatosensory evoked potential latency

increased when the multifidus muscles were retracted and shortened after

multifidus muscles closure in four cases. The outcome of all cases showed

improvement in clinical signs 7 days after operation. Spinal cord conduction is

impaired by retraction of the multifidus muscles and improved by removal of

disk materials. Maintaining intraoperative SEP amplitudes above 50% of control

may help avoid additional spinal cord injury during surgery. Since we have no

case that worsened after the surgery, however, further studies are necessary

to confirm this proposal.

KEYWORDS

somatosensory evoked potential, IVDH, hemilaminectomy, dog, intraoperative

monitoring
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Introduction

Thoracolumbar intervertebral disc herniation (IVDH)

is a common disorder in dogs that mainly affects the

chondrodystrophic breeds. Backache and neurological disorders

in the pelvic limbs are clinical signs of thoracolumbar disk

disease, and urinary dysfunction and loss of pain sensation

of the pelvic limbs are observed in cases with more severe

lesions. Decompression surgery, such as hemilaminectomy, is

performed on dogs with neurological deficits and evidence of

severe spinal cord compression, with most commonly reported

intraoperative complication being insufficient removal of disk

materials (1). However, the effects of surgical procedures on

spinal cord integrity have not yet been verified and no method

has been established to assess spinal cord function during

surgery or determine its safety level in veterinary medicine.

Somatosensory evoked potentials (SEPs) are brain and

spinal cord responses induced by stimulation of peripheral

sensory nerves in the limbs or cranial nerves with sensory

function. SEP reflects transmission of the afferent volley from

the peripheral sensory nerves to the primary somatosensory

cortex, through the myelinated dorsal columns and the medial

lemniscal pathways. Cortical recording of SEP is considered

to be a field potential arising from the cerebral cortex (2). In

humans, SEP has been utilized for evaluation of the spinal

cord somatosensory conductive function during spinal surgeries

(3–5), and intraoperative SEP monitoring was reported to

be useful for reduction of post-operative paraplegia by more

than 50–60% (4, 6). In humans, intraoperative SEP amplitude

of 40% or less caused post-operative neurological deficit (3),

and the absence of SEP during spinal surgery led to new

complication or neurological loss of function (4, 6). Therefore,

a 50% decrease in SEP amplitude during spinal surgeries is

reportedly the alarm threshold for spinal cord damage in

humans (4, 7).

In dogs, SEP is recorded when electrical stimulation is

applied to the peripheral sensory nerve or cranial nerve

with sensory function (8–10). Studies have reported that SEP

amplitude in dogs is decreased by spinal cord compression and

blocked blood supply to the spinal cord (11–13), suggesting that

intraoperative SEP examination is a useful tool for monitoring

spinal cord integrity during spinal surgery in veterinary

medicine. Notably, we previously reported the usefulness of SEP

monitoring during cervical operation in dogs (14). However, to

the best of our knowledge, there are no reports of intraoperative

SEP monitoring being utilized during a thoracolumbar spinal

operation in veterinary medicine.

In this study, we measured the amplitude and latency

rates of SEP and evaluated spinal cord integrity during each

surgical procedure of hemilaminectomy. Based on the results

of this study and previous knowledge of human medicine,

we propose that maintaining intraoperative SEP amplitudes

>50% of control may help avoid additional spinal cord injury

during surgery.

Materials and methods

Animals

This study was conducted in a prospective manner. All dogs

enrolled in this study were handled in compliance with the

Azabu University Animal Experiment Guidelines (April 2000)

(17114-2, 191205-5). Dogs were eligible for enrollment after

obtaining informed consent from their owners. All surgery was

performed under isoflurane anesthesia.

Dogs with thoracolumbar IVDH of clinical grade 2, 3, and 4

that were determined by conventional neurological examination

and MRI, and stable SEP was obtained in the pre-operative

examination were included in this study. All the cases were

diagnosed as Hansen Type 1 intervertebral disk extrusion. Fifty-

two dogs (27 males and 25 females) were enrolled between

May 2017 and March 2020. The cases showed clinical grade 5

were not enrolled in this study because cortical SEP could not

be elicited as reported previously (15). The cases included 41

miniature Dachshunds, 2 Pomeranians, Papillons, Mixes each,

and 1 Chihuahua, Beagle, Boston Terrier, Shiba, and Welsh

Corgi Pembroke each. Mean ± SD (range) age and body weight

were 7.3 ± 2.9 (2–12) years and 6.1 ± 2.0 (3.1–12.6) kg,

respectively. The location of disc herniation differed among the

dogs as follows: T12–13 (n = 10), T13–L1 (n = 16), L1–2 (n

= 19), and L2–3 (n = 7). The cases were classified according

to the clinical thoracolumbar IVDH grade, which was assigned

based on the severity of clinical signs according to a previously

reported classification system as follows (16): grade 2 = ataxia,

conscious proprioception deficit, and paraparesis (n= 9); grade

3 = paraplegia (n = 40); and grade 4 = paraplegia with urinary

retention and overflow (n= 3).

Experimental procedures

All dogs were premedicated with atropine sulfate [0.04

mg/kg, subcutaneous (SC); Tanabe Mitsubishi Pharma Corp,

Osaka, Japan], midazolam [0.1 mg/kg, intravenous (IV);

Dormicum, Maruishi Pharmaceutical Co Ltd, Osaka, Japan],

and butorphanol (0.2 mg/kg, IV; Vetorphale, Meiji Seika

Pharma Co Ltd, Tokyo, Japan). Anesthesia was induced by

alfaxalone (2.0–3.0 mg/kg, IV; Alfaxan. Meiji Seika Pharma

Co Ltd, Tokyo, Japan) until the desired effect was obtained

and maintained throughout the operation with isoflurane

(Isoflu, Zoetis Japan Inc, Tokyo, Japan). Rectal temperature was

monitored and body temperature was maintained at between

37.0◦C and 38.0◦C with heating pads.
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Surface disk electrodes (Disk Electrode for evoked EEG NE-

132B. Nihon Koden Corp, Tokyo, Japan) were used as recording,

reference and ground electrodes to check an impedance below

5K ohms between skin and electrode. The recording electrode

was placed at the juncture of the coronal and sagittal sutures,

which were considered to be adjacent to the somatosensory

cortex area, and the reference and ground electrode was placed

on the spinous process of the axis and dorsal surface of caudal

portion of neck, respectively, following the method used by

Uzuka et al. (9, 14) (Figure 1). The electrical stimuli lasted 0.2ms,

and rectangular waves at a rate of 3Hz were applied to the tibial

nerve on the same side as the operation site. Stainless needles

(TERMO needle NN-2525R. TERMO Corp, Tokyo, Japan) were

used for the stimulating electrodes, and these were inserted

percutaneously and placed immediately proximal to the tarsal

joint on the tibial nerve. The cathode was placed proximal

∼1 cm from the anode. The stimulating intensity was adjusted

with less than 3.6mA to produce visible small twitch of 5th digit.

A total of 200 responses were averaged with high- and low-pass

filters at 0.5 and 3,000Hz, respectively. The recording condition

of SEP was 2 µV/division of amplitude and 5 ms/division of

sweep speed.

Somatosensory evoked potential examination was

performed as previously described (14). SEP examinations

began after induction of anesthesia in the prone position. A

stable SEP elicited before the operation served as a control

FIGURE 1

Placement of electrodes. The recording electrode was placed at

the juncture of the coronal and sagittal sutures, which were

considered to be adjacent to the somatosensory cortex area.

The reference electrode was placed on the spinous process of

the axis. The ground electrode was placed on the surface of

caudal portion of neck.

SEP. The SEP amplitude was determined as the peak-to-peak

amplitude of the initial positive and subsequent negative

waves (Figure 2). The latency from the stimulation artifact

(SA) to the peak of the initial positive waves was recorded

simultaneously (Figure 2). A system for evoked potentials

(Neuropack MEB-9404, Nihon Kohden Corp, Tokyo, Japan)

was used to provide electrical stimulations as well as measure

the amplitude and latency.

The surgical procedure was performed as follows. The

skin and superficial tissues were incised lateral to the midline.

The dorsal fascia was incised near each spinous process. The

multifidus muscles were peeled off from the spinous and

articular processes using an elevator. The multifidus muscles

were retracted laterally using Gelpi retractors. The articular

processes and vertebral laminae were removed using rongeurs.

Disk materials compressing the spinal cord were removed using

forceps or curettes.

Somatosensory evoked potential recordings were performed

once for each surgical procedure during surgery, starting at

multifidus muscles retraction (Retract). When a decrease in

amplitude was recognized, surgical manipulations were halted

and the retraction of the multifidus muscles was loosened.

SEP was then recorded once (Halt). After this recording of

SEP (about 2min), the operation was continued and SEP

were recorded at articular processes and laminae resection

(Hemilami), intervertebral disk material removal (Remove), and

muscle closing (Close). SEP was also recorded at the end of

the surgery (End). Representative SEPs and measured amplitude

and latency of control and Retract are shown in Figure 2. And

the result of SEP recording is shown in Figure 3.

The SEP amplitude is negatively correlated with body size in

dogs (10). Low body temperature and low blood pressure cause

slowing of conduction velocity and reduced amplitude of SEP,

respectively (4, 6). Therefore, the amplitude rate and latency rate

were used in this study to evaluate the changes in SEP during

surgical procedures of various bleeds.

Amplitude and latency rate were calculated as follows:

Amplitude rate (%) =
Recorded SEP amplitude

Control SEP amplitude
× 100

Latency rate (%) =
Recorded SEP latency

Control SEP latency
× 100

Statistical analyses

Data are expressed as mean ± SD (range). Amplitude and

latency rates were compared between surgical procedures as a

fixed effect by fitting a linear mixed model (LMM), considering

individual differences as a random effect (17). The significance

of each constructed model was evaluated by a likelihood ratio
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FIGURE 2

Representative recording of control SEP (pre-operative control, 1) and multifidus muscles retracting (Halt, 2) in a case of 11 years old male

miniature dachshund enrolled in this study. The SEP amplitude was determined as the peak-to-peak amplitude of initial positive and next

negative waves. The SEP latency was determined from the stimulation artifact (SA) to the peak of initial positive wave. The amplitude rate and

latency rate were calculated as follows; The amplitude rate = the amplitude (Halt)/the amplitude (pre-operative control) × 100, The latency rate

= the latency (Halt)/the latency (pre-operative control) × 100, respectively.

FIGURE 3

The recordings of intraoperative SEP monitoring in a case of Figure 2. 1: pre-operative control, 2: retracting multifidus muscles, 3: halting

surgical procedure and multifidus muscles loosened, 4: hemilaminectomy, 5: removing the disk materials from the spinal canal, 6: closing

multifidus muscles, 7: end of the surgery. SA, electrical stimulation artifact.

test based on an approximate chi-square distribution against

the null model deviance. When the model significance was

confirmed, the estimated coefficients for the mean rate at

each surgical procedure were compared using Tukey’s post-

hoc honestly significant difference tests. These analyses were

performed using the lme4 andmultcomp packages in the R 4.0.3

(18). Statistical significance was set at p < 0.05.

Clinical outcome evaluation

Clinical outcome evaluation of all cases was performed

7 days after operation using the conventional neurological

examinations same as pre-operative examination. An

improvement was determined by the following changes in

clinical signs: disappearance of neurological deficit in cases of

grade 2, and walking without any assistance in cases of grade 3

and 4.

Results

Stable SEPs were recorded throughout the surgery and

examined for all cases in this study. Isoflurane concentration

was stable and any additional agents was not used throughout

operation in all cases. There were no cases in which clinical signs

deteriorated after surgery. All of the cases of grade 2 showed no
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neurological deficit and all patients of grade 3 and 4 were able to

walk without any assistance within 7 days after surgery.

When the multifidus muscles were removed from the

vertebrae and retracted, the SEP amplitude decreased in all cases,

and its latency increased in 33 dogs examined (Figure 2). The

deviances in both constructed models for the amplitude and

latency rates differed significantly from those in the null models

(χ2 = 191.45, df = 5, p < 0.001 in amplitude; χ2 = 30.01, df =

5, p< 0.001 in latency). The estimated intercept (i.e., the relative

difference in the process of the retracting multifidus muscles) in

the amplitude rate was significantly lower (69% with the mean

value, t = 36.99, p < 0.001) than in the pre-operative control

(Table 1), while in the latency rate was significantly higher (104%

with the mean value, t = 186.91, p < 0.001) than in the control

(Table 2). The standard deviations of the intercept variability

caused by individual differences were 10.05 in the amplitude rate

and 3.62 in the latency rate.

Although amplitude rate in End was still lower than pre-

operative control in 34 cases, the post-hoc test comparing

the pairs of the estimated means, supported the tendency

of increasing amplitude rates during the surgical procedure

(Table 1). In one case the amplitude rate decreased in Retract,

increased in Halt, and then decreased again in Hemilami.

It was, however, still higher than that in Retract. Therefore,

surgical manipulations were not halted again. Although the

mean amplitude rates in Halt and Hemilami tended to be higher

than those in Retract, significant differences were not observed

(4.49%, z = 2.60, p = 0.097 and 4.67%, z = 2.70, p = 0.075,

respectively). The mean amplitude rates in Remove, Close, and

End were higher (8.63%, 19.21%, and 22.98%, respectively; p <

0.001) than those in Retract. The mean amplitude rates in Halt,

Hemilami, and Remove also differed from those of Close and

End (10.58–22.98% lower, p < 0.001 in each comparison). For

latency rates, the estimated mean values increased in Retraction,

Halt, Hemilami, and Remove. Latency rates decreased from

these Halt and Hemilami steps to Close and End (1.03–1.47%,

p< 0.022 in each comparison) and from Remove to End (1.12%,

p= 0.01) (Table 2).

Discussion

The effects of surgical procedures of hemilaminectomy

on spinal cord integrity were verified using intraoperative

SEP monitoring. The multifidus muscles retraction affects

spinal cord conductivity. It is suggested that SEP could be

the method to assess spinal cord function during surgery in

veterinary medicine.

Somatosensory evoked potentials correspond to spinal cord

and cortical sensory responses evoked following electrical

stimulation of a peripheral sensory nerve or cranial nerves

with sensory function; therefore, SEP reflects the function of

sensory pathways in the spinal cord and brainstem for cranial

nerve studies. Cortical recording of SEP are affected by various

factors such as anesthetic agents, nerve stimulate rate, body

size (length of pathway), physiological condition and spinal

cord integrity of patient (2, 4, 10). Although cortical evoked

potentials are attenuated by inhalation anesthetics, isoflurane

has little effect on SEP even when bolus doses are administered

to obtain a high anesthetic effect during surgery (4, 6). The

effect of premedication and induction agent of anesthesia on

SEP parameters was unclear. Stimulation frequency affects

SEP amplitude. For example, higher amplitude SEP could be

obtained by lower frequency stimulation. Because it takes longer

time to record, the lower frequency is not feasible for recording

of SEP during surgery. Stimulus intensity was determined by

small twitch of 5th digit that was induced by slight activation of

motor nerves. Activation threshold of the sensory nerve is much

lower than that of the motor nerve. Thus, almost all sensory

nerve could be activated when the motor nerve was activated

slightly (19).

The SEP amplitude evoked by stimulation of the sciatic

nerve decreased when compression was applied to the spinal

cord, and recovered after release of the applied compression

(11). In an experimental study of canine spinal cord ischemia,

SEP elicited by stimulation of the sciatic nerve disappeared

within a mean ischemic time of 12.4min. When reperfusion

was instituted immediately following the abolition of SEP, SEP

recovered and there were no neurologic sequelae. However,

when occlusion was maintained for an additional 15min

following abolition of SEP, spastic paraplegia with corresponding

histological changes indicative of spinal cord infarction

developed (11). Thus, SEP amplitude may be decreased by

compression or ischemia of the spinal cord. The release of

the compression and the ischemia are important to restore

SEP amplitude. In more than 50% of patients, reduction of

SEP amplitude and prolongation of its latency after retracting

multifidus muscles were not recovered to the pre-operative

control values even at the end of surgical procedure. However, all

of the patients could walk without any assistance within 7 days

after surgery, suggesting that neurological function has been

recovered day by day.

In this study, the SEP amplitude rate decreased and the

SEP latency rate increased both when the multifidus muscles

were removed from the vertebrae and retracted. Therefore,

this may indicate that these procedures induce compression

of the spinal cord and/or a decrease in blood supply to the

spinal cord under IVDH. The SEP amplitude rate continued

to decrease and its latency rate continued to increase even

after halting surgical manipulation and loosening the muscle

retraction and hemilaminectomy, suggesting that perfusion

of the spinal cord may not recover sufficiently during these

procedures. Removal of the disk material from the spinal canal

may release compression from the spinal cord and blood flow

recovery, as the SEP amplitude recovers after this procedure.

Further studies, however, are necessary to prove this hypothesis
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TABLE 1 Number of dogs in each range of amplitude rate of six surgical procedures.

Amplitude rate (% of pre-operative control values) Retracta Halta,b Hemilamia,b Removeb Closec Endc

≥140 0 0 0 0 0 0

130–140 0 0 0 1 1 1

120–130 0 0 0 0 0 2

110–120 0 0 0 1 3 4

100–110 0 1 1 1 8 11

90–100 1 2 1 2 8 8

80–90 6 7 8 12 14 10

70–80 16 20 21 18 13 12

60–70 17 17 17 16 4 3

50–60 12 5 4 1 1 1

<50 0 0 0 0 0 0

Mean± SD (% of pre-operative control values) 69± 11 73± 11 73± 10 77± 14 88± 16 92± 17

Range (% of pre-operative control values) 52–93 54–100 54–100 58–132 58–132 58–132

Retract, retracting multifidus muscles; Halt, halting surgical procedure and multifidus muscles loosened; Hemilami, hemilaminectomy; Remove, removing the disk materials from the

spinal canal; Close, closing multifidus muscles; End, end of the surgery. Procedures with different letters indicate significant difference (p < 0.05).

TABLE 2 Number of dogs in each range of latency rate of six surgical procedures.

Latency rate (% of pre-operative control values) Retracta,b,c Halta Hemilamia Removea,b Closeb,c Endc

≥120 0 0 0 0 0 0

110–120 2 3 3 2 1 1

100–110 50 49 49 49 47 45

90–100 0 0 0 1 4 6

<90 0 0 0 0 0 0

Mean± SD (% of pre-operative control values) 104± 4 104± 4 104± 4 104± 4 103± 4 103± 4

Range (% of pre-operative control values) 100–119 100–119 100–119 98–117 93–114 93–114

Retract, retracting multifidus muscles; Halt, halting surgical procedure and multifidus muscles loosened; Hemilami, hemilaminectomy; Remove, removing the disk materials from the

spinal canal; Close, closing multifidus muscles; End, end of the surgery. Procedures with different letters indicate significant difference (p < 0.05).

The results of this study indicate that to remove the disk

materials that compress the spinal cord may be required to

improve spinal cord function. However, surgical manipulation

to remove disk materials from the spinal canal poses the risk

of compression of the spinal cord. Therefore, it is important

to monitor spinal cord function to avoid additional spinal cord

compression during surgery.

In this study, the minimal SEP amplitude rate during the

surgery was 52% of the control, and the clinical signs of all dogs

were improved within 7 days after the surgery. A previous study

reported that the safety limit of SEP amplitude was 50% of the

control (13). A 50% of the control in SEP amplitude is generally

considered alarming in humans (4). In this study, there were no

cases SEP amplitude being less than 50% of control. And no cases

worsened clinical signs. Therefore, alarm level of neurological

deficit of spinal cord cannot be determined. We propose here

that maintaining intraoperative SEP amplitudes above 50% of

control may help avoid additional spinal cord injury during

surgery. Further studies are necessary to confirm this proposal.

There are some limitations in this study. Although

intraoperative monitoring of SEP has the potential to increase

the safety of spine and spinal cord surgery, SEP can assess

only sensory pathway from peripheral sensory nerve to the

sensory cortex. Dysfunction of the motor pathway from

motor cortex to the muscles cannot be evaluated by SEP.

Dysfunction of the motor pathway can be evaluated by motor

evoked potential method, utilizing a transcranial magnetic

stimulation (20, 21). Because SEP could not be obtained in

dogs with grade 5, neurological function cannot be evaluated in

such patients.

Conclusions

Intraoperative SEP is useful for monitoring spinal cord

integrity during surgical procedure of spine or spinal cord. The

retraction of the multifidus muscles under the condition of

compressive disk materials would especially cause a decrease in
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blood flow and/or compression of the spinal cord. Therefore,

additional compression of the spinal cord should be avoided

during surgery. Maintaining an SEP amplitude rate above 50%

of control is important to avoid excessive spinal cord injury

during surgery.
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Electrical impedance
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Normative values, repeatability,
and the impact of age
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Randall J. Cochran2, Stefanie Lim2, Julianna C. Sabol2,

Joan R. Coates2 and Seward B. Rutkove1*

1Department of Neurology, Harvard Medical School, Beth Israel Deaconess Medical Center, Boston,
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Convenient tools to assess canine skeletal muscle health would be useful for

a variety of applications, including standard veterinary assessments of dog

fitness, as well as studies of muscle deterioration due to age or disease. One

technology that can be applied conveniently to awake dogs with minimal

restraint is electrical impedance myography (EIM). In EIM, a weak electrical

current is applied via surface electrodes to amuscle of interest and consequent

impedance characteristics of the muscle are obtained, providing insight into

muscle condition and composition. In this study, we assessed a total of

73 dogs (42 males and 31 females), of varied neutering status and breed,

ages 0.6 to 13.5 years. We identified age-dependent reference values for the

100 kHz phase value in three pelvic limbmuscles, caudal sartorius, cranial tibial,

and gastrocnemius. While phase values were generally higher in males than

females, the di�erence did not reach significance. In general, values declined

on average with age at about 0.5 degrees/year, but with the decline being

most substantial in the oldest dogs. Limited reproducibility assessment of

the technique suggested good repeatability with variation in values between

measurements being under 5%. These results show that EIM has the potential

for the assessment of canine muscle health and may find value in aging

muscle research.

KEYWORDS

muscle, neuromuscular, canine, phase, atrophy

1. Introduction

Loss of muscle mass can occur during many catabolic physiological and

pathophysiological processes, including physical inactivity and starvation or anorexia,

associated with systemic disease. Muscle loss associated with disease is called cachexia,

whereas muscle loss associated with aging in the absence of disease is termed sarcopenia

(1). Sarcopenia reflects loss of myofibers due to apoptosis and decreases in myofiber size.
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Overall muscle circumference is often maintained during early

sarcopenia, as lost myofibers are replaced with adipose and

fibrous tissue (1). Biochemical assessment of aging canine

muscle has confirmed that the upregulation of autophagy occurs

in aged dogs leading to myofiber loss (2). Muscle loss is

common in animals with chronic diseases (e.g., chronic kidney

disease, congestive heart failure, and cancer) or an acute injury

or illness and during aging. Because older animals are more

likely to develop chronic diseases, sarcopenia and cachexia can

occur concurrently.

Visual scoring systems have been used as subjective

measures to evaluate body and muscle condition in dogs. While

many veterinarians use visual body condition scores (BCS) in

which dogs’ body condition ranges from 1 (very thin) to 5

(ideal) and to 9 (very overweight) to determine whether dogs

are at a correct weight, these systems have significant limitations

(3). An important limitation is the fact that visual scores do

not adequately differentiate between increased body size due

to fat vs. muscle. Animals can have significant muscle loss if

overweight (BCS >5). Conversely, animals can have a low BCS

(<4) but have minimal muscle loss. Muscle condition score

(MCS) is 4-point scale graded as normal, or mild, moderate or

severe loss (4). MCS had substantial repeatability and moderate

reproducibility for assessment of muscle mass in dogs (5). Thus,

body condition score, which is an assessment of fat, and MCS,

which is an assessment of muscle, are not directly related.

Clinically relevant methods for quantifying muscle loss are

needed. Ultrasonography and computed tomography (CT) of

muscle has been used for assessment of epaxial muscles in

healthy dogs. An ultrasonographic method for assessment of

epaxial muscles has been validated for use on healthy dogs

(6). Mean epaxial muscle area measured by ultrasonography

was significantly lower in older dogs, compared with younger

dogs, whereas epaxial muscle area measured by CT was only

significantly lower in older dogs after normalization for vertebral

height (7). In addition to loss of skeletal muscle mass, lowmuscle

CT attenuation values suggested that older dogs also had greater

muscle fat content than did younger dogs (8).

Electrical impedance myography (EIM) is a tool that has

the potential to evaluate individual muscles non-invasively and

painlessly, making it possible to use in awake dogs (9, 10).

It relies on the application of a very weak, high frequency

electrical current to a region of tissue and measurement of the

resulting voltages, from which various electrical properties (the

impedance) can be inferred. The general concept of EIM is

that skeletal muscle can be modeled as a network of resistors

and capacitors, with the intracellular and extracellular matrices

of muscle tissue acting as resistors and the lipid bilayers that

constitute the muscle membranes acting as capacitors. Thus, any

global atrophy that reduces the cross-sectional area of muscle

tissue would also be expected to increase the resistance (R);

loss of both free extracellular and intracellular water will also

contribute to increased resistance. As a muscle atrophies, the

local capacitance of the muscle increases (more membranes

per unit volume of muscle). The capacitance is inversely

proportional to reactance (X), and myofiber atrophy, therefore,

would be expected to decrease X. Phase angle (or simply phase)

(θ) combines R and X into a single value by the equation

θ = arctan (X/R) as is the most commonly used impedance

parameters in EIM studies (11, 12). The advantage of the

phase angle is that, to some extent, it corrects for simple

volumetric alterations in the tissue, since simply decreasing the

size of the muscle will have the effect of increasing X and

R to a similar extent. The impedance (Z) itself, is calculated

via the Pythagorean theorem (Z = sqrt (R2 + X2)); however,

the impedance itself is rarely used in most applications since

R is considerably larger than X and thus impedance tends

simply to reflect R. It is a useful outcome parameter since

it normalizes to some extent variations in muscle size and

electrode geometry. We specifically provide the data on phase

(and not resistance or reactance) because phase represents a

more inherent muscle property than resistance or reactance

values which are far more dependent on electrode size, inter-

electrode distances, and muscle size and shape. The integrity of

individual cell membranes, myofiber size, and the presence of

fat and connective tissue has a significant effect on the tissue’s

impedance; consequently, a muscle’s impedance can be used to

measure the tissue’s alteration in disease. Indeed, impedance has

been shown to change in a variety of neuromuscular conditions

and can be used as an overall marker of muscle health (11, 12).

Comparative aging research in companion animals that

share the same environment, diet, and exposure to pollutants,

etc., as humans may make the canine a more realistic “real-

world” model than laboratory rodents. The objective of this

study was to assess normal EIM values in selected pelvic limb

muscles of healthy dogs, determine its association with age,

including preliminarily developing a range of age associated

reference values, and assess sex differences and reproducibility.

2. Materials and methods

2.1. Study population

Healthy dogs were recruited by two different mechanisms.

One group was recruited at the University of Missouri

Veterinary Health Center. These dogs were included in the study

if they had no history of neurologic or orthopedic disease, a

normal complete blood count and serum biochemistry, and

a normal neurologic examination. In addition, boxers were

recruited at the American Boxer National Specialty. These dogs

were included if they had normal orthopedic and neurologic

examinations. All studies were completed with Institutional

Animal Care and Use Committee approval and informed

consent from the owners. Only dogs with a BCS of 4, 5 and 6

(on the standard 1-9 scale) were included in the data analysis
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to reduce the potential impact of excessive body fat on the

measurements. Both groups of dogs were studied at single

session for practical reasons, as it is very difficult to get these pet

dogs back for repeated visits over a short period of time.

2.2. Electrical impedance myography
acquisition

A handheld EIM device (mView, Myolex, Inc, Boston, MA)

was utilized to obtain impedance measurements from the dogs’

hind limb muscles using a small electrode array originally

designed for human infants (13). This electrode has three

electrode sets embedded within it (Figure 1), two providing

current flow along the myofibers and one across myofibers.

Based on standard impedance theory (12), the farther apart the

electrodes, the great depth of muscle penetration. Thus, only the

set that was spaced farthest apart was utilized in this analysis (the

outer electrodes for longitudinal measurements, see Figure 1).

Five pelvic limb muscles were initially chosen for study

based on their easy palpability, superficial location, and size.

These included, gastrocnemius, cranial tibial, gracilis, caudal

sartorious, and biceps femoris; however, given limitations on

testing, including inconsistent values and more limited data sets

in gracilis and biceps femoris, results on only three are reported

here: cranial tibial, caudal sartorious and gastrocnemius. During

data collection, the dogs were awake and gently restrained in

lateral recumbency. Clippers were used to remove the hair

over the targeted muscle, and saline was used to moisten the

skin allowing for effective electrical current conduction from

the EIM probe. The probe was placed at the thickest part of

the targeted muscle. The skin was re-moistened with a saline-

soaked sponge in between each measurement. Three trials of

repeated recordings were performed to test the measurements’

repeatability. The left side was studied uniformly and the right

side less consistently across all dogs. Thus, in this analysis, only

left side muscle data is provided.

2.3. EIM data processing

We extracted the 100 kHz values from the multifrequency

data set. The third measurement served as the final data set

analyzed and the first, second and third were used in the

intrarater reproducibility assessments. The main target EIM

parameter i.e., phase value was our primary measure for data

inclusion and exclusion criteria as any phase value that were

negative or >30◦ were excluded as spurious. Similarly, any

values that were two standard deviations away from the mean

for that muscle were also excluded. Overall, 15 out of 219 (i.e.,

6.89%) EIM muscle measurements were filtered and removed.

Single muscle data is analyzed as well as the average of 100 kHz

data from all three muscles in the limb.

FIGURE 1

Electrode array used to obtain data. The outer electrodes (blue

arrows) emit the electrical current and the inner electrodes

(orange arrows) measure the resulting voltages.

2.4. Statistical analysis

Analysis was conducted in R 4.2.1 (R Foundation for

Statistical Computing, Vienna, Austria). Given its relative

independence from simple volumetric effects, we chose the

phase value as the primary outcome measure. For this

analysis, we used second-degree polynomial regression to

observe the quadratic trend of phase value through the fitted

regression line along with its lower prediction limit, based

on the 95% confidence interval; this regression provided an

age-specific lower limit of normal values for each muscle

specific muscle. In addition, after assessing for normality

with the Kolmogorov-Smirnov test and QQ plots, we used

the Wilcoxon rank sum test to conduct comparison tests

between the two sexes (male vs. females). To assess the

reliability of the EIM measures, we also performed the

coefficient of variation (CoV) assessments on the first, second

and third repeated measurements from each muscle and

their average.

3. Results

3.1. Study population

A total of seventy-three dogs were included in the study,

with forty-two males and thirty-one females, all with body

conditioning scores between 4 and 6. Of the 42 males,

42 gastrocnemius, 42 caudal sartorius and 20 cranial tibial

muscle measurements were obtained. Of the 31 females, 31

gastrocnemius, 30 caudal sartorius and 17 cranial tibial muscle

measurements were obtained. Not all muscles were able to

be measured due to various circumstances including time
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TABLE 1 Mean and standard deviation for age, weight, and BCS for both neutered and intact dogs.

Females Males Total

Intact

females

Neutered

females

Total Intact

males

Neutered

males

Total Total

(N = 20) (N = 11) (N = 31) (N = 31) (N = 11) (N = 42) (N = 73)

Age (years)

mean

(±SD, range)

2.8

(±2.08, 0.63–7.72)

8.2

(±4.45, 1.05–13.6)

4.3

(±3.58, 0.62–13.5)

3.2

(±3.20, 0.76–11.2)

7.3

(±3.95, 2.0–13.0)

3.9

(±3.56, 0.76–13.0)

4.32

(±3.5, 1–13)

Weight (kg)

mean

(±SD, range)

26.1

(±3.6, 20.4–31.87)

26.8

(±10.9, 7.7–54.1)

26.8

(±3.2, 7.7–54.1)

31.0

(±3.7, 24.1-41.4)

20.3

(±10.6, 6.8–33.6)

30.3

(±4.2, 6.8–41.4)

28.7

(±1.6, 6.8–54.1)

BCS mean

(±SD, range)

4.7

(±0.57, 4–6)

5.2

(±0.75, 4–6)

5.0 5.0

(±0.52, 4–6)

4.8

(±0.45, 4–6)

5.5

(±0.52, 5–6)

4.9 4.9

(±0.4, 4–6)

4.9

(±0.4, 4–6)

restraints, dog owner consent, fur shaving limitations for the

show dogs, and other variables. There were different breeds of

dogs included in the analysis. These were: Australian Cattle

Dog (n = 1), Australian Shepherd (n = 1), Beagle (n = 1),

Boxer (n = 59), Chinese Crested-Beagle mix (n = 1), German

Shepherd Dog (n = 2), Great Dane (n = 1), Greyhound

(n = 1), Husky mix (n = 1), Jack Russel Terrier (n = 1),

Labrador Retriever mix (n = 1), mixed-breed (n = 1), Pit

Bull mix (n = 1), Rat Terrier (n = 1) and Treeing Walker

Coonhound (n = 1). All the Boxers were show dogs and their

data was collected on site at the American Boxer National

Specialty. However, the remaining dogs were pet volunteers

and underwent data collection at the University of Missouri

Veterinary Health Center during routine clinical visits. As

described in detail in Table 1, mean age was 4.3 years, mean

weight of 28.7 kgs, and mean BCS of 4.9. Table 1 further

summarizes the number of neutered dogs along with means of

age, weight and BCS; neutered dogs tended to be younger than

intact animals.

3.2. Evaluation of EIM phase with age in
male and female dogs: Establishing lower
limits of normal

The second-degree polynomial regression result shows the

normal linear or parabolic pattern, and its lower limit fit

as given in Figures 2–5 for each muscle and their average

for different sexes, as well the lower 95% confidence limit,

that can be defined as the lower limit of normal. Despite

the relative small sample size, it was evident from all these

graphs that phase tends to decrease with age. This is further

summarized in Table 2 and provided with age-specific lower

limits of normal.

FIGURE 2

Phase angle values at 100 kHz made on cranial tibial muscle for

(A) males and (B) females. The blue solid line represents the

normal fit generated from the second-degree polynomial

regression through the log-transformed data while the red

dotted lines represent the parallel curve that is the lower limit of

normal based on the 95% prediction limit of the quadrative

curve.

3.3. Relationship of all EIM parameters to
sex and age: A multivariate analysis

In the previous analysis, we generated a simple table

(Table 2) by which one can identify normal vs. abnormal values

for EIM separately by sex for the major EIM parameter of phase.

Here we take another view at the data set by incorporating age

and sex values into amultivariate regression. Table 3 summarizes

these results for all three impedance parameters. As can be

seen, of all three impedance parameters, resistance appears to

be most age-sensitive, increasing significantly with age for all

individual muscles and on average across all the muscles. Phase

showed reductions in gastrocnemius and on average across all
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FIGURE 3

Phase angle values at 100 kHz made on gastrocnemius muscle

for (A) males and (B) females. The blue solid line represents the

normal fit generated from the second-degree polynomial

regression through the log-transformed data while the red

dotted lines represent the parallel curve that is the lower limit of

normal based on the 95% prediction limit of the quadrative

curve.

three muscles with age but not in the other muscles separately.

Reactance showed no significant relationship with age. Although

samples are relatively small, male and female animals did not

show significant differences in this analysis.

3.4. Within-session, single evaluator
repeatability of EIM measurements
(phase, resistance, and reactance)

To test the repeatability each of the EIM parameters, we

used the measurements in the first, second and third trials

in rapid succession, as described above, obtained by a single

evaluator. Based on the assessment of the three muscle groups

via coefficient of variation and mean percent difference, it

was evident that EIM displayed good repeatability. A detailed

summary of these values is given in Table 4.

4. Discussion

In this study, we were able to demonstrate a trend

toward decreasing phase values with age in most pelvic limb

muscles studied in both male and female dogs of varying

breed. This reduction in values mirrors that observed in

other animals, including mice (14) and humans (15, 16),

where the technique has also been applied. Preliminary studies

also show a similar trend in zebrafish (Rutkove, unpublished

communication). The age-associated decline in EIM parameters,

most generally apparent at the oldest ages, is consistent with,

but not diagnostic of, sarcopenia. Of course, as we noted earlier,

FIGURE 4

Phase angle values at 100 kHz made on caudal sartorius muscle

for (A) males and (B) females. The blue solid line represents the

normal fit generated from the second-degree polynomial

regression through the log-transformed data while the red

dotted lines represent the parallel curve that is the lower limit of

normal based on the 95% prediction limit of the quadrative

curve.

FIGURE 5

Phase angle values at 100 kHz made on average of the three

muscles for (A) males and (B) females. The blue solid line

represents the normal fit generated from the second-degree

polynomial regression through the log-transformed data while

the red dotted lines represent the parallel curve that is the lower

limit of normal based on the 95% prediction limit of the

quadrative curve.

concomitant changes, including cachexia, possibly related to

concurrent conditions such as undiagnosed neoplasm or cardiac

dysfunction could also play a role. The relatively minor

alterations in the cranial tibial in males with age is unclear.

Through our fitted models, we were able to also establish a

lower limit of normal for these pelvic limb muscles, as we had

done previously in humans and have also provided age-specific

lower limits of normal based on the modeled 95% confidence

limits (17). The data here could assist in identifying dogs with

abnormalities in muscle if the values fall below the lower range
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TABLE 2 Lower limit of 95% prediction from the second-degree polynomial regression showing phase reduction with increasing age.

Muscle Sex Age (years)

1 3 5 7 9 11 13

Gastrocnemius Female 7.9◦ 8.4◦ 8.4◦ 8.1◦ 7.6◦ 6.6◦ 4.9◦

Male 12.1◦ 10.1◦ 8.6◦ 7.9◦ 8.0◦ 8.3◦ 8.0◦

Cranial tibial Female 7.6◦ 9.1◦ 9.4◦ 9.1◦ 8.6◦ 7.7◦ 5.9◦

Male 9.4◦ 9.7◦ 9.5◦ 9.5◦ 9.6◦ 9.6◦ 8.8◦

Caudal sartorius Female 5.5◦ 5.3◦ 4.7◦ 4.9◦ 3.4◦ 2.5◦ 0.9◦

Male 9.0◦ 8.5◦ 7.8◦ 7.1◦ 6.4◦ 5.5◦ 3.5◦

Average of 3 muscles Female 8.9◦ 8.5◦ 7.9◦ 7.3◦ 6.7◦ 6.0◦ 4.8◦

Male 12.1◦ 11.3◦ 10.5◦ 9.7◦ 9.2◦ 8.4◦ 7.1◦

TABLE 3 EIM parameter relationship to age and sex viamultivariate regression, revealing significant relationships with age for some parameters, but

not for sex.

Muscle EIMmeasure Parameter Estimate Standard error P-value Adjusted R-squared

Gastrocnemius (N = 73) Phase Age −0.347 0.104 0.001 0.125

Sex 0.558 0.823 0.499

Resistance Age 1.191 0.339 <0.001 0.149

Sex −2.888 2.326 0.218

Reactance Age 0.024 0.090 0.78 0.017

Sex −0.684 0.666 0.308

Cranialtibialis (N = 37) Phase Age −0.127 0.108 0.251 0.03114

Sex 1.036 0.859 0.237

Resistance Age 0.829 0.235 0.001 0.252

Sex −2.2075 1.805 0.230

Reactance Age 0.116 0.081 0.162 0.0018

Sex 0.123 0.643 0.849

Sartorius (N = 72) Phase Age −0.1269 0.108 0.251 0.031

Sex 1.0359 0.859 0.237

Resistance Age 0.829 0.235 0.001 0.252

Sex −2.207 1.805 0.230

Reactance Age 0.116 0.081 0.162 0.0018

Sex 0.123 0.643 0.849

Average (N = 73) Phase Age −0.346 0.091 <0.001 0.170

Sex 0.918 0.710 0.200

Resistance Age 1.045 0.265 <0.001 0.194

Sex −3.027 1.815 0.100

Reactance Age 0.076 0.063 0.24 0.026

Sex −0.741 0.495 0.14

of values. Of note, we do not provide an upper limit of normal,

since nearly all muscle disorders would be expected to reduce

the phase values, not increase them, with the exception, perhaps

of myostatin mutations causing marked muscle hypertrophy as

described in Whippets (18, 19).

We performed additional multivariate regression to assess

the impact of sex and together on all the major impedance

parameters. This analysis further supported the polynomial

regression completed separately for the sexes described above

but also showed that many of the age effects were mostly related

to changes in resistance [which secondarily impacts phase,

since phase = arctan (reactance/resistance)] and not reactance.

It also suggested that there was no significant impact of

sex in this analysis. Finally, our repeatability assessments,

although limited, show acceptable values for all three

impedance parameters.
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TABLE 4 Single evaluator, within-session EIM repeatability

assessments.

Muscle Value Phase Resistance Reactance

Gastrocnemius Mean percent

difference (%)

1.3 1.9 3.8

Coefficient of

variation

0.095 0.0342 0.091

Cranial tibial Mean percent

difference (%)

2.6 1.7 1.2

Coefficient of

variation

0.079 0.035 0.089

Caudal

Sartorius

Mean percent

difference (%)

2.1 0.98 1.9

Coefficient of

variation

0.090 0.049 0.099

This study had several limitations. First, to some extent

these dogs represented a convenience sample of mixed breeds,

sexes, and intact or neutered status. There were many Boxers

as compared to other breeds because part of data collection was

mainly limited to performance dogs present at a dog show. Also,

we lacked multiple examiners and day-to-day measurement

comparisons for all dogs and thus our repeatability assessments

are fairly limited. Clearly, further studies will be needed to

fully understand the real-world reproducibility of this technique.

Second, while we overall have an acceptable number of animals

for such an analysis (seventy-three), as one breaks it down by sex,

clearly the numbers are not as large as might be desirable. Thus,

the normative lower limits here provided, could only serve as a

starting point for an eventually larger database. In addition, it

is also possible that a contribution of increasing subcutaneous

fat in the oldest dogs could play a role as well. We sought

to exclude this possibility by including only dogs with healthy

body conditioning scores of 4, 5, or 6, thus any confounding

effect from this should have been limited. Nevertheless, it is

impossible to exclude a contribution of subcutaneous fat to these

results. Furthermore, we only looked at small set of pelvic limb

(appendicular) muscles, and did not include any epaxial muscles

typically assessed as part of screening of dog health, though there

is no reason a similar approach could not be used. In addition,

we only report normative values on a single impedance measure

at a single frequency; clearly, similar analyses could have been

performed separately for the resistance and reactance and at

other frequencies. Next, the normative values established here

are dependent on the specifics of the electrode array applied,

including interelectrode distance and electrode size. Fortunately,

the phase values tend to be less effected than other impedance

parameters by these variations. In addition, we studied dogs no

older than age 13.5 years. While this represents a typical life

expectancy for many breeds, clearly extending these assessments

to still older dogs would be interesting. Finally, we did not

separate out sexually intact from neutered animals in our

analyses since this would have further reduced our sample sizes

in each category to such a point that the analyses would have lost

considerable power.

There are several important applications to this initial

work of applying EIM technology to the assessment of dog

muscle health. First, it helps demonstrate that EIM has the

potential serve as a useful tool to assess canine muscle condition

across the ages and can be applied successfully to a number

of dogs of various breeds. This could have value in the

pet food industry as well as serving as an office tool by

veterinarians to assess condition of show dogs or dogs with

variousmedical ailments. Second, it could help in the assessment

of dog models of human muscle disease, including dystrophin

deficiency (as has already been studied with EIM to some extent

(10)), myotubular myopathy (20), and nemaline myopathy

(21). Finally, and perhaps most interesting, it could serve as

useful tool for studies of aging more broadly, with specific

application to human aging. Indeed, it is already currently

being applied for this purpose as part of the Dog Aging

Project (22).
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First described in human EEG over 60 years ago, there are very few examples of

periodic discharges in the veterinary literature. They are associated with a wide

variety of etiologies, both intracranial and systemic,making interpretation challenging.

Whether these patterns are indicative of ictal, interictal, or postictal activity is a

matter of debate and may vary depending on the clinical features in an individual

patient. Periodic discharges have a repeated waveform occurring at nearly regular

intervals, with varying morphology of individual discharges from simple sharp waves

or slow waves to more complex events. Amplitudes, frequencies, and morphologies

of the discharges can fluctuate, occasionally evolving, or resolving over time. This

study presents a visual review of several veterinary cases with periodic discharges

on EEG similar to those described in human EEG, and discusses the current known

pathophysiology of these discharges.

KEYWORDS

EEG, canine, feline, encephalopathy, epilepsy, seizures, status epilepticus

1. Introduction

In human medicine, electroencephalography (EEG), and particularly continuous EEG
(cEEG) has become an essential part of monitoring brain function in critically ill patients, both
with and without known brain disease (1, 2). First described in human EEG over 60 years ago
(3, 4), periodic discharges are noted with varying frequency depending on the patient population,
however, they are being documented with increasing frequency in the continuous critical care
EEG recordings (2, 5–7).

The first reported periodic pattern was termed PLEDs (periodic lateralized epileptiform
discharges), and these discharges were often noted in association with seizures and acute
structural brain disease in humans, particularly stroke (3, 8–11). In 2005, the American Clinical
Neurophysiology Society (ACNS) recommended removing the word “epileptiform” from the
terminology for periodic discharges to bemore strictly descriptive of the waveforms, and to avoid
clinical connotations or to suggest etiology (12). Subsequent terminology guidelines upheld
and elaborated on standardized descriptions for periodic discharges to facilitate consistency
(13–15) (Box 1). This alteration in terminology reflects the research over the years supporting
that periodic discharges (PDs) are not always related to seizures (i.e. not “epileptiform”), but are
sequelae to a focally or globally injured or otherwise dysfunctional cerebrum (10, 11, 16, 17)
from a wide variety of causes, including seizures/status epilepticus (6), systemic metabolic
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BOX 1 Definitions (14, 15).

Generalized (G): any bilaterally synchronous and symmetric pattern, even if it

has a restricted field (e.g., bifrontal).

Lateralized (L): unilateral OR bilateral but clearly and consistently higher

amplitude in one hemisphere (bilateral asymmetric); OR bilateral but with a

consistent lead-in from the same side (bilateral asynchronous).

Bilateral Independent (BI): two independent (and therefore asynchronous)

lateralized patterns with one in each hemisphere, with both patterns occurring

simultaneously, i.e., two independent patterns occurring at the same time

(overlapping in time) rather than sequentially (one starting after the other stops).

Unilateral Independent (UI): two independent (and therefore asynchronous)

periodic or rhythmic patterns in the same hemisphere, with both patterns

occurring simultaneously i.e., two independent patterns occurring at the same

time (overlapping in time) rather than sequentially (one starting after the other

stops).

Multifocal (Mf): at least three independent lateralized patterns, with at

least one in each hemisphere, with all three or more patterns occurring

simultaneously.

Periodic: Repetition of a waveform with relatively uniform morphology and

duration with a clearly discernible interdischarge-interval between consecutive

waveforms and recurrence of the waveform at nearly regular intervals.

Discharges: Waveforms lasting <0.5 s, regardless of number of phases, or

waveforms ≥0.5 s with no more than 3 phases. This is as opposed to Bursts,

defined as waveforms lasting≥0.5 s and having at least 4 phases. Discharges and

bursts must clearly stand out from the background activity

“Plus” modifiers: additional features causing the PD pattern to be more

ictal-appearing than the same PD pattern would without the modifier

• +F: superimposed Fast activity as part of the PD pattern and not just

background activity

• +R: Rhythmic or quasi-rhythmic delta (<4Hz) activity superimposed

over the PD pattern

• +FR: both modifiers are present in the PD pattern

Fluctuating: ≥3 changes in frequency, each <1min length

Evolving: ≥2 changes in frequency in the same direction, e.g., 1 → 1.5 →

2 Hz

disease (1, 18), hypothermia (19), and administration of (20, 21) or
withdrawal from (7) anesthetic drugs.

The concept of the “ictal-interictal continuum” (IIC) recognizes
that many patients with status epilepticus or acute brain injury
from any cause may alternate between ictal and interictal—but
encephalopathic—states, and it is within the IIC where many of the
rhythmic and periodic patterns lie (2, 10, 22–24).

Veterinary medicine has few reports on EEG beyond
describing seizures and ictal patterns (25, 26). In spite of
EEG abnormalities determining the highest tier of confidence
for diagnosis of idiopathic epilepsy in dogs (27), its use is
currently uncommon beyond emergency referral or university
practices (28–31). With increased access to digital EEG, its use
in monitoring and managing veterinary patients with status
epilepticus (SE) or non-convulsive status epilepticus (NCSE) is also
increasing (28–30).

This descriptive paper presents visual examples of PDs
in veterinary EEG paralleling those described in human
EEG, and reviews the human literature on what is known
and still unknown about PDs. The goal of this report is to
increase recognition and understanding of these periodic

patterns on veterinary EEG, especially for monitoring in the
critical setting.

2. Case selection

Canine and feline EEG cases from two veterinary facilities
(UC Davis, Bush Veterinary Neurology Services—multiple locations)
from 2003 to 2021 were retrospectively identified by authors (DCW,
WWB, MFK) for presence of periodic discharges on the recording as
defined in Box 1. Subdermal needle electrodes were used in all cases,
and recording montages and electrode placement for each facility
were slightly different (Supplementary Figures 1, 2), with concurrent
electrocardiogram (ECG). Recordings were reviewed primarily in
each institution’s bipolar montage (Supplementary Figures 1, 2)
(29, 32); remontaging to view a referential montage was also
done to aid localization of events (33). The referential montage
utilized ‘linked ears’ (A1 & A2; Supplementary Figure 1) as the
second input.

Cases were chosen exclusively on the visual identification of
PDs occurring for 25% or more of the EEG recording. All cases
with PDs were clinical patients, for which the EEG was done
at the request of the primary clinician for one of three reasons:
documenting ictal or interictal abnormalities in a patient with known
seizures, evaluating for possible non-convulsive status epilepticus
(NCSE), or assessment of cortical function in a patient with stupor
or coma. Specific sedation drugs to obtain the EEG were used as
clinically needed to assist in electrode placement and dampen muscle
artifact. This ranged from no medications (obtunded/stuporous
patients), to only whatever antiseizure medications (ASMs) the
patient was receiving for management, or specific intravenous (IV)
administration of various sedative drugs to obtain a diagnostic
EEG recording. Characteristics of the PDs noted were waveform
morphology, frequency of the discharges, fluctuation or evolution
of either morphology or frequency, and the localization of
the discharge, either generalized (GPD) or lateralized (LPD)
(Box 1).

3. Results

3.1. Localization/polarity

The prominent feature of visual identification of PDs is the
repeated waveform of relatively uniform morphology, prominently
standing out from the background, occurring at a regular or
nearly regular interval, with a discernible inter-discharge interval
present between consecutive waveforms (Box 1). Localization of
the PDs was noted as either generalized (GPD) if the discharge
was synchronous and symmetric in the hemispheres (Figure 1), or
lateralized (LPD) if the discharge localized to one hemisphere or
lobe, either exclusively or primarily (Figure 2). GPDs may have
a frontal predominance (14), if both right and left sides are
similarly affected (Figure 1). LPDs were localized on bipolar montage
with instrumental phase reversal, and/or on referential montage
by assessing the channels with the highest amplitude (Figure 2).
Only GPD or LPD patterns were recognized in our cases: no
examples of other described PDs in human medicine were noted
[Bilateral Independent (BIPDs), Unilateral Independent (UIPDs), or
Multifocal (MfPDs)] (Box 1).
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FIGURE 1

Three examples of generalized periodic discharges (GPDs). PDs are noted predominantly frontal and in both hemispheres in each case. (A) Ten year old

mixed breed dog with several year history of seizures and recent cluster seizures. Polyphasic GPDs, synchronous and bilateral, with slightly higher

amplitude in the left hemisphere (Bipolar montage; HF 70Hz, sensitivity 5 uV/mm). (B) Four year old domestic longhair cat with otogenic bacterial

encephalitis and seizures. Polyphasic GPDs (Bipolar montage; HF 70Hz, sensitivity 7 uV/mm). (C) Thirteen year old Bichon frise with MUO and recent

cluster seizures (Referential montage; HF 35Hz, sensitivity 5 uV/mm). The amplitude of the discharge is slightly lower in F4 than F3 & Fz, although the

timing of the PD is synchronous in the frontal leads. MUO, meningoencephalitis of unknown origin.
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FIGURE 2

Referential (A–D) and bipolar (E) montages of five cases with lateralized periodic discharges (LPDs). (A) Left parietal LPDs in a 12 year old pug with cluster

seizures, normal brain MRI (HF 35Hz, sensitivity 7 uV/mm). (B) Frontal midline LPDs in a 14 year old Chihuahua mix with cluster seizures secondary to

hypoglycemia and an insulin-secreting tumor (HF 30Hz, sensitivity 10 uV/mm). (C) Right frontal LPDs in an 11 year old miniature Pinscher with recent SE

and history of transfrontal craniotomy 6 months previously for right olfactory/frontal lobe meningioma (HF 35Hz, sensitivity 15 uV/mm). (D) Left

hemisphere LPDs in an 11 year old Labrador with recent cluster seizures and history of craniotomy 6 months previously for left occipital meningioma (HF

30Hz, sensitivity 5 uV/mm). (E) Left hemisphere polyphasic LPDs (phase reversal at T3 and C3) in an 8 year old soft-coated Wheaton terrier with

metastatic neoplasia (HF 35Hz, sensitivity 5 uV/mm).

3.2. Waveform morphology

Periodic discharge morphology was typically a solitary, static
waveform by definition (Figures 1, 2), and there were also instances
of paired waveforms, like a doublet or triplet, that had consistent
temporal associations with each other (Figure 3). In some cases,
morphology of the PD changed: either becoming more polyphasic,
or less polyphasic or “simpler.” Changes in PD morphology might
be noted within the same recording (Figure 4), or on subsequent
recheck EEGs (Figure 5), and could change spontaneously (Figure 4),

or in response to an intervention, like ASM administration
(Figure 6).

3.3. Waveform modifiers

Additional characteristics of PD waveforms, when present
in humans, increase the suspicion for association with or
development of seizures (Box 1). Fast activity or rhythmic activity
(designated “+F” and “+R,” respectively), superimposed on
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FIGURE 3

Four examples of periodic discharges, where the morphology of the PD (solid arrow) included a second or third waveform (arrowheads), with a consistent

temporal relationship to the initial discharge, like a doublet or triplet. (A) Eleven year old Chihuahua with SE (Bipolar montage; HF 70Hz, sensitivity 20

uV/mm). (B) Two year old bichon mix with progressive partial seizures and MUO (Bipolar montage; HF 70Hz, sensitivity 10 uV/mm). (C) Three year old

terrier mix with cluster seizures, normal brain MRI, likely idiopathic epilepsy (Referential montage; HF 35Hz, sensitivity 10 uV/mm). (D) Five year old Basset

hound presented with heat stroke, stuporous, multiple organ dysfunction, no seizures documented (Referential montage; HF 35Hz, sensitivity 7 uV/mm).

the PDs are correlated with an increased likelihood of seizures
in humans (15). In some of our cases, there were PDs with
superimposed fast activity that could be considered to have
+F features (Figure 7). In the two EEGs depicted in Figure 7,
both dogs had recordings done in close temporal proximity to
their seizures.

3.4. Waveforms with triphasic morphology

“Triphasic waves” in human EEG are noted as a characteristic
GPD with a small upward phase, a large, broad, downward
phase, followed by a third larger upward phase (Figure 8
inset), with a relatively low frequency (0.5–2Hz). Current
human nomenclature describes these waveforms as “GPDs
with triphasic morphology” (15). Examples of this type of
waveform morphology are seen in Figure 8, with underlying
etiologies including both metabolic encephalopathy as well as
idiopathic epilepsy.

3.5. Frequency

The frequency of the PDs was primarily static for the individual
recording (Figures 1–3, 5, 7, 8), and in some instances was fluctuating
(Box 1) between higher and lower frequencies (Figure 9), or evolving

(Box 1), and evolving PDs were noted to progress to ES or clinical
seizures in some cases (Figures 4, 10).

3.6. Response to intervention

If specific intervention during the EEG recording was done,
it was typically an IV bolus of an antiseizure medication
(ASM) (various drugs based on clinical decision, most commonly
a benzodiazepine, phenobarbital, or levetiracetam). When IV
ASMs were administered, many cases exhibited changes in the
frequency and morphology of the PDs, but the discharges often
persisted after drug administration, and in some cases returned
to pre-ASM character with time if the medication had a short
half-life (Figure 6).

4. Discussion

Even with hundreds of published cases of periodic discharges
on EEG, with corresponding imaging, diagnosis, and outcome,
there is still much debate in human medicine about the origin
and clinical implications of various PDs, and particularly whether
or not treatment with anti-seizure medication is indicated (9–
11, 16, 17, 24, 34–36). In human medicine, PD frequency is
known to change—either increasing or decreasing (8–11)—sliding
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FIGURE 4

EEG epochs over the course of 45min in a 10 year old Boxer with hypoglycemia and SE demonstrating evolution in PD frequency as well as change in

morphology to a more ictal-appearing pattern. Bipolar montage. (A) PD frequency is about 0.5Hz, some with a triphasic morphology. There is no

apparent phase reversal, but the discharge has the highest amplitude on the left side, and end-of-chain would localize to O1 (HF 35Hz, sensitivity 7

uV/mm). (B) Frequency increases to almost 1Hz, along with a change in morphology and increased amplitude—note the change in sensitivity. Discharges

are still lateralized (LPDs), with phase reversal noted in the left hemisphere at T3 and C3 (HF 15Hz, sensitivity 50 uV/mm). (C) Frequency of PDs continues

to increase to 1.5Hz, becoming more generalized and developing a spike-wave morphology, and the clinical diagnosis of electrographic seizure (ES) was

made (HF 15Hz, sensitivity 30 uV/mm).

up or down the IIC; PD waveform morphology can change—
either spontaneously (11) or in response to intervention like
surgery (37) or drugs (20, 21); and PDs are frequently documented
to resolve with resolution or improvement of the underlying

process (7, 8, 11, 19, 21). The case examples in this report
demonstrated all of these characteristics. It is perhaps not surprising
that dogs and cats can exhibit pathological periodic patterns
comparable to those in people, since these species have been
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FIGURE 5

Two examples of resolution (A1, A2) or apparent improvement (B1, B2) of PDs on serial EEGs. (A1) Three year old Labrador mix with cluster seizures and

MUO. Polyphasic GPDs frequency about 1Hz (bipolar montage; HF 70Hz, sensitivity 3 uV/mm). (A2) Recheck EEG of the same dog (A1) on the following

day showing resolution of the PDs and apparently normal EEG (bipolar montage; HF 15Hz, sensitivity 2 uV/mm). (B1) Eleven year old Miniature Pinscher

with recent SE (same dog as Figure 2C). Polyphasic right frontal LPDs (referential montage; HF 35Hz, sensitivity 10 uV/mm). (B2) Recheck EEG of the

same dog (B1) on the following day. The right frontal LPDs are still present, but are no longer polyphasic, and have a lower amplitude than noted in (B1)

(referential montage; HF 35Hz, sensitivity 10 uV/mm). MUO, meningoencephalitis of unknown origin.

investigated for decades for similarities to humans in functional
neuroanatomy (38–40).

Advances in invasive and non-invasive multimodal monitoring
have not only increased detection of PDs in critically ill people,
they have provided new information about the generators and
pathophysiological processes associated with periodic discharges.
Periodic discharges were originally thought to be secondary to white
matter disease only, but human necropsy studies of patients with PDs
on EEG showed cortical and/or subcortical graymatter lesions almost
exclusively (41).

The origin of PDs is currently theorized as subsequent to
interneuron exhaustion from repeated depolarization. The prolonged
recovery of interneurons secondary to a structural lesion or frequent,
intense depolarization (e.g., SE) results in disinhibition of adjacent
local field potentials, permitting synchronization and generation of
large-scale discharges, likely detected as PDs on scalp EEG (24,
42). Recent neural network modeling with disinhibition of synaptic
connections as a parameter, reliably reproduces GPDs (43), and
altering the patterns of disinhibition or the time delay in the model
simulates GPDs with varying morphology (polyphasic, multiple
waves). This is interesting pathophysiology to consider, given the
variation in the morphology of the PDs both between different
patients (Figures 1–3, 5, 6), and changes in PD morphology within
the same patient, either spontaneously (Figures 4, 10) or with time
and continued treatment (Figure 5). It is likely that the changes

in PD morphology over time indicate re-establishment of more
normal synaptic connections, and that the patient is “moving in
the right direction,” down the IIC. In human EEG, the “+F” and
“+R” superimposed additional rhythms (Figure 7) impart a higher
likelihood of seizures, and the PDs with these additional features are
more likely to be on the ictal side of the IIC (15). Therefore, simpler
PDs likely indicate a more stable or less epileptogenic cortex, and are
likely better for the patient. In case series of human patients with
acute causes for PDs, over time, PD frequency decreased and the
waveform morphology became less complex and longer in duration
(wider waveform) before disappearing (8, 11). Similarly, in our
cases where repeat EEGs were done, “simplification” or complete
resolution of the PDs was noted (two cases illustrated in Figure 5)
as the patient gradually improved clinically.

Visual examples of GPDs with triphasic morphology were
specifically highlighted (Figure 8), since the origin, pathophysiology,
and naming of this waveform morphology is one of the most
debated of all the periodic patterns (44, 45). In human EEG, these
previously named “triphasic waves” (TWs) were initially considered
pathognomonic for hepatic encephalopathy (HE) (46). Over the
years, however, many exceptions were noted, where TWs were
present and the underlying process was not HE [toxins/medications
(7, 20), immune-mediated encephalitis (47), among many others
(44)], and there is no longer an assumption of a metabolic
encephalopathy when TWs are noted. A human EEG study (48)
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FIGURE 6

Four year old German Shepherd with cluster seizures and HE. Referential montage; HF 15Hz, sensitivity 5 uV/mm in all panels. (A) Right parietal LPDs

(arrows) with spike-wave morphology, immediately prior to IV midazolam (MDZ). (B) Shortly after IV MDZ, the LPD morphology is changed to more

blunted and lower amplitude (arrowheads), but still noted on the right hemisphere and midline chain. (C) Ten minutes post-MDZ, the LPDs at P4 (arrows)

have returned to the spike-wave morphology.
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FIGURE 7

Examples of GPDs (arrow) with apparent superimposed fast activity (circle), similar to the “+F” modifier (Box 1). (A) Seven year old Swiss Mountain Dog

presenting in SE, post-ictal changes noted on MRI, likely idiopathic epilepsy (Bipolar montage; HF 70Hz, sensitivity 2 uV/mm). (B) Two year old French

bulldog with cluster seizures and MUO, 10min post-MDZ IV bolus. A left ear twitch was noted AFTER each PD and fast activity, in the interdischarge

interval. ECG artifact is noted in channels 14 & 15 (Referential montage; HF 35Hz, sensitivity 7 uV/mm). MUO, meningoencephalitis of unknown origin.

evaluating inter-rater agreement on identification of GPDs and
TWs found excellent inter-rater agreement for presence of GPDs,
but only fair agreement for triphasic morphology. Interestingly,
cases with TWs in this human study were less likely to have
toxic/metabolic causes for their encephalopathy than those without
TWs (48). Similar to the other adjustments in EEG terminology to

avoid implying etiology, the current nomenclature describes these
waveforms as “GPDs with triphasic morphology” (15), for which
a metabolic encephalopathy would be one potential underlying
cause (18, 44, 45). In the four cases of TWs illustrated in Figure 8,
only one had HE (Figure 8D); the other cases had no systemic
metabolic derangements, and seizures only. Conversely, the absence
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FIGURE 8

Bipolar montages of four cases with GPDs with triphasic morphology. The initial phase in each case is very small, with prominent second and third phases

(inset figure). (A) Three year old Australian Shepherd mix with seizures and cerebral intra-axial mass on MRI (HF 70Hz, sensitivity 7 uV/mm). (B) Five year

old American Sta�ordshire terrier with cluster seizures, polycythemia (HF 15Hz, sensitivity 3 uV/mm). (C) Five year old Scottish terrier with cluster

seizures, likely idiopathic epilepsy (HF 30Hz, sensitivity 15 uV/mm). (D) Four year old wirehair terrier with seizures and HE (HF 30Hz, sensitivity 15 uV/mm).

of GPDs with triphasic morphology does not exclude metabolic
encephalopathy as an underlying disease: Figure 6 is an example of
a dog with HE, seizures, and LPDs with a spike-wave morphology
and not the prototypical triphasic morphology.

4.1. Frequency

Where a periodic discharge falls on the IIC strongly depends on
its frequency. By the ACNS definition (15), any discharge ≥2.5Hz is
more likely to be an ictal pattern, whether a clinical seizure (patient
has a synchronous physical manifestation) or solely an electrographic
seizure (ES). A periodic discharge of ≤1Hz is more likely interictal,
and PDs with interdischarge intervals between 1 and 2.5Hz have an
increasing predisposition for seizures with the increasing frequency
of the discharge (5, 6). In the two figures illustrating evolution of
PDs, both the frequency and the complexity of the PDs increased,
resulting in ES in one dog (Figure 4) and a clinical seizure in another
(Figure 10).

4.2. Indicator or inciter of injury?

While the debate continues about whether PDs should be
managed as ictal or interictal, as more is learned about the cellular
pathophysiology of brain injury, a new question for consideration is
whether PDs are solely sequelae to a cortical/subcortical injury, or
are the depolarizations of the large volumes of neurons generating
the PDs actually causing additional injury to the brain (5, 24).

Some aspects of functional neuroimaging have contributed additional

information (49). Magnetoencephalography (MEG) detects magnetic
fields associated with current flow in neurons, and can facilitate
further understanding of neural networks involved in generating PDs
(50). MEG in patients with structural lesions and PDs shows LPDs
originating from the interface region between the lesion and the
normal brain—the “watershed” zone—not the lesioned brain itself,
suggesting reactivity to the insult (50). Focal restricted diffusion on
magnetic resonance imaging (rd-MRI) diffusion-weighted imaging
(DWI) in patients with seizures results from increased metabolism
and cytotoxic edema secondary to the ictal activity (51). A study of
DWI and humans with LPDs on EEG with and without seizures,
demonstrated rd-MRI only in the patients with seizure patterns and
PDs, not in patients with PDs alone, suggesting that PDs alone do
not cause restricted diffusion, the ictal activity does (52). Variable
DWI changes are described in dogs with known history of clinical
seizures (53), but timing of the imaging from the seizures (54) and the
necessity of general anesthesia in veterinary patients for MRI likely
alter the metabolic changes in the brain and thus the appearance on
the imaging.

Witsch et al. (5) utilized invasive multimodal monitoring to show
real-time changes in partial pressure of oxygen in interstitial brain
tissue (PbtO2) in patients with PDs on EEG. They demonstrated
a direct correlation with higher frequency PDs (>2Hz) and tissue
hypoxia, resembling the pathophysiologic changes seen with seizures.
Very interestingly, their real-time monitoring of PbtO2 showed a
decrease in brain tissue oxygenation that preceded increases in PD
frequency, also suggesting that PDs on EEG are reactive to brain
injury/hypoxia rather than causal (depending on the frequency).
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FIGURE 9

Two examples of fluctuating frequency of PDs in bipolar montage. (A) Ten year old domestic longhair cat with cluster seizures, unknown etiology (HF

70Hz, sensitivity 10 uV/mm). (B) Two year old beagle with cluster seizures and MUO (HF 15Hz, sensitivity 7 uV/mm). Only two changes in frequency are

seen in this epoch, but frequency continued to fluctuate during the recording.

They acknowledge, however, that brain tissue hypoxia and PDs may
also perpetuate a vicious cycle, initiated by hypoxia and exacerbated
by higher-frequency PDs (5).

4.3. Outcome

Much of the historical literature on PDs in human medicine
is in patients with documented seizures, other brain injury, or
severe metabolic derangements (9, 18, 35, 38, 55, 56). Only recently
have PDs been regularly identified in the critical care setting (1,
2, 6, 7). One case-controlled study (1) compared outcomes in two
groups of patients: one with GPDs on EEG, and another group
matched to the first set of patients based on disease etiology and
level of consciousness, but without GPDs noted on EEG. GPDs
were strongly associated with NCSE, and NCSE was associated with
a poor outcome, however, the presence of GPDs alone was not
specifically associated with a poorer outcome when compared to

the case-controlled patients (1). Historically, in human medicine,
PDs in patients with underlying pathology (i.e., not secondary to
drugs/toxicity) are most commonly associated with a poor functional
outcome or death (9, 35, 55–58).

The goal of this descriptive paper is to present several visual
examples of periodic discharges in veterinary patients to increase
recognition of these patterns for clinicians in neurology and critical
care settings, and to encourage development of a common language
for these periodic patterns to facilitate collaborative research.
These visually distinctive waveforms are still hotly debated in
human medicine, and the more that is known, the less black-
and-white the understanding becomes: are PDs ictal or interictal?
Should PDs be specifically treated? Does the presence of PDs
predict a poor outcome? Are PDs a cause or consequence of
brain injury? It seems like the answer to each of these questions
is: “It depends. . . ” Characteristics like higher frequency (>2Hz),
more complex waveforms (polyphasic, “+” modifiers), evolution of
PDs, and presence of electrographic or clinical seizures are more
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FIGURE 10

Three sets of consecutive EEG epochs in a 12 year old Shepherd mix illustrating evolution of GPDs to a focal seizure, and spontaneous resolution. The

dog has a history of nasal aspergillosis and recent cluster seizures. Referential montage HF 35Hz, sensitivity 5 uV/mm. (A) GPDs (arrows) progressively

become more polyphasic, then develop bursts (>4 phases, longer than 500ms) (circle). (B) GPDs (arrows) are associated with progressively longer bursts

(circles), until a clinical focal seizure involving the left eye and face occurs, lasting 40 s. No pharmacologic intervention was given. Arrowheads indicate

the start of electromyography (EMG) artifact from the muscle activity on the left frontal (F3, Fz) and left eye channels. (C) After termination of the clinical

seizure, the GPDs (arrows) are apparent at a 2–2.5Hz frequency, until they terminate spontaneously.

supportive of an ictal pattern, while lower frequency (<1Hz), simpler
PDs might be less likely to be associated with seizures, however,
a patient’s location on the IIC is not static. The presence of PDs
on EEG seems to indicate a brain “on the edge:” whether on the
edge of further decline or the edge of recovery is dependent on
many factors.

This report illustrates that PDs occur in veterinary medicine
and have the same features as those in human medicine. Next
steps in veterinary medicine will be evaluating if the presence
of PDs on EEG is correlated with clinical or electrographic
seizure or status epilepticus, specific diagnoses, signalments, and
outcomes. Optimally, we would learn which patterns and trends
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might benefit from treatment, and if that treatment improves
patient outcome.
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This study was designed to identify abnormalities in the electroencephalograms

(EEGs) recorded from stranded California sea lions (Zalophus californianus) with

suspected domoic acid (DA) toxicosis. Recordings from animals presenting for

non-neurological issues were also obtained to better understand the normal EEG

(background activity and transient events) in this species, as, to date, studies have

focused on examining natural sleep in pinnipeds. Most animals were sedated

for electrode placement and EEG acquisition with some receiving antiepileptic

medications or isoflurane during the procedure. A total of 103 recordings were

read and scored from 0 (normal) to 3 (severely abnormal). Epileptiform discharges,

consisting of spikes, sharp waves, slow waves, and/or spike waves, were present

in all EEGs with scores of 1, 2, or 3. The distribution of these events over the

scalp varied.While often generalized, otherswere lateralized over one hemisphere,

bifrontal, bioccipital, and/or bitemporal, while some discharges were multifocal.

Findings were di�erent between sea lions and occasionally changed within the

EEG on a given sea lion. No clinical seizures were observed during the recording

but a few sea lions had findings consistent with electroencephalographic seizures.

When available, supporting diagnostic results obtained from magnetic resonance

imaging (MRI) and/or necropsy/histopathology were described, as well as the

status of those sea lions that recovered and were released with satellite tags.
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seizures, epilepsy, domoic acid (DA), memory, spatial ability, EEG, hippocampus
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Introduction

Credited with being the first to describe the human
electroencephalogram (EEG) in 1929, Hans Berger’s study (1)
was expanded upon with the publication of petit mal (now called
absence) epilepsy findings in 1935 (2). Epileptic events consisting
of spike-wave discharges at 3Hz and interictal spikes were
described in this report by Gibbs, Davis, and Lennox (2). More
studies have been conducted since then with EEG being considered
a standard diagnostic tool in human medicine for a variety of
disorders, especially epilepsy. This diagnostic technique remains
comparatively rare in veterinary medicine with studies available
at some academic institutions and large specialty practices but
primarily limited to companion animals. Brain wave activity has
been recorded from marine mammals in research settings. Several
earlier publications describe the use of implanted electrodes to
study natural sleep in multiple species of cetaceans (toothed whales
and dolphins) (3–5) and pinnipeds (seals and sea lions) (6–9).
Recent studies have employed non-invasive methods for recording
EEG in the latter (10–12). Sleep background patterns were noted
in only one hemisphere when marine mammals were submerged
but were bilateral when resting at the surface or, in the case of
pinnipeds, hauled out. Other than brief descriptions involving
some of the sea lions presented here (13–16), detailed findings
of clinical EEGs recorded from Zalophus californianus have not
been reported.

Recurrent seizures in humans and sea lions have been
associated with the consumption of seafood (fish or shellfish)
that has ingested certain algal diatoms containing domoic acid
(DA). In late 1987, 150 people in Canada ate blue mussels that
contained Pseudo-nitzschia multiseries that had been collected
from nearby Prince Edward Island River (17). Human patients
(107 confirmed cases) presented with gastrointestinal symptoms
within 24 h or exhibited at least one neurological symptom within
48 h of ingestion. The latter consisted of memory loss, confusion,
disorientation, seizures, coma, or cranial nerve palsies. Four people
died within 24 days of mussel consumption. Several of those people
who were severely affected had anterograde amnesia, resulting in
the disease being given the moniker, amnesic shellfish poisoning.
Seizures were a common finding in severe cases but lessened in
frequency over a 2-month period. An 84-year-old male patient
went from being disoriented and sleepy the day following shellfish
ingestion to comatose with complex partial status epilepticus by
day 3 (18). On EEG, he was found to have diffuse background
slowing and lateralized periodic discharges (PDs) on the left side
and bitemporal independent epileptic events. He was discharged
seizure-free 4.5m later and had a normal EEG 8m after exposure,
although he continued to have severe memory impairment. A
year after acute DA exposure, he developed complex partial
seizures and was diagnosed with temporal lobe epilepsy. At that
time, magnetic resonance imaging (MRI) demonstrated bilateral
hippocampal atrophy. An autopsy 2 years later, following his death
from pneumonia, revealed sclerosis of both hippocampi and the
mesial temporal region.

First, observed in 1998, multiple marine mammal mortality
events have been reported along the Western US coastline.
California sea lions, long-beaked common dolphins (Delphinus

capensis), short-beaked common dolphins (Delphinus delphis),
bottlenose dolphins (Tursiops truncatus), gray whales (Eschrichtius
robustus), and a single northern fur seal (Callorhinus ursinus) were
all thought to have died after acute DA exposure (19, 20). Northern
anchovies (Engraulis mordax) were considered the primary vector
in the sea lion cases (21). More recently, a large number of sea
lions have been stranded with health issues attributed to chronic
exposure to DA. In addition to neurological manifestations (13),
reproductive failure (22, 23) and a degenerative cardiomyopathy
(24) have also been associated with the toxin. Affected sea lions,
similar to humans with amnesic shellfish poisoning, have also been
shown to have memory deficits (25). There is evidence that some
cases may have resulted from exposure in utero or neonatally, as
DA has been found in amniotic fluid and dam’s milk (26). The odd
behavior described in sooty shearwaters in 1961 (27), which was
the inspiration for Hitchcock’s movie, The Birds, is thought to have
been associated with an earlier Pseudo-nitzschia plankton bloom
(28, 29). Multiple mass die-offs of brown pelicans and Brandt’s
cormorants in Monterey Bay, California, in each of the following
three decades were determined to be DA-related diseases after
finding contaminated anchovies in the stomach contents of affected
birds (29).

In this retrospective study, EEG was used in an attempt to
identify sea lions with suspected neurological damage subsequent
to DA toxicosis, a common cause of strandings in this species. Sea
lions are exposed to DA by ingestion of fish that have consumed the
marine diatom Pseudo-nitzschia australis.

Materials and methods

Over a 7-year period (2004–2011), electroencephalographic
studies (EEGs) were performed on 120 California sea lions that
were rescued by The Marine Mammal Center following stranding
along the California coast. Most animals were found between
Sonoma County and San Luis Obispo County with the exception
of one individual in the Sacramento delta.

Sea lions

Animals were divided into two groups based on signs at
presentation. The Neurologically Normal Group consisted of 15 sea
lions. There were a total of 88 animals in the group designated as
the Suspected DA Toxicosis Group. Notably, 12 sea lions, two that
would have been in the neurologically normal group and ten with
suspected DA toxicosis, received isoflurane at the beginning of their
recordings, making interpretation difficult. These were excluded
from the study. Another five, all DA suspects, had unreadable
recordings (corrupted files). This brought the total number of sea
lions evaluated down from 120 to 103.

Neurologically Normal Group presented with various clinical
problems, including malnutrition, leptospirosis, trauma,
entanglement, or abscess. Three had no clinical signs and the
cause of stranding was unknown. Eight were restrands (they
had been previously admitted and tagged before release). Signs
associated with central nervous system dysfunction were not
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observed in any of these sea lions on admission. This group
consisted of 15 animals. With one exception, all animals in this
group were young males. They were classified as pups (MP), if
less than a year (N = 5), yearlings (MY), if 1 to 2 years (N = 3),
juveniles (MJ), between 2 and 4 years (N= 3), and subadults (MS),
if 4 to 8 years (N = 3). The lone female (FP) in this group was a
pup (less than 1 year).

Suspected DA Toxicosis Group presented with neurological
signs including, unresponsiveness, seizures, abnormal behaviors
(head weaving, scratching, and flipper biting), ataxia, and/or
aggressiveness. Blindness was noted in several sea lions, either
initially or after time spent in rehabilitation. There were 88 animals
in this group: 15 males (1 MP, 4 MY, 8 MJ, and 2MS), 72 females
(1 FP, 10 yearlings [FY], 10 subadults [FS, between 2 and 5 years],
45 adults [FA, >5 years], and 6 unknown ages),1 and one unknown
gender (not recorded). There were 21 restrands in this group.

Several animals, especially those in the latter part of the study,
had courses of phenobarbital prior to performing the EEG study.
A total of 14 sea lions had additional recordings, one to two
repeats. Some involved different sedative/anesthesia combinations
or courses of antiepileptic medication between the repeat and
the original recording. Those sea lions in which isoflurane was
administered at the onset were not scored.

EEG recording

Sea lions were housed at the Marine Mammal Center in
individual pens with freshwater or saltwater pools prior to 2009
and saltwater thereafter. They were transported to an enclosure
at the surgical facility for EEG recordings at the discretion of
the attending veterinarian. Except for two obtunded animals, sea
lions received medetomidine at a dose of 0.07 mg/kg IM or
dexmedetomidine at 0.35 mg/kg IM for sedation (to facilitate
placement of electrodes). A total of 68 individuals were also
administered 0.2 mg/kg butorphanol IM at the same time as the
a2 agonist. After observing the effect of the sedatives, at which
time the animals were resting quietly, 15 26-gauge platinum needle
EEG electrodes (Grass Astromed) were inserted under the skin of
the scalp. Due to similarities in skull shape, electrode placement
was done based on that routinely used in mesocephalic dogs at
the University of California, Davis Veterinary Medical Teaching
Hospital. This consisted of three evenly spaced midline electrodes
(FZ, CZ, and PZ), four each on the left (F3, C3, P3, O1) and right
(F4, C4, P4, O2) with all frontal (F), central (C), and parietal
(P) electrodes in the same transverse plane and two pairs of
lateral electrodes (left and right), dorsal to the pinnae (A1 and
A2), and caudal but in the same coronal plane (T5 and T6)
as aural (A) electrodes (Figures 1A, B). A ground electrode (Z)
was positioned over the frontal sinus at the midline. Additional
electrodes were placed to record the electrooculogram (EOG) and

1 Due to di�erences in maturation, only pup and yearling designations are

the same for both sexes. There are no juvenile females, so subadult and

adult ages di�er between males and females. No adult males (greater than

8 years of age) were present in this study, whereas adult females were the

most represented group at 43.7% (45 out of 103).

the electrocardiogram (ECG), i.e., the former near the lateral and
medial canthus of each eye (in most sea lions, they were not
included in highly reactive animals) and the latter on the chest
near each pectoral flipper. Electrodes were connected to a mini-
input box (Nihon Kohden Inc.) which led to the amplifiers of the
Neurofax 2100 digital EEG system (Nihon Kohden Inc.). Electrode
impedances were checked and determined acceptable at 10 k� or
less. The recording bandwidth was set with a time constant of 0.1 s
and a high-frequency cutoff value of 70Hz. Display sensitivities
varied between 5 and 20 µV/mm (depending on the amplitude
of the EEG signal from each sea lion), and the time base was
10 s/page. Short segments of a 50 µV/mm calibration signal and
a biological calibration were recorded to insure proper amplifier
function prior to recording. A double banana montage, based on
that used in human electroencephalography, was utilized for both
display and analysis of the recordings (Figure 1C). Some EEG
segments were also reviewed with a referential montage. EEGs
varied in length from 10 to 61min, depending on patient tolerance
for the procedure and time constraints. Five animals received
midazolam IM and three received lorazepam IM during the
EEG recording. Atipamezole at 0.25 mg/kg IM was administered
at the end of the procedure to reverse the effects of the a2
agonists (medetomidine or dexmedetomidine) in 11 sea lions.
When additional diagnostic procedures were required, animals
were supplemented with isoflurane gas anesthesia with oxygen via

face mask while recording continued (N= 22).

EEG scoring

Most recordings were interpreted independently by two
electroencephalographers (DCW, with a background in veterinary
EEG, and BT, an expert in human EEG), while the latter recordings,
sea lions numbered 9008 and above, were reviewed together.
Only those sections following a2 agonist administration (with or
without butorphanol) or not sedated (in those animals deemed too
obtunded to give sedative) were scored. A subjective system, based
on the amount of abnormal activity present, was used to score
each EEG.

0 No abnormal activity was detected, normal.
1 Rare/occasional abnormal activity observed, mild.
2 Abnormal activity alternated with normal EEG, moderate.
3 Abnormal activity abundant, often obliterating the background
EEG, severe.

In addition, details regarding the types of epileptiform
discharges (spikes, sharp waves, slow waves, and/or spike waves)
and their distribution (generalized, lateralized, over a particular
brain region, and/or multifocal) of the events were noted.
Responses in EEG activity associated with the administration of
additional drugs or a change in the state were described.

Related data

Status after treatment was recorded on most sea lions.
When available, supporting diagnostic information (MRI and/or
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FIGURE 1

A sea lion with subcutaneous electrodes in place for EEG/EOG (A). Only the hubs are visible (the 12mm needles project rostrally). A diagram of

electrodes with designated labels (B). The modified double banana montage utilized (C). F, frontal; C, central; P, parietal; O, occipital; T, temporal; A,

aural; odd numbers, left side; even numbers, right side; z, midline; Z, ground; OS, left eye; OD, right eye (ECG not shown).

histology/necropsy) was compared to EEG findings on a given sea
lion. These techniques have been described in previous publications
(13, 30–32). In addition, those animals that were tagged and
released were followed as part of another study (33). Others were
evaluated behaviorally to better understand the impact of DA on
memory and spatial ability (25).

Results

EEG findings

Some scores differed between readers but not by more than one
value. In these instances, the higher of the two scores was used for
that sea lion (refer to Supplementary Table).

Neurologically normal group
Artifact was a common finding in these EEGs. It consisted

primarily of muscle artifacts (especially in EOG channels), but it
also included artifacts associated with eye, head, and generalized
movement. Occasional myoclonic jerks were observed during EEG
recordings and are described as follows: stereotyped twitches of the
eyes, the nose, the head, or the body. Periods of wakefulness and
slow-wave sleep (SWS) were recorded and consisted of:

Wakefulness: a mixture of low amplitude (<40µV) beta
activity (>13Hz) often interspersed with higher (∼60µV) runs
of rhythmic alpha activity (8–13Hz), as shown in Figure 2A.
This state was observed primarily only in the latter part of

some EEGs (in those sea lions that did not receive general
anesthesia and whose recordings were long enough for sedative
effects to wear off or were given atipamezole and/or stimulation
for reversal).

Slow-Wave Sleep: a background of ongoing large (maximum
of 240µV), random, slow (delta range, <4Hz) waves and the
intermittent appearance of sleep spindles (up to 80µV, at 12–14Hz
with a duration of 0.5 s or less). This state was symmetrical in both
hemispheres. An example is shown in Figure 2B. This state was
observed throughout most or all of the EEGs in the majority of
sea lions.

No rapid eye movement (REM) sleep was observed in any of
these recordings.

In most individuals, the administration of
medetomidine/dexmedetomidine was associated with long
periods of SWS. The female Neurologically Normal sea lion (7158)
was an exception, as the entire recording consisted of wakefulness.
Other than a suspected increase in myoclonic activity, butorphanol
did not appear to influence the EEG. Isoflurane had a profound
effect on background activity, occasionally resulting in a burst
suppression pattern (Figure 2C).

Scoring in the Neurologically Normal Group was defined,
as follows:

0= 5 sea lions (1 FP, 1 MP, 1 MY, and 2 MS).
1= 9 sea lions (4 MP, 2 MY, and 3 MJ).
2= 0 sea lions.
3= 1 sea lion (MS).
Occasional abnormal slow waves, some high in amplitude

(400 µV), were a common finding in animals with an EEG
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FIGURE 2

Neurologically Normal sea lion (7347) wakefulness EEG pattern with alternating beta activity (>13Hz, low amplitude at middle and end) and alpha

activity (8–13Hz, medium amplitude at the beginning and between middle and end) (A). Slow wave sleep in a Neurologically Normal sea lion (6326)

with ongoing delta activity (<4Hz high amplitude) and a well-developed sleep spindle before the 4 s mark (vertical line) with smaller ones at the

beginning and end of this epoch (B). Both had EEG scores of 0. The same sea lion (6326) during isoflurane anesthesia (C). A 1-s suppression period

occurred between the 3 and 4 s marks. Multiple sharp (duration 70–200ms) and slow waves (>200ms) can be seen. Superimposed muscle artifact

(fast, darker, jagged-looking activity) is present bifrontally (F3 and F4).
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FIGURE 3

Recordings from Neurologically Normal sea lions with mild abnormalities (a score of 1). Sea lion 7155 recording with a large slow wave in the middle

of the epoch (A). An example of a typical generalized slow wave preceded by a deep positive (downward) deflection at the same time point in sea

lion 8488 (B).

score of 1 (Figure 3). In all cases, these slow waves differed
from those of SWS in that they were uniform and tended to
be generalized. Many were also preceded by a deep positive
phase (Figure 3B). The single severely abnormal sea lion (a
sub-adult male) in this group (7689), which presented for

entanglement and was also a restrand, had continuous slow
waves interspersed with sharp waves and spikes throughout
the 21-min recording (Figure 4). This may represent an
electroencephalographic seizure as no clinical sequelae were
apparent in this individual.
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FIGURE 4

Segment of EEG from a sea lion initially thought to be Neurologically Normal (7689). Continuous generalized abnormal slow wave activity was

present throughout this recording (EEG score = 3). The frequency varied between 4 and 5Hz and may represent an electroencephalographic seizure

(no clinical signs were apparent).

Suspected DA toxicosis cases
Artifact was less frequent in this group of sea lions, as sedation

effects tended to be more pronounced. Muscle artifact, when
present, was primarily in the EOG channels. When the background
was visible, it was primarily that of SWS for most of the recording.

Mixed epileptiform discharges, consisting of
spikes (duration <70 ms),
sharp waves (70–200 ms),
slow waves (> 200ms), and
spike waves (a spike followed by a slow wave),

were common in the EEGs from this group. Some were single
events (Figure 5), but others were bursts of generalized discharges
sandwiched between periods of normal EEG (Figure 6). In the
most severely affected sea lions, abnormal rhythmic activity was
nearly continuous throughout the recording, similar to that seen
in Figure 4. Occasionally, the discharges were irregularly periodic
in occurrence (referred to quasiperiodic, Figure 7). The abnormal
activity was most commonly generalized, but in some animals,
epileptiform discharges were worse on one side (unihemispheric),
only occasionally extending to the opposite side. Spikes were often
multifocal (Figure 8A). All but one sea lion (7160) in this group
displayed a mixture of these events. When multiple, slow-wave,
and spike-wave bursts varied in frequency from 3 to 5Hz and
were often voltage maximal either frontally or occipitally, though
in a few sea lions, it was bitemporal (Figure 8B). An unusual
pattern was noted in sea lion 7160 that displayed nearly continuous
spike/sharp wave activity for 25min at which time isoflurane

was administered (Figure 9). This recording is suggestive of an
electrographic seizure.

In several instances, waking the animal at the end of the
recording, in some cases by administering atipamezole and/or
stimulating (via nose or flipper taps), resulted in a dramatic
improvement in the EEG (Figure 10, compared to Figure 5).

As was mentioned for the Neurologically Normal Group,
isoflurane was associated with dramatic changes in the EEG. Large
slow waves, sharp waves, and spikes, similar in appearance to those
seen with sedation during SWS, were present with this general
anesthesia. These were always generalized, even in those sea lions
that had focal or unihemispheric discharges prior to induction
(Figure 11, compared to Figure 8A).

The administration of benzodiazepines, midazolam, or
lorazepam, during recordings, did not appear to reduce the
presence of slow-wave discharges in the EEG but did reduce or
eliminate spikes and sharp waves (Figure 12).

Scoring for this group of sea lions was as follows:
0= 0 sea lions.
1= 7 sea lions (1 MP, 1 MJ, 2 FS, and 3 FA).
2= 23 sea lions (4 MY, 2 MJ, 1MS, 2 FY, 2 FS, and 12 FA).
3 = 58 sea lions (5 MJ, 1MS, 1 FP, 8 FY, 6 FS, 30 FA, 6 F age

unknown, 1 gender and age unknown).
Those sea lions that had repeat recordings after receiving

treatment with phenobarbital for 7 to 28 days showed minimal
changes in EEG scores, at most, a one-step improvement (e.g., from
3 to 2).
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FIGURE 5

A sample of EEG from a Suspected DA toxicosis sea lion (8659, a score of 3) during slow-wave sleep. Several generalized large slow waves are

apparent in addition to right hemisphere spikes (duration <70ms, after the 1- and 2-s marks). A spike-wave discharge is shown between the 5- and

6-s marks. Muscle artifact is present in the EOG channels.

FIGURE 6

Five s burst of generalized abnormal activity consisting of slow waves, spikes, and sharp waves between normal slow-wave sleep background

segments in Suspected DA toxicosis sea lion 6741 (a score of 3).
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FIGURE 7

Quasiperiodic (irregular intervals) generalized and multifocal discharges in Suspected DA toxicosis sea lion 6887 (a score of 3).

Related data

Neurologically normal group
Only two sea lions in this group (8052 and 7689) had MRI

studies. The former was read out as normal but no results were
reported on the latter. None had necropsy/histological studies.
Seven of these sea lions were released after treatment, two died
(6326 and 9483), and five were placed at other facilities with 7689
being no status given.

Suspected DA toxicosis cases
In this group, 22 sea lions received MRIs. Findings in one

(9724) stated that the hippocampi were normal but white matter
lesions were present (Figure 13). The EEG score in this animal
was 3. Most (N = 12) had unilateral hippocampal (HC) necrosis,
with five on the left and seven on the right. Ratings varied on the
left with three having mild atrophy (6710, 6859, and 9690), one
with severe (6508), and one was not rated (7745). For those with
right-sided atrophy, two were moderate (6405 and 6433), three
had severe (4589, 6510, and 6707), and two were not rated (8722
and 8883). Six had bilateral HC atrophy with 6887 showing more
severe changes on the right than the left. The other cases consisted
of two with mild (6667 and 6904) and three with severe bilateral
HC atrophy (6740, 6804, and 9821). One each with severe left
HC atrophy (6508), severe right-sided atrophy (6510), and severe
bilateral HC atrophy (6804) had an EEG score of 1. Another two
sea lions (9255 and 9931) in this group had MRI but no results
were available.

Brain (primarily hippocampal) necropsy/histology results were
provided on 24 sea lions in this group. Various findings are as
follows: two no gross HC lesions (9925 and 9938), two perivascular
edema (6731 and 8883), one brain necrosis (6365), and one
porencephaly (6079; Figure 14). Sea lion 6731 also had signs of
a brain hemorrhage. Five had left-sided HC atrophy (two mild
[6489 and 6859], one moderate [6318], and two severe [6508
and 6804]) with seven diagnosed with right-sided atrophy (two
moderate [6090 and 6405] and five severe [4589, 6510, 6676, 6707,
and 6887]). There were two cases of moderate bilateral atrophy
(6123 and 6741), one with severe left-sided atrophy and moderate
right-sided atrophy (6804) and two with moderate unilateral HC
loss (side not mentioned; 6084 and 6290). One case (9574) was
described as having diffuse atrophy. One of the sea lions with an
incomplete number (805?) had severe left HC atrophy and another
(8722) was described with severe loss. A normal left hippocampus
(9724) and a severely atrophied left hippocampus (9821) are
shown in Figure 15. One adult female without HC changes (9938)
was found to have carcinoma throughout the abdominal cavity
with enlarged lymph nodes, abnormal kidneys, and multiple liver
nodules. Despite an EEG score of 3, this sea lion’s brain was grossly
normal. On necropsy, sea lion 9724 had mild encephalitis, vaginal
carcinoma, myocarditis, and verminous (lungworm) pneumonia.
Brain and heart changes were consistent with a protozoal etiology.
No evidence of metastatic disease was present, so the carcinoma
was likely early stage. On radiography, lead fragments were found
in one sea lion (6741) and a 9-mm bullet in another (6804). In both
cases, they were lodged below the skin of the neck and appeared to
be isolated by fibrous tissue.
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FIGURE 8

Primarily left-sided EEG abnormalities (spikes, sharp waves, and slow waves) with a few spike waves extending into the right hemisphere in Suspected

DA toxicosis sea lion 6731 (A). A segment of EEG in Suspected DA toxicosis sea lion 9935 demonstrating various abnormalities with a bitemporal

distribution (B). Both had a score of 3.

For the suspected DA toxicosis sea lions, 13 were released,
51 were euthanized, 15 died, and 10 had no status listed. In
contrast to the Neurologically Normal Group, none were placed.
Eight of the released animals were fitted with satellite tags to
study their movement following release. One (6904) stayed in
Monterey Bay but restranded with seizures and was euthanized.

Another (6887) was found to be disoriented on a police car
in San Francisco and was also euthanized. Two others in
this subset were euthanized with the remaining four animals’
statuses unknown.

A summary of all sea lion data included in this study is shown
in the Supplementary Table.
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FIGURE 9

An unusual recording in Suspected DA toxicosis sea lion 7160 (a score of 3) consisting of continuous spikes (A), spikes devolving into sharp waves (B),

both voltage maximum caudally (occipital region). This appears to be an electroencephalographic seizure. Isoflurane administration had profound

e�ects on the EEG pattern (C).
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FIGURE 10

Change in abnormal activity associated with state. Suspected DA toxicosis sea lion 8659 (same as in Figure 5) near the end of the recording with a

right-sided discharge during slow-wave sleep (A) and normal wakefulness (B).

Discussion

Recording EEG in free-ranging, stranded California sea
lions was possible with the use of a2 agonists in most cases.
As has been reported in cats, dogs, and horses, these drugs

produce SWS that has the same characteristics (background
and transient events) as that which occurs naturally (34–
36). This state has been associated with a greater probability
of detecting abnormal activity in an EEG recorded from a
patient with epilepsy (37, 38). It holds true across species
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FIGURE 11

Change in EEG associated with isoflurane anesthesia in Suspected DA toxicosis sea lion 6731 (compare with Figure 8A).

(39), and sea lions are no exception. Dramatic improvement in
EEG recordings (decrease/disappearance of epileptiform activity)
was seen following transitions from sleep to wakefulness in
all sea lions where state changes occurred. Similar to the
findings in horses, isoflurane had confounding effects on the
EEG, even in animals determined to be neurologically normal
(Figure 2C) (40).

EEG recordings were sensitive, picking up abnormalities
in most sea lions during SWS (even those that were not
neurologically impaired) but not specific, as similar features
were observed in animals diagnosed with porencephaly, cancer,
metabolic disease, or white matter lesions. In human medicine,
EEG patterns are not pathognomonic for specific disorders.
Similar patterns can be associated with a variety of etiologies,
cerebral or systemic, such as, cerebral hypoxia, diffuse encephalitis,
sepsis, severe metabolic disease, non-convulsive status epilepticus,
drug overdose/withdrawal, or hypothermia (41). PDs have been
reported with these maladies and were noted in the EEG from
the elderly human patient with amnesic shellfish poisoning (18).
None of these sea lion EEGs met the PD criteria (refer to
Knipe, et al. in this issue), though sea lions 6090, 6667, and
6887 (Figure 7) had occasional quasiperiodic discharges in their
EEG recordings.

Multiple studies of the neurological effects of DA have been
performed in rats. Some involved DA injections (either into the
peritoneum [IP] or directly into the hippocampus) of sublethal
doses of the toxin and determination of the time to onset
of stereotypic behaviors, such as scratching, lethargy, shaking,

tremor, or seizure (42–44). A few also describe the associated
electrocorticography (ECoG) findings (43, 44). Latencies to onset of
interictal spikes decreased as the dose for those rats hippocampally
injected increased with a concurrent increase in the frequency
of spikes (43). Clinical seizures were apparent at the 3 highest
doses only (100, 200, and 300 pmol). Differences in the display of
data make comparisons with the Scallet report difficult, as their
analyses were done using fast Fourier transform (FFT) so raw
EEG details are lacking (44). They describe significant increases in
delta and theta power (voltage squared, in the 1.25–4.50Hz and
4.75–6.75Hz frequency bins, respectively) primarily at the higher
dose (4.4 mg/kg IP). Theta power in the low-dose (2.2 mg/kg)
group only achieved significance 95min post-injection compared
to 30min for the high-dose group, delta power never did achieve
significance in the low-dose group (but did at 35min for the high-
dose group). Higher frequency bands, alpha 1 (7.00–7.50Hz), alpha
2 (9.75–12.50Hz), and beta (12.75–18.50Hz), took longer in both
groups to attain significance (75–85min for high, 110min for low).
Spikes are mentioned but cannot be seen in the figure, as the
time base is very compressed (60 s/division instead of the usual
1 s/division).

Early cases of DA toxicosis in sea lions were associated with
mass strandings that coincided with algal blooms of Pseudo-

nitzschia australis (45). This DA exposure was thought to induce
damage initially that may later go clinically undetected for some
time (a latent period), only to show up eventually as epilepsy
(46). This was certainly the case with the human patient described
by Cendes who developed complex partial epilepsy 1 year after
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FIGURE 12

The e�ect of a benzodiazepine on the EEG in sea lion 6667 (a score of 2). Before administration, there are numerous spikes (only the largest one is

likely blink artifact) (A). Loss of abnormal fast activity after lorazepam administration (B) and disappearance of all abnormalities associated with

wakefulness (C).
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FIGURE 13

Individual generalized events and bursts of sharp and slow waves in Suspected DA toxicosis sea lion 9724 (a score of 3). This animal was diagnosed

with white matter lesions on MRI but hippocampi were considered normal. Mild encephalitis and cardiomyopathy were found at necropsy consistent

with a protozoal etiology.

FIGURE 14

Large slow waves and a positive (pointing away) right temporal spike between the 3 and 4 s marks in Suspected DA toxicosis sea lion 6079 (a score of

1). This animal was diagnosed with porencephaly at necropsy.
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FIGURE 15

Histological section of a normal left hippocampus from sea lion 9724 (A). Hippocampal section from one (9821) with severe bilateral atrophy [(B), left

shown]. Bar is 1mm, the same scale for both.

ingestion of mussels containing DA despite being seizure free for
the previous 7.5m (18). Age susceptibility may have played a role in
amnesic shellfish poisoning. Of the 107 confirmed human cases, 49
(46%) were between the ages of 40 and 59 years and 38 (36%) were
60 years or older, with one patient’s age unknown (17). An MRI
study of 53 sea lion DA toxicosis cases found more severe losses in
hippocampal and parahippocampal gyrus volumes in adult animals

(47). The authors attributed this to a combination of older animals
potentially being more susceptible to the toxin and accumulated
damage being induced by the recurrent seizures themselves. This
is in contrast to Simeone’s report that the developing brain of the
fetus/neonate is less likely to be protected from DA effects by virtue
of its incompletely formed blood–brain barrier (48). In numerous
instances, sea lions exposed to DA in utero do not make it to term
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(22, 23) and those that do risk further DA exposure by way of
the dam’s milk (26). The Neurologically Normal Group consisted of
40.0% pups (six out of 15) but only two (7158 and 8031) had normal
EEGs (a score of 0) and four were 1s. The female pup’s (7158)
EEG recording did not contain any periods of sleep; therefore, the
lack of abnormalities may be state-related. All of these pups could
have been exposed to DAwith the potential to develop neurological
signs over time (even without additional exposure). This age group
represented only 2.3% (two of 88) of the Suspected DA Toxicosis

Group with one receiving a score of 1 and the other with a
score of 3. The former was hypoglycemic when admitted, which
likely contributed to this sea lion’s neurological status. Drawing
conclusions about the effect of age requires further study.

Gender appears to be an important factor in this malady, as
81.8% (72 of 88) of the sea lions in the Suspected DAToxicosis Group

are females, compared to 6.7% (one in 15) in the Neurologically

Normal Group. This finding has been attributed to the species’
foraging behavior with only females feeding close to rookeries year
round where they are more likely to encounter the toxin (46).

Domoic acid preferentially binds to the kainic acid
subtype of glutamate receptors prevalent in the CA3 region
of the hippocampus (29). It binds both presynaptically and
postsynaptically where it induces elevations in intracellular
calcium levels, leading to excitotoxic damage such as neuronal
loss and astrocytosis. Memory and spatial ability are critical
functions of the hippocampus, which can be severely impacted
by DA toxicosis/amnesic shellfish poisoning. This brain structure
is also involved in the development of some forms of epilepsy.
Cats (49), humans (50), and sea lions (29, 32, 46) all have this
in common. White matter pathology in the fornix and increases
in hippocampal-thalamic connectivity are reportedly similar in
both DA toxicosis sea lions and humans with mesial temporal
lobe epilepsy (51). In addition to being a sentinel species that can
provide valuable information regarding the presence of toxins in
the environment, the sea lion may also be an animal model for the
most common form of epilepsy in humans. Future sea lion EEG
studies can be beneficial in determining the functional aspects of
this disorder in conjunction with those involving imaging and
pathological findings.

Despite the limitations of this study (no known history
prior to stranding [with the exception of restrands]), a lack
of truly normal controls (sea lions with no known history of
DA exposure or other medical conditions), various missing data
points, and minimal follow-up [consisting of telemetry data on
the locations of released animals with tags and the status of sea
lions placed in other facilities], some valuable knowledge has
been gained.

Conclusion

High-quality recordings of normal EEG and a range of
abnormal EEG, representing a few different etiologies, were
obtained from this population of formerly free-ranging sea lions
(those living under natural conditions up until the time they
stranded and were treated at a rehabilitation facility). These data
can be applied to future studies in this species but can also be used
to compare EEG findings across species.
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Introduction: Sleep is fundamental for cognitive homeostasis, especially in

senior populations since clearance of amyloid beta (key in the pathophysiology

of Alzheimer’s disease) occurs during sleep. Some electroencephalographic

characteristics of sleep and wakefulness have been considered a hallmark of

dementia. Owners of dogs with canine cognitive dysfunction syndrome (a canine

analog to Alzheimer’s disease) report that their dogs su�er from di�culty sleeping.

The aimof this studywas to quantify age-related changes in the sleep-wakefulness

cycle macrostructure and electroencephalographic features in senior dogs and to

correlate them with their cognitive performance.

Methods: We performed polysomnographic recordings in 28 senior dogs during

a 2h afternoon nap. Percentage of time spent in wakefulness, drowsiness, NREM,

and REM sleep, as well as latency to the three sleep states were calculated.

Spectral power, coherence, and Lempel Ziv Complexity of the brain oscillations

were estimated. Finally, cognitive performance was evaluated by means of the

CanineDementia ScaleQuestionnaire and a battery of cognitive tests. Correlations

between age, cognitive performance and sleep-wakefulness cyclemacrostructure

and electroencephalographic features were calculated.

Results: Dogs with higher dementia scores and with worse performance in

a problem-solving task spent less time in NREM and REM sleep. Additionally,

quantitative electroencephalographic analyses showed di�erences in dogs

associated with age or cognitive performance, some of them reflecting shallower

sleep in more a�ected dogs.

Discussion: Polysomnographic recordings in dogs can detect sleep-wakefulness

cycle changes associated with dementia. Further studies should evaluate

polysomnography’s potential clinical use to monitor the progression of canine

cognitive dysfunction syndrome.

KEYWORDS

NREM sleep, REM sleep, canine cognitive dysfunction syndrome, quantitative EEG, power

spectrum, coherence, complexity

1. Introduction

Sleep is fundamental for cognitive homeostasis as some of its most relevant functions
are memory consolidation and learning processing (1–3). Dogs, like humans and other
mammals, experience age-related changes in their sleep-wakefulness cycle (4–8). In fact,
owners of aging dogs report that sleeplessness is an age-related behavioral change with great
impact on the owner-pet relationship (9). While these variations can be attributed to normal
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aging, in some cases they may possibly be due to underlying
neurodegenerative processes (10, 11).

Humans with Alzheimer’s disease (AD), for example,
experience sleep disruptions, such as insomnia and sleep
fragmentation. These signs can occur early in the course of the
disease because brain regions that regulate sleep and circadian
rhythms, such as the suprachiasmatic nuclei, are some of the
first to be affected (10, 12, 13). Older dogs are prone to develop
canine cognitive dysfunction syndrome (CCDS), a disease similar
to AD (14–16). This syndrome is characterized by disorientation,
memory impairment and difficulty learning, changes in social
interactions and house soiling behaviors, increased anxiety, and
alteration of the sleep-wakefulness cycle (11, 17–19). Specifically,
owners of dogs with CCDS report that their dogs suffer from
difficulty sleeping, increased pacing and vocalizations at nighttime,
and/or increased sleeping at daytime (11, 20).

While sleep disturbance might be a consequence of these
neurodegenerative processes, they can also contribute to the
pathophysiology of the disease and to memory impairment
resulting in a vicious cycle (13, 21). Clearance of amyloid beta
(Aβ) occurs in the brain through the glymphatic system, and
this system is primarily active during slow wave sleep (NREM
sleep) (22). Therefore, sleep deprivation can increase Aβ deposition
in the brain (13, 22–25). While several studies have shown
that sleep is disrupted in dogs with CCDS (11, 26), this has
been based on owner reports, and no study has looked at the
macrostructure or at the electroencephalographic changes of sleep
in these dogs. Polysomnography is the gold standard technique
to objectively evaluate sleep (27) and a non-invasive technique
has been developed in dogs (28). It consists of the simultaneous
recording of the EEG, electrical activity of the muscles (EMG) and
eye movements (EOG) and can also include the recording of the
electrocardiogram (ECG) and respiratory movements.

In addition to the importance of an adequate amount of
time dedicated to sleep, the electroencephalographic characteristics
of sleep are also associated with Aβ clearance; for example, the
reduction of slow oscillations (delta) power is strongly correlated
with Aβ deposition in the brain (25). In fact, studies in humans
using quantitative electroencephalographic analyses (qEEG) (27)
have shown electroencephalographic signatures of dementia during
wakefulness and sleep states (29–33). One of the most widely
employed qEEG analyses is spectral power, which provides the
relative contribution of the frequency components of a signal and
reflects the local degree of synchronization of the extracellular
potential (34). Spectral power is calculated by means of the fast
Fourier transform, and the details of its calculation can be found
elsewhere (27). Usually, the frequency spectrum is divided into
discrete ranges (bands); in dogs, these are delta (1–4Hz), theta
(4–8Hz), alpha (8–12Hz), sigma (12–16Hz), beta (16–30Hz), and
gamma (30–45Hz) (21). Each band is associated with different
behavioral or consciousness states, for example, wakefulness is
characterized by higher power in faster oscillations (alpha, beta, and
gamma), while NREM sleep or anesthetic states are characterized
by higher power in delta oscillations (27, 35, 36). In humans with
AD, an increase in delta power and a reduction in the frequency
of the peak alpha power has been demonstrated during resting
state (37).

Another qEEG analysis frequently used is the spectral
coherence, which measures the degree of functional coupling
between two cortical areas. Two brain oscillations are completely
coherent at a specific frequency if their phase difference and the
relationship between the amplitudes at that frequency are constant
(27, 38). Coherence can be calculated between two areas within the
same brain hemisphere (intrahemispheric) or between areas on the
right and left hemispheres (interhemispheric) We have previously
shown that, comparable to people with AD (39, 40), during
wakefulness, dogs with presumptive diagnosis of CCDS show a
reduction of interhemispheric coherence in the high frequency
bands (41).

Both power and coherence aremeasures of linear dynamics, but
the complex EEG signal cannot be explained only by them. Non-
linear analyses are a more modern method to study the complexity
of the system (42). One of the most used in qEEG research is
Lempel Ziv Complexity, which evaluates the randomness of finite
sequences based on the number of distinct patterns in a signal and
the symbolic encoding (43). The LZC analysis is usually performed
on the whole signal of a wider range of frequencies, without
analyzing different frequency bands. This complexity has been used
in the analysis of different neurophysiological signals, for example,
to study the EEG signatures of anesthesia, sleep, and altered states
of consciousness, as well as brain disorders such as AD or epilepsy
(44–47). During wakefulness, people with AD show a reduction in
Lempel Ziv Complexity (45), but we have recently found that the
opposite is true for dogs with presumptive diagnosis of CCDS (41).

The aim of this study was to describe and quantify age-related
changes in the sleep-wakefulness cycle macrostructure and EEG
features in senior dogs and to correlate them with their cognitive
performance. We predicted that cognitively impaired dogs would
sleep less and would have distinct EEG features from dogs without
cognitive impairment.

2. Methods

2.1. Study population

All procedures were approved by the North Carolina State
University (NCSU) Institutional Animal Care and Use Committee,
protocol number: 21-303. Client-owned dogs participating in the
longitudinal study of neuro-aging at the North Carolina State
University (NCSU), College of Veterinary Medicine were used in
this study [described in our previous research (18, 48, 49)]. All
owners reviewed and signed an informed consent form prior to
participation. To be included, dogs had to be older than the 75%
of their expected lifespan, which was calculated using the formula
proposed by Greer et al. (50) that takes into consideration the dog’s
height and weight and can thus be applied in case of mixed-breed
dogs as well. Additionally, they had to be free of comorbidities
that could impede their ability to perform cognitive tests such as
inability to walk or blindness.

Demographic information was collected, and physical,
orthopedic, and neurological examinations were conducted for
every dog. Height to the dorsal aspect of the scapula (withers) and
body weight were measured in order to calculate dogs’ expected
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FIGURE 1

Polysomnographic recordings in dogs. (A) Electrode locations. Four active EEG electrodes were placed over the midline, left and right frontal areas

(Fz, F3, and F4, respectively), and over the vertex (Cz). Those electrodes are represented with a black dot. A reference electrode was placed over the

external occipital protuberance (Oz) and it is represented with a red dot. Bipolar EOG signal was recorded by placing two electrodes on the left and

right zygomatic arch next to the lateral canthus of each eye (blue dots). A ground electrode (G) was placed over the left temporal muscles (green

dot). EMG and ECG were also recorded but it is not shown in the figure. (B) Picture of a dog undergoing a polysomnographic recording using their

own bed. (C) Representative ECG, EOG, EMG, and EEG signals during wakefulness, drowsiness, NREM, and REM sleep. Contamination of the ECG can

be observed in the EMG signal.

lifespan. Urinalysis, biochemistry panel and complete blood cell
count were also performed to rule out potential comorbidities.

2.2. Polysomnographic studies

Dogs underwent polysomnographic recordings with
simultaneous recording of EEG, EOG, EMG, and ECG with
a slight modification of the protocol described by Reicher et al.
(51). As schematized in Figure 1A, we employed four active EEG
electrodes, F3, F4, Fz (left, right, and midline frontal, respectively),
and Cz (at the level of the vertex). The electrode location was
chosen to evaluate the frontal and parietal cortex, the frontal
cortex being particularly important in cognitive decline (52).
These electrodes were referenced to Oz, an electrode placed
over the external occipital protuberance. Bipolar EOG signal
was recorded by placing two electrodes on the left and right
zygomatic arch next to the lateral canthus of each eye (F7 and
F8, respectively). A ground electrode was placed over the left
temporal muscles. For EMG, bipolar signal was obtained by
placing two electrodes over the dorsal neck muscles on the
left and right side. Finally, one electrode was placed over the

fifth intercostal space and referenced to the Cz electrode to
record the ECG. We used gold-coated electrodes (Genuine Grass
10mm Gold Cup, Natus Medical Inc) which were attached to
the skin with SAC2 electrode cream (Cadwell Laboratories)
after applying a skin preparation and electrode solution (Signa
Spray, Parker Laboratories). Recordings were performed with
the software Cadwell Easy II software (Cadwell Laboratories).
Electrode impedance was checked to be under 20 kΩ before
starting the recording. A frequency sample of 400Hz was used.
All signals were bandpass filtered between 0.53 and 70Hz. A notch
filter was also applied during acquisition to remove the 60Hz
power-line noise.

Recordings were performed in a very quiet room, with dim
light and white noise reproduced through a laptop computer.
Room temperature was maintained at 20◦C. Owners were asked
to bring their dogs for polysomnography recordings on 2 different
days, an adaptation day [to avoid the “first-night-effect” (51)],
and a recording day and were instructed to bring their dogs’
usual bed or blankets to both recording days, so dogs felt more
comfortable to sleep. Figure 1B shows an example of one dog
during a polysomnography recording. During the adaptation day
we performed a 30min recording that served to acclimate the dog
to the recording room and setup. On the actual testing day, the
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dogs had a 2-h polysomnography recording that started between
12:30 and 1:30 PM. This period of time was selected because it has
been shown that dogs usually have naps around noon (5, 53, 54).
For dogs who became anxious and attempted to leave the room or
removed all the electrodes, we stopped the recordings even if the
2 h were not complete. Time between the adaptation and the actual
recording day was never more than 2 weeks, and cognitive testing
happened in between these days.

States of wakefulness, drowsiness, NREM and REM sleep
were manually scored in 3 s epochs in the Spike 2 software
(Cambridge Electronic Design) using criteria described previously
(28). As shown in Figure 1C, wakefulness was characterized by fast
frequency EEG activity, high activity in the EMG, and frequent
high-amplitude eye movements. Drowsiness was defined by EEG
activity similar to wakefulness, reduced but observable muscle
activity in the EMG and decreased amplitude and frequency
of eye movements. NREM sleep was characterized by low-
frequency and high-amplitude neural oscillations, mainly within
the delta frequency band. Muscle activity during NREM sleep
was significantly reduced and there were no or sporadic low-
amplitude eye movements. Finally, REM sleep was recognized by
high frequency activity in the EEG, absence of muscle activity
and frequent rapid eye movements that can also be observed
as artifacts in the EEG (28). Latency to enter drowsiness,
NREM and REM sleep as well as the percentage of the total
recording time spent in each behavioral state were calculated.
Additionally, sleep efficiency was calculated by adding the time
spent in NREM and REM sleep and dividing it by the total
time recorded.

2.3. qEEG analyses

Similar to our previous study (41), raw EEG signals from the
four EEG electrodes were exported from Spike 2 to MATLAB
(version 2022b; The MathWorks Inc). All artifact-free, non-
transition epochs were selected for quantitative EEG analysis.
Power spectrum was calculated for Fz and Cz electrode locations
with a 0.25Hz resolution between 0.5 and 50Hz by means of
pwelch function in MATLAB using the following parameters:
1 s sliding windows with 50% overlap. Power at F3 and
F4 were not calculated since we were interested in changes
in frontal and parietal cortices and analyzing three different
electrodes of the same area was redundant. Total power was
computed by summing the power of each 0.25Hz bin and
relative power was calculated by dividing power over total power.
Interhemispheric (between F3 and F4) and intrahemispheric
(between Fz and Cz) coherence were calculated using theMATLAB
mscohere function utilizing the same parameters used for power
spectrum analysis. Coherence values were then normalized using
Fisher’s z-transform.

We also evaluated the complexity of the EEG signal by means
of Lempel-Ziv complexity for Fz and Cz. To perform the analysis,
the signal was pre-processed by applying an order 5 butterworth
band-pass filter between the frequencies 1 and 50Hz. We then
used the lziv_complexity function from the AntroPy package from
Python (55).

2.4. Cognitive evaluation

We evaluated cognitive status in these dogs by using an
owner-based questionnaire and a battery of cognitive tests. As
in our previous studies, the questionnaire utilized was the
Canine Dementia Scale (CADES), a validated clinical metrology
instrument to capture behavioral changes associated with CCDS. In
this questionnaire owners need to specify the frequency with which
their dogs experience specific behaviors in four different domains:
spatial disorientation, social interactions, sleep-wakefulness cycle
and house soiling (11). CADES scores range from 0 (normal)
to 95 (severely affected) and allow classification of dogs into
four different categories: normal (0–7), mild cognitive impairment
(MiCI, 8–23), moderate cognitive impairment (MoCI, 24–44), and
severe cognitive impairment (SCI, 45–95).

Cognitive testing was also performed to objectively evaluate
different domains of cognition: attention (sustained gaze test),
working memory and executive control [inhibitory control and
detour (cylinder) tasks]. The detailed procedure for each task has
been described by our group elsewhere (18, 56). In brief, the
sustained gaze task measures how long the dog holds the gaze
with an experimenter who is holding a treat near their face. To
evaluate working memory, two red Solo

R©
cups were placed on a

mat and a small food treat was hidden under one of them (while
the dog is allowed to see where it was placed). The delay (up to
2min) between placing the treat and allowing the dog to choose
one of the cups to retrieve the treat was progressively increased. The
upper threshold of time that dogs were able to correctly identify
(at least four out of six times) where the treat was hidden was
then calculated. In the inhibitory control task, dogs were asked
to retrieve a treat from a transparent plastic cylinder that is open
on both ends, without touching the outside walls of cylinder. The
detour task is similar but adds an additional difficulty—the dog’s
preferred side for retrieving the treat is now covered, and they need
to enter the cylinder from the opposite side (detour) in order to
obtain the treat. The outcome measure for these two tests is the
percentage of correct trials (retrieving the treat without touching
the outer walls of the cylinder or the detour).

2.5. Statistical analysis

We calculated the correlation between the sleep architecture
variables (and Lempel Ziv Complexity) and age, CADES score,
and performance in each of the cognitive tests by means of
Spearman correlation analyses. While fractional lifespan (instead
of chronological age) was employed for inclusion criteria, we used
chronological age in our analyses because previous studies that
have looked at sleep and qEEG analysis in dogs have reported
chronological age (28, 51, 57). Statistical significance was adjusted
using the Benjamini, Krieger and Yekutieli method (58) with a false
discovery rate of 0.05. Adjusted p-value is expressed with a “q.”
To evaluate the correlation between age and cognitive performance
with power and coherence we did a bin to bin spearman correlation
analysis and we used the procedure known as Rüger’s areas (59)
previously employed in polysomnographic studies in dogs (28, 57)
to address the issue of multiple comparisons. These areas can be
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FIGURE 2

Latency to and percentage of time spent in each behavioral state during polysomnography recordings. (A) Box plots showing latency in minutes to

drowsiness, NREM and REM sleep. Only data from dogs that entered each specific behavioral state was employed (drowsiness n = 26, NREM sleep n

= 24, and REM sleep n = 15). (B) Box plots showing percentage of total time spent in each behavioral state and the sleep e�ciency (sum of time in

NREM and REM sleep over total time). All dogs (n = 28) were used. Box plots represent the median (central line of the box), the 25 and 75th

percentile (lower and upper line of the box). The whiskers represent 1.5 times the interquartile range (1.5*IQR) and outliers are shown with a circle. W,

wakefulness; Drow, drowsiness; NREM + REM, sleep e�ciency.

defined as a cluster of conventionally significant (p < 0.05) results,
which are considered significant (or not) as a whole. A Rüger’s
area is the cluster of all the adjacent, consecutive frequency bins
which contain a significant result surrounded by bins containing
non-significant results. After defining these areas of significance,
the number of frequency bins within the area was counted, and it
was inspected to see if at least half of the p-values were lower than
1/2 of the conventional p= 0.05 significance level (i.e., below 0.025)
and at least 1/3 of them were lower than 1/3 of the conventional p
= 0.05 (i.e., 0.0167). If both requirements were satisfied, the area as
a whole was considered significant.

3. Results

3.1. Demographics

Twenty-eight dogs [13.25 ± 1.57 years old (Range: 10.4–16.2)]
were enrolled in this study. Their mean fractional lifespan was 1.06
± 0.12 (Range 0.81–1.22). Seventeen were spayed females and 11
were castrated males. Seventeen were purebred dogs, and 11 were
mix breed. Themost represented breed was pit bull terrier with four
dogs, followed by Labrador retriever with two dogs. There were
also 1 dog of each of the following breeds: Australian shepherd,
Basset hound, beagle, Border collie, Brittany spaniel, dachshund,
German shorthaired pointer, golden retriever, German shepherd,
Irish setter, and Pomeranian.

3.2. Polysomnography recordings

Of the 28 dogs, 17 completed 2 h of recording. Of the remaining
9, five completed at least 1.5 h of recording and the minimum
recording time was 1.01 h. Twenty-six dogs entered drowsiness, 24
into NREM sleep and 15 into REM sleep. Percentage of the total
recorded time spent in each behavioral state, sleep efficiency and

latency to drowsiness, NREM sleep, and REM sleep are shown in
Figure 2.

3.3. Cognitive evaluation

Median score in the CADES questionnaire was 18 (Range 0–
70). According to their score, eight dogs (28.5%) were classified
as normal, eight dogs (28.5%) with mild, four dogs (14.3%)
with moderate, and eight dogs (28.5%) with severe cognitive
impairment. Every dog completed the sustained gaze, and
inhibitory control tasks. Memory task was not performed in three
of the dogs because they failed to pass warm-ups (required as a
criterion for learning; they did not remember where the treat was
even immediately after showing them the location, therefore, these
dogs scored 0 for memory) and one dog did not complete the
detour task because they lost interest and would no longer engage
with the task. For this dog, detour task data were excluded from
the analysis. The median sustained gaze time was 17.0 s (range 1.3–
60), median memory threshold was 40 s (range 0–120), median
percentage of correct trials in inhibitory control was 100 (range
13–100%) and in detour 50 (range 0–100%).

3.4. Correlation between sleep
macrostructure and age and cognitive
status

As shown in Table 1, older dogs tended to spend more
time awake and less time in NREM sleep. However, these
correlations did not reach statistical significance after correcting
for multiple comparisons. There was also a relationship between
cognitive performance and sleep parameters: the CADES score was
negatively correlated with time spent in NREM and REM sleep.
Dogs with higher CADES scores, also tended to have a higher
latency to enter into NREM sleep. Figure 3 shows the hypnogram
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TABLE 1 Correlation between sleep macrostructure and age and cognitive function.

Variable By variable Spearman ρ Raw p-value q-value

Age Latency to Drow. 0.229 0.260 0.439

Age Latency to NREM 0.440 0.031 0.116

Age Latency to REM 0.091 0.747 0.783

Age Time in W (%) 0.408 0.020∗ 0.116

Age Time in Drow. (%) −0.373 0.051 0.164

Age Time in NREM (%) −0.441 0.019∗ 0.092

Age Time in REM (%) −0.305 0.114 0.295

CADES Latency to Drow. 0.210 0.304 0.472

CADES Latency to NREM 0.436 0.033∗ 0.116

CADES Latency to REM 0.011 0.969 0.897

CADES Time in W (%) 0.454 0.015∗ 0.085

CADES Time in Drow. (%) −0.267 0.169 0.331

CADES Time in NREM (%) −0.554 <0.001∗ 0.020
∗

CADES Time in REM (%) −0.553 0.002∗ 0.020
∗

Memory Latency to Drow. −0.197 0.357 0.496

Memory Latency to NREM −0.319 0.147 0.331

Memory Latency to REM −0.258 0.395 0.529

Memory Time in W (%) −0.361 0.077 0.229

Memory Time in Drow. (%) 0.272 0.189 0.349

Memory Time in NREM (%) 0.327 0.110 0.295

Memory Time in REM (%) 0.283 0.170 0.331

Inhibitory control Latency to Drow. −0.212 0.298 0.472

Inhibitory control Latency to NREM −0.148 0.489 0.613

Inhibitory control Latency to REM 0.123 0.661 0.755

Inhibitory control Time in W (%) 0.014 0.942 0.893

Inhibitory control Time in Drow. (%) −0.055 0.781 0.798

Inhibitory control Time in NREM (%) 0.079 0.691 0.767

Inhibitory control Time in REM (%) 0.111 0.572 0.674

Detour Latency to Drow. −0.193 0.355 0.496

Detour Latency to NREM −0.525 0.010∗ 0.065

Detour Latency to REM −0.184 0.529 0.642

Detour Time in W (%) −0.556 0.003∗ 0.020
∗

Detour Time in Drow. (%) 0.149 0.457 0.592

Detour Time in NREM (%) 0.683 <0.001∗ 0.019
∗

Detour Time in REM (%) 0.596 0.001∗ 0.019
∗

Eye gaze Latency to Drow. −0.019 0.926 0.893

Eye gaze Latency to NREM −0.305 0.147 0.331

Eye gaze Latency to REM −0.343 0.211 0.372

Eye gaze Time in W (%) 0.193 0.324 0.484

Eye gaze Time in Drow. (%) 0.041 0.837 0.833

Eye gaze Time in NREM (%) −0.071 0.718 0.774

Eye gaze Time in REM (%) −0.273 0.160 0.331

Asterisks and bold text indicate significant differences.

q-values represent the corrected p-values using the false discovery rate Benjamini, Krieger, and Yekutieli procedure.

W, Wakefulness; Drow, Drowsiness.
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FIGURE 3

Representative hypnograms showing the di�erence in sleep architecture between a dog with mild (left) and severe (right) cognitive impairment

based on CADES score. W, wakefulness; Drow, Drowsiness.

of two representative dogs, one with a low CADES score (classified
as with mild cognitive impairment) and one with a high CADES
score (classified as with severe cognitive impairment). This figure
clearly illustrates how dogs with higher CADES scores spend less
time sleeping. Additionally, performance in the detour task was
negatively correlated with time spent in wakefulness and positively
correlated with time spent in NREM and REM sleep. Dogs with
worse performance also tended to have longer NREM sleep latency.
We did not find any association between sleep macrostructure and
performance in any of the other cognitive tests.

3.5. Associations between
electroencephalographic features, age, and
cognitive status

We calculated power, coherence, and Lempel Ziv complexity
for every dog, except for one in which Fz, F3 and F4 electrodes
were not analyzed because the dog removed those electrodes during
the recording. Therefore, in this dog, power and complexity were
analyzed only for Cz, and we could not perform coherence analysis.
The power spectrum analysis is summarized in Figure 4. There
were significant relationships with age, performance on the detour
task and memory. For Fz, during drowsiness the power of slow
oscillations (1–1.75Hz) was negatively correlated with age and
positively correlated with performance in the detour task. At each
of the correlated frequencies, the strength of the correlation was
higher for performance at detour task than for age. In addition
to this, memory performance was correlated with the power of
some frequency bands during REM sleep at Cz: dogs with higher
memory scores had higher power of slow oscillations from 1 to
1.75Hz, and lower power between 15.75 and 19Hz (within beta
frequency band). Also, at Fz, dogs with higher memory scores had
lower power of higher oscillations, between 48 and 50Hz (within
gamma frequency band). Interhemispheric (F3–F4) coherence
showed some correlations with age and cognitive function. As
shown in Figure 5, during wakefulness, older dogs showed higher
interhemispheric coherence for frequencies 6.5–13Hz (within theta
and alpha frequency bands). Dogs with higher CADES scores
also had higher interhemispheric coherence at those frequencies,
but the correlation was only significant between 10.5 and 12Hz.
Similarly, dogs with worse performance at the detour task showed

higher interhemispheric coherence between 10.25 and 12Hz. The
strength of these correlations was higher for age than for CADES
scores or performance at the detour task. We also found a negative
correlation between performance in the sustained gaze task and
interhemispheric coherence for slow oscillations up to 3Hz (within
delta frequency band). Furthermore, during REM sleep, older dogs
had higher interhemispheric coherence for frequencies between
36.25 and 38 Hz.

Intrahemispheric (Fz-Cz) coherence was correlated with
cognitive function, but not with age (Figure 6). During wakefulness,
dogs who performed better at the inhibitory control task had
lower Fz-Cz coherence for the frequencies between 8 and 14.25Hz.
Similarly, during drowsiness, frequencies between 0.25–6.5 and 7–
12.5Hz were lower for dogs with better performance in the same
task. During NREM sleep, there was also a negative correlation
between coherence and inhibitory control scores, but for higher
frequencies, between 7.75–20.75 and 30.25–44.25Hz. During REM
sleep, an association was found with performance on the detour
task, dogs with better performance had higher coherence for
frequencies between 10.75 and 16.5 Hz.

We evaluated the complexity of the EEG signal for the
electrodes Fz and Cz and evaluated its correlation with age, CADES
score, and performance in cognitive tests and we found a negative
correlation between memory performance and complexity during
REM sleep at Fz (Table 2). Age showed a positive correlation and
performance in the detour task showed a negative correlation with
complexity during REM sleep, but the significance was lost after
multiple comparisons correction. Similarly, we observed that age
tended to be positively correlated, while CADES, memory, and
performance at the detour task tended to be negatively correlated
with complexity during REM sleep at Cz. However, none of
these remained significant after multiple comparisons correction
(Table 3).

4. Discussion

In this study we evaluated changes in sleep architecture
objectively using polysomnography, the gold standard technique
used to describe and quantify sleep (27, 28). We were able to obtain
artifact-free EEG data using surface (cup) electrodes in elderly dogs
while sleeping in the hospital setting. We demonstrated that dogs
with higher dementia scores spend less time sleeping in bothNREM
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FIGURE 4

Correlations between wakefulness, EEG power and age, CADES score, or performance in cognitive tests. Correlation coe�cients for the EEG

channels Fz (blue open circle) and Cz (red solid circle) are shown for each frequency bin. Frequencies with significant correlations are indicated with

a blue (for Fz) or red (for Cz) shadow box. The analysis was performed only for the dogs that entered each specific behavioral state (wakefulness n =

28, drowsiness n = 26, and NREM sleep n =24).

and REM sleep in the afternoon than dogs with lower scores.
This supports owner observations that disruptions of the sleep-
wakefulness cycle characterize CCDS (11, 17). Similarly, humans
with AD suffer from insomnia and lower sleep quality (60, 61),
and a bidirectional relationship between sleep and disease has
been proposed (13) in which amyloid burden in the brain disturbs

sleep (62–64) while poor sleep promotes amyloid β deposition and
impairs memory consolidation (65, 66).

We found that sleeping time was positively associated with the
performance in a problem-solving detour task. Studies in humans
have demonstrated that sleep plays a critical role in enhancing the
skills needed to find novel strategies to solve problems (67, 68). One
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FIGURE 5

Correlations between EEG interhemispheric (F3–F4) coherence and age, CADES score, or performance in cognitive tests. Spearman correlation

coe�cients are shown for each frequency bin. Frequencies with significant correlations are indicated with a purple shadow box. The analysis

included only the dogs that entered each specific behavioral state (wakefulness n = 28, drowsiness n = 26, and NREM sleep n =24).

study has shown sleep dependent improvement in problem solving
tasks, particularly those with higher difficulty (68). In dogs, Kis et al.
have shown that sleep is associated with social learning skills (21).
In the current study, longer sleep time was associated only with
performance at the detour task and not with the other cognitive
tasks. Similarly, a previous study on senior dogs (ages 7–14 years)
testing the relationship between sleep spindles and cognition found

that correlations were specific to, in that case, reversal learning
only (69). Some human studies have shown that sleep deprivation
can affect particular components of cognition differently (70–72).
For example, Tucker et al. observed a larger effect of deprivation
induced sleep loss in humans on non-executive rather than
executive components of cognition, with working memory being
less vulnerable than other domains (71). The main difference
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FIGURE 6

Correlations between EEG intrahemispheric (Fz-Cz) coherence and age, CADES score, or performance in cognitive tests. Spearman correlation

coe�cients are shown for each frequency bin. Frequencies with significant correlations are indicated with a purple shadow box. The analysis

included only the dogs that entered each specific behavioral state (wakefulness n = 28, drowsiness n = 26, and NREM sleep n =24).

between human studies and our study is that they artificially
deprive subjects to evaluate the effect of sleep deprivation, and in
our study, reduction in sleep occurs naturally, likely due to aging
and neurodegeneration. In addition, interindividual differences in
the effects of sleep loss on cognition have been shown; some
individuals can be more susceptible to attention impairment while
others show working memory reduction (73). In dogs, the specific
domains of cognition that are impaired by sleep loss are vastly

understudied, with a sole paper suggesting that disturbance of
NREM sleep affects dogs’ socio-cognitive processing (74), but
without reporting on the potential interindividual differences. The
more challenging nature of the detour task we used, encompassing
the interaction of multiple cognitive domains (18) may make this
test more susceptible to the effect of sleep loss than other tests. This
task requires cognitive stability (the ability to focus) and cognitive
flexibility (the ability to adapt behavioral actions due to a change
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TABLE 2 Correlation between Lempel Ziv Complexity at Fz and age and cognitive function.

Variable By variable Spearman (ρ) Raw p-value q-value

Age LZCW 0.172 0.391 0.708

Age LZC Drow. 0.291 0.158 0.398

Age LZC NREM 0.268 0.215 0.433

Age LZC REM 0.631 0.015∗ 0.124

CADES LZCW 0.141 0.483 0.730

CADES LZC Drow. 0.286 0.165 0.398

CADES LZC NREM 0.269 0.215 0.433

CADES LZC REM 0.438 0.117 0.398

Memory LZCW −0.036 0.866 0.950

Memory LZC Drow. 0.025 0.908 0.954

Memory LZC NREM −0.178 0.440 0.708

Memory LZC REM −0.813 0.001∗ 0.031
∗

Inhibitory control LZCW −0.078 0.698 0.887

Inhibitory control LZC Drow. −0.119 0.572 0.812

Inhibitory control LZC NREM 0.002 0.992 0.998

Inhibitory control LZC REM −0.228 0.432 0.708

Detour LZCW −0.326 0.104 0.398

Detour LZC Drow. −0.343 0.100 0.398

Detour LZC NREM −0.342 0.119 0.398

Detour LZC REM −0.711 0.006∗ 0.078

Eye gaze LZCW 0.049 0.806 0.946

Eye gaze LZC Drow. −0.087 0.679 0.887

Eye gaze LZC NREM −0.049 0.823 0.946

Eye gaze LZC REM −0.398 0.159 0.398

Asterisks indicate significant differences and bold text indicates significant differences after the false discovery rate Benjamini, Krieger, and Yekutieli procedure.

q-values represent the corrected p-values.

W, Wakefulness; Drow, Drowsiness; LZC, Lempel Ziv Complexity.

in demands) (75). We have previously shown that the detour task,
together with inhibitory control and sustained gaze, is better able to
discriminate between dogs with and without cognitive dysfunction
than other tests such as the working memory task (18).

4.1. Power and age

Quantification of the EEG signal using power spectrum,
coherence and complexity in different behavioral states revealed
associations with age and cognitive function (25). As previously
mentioned, power spectrum calculates the relative contribution of
the frequency components of a signal, and it is a measure of local
synchronization. During drowsiness, power of slow oscillations was
lower for older dogs and for dogs with worse performance at the
detour task. These oscillations are within the delta range and are
characteristic of states of diminished levels of consciousness such
as NREM sleep and anesthesia (76, 77). Our findings are consistent
with the observation in humans (78), rats (79), cats (80), and dogs

(28), that delta power declines with aging during NREM sleep, and
this is considered a hallmark of reduction in sleep depth (81–83).
In our study, the reduction in delta power with age was observed
during both drowsiness and NREM sleep, however it only reached
statistical significance for drowsiness. Of note, these associations
were only observed in the Fz EEG channel, not in the Cz. In
humans, it has been observed that frontal brain areas are more
sensitive to aging and to response to sleep loss, and while in young
subjects there is a predominance of delta waves in the frontal cortex,
this predominance is lost with aging (84).

4.2. Power and memory

We identified associations between power and memory scores
but not age during REM sleep, the period in which memory
consolidation occurs. By contrast, Kis et al. (28) found an age-
associated reduction in delta and an increase in alpha and beta
power in dogs. However, they studied dogs from 1 to 8 years of
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TABLE 3 Correlation between Lempel Ziv Complexity at Cz and age and cognitive function.

Variable By variable Spearman ρ Raw p-value q-value

Age LZCW 0.281 0.147 0.362

Age LZC Drow. 0.337 0.092 0.362

Age LZC NREM 0.304 0.148 0.362

Age LZC REM 0.625 0.017∗ 0.362

CADES LZCW 0.124 0.531 0.704

CADES LZC Drow. 0.312 0.120 0.362

CADES LZC NREM 0.275 0.193 0.362

CADES LZC REM 0.572 0.033∗ 0.362

Memory LZCW −0.136 0.518 0.704

Memory LZC Drow. −0.056 0.1794 0.934

Memory LZC NREM 0.010 0.966 1.000

Memory LZC REM −0.583 0.047∗ 0.362

Inhibitory control LZCW 0.002 0.992 1.000

Inhibitory control LZC Drow. 0.048 0.816 0.934

Inhibitory control LZC NREM 0.055 0.798 0.934

Inhibitory control LZC REM −0.385 0.174 0.362

Detour LZCW −0.232 0.244 0.362

Detour LZC Drow. −0.343 0.093 0.362

Detour LZC NREM −0.315 0.143 0.362

Detour LZC REM −0.376 0.205 0.362

Eye gaze LZCW −0.242 0.214 0.362

Eye gaze LZC Drow. −0.244 0.230 0.362

Eye gaze LZC NREM −0.257 0.225 0.362

Eye gaze LZC REM −0.424 0.131 0.362

Asterisks indicate significant differences before the false discovery rate Benjamini, Krieger, and Yekutieli procedure.

q-values represent the corrected p-values.

W, Wakefulness; Drow, Drowsiness; LZC, Lempel Ziv Complexity.

age, without including senior or geriatric dogs. Performance at
the memory task was positively correlated with delta power and
negatively correlated with power at higher frequencies (beta and
gamma). The biological relevance of this finding should be further
evaluated in future studies and include dogs across a wider range
of ages together in one study. While REM sleep is usually treated
as a homogenous state, two different phases have been recognized,
tonic and phasic REM sleep. These phases have different roles in
information processing and memory consolidation and differ in
the power of different oscillations, with higher power of alpha and
beta bands during the tonic phase and higher gamma power on the
phasic phase (85–87). Studies in dogs are needed to characterize the
electroencephalographic features of each REM phase and whether
they are associated with cognition and cognitive function.

4.3. Interhemispheric coherence and age

Coherence analyses are a measure of functional coupling
between two distant cortical areas. Higher interhemispheric

coherence within theta and alpha frequency bands was found
in older dogs during wakefulness. This result was unexpected
since in people, coherence in theta and alpha band decreases
with aging (88, 89). However, those human studies included a
wider range of ages, including young, middle age and senior
adults, while in our study, we evaluated only senior and geriatric
dogs. Our current findings concur with a previous study we
performed in a separate cohort of dogs in which we found that
dogs at risk of developing CCDS had higher interhemispheric
coherence values than normal dogs or dogs with CCDS (41). It is
important to note that those dogs at risk were also older than the
normal dogs, and differences between groups could also be age-
related.

During REM sleep we observed a positive correlation between
gamma interhemispheric coherence and age. In the normal
individual, absence of gamma coherence characterizes REM
sleep (90, 91), and gamma coherence shows its peak during
wakefulness. Therefore, higher gamma coherence during REM
sleep could be caused by shallower sleep states and frequent
arousals and could suggest an age-related reduction in quality sleep
in these dogs.
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4.4. Interhemispheric coherence and
cognition

There was a positive correlation between interhemispheric
coherence and CADES score and a negative correlation with
performance at the detour task during wakefulness. This was
true for frequencies between 10.5 and 12Hz, some of the same
frequencies for which coherence was positively correlated with
age. For these frequencies, the strength of the correlations was
higher for age than for CADES or performance at the detour
task. We have previously demonstrated that cognitive performance
decreases with age (18), and therefore, it is possible that age is the
main factor driving these coherence differences.

During wakefulness, delta interhemispheric coherence (1–
3Hz) showed a negative correlation with performance at the
sustained gaze task, a test that measures sustained attention. Dogs
with shorter attention during the task had higher coherence.
This mirrors studies in people with dementia that have shown
an increase in delta coherence in comparison with healthy
age-matched controls (40, 92). In addition to this, patients
with attention deficit-hyperactivity disorders have elevated delta
coherence in the frontal area of the brain (93).

In our previous study we found that dogs with higher dementia
scores had lower interhemispheric coherence in the gamma
frequency band during wakefulness, but those results were not
replicated in this study. One of the main reasons could be that in
our previous study we used needle electrodes that have a much
smaller recording surface than the cup electrodes. In fact, Musteata
et al. found that values of interhemispheric coherence in dogs
are dependent on the type of electrode used (94). A limitation of
coherence analyses is that coherence values can be overestimated
due to volume conduction in which the conductive properties of the
brain, cerebrospinal fluid, skull, and scalp (and the conductive gel
used during the recording), cause the neural source information to
diffuse before reaching the electrodes (95, 96). Therefore, coherence
measurements with cup electrodes might not be completely reliable
in dogs, and future studies should evaluatemore advancesmeasures
of functional connectivity that are able to overcome the volume
conduction problem such as the phase lag index (95, 97).

4.5. Intrahemispheric coherence and
cognition

Intrahemispheric coherence showed associations with
performance in cognitive tasks but not with age or CADES
scores. Higher coherence in different frequency bands during
wakefulness, drowsiness and NREM sleep were associated with
worse performance at the inhibitory control task. In humans with
AD, Sankari et al. found an increase in delta, theta, and alpha
intrahemispheric coherence during wakefulness (98). Finally,
during REM sleep, dogs with better performance at the detour task
showed higher intrahemispheric coherence within the alpha and
sigma frequency bands. REM sleep in humans is characterized
by the occurrence of alpha bursts with high occipito-frontal
connectivity (99). It has been proposed that these alpha bursts may

contribute to higher information processing during this state, and
to the incorporation of external stimuli to dreams (99, 100).

4.6. Complexity and memory

Lempel Ziv Complexity evaluates the randomness of the EEG
signal. We did not find any effect of aging on EEG complexity in
any of the behavioral states evaluated. Regarding its association
with cognitive status, dogs with better performance in memory
tasks had a lower EEG complexity during REM sleep. Similarly,
dogs with better performance in the detour task had also lower
REM sleep complexity, but this result did not achieve statistical
significance after multiple comparisons correction. It has been
shown that complexity has its maximum value during wakefulness,
is reduced during NREM sleep and increases to intermediate values
during REM sleep (101, 102). Therefore, higher levels of complexity
during REM in dogs with worse cognitive performance can be an
indication of increased arousal, or shallower REM sleep.

Together these EEG findings demonstrate that dogs with
cognitive impairment spend less time sleeping and show EEG
features of shallower sleep than dogs without cognitive impairment.
Additionally, changes in power and coherence of specific frequency
bands are associated with age or performance at some cognitive
tests in aging dogs.

4.7. Limitations

Polysomnographic recordings in this study were completed
during afternoon sleep and thus might not reflect the sleep
architecture of dogs at nighttime. While there is evidence that
at nighttime, dogs sleep more and spend less time in drowsiness
and awake after first drowsiness (103), there are no data showing
whether day vs. night sleep patterns are differentially affected by
age (which would be a limitation to the present study). Thus,
we do not know if and to what extent the present results would
change if replicated during night-time recordings. Recordings
during nighttime require considerably more effort from both
the clinical staff and the participating owners, thus afternoon
recordings are much more feasible for veterinary settings. Wireless
polysomnographic equipment with bandages, Elizabethan collars
and or special EEG caps designed to assure that electrodes stay
in place (104) were not available for this study. In addition to
this, while it has been demonstrated that dogs usually take naps
around noon (5, 53), there is individual variability, and for some
dogs the time chosen for recordings might not be their preferred
nap time. However, the results observed in this study are in line
with the sleep difficulties experienced by dogs with CCDS at night,
since, as expected (9, 11), dogs with higher CADES scores spent
less time sleeping. Future studies could compare these afternoon
polysomnographic recordings with easier evaluations of activity at
night time such as activity monitors (53) or sleep questionnaires
(105). In addition to this, we have already demonstrated that
cognitive function decreases with aging (18), and therefore, it
is challenging to determine the relative contribution of age and
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cognitive impairment on changes in the sleep-wakefulness cycle
and the qEEG features.

5. Conclusion

In conclusion, this study evaluates for the first time the
correlation between sleep architecture and cognitive performance
in aging dogs using polysomnography, the gold standard technique
for sleep evaluation. We have demonstrated that dogs with
higher CADES scores spent less time in both NREM and
REM sleep. Additionally, when evaluating different domains of
cognition, problem solving abilities showed a positive correlation
with time spent in NREM and REM sleep and a negative
correlation with time awake. Finally, we showed that quantitative
electroencephalographic analyses during different behavioral states
can demonstrate differences in dogs associated with age or
cognitive performance which should be further evaluated for its
potential clinical use to monitor the progression of CCDS.
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Electroencephalographic features
of the developing brain in 72 dogs
under xylazine sedation: a visual
and statistical analysis

Fernando Pellegrino1* and Christian M. Gómez Álvarez2

1Anatomy Department, Facultad de Veterinaria, Universidad de Buenos Aires, Buenos Aires, Argentina,
2Neurophysiology and Clinical Neurology Service at VetCam Specialists, Valencia, Spain

Electroencephalogram (EEG) is a neurophysiological test, which is widely used

in human medicine for epilepsy diagnosis and other neurological disorders. For

an adequate interpretation, it is necessary to know the electroencephalogram

features for di�erent stages of development. Despite the growing interest in

its implementation in veterinary medicine, standardized descriptions of the EEG

features of the di�erent stages of brain development in dogs are restricted to

studies with limited number of dogs and limited age groups. In this research,

the electroencephalographic recording of 72 dogs of di�erent breeds and ages

was carried out under xylazine sedation to determine tracing characteristics by

visual analysis and through statistical analysis of power spectrum. To establish the

EEG features of recordings, 3 essential aspects were selected: (a) the presence

or absence of slow waves of 4 to 6–7Hz; (b) the comparison of the electrical

activity recorded in the temporal and dorsal cortex channels; and (c) the visual

increase of the alpha activity. Visual analysis on both reference and bipolar

montage was performed by the authors and additionally blindly corroborated

by two human neurophysiologists. The results allowed us to di�erentiate 5 age

groups: 0–5, 6–11, 12–17, 18–23, and >24 months. Statistical analysis of the

power spectrumwas performed by analysis of variance (ANOVA)with a completely

randomized design (CRD) under factorial arrangement by observing the e�ect

of ages, channels and electroencephalographic rhythms on relative power. The

results obtained matched those observed in the visual analysis. According to our

results, the characteristics of the EEG corresponding to the adult animal begin

to appear at 12 months of age but stabilize after 24 months of age. In this case,

the evident di�erences in the processes of development and maturation of the

neopallium and the rhinencephalon play a determining role. Our results di�er

from those obtained by other authors, probably due to the addition of a deep

electrode that facilitates the recording of temporal cortical activity and its deeper

rhinencephalic connections.

KEYWORDS

electroencephalogram, developing brain, brain maturation and development, normal

electroencephalogram, rhythm, amplitude-frequency characteristics
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1. Introduction

Encephalographic recordings in normal adult dogs depending
on the state of arousal includes, mainly, 6 to 12-Hz waves (theta
and alpha activity type), with a predominant alpha rhythm. This
activity may be recognized all over the brain cortex, but mostly, in
parietal and occipital regions of mesocephalic and dolichocephalic
dogs, and parietal and frontal regions of brachycephalic dogs. The
recording amplitude varies among animals, probably depending on
the distance between electrodes and the layers of active dipoles,
which are proportional to skull’s thickness and, therefore, to the
distance between the active zone and the recording electrode,
but always lower at the frontopolar and temporal areas in
all breeds (1).

There is considerable disparity of opinion regarding age-related
variations in electroencephalograms (EEG) in dogs, particularly
concerning the maturation period. Charles and Fuller reported
that the EEG of an 8-week-old puppy is similar to that of an
adult dog (2). Petersen et al. (3) described that at 4 weeks of age,
the EEG shows a maturity pattern that evolves until remaining
constant after 7 weeks of age. Although Fox does not establish
in detail the maturation period of the electroencephalographic
recording, he states that there exists a significant amplitude
decrease between 12 and 16 weeks of age, while the frequency
progressively increases until stabilizing at adult age (4–6). Results of
inter- and intra-hemispheric coherence studies, according to which
all the neocortex takes a similar phase interaction between 6 and 14
weeks of age, seem to support the prior statements (7, 8). Redding
claims that EEG maturation develops between 22 and 30 weeks of
age, depending on gender and breed (9). Pampiglione’s research
about brain electrical activity in young dogs indicates that from
the 6th month, the recording acquires the features that persist in
the adult animal (10). Senba et al. define the immaturity period as
the one during which new waveforms and rhythms are observed.
According to that criterion, they suggest that the maturation period
may take place between 5 and 6 weeks of age, a time when the
stabilization of dendritic arborization and an increase of the cortex
metabolic rate ensue. However, in the same study, and based on
waves amplitude and frequency, they believe maturation may also
take place between 20 and 30 weeks of age. Such statements arise
from evaluations performed on Beagle dogs, in litters that were
followed up from birth to 50 weeks of age (11).

Discrepancies are probably the result of the different criteria
when defining the changes found on EEG, during the transition
from puppy to adult age. However, from a clinical point of view,
EEG maturity has been established in dogs at the age of 6 months,
with a predominance of slow waves in the previous stage (12, 13).
After the age of 1 year, no research has shown differences in the
electroencephalographic tracing between puppies and young or
adult dogs, although it has been stated that a decrease in amplitude
can be observed in old dogs.

This study’s objective was to describe the normal background
activity and superimposed transients in dogs of different ages using
10 dorsal subcutaneous electrodes and two deep lateral electrodes
that allowed recording the activity of temporal cortex under

Abbreviations: EEG, electroencephalogram; Hz, Hertz; µV, Microvolts.

xylazine sedation. A visual analysis of recordings was achieved
by four different researchers and statistical analysis of the relative
potency was also done.

2. Materials and methods

This is an observational and prospective study. Therefore,
live animals were used in this study, and ethical approval was
granted from Comisión Institucional para el Cuidado y Uso de
Animales de Laboratorio (CICUAL) and Facultad de Ciencias
Veterinarias-Universidad de Buenos Aires. All owners of the
animals included in this study, received informed consent, and
had approved that their dogs and data would be used for
academic research.

2.1. Population

Seventy two healthy dogs with unremarkable neurological and
physical exam were included. Neither previous infectious nor
neurological diseases were reported. Dogs were included regardless
of gender or breed and was based on previous studies indicating
that the frequency and electrical characteristics of brain waves are
comparable in any breed, although their amplitude is not (9, 14).
Dogs with any neurological symptom, any physical exam or blood
workout abnormalities were excluded. Hypothetical differences of
EEG maturation among dog breeds were not considered, as their
structural development is similar; should there exist a difference,
it would not depend on the breed, but rather on the training and
learning processes that shape intraneuronal synaptic connections
(15, 16). To obtain final sample of dogs (72 dogs) we recruited
120 patient who visit our clinic, met the inclusion criteria, and
could be distributed among the age groups. Then, 72 dogs (12
for each age group) were selected aleatory through a random
number generator from the 120 original dogs recruited. Those
patients received in exchange for allow us to do the EEG some
compensation as medical attention or vaccines, and tutors signed
up an informed consent. The number of dogs was appropriate
to ensure a significance level of 5% and a statistical power of at
least 80%.

2.2. Electrodes

Both for exploration and reference, 15-mm length stainless
steel needle electrodes were used, (Akonic S.A., subdermal needle
electrodes) (17). Electromyographic (EMG) monopolar needles
(Akonic, S.A.) coated with Teflon, except for their tips, were
used to record temporal region activity (T3 and T4). The length
of the bare tip was 4mm; the full length of the needle was
350mm. This type of electrodes made it possible to go through
the muscle and reach the bone, thus avoiding interferences
caused by muscle activity. Impedance was measured prior to
obtaining the EEGs, always resulting in about 5 kΩ . Cross-
impedance or artifacts in recordings that combined subdermal
needle electrodes with EMG electrodes (bipolar montage) were not
found (1, 18).
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2.3. Visual analysis

Visual analysis was performed by the authors and by two
human neurophysiologists who received the recording without
signalment of dogs to ensure their participation as blind reviewers.
The background activity was described (rhythms of similar shape
and duration, with regular and recurrent appearance) according to
reviewers consensus. In addition, we describe the transient activity
present in the recordings (4–6Hz slow waves, vertex sharp waves,
3Hz slow waves and K complexes). The criteria to determine
the electroencephalographic features of transient activity in the
different age groups were: (1) Grapholements were present in at
least 75% (n = 9) of dogs in each group. (2) Graphoelements
repeated with a frequency of at least once per minute, (3) All
reviewers agreed on the visual findings.

2.4. Equipment

In order to collect the electroencephalographic
recordings, a program specifically designed for computerized
electroencephalography and brain mapping reconstruction, with
12 simultaneous recording channels (AKONIC BIO-PC adjusted
version 7.0) was used. Technical recording parameters were as
follows: common mode rejection >100 db; frequency response
of 0.5 to 128Hz; antialiasing filter: 64Hz; notch filter for 50Hz
activity was set; high frequency filter (HFF): 70Hz; low frequency
filter (LFF): 0.5Hz; internal noise < 1 uV; sampling frequency:
256 s; paper speed: 30 mm/s; electrodes impedance: <5 kΩ .

2.5. Animal restraint

Animal restraint was achieved by subcutaneously injecting 0.5
mg/kg of xylazine (Rompun, Bayer Argentina S.A.), based on
previous studies (19) and our own experience (1, 18).

2.6. Procedure

2.6.1. Recording
Basic recording was done using reference montage. Active

electrodes were placed at the left and right frontopolar (Fp1, and
Fp2), frontal (F3, F4), parietal (P3, P4), occipital cortex (O1, O2)
and temporal deep electrodes over the sphenoid complex in the
ventral aspect of the lateral surface of the cranium with a reference
electrode over the rhinal nasal bone. Cz, central electrode (vertex)
and Oz, central occipital electrode were placed (see Figure 1).
Recording was performed for 30min (1, 18).

2.7. EEG quantification (mathematical
analysis)

2.7.1. Sample editing
For analysis purposes, stationary segments of a 2-s length

(epochs) were selected, free from artifacts and transient events,

FIGURE 1

Diagram of reference montage, with nasal reference electrode. In

the diagram, each channel has two inputs, represented by a solid

line and a dashed line. The solid line is the input coming from the

active electrode, while the dashed line is the input corresponding to

the reference. Cz, Central electrode; O, occipital electrode; P,

parietal electrode; T, temporal electrode; F, frontal electrode; Fp,

frontopolar electrode; Oz, central occipital electrode. Even and odd

numbers correspond to the right and left side, respectively.

averaging results of each epoch. The minimum acceptable time
for averaging, from the EEG stationary standpoint, was 30 s (20),
therefore, at least 15 epochs were selected for each dog.

2.7.2. Spectral estimate
Fast Fourier transform (FFT) was applied to selected segments.

In this way, the usual EEG image is converted into a graph
(power spectrum), in which frequency components are organized
on the abscissae with their pertaining power on the ordinates;
the area below the curve is the absolute power, which is
equal to the amplitude squared. In this graph, the dominant
frequency components for each channel can be visually defined
(20). Frequency components were pooled into classic clinical
waves: delta (0.5 to 3.5Hz), theta (4 to 7.5Hz), alpha (8 to
13.5Hz) and beta (from 14Hz on). Whilst the power spectrum
contains all frequency information within a signal period, it is
difficult to characterize it in order to make comparisons. As to
achieve this goal, a set of parameters or variables was defined,
that is to say, numerical values that may be shown in the
form of tables or distributed topographically on the spot where
the signal was obtained for each channel (numerical maps). In
order to characterize the power spectrum, the absolute power
(total spectrum area detailed by frequency bands) was taken as
a parameter, and from it, the relative power per channel was
calculated (frequency components percentage for each channel).
The relative power per channel was selected as a parameter since
it allows independence from the variability in amplitude caused
by morphometric characteristics of each dog (i.e.: skull size, bone
thickness, and muscle layer) (9, 14) and by extra-cerebral factors
that affect physical electrode features (17). Band relative power
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for each channel was calculated by dividing the absolute power
of each frequency band for the spectrum total area (20). For the
amount of data available to us, relative power showed abnormal
behavior (Shapiro-Wilk test p < 0.05). Therefore, it was necessary
to correct it by applying a Z transformation to normality using
a software to scale all measurements with normal distribution,
in units proportional to probability in a range from 0 to 1.
This allows calculate probability of data observed regardless of
initial measurements physical dimensions. Under the same test
conditions, this transformed variable exhibited a normal behavior,
so statistical analysis was performed based on it (21).

2.8. Statistical analysis of the power
spectrum

The impact of age, channels and electroencephalographic
rhythms on relative power was analyzed, contrasting their averages.
It was determined whether there existed an interaction among these
factors and, if so, which ones were involved.

The statistical analysis of the relative power behavior was
divided into two stages. During the first stage, due to the lack
of previous knowledge on the features of the variables being
studied, we evaluated its behavior within a pilot sample in order
to estimate the definite sample size that would ensure a sufficient
power when reading the tests. In order to broadly define and
evaluate the behavior of relative power, we considered that apart
from the different ages of individuals, the variability introduced by
channels involved and by various electroencephalographic rhythms
needed to be isolated. Data was subjected to an analysis of variance
(ANOVA) with a completely randomized design (CRD) under
factorial arrangement. This arrangement allowed us to compare
the effect introduced by the different channels, ages and rhythms,
testing their interactions simultaneously. Ages were grouped in
four levels (from 0 to 5 months, from 6 to 11 months, from 12 to
23 months, and more than 24 months), each rhythm represented
a level (alpha, beta, delta and theta) and each channel represented
a level, resulting in a total of 12. The model consisted of a three-
level 4 x 4 x 12 factorial arrangement (8). Since the repetitions
of observations were made upon the same individuals within
each age group, there was a loss of independence between the
repeated observations for channels and rhythms. Hence, factorial
arrangement had to be corrected into “split-plots” (22, 23), making
it possible to correct the lack of independence of rhythm and
channel factors. From results obtained in the first stage, it was
possible to develop the experimental design for subsequent tests.

In the second stage, due to an interaction among factors (there
was no triple interaction), the ANOVA with CRD was respected
with an age x rhythm x channel factorial arrangement. Given its
minor contribution as a source of variability, beta rhythm was
excluded from the analysis. Age was subdivided in comparable
space-groups (0 to 5, 6 to 11, 12 to 17, and 18 to 23 months). This
new division was adopted considering that, in view of the results
of the pilot test and previous biological observations, variability
introduced by age should occur during the first development stages.
The different channels were rearranged in two levels: one of them,
represented the temporal channels; the other one, the dorsal cortex

portion channels. The factorial arrangement was then set up as
follows: age (four levels), waves (three levels) and channels (two
levels). Results were tested according to ANOVA in CRD with a
4× 3× 2 factorial arrangement.

Remaining ages were analyzed separately, with the purpose of
determining what the changes in power spectrum of adult and
elderly animals were. Two groups were formed (24 to 83 months
of age and more than 84 months of age). Factorial arrangement for
this age group was set up as follows: age (two levels), rhythms (three
levels) and channels (two levels). Results were tested according to
ANOVA in CRD with a 2× 3× 2 factorial arrangement (23). In all
cases, a significance level was set at a= 0.05.

Finally, all individual values corresponding to absolute
power were considered and the average and standard deviation
of the sample were calculated for each of the recording
channels, in order to elaborate the descriptive statistics of
the power spectrum. This procedure was performed for
each preselected age group. Amplitude and relative power
per channel were calculated from this data (square root
of absolute power), obtaining the average and standard
deviation as well.

3. Results

3.1. Population

Dogs were divided into six groups of 12 individuals, according
to their age: (a) group 1, up to 5 months of age; four German
shepherd, three mixed breeds, two French poodles, one Boxer,
one Dalmatian, one Yorkshire terrier, eight females, and four
males, between 1.5 to 12Kg of body weight (BW), (b) group
2, from 6 to 11 months of age; three mixed breed, two French
poodles, one Great dane, one Cocker spaniel, one Spanish Breton,
one Basset hound, one German Shepherd, one Bichon frisse, and
one American Pitbull. Seven females and five males, from 4.2 to
31.3 kg of BW; (c) group 3, from 12 to 17 months of age; four
mixed breeds, three Cocker spaniels, one Yorkshire terrier, one
French poodle, one Beagle, one Airdale terrier and one German
shepherd. Seven females and five males between 3.4 and 28.9 Kg
of BW; (d) group 4, from 18 to 23 months of age; three mixed
breeds, two French poodle, two Doberman pinscher, one Giant
schnauzer, one Cocker spaniel, one Yorkshire terrier, one Beagle,
one Dogo argentino. Five females and seven males between 3.5
and 38.6 kg of BW (e) group 5, from 24 to 83 months of age;
eight mixed breeds, two Siberian Husky, one Dalmatian, one
Pointer. Six females and six males between 22.3 kg and 36.8 Kg
of BW and (f) group 6, more than 83 months of age, nine
mixed breeds, one Shih-tzu, one Boxer, and one French poodle.
Eight females and four males between 4.6 and 32.6 Kg of BW.
Dogs of groups 1, 2, 3, and 4 had a clinical follow-up for 1
year, with regular physical and neurological examinations every
4 months, without relevant findings suggesting a neurological
disease (24).

Dogs from group 1, 2, 3, and 4 included dogs whose central
nervous system (CNS) was still in the process of maturing,
and the entire brain cortex was also expected to display a
similar type of electrical activity. This means that as the dog
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FIGURE 2

EEG (reference montage) corresponding to a female German Shepherd of 1 ½ months of age. Each vertical division represents 1 second and the

small vertical bar at the upper left corner represents 50 µV. (A) Predominance of slow waves can be observed, showing a very weak outline of

superimposed alpha wave, of higher amplitude in the occipito-parietal channels. Temporal (T) and frontopolar (Fp) channels show a very low voltage

signal, with a predominant slow activity of 3 to 4Hz. (B) Sharp high voltage waves of the vertex are clearly observed (red circles).

growth electrodes activity recorded seems similar between them
regarding frequencies and amplitude. This change is evident
particularly at the temporal leads. Dogs from group 5 and
6 included dogs whose CNS was already matured, and the
electroencephalogram recording looked stable (9, 11). There
is no detailed investigation as to what happens in the EEG
after that age, hence the age in the rest of the groups was
established arbitrarily.

3.2. Morphology of background activity
(visual analysis)

3.2.1. Group 1 (up to 5 months of age)
Background electrical activity shows a mild diffuse

disorganization (frequency mixing), with the theta band as the
dominant frequency, with an incipient superimposed alpha activity
and paroxysmal slow waves (Figure 2A). Higher amplitude was
found in the parieto-occipital region. Temporal (T) and frontopolar
(Fp) channels feature a low voltage signal, with predominance of
slow waves (3–4Hz), although with a superimposed fast activity
(beta 1). Sharp vertex waves of wide voltage are observed relatively
frequently (up to 110 uV) (Figure 2B). Semi-periodic paroxysms
of slow waves are also observed, which can be differentiated into 2
different types: waves of 4 to 6Hz, from 50 to 70 uV (Figure 3); and
slow waves of 3Hz, from 20 to 40 uV (Figure 4). Also, an incipient
alpha activity was found (activity from 8 to 9Hz, in at least 50%
of dogs, up to 13Hz) from 40 to 60 uV, particularly evident in the
parieto-occipital region, with an onset frequency of once every 10–
15 s (see Figure 4). Intermittent tracing asymmetries were found
in half of the animals (higher signal amplitude with a 25–30% of
difference between hemispheres), 50% of which corresponded to
each cerebral hemisphere. No asynchronies were found.

FIGURE 3

EEG (reference montage) corresponding to a 4-month-old female

dog of mix breed and 6.5 Kg of body weight. Division 1 seg/50 µV. It

is possible to observe one of the varieties of slow waves that appear

paroxysmally at this age: 4 to 6Hz; in this case, 5Hz, more

noticeable in the occipito-parietal regions (red circle).

3.2.2. Group 2 (6 to 11 months of age)
Background electrical activity was similar to that of the previous

group, albeit the theta rhythm dominance was more evident,
always with incipient superimposed alpha activity and paroxysmal
slow wave (Figure 5). Higher amplitude was found in the parieto-
occipital region. Acute vertex waves continued to manifest. As in
the previous group, paroxysmal slow waves were found, but only
in the frequency range of 4 to 7Hz, and about 60 uV (Figure 6).
The alpha activity (8 to 13Hz) continued to appear paroxysmally,
always in the parieto-occipital regions, with an amplitude of 30–60
uV (Figure 7). The most noticeable change in this age group was
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FIGURE 4

EEG (reference montage) corresponding to a mix breed male

German Shepherd, of 5 months of age and 8 kg of body weight.

Division 1 seg/50 µV. It is possible to observe another type of slow

waves that appear paroxysmally at this age: 3Hz, more noticeable in

the dorsal cortex (red circle), except for the Fp channels. In the

same tracing, an outline of alpha activity can be observed, which

becomes increasingly visible in the occipito-parietal regions.

FIGURE 5

EEG (reference montage) corresponding to a male Miniature Poodle

of 10 ½ months of age, body weight 13 kg. Division 1 seg/50 µV. In

this period (6 to 11 months of age) the predominance of the theta

rhythm can be observed, with outlines of superimposed alpha and

slow wave paroxysms. Frontopolar (Fp) and temporal (T) channels

have significantly increased the voltage of their electrical signal.

the substantial amplitude increase in frontopolar channels and, in
some animals, in the temporal channels. These channels featured
slow dominant activity, mainly contained in the theta band (4 to
5Hz) (see Figure 6).

3.2.3. Group 3 (12 to 17 months)
The dominant activity in this age group was in the theta

frequency band. Nevertheless, an incipient alpha activity started
to overlap over this rhythm, particularly in occipital, parietal

FIGURE 6

EEG (reference montage) corresponding to a female Cocker Spaniel

of 8 months of age. It is possible to observe a paroxysm of slow

waves of 5Hz of high amplitude in the entire dorsal cortex (red

circle). Note the dominant slow activity in the temporal channels (T)

framed in the theta frequency band. Division 1 seg/50 µV.

FIGURE 7

EEG (reference montage) corresponding to a female Miniature

Poodle of 9 months of age. Frequent paroxysms of an initial alpha

rhythm can be observed, with a frequency, in this case, of 8Hz.

Division 1 seg/50 µV.

and frontal regions (Figure 8). At times, this rhythm became
the dominant activity. In brachycephalic dogs, the alpha activity
was more evident in the fronto-parietal region (Figure 9), while
in mesocephalic dogs, in the parieto-occipital region (Figure 10).
Paroxysmal slow waves of 4–7Hz were still observed, but with a
smaller amplitude than in the previous groups (25 to 40 uV) and
with a less frequent manifestation (Figure 11). The amplitude of the
signal recorded in temporal channels and dorsal cortex channels
was very similar (see Figure 9), although, temporal leads tracing
was significantly slower than previous groups. In this period, a
generalized amplitude decrease of the signal recorded begins to
be evident.
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FIGURE 8

EEG (reference montage) corresponding to a 14-month-old female

dog, of mix breed of 13Kg of Body weight. Division 1 seg/50 µV. In

this period (12 to 17 months of age), although the dominant

frequency is found in the theta band, the alpha rhythm is almost

permanently superimposed on it. Although the temporal channels

(T) present an amplitude similar to the rest, they show a clearly

lower frequency. Generally, the voltage begins to show a decrease

regarding previous periods.

FIGURE 9

Fragment of EEG (reference montage) corresponding to a Yorkshire

Terrier of 15 months of age. Division 1 seg/50 µV. In this

brachycephalic animal, higher amplitude alpha activity is observed

in the fronto-parietal region (red circle).

3.2.4. Group 4 (18 to 23 months of age)
The recording was very similar to that of the previous group.

Alpha activity became increasingly important, alternating with
theta activity (Figure 12A). Paroxysmal slow wave activity of 4 to
7Hz, 25 to 40 uV, was maintained (Figure 12B), although it became
increasingly more sporadic.

One of the most remarkable characteristics in this group was
the generalized decrease in the recording amplitude, which was
found in all channels, but much more pronounced in temporal and
frontopolar channels. In the first cases, the slow dominant activity
prevails, which clearly differentiates them from the rest.

FIGURE 10

Fragment of EEG (reference montage) corresponding to a female

Beagle of 17 months of age. In this mesocephalic animal, higher

amplitude alpha activity is observed in the occipito-parietal region

(red circle). Division 1 seg/50 µV.

FIGURE 11

EEG (reference montage) corresponding to a 16-month-old female

dog of mix breed, body weight 11.5 kg. It is possible to observe the

presence of slow waves, in this case 4Hz of a lower voltage (red

square) to previous age periods. Division 1 seg/50 µV.

3.2.5. Group 5 (24 to 83 months of age)
The electrical activity was very similar to that of the previous

group. The only difference consisted in the disappearance of
the paroxysmal slow wave activity from 4 to 7Hz, and a slight
attenuation of alpha activity (Figure 13). The recording amplitude
in all channels continued to show low values. The difference in
frequency of the signal recorded in the temporal channels and the
rest was not evident, as in the case of the previous groups.

3.2.6. Group 6 (more than 83 months of age)
No major differences were visible in regard to the previous

group, except for an apparent increase in the alpha activity in most
of the animals recordings (Figure 14). For the first time possible
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FIGURE 12

EEG (reference montage) corresponding to a Yorkshire Terrier of 23 months of age (A). Female Miniature Poodle of 19 months of age (B). Division 1

seg/50 µV. (A) Note the generalized amplitude decrease, despite being a small breed, which is characteristic of this period (18 to 23 months). Also,

observe the intermittent dominance of alpha and theta rhythms. (B) Slow wave paroxysms can still be observed, in this case of 6Hz (red square),

although much more sporadically than in previous periods.

FIGURE 13

EEG (reference montage) corresponding to a 5-year-old female

dog, of mix breed and 16 kg of Body weight. Division 1 seg/50 µV.

Features of this period are the low amplitude and permanent

presence of the alpha rhythm and the similarity of the electrical

signal between the temporal (T) and the other channels.

pseudo-spindles activity were recorded in temporal channels
(Figure 15).

3.3. Power spectrum analysis

3.3.1. First stage
ANOVA for normalized relative power showed the presence

of interactions between age and rhythm factors, and between
rhythms and channels. The presence of interactions implies that the
individual analysis of each considered factor is not valid without

FIGURE 14

EEG (reference montage) corresponding to a 13-year-old male dog

of mix breed and 11 kg of body weight. Division 1 seg/50 µV. An

apparent visual increase in the alpha rhythm is observed during this

period. Once again, the temporal channels (T) show a lower

amplitude than the rest of the channels.

taking into account how the factors influence each other. Since
there were no triple interactions, one of the factors may be fixed (at
any of its levels) to, then, evaluate how the other two interact freely.

Interaction occurred in temporal channels, where relative
power of delta rhythm increased, basically, at the expense
of the alpha activity decrease and, to a lesser extent, of
theta rhythm. Other important conclusions emerged from
the previous analysis: (a) the levels assigned to subdivide
the age variable proved to be insufficient, as they could
have been concealing certain characteristics by being grouped
in intervals of different size; (b) channels pertaining the
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FIGURE 15

EEG (reference mounting) corresponding to an 8-year-old female dog of mix breed 16 kg of body weight. Division 1 seg/50 µV. probably

pseudo-spindle activity (10–12Hz) can be observed (red circle), particularly noticeable in the temporal channels (T).

dorsal portion of cortex (Fp, F, P, O, and central) seemed
to have a similar behavior, presenting a strong discrepancy
with temporal channels (T); (c) beta rhythm presented an
almost constant level throughout all levels of the other factors
under study.

3.3.2. Second stage
Beta rhythm was excluded due to its poor participation as a

source of variability; age was subdivided into comparable interval
groups (0 to 5, 6 to 11, 12 to 17, and 18 to 23 months); channels
were regrouped into 2 levels (temporal and dorsal).

ANOVA for normalized relative power for all age groups
shows the presence of double interactions. In regard to age/rhythm
interaction, comparison of means by general contrast (p<0.05)
makes it possible to determine that values pertaining delta rhythm
are different (higher values) from the average of alpha and theta
activity for ages 0 to 5months, 6 to 11months, and 18 to 23months,
whereas for the 12 to 17 months group (Supplementary Figure 1),
differences are not substantial. On the other hand, theta and alpha
activity were different (alpha activity higher than theta activity)
from one another (Supplementary Figure 1) for 0 to 5, 6 to 11, and
12 to 17 months groups, but no substantial differences were found
in the 18 to 23 months group. The general trend for alpha activity
values was upward, as for the theta rhythm values. Delta rhythm
behavior stood out, with values showing a downward trend until 17
months of age and then showing an inverse trend. This behavior is
understood to be the consequence of amplifiers noise. The relative
potency of delta and theta frequencies increases as the amplitude of
the tracings decreases.

Age/channel interaction exhibited important differences
between dorsal and temporal channels in all ages, except for the
0 to 5 months group, where values obtained for both groups
of channels were not different from each other. For age of 6–11
months temporal channels values were higher than dorsal channels.
For groups 3 and 4 (12–17 and 18–24 months) dorsal channels
values were higher than temporal ones (Supplementary Figure 2).

The rhythm/channels interaction was manifested at the level of
delta and alpha frequency bands, whose values showed significant
differences between dorsal and temporal channels (Delta frequency
was higher in temporal channels and alpha activity was higher in
dorsal channels). For theta frequency band, the values obtained
for both groups of channels were not different from one another
(Supplementary Figure 3).

ANOVA for normalized relative power for age groups 24
to 83 months (adults) and more than 84 months (older dogs)
which were analyzed separately, only showed a rhythm effect.
There were no double or triple interactions. In other words,
in dogs older than 2 years of age, only a variation on the
power spectrum composition was found in terms of percentage
distribution of electroencephalographic rhythms. The analysis
of its behavior by comparison of means (Tukey, p < 0.05)
indicated that, after 2 years of age, delta rhythm is significantly
higher from alpha and theta activity, while the two latter do
not differ much between each other (Supplementary Figure 4).
We consider this delta behavior as a consequence of an
amplifier noise.

Results obtained through visual analysis were consistent
with those of the statistical impact analysis that age,
channels, and electroencephalographic rhythms have on
relative power.
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4. Discussion

In order to establish the EEG maturation process through
visual analysis, we have selected 3 paramount characteristics: (a)
the presence or absence of slow waves from 4 to 6–7Hz; (b)
comparisons of electrical activity recorded in temporal and dorsal
cortex channels; and c) visual increase of alpha activity.

In the maturation process of the EEG in dogs, the presence
of slow waves of 4 to 6–7Hz is a key element. The onset of such
waves has been described between 5 and 7 weeks of age and their
disappearance between 5 and 6 months of age (7, 8, 10, 19, 20). It is
likely that the development of cortical neurons and the thalamus-
cortical influence produced up to the first month of age (3, 6, 8, 25),
but which last longer, up to 10 weeks of age (6–8, 26), is somehow
connected to their onset. On the other hand, the strengthening
process of ideal synaptic connections and the elimination of
unnecessary ones, which occurs approximately up to 4 months of
age in dogs (27–29), influences the disappearance of slow waves.
Nevertheless, we have found them in all age groups up to 23
months of age. We consider this to the fact that the final postnatal
development phase continues for life, and it is characterized by the
stability and strengthening of established synapses (27–29).

Our findings suggest that EEGs rhythmic patterns in dogs
remain constant and do not present crucial variations from the
age of 2 years. From that age onwards, we consider that the
brain electrical activity is mature. This includes adult, mature,
senior, and geriatric dogs (30). A significant contribution to this
fact is that temporal electrodes show a very similar activity to
other electrodes. Alpha activity is consolidated as the dominant
frequency, while slow waves and differences between the dorsal and
temporal channels disappear.

In humans, when maturing, slower frequencies decrease and
higher frequencies increase (31). This change from low to high
EEG frequencies is a characteristic hallmark of brain maturation
(32). We found a two-way interaction during the period between
birth and 23 months of age between electroencephalographic
rhythms, recording channels and age when analysis of relative
power behavior was done. Values of alpha and theta rhythms
showed a significant increase from 6 months of age. Alpha activity,
although increasing its relative values, was still substantially lower
than theta rhythm up to 17 months of age; from this age on, values
in both were similar. Delta rhythm values exhibited a progressive
decrease until 17 months of age; however, from 18 month of age,
they showed a progressive increase. To interpret this phenomenon
and correlate it with the visual analysis of the EEG, it is necessary to
consider that power spectrum shows all the frequency components
of the complex analyzed signal. Therefore, all extracerebral signals
affecting the lower end of the relative the power spectrum (e.g.,
body movements) will be represented in the delta band. Thus, the
increased statistical value of delta rhythm had no correlation with
visual analysis.

Our assessment about EEGs maturation age differs markedly
from those made by other authors, who have established it between
6 and 7.5 months of age (9, 10). This discrepancy is attributable to
the use of temporal electrodes, which record the electrical activity
of the rhinencephalic cortex. Maturation periods of neopallium
and rhinencephalon and their electrical rhythms differences were

manifested in the features of electrical activity recorded in temporal
and dorsal cortex channels.

In dogs, the development and maturation of rhinencephalic
structures have not been cleared yet. However, our findings suggest
that it may be established between 6 and 11 months of age when
a substantial increase of amplitude in the temporal channels.
Statistical analysis shows at this age range significant amplitude
differences between the temporal and dorsal channels, with the
former ones reaching the highest values.

Through visual analysis of EEG recordings, we identified
five development stages in dogs, which coincided with the
preselected age groups. Statistical analysis of relative power
behavior, particularly with regards to the age/rhythm interaction,
support this division.

The period prior to that signaling EEG maturation spans from
birth to 23 months of age and can be subdivided into 4 stages, with
different features. First stage (0 to 5 months of age) visual analysis
is characterized by the mixture of frequencies (predominantly
slow ones) and by the low amplitude recorded in frontopolar
and temporal channels. However, statistical analysis did not find
differences between temporal and dorsal channels. Probably low
voltage of Fp channels reduces the average value of dorsal channels,
thus matching the average of temporal channels. ANOVA did not
find age to be significant factor among the dogs of this group (p <

0.05) although some authors have suggested important differences
at this stage (2, 7–10, 19, 26). Therefore, there are not differences
which validate its division into smaller subgroups. We believe
that, for the purpose of clinical application, it is not necessary
to subdivide this group, at least in animals older than 45 days,
considering that our study did not include any individual under
this age.

For second stage (6 to 11 months of age) slow frequencies
were still dominant, but theta rhythm is predominant in the
visual analysis. The alpha activity began to appear incipiently,
particularly in parieto-occipital regions. But the foremost event
was the amplitude increase in frontopolar and temporal channels.
Statistical analysis supports these observations. We interpret this
fact as a maturational process of limbic cortical domains, which
is probably closely related to behavioral modifications manifested
in this period. This age corresponds to the first stage of behavioral
maturation in dogs (33, 34), in which the characteristics concerning
the personality and character of the individual begin to be defined.

On visual analysis, the third stage (12 to 17 months of age)
showed a very similar pattern to that of the mature adult, yet
with differentiating aspects. Theta rhythm was still the dominant
frequency, but alpha activity remained frequently superimposed.
It was not visually possible to identify the delta rhythm when
the animal was arising from sedation and the slow waves of
4 to 6Hz, although still significantly present, decreased their
amplitude considerably. The statistical analysis support these
observations since it showed an important decrease of delta rhythm
values, matching the theta rhythm values. Alpha activity increased
its relative values, but was still notably lower than delta and
theta rhythm.

The fourth stage (18 to 23 months of age) was characterized by
voltage decrease of the signal recorded and an increase of the alpha
activity on visual analysis. Nevertheless, slow waves were still found
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intermittently, from 4 to 6–7Hz with low amplitude. Statistical
analysis showed the definite impact of age/rhythm interaction,
which remain in the rest of the analyzed ages, becoming one of
the hallmarks of the adult animal: alpha activity values match those
of theta. In humans, theta rhythm is mainly found in infants,
and it continually decreases with age (35). Theta rhythm areas are
frequent on posterior regions in children between 7 and 10 years
of age. This phenomenon may be a precursor of alpha rhythm
in adults, and may be connected to maturation, overlapping areas
implied in the generation of a lower frequency alpha rhythm (36).

The impact of the age/channel and rhythm/channel interaction
on relative power behavior does not strictly adjust to the 5 age
groups described and will be considered separately.

The impact of the age/channel interaction between 12 and
23 months of age showed a substantial change in relative power
behavior of temporal and dorsal channels, with this latter reaching
the highest values. This fact is due to the generalized amplitude
decrease and appears in this group and consolidates from the 24
months of age. This voltage reduction differentially affects temporal
channels, probably due to the anatomy of the region where they
are placed.

Although the third and fourth stages were very similar to
mature dog EEG recording, we considered them different based
on the discrepancy between temporal and dorsal cortex channels
on the visual analysis. The period between 12 and 23 months
of age included the second stage of the behavioral maturation
in dogs, in which the consolidation of the features concerning
personality and character of the individual is observed (33, 34). It
is likely that the synapse neoformation processes (synaptogenesis)
and persistent changes in functional properties of neuronal groups
(synaptic plasticity) (37), are involved in behavioral changes found
between 6 and 23 months of age, and somehow linked to electrical
features of the limbic region.

The rhythm/channel interaction analysis indicated that, for any
of the studied ages, the composition of the frequency spectrum
is different for temporal and dorsal channels. Alpha activity was
higher for dorsal channels and delta rhythm was higher for
temporal channels. Amplitude average of temporal channels is
considerably low for four ages groups. Therefore, delta activity
shown by the statistical analysis is artificially high, being theta
the dominant frequency band on visual analysis. This finding
is coherent with bibliographic information about rhythmic slow
electrical activity (RSA), typical of limbic cortical areas. This
activity appears modulating not only normal synaptic transfer,
but also long-term changes in the synapse strength (7). In
addition, this fact matched visual analysis of the signal obtained in
temporal channels.

No differences have been found among the EEG of studied
animals older than 2 years of age. The oldest group (more than
83 months), with an average of 8.5 and peaks of 11 and 13 years
of age, showed no differences with animals of 24 to 83 months of
age. Decrease in the recording amplitude in “old” animals stated
in the cited bibliography (9) did not represent a specific feature of
this group. Voltage decrease occurs substantially from 18 months
of age and is probably due to the increase of skull thickness and
surrounding muscles. These structural changes subdue the brain’s
electrical signal. These findings agree with statistical analysis,
since from 2 years of age the interaction among analyzed factors

disappears, showing the individual effect of the EEG rhythm factor.
Thus, for any age older than 2 years, and any channel, alpha and
theta activity will have similar contribution to power spectrum.
This statistical data was consistent with the visual analysis, in which
a similar electrical activity was observed on temporal and dorsal
channels from 24 months of age. By the first time we had seen some
graphoelements compatible with a possible pseudo-spindle which
origin might be the hippocampus and the mechanism underlying
this feature still unknown (38, 39). It differentiates from alpha
rhythm (Rhythm at 8–13Hz inclusive during wakefulness over the
posterior regions of the head, generally with the higher amplitudes
over the occipital areas) and sleep spindles (Train of distinct
waves with a frequency at 11–16Hz with a duration of >0.5 seg
and generally with higher amplitude over the central areas) as
pseudo-spindles seems to be recorded with higher amplitude at
the temporal leads arising from hippocampus and having a slow
rhythm (38–40).

All information above refers to the visual analysis of the
EEG recording and the statistical analysis of the relative power
behavior. However, interhemispheric coherence analysis studies
have reported that, even in the period of electrical maturity (2
years of age), differences persist between the signal recorded in
temporal and dorsal cortex channels. These differences result from
their origin, modulation and transfer over distance (18). Such
functional differences are simply the reflection of large structural
and morphological differences among isocortex and allocortex.
Local nature factors acquire great relevance in the electrical activity
of the limbic cortex. This is supported by evidence of the theta
hippocampal activity origin, especially in terms of its cellular bases
within pyramid neurons from CA1 and CA3, as well as its relation
to a septum-induced disinhibitory process (41–43). These features
might increase susceptibility of the limbic cortex to some epileptic
disorders (44, 45).

5. Conclusions

According to the findings in the present study, maturation of
brain bioelectrical activity in dogs is a gradual process and the EEG
features of adult animals start showing at 12 months of age, but
stabilize after 24 months of age based on the EEG visual analysis
and the statistical analysis of spectral power behavior. In this
process, the evident differences in the development and maturation
of the neopallium and rhinencephalon play a crucial role. The
elements to be considered in order to visually identify the EEG
maturational periods in dogs are: (a) the presence or absence of
slowwaves of 4 to 6–7Hz, (b) homogeneity of signal recorded in the
totality of EEG channels and (c) the dominance of alpha rhythm.
These features are easily recognizable in the visual analysis of the
EEG recording.

It is relevant to know background and normal
transient activities of each developmental period in
order not to misinterpreted certain graphoelements
as abnormal (e.g., slow waves that feature the
immature EEG), which would result in wrong decisions
regarding diagnosis, prognosis and/or treatment of
patients under a brain maturation process with
intracranial pathologies.
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Background: Canine epilepsy is a chronic common neurologic condition where 
seizures may be underreported. Electroencephalography (EEG) is the patient-side 
test providing an objective diagnostic criterion for seizures and epilepsy. Despite 
this, EEG is thought to be rarely used in veterinary neurology.

Objectives: This survey study aims to better understand the current canine EEG 
usage and techniques and barriers in veterinary neurology.

Methods: The online Qualtrics link was distributed via listserv to members of the 
American College of Veterinary Internal Medicine (ACVIM) Neurology Specialty 
and the European College of Veterinary Neurology (ECVN), reaching at least 517 
veterinary neurology specialists and trainees worldwide.

Results: The survey received a 35% response rate, for a total of 180 participant 
responses. Fewer than 50% of veterinary neurologists are currently performing 
EEG and it is performed infrequently. The most common indication was to 
determine a discrete event diagnosis. Other reasons included monitoring 
treatment, determining brain death, identifying the type of seizure or epilepsy, 
localizing foci, sleep disorders, for research purposes, and post-op brain surgery 
monitorization. Most respondents interpreted their own EEGs. Clinical barriers to 
the performance of EEG in dogs were mainly equipment availability, insufficient 
cases, and financial costs to clients.

Conclusion: This survey provides an update on EEG usage and techniques 
for dogs, identifying commonalities of technique and areas for development 
as a potential basis for harmonization of canine EEG techniques. A validated 
and standardized canine EEG protocol is hoped to improve the diagnosis and 
treatment of canine epilepsy.

KEYWORDS

canine, electroencephalography, epilepsy, survey, EEG technique

Introduction

Epilepsy is the most common neurological condition in dogs affecting 0.6–0.75% of dogs 
(1–3). Diagnosis and treatment may be  limited in veterinary neurology since diagnostic 
confirmation is based on subjective criteria such as description of episodes, viewing of episodes, 
physical and neurologic examinations, as well as unremarkable advanced tests like magnetic 
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resonance imaging (4). None of these provide objective confirmation 
of seizure events, nor does the caregiver’s history. The latter leads to 
an underreporting of seizure frequency in dogs as episodes may 
be missed, particularly while the caregiver is away (5).

Electroencephalography (EEG) is a test providing an objective 
diagnosis of seizures. While brain function can be  measured and 
assessed using multiple methods, such as positron emission 
tomography (PET), single photon emission computed tomography 
(SPECT), functional magnetic resonance imaging (fMRI), and 
magnetoencephalography (MEG), none of these methods measure 
brain function in real time at the bedside (6). For this reason, EEG 
provides a standard for seizure and epilepsy diagnosis (4). The EEG 
confirmation of seizure (ictal) or interictal activity thus raises the 
confidence in a diagnosis of canine idiopathic epilepsy to the highest 
tier, Tier III (4). EEG can differentiate an epilepsy diagnosis from 
other conditions including episodic or transient paroxysmal disorders 
(7), behavioral and movement disorders (8–11), or a coma or 
nonconvulsive seizures (12–17). Despite it being the gold standard 
test, EEG is thought to be rarely used in veterinary neurology due to 
various barriers, e.g., labour requirements or cost-effectiveness.

In veterinary medicine, there are not yet standards for EEG usage 
and technique as there are in human epileptology, making it difficult 
to compare EEG recordings between dogs, electroencephalographers, 
and clinics. The last survey examining veterinary EEG usage and 
technique was conducted over 34 years ago (18). The survey was 
mailed to 34 neurologists in the United States and Canada, out of 
which 19 completed and returned the survey (56% response rate). The 
survey examined questions such as if EEG was being performed, on 
which species, what type of electrodes were used, what electrode 
resistance was being used, montage, sensitivity, frequency settings, 
number of channels used, any other simultaneous recordings (i.e., 
EKG, respiration, eye movement), usage of photic stimulation, seizure 
activating procedures, and chemical restraints. At the time, 17/19 
respondents reported using EEG in dogs and cats. The most used 
electrode placement protocol was by Redding and Knecht (1984) (19) 
using 5 electrodes, (F3, F4, Cz, O1, O2, RF). In the 20th century, EEG 
machines recorded deflections of a pen on reams of paper (20). Given 
intervening technological advances and that the survey was completed 
by such a small group, there is a need to update knowledge of current 
veterinary EEG practices considering advances in EEG techniques.

The questions arise as to how commonly and by what protocols 
EEG is currently performed in veterinary neurology. Amongst 
neurologists, the sense is that EEG is not a commonly performed 
technique. With a focus on EEG use in dogs, therefore, the hypothesis 
was that a low proportion of veterinary neurologists use EEG clinically 
(< 50% of respondents). Further, it was expected to find that the EEG 
technique has high variability, with the penetrance of any one protocol 
being less than 20% of those recording EEG routinely amongst 
respondents. In order to update veterinary EEG literature, the 
objectives of this study were to understand the current (1) canine EEG 
usage and its barriers, (2) techniques in veterinary EEG, and (3) the 
approaches to EEG review.

Methods

This survey study was approved by the University of Guelph 
Research Ethics Board (REB# 19–11-004). As internal validation, a focus 

group of Ontario Veterinary College (OVC) clinicians tested and 
approved the survey before it was distributed. The survey contains 27 
questions in total grouped into three themes. Theme One questions 
regarding usage and its barriers asked about frequency of EEG use, 
barriers encountered by both clinicians and pet owners. Theme Two 
questions asked about equipment type, electrode layout, and typical 
procedures. Finally theme Three asked about typical approaches to EEG 
review. See Supplementary Datasheet 1 for all survey questions. Survey 
questions had several different formats including multiple-choice, yes/no 
options, slider, and free text. Survey questions were presented as a 20-min 
online Qualtrics survey. This online Qualtrics link was distributed to 
members of the veterinary neurology specialist community world-wide 
via professional listservs including members of the American College of 
Veterinary Internal Medicine (ACVIM) Neurology Specialty and the 
European College of Veterinary Neurology (ECVN), reaching at least 517 
veterinary neurology specialists and trainees worldwide (estimate 
provided by listserv moderator for January 2021, by private 
communication). The survey was available for a total of 5 weeks from 
November 30, 2021, to January 8, 2022. The surveys were completed 
anonymously, therefore participants were not able to withdraw their data 
once they completed and submitted the Qualtrics survey. Two authors 
(JL, FJ) reviewed the responses and for questions with free-text answers 
grouped them according to commonalities. Simple descriptive statistics 
were performed on the responses. Discrete data were tested for normality 
using the Kolmogorov–Smirnov Test with p = 0.05. Mean and standard 
deviation (SD) were reported for normally distributed data, whereas 
median and interquartile range (IQR) were reported otherwise. For 
certain questions (Q18 and Q20), the Qualtrics ‘slider’ question format 
summarizes the continuous variable output as minimum, maximum, 
mean, SD, variance, and count, which were reported.

Results

Canine EEG usage and its barriers 
(questions 1–8, Q1-Q8):

With a 35% response rate, a total of 180 participant responses were 
recorded. Not all questions were answered by all participants. EEG has 
been performed at some point by 126/169 (75%) respondents, with 
54/123 (44%) respondents performing EEG at the time of survey (Q1, 
Q2). EEG is most used on an annual basis (70/119, 59%), seen in Figure 1 

FIGURE 1

(Q6): Frequency of EEG use for survey respondents.

86

https://doi.org/10.3389/fvets.2023.1198134
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Luca et al. 10.3389/fvets.2023.1198134

Frontiers in Veterinary Science 03 frontiersin.org

with the relative frequency at which EEG was performed at the time of 
the survey (Q6). Indications for performing an EEG are listed in Table 1 
(Q3). Figure 2 shows the duration of time in years that respondents have 

performed EEG (Q4) with the majority being 1–5 years (range 
0–49 years). Questions 5, 7, and 8 explored barriers to the uptake of EEG 
capturing free text answers. The commonalities identified in the answers 
are summarized in Table 2 along with the frequency of their occurrence. 
Lack of equipment prevented respondents from performing EEG, 
whereas number of cases needing EEG affected frequency. Cost to client 
was frequently cited as affecting client compliance (Table 2).

Techniques in veterinary EEG (Q9-Q23):

A wired EEG machine was used by 97/132 (74%) respondents, the 
remaining used wireless machines (Q9). Video was not used while 
recording in 60/119 (50%; Q10). Where video was used, 40% (48/119) 
of respondents recorded video synchronized with the EEG software 
while the remaining 9% (11/119) recorded video with a separate 
system, for example, with a GoPro. Subdermal wire electrodes were the 
most used 88/134 (66%), followed by steel needle electrodes 31/134 
(23%), and skin surface electrodes 15/134 (11%; Q11). The types of 
skin surface electrodes (15; Q12) were reported to be  metal (6), 
disposable cup electrodes (1), patch (3), CCX chloride electrodes (2), 
silver coated plastic electrodes with T20 paste (1), and “the ones 
humans have” (2).

Ninety free text responses were submitted for the number of 
electrodes in the electrode array (Q13). Between 6 to 32 electrodes are 
being used including ground and reference (median = 12 electrodes, 
IQR = 6 electrodes; Q13). To explore the electrode array, four images 
(maps with electrode nomenclature) were presented for selection ( 7, 20, 
21, 22) or respondents could upload a map that they use (Table 3; Q14, 
15, 16). The Holliday and Williams electrode array map was most 
frequently selected (44/132, 33%), followed by James et al. (31/132, 24%), 
Tepper and Shores (26/132, 20%) and lastly Pellegrino and Sica (24/132, 
18%). The most uploaded image was taken from Wrzosek (4/9 uploads, 
44%) (23). Integrity of electrode placement was typically confirmed via 

TABLE 1 (Q3): Indications for performing EEG in dogs.

Categories Examples of Free Text 
Response

Number of 
Answers

Discrete Event Diagnosis

(I.e Is it a seizure?)

-Behavior (obsessive compulsive)

-Movement disorders 

(paroxysmal dyskinesia, 

narcolepsy, syncope without 

cardiac abnormalities)

76 (63%)

Continuous state 

diagnosis

(I.e Is it still having a 

seizure?)

- Non-convulsive status, status 

epilepticus, head trauma, other 

encephalopathy/intoxication, 

CCD

-Coma

41 (35%)

Drug Monitoring 

Treatment

(I.e Are these drugs 

working?)

-Drug resistant

-Seizure under anesthetic

31 (26%)

Do not perform Do not perform 20 (17%)

Brain Death Brain Death 14 (12%)

Type of Seizure/Epilepsy Focal/absence seizure (5) 11 (9%)

Localizing foci Localizing foci 4 (3%)

Sleep Disorder NA 2 (2%)

Research/Academia NA 4 (3%)

Post-op Brain Surgery 

Monitoring

NA 1 (1%)

TOTAL 119

FIGURE 2

(Q4): Years of experience in performing EEG.
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TABLE 3 (Q14) Electrode locations maps commonly used for electrode placement on a dog’s scalp.

Electrode Location Maps Frequency 
of Use

Number of 
Electrodes 
(including ground 
and reference)

Holliday TA, Williams DC. Clinical Electroencephalography in Dogs. Vet Neurol Neurosurg J. 1999;1(1):1–38. 44/132 (33%) 15 electrodes

James FMK, Cortez M, Monteith G, et al. Diagnostic utility of wireless video-electroencephalography in unsedated dogs. J 

Vet Intern. 2017;31(5):1469-1476.

31/132 (24%) 15 electrodes

Tepper L, Shores A. Electroencephalographic recordings in the canine: effects of low dose medetomidine or 

dexmedetomidine followed by atipamezole. Open J Vet Med. 2014;04:7-13.

26/132 (20%) 6 electrodes

Pellegrino FC, Sica REP. Canine electroencephalographic recording technique: findings in normal and epileptic dogs. 

Clinical Neurophysiology. 2004;115:477-487.

24/132 (18%) 14 electrodes

Other (respondents could upload image of map on the following Q15. 9/132 (7%)

Wrzosek MA. Electroencephalography as a diagnostic technique for canine neurological diseases. J Vet Res. 2016 

Jun;60:181–7

4/9 (44%)

Redding R, Knecht C. Atlas of Electroencephalography in the Dog and Cat. (1984) 1/9 (11%)

Brauer C, Kästner SBR, Schenk HC, Tünsmeyer J, Tipold A. Electroencephalographic recordings in dogs: Prevention of 

muscle artifacts and evaluation of two activation techniques in healthy individuals. Res Vet Sci. 2011 Apr;90(2):306–11.

1/9 (11%)

Holliday TA, Williams DC. Advantages of Digital Electroencephalography in Clinical Veterinary Medicine Part 1. Vet 

Neurol Neurosurg J. 2001;3(1):11.

1/9 (11%)

Could not tell based on image submitted 2/9 (22%)

visual inspection of tracings (45/172, 26%), or electrodes (45/172, 36%). 
Software measures of impedance were also used: <10 kΩ (35/172, 20%), 
versus <5 kΩ (27/172, 16%) or < 20 kΩ (6/172, 4%). Integrity of electrode 
placement was not checked by 14/172 (8%) respondents (Q17).

Restraint protocols during instrumentation were ranked as a 
proportion of cases that the protocol was used for (with a minimum 
of 0 and a maximum of 100% for each protocol option). Out of 99 
responses the mean proportion of use of sedation was 45% (SD = 36, 

TABLE 2 (Q5, 7, 8): Barriers affecting EEG performance in dogs from a veterinarian and owner’s perspective.

Barrier Factors DVM Stopped Performing 
(Q5)

Affecting DVM frequency 
(Q7)

Affecting Client’s 
Compliance (Q8)

Lack of Equipment 38 (37%) 20 (16%) 7 (7.5%)

Lack of

Training/Experience

20 (19%) 22 (17%) NA

Financial Cost 12 (12%) 8 (6%) 26 (28%)

*Cost to client

Limited Diagnostic

Value

15 (14%) 20 (16%) 1 (1%)

Other Barriers 18 (18%) 55 (43%) NA

Lack of staff = 4

(4%)

Lack of staff = 9 (7%)

Not enough cases

needed for EEG = 3 (3%)

Based on # of cases

needing EEG = 26 (21%)

Lack of time (use & interpretation) = 11

(11%)

Lack of time = 20 (16%)

Client Com pliance Lack of client cooperation = 1

(1%)

Lack of client cooperation = 2 (2%) Total = 22 (24%)

Uncooperative dog = 4 (4%)

Anesthesia or sedation needed = 9 (10%)

Far drive to specialist

= 2 (2%)

Hospitalization needed

= 7 (8%)

Total Responses 104 127 93
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variance = 1,282), ahead of no restraint protocol 30% (97 responses, 
SD = 34, variance = 1,171), general anesthesia 17% (97 responses, 
SD = 27, variance = 729), and unspecified other 7% (97 responses, 
SD = 23, variance = 540; Q18). Awake recording (92 responses, mean 
46%, SD = 42, variance = 1783) had a greater proportion of use than 
sedated (93 responses, mean 35%, SD =  37, variance = 1,376) or 
anesthetized (93 responses, mean 12%, SD =  25, variance = 620) 
recordings (with a minimum of 0 and a maximum of 100% for each 
protocol option; Q20). Alpha-2 agonists were the most used drugs 
during both instrumentation (46/100, 46%; Q19) and recording 
(25/64, 39%; Q21). The other drugs listed in the responses to both 
questions were used less frequently and included propofol, 
butorphanol, trazadone, phenobarbitone, isoflurane, acepromazine, 
benzodiazepines. Rocuronium and ketamine were only reported once.

Thirty-nine percent (37/94) of respondents did not use anything 
while fixing electrodes in place. The remaining 61% (57/94) described 
various methods: adhesive/tape - 30/94, 32%; bandage - 18/94, 19%; 
shaving - 9/94, 10% (Q22). A typical EEG recording ranged from 10 to 
2,880 min (48 h) (median = 30 min, IQR = 40 min; Q23) (Figure 3).

Approaches to EEG review (Q24-Q27):

In asking whether respondents interpreted their own EEGs, 60% 
(56/93) selected ‘yes’, 28% (26/93) selected ‘sometimes’, and 12% (11/93) 
selected ‘no’ (Q24). A follow-up question asked who, other than the 
respondent, interpreted EEG (Q25). Sixty-three percent (46/73 
responses), indicated that they may also consult a colleague, supervisor, 
friend, or expert for help with interpretation (Q25). As part of EEG 
interpretation, software algorithms were used by a minority (11/92, 12%; 
Q26). Respondents reported using the following software: Persyst (3), 
Polaris, Cadwell Arc Essentia, NicoletOne, NeuroGuide, and iEEG. Three 
respondents reported using software but did not provide the 
manufacturer. Both bipolar and reference montages were used for visual 

review by a majority (49/92, 53%; Q27). The remaining respondents used 
either bipolar (15/92, 16%), referential (18/92, 20%), or were unsure 
(10/92, 11%; Q27).

Discussion

This survey provides an update on EEG usage and techniques for 
dogs that have evolved since the last survey, over 30 years ago (18). The 
number of responses (180/517, 35%) represents significant 
engagement from the veterinary neurology world with a response rate 
similar to that reported for physician specialist response rates for 
web-based surveys (24). This support strengthens our conclusions 
about canine EEG usage and its barriers, techniques in veterinary 
EEG, and approaches to reviewing EEGs.

Canine EEG usage and its barriers (Q1-Q8)

Even though most respondents have at one point used EEG in 
dogs (75%), active usage is lower (44%). This supports the hypothesis 
that fewer than 50% of veterinary neurologists perform EEGs in 
practice. The low active usage raises the question whether EEG is 
performed more frequently during the residency training period. The 
survey examined barriers to the performance of EEGs in dogs. The 
most common barrier was lack of available EEG equipment (37%), but 
insufficient cases also decreased the frequency of EEGs (Table 2). 
Considering the lower active usage of EEG, a further question is 
whether EEG units are more likely to be  found at centres with 
residency training programs. A deeper exploration of the availability 
of EEG units and barriers to their acquisition should be the next step 
if we are to see more frequent use amongst veterinary neurologists.

Another considerable barrier for veterinary neurologists was 
lack of training and experience in the procedure itself and its 

FIGURE 3

(Q23): EEG recording duration.
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interpretation (19%). This can be addressed by providing advanced 
continuing education, as well as adjusting learning outcomes within 
the residency training process. Labour and cost-effectiveness were 
also factors as respondents were concerned about financial costs 
associated with EEGs to both the clinic and the pet owners, limited 
diagnostic value, not enough support staff, and time constraints 
(Table 2). These factors will likely improve as the body of knowledge 
advances. As cost effectiveness improves, better client compliance 
would be expected for consent to an EEG, as the most common 
barrier was cost (28%, Table  2). Notably the lack of equipment, 
caseload, and cost are not independent variables. These barriers 
identify areas for future research and development.

When it is used, EEG is performed annually or less frequently – this 
cannot be specified due to the limitation of the question format. The 
most common indication is to determine a discrete event diagnosis – is 
the dog truly having a seizure or could it be a behavioral or movement 
disorder? This common indication correlates with the published 
consensus proposal for diagnosing small animal epilepsy (4), 
establishing the Tier III confidence level for the diagnosis of idiopathic 
epilepsy. This indicates broad support for the clinical guidelines of the 
consensus proposal. Other indications included monitoring treatment, 
determining brain death, identifying the type of seizure or epilepsy, 
localizing foci, sleep disorders, for research purposes, and post-op brain 
surgery monitoring (Table 1) consistent with its use in people (25).

Techniques in veterinary EEG (Q9-Q23)

The survey findings differed from the predicted high variability in 
EEG technique. There was less variability than expected in EEG 
techniques and protocols, with the penetrance of many protocols 
exceeding 20%. Most respondents reported using a wired EEG 
machine (74%), versus a wireless EEG machine, perhaps reflecting the 
age and cost of EEG units in use. Wireless machines are a newer 
technology, particularly those incorporating synchronized video. 
Video synchronized recording improves the diagnostic utility for 
people and dogs (7, 26). The survey found that half of clinicians use 
video with their EEG recording (50%). If the hypothesis regarding the 
age of existing EEG units is true, repeating this survey in a few years 
would demonstrate increased wireless video EEG use.

The most used electrodes are the subdermal wire electrodes (66%), 
followed by steel needle electrodes (23%) and then skin surface electrodes 
(11%). This difference from the previously reported use of steel needle and 
skin surface electrodes only highlights technological advances (18). 
Subdermal wire electrodes, first described in 2005, have the benefits of 
low maintenance and durability for longer recordings, as well as advanced 
imaging compatibility (27, 28). While this survey did not investigate the 
reasons for the uptake of subdermal wire electrodes, we propose that their 
popularity is due to their low maintenance requirements.

There was a large range in the number of electrodes used, anywhere 
between 6 to 32 including ground and reference, with an average of 12 
electrodes per recording (mean = 12, median = 12, mode = 12). The most 
popular electrode array out of the 8 maps reported in our survey was the 
Holliday and Williams 15-electrode array map which was used by only 
33% of respondents (20). This low majority explains the variation seen in 
the number of electrodes. The previous survey reported the Redding and 
Knecht 5-electrode array map (1984) as the most common (19). This 
interesting shift may represent a generational change over the intervening 
30 years. Of the 8 maps identified in our survey, the Holliday and Williams 

map is the oldest (1999) and therefore might be expected to have the 
greatest penetrance (20). This data will be useful to validate, standardize 
or harmonize electrode placement arrays. There do appear to 
be  commonalities to these maps which could be  used for 
future harmonization.

The survey identified that quality control is an area for future 
improvement. The majority of respondents (52%) use a visual inspection of 
the electrodes and tracings. Only 40% measured impedance. Impedance is a 
quality measure of the connection between the electrode and scalp (29). 
Although optimal impedance thresholds have yet to be  determined in 
veterinary EEG, considering previous investigations (30) and the standards 
in people (22) suggests a threshold of 15 kΩ is reasonable.

In the last survey, there was no distinction made between chemical 
restraint for instrumentation or recording periods (18). At the time, 
6/9 (67%), used no chemical restraint. As it may be more practical to 
instrument a dog with chemical restraint, the current survey separated 
the two periods. Despite separating these two periods, the current 
survey found considerable variation in restraint approaches. Amongst 
our respondents, sedation is often used for electrode placement, 
conversely, recordings are often performed without sedation or 
anesthesia. The higher frequency of both awake recordings and wired 
EEG units suggests that some form of physical restraint is used, e.g., 
confinement in a crate or run in the clinic. With the ascendence of 
wireless EEG technology, the percentage of awake recordings will 
be expected to increase as it permits the dogs to behave freely.

Of the pharmaceuticals that were reported in instrumentation and 
recording, alpha-2 agonists dominate compared to the phenothiazine 
class 30 years ago. The need to understand the effects of pharmaceutical 
restraint is visible in recent explorations of the topic (22). The class of 
pharmaceuticals plays into the indications for the EEG, for example, 
determining the epileptic or non-epileptic nature of paroxysmal 
episodes and whether these episodes might be abolished by chemical 
restraint. Phenothiazines were also listed amongst activation 
techniques in the 1988 survey. Activation techniques were not 
investigated in the current survey due to the primary focus on EEG 
usage and its barriers. Recent discussions of activation techniques, like 
intermittent photic stimulation and hyperventilation, suggest that a 
more focused survey and research are required (31, 32).

The significant variation in the approach to fixing electrodes in 
place indicates an area of need. That a large proportion (44%) of EEGs 
are done without bandaging of some sort may affect the duration and 
quality of recordings. This was recognized by the one respondent 
whose technique included “prayer.” That the recording time median 
and mode were 30 min, but the mean was 3.5 h with a range indicating 
significant variability, suggested that more work is required to identify 
the most effective recording period (33). Despite the commonalities in 
technique, there were some areas that remain open for improvement: 
number of electrodes, placement map, quality control, and fixation 
methods. Other technological developments since the previous survey, 
wireless EEG unit and video recording, may have different indications 
for use than the standard wired EEG machine. Detection of technology-
specific indications was beyond the scope of this survey but would 
be an interesting area for future research.

Approaches to EEG review (Q24-Q27)

The current and previous surveys differed with respect to EEG 
review approaches due to technological advances. The old EEG 
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recordings could not be manipulated post-hoc, which was why the 
previous survey investigated settings like sensitivity and filters that 
needed to be adjusted at the time of recording. Nowadays, EEG review 
software allows adjustments of filters, sensitivity and re-montaging 
during post-collection review, while some programs even offer 
automated detection algorithms. In this environment, a high 
proportion of respondents interpret their own EEG recording without 
the help software algorithms (60%). Visual inspection rather than 
software algorithms is the predominant mode for interpretation (87%) 
likely recognizing that these seizure or spike detection algorithms have 
yet to be validated for dogs. For visual interpretation, both bipolar and 
reference montages were used by most respondents (53%) as opposed 
to reliance on a single montage only, which was a limitation of the 
pen-and-paper EEG machines. The risk of relying on a single montage 
for EEG review is an incomplete reconstruction of the three-
dimensional cortical potential and is reduced by digital re-montaging 
post-hoc ( 34). Furthermore, there is a willingness to seek assistance 
with interpretation from a more experienced colleague, supervisor, or 
expert (63%), supporting mentorship and collegiality. It is encouraging 
to find high levels of self-confidence and collaboration regarding 
review and interpretation.

Limitations

Similar to the previous survey, this study suffers all the limitations 
associated with a survey-based design, including respondents being a 
subset of the target population, incomplete survey responses, response 
errors, and recall bias. The change in technology limited comparison 
between the two surveys, meaning that there were slightly different 
focuses. Administering the survey online and advertising through 
professional fora extended the survey penetration to the largest 
audience. Despite 180 respondents, not all questions were answered 
by all participants. Making the responses anonymous encouraged 
respondents to provide accurate, honest answers, or even answers that 
may have presented themselves unfavorably. The converse was that the 
anonymous responses meant that free text responses could not 
be linked to earlier responses, e.g., occasional responses reading “see 
previous answer” (Q14 and Q15), nor could we inquire about career 
length to normalize timing responses (Q4). The former issue resulted 
in an unanticipated overlap of results between questions 14 and 15 
rendering question 15 less useful, despite initial survey validation. 
Further, questions 18 and 20 suffered technical glitches with the large 
response population despite internal preliminary validation; 
requesting proportions resulted in considerable variation in the results 
as seen by the large standard deviations and variances. Hindsight also 
identified at least one question (Q6) where a forced choice limited 
answers. In retrospect, a larger initial focus group would have 
identified these issues in the collation of results. To control for recall 
bias, the survey included images, for example, the electrode map, as 
well as opportunities for respondents to upload their own images.

Conclusion

EEG techniques for dogs have evolved over the last 30 years. Fewer 
than 50% of veterinary neurologists are currently performing EEG and 
it is performed infrequently. Clinical barriers to the performance of EEG 
in dogs were mainly equipment availability, insufficient cases, and 

financial costs to clients. These factors are likely interrelated. Clarity of 
indications and educational support would build confidence in the use 
of this diagnostic technique. This survey has identified commonalities 
of technique and several areas for development. These findings will form 
the basis for harmonization of canine EEG techniques, thus improving 
its reliability as a diagnostic test. A validated and standardized canine 
EEG protocol is hoped to improve the diagnosis and treatment of canine 
epilepsy. Given the functional similarities between human and dog EEG 
and epilepsy, basic studies of this nature will support significant 
advancements in canine epilepsy and EEG with translational implications.
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Investigation of the effect and 
availability of ketamine on 
electroencephalography in cats 
with temporal lobe epilepsy
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and Daisuke Hasegawa 1*
1 Laboratory of Veterinary Clinical Neurology, Graduate School of Nippon Veterinary and Life Science 
University, Musashino, Japan, 2 Veterinary Medical Teaching Hospital, Nippon Veterinary and Life Science 
University, Musashino, Japan

In recent years, electroencephalography (EEG) in veterinary medicine has 
become important not only in the diagnosis of epilepsy, but also in determining 
the epileptogenic focus. In cats, sedation and immobilization, usually with 
medetomidine or dexmedetomidine, are necessary to place the electrodes and 
to obtain stable scalp EEG recordings. In this study, we hypothesized that, for cats 
with temporal lobe epilepsy (TLE), ketamine, a sedative/anesthetic and N-methyl-
D-aspartate (NMDA) antagonist that activates the limbic system and is also used 
to treat refractory status epilepticus in dogs, would induce sufficient sedation and 
immobilization for EEG, as well as induce interictal epileptiform discharges (IEDs) 
that are more pronounced than those induced with medetomidine. We obtained 
EEG recordings from TLE cats and healthy cats administered either ketamine or 
medetomidine alone (study 1) or ketamine after medetomidine sedation (study 
2). In study 1, the frequency of IEDs showed no statistically significant difference 
between ketamine and medetomidine in both TLE and healthy cats. Seizures were 
observed in 75% (9/12) cats of the TLE group with ketamine alone. When ketamine 
was administered after sedation with medetomidine (study 2), 3/18 cats in the 
TLE group developed generalized tonic-clonic seizure and 1/18 cats showed 
subclinical seizure activity. However, no seizures were observed in all healthy 
cats in both study 1 and study 2. Slow wave activity at 2–4  Hz was observed in 
many individuals after ketamine administration regardless studies and groups, 
and quantitative analysis in study 2 showed a trend toward increased delta band 
activities in both groups. While there was no significant difference in the count 
of IEDs between medetomidine and ketamine, ketamine caused seizures in cats 
with TLE similar to their habitual seizure type and with a higher seizure frequency. 
Our results suggest that ketamine may activate epileptiform discharges during 
EEG recordings. However, caution should be used for cats with TLE.

KEYWORDS

EEG, feline, interictal epileptiform discharge, ketamine, medetomidine, seizure, TLE

1. Introduction

Ketamine (KET) is a noncompetitive N-Methyl-D-aspartate (NMDA) receptor antagonist 
that was developed in the 1960s. Corssen et al. (1) reported that the corticothalamic system is 
suppressed while the limbic system is activated in cats using KET, thus, KET is referred to as a 
“dissociative anesthetic.” In veterinary medicine, KET is generally used for restraint, sedation, 
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and analgesia. In addition to these applications, KET has been recently 
used to control refractory (GABAergic drugs-resistant) status 
epilepticus (RSE) in dogs (2). However, studies on the effects of KET 
on epilepsy are inconsistent, with reports stating that KET has 
antiseizure effects (3, 4), while other reports state that KET induces 
seizure activity (5).

Electroencephalography (EEG) is one of the most important 
diagnostic tools in epilepsy and has also attracted attention for detecting 
the epileptogenic zone for both seizure classification and epilepsy 
surgery (6, 7). However, in the veterinary field, especially in cats, EEG 
usage is not prevalent. As one factor of this, EEG in cats with high-
density coats and hard scalps requires strict sedation and immobilization 
for electrode placement and stable recording. Some studies have 
reported the use of sedatives, typically medetomidine (MED) or the 
enantiomer of MED, dexmedetomidine, to perform scalp EEG in dogs 
and cats (8–10). MED and dexmedetomidine produce sedative and 
analgesic effects enough for EEG recording and can be  rapidly 
antagonized by the administration of atipamezole (11, 12). Therefore, 
MED or dexmedetomidine is preferred for EEG recording in animals. 
In a canine EEG study with MED, dogs with severe seizures had a 
predominantly higher incidence of interictal epileptiform discharges 
(IEDs) than control dogs (13). However, there are cases in which IED 
cannot be detected in actual EEG measurements, even if the patient has 
epilepsy, and repeated EEG testing is recommended depending on the 
case (14). However, because of the burdens associated with EEG in 
animals, including the administration of sedatives, an agent that is safe 
and does not interfere with IED detection would be ideal.

In previous studies, we reported familial spontaneous epileptic cats 
(FSECs) with suspected genetic epilepsy. FSECs have spontaneous focal 
limbic seizures with or without evolving to generalized tonic-clonic 
seizures (GTCS), and, therefore, are classified as temporal lobe epilepsy 
(TLE) (15–21). The epileptogenic zone of FSECs is presumed to exist in 
the hippocampus or amygdala, which are parts of the limbic system, or 
both based on the previous evaluations of symptomatogenic, irritative, 
seizure-onset, structurally abnormal, and functional deficit zones (22).

Although feline EEG using KET was examined in the past (4, 5, 
23–26), to our knowledge, there are no reports of such studies 
conducted in cats with spontaneous TLE. Therefore, we hypothesized 
that the use of KET, which stimulates the limbic system and inhibits 
the cortex, in EEG in cats with TLE would increase the number of 
IEDs. To verify this hypothesis, we conducted scalp EEG in healthy 
and TLE cats after the sole administration of KET or MED (study 1). 
Then, according to the results from study 1, we evaluated the effect of 
KET after sedation with MED on scalp EEG in cats with TLE (study 2).

2. Materials and methods

2.1. Animals

This study, including the care and maintenance of the FSECs 
colony, healthy, and epileptic cats genetically unrelated to FSECs, was 
approved by the Animal Care and Use Committee of Nippon 
Veterinary and Life Science University (accession Nos. 2020K-3, 
2021K-2, 2022K-2; the principal investigator is DH).

The study included 24 cats, divided into two groups: the TLE 
group and the control group. The TLE group included 17 FSECs (Nos. 
1–17) and one cat with TLE not related to FSEC strain (No. 18). FSECs 

show the typical seizure type of feline TLE such as orofacial 
automatism, salivation, mydriasis, head-turning, and sometimes 
evolve to GTCS (27). Both physical and neurological examinations 
were normal. Cat No. 18 had an initial seizure at the age of 50 months 
and presented focal limbic seizures with or without evolving to GTCS 
similar to FSECs. Physical and neurologic examinations, complete 
blood count, serum chemistry, urinalysis, and magnetic resonance 
imaging showed no abnormalities, and previous EEG revealed IEDs 
(spikes) in the left anterior temporal region. These cats were observed 
with seizures for more than 1 year using a video monitoring system. In 
the TLE group, seizures were observed in cats No. 1 (12 seizures/year), 
No. 2 (19 seizures/year), No. 4 (1 seizure/year), and No. 18 (14 seizures/
year), while other cats had no seizures in the year before inclusion in 
this study. All cats have not been treated with daily antiepileptic seizure 
medication; however, they received temporary treatment for severe 
cluster seizures and/or status epilepticus as appropriate. The TLE 
group consisted of 12 males and 6 females (3 of which were neutered), 
and had a median age and body weight of 127 months (range, 94–157) 
and 3.6 kg (range, 2.5–7.2), respectively. The control group included 6 
healthy cats (Nos. 19–24; 2 males and 4 females) without any 
documented seizures. The control group had a median age and body 
weight of 94 months (range, 77–107) and 3.6 kg (range, 3.1–6.4), 
respectively. Signalment and seizure frequency for each individual at 
the time of study inclusion are summarized in Supplementary Table1.

2.2. Study 1: EEG by sole administration of 
ketamine or medetomidine

2.2.1. Sedation protocol
Twelve cats (Nos. 1–5 and 18 from the TLE group, and Nos. 19–24 

from the control group) were subjected to EEG with the sole 
administration of either MED or KET on a separate day for each 
individual. All cats were restricted in feeding and drinking for 12 h 
before EEG recording. EEG was performed once with MED 
(Domitor®, Zenoaq, Japan) alone. EEG was also performed once with 
KET (Ketalar®, Daiichi-Sankyo, Japan) alone, but performed again 
(i.e., twice) on another day if epileptic seizures occurred or if sufficient 
EEG recordings could not be obtained, to confirm reproducibility. 
Each test was performed at least 1 week apart. MED (median dose, 
40 μg/kg; range, 30–50) or KET (median dose, 7.5 mg/kg; range, 
5.0–13.3) was administered intramuscularly according to the sedation 
status of each individual. All cats sedated with MED received an 
intramuscular administration of the MED antagonist atipamezole 
(Antisedan®, Zenoaq, Japan) after the EEG recording.

2.2.2. EEG recordings
EEG recordings were conducted while the cats were under 

adequate sedation. After the cats were placed in the prone position, 
recording needle electrodes were placed subcutaneously on the bilateral 
frontal (F3/F4), central (C3/C4), temporal (T3/T4), and occipital (O1/
O2) regions, as well as three midlines (Fz, Cz, Pz), and the reference 
and the ground electrodes were placed at the apex of the nose and the 
neck, respectively (20) (Figure 1). EEGs were measured with a digital 
EEG unit (Neurofax®EEG-1200, Nihon Kohden, Japan) under 
following parameters: sampling frequency, 1,000 Hz; sensitivity, 
5–10 μV/mm; time constant, 0.1–0.3 s; Hi-cut filter, 60 Hz; and total 
recording time, 20–30 min. Electrocardiogram was monitored 
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simultaneously using bipolar electrocardiogram leads in the same 
EEG unit.

2.2.3. Visual analysis of EEG
In the present study, we define and use “incidence” as “the rate of 

occurrence” and “frequency” as “Hz.”
The recorded EEG montage was set to reference derivation and 

bipolar derivation, including average reference derivation. Stable 
recorded periods were randomly selected and evaluated for a total 
of 5–10 min to assess the incidence of IED per minute. One EEG 
reading-trained veterinarian (SM) counted IEDs. If the stable 
recorded periods were less than 5 min, they were excluded from the 
analysis. If a seizure occurred before sufficient EEG could 
be  recorded, the evaluation of IEDs in the EEG measurements 
under KET sedation was performed after the seizure had ended. 
IEDs including spikes, polyspikes, spike-and-waves, and sharp-
waves were counted and the region(s) with the highest incidence 
of IEDs was identified. When an IED was completely synchronized 
in all derivations, it was counted as one for all regions. The 
incidence of IEDs (IEDs/min) in each group was calculated, and 
the presence or absence of seizures after drug administration and 
their details were recorded. If seizures were observed after the 
administration of KET, EEG measurements were performed again 
on another day, and the average of the two measurements was 
analyzed as the IEDs for that individual. The incidence of IEDs in 
each group was analyzed by Wilcoxon signed rank test. Statistical 
analyses were performed using R version 4.1.0 (The R Foundation 
for Statistical Computing, Vienna, Austria). The significant 
difference in statistical analysis was defined as p < 0.05.

2.3. Study 2: EEG with ketamine 
administration after medetomidine 
sedation

2.3.1. Sedation protocol and EEG recording
Based on the results of study 1, we had planned to investigate the 

potential utility of KET as an EEG activator, i.e., increasing IED or 
inducing seizure activity, on scalp EEG under MED sedation. Twenty-
four cats (Nos. 1–18 from the TLE group and No. 19–24 from the 
control group) were included. All cats were restricted in feeding and 
drinking for 12 h before the administration of MED. EEG recording 
was started after the cat was sedated by intramuscular MED and EEG 
was recorded for ≥10 min (MED), then KET was administered 
intravenously and EEG was recorded for another ≥10 min (MED-
KET). The median dose of MED until each individual was sufficiently 
sedated to perform EEG was 30 μg/kg (range, 30–50). The dose of KET 
was 1.0 mg/kg, however, for cats (Nos. 2 and 18) that developed status 
epilepticus in study 1, the dose was decreased to 0.25 mg/kg. And for 
cat No. 3, which was not adequately sedated after 1.0 mg/kg KET 
administration, an additional dose of 0.5 mg/kg was given. Finally, the 
median dose of intravenous KET was 1.0 mg/kg (range, 0.25–1.5). 
After 20–30 min of recording of EEG following KET administration, 
an adequate dose of atipamezole was administered intramuscularly. 
The recording conditions of EEG were the same as described in study 1.

2.3.2. Visual analysis of EEG
Montages of the recorded EEG were constructed in the same 

manner as in study 1. Stable recordings obtained in MED and MED-KET 
periods were randomly selected and evaluated for each 5–10 min to 
assess the incidence of IEDs per minute. If the total time of evaluable 
recordings was <5 min after the administration of KET, the recordings 
were excluded from the analysis. For counting IEDs and identifying the 
highest incidence regions, the same methods were used as described in 
study 1. The incidence of IEDs between MED and MED-KET periods 
in each group was analyzed by Wilcoxon signed rank test. The significant 
difference in statistical analysis was defined as p < 0.05.

2.3.3. Quantitative analysis of EEG
Quantitative EEG analysis was set to average reference derivation. 

In both MED and MED-KET periods, a 2 s artifact-free period was 
visually selected (3 or 4 parts) during each recording period, and 
background activity was analyzed using a fast Fourier transform 
(FFT). Spectral bands were 0.5–4.0 Hz for delta band, 4.1–8.0 Hz for 
theta band, 8.1–13.0 Hz for alpha band, and 13.1–30.0 Hz for beta 
band. The relative power of the spectral bands was calculated for all 
leads and averaged. We analyzed each lead in each individual using 
Wilcoxon signed rank test. The significant difference in statistical 
analysis was defined as p < 0.05.

3. Results

3.1. Study 1: EEG by sole administration of 
ketamine or medetomidine

EEG recordings were obtained from all 12 cats administered MED 
only and were performed only once in each cat. On the other hand, 
EEG recordings of cats with KET administration alone were obtained 

FIGURE 1

Electrode placement viewed from the dorsal aspect of a cat. 
Recording electrodes are bilateral frontal (F3/F4), central (C3/C4), 
temporal (T3/T4), occipital (O1/O2), and 3 longitudinal midline 
electrodes (Fz, Cz, Pz) indicated in light blue. The reference electrode 
(R) was placed on the dorsal surface of the nasal tip, indicated in 
orange, and the ground electrode (E) was placed at the level of the 
axial spinous process, indicated in green.
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for 10/12 cats. Two cats were excluded from the EEG analysis: No. 18 
from the TLE group experienced a seizure induced by KET 
administration, which lasted longer than 30 min (i.e., developed to 
status epilepticus): and KET administration could not induce 
sufficient sedation in No. 22 from the control group.

During the EEG recording with MED alone, no TLE or healthy 
cats showed seizures. However, when KET alone was administered, all 
cats in the TLE group (6/6) showed clinical seizures, thus, EEG with 
KET alone was performed twice in all TLE cats (a total of 12 
recordings). Seizures were observed in TLE cats in 9 of the 12 
recordings (75%), 6 of which progressed to GTCS. In some TLE cats 
(3/6 cats, 5/12 recordings), seizures did not end within 5 min 
spontaneously, so antiseizure medications (diazepam, midazolam, 
levetiracetam) were used to stop the seizure. The seizure signs 
observed after KET administration overlapped in part with those 
observed in spontaneous habitual seizures in 5/6 cats (Table 1). On the 
other hand, there was no cat that showed any seizures in the 
control group.

After the administration of KET, generalized slow waves of 2–4 Hz 
were observed intermittently in 4/5 cats of the TLE groups that were 
available for analysis (Figure 2). Since the number of slow waves tended 
to decrease with time, the maximum number of slow waves observed in 
each animal was determined by measuring 1 min from the time the slow 
waves were first observed. The average incidence of slow waves in the 
TLE cats was 26.3 cycles/min. Those intermittent slow waves lasted 
20–40 min after KET administration. Similarly, intermittent slow waves 
of 2–5 Hz were observed in 2/5 cats of the control group. Slow waves 
were measured in the same way as in the TLE group, the average 
incidence of slow waves in the control group was 26.5 cycles/min 
observed over 20 min after KET administration.

Compared to the incidence of IED under MED in each individual, 
the incidence of IED under KET in the TLE group was activated 
(increased) in 2/5 cats and depressed (decreased) in 3/5 cats (KET: 
median, 0.70; range, 0.15–2.70; interquartile range (IQR), 0.25–1.05 
vs. MED: median, 1.10; range, 0.70–2.00; IQR, 0.80–1.10). The 
incidence of IED under KET was depressed in all cats of the control 
group (5/5) (KET: median, 0.00; range, 0.00–0.10; IQR, 0.00–0.10 vs. 
MED: median, 0.50; range, 0.10–0.50; IQR, 0.20–0.50). There was no 
significant difference in the incidence of IED between KET and MED 
in both TLE (p = 0.63) and control groups (p = 0.06) (Figure 3). The 
incidence and highest incidence region of IEDs are summarized in 
Table 2. In the TLE group, the regions with the highest incidence of 

IEDs were compared between KET and MED, and agreement was 
found in 3 of 5 cases.

3.2. Study 2: EEG with ketamine 
administration after medetomidine 
sedation

EEG records were available for 23/24 cats, with one cat (No. 18 
from the TLE group) excluded from the EEG analysis after having a 
seizure lasting more than 30 min (status epilepticus) after the 
administration of KET.

All 24 cats had no seizures after MED administration, whereas 
three cats (Nos. 1, 2, and 18) in the TLE group had GTCS after KET 
administration. In addition, a subclinical focal seizure activity was 
observed in another cat (No. 7) of the TLE group (Figure 4). The site 
of this subclinical seizure occurrence coincided with the site’s 
highest incidence of IEDs under MED and KET. Of 23 cats that were 
available for analysis after KET administration, 18 cats had slow 
waves (12/16 from the TLE group, 6/6 from the control group). As 
in study 1, intermittent generalized slow waves of 1–4 Hz were 
observed within 1 min after KET administration. Slow waves tended 
to decrease with time and were measured in the same way as in study 
1. The average incidence of slow waves in the TLE group was 
43.8 cycles/min, and the average duration was 9.1 min. The average 
incidence of slow waves and the average duration in the control 
group were 43.3 cycles/min and 13.2 min, respectively. Changes in 
EEG findings observed after KET administration are summarized in 
Table 3.

Compared to the MED period in each individual, the incidence 
of IEDs of the MED-KET period in the TLE group was activated in 
5/17 cats, depressed in 9/17 cats, and unchanged in 3/17 cats (MED: 
median, 0.80; range, 0.10–3.60; IQR, 0.50–1.10 vs. MED-KET: 
median, 0.80; range, 0.10–2.60; IQR, 0.20–1.30). In the control 
group, the incidence of IED was activated in 4/6 cats, depressed in 
1/6 cats, and unchanged in 1/6 cats (MED: median, 0.10; range, 
0.00–1.20; IQR, 0.03–0.18 vs. MED-KET: median, 0.30; range, 0.00–
1.00; IQR, 0.13–0.40). There was no significant difference in the 
incidence of IED between MED and MED-KET regardless group 
(TLE group, p = 0.53; control group, p = 0.25) (Figure  5). The 
incidence and highest incidence region of IEDs are summarized in 
Table 4. In the TLE group, agreement of the regions of the highest 

TABLE 1 Seizure signs observed during intramuscular ketamine administration and spontaneous seizures in temporal lobe epilepsy group.

Cat (No.) Ketamine-induced Spontaneous (habitual seizure)

1
Type 1a: orofacial automatism, urination, hypersalivation, mydriasis, GTCS

Looking around, mydriasis, orofacial automatism, head turning, GTCS
Type 2a: orofacial automatism, GTCS

2
Type 1a: looking around, forward leaning posture, mydriasis, GTCS

Looking around, nodding, facial twitching, head turning, GTCS
Type 2a: looking around, orofacial automatism, GTCS

3 Type 1a: mydriasis, orofacial automatism Orofacial automatism, GTCS

4 Type 1: facial twitching Mydriasis, urination, head turning, GTCS

5 Type 1a: myoclonic seizures Facial twitching, orofacial automatism, myoclonic seizures, GTCS

18 Type 1a: orofacial automatism, GTCS Looking around, mydriasis, hypersalivation, orofacial automatism, GTCS

GTCS, generalized tonic-clonic seizures.
aKetamine-induced seizures had a similar seizure sign to the spontaneous seizures.
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incidence of IEDs between MED and MED-KET was observed in 10 
of 17 cases.

For the quantitative analysis, 17 cats from the TLE group and 6 
cats from the control group were included. Cat No. 18 was excluded 
from the analysis because sufficient EEG activity could not be recorded 
due to seizure activity. In both groups, there was a trend toward 
increased delta activity after KET administration when median 
relative power was compared (Figure  6). Significant differences 
between MED and MED-KET were observed in all sites, except for 

the theta band of C3 and the beta of F3, Fz, F4, and C4 in the TLE 
group, and the theta of F3 and beta of F3 and C4 in the control group 
(Supplementary Table 2).

4. Discussion

In this study, we investigated the effects of intramuscular KET 
alone or intravenous KET under MED sedation on scalp EEG in 

FIGURE 2

Examples of EEG trace after intramuscular administration of medetomidine (30  μg/kg) alone (A) and ketamine (7.5  mg/kg) alone (B). Compared to 
medetomidine (A), the EEG after administration of ketamine showed a generalized slow wave of about 2  Hz. Both EEG montages were set to average 
(AV) reference derivation. ECG, electrocardiogram.
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healthy cats and cats with TLE. There were no significant differences 
in the incidence of IEDs between MED and KET nor between MED 
and MED-KET. In a previous report, KET suppressed focal seizures 
in 6 of 16 cats with epileptogenic focus produced by penicillin, and it 

did not affect IEDs in 10 cats (4). On the other hand, studies using 
KET in baboons have reported generalized IED activation in the scalp 
EEG (28). In the present study, the incidence of IEDs tended to 
be depressed by both KET alone and MED-KET in both control and 

FIGURE 3

Boxplots for comparing the incidence of interictal epileptiform discharges between ketamine and medetomidine in the temporal lobe epilepsy (TLE) 
group (A) and control group (B). There was no significant difference in IEDs between ketamine and medetomidine in the temporal lobe epilepsy group 
(p  =  0.63) or in the control group (p  =  0.06). K, ketamine; M, medetomidine.

TABLE 2 The incidence and the highest incidence region of interictal epileptiform discharges under ketamine or medetomidine.

Cat (No.) Highest incidence region of IEDs Incidence of IEDs (/min)

Ketamine Medetomidine Ketamine Medetomidine

Temporal lobe epilepsy group

1 Left temporal Left temporal 2.7 2.0

2 Left temporal Left temporal 0.7 1.1

3 Left occipital Right central 0.25 1.1

4 Left temporal Right temporal 0.15 0.8

5 Left temporal Left temporal 1.05 0.7

18 NE Left temporal NE 0.8

Control group

19 Left central Median central, Left central 0.1 0.2

20 Right central Left central 0.1 0.5

21 — Left temporal 0.0 0.1

22 NE Left frontal NE 1.0

23 — Left central 0.0 0.5

24 — Left central 0.0 0.5

NE, not evaluable; IEDs, interictal epileptiform discharges.
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TLE groups. Taking into account the previous study that KET 
suppressed the corticothalamic system and activated the limbic system 
(1), the trend in decreasing the incidence of IEDs in the present study 

may suggest that KET has an inhibitory effect on the corticothalamic 
system in cats. Although there were no statistically significant 
differences to support these trends in the present analysis, one factor 

FIGURE 4

EEG trace of a subclinical seizure observed 7  min after the intravenous administration of 1  mg/kg ketamine during medetomidine sedation (cat No. 7). 
The cat was immobilized and no body movements were observed before and after a subclinical seizure. The recorded EEG montage was set to bipolar 
derivation. ECG, electrocardiogram.

TABLE 3 Changes in EEG activity after ketamine administration during medetomidine sedation.

Cat (No.) EEG findings after ketamine 
administration

Incidence of slow wave 
(cycles/min)

Duration of slow wave 
(min)

Temporal lobe epilepsy group

1 1–2 Hz GSW 18 8

2 No clear change was observed — —

3 No clear change was observed — —

4 2–3 Hz GSW 72 11

5 2 Hz GSW 23 5

6 2–4 Hz GSW 10 4

7 3 Hz GSW 58 14

8 No clear change was observed — —

9 No clear change was observed — —

10 2 Hz GSW 32 3

11 1–2 Hz GSW 60 6

12 2 Hz GSW 63 13

13 1 Hz GSW 45 20

14 2–3 Hz GSW 46 10

15 2 Hz GSW 49 8

16 2 Hz GSW 49 7

17 No clear change was observed — —

18 NE — —

Control group

19 2 Hz GSW 43 20

20 1–2 Hz GSW 59 12

21 1–2 Hz GSW 47 13

22 2–3 Hz GSW 63 15

23 2 Hz GSW 21 13

24 2–3 Hz GSW 27 6

Incidence of slow wave: the count of waves during the first 1 min after it was observed. Duration of slow wave: the duration time from observation of slow waves to disappearance. NE, not 
evaluable; GSW, generalized slow wave.
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FIGURE 5

Boxplots for comparing the incidence of interictal epileptiform discharge (IED) between medetomidine and ketamine following medetomidine in the 
temporal lobe epilepsy (TLE) group (A) and control group (B). Circles at the top of the box represent outliers. There was no significant difference 
between medetomidine alone and ketamine following medetomidine in the TLE group (p  =  0.52), or in the control group (p  =  0.25). M, medetomidine; 
MK, ketamine administration following medetomidine sedation.

may be the exclusion of individuals who did not have sufficient EEG 
records, especially with respect to the administration of KET alone.

In the TLE group, clinical seizures were observed in all cats after 
the administration of KET alone. The KET-induced seizure in 5 of 6 
TLE cats was similar to their habitual seizures, i.e., limbic seizure to 
generalization (see Table  1 for details). In addition, a subclinical 
seizure was observed in one TLE cat (No. 7) after the administration 
of KET following MED sedation, the onset of which coincided with 
the regions with the highest incidence of IEDs. Although the 
mechanism by which KET induces seizures has not been elucidated, 
these facts suggest that KET activated the limbic system, which is the 
epileptogenic zone of TLE cats in this study. In addition, the three cats 
(Nos. 1, 2, and 18) that had clinical seizures induced by KET in both 
studies had a higher seizure frequency (12, 19, and 14 per year, 
respectively) than the others. Thus, whether the epileptogenic zone is 
activated with KET administration may depend on seizure frequency.

In the adult human, the detection rate of epileptic discharges is 
reported to be approximately 50% on the initial examination and 
increases to approximately 80%–90% with repeated testing (29). 
However, unlike humans, EEG in cats always requires immobilization 
using sedatives or anesthetics, and few EEGs are repeated. In addition, 
a recently developed ambulatory EEG system for dogs and humans 
may not be adopted for cats due to the nature of felines and the size 
and weight of the equipment. In this situation, capturing clinical 
seizure onset during a single scalp EEG is often difficult, depending 
on the individual’s seizure frequency. A previous report suggested that 

low doses of KET may lower seizure thresholds within minutes of 
administration in people with a predisposition to focal epilepsy (30). 
Considering that we  were able to capture seizures after KET 
administration compared to MED alone in the present study, KET 
administration may be useful for determining the epileptogenic zone.

In both studies of KET administration alone (study 1) and KET 
administration after MED (study 2), the generalized slow wave was 
observed in both TLE and control groups. Quantitative analysis showed 
that the delta band on background activity in both TLE and control 
groups was significantly increased, while other bands were significantly 
decreased in most areas. In a study with cats, electrocorticogram 
changes during KET administration under general anesthesia with 
ether were reported to occur in a dose-dependent manner, with doses 
below 5 mg/kg causing generalized beta activity and doses above 5 mg/
kg causing alternating bursts of polyspike-slow waves and high-
potential synchronous beta waves (4). In humans, low doses of KET 
were reported to cause the EEG to show fast oscillations in the high 
beta and low gamma, and that the slow oscillations exhibited by KET 
were more irregular than the slow oscillations caused by propofol and 
dexmedetomidine (31). That report also suggested that the beta and 
gamma oscillations were caused by KET’s preference for NMDA 
receptors on inhibitory interneurons, which, in turn, increased cerebral 
metabolic rate, cerebral blood flow, and hallucinations (31). However, 
in the present study, we did not observe beta oscillations, and, in the 
quantitative analysis of study 2, beta oscillations were clearly reduced 
and a visually recognizable generalized slowing (2–5 Hz) was observed 
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in many cats after KET administration. The slow waves observed in 
study 1 may be due to cortical inhibition by KET, and the lack of fast 
oscillations as reported in the past (under anesthesia) may be due to 
insufficient immobilization by KET alone, which may have masked 
these fast oscillations. The reason why beta oscillations were reduced in 
study 2 and slow waves were observed in more individuals than in 
study 1 (6/10 vs. 18/22) may be due to cortical inhibition by KET and 
the pre-administration of MED. High-voltage and low-frequency 
activity expressed as delta and theta rhythms have been reported as 
MED-induced background activity in cats (9). In addition, it has been 
reported that intraperitoneal administration of MED and KET in rats 
increases low-frequency bands with only minor changes in the high-
frequency bands (32). The KET-induced higher frequency band activity 
has been reported to be associated with increased cerebral metabolic 
rate and cerebral blood flow by inhibiting NMDA receptors, as 
described above, while alpha-2 agonist (MED) has been reported to 
decrease cerebral blood flow (33). Therefore, fast oscillations in the high 
beta and low gamma may have been suppressed in the present study.

In previous studies in normal cats or feline experimental models 
receiving KET, KET was administered under anesthesia, and changes 
in EEG were investigated (4, 5, 23–26). One of these reports evaluated 
the effect of KET on IEDs in the penicillin-induced seizure model of 
cats; however, quantitative evaluation has not been conducted (4). 
Another study reported that 5 of 22 (23%) healthy cats administered 
an anesthetic dose of KET (20 mg/kg IM) showed limbic seizures 
evolving to GTCS (23). However, to the best of our knowledge, there 
is no report of KET administration in cats with naturally occurring 
TLE so far. In the present study, we used cats with naturally occurring 
TLE to assess background activity, the presence of seizure activity, and 
the quantitative of IEDs under KET-induced sedation. We consider 
that the results of the present study provide important consideration 
for the use of KET in cats in the veterinary clinical setting.

We recognize there are several limitations to the present 
study. First, in the comparison of IEDs between KET and MED, 
most of the IED counts for KET in the TLE group were conducted 
in post-ictal EEG measurements because of a seizure induced 

TABLE 4 The incidence and the highest incidence region of interictal epileptiform discharges under medetomidine alone and ketamine following 
medetomidine.

Cat (No.) Highest incidence region of IEDs Incidence of IEDs (/min)

Medetomidine
Medetomidine-

ketamine
Medetomidine

Medetomidine-
ketamine

Temporal lobe epilepsy group

1 Left temporal Left temporal 1.8 2.6

2 Left temporal Right temporal 0.7 0.2

3 Right central Left temporal 0.8 0.1

4 Right temporal Right temporal 1.0 1.7

5 Left central Left central 1.1 0.7

6 Left occipital Left temporal 1.6 1.6

7 Median frontal Right central 0.6 1.3

8 Right temporal Right temporal 1.1 1.0

9 Right temporal Right temporal 0.5 0.8

10 Left temporal Left temporal 3.6 1.2

11 Left central Right temporal 0.4 0.1

12 Right temporal Right temporal 0.5 0.6

13 Left central Left central 2.1 1.9

14 Left central Left temporal 0.3 0.3

15 Right central Right central 0.1 0.1

16 Right temporal Right temporal 0.3 0.1

17 Left temporal Left temporal 1.1 0.9

18 Left temporal NE 0.9 NE

Control group

19 Left temporal Left temporal 0.1 0.4

20 — Right temporal 0.0 0.1

21 — — 0.0 0.0

22 Left central Left central 1.2 1.0

23 Left temporal Left temporal 0.2 0.4

24 Left frontal Left temporal, Left frontal 0.1 0.2

NE, not evaluable; IEDs, interictal epileptiform discharges.
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FIGURE 6

Comparison of median relative power using EEG recordings of medetomidine alone (M) and ketamine following medetomidine (MK). Relative power 
was defined as delta band (0.5–4.0  Hz), theta band (4.1–8.0  Hz), alpha band (8.1–13.0  Hz), and beta band (13.1–30.0  Hz). Vertical lines indicate the 
percentage of the relative power during M and MK at each site. There was a clear increase in the percentage of delta bands in both the temporal lobe 
epilepsy (TLE) group and the control group.

immediately after KET administration. It is known that postictal 
generalized EEG suppression (PGES) occurs immediately after 
an epileptic seizure (34). PGES are generally observed more 
frequently in convulsive seizures than in focal seizures, but 
reports on the frequency of occurrence and duration are very 
inconsistent (35). Therefore, PGES may have occurred after 
KET-induced seizures and reduced the number of IED in the 
present study. Second, we considered the dose variation of agents 
to obtain sufficient sedation for EEG recording as a possible 
reason for the variability in the results of this study. Although 
KET can produce dose-dependent EEG changes as mentioned 

above (4), the dose of KET alone in this study was at the upper 
limit of a typical sedation dose because it was intended to sedate 
sufficiently for measuring EEG and to avoid respiratory 
depression. Therefore, the large dose variability among 
individuals may have particularly affected the analysis. Because 
of individual differences in sedative effects, the administration of 
KET alone may result in a time lag or inadequate sedation before 
an EEG measurement can be performed. If the time lag between 
the administration and EEG measurement was significant, a 
subclinical seizure may have been missed. To confirm the acute 
effects of KET immediately after administration, as in this study, 
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simultaneous administration of a sedative such as MED may 
be  necessary. Alternatively, EEG under intubation should 
be  considered, given the possibility of respiratory depression. 
When an anesthetic dose of KET was administered, we expected 
that the reported bursts of polyspike-slow waves (i.e., elevated 
beta and delta bands) would be observed (4). However, in recent 
years, it suggested that the administration of KET under 
appropriate respiratory control might suppress EEG activity (36). 
Therefore, if appropriate respiratory management is performed 
after the administration of KET, a remarkable alteration in the 
power spectrum may be observed. Further investigation of the 
dose-depend effect of KET on EEG is necessary. Third, the fact 
that many cats included in the present study were older, and that 
there was a wide variation in seizure frequency prior to inclusion 
may have contributed to the variability in the results. An EEG 
study using two groups of cats divided according to age under 
sedation with MED reported that older cats had significantly 
higher relative power in the theta, alpha, and beta bands and 
lower in the delta band than younger cats (9). Thus, in our 
MED-KET study, the significant increase in the delta band might 
have been more pronounced in our older cats than in a young 
cat population.

In the present study, MED produced more stable sedation than 
KET alone in cats with TLE, and EEG measurements were feasible. 
Furthermore, KET is easy to induce seizures in cats with 
TLE. Therefore single-use KET as a sedative for EEG is not 
recommended from the results of this study. However, we would 
suggest that KET may be useful to activate seizure activities on EEG 
under MED sedation. This will be a critical tool to obtain ictal EEG 
for detecting the epileptogenic zone (irritative or seizure-onset 
zones). Although the combination of MED and KET has long been 
used as an anesthetic induction in veterinary medicine (11), caution 
will be needed for feline patients with a history of seizures. Recently, 
KET has received increasing attention in the management of RSE 
(2). However, our results emphasize that “Do not use ketamine as 
first line for treatment of status epilepticus (or seizure management)” 
and “use ketamine after confirmation of GABAergic/
benzodiazepine-resistant (refractory) status epilepticus.” Whether 
KET is an anti-seizure or pro-seizure medication, the present results 
indicate that KET has a proconvulsant feature for interictal cats with 
TLE and/or high seizure frequency.
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Introduction: Idiopathic epilepsy is a prevalent neurological disease in dogs.

Dogs with epilepsy often present with behavioral comorbidities such as

aggression, anxiety, and fear. These behaviors are consistent with pre, post,

or interictal behaviors, prodromal changes, seizure-precipitating factors, or

absence and focal seizures. The overlap in behavior presentations and lack

of objective research methods for quantifying and classifying canine behavior

makes determining the cause di�cult. Behavioral comorbidities in addition to

the task of caring for an epileptic animal have a significant negative impact on

dog and caregiver quality of life.

Methods: This pilot study aimed to assess the feasibility of a novel technology

combination for behavior classification and epileptic seizure detection for a

minimum 24-h recording in the dog’s home environment. It was expected that

combining electroencephalography (EEG), actigraphy, and questionnaires would

be feasible in the majority of trials. A convenience sample of 10 community-

owned dogs was instrumented with wireless video-EEG and actigraphy for up to

48h of recording at their caregiver’s home. Three questionnaires (maximum 137

questions) were completed over the recording period by caregivers to describe

their dog’s everyday behavior and habits.

Results: Six of the 10 included dogs had combined EEG and actigraphy

recordings for a minimum of 24h.

Discussion: This shows that in-home EEG and actigraphy recordings are

possible in community-owned dogs and provides a basis for a prospective study

examining the same technology combination in a larger sample size.

KEYWORDS

canine epilepsy, idiopathic epilepsy, behavioral comorbidities, questionnaires,

electroencephalography, actigraphy

Introduction

Epilepsy is a common neurological disease that dogs present with in veterinary
medicine (1). Idiopathic epilepsy (IE), where a cause for the disease cannot be determined,
has an estimated prevalence of 0.6% in the general population of companion dogs (1, 2).
As seen in people, dogs with epilepsy often experience behavioral changes throughout
the course of the disease, including increased comorbid anxiety, aggression, fear, and
clinginess (3, 4). Additional behavioral changes as a result of anti-seizure drug usage,
include lethargy, lack of motor control, polyuria, and polydipsia (5, 6). Changes in behavior
also occur with ictal events. For example, absence or focal seizures experienced in IE are
commonly accompanied by altered awareness, lip smacking, facial twitching, and excessive
blinking (6). These may be misinterpreted as abnormal behaviors instead of ictal events,
contributing to their underreporting (7). Despite the growing recognition of behavioral
changes in dogs with epilepsy and the complexity of behavior designation, limited options
exist to aid in the classification of these behaviors.
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Various investigative tools have been used to enhance our
understanding of the impact of epilepsy on canine behavior.
Caregiver-reported questionnaires have been used in a variety
of contexts including quality of life concerns, seizure semiology,
anti-seizure drug side effects, and behavioral changes at various
time points throughout the disease (8–13). Although useful
for providing initial insight for future investigations, caregiver-
reported questionnaires are subjective in nature and prone to recall
and observer bias (14). Thus, objective tools are required to provide
an accurate depiction of canine behavior within epilepsy.

Electroencephalography (EEG) is instrumental in the diagnosis
and treatment of canine epilepsy, with promise for investigation
of behavior changes and potential underlying causes. Historically,
EEG on sedated or anesthetized animals prevented concurrent
analysis of behavior (15–19). Recent ambulatory successes make it
the only method with adequate spatial and temporal resolution for
accurately diagnosing and classifying seizure types in awake and
behaving dogs but only one report of recording in a dog’s home
environment (20). When EEG is combined with synchronized
video recording (vEEG), brain activity captured by EEG can be
correlated to behaviors captured on video to aid in objective
behavior classification.

As behavior classification using vEEG is time and labor
intensive, it would improve clinical and research efficiency
to augment EEG with an automated tool. Actigraphy uses
accelerometer technology to measure rest and activity levels, and
algorithmic analysis of accelerometer data has been used to identify
normal behavioral states in dogs such as walking, sleeping, head
shaking, and eating (21). Algorithms generated using accelerometer
data have successfully identified generalized tonic-clonic (GTC)
seizures in dogs, but have been unable to detect non-GTC seizures
(21–23). It is possible, then, that combining the ability of EEG to
detect and classify all seizure types with the behavior-classifying
ability of accelerometers would aid in our understanding and
objective classification of behavior within canine epilepsy. The
further addition of caregiver-completed behavioral questionnaires
would supplement insight into the dog’s everyday behavior to aid in
distinguishing normal from abnormal behaviors.

This pilot study assessed whether a novel combination of vEEG,
actigraphy, and caregiver-reported behavioral questionnaires can
be used to collect aminimum 24-h recording in IE and neurotypical
(NT) companion dogs at the caregiver’s home. Both IE and NT
dogs were included to ensure there were no major differences in
feasibility between the groups to allow for behavioral comparisons
to be made in prospective studies utilizing the data collected in the
current study. We predicted that combining vEEG, actigraphy, and
questionnaires for a minimum 24-h at-home recording would be a
feasible approach to capturing a complete and detailed account of
seizure activity and canine behavior to enhance our understanding
of canine behavior in epilepsy.

Materials and methods

Subjects

All participants were recruited through the Ontario Veterinary
College Health Science Center (OVC HSC) Neurology Service,

regional neurology practices, and the research program’s social
media channels. The study protocol was reviewed and approved by
both the Research Ethics Board and the Animal Care Committee
at the University of Guelph (REB#22-05-12, AUP#4695). All
caregivers provided informed consent.

Inclusion criteria for recruitment were IE and NT dogs between
the ages of 2 and 8 years old to help reduce adolescent and
geriatric-related behavioral and cognitive differences. IE dogs were
required to have been previously diagnosed with minimum tier
I IE based on the International Veterinary Epilepsy Task Force
(IVETF) recommendations (24). Tier I IE encompasses dogs with
(I) a history of two or more unprovoked seizures occurring at least
24 h apart, (II) age at seizure onset between 6 months and 6 years,
(III) normal interictal physical and neurological examinations,
and (IV) no clinical abnormalities on laboratory tests (including
biochemistry profile and complete blood count, with or without
fasting bile acids or ammonia, and urinalysis) (24). Aside from
tier I IE, both IE and NT participants were required to have
an unremarkable medical history with no diagnosed behavioral
disorders. Physical and neurological examinations were completed
for all dogs by members of the OVC HSC Neurology Service and
were required to be unremarkable at the time of study enrolment
for inclusion. Dogs were excluded if they were deemed unfit for
vEEG instrumentation due to their tolerance for handling.

Instrumentation

Instrumentation for vEEG and actigraphy was completed at
the OVC HSC. Following physical and neurological examinations,
dogs were sedated, if required, for electrode placement using
our standard clinical protocol; dexmedetomidine 10–20
µg/kg intravenous (IV) for sedation with atipamezole 100–
200 µg/kg intramuscular (IM) for subsequent reversal. If the dogs
required sedation, the official recording start time was extended
beyond clinical recovery until normal behavior and mentation
was observed.

All vEEGs were conducted using 15 subdermal wire electrodes
following our previously described electrode placement protocol,
with even numbers denoting right side electrodes and odd numbers
denoting left side electrodes (Table 1) (25). Electrodes included
reference (R), ground (G), midline (Fz, Cz, Pz), frontal electrodes
(F3/F4, F7/F8), central electrodes (C3/C4), temporal electrodes (T3,
T4), and occipital electrodes (O1/O2). During instrumentation,
electrodes were adjusted to keep impedances below 30 kOhms.
Electrodes were secured to the scalp using sticky bandage and
connected to leads plugged into the Lifelines Neuro Trackit T4A
ambulatory EEG amplifier (Lifelines Neuro Company, Louisville,
USA) secured in the dorsal pocket of a harness worn by the dog.
Non-adhesive bandage was used to secure the leads in place on
top of the dog’s head, and a tension loop was created with the
leads and non-adhesive bandage to reduce tension on the electrodes
(Figure 1). Two hours were given to allow the dog to acclimatize to
the equipment before being sent home.

The vEEG amplifier was connected via Bluetooth to a
laptop with synchronous webcam video recording. Following
instrumentation, caregivers were sent home with the laptop for up
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TABLE 1 Electrode placement protocol.

Electrode Electrode location

R Midline, between medial canthi

G Dorsal midline neck, 2–5 cm caudal to occipital
protuberance

F7/F8 Zygomatic arch just caudal to the lateral canthus of
both eyes

F3/F4/Fz On the temporal lines causal to the medial canthi and at
the midline

C3/C4/Cz Halway between F and O/P electrodes, in line with T
electrodes

O1/O2/Pz Transverse line between mastoid processes in line with
F electrodes

T3/T4 Zygomatic arch, just rostral to the pinnal edge

to 48 h of at-home vEEG monitoring. Caregivers were instructed
to keep the webcam trained on the dog as much as possible to
allow for behavior and/or ictal event confirmation. Caregivers were
advised that the EEG and concurrent video recording could be
stopped at any time for any reason at their discretion and were
able to arrange a time to return for de-instrumentation at their
convenience. Otherwise, recordings were terminated when the dog
removed the equipment spontaneously or after 48 h.

The Actigraph GT9X Link (Actigraph, Pensacola, USA) was
secured to the EEG amplifier using sticky bandage inside the
harness pocket located on the dog’s interscapular region (Figure 2).
The Actigraph GT9X Link was chosen as it was provided through
our collaboration for this project and fit within the harness pocket.
To prevent the rotation of the actigraph, the harness was chosen
based on body size and adjusted accordingly. The actigraphs were
initialized to the proximity setting to allow for both monitoring
of activity levels and the dog’s proximity to key locations in their
environment. Three additional actigraph units were dispensed to
caregivers for proximity measures; (I) to be worn by the caregiver
on their wrist or hip to monitor the dog’s proximity to the
caregiver, (II) to be placed at the dog’s water bowl to estimate
water consumption, and (III) to be placed at the exit door the dog
used most frequently to access the outdoors to monitor time spent
outside. Once placed at these locations, caregivers were requested
not to move the actigraphs until the end of the recording. The
actigraph recordings were initialized such that recordings would
not commence until after the caregiver had returned home and
placed the units in their respective locations and were terminated
once the caregiver removed the units from these locations or after
48 h.

Questionnaire design

Using Qualtrics (Qualtrics, Provo, USA), three questionnaires
were implemented throughout the study and completed
online by the caregiver. The first questionnaire (Q1)
(Supplementary material 1) included 137 questions related to
the dog’s typical behavior and sleep, housing, care, exercise habits,
medical history, and seizure signalment (if applicable). Questions

FIGURE 1

Set-up for ambulatory EEG recording in dogs. Electrodes were

secured to the scalp using sticky bandage and connected to leads

which were secured with non-adhesive bandage. The leads were

managed with a tension loop (A) and connected to the ambulatory

EEG amplifier secured in the dorsal pocket of a harness (B).

pertaining to the dog’s behavior and sleep were copied from the
previously validated Canine Behavioral Assessment and Research
Questionnaire (CBARQ) and Sleep and Night Time Restlessness
Evaluation Score (SNoRE), respectively (10, 26). Q1 was completed
at the OVC HSC during the acclimatization period.

The second and third questionnaires (Q2 and Q3, respectively;
Supplementary material 2) were identical condensed versions of
Q1 that were to be completed after every 24 h of recording. If
the recording terminated before 24 h or between 24 and 48 h, Q2
or Q2 and Q3 were not completed. Questionnaires 2 and 3 were
comprised of 125 questions each.

All 3 questionnaires were completed by outside reviewers prior
to enrolment to help ensure the questions were clear and could
be completed in a reasonable time (<30min). Completion rate
and time were collected using features embedded in Qualtrics for
further analysis.
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FIGURE 2

Set-up for ambulatory EEG recording in dogs continued. EEG amplifier (A) located inside the dorsal pocket of the harness. Actigraph unit secured on

the EEG amplifier using sticky bandage (B).

Feasibility criteria

The following feasibility criteria were assessed to determine
success or failure for each dog: (I) a >24-h readable EEG and
actigraphy recording, (II) a minimum of 2 electrodes remaining
in place on each of the right, left, and midline regions, (III) the
actigraph remained secure for the duration of the recording, (IV)
the dog was able to complete normal tasks with no concerns as
reported by the caregiver in questionnaires, and (V) the caregiver
was able to complete the questionnaires in reasonable time with no
concerns. All feasibility criteria had to be satisfied for a session to
be deemed successful.

Statistical analysis

Raw vEEG data was analyzed using Persyst 12 (Persyst
Development Corporation, San Diego, USA) and raw actigraphy
data was analyzed using Excel 2016 (Microsoft Corporation,
Redmond, USA). Simple descriptive statistics were performed on
the feasibility outcome measures including EEG and actigraphy
recording duration, electrode survival times, and questionnaire
completion rate and duration for Q1, Q2, and Q3. Standard
error was reported with means to adjust for sample size. A
Friedman’s rank test was performed to compare the effect of
electrode placement location on electrode survival time. A two-
sample t-test was used to compare the mean EEG recording
duration time between sedation and not sedated groups. A Shapiro
Wilk test and examination of the residuals confirmed the data
was normally distributed. Precision was calculated for measured
parameters to determine the prediction limits for the difference in
vEEG recording duration between sedated and non-sedated dogs
with a power of 85% was calculated as well as the actual power

with four and six dogs. All statistical analyses were conducted in
R Statistical Software (v4.2.2, R Core Team 2022) and SAS version
9.4 (SAS Institute Inc, Cary, USA).

Results

Six IE and 5 NT dogs were recruited for a total of 11 dogs. One
NT dog was excluded due to difficulties with handling during the
physical and neurological examinations. Therefore, 6 IE dogs and 4
NT dogs were included for a total of 10 dogs. Participating breeds
included six mixed breed dogs and one of each of the following:
Border Collie, Standard Poodle, Golden Retriever, and BlackMouth
Cur (Supplementary material 3). There were five neutered males
and five spayed females with a median age of 5 years (range
2–8 years).

Six of 10 sessions (60%) met all feasibility criteria and were
therefore considered to be a success. Five trials terminated at or
around 48 h as scheduled. Four trials were terminated prior to 48 h
due to spontaneous unscheduled de-instrumentation by the dog
and one trial was terminated prior to 48 h due to caregiver concerns
of growing discomfort for their dog. There were no caregiver
concerns regarding the safety of the biomonitor suite for at-home
usage and the possibility of wearing it during seizure activity. The
following subsections describe each feasibility outcome in depth.

vEEG

The feasibility of vEEG recordings was determined based on
the number of functioning electrodes that remained in place for
the duration of the recording. Two electrodes each on the left side,
midline, and right side were to be secure and reliably recording for
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>24 h for an EEG to be considered successful. All vEEG recordings
were of sufficient interpretable quality while the required number
of electrodes were in place despite frequent muscle and movement
artifacts and occasional electrode “pops.” Due to technical issues,
a very limited amount of video was captured alongside the EEG
recording. This limited video was used to confirm stages of
mentation on EEG output but was omitted from further analysis.

Six of 10 dogs required sedation for electrode placement
using dexmedetomidine (10–20 ug/kg) and subsequent reversal
with atipamezole (100–200 ug/kg). The remaining dogs (4/10)
had instrumentation successfully completed without sedation. One
sedated dog experienced a clonic seizure during instrumentation
and was administered diazepam (0.5 mg/kg IV) as a rescue
medicine to stop the episode. Recordings began once clinical
recovery and normal behavior and mentation was achieved.

Six out of the 10 EEG recordings were >24 h in duration
and were therefore considered successful. The duration of EEG
recording in total ranged from 1.90 to 48.27 h, with a median
duration of 27.70 h. Of recordings that lasted >24 h, the median
recording duration was 46.75 h (range: 27.7–48.27). Recordings
that did not reach 24 h had a median recording duration of
2.55 h (range: 1.90–17.42). Recording duration was similar between
dogs that were sedated for instrumentation and unsedated dogs,
with mean recording durations of 19.20 (standard error: 7.23)
and 42.02 h (standard error: 8.85), respectively (p = 0.08). Data
was normally distributed, confirmed by the Shapiro Wilk test (p
= 0.113). As the two-sample t-test was underpowered with six
unsedated dogs and four sedated dogs, we calculated that sufficient
power to detect a potential difference in recording duration
between sedated and unsedated dogs would be achieved with eight
dogs in each group. Reasons for early recording termination were
spontaneous removal of the EEG by the dog (n = 3) and caregiver
preference (n = 1). Notably, there was no damage sustained to the
EEG transmitter unit, leads, harness, or actigraph unit during this
study. Also, neither ictal nor interictal epileptogenic paroxysmal
discharges were recorded in the IE group.

Electrodes were considered lost when the cortical signal
captured by the electrode was no longer interpretable due to
artifact. The median proportion of electrodes lost by the end of
the EEG recording was 40.0% (range: 13.0–64.0%). There was no
significant difference in the odds of losing an electrode between
sedated and non-sedated dogs [OR = 1.06, 95% CI (0.049–23.16)].
The sample was too small to detect a statistically significant
difference in mean electrode survival time between electrode
placement locations (Friedman’s p= 0.733; Figure 3).

Actigraphy

Actigraphy recordings were considered successful if their
duration was >24 h and the unit remained securely in place next
to the EEG transmitter unit inside the harness pocket on the
dog’s back.

Six out of 10 actigraphy recordings were >24 h in duration
and were therefore considered successful. Actigraphy recording
durations ranged from 1.72 to 48.00 h, with a median recording
duration of 25.62 h. Of actigraphy recordings that lasted >24 h,

the median recording duration was 46.13 h (range: 21.53–48.00)
and the recordings that did not last 24 h had a median duration
of 5.27 h (range: 1.72–8.92). Actigraphy units remained secure in
their original location attached to the EEG transmitter unit on the
dog’s back in all 10 dogs. Actigraphy recordings in all 10 dogs were
terminated near the end of EEG recordings when caregivers moved
the units from their homes prior to de-instrumentation.

Questionnaires

All 10 caregivers completed Q1 at the OVC HSC during the
acclimatization period with a completion rate of 100%. Completion
times ranged from 21.20 to 152.30min, with a median completion
time of 101.47 min.

Q2 and Q3 were completed at home by caregivers after 24 and
48 h of the recording. Caregivers were instructed not to complete
the questionnaires if the recording had been terminated before the
24- or 48-h mark. Q2 was completed by 9/10 participants with a
completion rate of 100%. Completion times ranged from 12.40 to
2,748.93min, with a median completion time of 16.5min. Q3 was
completed by 6/10 participants with a completion rate of 100%. The
median completion time for Q3 was 21.94min and ranged from
8.72 to 383.02 min.

Discussion

Three tools commonly used in the investigation of canine
epilepsy and behavior are EEG, actigraphy, and caregiver-
completed questionnaires. This study demonstrated for the first
time that EEG can be successfully recorded in the home
environment of companion dogs, although the synchronized
video technology proved unreliable. In a further first, this study
combined EEG home-recording of dogs with actigraphy for a
minimum of 24-h recording in addition to the completion of
caregiver-reported behavioral questionnaires. This combination of
technologies appeared feasible as median EEG and actigraphy
recording times of 27.70 and 25.62 h, respectively, were achieved
in 60% of participants. All questionnaires that were attempted by
caregivers were completed to 100%, indicating that the surveys were
not too onerous for motivated participants.

There was a bimodal “survival time” for the wearable study
biomonitors. There was a difference of ∼44 h median recording
duration between EEG recordings lasting >24 h and those lasting
less. Similarly, the difference in median actigraphy recordings
lasting >24 h and those lasting less was ∼37 h. These large
differences may be due to canine patient-specific factors such as
age, weight, medication status, and/or behavioral characteristics.
The influence of these various factors provides the groundwork
for a prospective study investigating the correlation between EEG
and actigraphy recording length and the dog’s behavioral profile,
given that four dogs spontaneously de-instrumented themselves.
It is noted that the dog’s behavior may be impacted by the
bulkiness of the equipment thus this factor should be considered
in future investigations of behavior. Furthermore, understanding
canine patient-specific factors that influence EEG and actigraphy
recording length would help determine if these biomonitor
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FIGURE 3

A boxplot illustrating the median survival duration of each electrode location for all 10 dogs. The median survival duration for each location is

represented by the horizontal black line in each blue box. The mean survival duration for each location is represented by the continuous black line.

technologies are suitable diagnostic options for each patient to
optimize clinical efficiency and support personalized patient care.
For example, if ictal events or behaviors of interest are not captured
within the standard clinical <5-h EEG recording, the option of
a longer 24 to 48-h recording could be presented to caregivers
as an additional diagnostic measure (21). There is the additional
possibility that dogs withmore infrequent paroxysmal events might
benefit from either a longer recording duration or an in-home
recording if it increases the likelihood of capturing an event of
interest. Further work is needed to determine the diagnostic yield
of, and indications for, in-home EEG recordings.

No significant differences were observed between electrode
survival time and electrode placement locations. Veterinary
epileptology currently lacks a standardized electrode placement
protocol (19). As no electrode location performed significantly
better or worse than others, this study cannot provide any
suggestions to improve upon the reported electrode placement
protocol. As a next step, electrode survival time as a function of
electrode location could be investigated in a larger sample size
of dogs, while also optimizing source localization techniques. The
impact of additional factors such as skull shape, size of dog, and
coat length on electrode survival should also be considered when
developing an optimal electrode placement protocol.

All actigraphy units remained secure on the EEG transmitter
unit in the harness pocket on the dog’s back for the duration
of the recording. The most suitable accelerometer location for
canine epilepsy research has yet to be determined; the two most
reported and successful locations are the interscapular region
or around the dog’s neck (21–23, 27, 28). The current study
selected the interscapular region inside the harness pocket for
actigraphy placement as the unit was not easily attachable to the
dog’s collar and to minimize the risk of damage to the unit itself.
Establishing the optimal location for actigraphy placement will

require comparisons of data quality between locations to determine
which placement protocol reduces the movement of the actigraphy
itself, as movement or rotation of the unit may interfere with
data accuracy (28). As no EEG-confirmed ictal events occurred
during the recording period, we were unable to identify actigraphy
values correlating to seizure activity. Non-GTC seizures may be
more difficult to detect via accelerometry because they are often
much less disruptive and convulsive, and the accelerometer may be
unable to recognize the variable and relatively minor movements
that accompany non-GTC seizures such as excessive blinking or
lip licking. The inability to detect non-GTC seizures may result
in the underestimation of seizure frequency, which is further
compounded by the tendency for caregivers to underreport seizure
incidence (7). If ictal events occur in future research, additional
actigraphy outcomes such as the feasibility of algorithms to detect
and classify GTC and non-GTC seizure activity could be assessed.

A wide range of questionnaire completion times was observed
and ranged from 8.72 to 2,748.93min for Q1, Q2, and Q3,
with median completion times of 101.47, 16.5, and 21.94min,
respectively. The questionnaires posed in this research were
completed by a small focus group (n = 5) of unrelated subjects
prior to study initiation to help ensure they could be completed
in a reasonable time. Implementing questionnaires of a reasonable
length is essential to ensure the quality of the responses does
not diminish over time (29). The abnormally long completion
times for Q1 may have been a result of the distracting hospital
environment and their dog’s reaction to instrumentation. In future,
this questionnaire could be completed at the caregiver’s home prior
to instrumentation to minimize distractions. Additional factors
affecting completion time for internet-based questionnaires include
participant age, experience with internet-based questionnaires, and
education, which may have played a role in the longer completion
times shown in this study (30). The behavioral data obtained
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from these questionnaires were not analyzed for the present study
due to the small sample size but will serve as a foundation for
a prospective study examining this technology combination in a
larger sample size.

The sample size for the present study was intentionally kept
small to ensure this technology combination was feasible for at-
home recordings before investing significant time and monetary
resources in a larger sample size. A prospective study examining
the same novel technology combination would require 40 dogs
to be sampled from the population to be 80% confident that the
estimated proportion of feasible trials is within 10% of the true
population proportion.

This feasibility study was limited by several factors. First,
the geographic location limited participation as the study design
required multiple visits to the OVC HSC, restricting recruitment
to local caregivers or caregivers willing to make these visits
irrespective of location. This study was also task heavy for
caregivers with the multiple visits to the OVC HSC, competition
of several questionnaires, and up to 48-h monitoring of both their
dog and our equipment. It is worth noting that the demands of the
study may have been off-putting for potential trial participants. A
frustrating limitation involved the technology itself, resulting in the
partial loss of the synchronized video data portion of the vEEGs due
to issues with file size and portable computer capacity. The portion
of video that was recorded was used to confirm stages of mentation
against EEG output, but no additional behavioral observations were
able to be made. Lastly, the present study’s samples unintentionally
consisted of medium and large breed dogs. Weight stipulations
were not explicitly stated in the inclusion criteria, as the goal was
to recruit IE cases and NT controls. Nonetheless, wireless vEEG
devices will need to be smaller to accommodate smaller dog breeds
and cats.

The recognition of complex behavioral comorbidities in
dogs with epilepsy continues to grow in veterinary research
and medicine, although the classification of these behaviors
remains a challenge. Many facets of epileptic canine behavior
exist, including pre-and post-ictal changes, prodromal changes in
behavior, psychosocial behaviors, and behavioral manifestations of
absence or focal seizures. These complex behavioral presentations
support the growing need for objective behavior classification
tools in canine epilepsy. Electroencephalography remains the
standard for identifying and classifying seizure types and frequency
due to its sufficient spatial and temporal resolution. Combined
with synchronized video recording, vEEG becomes useful for
behavioral observations and helps classify behavioral events as
ictal or non-ictal (20). Actigraphy classifies different states of
behavior such as walking, running, and sleeping, and identifies
only GTC seizures in dogs (21–23, 27). Caregiver-completed
questionnaires describe the dog’s typical housing, care, routine,
and behaviors, and provides subjective accounts of seizure
semiology. Therefore, two objective tools, EEG and actigraphy,
could strengthen the data obtained from the more commonly
employed subjective questionnaire tool to understand epileptic
canine behavior. The end goal of objective behavior classification
in epileptic dogs is to improve the diagnosis and treatment of
seizures and provide the caregiver with an understanding of
how their dog’s behavior changes relate to seizures to aid in
seizure prediction.

Overall, this study shows that it is possible to record wireless
ambulatory EEG in the home environment in addition to
actigraphy recordings and caregiver questionnaires. These findings
open the door for this combination to act as a research tool
to examine behavior in canine epilepsy or as a diagnostic tool
for complex presentations. Employing in-home EEG recordings
and/or supplementing EEG recordings with actigraphy and the
right questionnaires could provide clinicians with a more complete
behavioral profile of each dog. In addition, this could aid clinicians
in distinguishing behaviors as ictal or non-ictal. Ultimately, this
area requires more research as understanding behavior in canine
epilepsy is vital to improving clinicians’ ability to diagnose and
treat seizures while also aiding caregivers to predict seizures more
accurately in their dogs.
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of Iaşi, Romania

Yoshihiko Yu,

Independent Researcher, Mitaka, Japan

Miyoko Saito,

Azabu University, Japan

*CORRESPONDENCE

Elsa Lyon

elsa.lyon@elyope.com

†These authors have contributed equally to

this work and share senior authorship

RECEIVED 22 October 2023

ACCEPTED 08 January 2024

PUBLISHED 26 January 2024

CITATION

Lyon E, Pochat H, Blot S, Troupel T, Van

Caenegem N, Besnard S and Escriou C (2024)

Use of video-electroencephalography as a

first-line examination in veterinary neurology:

development and standardization of

electroencephalography in unsedated dogs

and cats. Front. Vet. Sci. 11:1326165.

doi: 10.3389/fvets.2024.1326165

COPYRIGHT

© 2024 Lyon, Pochat, Blot, Troupel, Van

Caenegem, Besnard and Escriou. This is an

open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Use of
video-electroencephalography
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veterinary neurology:
development and standardization
of electroencephalography in
unsedated dogs and cats
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Nicolas Van Caenegem4,6, Stéphane Besnard1† and
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Department, Neurology Service, VetAgro Sup, Marcy l’Etoile, France, 3Amset Medical,

Saint-Maur-des-Fossés, France, 4U955-IMRB, INSERM, Small Animal Internal Medicine Department,

Neurology Service, Ecole Nationale Vétérinaire d’Alfort, Maisons-Alfort, France, 5Neurology Service,

AniCura CHV Pommery, Reims, France, 6Neurology Service, AniCura TRIOVet, Rennes, France

Objective: To assess the feasibility and validate the use of video-

electroencephalography (EEG) in conscious dogs and cats and to propose

guidelines of routine EEG in veterinary clinical practice.

Design: Prospective clinical study.

Data: One hundred and fifty EEG recordings were carried out to validate the

clinical adding-value, reproducibility, and guidelines on 140 owned animals. One

hundred and one EEGs were performed on dogs and 49 on cats.

Procedures: We compared recordings performed with 8 EEG unwired stud

Ag/AgCl electrodes held by elastic straps and 8 EEG wired cup Ag electrodes

held by a tailor-made manufactured headset combined with a wired video-EEG

device. Electrodes placement was determined according to previously published

animal EEG protocols. Physiological sensors, such as electrocardiography,

electromyography, and respiratory sensors were added. Stimulation protocols

were tested. Quality and interpretability were evaluated.

Results: Headsets and recording procedures appeared suitable for all skull

shapes and sizes. Video-EEG recordings were successfully performed without

tranquilization or anesthesia except for 9 animals. Median EEG recordings

time was 40min. Impedance remained below 20 k� in 99% of dog EEGs

and 98% of cat EEGs. Isosynchrony was reported in 6% of the channels.

Seventy-five percent of dog EEGs and 83% of cat EEGs were readable for

more than 50% (to 100%) of their duration. Successful discrimination of

vigilance states from rhythm analysis (wakefulness, drowsiness, and sleepiness)

was possible in 99% of dog EEGs and 91% of cat EEGs. Photic driving

responses during photic stimulations were observed in 11% of dog EEGs

and 85% of cat EEGs. Electroencephalography recordings were directly

informative in 32% of the examinations: in 25% EEG abnormalities were

associated with clinical signs and 7% concerned EEG abnormalities without

clinical symptoms during recording. Thirteen percent of dogs subjected
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to photic stimulation exhibited epileptic anomalies. Among 9 EEGs with other

history-based stimulations, three displayed epileptic graphoelements.

Conclusions: We have developed a standardized unanesthetized video-EEG

procedure easily performed and reproducible in dogs and cats. Qualitative

and quantitative technical and medical criteria were evaluated and were

in accordance with human EEG recommendations. Moreover, we have

demonstrated its relevance and accuracy for diagnostic purposes, providing

further arguments for the use of EEG as a first-line neurological functional

exploration test.

KEYWORDS

EEG, video-EEG, gel electrode, canine, feline, epilepsy, encephalopathy

1 Introduction

In human medicine, electroencephalography (EEG) and
video-EEG are widely and routinely implemented in various
fields, including neurology, intensive care (for coma evaluation),
neuropediatric, gerontology, and emergency medicine. In
particular, EEG is used in epileptology, and its use allows for a
finer classification of epilepsies, extending beyond determining
seizure types and epilepsy categories to include electro-clinical
characterization and the description of epileptic syndromes (1).
The EEG recording procedures have been standardized from
international and national recommendations, covering aspects
such as the numbers and placement of electrodes, duration
of examination, recording parameters and settings, choice of
stimulation protocols and video analysis for seizure investigations
in accordance with the medical context (2–6).

In veterinary neurology, EEG is used confidentially while
epilepsy is one of the most common neurological disorder in dogs

(7, 8) with an estimated prevalence ranging from 0.6 to 0.75%
(8, 9). However, the prevalence of this disease is significantly

higher in specific breeds, with reported prevalences of 3.1–33%
(10–16) with varying clinical presentation and disease severity

(10). Seizures are also common in cats and may account for

2% of reasons for veterinary visits (17) with recurrent seizures
representing an estimated prevalence of 0.16% (18). However, feline

epilepsy remains poorly characterized and epilepsy of unknown
cause is reported in 22% of cats with seizures (19).

Current classifications of seizures and epilepsy in dogs and
cats are only based on seizure semiology and epilepsy etiology,

respectively (20). Epilepsy includes idiopathic epilepsy with a

proven or suspected genetic background or an unknown cause and
no indication of structural epilepsy and structural epilepsy, caused

by identified cerebral pathology (20). The difficulty to perform
easily EEG in veterinary practice is probably the main factor

underlying the difference between human and companion animal
epilepsy classification. The development of veterinary EEG could
significantly enhance the diagnosis, classification and treatment
of companion animal epilepsy (21). Recently, there has been a
renewed interest in veterinary medicine, with the publications of
protocols providing information on electrode positioning on the
skull (22–25), suggested electrode types (23), anesthetic protocols
(22, 26, 27), the feasibility of recording on animals without

anesthesia using video-EEG (24) and interpretation (28). A survey
on veterinary neurologists’ EEG practices (29) reveals the variability
in protocols employed regarding the use of video, recording
durations, and assessment of recording quality through impedance
measurements. This survey specifically shows a preference for
subcutaneous, wired or needle electrodes over surface electrodes.
Placement methods may adhere to published protocols (22, 24, 30,
30–34) or individual approaches often involving varying sedation
protocols. Additionally, the survey highlights that EEG isn’t
routinely used by veterinary neurologists, with some performing it
less than once a year. Challenges cited include limited access to EEG
equipment and insufficient training and experience in conducting
and interpreting EEGs.

Our aim was to develop a method and standards for routine
EEG examinations in veterinary medicine similar to those used
in human patients in unsedated conditions. This involved using
cup electrodes or electrode caps and recording sessions lasting 20–
30min during medical visit as mentioned in recommendations (3–
6). From a cohort of 230 dogs and cats, in various physiological
and pathological contexts, we selected and tested electrodes
and positions, developed and validated a method of recording
under vigil conditions, without pain, restrain and learning,
leading to recommendations and better practices for routine EEG
investigations in veterinary medicine. In this article, we present
the full methodological section and its validation including the
detailed procedure, the evaluation of recording quality, artifact
discriminations and illustrations showcasing physiological and
pathological EEG patterns.

2 Materials and methods

The Ethics Committee of VetAgro Sup (No. 18) issued a
favorable opinion (No. 1966) on the experimental protocol on
November 28, 2019.

2.1 General procedures

Electroencephalography recordings were performed in cats and
dogs presented to neurology unit at the veterinary campus of
VetAgro Sup and École nationale vétérinaire d’Alfort (ENVA).
Included animals were either brought by their owners for medical
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consultation or hospitalized for a short period due to brain
disorders. Unconscious animals (i.e., animals with coma and
status epilepticus) were excluded from this study. History, clinical
signs, and results of diagnostic investigations were collected. We
intentionally avoided using restrictive criteria in this study to
demonstrate the method’s reproducibility for dogs and cats across
various medical contexts and to prevent selection bias.

The recordings were conducted after the consultation, either
immediately or by appointment in following days. They were
carried out by one of the authors (EL) in the presence of at
least the animal’s companion (owner or clinician), except for two
examinations for which the operator was alone.

The examination rooms were customized to minimize visual,
auditory, and olfactory stimulation and to be comfortable. They
were clean, equipped with an examination table and a table for
placing the acquisition device, chairs, sleeping mats and treats
for dogs and cats. It was possible to create darkness in the
room for photic stimulation, and a night light provided sufficient
illumination light for recording.

Owners were advised to feed and take their animals out before
the examination. They could bring their pet’s sleeping mate and
favorite treats. The recordings were mostly often performed with
the dogs lying on the floor, with or without a mat, and the cats
in their transport box, often with the top open, and placed on the
examination table. Recordings were also operated with the animal
on the owner’s lap. In case of excessive heat during summer, a
refrigerated mat was provided to the animal to prevent polypnea.

2.2 Device

EEG recordings were made using a wired EEG device
(Brainbox R© 1042 Braintronics BV, Fl. The Netherlands) with EEG
software (Coherence R© 7.1.3.2037 Natus Europe GMBH, Planegg,
Germany). The acquisition settings were sampling frequency
per channel 256Hz, high pass filter 0.3 s, low pass filter 35Hz,
resolution 7 µV/mm, longitudinal and transverse montages.
These montages were preferred over the referential montage
to avoid contamination of the reference electrode by artifacts,
especially cardiac, and to maximize the chances of observing
small focal potentials (30, 31). A 50Hz filter was used to avoid
disturbances related to alternating current. These settings are those
recommended in human medicine, except for the low-pass filter,
which was reduced from 70 to 35Hz in order to limit muscular
artifacts without restricting brain rhythms observation (2–6). This
device allowed synchronized video and EEG recording, as well as
the configuration and visualization of light protocols.

2.3 Electrodes and cap

Human guidelines recommend the use of surface electrodes
for routine EEG, either gold or Ag/AgCl cup gel electrodes or
electrode caps (5, 6). As electrode caps are designed for human
use, we opted for cup or stud surface electrodes, the latter being
equivalent to non-wired cup electrodes. compatible with holding
systems adapted to the animal’s head. We compared unwired stud

Ag/AgCl electrodes (Preborn, M.E.I, La Farlède, France; Figure 1A)
and wired cup Ag electrodes (NE-112A, Nihon Kohden R©, Tokyo,
Japan; Figure 1B). The former was used over an initial period
of 18 months, secured to the animals’ heads using elastic straps
perforated every 1.5 cm, in which the electrodes were inserted and
held in place by alligator clips of the electric cables (Figure 1C).
The latter was used over a second phase of 14 months, when an
electrode EEG cap designed for cats and dogs was available in
seven sizes (PetCap R©, Elyope, Saint-Maur-des-Fossés, France) (32)
(Figures 1D, E).

2.4 Electrode position and skin contact

The placement of the eight electrodes, both on the elastic straps
and the PetCap R©, was based on the proposals of Pellegrino and
Sica (22) and James et al. (24). The frontal electrodes (Fp1/Fp2)
were positioned caudal to themedian canthi, on the external edge of
the temporal line. The occipital electrodes (O1/O2) were placed on
a transverse line between the mastoid processes at an equal distance
from the midline as the frontal electrodes. The central electrodes
(C3/C4) were placed halfway between the frontal and occipital
electrodes in the transversal plan and at an equal distance from
the midline as the frontal and occipital electrodes. The temporal
electrodes (T3/T4) were placed at the base of the ear, just above
the temporal crest (Figure 1F). Our acquisition software allows the
use of 2 reference electrodes and calculates the electrical potential
difference between them to eliminate the noise. These 2 reference
electrodes were placed on the median line at the intersection
of diagonals Fp1-C4 and Fp2-C3 for the first reference and at
the intersection of diagonals C3-O1 and C4-O2 for the second
(Figure 1F). The electrodes were placed on the unshaven head, as
close as possible to the skin, parting the hairs. For stud electrodes,
elastic straps were placed on the animal’s head, then the electrodes
were inserted symmetrically into the perforations of the straps.
Conductive paste and gel (Ten20 R©, Weaver and Company, Aurora,
CO, USA, and SignaGel R© Parker Laboratories, INC. Fairfield, NJ,
USA) were then applied between the skin and the electrode. For
cup electrodes, the electrodes were pre-inserted in the PetCap
R© and coated with Ten20 R© before placing the headset on the
animal and adding the SignaGel R©, which reduced intervention
time (Figure 1E).

Simultaneously, an electrocardiography (ECG) and respiratory
recording were performed, with a thoracic electrode and a
movement sensor held by a chest strap positioned behind
the animal’s front legs. Two electromyography (EMG) surface
electrodes were placed on the anterior and dorsal regions of the
neck muscles, posterior to the occipital electrodes, secured by the
PetCap R© (Figures 1E, F).

2.5 Recording

Electroencephalography recordings started after checking the
impedance values of the electrodes and monitored in real-time,
allowing for electrodes adjustments if necessary.
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FIGURE 1

Stud electrode (A). Cup electrode (B). EEG acquisition setup using stud electrodes and elastic straps (C). EEG acquisition setup using cup electrodes

and PetCap® (D) with details of electrodes coated with conductive paste and inserted into the system (E). Electrode positioning (F).

The camera was positioned above and facing the animal and it
was repositioned if the animal moved (Figure 1D).

Intermittent Photic Stimulation (IPS) was performed at the
beginning of the examination when the animal was lying down
in a state of wakefulness. The lamp was positioned at eye
level, 30 cm away from the animal and the program followed
a program that increased the frequency of light flashes: 3–5–7–
10–13–15–17–20–25–30–35–40–45–50Hz, with 10 s duration and
5 s pauses between frequency changes (Figure 1D). If the patient
fell asleep during the photic stimulation, this test was repeated
at the end of the EEG examination after the patient woke up.
Other stimulations such as noise and meal were carried out
based on potential seizure triggers reported by the owner and
the clinician.

The animals were not stimulated to promote rest for at least
20min. If the patient fell asleep during the recording, the waking
phase after the nap was recorded for a minimum of 5 min.

The operator annotated the recorded trace with as much
information as possible concerning the events that may occur
during the examination, in the environment or specific to
the patient.

2.6 Interpretation

All recordings were visually reviewed by three authors SBe,
CE, and EL during joint reading sessions in order to obtain a
consensus. The settings used for interpretation were the same as for
acquisition, but could be modulated to aid pattern discrimination.
Artifacts, physiological rhythms, and paroxysmal events were
listed. Wakefulness was identified on the EEG by visualization
of a low voltage fast activity background disturbed by eye and
body movement artifacts and muscle contractions (EEG and EMG
channels). Drowsiness was identified by visualization of a low
voltage fast EEG activity background, with alpha rhythms (8–
12Hz) or theta rhythms (4–7Hz), fewer eye and body movement
artifacts, less muscle tone and more regular breath (respiratory
movement sensor). Non-rapid eye movements (Non-REM) sleep
was identified by the occurrence of medium and high voltage delta
(1–4Hz) activity and/or sleep spindles (waves with a frequency
of 12–16Hz) in the EEG, no eye and body movement artifacts,
regular respiration and decreased muscle tone. REM sleep was
identified by visualizing of a low voltage fast activity on EEG, weak
amplitude EMG but disturbed during facial or leg twitches and
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myoclonic jerks, irregular respiration (respiratory belt) and heart
beat (ECG) (33–36). Paroxysmal events noted included spikes,
polyspike-complex, spikes-and-slow-waves-complex, polyspikes-
and-slow-waves-complex, sharp waves, triphasic waves, and slow
waves (37, 38).

2.7 Statistics

In the absence of normal distribution, non-parametric tests
were used. Descriptive statistics are presented as median [1st
quartile−3rd quartile]. Quantitative variables between groups were
compared by the Mann–Whitney–Wilcoxon test (for two groups)
or the Kruskall–Wallis test and Dunn-Bonferroni post-hoc test
(for more than two groups). The distributions of multiple groups
were compared using the chi-square test of homogeneity, with
some groups aggregated if numbers were insufficient and with
Yates’ continuity correction if necessary. Results were considered
statistically significant at P < 0.05. All statistical tests were carried
out using R software (4.2.1). The plots were generated using
the R package ggplot 2 (39) and Microsoft Excel R© (Microsoft
Corporation One Microsoft Way, Redmond, WA, USA). We
used a ratio expressed in percentage, called “readable percentage”
calculated with the time corresponding to the number of 20-
second pages readable divided by the total recording duration
in minutes. Indeed, if more than half of the 20-second page
was uninterpretable due to artifact, i.e., whose amplitude causes
overlapping of the recording channels, whatever the montage used
(referential or bipolar) at the 7 µV/mm setting, or whose frequency
overloads the visualization of physiological rhythms, the page was
considered unreadable. In addition, EEG recording was stopped
during impedance checks and restarted afterwards. Pages during
these impedance checks were also counted as unreadable.

3 Results

3.1 Population

Two hundred and thirty EEGs were investigated between
October 2019 and July 2022.

The first 80 recordings were used to develop the protocol,
specifically to establish the positioning of the elastic bands for
achieving a symmetrical setup during the recordings, validate the
electrode positions with PetCap R©, choose the types of surface
electrodes, select the contact gels and equip the EEG device with
video and synchronized photic stimulation lamp.

The following 150 recordings were included in the study
involving 140 animals, 101 made on dogs and 49 on cats.

Ninety-four dogs were recorded with 88 dogs recorded once,
five dogs twice and one dog, three times. Forty-one dog breeds were
represented, 18 dogs were mixed breed. The head conformations
of dogs were classified into three categories: dolichocephalic, with
a very elongated skull, brachycephalic, with a very flat face, and
mesocephalic, close to the primitive type (40) (Table 1). They were
43 female and 51 male dogs, ranging in age from 4 months to 17
years [4.3 years [1.8–7.6]], with weight ranging from 2.6 to 64.6 kg
[17.2 kg [8.9–25.45]]. Five dogs were healthy dogs brought in by

TABLE 1 Distribution of dog breeds.

Mesocephalic (68 dogs)

American Staffordshire Terrier, Australian Shepherd (2), Australian Shepherd
cross-breed, Basset Hound, Beagle, Beagle cross-breed, Bearded Collie, Beauceron
cross-breed, Bernese Mountain dog, Bouvier des Flandres, Brittany Spaniel
cross-breed, Bull Terrier cross-breed, Cavalier King Charles (3), Chihuahua (2),
Cocker Spaniel, Coton de Tulear, Dutch Shepherd, Eurasier, Great Dan, German
Shepherd, German Spitz, Golden Retriever (4), Irish Setter (2), Jack Russell (6),
Labrador (4), Malinois (3), Malamute cross-breed, Maltese, Newfoundland
cross-breed, Parson Russell Terrier, Rottweiler, Shiba Inu, Siberian Husky (3),
Welsh Corgi Pembroke cross-breed, West Highland White Terrier, White Swiss
Sheperd, Yorkshire Terrier (6), Yorkshire Terrier cross-breed, indeterminate
cross-breed (5).

Brachycephalic (11 dogs)

Continental Bulldog, French Bulldog (6), Boxer, Carlin (2), Lhassa Apso
cross-breed.

Dolichocephalic (15 dogs)

Border Collie (6), Border Collie cross-breed (4), Dachshund, Wirehaired
Dachshund, Doberman, Italian Greyhound, Podenco.

their owners who were veterinary students involved in the study,
while all other dogs were presented by their owners for neurology
consultations. Eighty dogs had a history of at least one paroxysmal
episode in the 6 previous months, either typical epileptic seizures
or less characteristic episodes such as tail chasing, myoclonus,
episodic stiffness or ataxia, compulsive licking, fly biting, episodic
collapses, trance-like episodes, jaw chattering episodes, episodic
drooling, episodic chewing, episodic aggression, episodic polypnea
or episodic movement disorders. Nine dogs had a confusional state
or signs of vestibular impairment but no paroxysmal event.

Forty-six cats were recorded, with 43 cats recorded once
and 3 cats twice. Six cat breeds, 1 mix breed and domestic
shorthair cats were recorded [Bengal, Birman (2 cats), Devon
Rex, Norwegian, Persian, Ragdoll (2 cats), Mix breed Main Coon,
Domestic Shorthair (37 cats)]. They were 23 female and 23 male
cats, ranging in age from 7 months to 17 years [3.5 years [1.4–
7.9]], with weight ranging from 700 to 7.4 kg [4 kg [3.15–4.8]].
Forty cats had a history of at least one paroxysmal event, either
typical epileptic seizures or less characteristic episodes such as
rolling skin, tail chasing, scratching, episodic aggression, episodic
growling, episodic vocalization, compulsive licking, trance-like
episodes, episodic stiffness or ataxia, possible REM sleep disorder
or episodic movements disorders. Six cats had a confusional state
or signs of vestibular impairment but no paroxysmal event.

3.2 Validation of unsedated EEG feasibility

Ninety-four percent (141/150) of the EEG recordings
were carried out without the use of sedative medication. Two
dogs underwent EEG after Magnetic Resonance Imaging
(MRI) or Brainstem Auditory Evoked Response (BAER)
and were under sedation, while three cats and one dog
received preventive premedication due to their aggressiveness
(dexmedetomidine/butorphanol for one cat and gabapentin for the
others). Additionally, three restless dogs were sedated to minimize
movement and breathing artifacts (dexmedetomidine). The results
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presented here pertain to EEG without tranquilization, i.e., 95
EEGs performed on dogs and 46 EEGs performed on cats.

Sixty-five dog EEGs and 28 cat EEGs were performed in the
presence of the owner. Treats were used to keep the dogs occupied
if they became agitated during the helmet fitting. All dogs kept
the EEG system on their head and one cat initially removed
the system which was reinstalled. Despite gentle movements,
lying down in various position (sternal or lateral recumbency),
standing up, or shaking, the electrodes remained attached with
good electrode-skin contact and impedances. In some cases, a strip
of elastic band (VetrapTM) was applied preventively to secure the
mounting system if the animal seemed agitated before recording.
No dermatological reactions were reported following the use of
Ten20 R© and SignaGel R©. Gel was removed using dry shampoo
and, if necessary, supplemented with wet shampoo at home by the
owner, like in human use.

Sixty-four dog EEGs were performed using stud electrodes, and
31 dog EEGs were conducted using cup electrodes. Twenty-four cat
EEGs were conducted with stud electrodes, and 22 cat EEGs were
performed with cup electrodes.

Photic stimulation was achieved for 42 dog EEGs and 27 cat
EEGs, as the recording device was not initially equipped for it at
the start of the study. Light stimulation was not performed in cases
of non-convulsive status epilepticus diagnosed by EEG (4 EEGs).

Other stimulations were carried out according to history
provided by owners to trigger seizures, including food (five dogs)
and sounds (three dogs and one cat) such as clapping of hands,
sound of keys, sound of crumpled paper and sound of crushed
plastic bottles.

Median EEG recording time was 40min for the two species
[Dogs: 40min [30–55]; Cats: 40min [27–49]] (Figure 2A). Six
patients had recording time of <20min, with 4 due to time
constraints related to the functioning of the service, 1 where the
diagnosis was immediately established based on EEG findings and
1 due to excessive agitation. Twenty-six animals had a recording
lasting more than 60min, 12 were sleeping deeply, nine were
restless and we had to wait for the animal to calm down to have
a readable EEG trace, and five others to maximize the chances of
recording seizures.

3.3 Validation of the technical quality of the
EEG recordings

3.3.1 Impedance
Electroencephalography software gives intervals of values of

the impedance measurements (Z) for each electrode: Z > 100 kΩ
(written >100 on the software), 50 < Z ≤ 100 kΩ (written <100),
20< Z≤ 50 kΩ (written<50), 10< Z≤ 20 kΩ (written<20), 5<

Z ≤ 10 kΩ (written <10), Z ≤ 5 kΩ (written <5). All impedance
values recorded were ≤50 k� (indicate <5 or <10 or <20 or <50
by the software). In dog EEGs, 98.8% (751/760) of the impedances
were ≤20 kΩ (indicated <5 or <10 or <20 by the software) and,
in cat EEGs, 97.6% (359/368), regardless of the types of electrode
used. Impedances ≤10 kΩ (indicated <5 or <10 by the software)
were observed in 81 and 85.2% of dog and cat EEGs, with cup
electrodes, and in 64.5 and 70.3% with stud electrodes (Figure 3A).

Comparing the numbers in the <5 and <10 impedance groups
with those in the <20 and <50 groups by electrode type (stud
or cup), we concluded that cup electrode impedances are lower
than stud electrode impedances (dog EEGs: x-squared = 121.32,
df = 1, p <0.001; cat EEGs: x-squared = 10.856, df = 1, p <

0.001; Figure 3A). Impedances are not homogeneous, depending
on electrode positioning in dog and cat EEGs (dog EEGs: x-squared
= 26.228, df= 14, p= 0.024; cat EEGs: x-squared= 33.97, df= 14,
p= 0.002; Figure 3B).

3.3.2 Montages and isosynchrony
We define “usable channels” as channels without isosynchrony,

that appears on the EEG trace as a flat line (Figure 4). For dog EEGs,
in the longitudinal montage, 93.4% (478/512) of the channels were
usable with stud electrodes, and 94.7% (235/248) were usable with
cup electrodes. In the transverse montage, 95.6% (306/320) of the
channels were usable with stud electrodes, and 94.8% (147/155)
with cup electrodes. For cat EEGs, in the longitudinal montage
83.3% (160/192) of the channels were usable with stud electrodes
and 93.2% were usable (164/176) with cup electrodes. In the
transverse montage 79.2% (95/120) of the channels were usable
with stud electrodes, and 97.3% (107/110) were usable with cup
electrodes. By adding the values of the usable channels of dogs and
cats in longitudinal montage with cup electrodes (235+ 164= 399)
and dividing by the total number of channel of dogs and cats in
longitudinal mounting with cup electrodes (248 + 176 = 424) we
obtained the proportion of usable channels which was in percentage
94.1%. The percentage of isosynchrony in the longitudinal montage
with cup electrodes for both dog and cat combined was therefore
5.9% (100–94.1%).

The longitudinal montage with eight usable channels was more
easily set up in larger dog compared to small dogs (Figure 5A).
This difference is less noticeable in cats, as the variation in weight
and size is less significant (Figure 5B). The 3 EEGs with only four
usable longitudinal channels were performed with stud electrodes
on restless animals. One of these EEGs was repeated due to the
animal’s agitation, and the number of channels was eight during
the second recording.

3.3.3 Artifacts
We observed technical artifacts such as electrical environment

artifacts, particularly when the amplifier box was positioned on
a metal surface, as well as pop artifacts from the electrodes.
Additionally, artifacts specific to the use of alligator clips with stud
electrodes were observed when they were in contact with each
other. We also observed artifacts related to people in the recording
environment, including recording of the owner’s cardiac pulse,
petting the animal and contact with the wires, and movements in
the room.

Some physiological artifacts observed were similar to those
described in human medicine atlases, such as heartbeat, respiratory
movements, muscle contractions and global movements (Figure 4).
However, we observed also artifacts specific to dogs and cats, such
as licking artifacts, ear movements and tail flapping movements.

Seventy-four point seven percent (71/95) of the dog recordings
were readable for more than 50% of their duration up to
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FIGURE 2

Total recording time for dog EEGs (95) and cat EEGs (46) (A). Readable percentage calculated with the 20-second pages that are undisturbed by

artifacts for more than half of their duration over the total recording time depending on electrode type, for dog EEGs (64 EEGs with stud electrodes

and 31 EEGs with cup electrodes) (B) and cat EEGs (24 EEGs with stud electrodes and 22 EEGs with cup electrodes) (C).

FIGURE 3

Impedance values (k�) of the 760 electrodes during the 95 dog EEGs (95x8 electrodes) and impedance values of the 368 electrodes during the 46 cat

EEGs (46x8 electrodes) (A). Distribution of impedance values (k�) according to electrode position in 95 dog EEGs and 46 cat EEGs (B).

100%, 13.7% (13/95) of the recordings were readable for 25–
50% of their duration and 11.6% (11/95) of the recordings
were readable for <25% of their duration. In the latter cases,
the animal had behavioral problems, or the owners were
intrusive, or stimulation techniques such as feeding generated a
lot of artifacts. “Readable percentage” below 50% were mainly
associated with the use of stud electrodes (20/24). Consequently,
“readable percentage” were significantly higher in EEG recordings
with cup electrodes than those with stud electrodes [stud

electrodes: 59% [40–73]; cup electrodes: 78% [68–96]; p < 0.001;
Figure 2B].

Nine dogs had 2 registrations, 4 due to their agitation and the
others formedical follow-up. Themedian of readability percentages
of the first recordings of agitated dogs was 16% [12–25], while that
of the second recordings was 70% [61–75], suggesting the beneficial
effect of habituation in some specific cases.

Eighty-two point six percent (38/46) of the cat recordings
were readable for more than 50% of their duration up to
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FIGURE 4

Examples of isosynchrony and physiological artifacts in a dog EEG.

FIGURE 5

Relationship between the weight of the animals and the number of usable channels in longitudinal montage, for dog EEGs with stud (64 EEGs) and

cup (31 EEGs) (A) and for cat EEGs with stud (24 EEGs) and cup (22 EEGs) (B). The dotted line represents the median of the weights in each species.

100%, 15.2% (7/46) of the recordings were readable for 25–
50% of their duration, 2.2% (1/46) of the recordings were
readable for <25% of their duration. The main difficulties
encountered were related to inappropriate contact between the
alligator clips, which is accentuated by the small size of the cats’
heads and to the owners’ interventions. In cats, we found no
significant difference between the “readable percentage” on EEG
recordings with stud electrodes and those with cup electrodes [stud
electrodes: 71% [52–82]; cup electrodes: 85% [68–94]; p = 0.0503;
Figure 2C].

3.4 Validation of EEG interpretability

3.4.1 Physiological rhythms
Physiological rhythms were observed in 98.9% (94/95) of

dog EEGs including wakefulness rhythms (92/94) (Figures 6A, B),
drowsiness (72/94) (Figure 6C), and sleep (46/94) (Figure 6D). For
cat EEGs, physiological rhythms were observed in 91.3% (42/46),
including wakefulness rhythms (41/42) (Figure 7A), drowsiness
(33/42) (Figure 7B), and sleep (9/42) (Figure 7C). No physiological
rhythms were observed in five recordings, probably due to the
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FIGURE 6

EEG of an awake dog showing a rapid low amplitude rhythm and artifacts from blinking and muscle activity with examples in boxes (A). EEG of the

same dog as before, awake and calm, showing a rapid low amplitude rhythm with reduced artifacts from blinking and muscle activity with examples

in boxes (B). EEG of the same dog as before, dozy, showing a 5Hz medium amplitude rhythm (C). EEG of the same dog as before, sleepy, showing

1−3Hz high amplitude rhythms with examples in boxes (D).

FIGURE 7

EEG of an awake cat showing a rapid low amplitude rhythm and artifacts from blinking and muscle activity with examples in boxes (A). EEG of the

same cat as before, dozy, showing a 7Hz medium amplitude rhythm (B). EEG of the same cat as before, sleepy, showing mixed theta and delta

rhythms with examples in boxes (C).

pathology of four animals (diffuse encephalopathy for one dog and
one cat, a non-convulsive status epilepticus for two cats), and to
technical reason in one cat (intact male with high impedance values
possibly due to skin specificity).

Five groups were determined based on the physiological
rhythms observed: EEG with wakefulness rhythms only (W),
EEG with wakefulness and drowsiness rhythms (WD), EEG with

wakefulness, drowsiness and sleeping rhythms (WDS), EEG with
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FIGURE 8

Rhythm distinctions (W, wakefulness only; WD, wakefulness and drowsiness; WDS, wakefulness, drowsiness and sleeping; D, drowsiness only; O,

other than physiological states) in the recordings of 95 dogs (on the left) and 46 cats (on the right) detailed according to the type of electrodes used

and expressed as a percentage of the total number of recordings made for each kind of electrode, cup and stud (A), their sex (B), their age (C), and

the total recording time (D).

drowsiness only (D), and other than physiological rhythms (O).

The W group consisted of 22 EEGs from dogs and 9 EEGs from
cats, the WD group had 24 dog EEGs and 23 cat EEGs, the WDS

group had 46 dog EEGs and 9 cat EEGs, the D group had 2 dog
EEGs and 1 cat EEG, and the O group had 1 dog EEG and 4

cat EEGs. The three groups W, WD and WDS were observed in
both species of the study regardless of the two types of electrodes

(Figure 8A). Dogs were more likely to sleep and cats to doze
during recordings and this tendency was more pronounced with
cup electrodes (Figure 8A). Physiological rhythms were observed
in both males and females (Figure 8B) and they were easier to
observe in younger animals compared to older ones (Figure 8C).

The ages of dogs in the three groups W, WD and WDS were
significantly different (dog EEGs: Kruskall-Wallis chi-squared =
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FIGURE 9

Reactivity to intermittent photic stimulation in a dog EEG (A), in a cat EEG (B), with polyspike complexes in a dog EEG (C).

FIGURE 10

Polyspike complexes and polyspike-and-slow-wave-complexes and simultaneous twitching of a cat’s face.

8.32, df = 2, p = 0.02; cat EEGs: Kruskall-Wallis chi-squared
= 6.48, df = 2, p = 0.04) with younger animals in the WDS
group than in the W group (p = 0.03) and in the WD group
(p = 0.03) in dog EEGs and with younger animals in the WDS
group than in the WD group (p = 0.02) in cat EEGs (Figure 8C).
Median recording time in W groups was 35.5min [29–45] for

dog EEGs and 32.5min [25–44] for cat EEGs, in WD groups
43min [30–58] for dog EEGs and 40min [30–45] for cat EEGs,
and in WDS groups was 41min [33–59] for dog EEGs and
50min [42–59] for cat EEGs (Figure 8D). The other two groups,
D and O, involved only a few animals and were related to their
respective disease.

Frontiers in Veterinary Science 11 frontiersin.org123

https://doi.org/10.3389/fvets.2024.1326165
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lyon et al. 10.3389/fvets.2024.1326165

TABLE 2 Correlations between clinical and electrical patterns observed during the EEG according to literature (37).

Clinical signs
during EEG

Electrical events
on EEG

Epileptic or
seizure patterns

Other electrical events
(Periodic discharges
and triphasic waves)

No electrical
event

Equivocal
electrical events
(due to artifacts)

Myoclonus (head or body, or limb) 7 dogs
7 cats

1 dog 1 dog
3 cats

1 dog
2 cats

Alterations in consciousness 3 cats 2 dogs
3 cats

Ptyalism+/- licking 4 dogs
1 cat

Polypnea+ shivering 2 dogs

No clinical signs 5 dogs
4 cats

3.4.2 Stimulation tasks
3.4.2.1 Intermittent photic stimulation

Photic response synchronous with light flashes were observed
in 11% (5/45) of dog EEGs, with frequencies ranging from 3 to
10Hz and in 85% (23/27) of cat EEGs, with frequencies ranging
from 3 to 30Hz, without any clinical signs (Figures 9A, B). Epileptic
discharges were observed during IPS in 13% (6/45) of the dog
EEGs (Figure 9C). For 5 dogs, clinical myoclonus was observed
simultaneously with epileptic discharges, while for the remaining
dog no clinical manifestation was observed. Four of these six dogs
showed mild myoclonus during sleep and epileptic discharges on
the EEG trace.

3.4.2.2 Other stimulation tasks

During stimulation with food with five dogs, two dogs
presented clinical paroxysmal event including one epileptic
and one non-epileptic. During stimulation with sounds with
three dogs and one cat, all presented clinical paroxysmal
event. On the EEG, epileptic discharges were observed
simultaneously with clinical paroxysmal event in one dog
and in one cat.

3.4.3 Electro-clinical interpretation
No animal exhibited generalized tonic-clonic epileptic

seizure during EEG recordings. However, 37 animals showed
symptoms suggesting epileptic seizure, like myoclonus localized
on the face, limb or trunk, with a wide range of intensity
such as tremors, sudden movements or startles or alterations
in consciousness or neurobehavioral signs as shivering and
polypnea (41). Among these animals, 75.7% (28/37) exhibited
concomitant pathological graphoelements, with 59.5% (22/37)
displaying epileptic patterns (37) (Figure 10) and 16.2% (6/37)
showing other pathological graphoelements, such as triphasic
waves and periodic discharges, suggestive of encephalopathy.
Sixteen point two percent (6/37) of animals showed paroxysmal
manifestations not followed by EEG abnormalities, ruling
out an epileptic cause. Eight point one percent (3/37) of
animals exhibited clinical symptoms, but artifacts on the EEG
trace hindered interpretation. Additionally, 9 EEGs showed

epileptic or seizure patterns without any clinical signs during
electrical events.

Among the 136 non control and non-tranquilized animals,
27.2% (37/136) presented clinical signs during the examination
and 25% (34/136) of the EEGs provided diagnostic information.
Furthermore, 6.6% (9/136) of the EEGs showed epileptic or
seizure patterns suggestive of epilepsy without clinical signs
(37). Thus, EEG was informative in 31.6% (43/136) of the
patients, despite the inclusion of a highly variable population
(Table 2).

4 Discussion and conclusion

The aim of this work was to propose a method that would
facilitate the use of EEG in veterinary practice for routine use,
adapted to specific constraints of the animal while respecting its
wellbeing, so as to be able to observe brain function and disorders
in the most physiological situation possible. We have succeeded
in performing EEG examinations on 150 dogs and cats of various
sizes and conformations in a clinical setting, without the need of
anesthesia in 94% of cases. The cats were particularly calm during
the examination, and the fact that they could remain in their open
or covered transport box was beneficial to their relaxation. The
presence of the owner and the possibility of lying down in their own
basket helped the dogs a lot to relax. For the most agitated animals,
the owner sometimes lay down next to his animal or took it on
his lap. Managing ambient noise was particularly important, with
some preferring silence and others a monotone background noise
like that of a discussion. We also took care to be few in number
in the room, placing ourselves far from the animal, in a seated,
calm position and looking away from the animal and oriented
toward the camera screen, being the least interventional as possible
and patient.

Our study allowed to describe the performance of EEG without
need for anesthesia or sedation, medical training or voluntary
recruitment (24, 35, 42–44), in a large sample of dogs and cats.
To our knowledge, no study on EEG without anesthesia in healthy
or diseased cats has been conducted prior to this one. The use
of surface electrodes and the ability to mount them on a holding
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system gave us a real advantage over the use of needles in being able
to offer this examination to any animal showing signs of encephalic
dysfunction, whatever the temperament of the animal and with the
full confidence and endorsement of the owner. The latter could
even assist with the EEG, reassuring their animal, helping with
the setup of the system on animals that exhibited a particularly
wary attitude toward the veterinarian, providing insights into the
triggering elements of the seizures, and validating the concordance
of the seizures observed during the examination and at home.

Surface electrodes are non-invasive, comfortable, provide high-
quality EEG examinations and are widely used in human medicine.
We therefore opted for surface electrodes rather than needle
electrodes, but we had to consider a holding system to enable
them to be positioned on the animal’s head. This had to be able
to ensure symmetrical and constant positioning in relation to the
bony relief of the animal’s skull, whatever its conformation. We
tested 2 holding systems, each compatible with 1 type of surface
electrode stud or cup. One consisted of elastic straps placed around
the animal’s head. These straps were perforated every 1.5 cm,
enabling the stud electrode insertion holes to be selected according
to the bone relief. The other consisted of a system to be threaded
through the animal’s head, and offered in 7 sizes to adapt to the
varying conformations of the animals. The cup electrodes were
fitted with covers so that they could be clipped onto the cap. This
enabled us to compare two approaches: the first with a system that
allows free placement of the electrodes, but whose installation is
tedious, and the second with a more constrained system, but quick
installation. The second system is similar to the pre-wired caps
available for humans.

We were concerned to obtain good quality examinations to be
able to interpret the tracings as accurately as possible. To achieve
this, we used evaluation criteria and ensured that the quality of the
tracings obtained was equivalent to that of other methods used in
veterinary medicine. We also checked that this quality was in line
with the recommendations published for the performance of EEGs
in human medicine (2–6).

Impedances obtained were below 20 kΩ in 98.8% of dog
EEGs and in 97.6% of cat EEGs, with better results with cup
electrodes, which obtained impedances below 10 kΩ for over 80%
of electrodes. These impedance values align with those reported in
literature, ranging from 5 to 30 kΩ for needle electrodes in dogs
(22–24, 44–46) and cats (47), and 5 to 15 kΩ for cup electrodes (23,
35) and with human medicine recommendations that impedance
values for surface electrodes be below 10 kΩ (4, 6).

The derivations observed in longitudinal montage are
determined for each hemisphere between the frontal and central,
central and occipital, frontal and temporal and temporal and
occipital electrodes, and are referred to as channels. The usable
channel rate exceeds 93% for both species, the other channels being
affected by isosynchrony linked to the proximity of the electrodes
or to gel diffusion between two electrodes. This isosynchrony rate
of 5.9% is close to the isosynchrony rate of 5.5% obtained with
needle electrodes on dog EEG, with the same observation that
isosynchrony was more frequent in smaller dogs (45). We have
not found incidence values for isosynchrony in human medicine,
but it is well-described. In medical research, dry electrodes were
developed to eliminate the need for gel to avoid the problem of

isosynchrony and to save time. Regardless of the technologies
used, the impedances of these dry electrodes are higher than those
of gel electrodes, and for some, especially contactless electrodes,
the very weak electrical signal must be amplified directly at the
electrode level, which makes them heavier and bulkier (48–50).
In human medicine, gel electrodes remain the gold standard
(6, 50). Dry electrodes are less studied in veterinary medicine.
Polymer electrodes with a silver/silver chloride (Ag/AgCl)
coating and gold-plated metal electrodes covered with poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) have
been studied as ECG sensors on dogs (51, 52). PressOnTM EEG
electrodes and spring-loaded dry EEG electrodes have been used in
a unpublished study, but the quality of the EEG signals obtained
remains inferior to those recorded by needle electrodes in the
same study (53). Hence, we suggest the utilization of gel electrodes
in veterinary medicine while closely monitoring the potential
advancements that the research and development of appropriate
dry electrodes might yield.

We aimed to evaluate the impact of artifacts, which
are inevitably more prevalent during EEG recordings without
anesthesia. Consequently, we sought to clearly identify these
artifacts, assess their extent of influence on the trace, and
determine the required examination duration to obtain a 20-
minute interpretable trace, in accordance with recommendations
for routine EEG in humanmedicine (6).We have clearly recognized
similar technical and physiological artifacts as described in human
(38) and veterinary medicine (23, 45), in addition to specific
ones originating from the examination situation without anesthesia
and stimulation techniques such as food intake. The detailed
description of these artifacts remains to be published in a future
article. However, despite these artifacts, 75% of dog EEGs and 83%
of cat EEGs were readable for more than 50% of their duration,
with a median recording time of 40min in both species. EEG
tracings longer than 40min can therefore provide sufficient data to
be medically relevant with minimal impact from artifacts.

The recognition and identification of normal physiological
rhythms of wakefulness, drowsiness and sleep is a necessary
condition essential to be able to read an EEG. It appeared important
for us to be able to clearly identify them using surface electrodes in a
context without anesthesia. The physiological rhythms described in
the literature (33–36) for stud and cup electrodes were visualized in
both species, regardless of conformation, sex, or age. Drowsiness,
observed in 84% of dog EEGs and 82% of cat EEGs with cup
electrodes, also serves as a marker of good tolerance and wellbeing
of the animal during recording.

Routine EEG in human medicine includes the use of two
provocative methods for seizure induction: hyperventilation and
IPS. Hyperventilation is not possible in animals, as well as in
young children, since it requires the patient to voluntarily perform
deep breaths. Therefore, we focused on IPS with a protocol of
frequency flashes of 3–5–7–10–13–15–17–20–25–30–35–40–45–
50Hz. The IPS protocols suggested in veterinary articles are
variable, and no argument favors one over the others (44, 46,
47, 54, 55). Recent recommendations in human medicine suggest
performing frequency flashes of 1–2–8–10–15–18–20–25–40–50–
60Hz (6) without us being able to determine if this protocol would
be the best for use in pets. It is also indicated that IPS for human
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TABLE 3 Protocol recommendations.

Examination facilities

• Unstimulating and peaceful environment, darkness possible
• Fed animal, access to a place of disposal before the examination, sleeping place
• Involvement of the owner to avoid disturbances and facilitate the relaxation of

the animal

Course of the recording

• 45min minimum
• Check impedance <10 k�, <20 k� accepted
• IPS if possible
• Interventions limited on the animal
• Recording of drowsiness patterns required, sleep if possible
• Real-time clinical and EEG events reporting

Equipment

• 8 gel EEG electrodes
• Electrodes headset
• 2 EMG
• 1 ECG
• Breathing belt
• Video EEG
• Synchronized photic stimulation lamp
• Wired or unwired device

EEG evaluation and interpretation

• Quality score including impedance, numbers of EEG channels, artifact
percentage

• Use of a defined and accepted terminology
• Description of artifacts, background rhythm, physiological and pathological

graphoelements
• Electroclinical correlation
• Expertise

should be done with both eyes closed and eyes open. However, it is
challenging to request this from animals, andmanually closing their
eyes can lead to movements that generate artifacts. Nevertheless,
we have observed that animals naturally close and open their
eyes during IPS. Therefore, we found that IPS was a stimulation
technique very well-tolerated and easy to use in awake animals.

In the large proportion of cat EEGs (85% of cases), high-
amplitude graphoelements were observed synchronously and with
the same frequency as the light flashes, identical in appearance to
the photic driving described in some humans. This particularity
in cats has previously been described during examinations under
anesthesia (47), but its significance is unknown, as are its medical
implications in cats that do not show this training. In dogs, this
phenomenon has been observed in 11% of cases and has also been
previous described (56).

Epileptic discharges were observed during IPS in six dogs,
associated with myoclonic responses for five dogs. For two dogs,
anomalies were only observed during IPS, which justifies its use in
dog EEG.

As recommended (6) and since the animals were not
anesthetized, we also conducted stimulations known to provoke
seizures as reported by the owner, such as noise or meal stimuli.
We observed epileptic discharges in one dog EEG following a meal
and in one dog and one cat EEGs following noise emission. Our
EEG method without anesthesia enables the confirmation of reflex
epilepsies, documented in both dogs (7, 57, 58) and cats (59).

Our population included animals with paroxysmal
manifestations compatible with epileptic seizures, episodes
of dyskinesia or compulsive disorders, and others without

paroxysmal manifestations but with confusional states or
vestibular involvement. Within this large population, 31.6% of
EEG recordings allowed for the establishment or clarification of
diagnoses in different ways: by establishing a correlation between
clinical symptoms and electrical anomalies observed on the
EEG, by demonstrating the absence of electrical abnormalities
during clinical paroxysmal event, or by revealing interictal
epileptic discharges. One study reports a diagnostic EEG rate
under ambulatory conditions without anesthesia of 68% (43/63)
in a population of dogs with a history of paroxysmal events
(43). However, comparison of our results is difficult because we
included animals with a history of paroxysmal events, some of
whom were treated with anti-epileptic drugs, and animals with
encephalopathy or vestibular disorders. Some studies report
epileptic discharges in up to 50% of healthy dogs under anesthesia
(27, 54). In our study, none of the five dogs in the control group
exhibited any abnormalities on the EEG. This highlights the
need to use standardized protocols, overcoming the variability
associated with anesthetic protocols electrode and criteria for
interpreting EEG to perform examinations on both healthy and
diseased animals. These results have led us to develop the first
guidelines for routine EEG recording (Table 3) in an easy, fast and
reproducible manner. Thanks to this methodology, routine EEG,
performed non-invasively and without anesthesia, could be offered
before MRI and cerebrospinal fluid analysis as recommended by
an International Veterinary Epilepsy Task Force Consensus report
(21). It can enable diagnosis as well as appropriate therapeutic
management of cerebral dysfunction and stabilization of the
animal’s condition, allowing for a comprehensive investigation of
any structural causes under better conditions.

Our study is a promising step toward the widespread use of
EEG in common practice for neurological diagnosis with an easy,
non-invasive protocol using surface electrodes and no anesthesia.
This protocol is particularly suitable for dogs and cats, for which
EEG in clinical practice is not at all developed and would enable
electro-clinical characterization of epilepsies.
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