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Featured Application: The potential use of a real-time EEG measurement during equine anesthesia
monitoring as a complimentary method to current approaches (including hemodynamic and
respiratory parameters).

Abstract: Electroencephalography is a noninvasive method used for the measurement of central
nervous system bioelectrical activity. Besides its use for neurological disorders diagnostics in humans
and animals, it was found to be useful as a part of the anesthetic monitoring. Introducing the
electroencephalography (EEG) measurement intraoperatively in humans and in animals, due to its
high specificity and sensitivity (limited number of wave patterns and high number of variabilities
influencing them), with comparison to cardiovascular parameters might significantly increase the
quality of anesthesia. The use of EEG during equine anesthesia may help to maintain a proper depth
of anesthesia in this species. Due to the fact that EEG analyzers were designed for humans, there
are still limitations of their use in horses, and different methods of analysis are studied. The paper
introduces the physiology of EEG, its use in animals during anesthesia, and specification for horses.
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1. Introduction

Electroencephalography (EEG) is a relatively simple and noninvasive method used for measuring
the bioelectric activity of the central nervous system (CNS). Its discovery became a breakthrough in
many aspects of medicine, as it allowed one to determine the place of the primary nervous stimulus
formation in the cerebral cortex [1]. Currently, EEG is widely used in diagnostics of neurological
disorders, but it has been also introduced into other branches of medicine, including anesthesiology [2].
Even though it has been used to assess depth of anesthesia in many animal species, the validity of its
usage is still not clear. EEG measurement as a part of anesthetic monitoring, which till now included
only recording of physiological parameters, can significantly change the management of general
anesthesia and the possibility of assessment of its depth [3,4].

The EEG study was first described by the German neuropsychiatrist Hans Berger in 1929.
His research included detecting neurological disorders in people like epilepsy [5,6]. However, as early
as in 1960, the first attempts to carry out this type of research in animals were made, also focusing on the
detection of neurological disorders [7-10]. Within decades, new techniques of diagnostics of nervous
system were introduced such as magnetic resonance imaging (MRI) and computed tomography (CT),
which gained more attention due to their accuracy. However, the use of EEG is still popular with
clinicians because its use is simple, it indexes the temporal dynamics of the brain with millisecond
precision and allows to assess physiological changes while MRI and CT show imaging changes and
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need time to process the findings. In addition, in contrast to the EEG, both imaging methods are not
applicable during routine surgery.

2. Physiology of Brain Activity—Why Is the EEG so Important in the Management of Anesthesia?

The nervous system can be divided into so-called levels, described by MacLean as the triune
model of the brain. The lowest level of response to stimuli consists of the spinal cord centers, which
control reflexes (also muscle tone, reflex reactions of blood vessels). The next one is the lower brain
level (subcortical) with reticular formation of the medulla oblongata, midbrain vestibular nucleus,
hypothalamus, and limbic system. They are responsible for maintaining blood pressure, breathing
pattern, and the position of the eye. The highest in the hierarchy is the higher (cortex) level with
the cerebral cortex, coordinating all brain functions including the sight, hearing, and other complex
activities, apart from reflex reactions controlled by lower centers [11,12]. The sympathetic and
parasympathetic systems are associated with all brain levels through afferent and efferent pathways
in all organs, with a different predominance. They control organs by reflexes and through cortical
and other central control centers—some of the functions controlled are heart rate, arterial diameter,
regulation of the urinary bladder, and tracheal diameter, which are measured as vital signs during
anesthesia [13].

Electroencephalography signal is generated by rhythmic neural sources that are spontaneous
per se but also act as regular oscillators. Their source is in the cerebral cortex, exactly in its layer of
pyramid cells [1] partially modulated by glial cells [12]. The cerebral cortex is responsible for many key
functions such as learning and cognitive processes [14]. In addition, it has been shown that the cortex
is stimulated during the action of nociceptive stimuli [15], which is important in anesthetic monitoring.
The impulses recorded during the EEG measurement are the sum of electrical signals originating from
neurons within the cerebral cortex and as a result of postsynaptic potentials in the neurons located in
the lower layers of the cortex [2]. The excitation and inhibitory potentials are distinguished, according
to the effect of the type of neuroreceptor, that is stimulated [16].

The frequency and amplitude of the EEG is modulated by the nuclei of the thalamus, which
transduces peripherally received signals to the cortex and between its parts. It is generally assumed
that the signals measured by the EEG are proportional to the level of consciousness and their frequency
decreases with the deepening of the level of anesthesia [16]. The EEG frequency ranges that can be
used to determine the level of general anesthesia are:

e 5 (0-4 Hz)—with a large amplitude, characteristic for deep sleep or anesthesia

e 0 (4-8 Hz)—observed in light sleep or anesthesia

e  «(8-13 Hz)—in awake but relaxed state

e (3 (13-30 Hz)—rapid oscillations characteristic for awake and high activity of cortex [16-18].

The alpha-waves are recorded from the parietal region in conscious and calm animals. Generally,
general anesthesia is characterized by the increase of the amplitude and decrease of the frequency.
However different anesthetic agents can change the neurologic response and EEG results. This can be
used to evaluate the agent influence on cortical activity and patient consciousness [19-21].

3. EEG Monitoring during General Anesthesia: Does It Inprove Anesthetic Management?

According to the classic definition of general anesthesia, it has to fulfill four basic conditions:
lack (or weakening) of reflexes, analgesia, muscle relaxation, and loss of consciousness [22]. The loss
of consciousness during anesthesia is obtained by a mechanism of inhibition of the central nervous
system, in particular, reticular formation, thalamus, and cerebral cortex [21]. Especially the cortex is
sensitive to anesthetic modulation [23]. In animals, the level of consciousness loss is assessed on the
vital signs’ changes and through the evaluation of observed reflexes, but it is not completely reliable
since some reflexes have a neurological source outside the brain [24,25]. The lack of active reflexes also
does not mean that the depth of anesthesia is appropriate, because agents such as isoflurane cause the
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immobilization first at the level of the spinal cord, and only then inhibit the transmission of nociceptive
stimuli (this results from different effects on sensory and motor pathways), which is the analgesic
action—one of the conditions of general anesthesia [21,26].

The use of EEG has been extensively studied in terms of its usefulness in assessing the level of
general anesthesia in humans [6,14,23,26-33], whereas much less of those focused on clinical application
in veterinary medicine have been conducted in animals so far. The research can be divided as to the
groups that have different objectives:

e techniques of good EEG practice [9]

e normal EEG measurement of healthy animal [34-36]

e  EEG measurement during different procedures and anesthesia schemes [25,37-43]
e reactions on specific agents during general anesthesia [21,44-50].

Over 75% of neurons in the nervous system are located in the cerebral cortex. Such a large number
of neurons create a highly complex multilayer structure with countless connections between themselves
with constant transmission of the signals. In the autonomic nervous system, neurotransmission occurs
mainly among motor plates. This results in a difference in the time of the reaction of changes in vital
signs to the depression of the central nervous system by anesthetics. Life support parameters such as
heart stroke volume and frequency (heart rate), constriction and dilatation of blood vessels (blood
pressure, body temperature), and lung ventilation (respiratory gases level in blood, blood pH) require
a complex pathway of signals collected from the whole organism and are controlled by various centers
of the nervous system, often cooperating with each other (for example in the blood pressure control).
In case of the inhibition of the eye reflexes, there is a direct route, which significantly shortens the
reaction time, because it works through the reflex arc and muscle tension.

Currently, the most common method to assess the level of anesthesia is the analysis of hemodynamic
and respiratory parameters (PaO,, heart rate, breaths per minute, EtCO,, pulse oximetry, arterial blood
pressure). The dynamics of their changes depends on the stimulation of the autonomic nervous system
and is partially related to the intensity of nociceptive signals. Therefore, it seems reasonable to introduce
an EEG measurement due to its high specificity and sensitivity (limited number of wave patterns and a
large number of variables affecting them) to show the changes of the level of consciousness, which
in combination with cardiopulmonary parameters will enable accurate assessment of the patient’s
clinical condition during general anesthesia [40].

4. Analysis of EEG and Its Usefulness in Equine General Anesthesia

In equine, EEG was investigated in order to study sleep disorders and convulsions diagnostics [27,
34], but it did not find a wider clinical use due to the size of the animals and the rapid (and dangerous)
course of such disorders which generated too much risk to personnel. This fortunately changes, as the
new ways of safe measurements like telemetric EEG headsets have been described [35], which may
open the possibilities of EEG use as a welfare test or impact of drugs [51]. Most veterinary clinics do not
have the ability to perform head imaging using MRI and CT. However, it is worth the effort, because
in the field of the detection of cortical disorders in horses (such as meningoencephalitis, neuronal
necrosis, cerebral edema, abscess), EEG has 70% specificity and 100% sensitivity [52]. Still, in practical
conditions, the clinical examination and the client interview are most common bases for diagnosis due
to the limited usefulness of the EEG in the clinical practice.

Apart from the use for neurological examination, EEG has also been used in anesthesiology as a
part of the anesthetic monitoring during surgery under general anesthesia. Assessment of the arousal,
therefore, the depth of anesthesia through the CNS monitoring is a direct method that can significantly
improve the quality of anesthesia in horses, which, due to high risk and huge difficulties in maintaining
a proper level of anesthesia (especially during inhalation and balanced anesthesia), is still a challenge.
Moreover, the EEG recording can be analyzed to measure the reactions on the noxious stimuli, which
can help to assess a proper level of analgesia—a specific arousal pattern (increase of the frequency and
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decrease in amplitude of the EEG wave) has already been noticed in a man [16], but there is conflicting
information about its occurrence in horses [25,37,38]. Studies have already been carried out using
the EEG in small and large animals [25,39,44,53], but in horses there is a need for further research
introducing this method into everyday clinical practice.

The EEG recordings have been used as a method of choice for decades to diagnose epilepsy
and sleep disorders such as narcolepsy and to determine the REM phase deficit [54-56]. However,
the issue of general anesthesia in horses requires the search for new methods to assess the depth of
anesthesia to reduce high intraoperative mortality [57]. This reason has directed the EEG research to
new paths of clinical practice. The breakthrough occurred when it was introduced during balanced
anesthesia. The simultaneous use of intravenous and inhalant anesthetics forced a change in the
concept of assessing the depth of anesthesia. Advanced monitoring technics were needed because the
use of multiple medications influences the reflexes and physiologic functions.

The application of EEG in the study of horses was conducted in specific order, so that the next
research could be better, based on previous discoveries. First, the methods of electrodes’ mounting and
technical aspects were investigated, which were based on the previous studies on EEG as a diagnostic
method for neurological disorders [56,58] (Figure 1). In horses, the electrodes should be placed in the
frontal part of the skull, above the line of the eyes and below the ears. There is no need of shaving
(but it enables better contact) when placing the superficial electrodes when there is a proper medium
which will conduct the signal (gel, glue). The invasive electrodes are not clinically useful because their
invasiveness might not be ethically accepted just for anesthesia depth assessment.

(a) (b)

Figure 1. Placing of electroencephalography (EEG) electrodes on the parietal part of the skull in a horse

(a) during general anesthesia and (b) standing anesthesia.

In the next step, the EEG of healthy horses anesthetized with specific type of agents were measured
in research concerning inhalant anesthesia [37,44,46,59]. They found there were significant variabilities
between individuals and specific time frames of measurements. More differences could be seen when
comparing agents (such as isoflurane with halothane) to themselves and increasing levels of the
inhalants. This also proved the fact that the analysis of raw EEG intraoperatively is not clinically useful
in anesthesia depth assessment. Moreover, various intravenous agents and mixture of agents were
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described (but in most cases with inhalant adjuvant, which means it was impossible to describe the
effect of single intravenous agent at the time) [46-50,53].

Another group of research focused on EEG measurement in different anesthesia schemes (based
on the previous research describing EEG behavior in horses during anesthesia with use of specific
agents) and during various surgical procedures characterized by different levels of amount of noxious
stimuli [38,43,60]. During the research, three types of changes in the record were noticed:

e A typical excitation pattern, characterized by increased frequency and reduced EEG amplitude,
seen in horses and dogs [39,45]

e Paradoxical excitation, in which the amplitude increased and the frequency of EEG decreased,
seen in rats and sheep [61,62]

e  “Burst suppression” characterized by sudden flattening of the wave, depending on the dose of
drugs and the species [63,64].

As it was already known that the raw EEG cannot be evaluated intraoperatively, it was important
to obtain the fast method of frequency and quality analysis, based on described changes during
application of noxious stimuli. There are several frequency domains that are numerical parameters,
deducted from the spectral analysis of EEG waves—total spectral power (measure of the overall signal
variability), spectral power of four frequency bands («, 3, 8, ), are given as a number of percentage
of total power, which shows the contribution of each band to the variability of signal, spectral edge
frequency (SEF), which can be counted as F95 (the frequency under which occurs 95% of total spectral
power), F50 or mean frequency (under which occurs 50% of total spectral power), and other like F80 or
F90 [28]. Until now, on the basis of the recent research, an increase in F50 and F80 has been observed
during surgical stimuli in horses anesthetized with isoflurane [37,61]. Similar results were obtained
during total intravenous anesthesia with different combinations of drugs, provided that they had a
documented analgesic effect [48,53].

At the next stage of research development, a mathematical analysis of the recorder EEG waves
was introduced, which compares records collected during the anesthesia to the experimental EEG that
was saved for every depth level of anesthesia. This results in number reflecting the depth of anesthesia
counted lively during surgery. However, when using those algorithms in animals the problem is the
lack of species data collected from animals. Such library (collected measurements of EEG specific for
different levels of anesthesia depth) was created only for people so far, and the adequacy of results
obtained by algorithms to the clinical state of patient was proved. In the case of horses, research has
been conducted on the bispectral index (BI) algorithm [40,41], Narcotrend [42] and patient state index
(PSI). Up to now, they were not confirmed to be accurate because of the differences in the activity
of waves in humans and horses, and thus the lack of usefulness of human EEG records used for
algorithms in horses only serves as study guidelines.

The latest method for real-time EEG analysis introduced in humans a few decades ago [65] is the
computer analysis of EEG signals in the form of power spectrum analysis (Figure 2). Nowadays it is
a standard practice in human medicine, also in assessment of agent influence on brain [33]. On the
basis of mathematical analysis (Fast-Fourier Transformation—FFT), the waves are transformed into the
graph, reflecting the intensity of colors in relation as the intensity of waves at a given frequency, using
generally accepted limits of: & (0—4 Hz), 6 (4-8 Hz), « (8-13 Hz), and 3 (13-30 Hz). The spectrogram
(graph) changes dynamically and allows visual interpretation that can help modulate anesthesia during
its duration. It is created during measurements and does not require subsequent analysis. So far there
are no published results from the use of this method on animals and particularly horses, but a few of
the veterinary faculties in Europe are conducting research using this system (Figure 3).
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Figure 2. Spectrogram as a real-time clinically used method of EEG analysis with combination of raw
EEG during computed tomography (CT) performed under general inhalant anesthesia in a horse with
use of Root with Sedline®, Masimo, Irvine, CA, USA.

Figure 3. Parallel monitoring of vital signs and EEG analysis performer during inhalation anesthesia in
computed tomography diagnostics in 11-month-old Arabian foal.

It is also worth mentioning that in horses, unlike in humans (and that is why those stages are
not widely described), a big challenge is connected with the process of induction with putting the
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horse on the ground as well as with the recovery period. While the changes of the EEG activity during
maintenance are rather gradual and not pronounced, which makes the EEG an additional monitoring
parameter to vital sign parameters, the EEG measurement during induction and recovery can change
rapidly within the loss or regaining of consciousness. As those two periods can be dangerous for a
patient and the staff, it is crucial to predict when the horse is losing its consciousness and is laying
down and especially when the horse is regaining consciousness and is about to move and make an
attempt to stand. During that time, it is also difficult to make any other vital signs measurements and
the EEG is the most sensitive to predict movement as it follows the regaining of consciousness in a
short period of time. So far there was no research in that area.

Furthermore, the clinical and experimental situations which were described above and in references
refer to the general anesthesia performed in fully equipped clinics. In horses, the field anesthesia
is still practiced to a certain extent and it has a very limited possibility of monitoring, which makes
this procedure difficult to predict and to administer suitable doses of anesthetic agents. EEG might
be of help in such situations; however, the practical limitations, including the cost, have to be taken
under consideration.

5. Limitations of EEG Use and Further Research in Equine Anesthesia

Considering the fact that the cerebral cortex lies on the surface and is much pleated, which
affects the orientation of neurons, the reading of signals can be significantly different. The most
important problem of EEG and MEG (magnetoencephalography) is to determine the location of
neurons responsible for the propagation of the examined electrical impulses or the formation of a
magnetic field in a given region. The range of potential sources of change in electric or magnetic
potential that is difficult to determine is a real challenge. This problem started the interest into the
combination of anatomical, physiological, and biophysical diagnostics [16].

Other technical limitations are the dependence of the EEG record on the position of the electrodes
on the front part of the skull (in horses the fragment is quite wide, there are few possibilities where to
place the electrodes), the effect of muscle activity around the electrodes, and the presence of reflexes
(including palpebral reflex, which activates the surface head muscles) (Figure 1). Errors in evaluation
can also be caused by a thick hair coat in the animal. It is also worth mentioning that because of the
fact that recordings are altered by muscle activity, it is difficult to assess the EEG on a conscious (or
loosing/regaining consciousness) horse. The only possibility to reach a clear recording is to use invasive
deeply implanted electrodes, which application may be limited because of their invasiveness [35].

The EEG is not a completely objective method because the activity of the brain wave is also
influenced by the choice of drugs administered during general anesthesia [43]. An understanding of
the mode of action of each drug used for the procedure is very helpful. However, the relationship
between the effects of these drugs in a predictable way has not yet been determined. A frequently
noticeable change is the effect of all drugs acting via GABA receptor on the slowing down of the
EEG rhythm [35]. Anesthetic drugs also affect the spinal cord independently of the cerebral cortex.
This means that the analysis of only the activity of the cerebral cortex does not always allow one to
predict the motor and vascular response [18]. This was seen with the development of potent sedatives
such as xylazine and detomidine. They had both potent neurologic and cardiovascular effects.

It became obvious in the 1990s that the neurologic and cardiovascular evaluation of the
combinations of sedatives, analgesics, and anesthetics was needed to reduce risk to the horse.
A question frequently asked: is there adequate cerebral blood flow during profound sedation? The use
of compressed spectral analysis of the EEGs combined with radioisotope cerebral blood flow evaluation
provided the needed answers. The brain wave activity was depressed before reductions in blood flow
and the desired recovery to aware state confirmed the brain had sufficient perfusion to provide needed
oxygen and glucose. The duration of responses was influenced by dosages and if combined with
anesthetics [66].
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Now we have advanced technologies to conduct even more detailed evaluation of neurologic
responses to anesthetics and analgesics. Finally, we have the monitors needed to determine the cerebral
activity in the horse during anesthesia and surgery (Figure 2). It is expected the results of current
research will make anesthetic management during surgery, full recovery, and return to normal activity
of the horse more promising than ever.

6. Conclusions

The brain wave activity as a single parameter is not synonymous with determining the desired
depht of general anesthesia, but it shows the effect of drugs on the activity of the cerebral cortex.
Therefore, EEG analysis seems to be a promising technique complementary to current methods of
vital signs” monitoring used to determine a stable level of general anesthesia. Its possible usefulness
in horses requires a broader understanding of EEG wave changes under balanced anesthesia using
different methods and determining the ranges of waves synonymous with deep sleep to profound
anesthesia and analgesia. Future studies hopefully will improve our ability to adapt the currently used
technologies in human hospitals for use in equine anesthesia and pain management.
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