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Abstract

Little is known about the effects of inhalant anaesthetics on the avian electroencephalogram (EEG). The
effects of halothane on the avian EEG are of interest, as this agent has been widely used to study nociception
and analgesia in mammals. The objective of this study was to characterize the effects of halothane anaesthesia
on the EEG of the chicken. Twelve female Hyline Brown chickens aged 8-10 weeks were anaesthetized with
halothane in oxygen. For each bird, anaesthesia was progressively increased from 1-1.5 to 2 times the Mini-
mum Anesthetic Concentration (MAC), then progressively decreased again. At each concentration, a sample
of EEG was recorded after a 10-min stabilization period. The mean Total Power (Pror), Median Frequency
(F50) and 95% Spectral Edge Frequency (F95) were calculated at each halothane MAC, along with the Burst
Suppression Ratio (BSR). Burst suppression was rare and BSR did not differ between halothane concentra-
tions. Increasing halothane concentration from 1 to 2 MAC resulted in a decrease in F50 and increase in Pror,
while F95 increased when MAC was reduced from 1.5 to 1. The results indicate dose-dependent spectral EEG
changes consistent with deepening anaesthesia in response to increasing halothane MAC. As burst suppression
was rare, even at 1.5 or 2 times MAC, halothane may be a suitable anaesthetic agent for use in future studies
exploring EEG activity in anaesthetized birds.
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Introduction

Anaesthetics are used to induce unconsciousness and
loss of muscle tone during surgical or experimental
procedures (Antognini & Carstens 2002). In avian
clinical practice inhalant anaesthetics are preferred
over injectable agents for their rapid induction and
recovery, facilitating easy and safe adjustment of
anaesthetic concentration (Ludders & Matthews
2007; Lierz & Korbel 2012). While the effects of dif-
ferent inhalant anaesthetics on the electroencephalo-
gram (EEG) have been extensively investigated in
mammals (e.g. Johnson & Taylor 1998; Antunes
et al. 2003; Orth et al. 2006; Murrell et al. 2008), less
is known about the effects of different anaesthetics
on the avian EEG. The effects of halothane on the

avian EEG are of particular interest, as this agent
has been widely used to study nociception and anal-
gesia in mammals (Murrell & Johnson 2006). The
development of a similar model to study pain in
avian species would be beneficial from an animal
welfare perspective.

Electrical activity in the brain, particularly the
cerebral cortex, can be monitored using an EEG
(Murrell & Johnson 2006). In mammals, increasing
depth of anaesthesia is generally associated with
EEG synchronization, characterized by a shift
towards high amplitude, low frequency activity
(Clark & Rosner 1973; Otto 2008). Such EEG
changes may be quantified, for example, by calculat-
ing variables such as the median frequency (F50),
spectral edge frequency (F95) and total power
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(Murrell et al. 2008). Furthermore, at high concen-
trations some anaesthetic agents cause burst suppres-
sion (BS), identified as periods of isoelectric EEG
interspersed with high-voltage bursts of activity (Ste-
riade et al. 1994; Yoshitani et al. 2003; Otto 2008).

The minimal alveolar concentration (MAC) is
defined as the minimum concentration of an anaes-
thetic required to prevent purposeful movement in
response to a supramaximal noxious stimulus in 50%
of subjects and is an index of anaesthetic potency
(Quasha et al. 1980). In birds, where gas exchange
occurs in parabronchi instead of alveoli, MAC is
instead referred to as minimum anaesthetic concen-
tration (Ludders et al. 1989). In both cases, MAC is
usually measured in terms of volume %. Volatile
anaesthetics exert their effects through independent
actions at both the brain and spinal cord levels
(Antognini 1997). Evidence indicates that MAC
relates to direct action at the spinal level to suppress
movement reflexes (Antognini & Schwartz 1993;
Rampil et al. 1993; Antognini 1997), therefore not
necessarily reflecting effects on brain activity, as
assessed using the EEG.

In mammals, different anaesthetic agents are
known to exert different effects on the EEG at
equivalent levels of MAC. For example, halothane
causes less EEG suppression in man, rats, horses and
cats than equipotent MAC multiples of isoflurane,
sevoflurane, methoxyflurane or desflurane (Thomsen
& Prior 1996; Johnson & Taylor 1998; Tsushima
et al. 1998; Orth et al. 2006; Murrell et al. 2008). In
addition, the EEG effects of increasing MAC multi-
ples have been shown to vary between agents and
species (Johnson & Taylor 1998; Antunes et al. 2003;
Murrell et al. 2008).

The mammalian and avian EEG are of similar
appearance and share some unique characteristics;
for example, birds and mammals are the only ani-
mals that exhibit slow wave sleep (SWS) or rapid eye
movement (REM) sleep waveforms (Rattenborg
2006; Lesku et al. 2011). However, the effects of
volatile anaesthetics on the EEG may differ, due to
differences in both respiratory (Ludders 2015) and
neural (Butler & Cotterill 2006; Rattenborg 2006)
anatomy and physiology. The quantitative effects of
different isoflurane, sevoflurane and methoxyflurane

concentrations on the chicken EEG have been inves-
tigated in two previous studies (Martin-Jurado et al.
2008; Mcllhone et al. 2014). However, to the best of
the authors’ knowledge, no previous studies have
examined the effects of halothane on the chicken
EEG. The objective of this study was to quantify the
effects of three different concentrations of halothane
MAC on the chicken EEG.

Materials and methods

Twelve 8- to 10-week-old Hyline Brown female
chickens were used. The chickens were sourced
from a commercial caged layer farm a minimum
of 2 days prior to the start of the experiment.
Chickens were housed indoors in groups of 5-7 on
wood shaving substrate under controlled tempera-
ture and light conditions (20°C, 12-h light/dark
cycle). Chick Starter Crumbles (Inghams Enter-
prise NZ, Levin, New Zealand) and water were
available ad libitum. At the conclusion of the
study, all chickens were re-homed to free-range
lifestyle blocks. All procedures were carried out in
accordance with the Massey University Code of
Ethical Conduct for the Use of Live Animals in
Research, Testing and Teaching, and with the
approval of the Massey University Animal Ethics
Committee, protocol number 09/09.

Anaesthesia

Halothane (Nicholas Piramal India Ltd, Maharash-
tra, India), vaporized in oxygen, was administered to
effect using either a chamber or a face mask. Once
anaesthesia was judged adequate (loss of righting
reflex and muscle tone), intubation was carried out.
To aid intubation, lidocaine (0.1-0.2 mL, Nopaine;
Phoenix Farm Distributors Ltd, New Zealand) was
applied to the laryngeal opening, and a 2.5 mm non-
cuffed endotracheal tube was inserted into the tra-
chea. Halothane anaesthesia was maintained using a
t-piece non-rebreathing anaesthetic circuit (Maple-
son E) and intermittent positive pressure ventilation
using a mechanical thumb ventilator (V-valve venti-
lator, Vetronics, Bioanalytical Systems Inc., IN,
USA).
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Inspired and end-expiratory halothane and carbon
dioxide (CO,) concentrations (volume %), and respi-
ration rate were monitored and recorded throughout
using an anaesthetic monitor (Hewlett-Packard
M1025B; Hewlett-Packard, Germany), which was
calibrated daily according to the manufacturer’s
instructions. Gas was sampled at a rate of
90 mL min~! from the system end of the endotra-
cheal tube, using a low dead-space connector. Venti-
latory responses were adjusted as required to
maintain end-tidal CO, within the normal physiolog-
ical range. The chicken was placed on a water-heated
mat maintained at 37°C and covered with a
polypropylene blanket to reduce heat loss. Heart
rate was monitored via ECG recording (see below)
and body temperature was monitored using a cloacal
thermocouple.

Halothane was delivered at three end-tidal con-
centrations (volume %) based on 1, 1.5 and 2 times
MAC. The MAC value of 0.8% used in this study
was derived from Ludders ef al. (1988). The multi-
ples of 1, 1.5 and 2 MAC were, therefore 0.8, 1.2 and
1.6% (all +0.1 vol%), respectively. Halothane
concentration was sequentially increased, then
decreased (i.e. 1 MAC ascending, followed by 1.5
MAC ascending, 2 MAC, 1.5 MAC descending and 1
MAC descending). At each halothane concentration,
anaesthesia was held stable for 10 min (i.e. anaes-
thetic concentration did not fluctuate outside the
0.05% sampling range for more than 10 s), before
15 min of EEG were recorded for analysis. At the
end of each sampling period, the vaporizer was
adjusted to the next halothane concentration.

EEG and ECG recording

The EEG was recorded using four 27-gauge subcuta-
neous, stainless-steel needle electrodes (Viasys
Healthcare, UK). Following induction of anaesthe-
sia, electrodes were positioned to record the EEG
from the left and right sides of the skull using two
separate channels on the chart recorder. The elec-
trode montage used was based on that described for
horses (Mayhew & Washbourne 1990). The elec-
trode sites on the chickens were: lateral to the comb
(non-inverting electrodes) and caudal to the external

auditory meatus (inverting electrodes). The ECG
was recorded on a separate channel, using a base-
apex configuration with electrodes located medio-
cranial to the keel bone and caudal to the sternum,
and a common earth electrode (EEG and ECG
recording) located lateral to the pelvis.

The electrode cables were fed via individual
break-out boxes (one for each channel) to separate
amplifiers (Iso-Dam isolated physiological signal
amplifier, World Precision Instruments, Sarasota FL,
USA). The signals were amplified with a gain of 1000
and band-pass filtered between 0.1 Hz and 0.1 kHz.
Each amplifier fed into an analogue-to-digital con-
verter (Powerlab; ADInstruments Ltd, Australia)
which digitized the signals at 1000 points/second and
displayed and stored them on an Apple personal
computer using LabChart 5.5.6 recording software
(ADInstruments Ltd, Australia).

Analysis of the EEG

EEG data were analysed to determine the burst sup-
pression ratio (BSR) and were also transformed for
frequency analysis. The BSR is the ratio of time spent
in isoelectric EEG to time spent in active EEG and is
expressed as a percentage. Isoelectric EEG was
defined as EEG with an amplitude 1/8 or less of the
active EEG amplitude (Gibson et al. 2009). BSR was
calculated over a 120-s period in the middle of the
EEG recording by dividing the number of seconds of
burst suppression by 120 and multiplying by 100. A
period of burst suppression was defined as a segment
of isoelectric EEG equal to or greater than 0.5 s in
duration. Similarly, to be classified as active EEG or
burst activity, the EEG waveform needed to persist
for 0.5 s or more. Single or small groups of spike activ-
ity were occasionally present during isoelectric peri-
ods (burst suppression). These were only considered
to be active EEG if they lasted for 0.5 s or more.

The EEG was also subjected to Fast Fourier
Transformation (FFT) using purpose-written soft-
ware (Spectral Analyser, CB Johnson, Massey
University, New Zealand), which calculated the fre-
quency spectrum for consecutive non-overlapping
1 s epochs. The frequency spectrum is a graphical
representation of the contribution that each
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frequency makes to the power of the EEG wave-
form. Analysis of the EEG is based on the area
under the frequency spectrum graph. Variables
derived from the frequency spectrum were: the total
power (ProT), which is the total area under the fre-
quency spectrum; the median frequency (F50), which
is the frequency below which half the total power is
located; and the 95% spectral edge frequency (F95),
which is the frequency below which 95% of the total
power is located (Murrell & Johnson 2006).

Five minutes of EEG, from the middle of
each recording period, were used for frequency
analysis. Segments containing burst suppression were
excluded from this analysis. The mean Prot, F50
and F95 were calculated for each sample period and
subjected to statistical comparison.

Statistical analysis

All data were tested for normality (skewness and
kurtosis of residuals distribution and Shapiro-Wilk
tests) to ensure they met the assumptions for para-
metric analysis. Data were analysed using one-way
ANOVA with repeated measures for anaesthetic
concentration. Where a significant effect of concen-
tration was found, post hoc pairwise comparisons
were performed with Bonferroni adjustment for mul-
tiple comparisons. Mean Pror data were not nor-
mally distributed, therefore were log transformed
prior to analysis. All analyses were conducted using
SAS version 9.2 (SAS Institute Inc., NC). Differ-
ences were considered significant at P < 0.05. Data
are presented as least square means + standard devi-
ation, unless otherwise stated.

Results

The results from both channels (left and right cor-
tices) were equivalent in both burst suppression
ratios and EEG frequency analysis. The results from
channel one (left side of the brain) only are reported.

Burst suppression

Burst suppression was observed in 4/12 chickens at 2
MAC (BSR 0.87, SD 1.84%) and in one chicken

during 1.5 MAC descending (BSR 0.03, SD 0.12%).
No burst suppression occurred at 1 MAC (ascending
or descending) or 1.5 MAC ascending. Despite an
overall effect of concentration [F(4,44) = 2.66;
P = 0.045], there were no significant differences in
BSR between halothane concentrations (adjusted
P >0.13).

EEG frequency analysis

Halothane concentration had a significant effect on
mean F50 [F(4,44) =848, P <0.0001], F95 [F
(4,44) = 7.62; P < 0.0001] and Pror [F(4,44) = 48.36;
P <0.0001]. Mean F50 tended to decrease with
increasing halothane concentration and was signifi-
cantly lower at 2 MAC than 1 MAC (descending or
ascending) or 1.5 MAC (descending only; Fig. 1a).
The relationship between halothane concentration
and mean F95 was non-linear; F95 at 1.5 MAC (de-
scending and ascending) was lower than 2 MAC,
whereas F95 did not differ between 1 MAC (de-
scending or ascending) and 2 MAC (Fig. 1b). Mean
Pror (back-transformed) tended to increase with
increasing halothane concentration and was signifi-
cantly higher at 2 MAC than 1 MAC (descending or
ascending) or 1.5 MAC (descending only; Fig. 1c).

Discussion

To the best of our knowledge, this study is the first to
quantify the effects of different MAC multiples of
halothane on the avian EEG. In general, increasing
halothane concentration resulted in a dose-depen-
dent decrease in F50 and increase in Pror. Burst
suppression was not observed until halothane con-
centration was increased to 2 MAC, when it was
observed in four birds.

The effects of halothane on the chicken EEG are
broadly consistent with those reported for mammals.
For example, dose-dependent reductions in F50 and
F95 with increasing halothane concentration were
reported in humans (Thomsen & Prior 1996), rats
(Antunes ef al. 2003) and horses (Johnson et al
1994; Johnson & Taylor 1998) across the concentra-
tion range of 0.6-1.5 MAC. In contrast, Murrell et al.
(2008) reported a variable increase in F50 and no
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Fig. I Comparison of mean (+standard error) a) median frequency
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(Prot) of the chicken EEG at different ascending (a) or descending
(d) halothane minimum anaesthetic concentration (MAC) muiltiples.
Within each graph, values with different superscript letters are signifi-
cantly different (P < 0.05).

change in F95 in rats anaesthetized with halothane
over the range 1.25-1.75 MAC. This study differed,
however, in that electrical recordings were made
from the cortical surface using surgically implanted
electrodes located over the left and right primary
somatosensory (S1) cortices. It is possible that brain
activity contributing to the decrease in F50 and F95
reported in other studies arises, at least in part, from
cortical areas other than S1. While Pror has not
been reported by studies investigating the EEG

effects of halothane, the increase in Prot observed
with increasing halothane concentration in chickens
is consistent with that reported in humans anaes-
thetized with isoflurane, desflurane or sevoflurane
(Schwender et al. 1998).

Unlike some other reports, the changes in F95
observed in chickens in this study did not follow a
linear dose-response pattern. While the initial reduc-
tion in F95 between 1 and 1.5 (descending) MAC,
and subsequent increase in F95 between 1.5 (de-
scending) and 1 MAC, was typical of that expected
with increasing/decreasing anaesthesia, the signifi-
cant increase in F95 between 1.5 and 2 MAC was
unexpected. However, previous studies in mammals
have not examined quantitative EEG responses at 2
MAC halothane; therefore, a similar response pat-
tern in the mammalian EEG cannot be ruled out.

The occurrence of burst suppression in this study
contrasts with EEG studies in humans, rats and
horses in which no burst suppression was reported
over the range 0.6-1.75 MAC halothane (Johnson
et al. 1994; Thomsen & Prior 1996; Johnson & Taylor
1998; Antunes et al. 2003; Murrell et al. 2008). How-
ever, in this study, burst suppression was not evident
until halothane concentration was increased to 2
MAC, and occurred in one-third of chickens at this
concentration. Only one other study has examined
the cerebral effects of 2 MAC halothane; Tsushima
et al. (1998) reported no burst suppression in the cat
EEG at either 1.3 or 2 MAC. Given the lack of addi-
tional data on mammalian responses to 2 MAC
halothane, it is difficult to draw conclusions regard-
ing similarities or differences in avian and mam-
malian EEG responses to deep halothane
anaesthesia. It is therefore possible that the burst
suppression observed at this concentration in our
study may have been a function of agent concentra-
tion, rather than a differential effect of halothane on
the avian brain. Further study is required to confirm
this.

Based on reported BSRs at equipotent concentra-
tions, halothane appears to cause less suppression of
the chicken EEG than either isoflurane or sevoflu-
rane (Martin-Jurado et al. 2008; Mcllhone et al.
2014), although a direct comparison would be
required to confirm this. The results of this study,
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along with previously reported EEG responses to
isoflurane, sevoflurane and methoxyflurane in the
chicken (Martin-Jurado et al. 2008; Mcllhone et al.
2014), suggest that inhalant anaesthetics have similar
actions in both the avian and mammalian brains.

The EEG can also be used as a tool to study
noxious stimulation. Noxious stimuli elicit changes
in the activity of the cerebral cortex under light
general anaesthesia, with these changes being
attenuated or abolished with deepening anaesthesia
(Otto 2008). In mammals, the minimal anaesthesia
model (Murrell & Johnson 2006) has been used
extensively to study the EEG effects of noxious
stimuli and to compare the efficacy of different
analgesic regimens (e.g. Johnson et al. 1999, 2005;
Murrell et al. 2003; Gibson et al. 2007; Kongara
et al. 2014). Halothane is the maintenance agent of
choice in this model, as it is not considered to
have anti-nociceptive properties (England & Jones
1992), and causes less suppression of brain activity
at concentrations required to achieve a surgical
plane of anaesthesia than isoflurane, sevoflurane,
desflurane or methoxyflurane (Johnson & Taylor
1998; Tsushima er al. 1998; Antunes et al. 2003;
Murrell ef al. 2008). In chickens, it appears that
halothane and methoxyflurane (Mcllhone et al.
2014) produce less burst suppression of the EEG
at equipotent concentrations than isoflurane or
sevoflurane. However, methoxyflurane has known
analgesic properties (Lambie 1963; Coffey et al.
2014), thus limiting its use in studies of nocicep-
tion or analgesia. Therefore, halothane may be the
most appropriate agent to use in future experimen-
tal studies of brain responses to external stimuli in
birds.

Conclusions and clinical relevance

The avian brain appears to respond in a similar man-
ner to halothane anaesthesia as the mammalian
brain, with dose-dependent changes in the EEG
occurring in response to changing halothane concen-
tration. In chickens, burst suppression was absent at
1 or 1.5 times MAC, indicating little suppression of
brain activity at these concentrations. Halothane
may therefore be an appropriate agent for future

experimental studies of avian brain responses to
external stimuli.

Acknowledgements

Our thanks to Antony Jacob for practical assistance
with the experimental work. This study was sup-
ported by the Massey University IVABS Postgradu-
ate Research Fund.

Source of Funding

This research was not funded by a specific project
grant.

Conflicts of interest

The authors declare no potential conflict of interest.

Ethical statement

The authors confirm that the ethical policies of the
journal, as noted on the journal’s author guidelines
page, have been adhered to and the appropriate ethi-
cal review committee approval has been received.
The Massey University Code of Ethical Conduct for
the Use of Live Animals in Research, Testing and
Teaching was followed.

Contributions

Study design: AM, NB, CJ, DM. Data collection and
analysis: AM, CJ. Statistical analysis: AM, NB, NK.
Draft manuscript preparation: NB, NK, CJ, DM.
Manuscript revision and approval: AM, NB, NK, CJ,
DM.

References

Antognini J.F. (1997) The relationship among brain, spinal
cord and anesthetic requirements. Medical Hypotheses
48, 83-87.

Antognini J.F. & Carstens E. (2002) In vivo characteriza-
tion of clinical anaesthesia and its components. British
Journal of Anaesthesia 89, 156-166.

Antognini Joseph F. & Schwartz K. (1993) Exaggerated
anesthetic requirements in the preferentially anes-
thetized brain. Anesthesiology 79, 1244-1249.

© 2018 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd.

Veterinary Medicine and Science (2018), 4, pp. 98-105



104

AE. Mcllhone et al.

Antunes L.M., Golledge H.D., Roughan J.V. & Flecknell
P.A. (2003) Comparison of electroencephalogram activ-
ity and auditory evoked responses during isoflurane and
halothane anaesthesia in the rat. Veterinary Anaesthesia
and Analgesia 30, 15-23.

Butler A.B. & Cotterill R.M. (2006) Mammalian and
avian neuroanatomy and the question of consciousness
in birds. Biological Bulletin 211, 106-127.

Clark D.L. & Rosner B.S. (1973) Neurophysiologic effects
of general anesthetics. I. The electroencephalogram and
sensory evoked responses in man. Anesthesiology 38,
564-582.

Coffey F., Wright J., Hartshorn S., Hunt P., Locker T.,
Mirza K. & Dissmann P. (2014) STOP!: a randomised,
double-blind, placebo-controlled study of the efficacy
and safety of methoxyflurane for the treatment of acute
pain. Emergency Medicine Journal 31, 613.

England A. & Jones R.M. (1992) Inhaled anaesthetic
agents: from halothane to the present day. British jour-
nal of hospital medicine 48, 254-257.

Gibson T.J., Johnson C.B., Stafford K.J., Mitchinson S.L.
& Mellor D.J. (2007) Validation of the acute electroen-
cephalographic responses of calves to noxious stimulus
with scoop dehorning. New Zealand Veterinary Journal
55, 152-157.

Gibson T.J., Johnson C.B., Murrell J.C., Hulls CM.,
Mitchinson S.L., Stafford K.J. et al. (2009) Electroen-
cephalographic responses of halothane-anaesthetised
calves to slaughter by ventral-neck incision without prior
stunning. New Zealand Veterinary Journal 57, 77-83.

Johnson C.B. & Taylor P.M. (1998) Comparison of the
effects of halothane, isoflurane and methoxyflurane on
the electroencephalogram of the horse. British Journal
of Anaesthesia 81, 748-753.

Johnson C.B., Young S.S. & Taylor P.M. (1994) Analysis
of the frequency spectrum of the equine electroen-
cephalogram during halothane anaesthesia. Research in
Veterinary Science 56, 373-378.

Johnson C.B., Bloomfield M. & Taylor P.M. (1999) Effects
of ketamine on the equine electroencephalogram during
anesthesia with halothane in oxygen. Veterinary Surgery
28, 380-385.

Johnson C.B., Wilson P., Woodbury M. & Caulkett N.
(2005) Comparison of analgesic techniques for antler
removal in halothane-anaesthetised red deer (Cervus
elaphus): electroencephalographic responses. Veterinary
Anaesthesia and Analgesia 32, 61-71.

Kongara K., Johnson L., Kells N., Johnson C., Dukkipati
V. & Mitchinson S.L. (2014) Alteration of electroen-
cephalographic responses to castration in cats by admin-
istration of opioids. GSTF Journal of Veterinary Science
1, 38-42.

Lambie R.S. (1963) The analgesia of methoxyflurane.
Canadian Anaesthetists’ Society Journal 10, 469-474.

Lesku J.A., Vyssotski A.L., Martinez-Gonzalez D., Wil-
zeck C. & Rattenborg N.C. (2011) Local sleep home-
ostasis in the avian brain: convergence of sleep function
in mammals and birds? Proceedings of the Royal Society
B: Biological Sciences 278, 2419-2428.

Lierz M. & Korbel R. (2012) Anesthesia and analgesia in
birds. Journal of Exotic Pet Medicine 21, 44-58.

Ludders J.W. (2015). Comparative anesthesia and analge-
sia of birds. In: Veterinary Anesthesia and Analgesia
(eds K.A. Grimm, L.A. Lamont, W.J. Tranquilli, S.A.
Greene, S.A. Robertson), 5th edn, pp. 800-818. Wiley-
Blackwell: Hoboken, NJ.

Ludders J.W., Matthews N.S. (2007). Birds. In: Lumb and
Jones Veterinary anesthesia and analgesia (eds W.J.
Tranquilli, J. Thurmon, K.A. Grimm), 4th edn, pp. 841—
868. Blackwell Publishing: NJ, USA.

Ludders J.W., Mitchell G.S. & Schaefer S.L. (1988) Mini-
mum anesthetic dose and cardiopulmonary dose
response for halothane in chickens. American Journal of
Veterinary Research 49, 929-932.

Ludders J.W., Rode J. & Mitchell G.S. (1989)

Isoflurane anesthesia in sandhill cranes (Grus canaden-
sis): minimal anesthetic concentration and cardiopul-
monary dose-response during spontaneous and controlled
breathing. Anesthesia & Analgesia 68, 511-516.

Martin-Jurado O., Vogt R., Kutter A.P., Bettschart-Wol-
fensberger R. & Hatt J.M. (2008) Effect of inhalation of
isoflurane at end-tidal concentrations greater than, equal
to, and less than the minimum anesthetic concentration
on bispectral index in chickens. American Journal of
Veterinary Research 69, 1254-1261.

Mayhew 1.G. & Washbourne J.R. (1990) A method of
assessing auditory and brainstem function in horses. Bri-
tish Veterinary Journal 146, 509-518.

Mcllhone A.E., Beausoleil N.J., Johnson C.B. & Mellor
D.J. (2014) Effects of isoflurane, sevoflurane and
methoxyflurane on the electroencephalogram of the
chicken. Veterinary Anaesthesia and Analgesia 41, 613—
620.

Murrell J.C. & Johnson C.B. (2006) Neurophysiological
techniques to assess pain in animals. Journal of Veteri-
nary Pharmacology and Therapy 29, 325-335.

Murrell J.C., Johnson C.B., White K., Taylor P., Haber-
ham Z. & Waterman-Pearson A. (2003) Changes in the
EEG during castration in horses and ponies anaes-
thetised with halothane. Veterinary Anaesthesia and
Analgesia 30, 138-146.

Murrell J.C., Waters D. & Johnson C.B. (2008) Compara-
tive effects of halothane, isoflurane, sevoflurane and
desflurane on the electroencephalogram of the rat. Lab-
oratory Animals 42, 161-170.

Orth M., Bravo E., Barter L., Carstens E. & Antognini
J.F. (2006) The differential effects of halothane and
isoflurane on electroencephalographic responses to

© 2018 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd.

Veterinary Medicine and Science (2018), 4, pp. 98-105



EEG of halothane anaesthetized chickens

105

electrical microstimulation of the reticular formation.
Anesthesia and analgesia 102, 1709-1714.

Otto K.A. (2008) EEG power spectrum analysis for moni-
toring depth of anaesthesia during experimental surgery.
Laboratory Animals 42, 45-61.

Quasha A.L., Eger E.I. II & Tinker J.H. (1980) Determi-
nation and applications of MAC. Anesthesiology 53,
315-334.

Rampil I.J., Mason P. & Singh H. (1993) Anesthetic
potency (MAC) is independent of forebrain structures
in the rat. Anesthesiology 78, 707-712.

Rattenborg N.C. (2006) Evolution of slow-wave sleep and
palliopallial connectivity in mammals and birds: a
hypothesis. Brain Research Bulletin 69, 20-29.

Schwender D., Daunderer M., Klasing S., Finsterer U. &
Peter K. (1998) Power spectral analysis of the electroen-
cephalogram during increasing end-expiratory concen-
trations of isoflurane, desflurane and sevoflurane.
Anaesthesia 53, 335-342.

Steriade M., Amzica F. & Contreras D. (1994) Cortical
and thalamic cellular correlates of electroencephalo-
graphic burst-suppression. Electroencephalography and
Clinical Neurophysiology 90, 1-16.

Thomsen C. & Prior P. (1996) Quantitative EEG in
assessment of anaesthetic depth: comparative study of
methodology. British Journal of Anaesthesia 77, 172—
178.

Tsushima K., Shingu K., Ikeda S., Kimura H., Yamada K.
& Murao K. (1998) Suppressive actions of volatile
anaesthetics on the response capability in cats. Canadian
Journal of Anaesthesia 45, 240-245.

Yoshitani K., Kawaguchi M., Takahashi M., Kitaguchi K.
& Furuya H. (2003) Plasma propofol concentration and
EEG burst suppression ratio during normothermic car-
diopulmonary bypass. British Journal of Anaesthesia 90,
122-126.

© 2018 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd.

Veterinary Medicine and Science (2018), 4, pp. 98-105



