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Auditory evoked potentials
G. Plourde* MD, MSc
Department of Anesthesia, McGill University and Montreal Neurological Hospital, 3801 University, Montreal, Que,
Canada H3A 2B4
This chapter will focus on the two auditory evoked potentials (AEP) most commonly used to
assess the effects of general anesthetics on the brain, the auditory middle latency response
(AMLR) and the 40 Hz auditory steady-state response (40 Hz-ASSR). We will review their
physiological basis, the recording methodology, the effects of general anesthetics, their ability to
track changes in level of consciousness and their clinical applications. Because of space
constraints, this review will be limited to human studies.
Key words: brain; general anesthetics; consciousness; unintentional awareness; depth of
anesthesia.

INTRODUCTION
Auditory evoked potentials (AEPs) are changes of the electrical activity of the brain (i.e.
the electroencephalogram—EEG), produced by auditory stimuli. AEPs consist of
positive and negative deflections (or waves) that follow the stimulus in a time-locked
manner. AEP are produced by changes of electrical potential across neuronal
membranes in the auditory system. The ability to record the AEP from distant sites
on the scalp depends on four factors:1 (1) the number of cells activated by the stimulus;
(2) the degree of synchronization of this activation (the more synchronous the activation,
the larger the response); (3) the geometry of the structure activated (depending on the
arrangement of cells, the microscopic dipoles produced by the activation of each
neuron may summate or cancel each other); (4) the ability of surrounding tissues (bone,
muscle, CSF, glia) to conduct electricity.1 General anesthetics primarily affect factors
one and two and may indirectly influence factor three.
AEPs are much smaller than the EEG, and are thus not visible on the raw EEG. The
circular waves produced by dropping a stone in quiet water provide a useful analogy.
Dropping the stone in the sea will cause the same waves, but they will be hidden by the
random fluctuations of the sea. The most common method to isolate the AEP from
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background EEG is averaging the EEG responses to multiple identical stimuli. The AEP
will remain constant for all stimuli (because it is time-locked) while the background
noise will vary and thus be reduced by averaging.
AEPs are classified as either transient or steady-state1 (Figure 1). Transient AEPs are
seen when rate of stimulus delivery is slow enough for the response to wear off before
the next stimulus. Steady-state AEPs are seen when rate of stimulus delivery is fast
enough to cause overlap of the individual transient responses. They consist of sinusoidal
waveforms having the same frequency of that of stimulus delivery. To use again the
stone in water analogy, with transient responses, one waits for the waves (AEP) to
disappear before dropping a second stone (delivering the next stimulus). For steadystate responses, the stones are dropped at a rate fast enough for the waves to overlap.
Transient responses are characterized by their latency (time between stimulus onset
and the AEP) and by their amplitude. Steady-state responses are characterized by their
phase (by reference to a one-cycle sine wave) and amplitude. The steady-state response
evoked by stimuli delivered at rates near 40/second (and accordingly named 40 Hz
auditory steady-state response (40 Hz ASSR)) (Figure 1) has been used extensively to
assess anesthetic effect.
Transient responses are classified according to their latency as fast
(6–10 millisecond), middle (10–50 millisecond), slow (50–250 millisecond), and late
(O250 millisecond) responses. The auditory brainstem response (ABR) is a fast
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Figure 1. Transient (AMLR-top row) and steady (40 Hz ASSR-lower row) state responses. Evoked potentials
were recorded in response to 500 Hz tone pips (10 millisecond duration; 65 dB above hearing threshold). The
recordings were obtained between the vertex and the right mastoid with negativity at the vertex plotted
upward. On the left are the evoked potentials recorded over a sweep of 128 millisecond when the tone pips
were presented at rates of one or five times per sweep. Each tracing represents the average of 1000
responses. At the slow rate, several components (Na, Pa, Nb, Pb) of the AMLR are visible. At the faster rate,
the 40 Hz ASSR occurs with a phase at zero-time of 142o. On the right are the amplitude spectra for the
average evoked potentials. For the AMLR, most of the energy is at the rate of stimulation (closed triangle), but
there is also some activity at 39 Hz (open triangle). For the ASSR, the 39 Hz region of the spectrum is
markedly enhanced (closed triangle). Modified with permission from Ref. [79].
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response commonly used to monitor the integrity of auditory pathways during
neurosurgical procedures. It is relatively insensitive to anesthetic effects and will not be
discussed further here. The auditory middle latency response (10–50 millisecond)
(AMLR) (Figure 1) is, by far, the EP most commonly used to measure anesthetic effect.
The slow and late responses reflect higher level of processing and are considered too
sensitive to anesthetic effect for routine clinical monitoring and will not be discussed
here further.
The stimuli used to produce AEP consist of clicks (brief 100 microsecond square
wave) or tonebursts (brief sinusoidal waveforms). The choice of stimulus type has
minimal, if any, impact for anesthesia applications. The stimuli must be delivered at
intensities above hearing level, but not so loud as to be unpleasant for the awake
subjects. The scalp location where the AEP amplitude is largest is usually the vertex
(Cz). An earlobe or mastoid is a common reference electrode. Midline locations
anterior to Cz (i.e. FPz) are also good sites and have the advantage of easier electrode
application because there is no hair. A common and often overlooked problem with
AEP is contamination at the response by the post-auricular muscle response (PAMR)
(sound-evoked contraction of the post-auricular muscles that appears in vertexmastoid montage as a positive wave with a latency of approximately 15 millisecond).2
Presence of PAMR led Pockett et al3 to conclude erroneously4 that the 40 Hz ASSR is
not a suitable monitor of anesthesia. The procedures for recording the AMLR are
clearly described in Ref. [5].

AMLR
Description and cerebral generators
The AMLR consists of three main peaks: Na, Pa and Nb with nominal latency in awake
subjects of 15–20, 25–30 and 40 millisecond, respectively (Figure 1). A second positive
component (Pb) is sometimes present. The first letter refers to the polarity; the
second, to the order of the wave. There is considerable variability in the morphology of
the AMLR in normal awake subjects.6 The AMLR can be recorded with conventional
AEP recording systems or with the A-Linew (Danmeter A/S, Odense, Denmark). This
device uses advanced signal processing techniques (autoregressive modeling with
exogenous input7) to speed up signal extraction. The device also provide an index (ALine ARX index—AAI) defined as the sum of absolute differences in the 20–
80 millisecond window of the AMLR.8 The AAI appears similar the AEP Index9 obtained
from conventional AMLR. The current version of the monitor (AEP-Monitor/2—see
www.danmeter.dk) uses a composite index based on the AMLR and on the
spontaneous EEG. There is limited information on this new composite index which
will not be discussed further here.
The available evidence suggests that Na originates from mesencephalic structures
and that Pa arises from both the auditory cortex and subcortical sources.10 Dipole
source analysis suggests that Nb arises from sources in the auditory cortex11 or
midbrain.12 Recordings from intra-cerebral electrodes in patients with epilepsy indicate
that activity occurring 30–50 millisecond after stimulus (i.e. Nb range) originate mainly
from the secondary auditory cortex.13
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Effects of general anesthetics
There is ample evidence that most general anesthetics (halothane, enflurane, isoflurane,
desflurane, sevoflurane, propofol, etomidate, althesin, xenon) increase the latency and
decreased the amplitude of the AMLR in a concentration-dependent manner.14,15
Induction of anesthesia with thiopental causes a marked attenuation of the AMLR.16
N2O15 and ketamine17 cause no change of the main components of the AMLR, even
at concentrations producing unconsciousness. Opiates have no or minimal effects on
the AMLR, even in large doses.18,19 That may explain why predominantly opiod-based
anesthesia is associated with a high incidence of implicit and explicit memory.20,21
Schwender et al22 reported that induction of anesthesia with midazolam, diazepam or
flunitrazepam caused minimal, if any, alterations of the AMLR. By contrast, Brunner et
al23 reported that induction of anesthesia with midazolam causes an increase in the
latency of Nb. The cause of this discrepancy is unclear. Ge et al showed that the AAI is
reduced by vecuronium by z20% during steady-state anesthesia in patients without
surgical stimuli.24
The AMLR is influenced by noxious stimulation. Thornton et al25 reported that
surgical incision increased the amplitude of wave Nb and Pb during stable anesthesia
with halothane (0.3% end-tidal in 70% N2O). Shinner et al26 showed that tracheal
intubation increases the amplitude of wave Pa and Nb during isoflurane/N2O
anesthesia. The latencies were not affected. The AAI also is increased by noxious
stimulation.27,28 These observations suggest that the AMLR reflects the balance
between anesthetic suppression and brain activation caused by noxious stimulation.
The response of the AMLR to noxious stimulation was no longer observed during
general anesthesia with isoflurane, propofol or flumitrazepam combined with high-dose
fentanyl29 or after low dose alfentanil.26
Assessment of the level of consciousness
The use of neuromuscular blocking drugs carries the risk of unintentional awareness
during anesthesia, i.e. the accidental regaining of consciousness during surgery by a
patient who is paralyzed and thus unable to signal his or her discomfort.30 There is
therefore a need for a tool capable of reliably distinguishing consciousness (usually
defined as ability to follow verbal commands) from unconsciousness. There is ample
evidence that the latency of wave Nb15,16,31–38, the high frequency (29–40 Hz) AMLR
content15,35, the AEP index/AAI9,34,39–41 and wavelet transforms of the AMLR37
provide reliable indication of the level of consciousness.

40 HZ ASSR
Description and cerebral generators
The 40 Hz ASSR is a sustained, sinusoidal electrical response of the brain to auditory
stimuli delivered at rates near 40 Hz42–44 (Figure 1). The label ‘40 Hz’ is used here to
denote stimulation rates between 35 and 45 Hz. Sem-Jacobsen45 provided the first
description of this response that they recorded from the auditory cortex with
intracerebral electrodes. They also showed that it was attenuated by thiopental
anesthesia! There is currently no commercial device using the 40 Hz ASSR for
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anesthesia monitoring. Source analysis based on multi-channel scalp readings suggest
that the 40 Hz ASSR arises from a midline brainstem generator with cortical sources in
the left and right auditory cortex.46 Concurrent recording of 40 Hz ASSR and
functional MRI revealed similar sources.47
Effects of general anesthetics
The early studies with surgical patients showed that the 40 Hz ASSR was profoundly
attenuated during unconsciousness produced with boluses of thiopental,48 sufentanil,49
propofol,50 as well as during maintenance of anesthesia with isoflurane alone or with
N2O48,51 or enflurane (0.5–1.1% in 60% N2O).52 These studies did not examine
concentration-effect relationships. The impression from these studies was that: (1) the
40 Hz ASSR was almost maximally suppressed by anesthetic concentrations sufficient
to cause unconsciousness (except perhaps for sufentanil); (2) that the return of
consciousness was generally associated with partial recovery of the 40 Hz ASSR. Unlike
other anesthetics, ketamine increased the amplitude of the 40 Hz ASSR. This effect did
not appear linked to whether or not patients lost consciousness.53
Concentration–effect relationships were obtained for sufentanil, isoflurane and
propofol. The sufentanil IC50 was 2.1 ng/ml.54 A study with human volunteers55 showed
that the 40 Hz ASSR is attenuated in a concentration-dependent manner by isoflurane
0–0.5%; that the attenuation is nearly maximal at 0.5% isoflurane; that the 40 Hz ASSR
is an excellent predictor of the level of consciousness. The 40 Hz ASSR is also
attenuated in a concentration-dependent manner by propofol and provides a very good
predictor of the level of consciousness.56 This study also showed that using binaural
stimulation increases the 40 Hz ASSR amplitude during awake baseline without
changing the amplitude recorded during unconsciousness, thus increasing the contrast
between awake and anesthetized values. Unconsciousness induced by individual
titration of sevoflurane (mean 0.85% end-tidal concentration) reduced the ASSR
amplitude by more than 70%,57 a finding similar to the effects of propofol. Munglani
et al58 examined the effect of isoflurane (0–0.8%) on the stimulus rate producing the
largest ASSR with little or no power in the harmonics, rate called the coherent
frequency (CF). The CF is about 33 Hz in awake subjects and 15 Hz during
unconsciousness.
The above evidence collectively suggests that the 40 Hz ASSR provides a fairly
reliable measure of the level of consciousness. These observations suggest but do not
prove that there is functional relationship between the attenuation of the 40 Hz ASSR
and loss of consciousness. Loss of consciousness and attenuation of the 40 Hz ASSR (or
of the AMLR, BIS,.) could, however, be effects that both result from the presence of
the anesthetic in the brain but that are otherwise functionally independent. Consider
the following example. When there is pouring rain in London, you see umbrellas
popping up and car windshield wipers in motion. An outside observer, noting that these
two events consistently occur together, might be tempted to conclude that they are
functionally related. In an attempt to establish a stronger link 40 Hz ASSR and the level
of consciousness, we have used physostigmine (a central acting cholinesterase inhibitor)
to antagonize the hypnotic effects of propofol59 and sevoflurane57 while keeping the
concentration of the anesthetic constant. Physostigmine restored consciousness in 10
of 11 volunteers who had been rendered unconscious by propofol. In the 10 subjects
who regained consciousness, there was a concomitant increase of the 40 Hz ASSR to
awake baseline values. The 40 Hz ASSR remained unchanged in the other subject.59
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Physostigmine was not as effective in restoring consciousness during sevoflurane
anesthesia (0.85% mean end-tidal concentration).57 Of eight subjects, two regained
consciousness, three regained wakefulness (they opened their eyes but did not follow
verbal commands) and three showed no behavioral changes. There was a modest but
statistically significant increase in the amplitude of the 40 Hz ASSR in the five subjects
who showed a behavioral change. The 40 Hz ASSR remained unchanged in the three
non-responders. The attenuation of the 40 Hz ASSR by general anesthetics thus seems
to reflect the impairment of consciousness since, antagonism of the hypnotic effect of
the anesthetics by physostigmine is associated with an increase in the amplitude of the
40 Hz ASSR that matches the magnitude of the hypnotic reversal.

RELATIONSHIPS BETWEEN THE AMLR & 40 HZ ASSR
There are complex relations between the AMLR, 40 Hz ASSR and spontaneous EEG
rhythms.44 The AMLR contains energy near 40 Hz (Figure 1). The interval from Na to
Nb approximates a 1 cycle sinusoid with a period of z25 millisecond, which
corresponds to a frequency near 40 Hz.60 In the original description of the 40 Hz
ASSR, Galambos et al42 suggested that the 40 Hz ASSR resulted from the
superimposition of the AMLR. With slow stimulus rates (z10/second) the AMLR is
finished before the onset of the next stimulus. With stimulus rates near 40/second, the
next stimulus occurs during wave Pa of the AMLR evoked by the preceding stimuli, thus
allowing progressive build-up of the 40 Hz ASSR by superimposition of the individual
AMLR. For awake, non-medicated subjects, the 40 Hz ASSR can be predicted from the
AMLR61 but the prediction is not accurate during sleep.62 We have examined the effect
of enflurane/N2O anesthesia on the AMLR and 40 Hz ASSR and found that attenuation
of the 40 Hz ASSR was much more pronounced that predicted by alterations of the
AMLR. 52 This therefore suggests that the 40 Hz ASSR partly arises from
synchronization of naturally occurring neuronal rhythms63 (that are affected by general
anesthetics64) or that general anesthetics interfere with the superimposition process
(possibly by not uniformly affecting the refractory period of the AMLR components).
Another indication that the 40 Hz ASSR does not solely arises from the AMLR is that
the magnetic equivalent AMLR and 40 Hz ASSR are generated in different areas of the
superior temporal plane.65

CONCLUSIONS
There are at least two reasons to search for neurophysiological measures of anesthetic
action on the brain: (1) to discover the mechanisms by which general anesthetics cause
unconsciousness; and (2) to obtain on-line monitoring for clinical use. The AMLR and
40 Hz ASSR both offer superb opportunities to investigate anesthetic mechanisms
because these responses are well understood physiologically. An example is the
hypothesis66 that general anesthetics impair consciousness by interfering with
thalamocortical 40 Hz rhythms.67–69 It is safe to assume that the anesthetic-induced
changes of AEPs reflect neural events that either contribute to unconsciousness or that
are affected in a similar manner to the events contributing to unconsciousness. Thus, a
detailed explanation of anesthetic-induced AEP changes might well shed light on the
mechanisms of unconsciousness induced by general anesthetics.
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Clinical monitoring includes two main goals: determination of the level of
consciousness to prevent unintentional awareness and guidance of anesthetic delivery
(to minimize drug use and speed recovery). There are other worthwhile goals such as
preventing unwanted hemodynamic responses, avoiding motor responses to noxious
stimulus, preventing autonomic and adrenergic responses to stress70 but I do not think
that these can be achieved by monitoring only the brain. With regard to the monitoring
of consciousness, both the AMLR and 40 Hz ASSR provide a reliable indication of the
presence or absence of consciousness in subjects receiving a general anesthetic agent.
Applicability multi-drug regimen commonly seen in clinical practice remains to be
assessed, as for BIS and other monitoring modalities.71 With regard to titration of
general anesthetics once consciousness is lost, the AMLR may be suitable because the
early components (Na, Pa) persist. This may apply to the AAI as well for desflurane for
which AAI-based dose titration led to a reduction in the anesthetic dose72,73 and to a
shorter postanesthesia care unit stay.72 This does not seem to apply for sevoflurane,74
perhaps because increasing sevoflurane above 0.5 MAC has minimal effect on the
AAI.27,75 The amplitude 40 Hz ASSR does not appear useful for titration because it is
already markedly reduced at loss of consciousness. Whether other parameters of the
ASSR (phase alone or combined with amplitude, use of either stimulation
frequencies.) could be useful has not been examined.
I believe that both the AMLR and the 40 Hz ASSR may help reduce the incidence of
awareness if they are used to confirm loss of consciousness. Failure to deliver the
anesthetic (empty vaporizer, disconnected IV tubing) is an important cause of
awareness that could be easily detected.76 If, on the other hand, these devices (or any
other monitor such as BIS, entropy.) are used to decrease the doses of anesthetic
drugs in the hope of reducing costs and speeding recovery, the incidence of awareness
with recall may well increase, as proposed by others.77 Finally let us not forget that
awareness without recall can occur,30 even when the patients experience pain78 and
that unwise use of CNS monitors may well increase its incidence, although
documentation of this problem would be very difficult.

Practice points
(1) AEP monitoring provides a reliable indication of the level of consciousness.
(2) AEP monitoring can thus be used for the detection of unintentional
awareness.
(3) Great diligence must be exerted to ensure adequate stimulus delivery. Failure
to deliver the stimulus (ex. disconnected or broken earphone cable) would give a
false impression of deep anesthesia.
(4) AEP information must not be viewed in isolation but as part of a global context
based on the integration of all available clinical data (from basic clinical signs to the
output of advanced monitoring devices) and knowledge.
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Research agenda
(1) For clinical research, the challenge for the near future will be to explore the
applicability of this monitoring modality to real life, multi-drug regimen commonly
used in clinical practice.
(2) Another topic of clinical relevance will be to explore ways to minimize the
contribution of muscle artifacts to the signal.
(3) For basic research, the most important question will perhaps be to
understand why does the AEP provide such a reliable indication of the level of
consciousness.
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13. Liégeois-Chauvel C, Musolino A, Badier JM et al. Evoked potentials recorded from the auditory cortex in
man: Evaluation and topography of the middle latency components. Electroencephalography and Clinical
Neurophysiology 1994; 92: 204–214.
14. Thornton C & Sharpe RM. Evoked responses in anaesthesia. British Journal of Anesthesia 1998; 81: 771–
781.
15. Goto T, Nakata Y, Saito H et al. The midlatency auditory evoked potentials predict responsiveness to
verbal commands in patients emerging from anesthesia with xenon, isoflurane, and sevoflurane but not
with nitrous oxide. Anesthesiology 2001; 94: 782–789.

Auditory evoked potentials 137
16. Schwender D, Klasing S, Madler C et al. Midlatency auditory evoked potentials and purposeful movements
after thiopentone bolus injection. Anaesthesia 1994; 49: 99–104.
17. Schwender D, Klasing S, Madler C et al. Mid-latency auditory evoked potentials during ketamine
anaesthesia in humans. British Journal of Anesthesia 1993; 71: 629–632.
18. Schwender D, Weninger E, Daunderer M et al. Anesthesia with increasing doses of sufentanil and
midlatency auditory evoked potentials in humans. Anesthesia & Analgesia 1995; 80: 499–505.
19. Schwender D, Rimkus T, Haessler R et al. Effects of increasing doses of alfentanil, fentanyl and morphine
on mid-latency auditory evoked potentials. British Journal of Anesthesia 1993; 71: 622–628.
20. Ghoneim MM, Block RI, Dhanaraj VJ et al. Auditory evoked responses and learning and awareness during
general anesthesia. Acta Anaesthesiologica Scandinavica 2000; 44: 133–143.
21. Schwender D, Kaiser A, Klasing S et al. Midlatency auditory evoked potentials and explicit and implicit
memory in patients undergoing cardiac surgery. Anesthesiology 1994; 80: 493–501.
22. Schwender D, Klasing S, Madler C et al. Effects of benzodiazepines on mid-latency auditory evoked
potentials. Canadian Journal of Anaesthesia 1993; 40: 1148–1154.
23. Brunner MD, Umo-Etuk J, Sharpe RM et al. Effect of a bolus dose of midazolam on the auditory evoked
response in humans. British Journal of Anesthesia 1999; 82: 633–634.
24. Ge SJ, Zhuang XL, He RH et al. Neuromuscular block with vecuronium reduces the rapidly extracted
auditory evoked potentials index during steady state anesthesia. Canadian Journal of Anaesthesia 2003; 50:
1017–1022.
25. Thornton C, Konieczko K, Jones JG et al. Effect of surgical stimulation on the auditory evoked response.
British Journal of Anesthesia 1988; 60: 372–378.
26. Shinner G, Sharpe RM, Thornton C et al. Effect of bolus doses of alfentanil on the arousal response to
intubation, as assessed by the auditory evoked response. British Journal of Anesthesia 1999; 82: 925–928.
27. Nishiyama T, Matsukawa T & Hanaoka K. Is the ARX index a more sensitive indicator of anesthetic depth
than the bispectral index during sevoflurane/nitrous oxide anesthesia? Acta Anaesthesiologica Scandinavica
2004; 48: 1028–1032.
28. Urhonen E, Jensen EW & Lund J. Changes in rapidly extracted auditory evoked potentials during tracheal
intubation. Acta Anaesthesiologica Scandinavica 2000; 44: 743–748.
29. Schwender D, Golling W, Klasing S et al. Effects of surgical stimulation on midlatency auditory evoked
potentials during general anaesthesia with propofol/fentanyl, isoflurane/fentanyl and flunitrazepam/fentanyl. Anaesthesia 1994; 49: 572–578.
30. Guerra F. Awareness and recall. International Anesthesiology Clinics 1986; 24: 75–99.
31. Thornton C, Barrowcliffe MP, Konieczko KM et al. The auditory evoked response as an indicator of
awareness. British Journal of Anesthesia 1989; 63: 113–115.
32. Newton DEF, Thornton C, Konieczko KM et al. Auditory evoked response and awareness: A study in
volunteers at sub-MAC concentrations of isoflurane. British Journal of Anesthesia 1992; 69: 122–129.
33. Tooley MA, Greenslade GL & Prys-Roberts C. Concentration-related effects of propofol on the auditory
evoked response. British Journal of Anesthesia 1996; 77: 720–726.
34. Mantzaridis H & Kenny GNC. Auditory evoked potential index: A quantitative measure of changes in
auditory evoked potentials during general anaesthesia. Anaesthesia 1997; 52: 1030–1036.
35. Dutton R, Smith W, Rampil I et al. 40-Hz mid-latency auditory evoked potential activity predicts wakeful
reponse during desflurane and propofol anesthesia in volunteers. Anesthesiology 1999; 91: 1209–1220.
36. Iselin-Chaves IA, El Moalem HE, Gan TJ et al. Changes in the auditory evoked potentials and the bispectral
index following propofol or propofol and alfentanil. Anesthesiology 2000; 92: 1300–1310.
37. Kochs E, Stockmanns G, Thornton C et al. Wavelet analysis of middle latency auditory evoked responses:
calculation of an index for detection of awareness during propofol administration. Anesthesiology 2001; 95:
1141–1150.
38. Loveman E, Van Hooff JC & Smith DC. The auditory evoked response as an awareness monitor during
anaesthesia. British Journal of Anesthesia 2001; 86: 513–518.
39. Schraag S, Bothner U, Gajraj R et al. The performance of electroencephalogram bispectral index and
auditory evoked potential index to predict loss of consciousness during propofol infusion. Anesthesia &
Analgesia 1999; 89: 1311–1315.
40. Litvan H, Jensen EW, Galan J et al. Comparison of conventional averaged and rapid averaged,
autoregressive-based extracted auditory evoked potentials for monitoring the hypnotic level during
propofol induction. Anesthesiology 2002; 97: 351–358.

138 G. Plourde
41. Struys MM, Vereecke H, Moerman A et al. Ability of the bispectral index, autoregressive modelling with
exogenous input-derived auditory evoked potentials, and predicted propofol concentrations to measure
patient responsiveness during anesthesia with propofol and remifentanil. Anesthesiology 2003; 99: 802–
812.
42. Galambos R, Makeig S & Talmachoff PJ. A 40-Hz auditory potential recorded from the human scalp.
Proceedings of the National Academy of Sciences of the United States of America 1981; 78: 2643–2647.
43. Stapells DR, Linden D, Suffield JB et al. Human auditory steady state potentials. Ear and Hearing 1984; 5:
105–113.
44. Picton TW, John MS, Dimitrijevic A et al. Human auditory steady-state responses. International Journal of
Audiology 2003; 42: 177–219.
45. Sem-Jacobsen CW, Petersen MC, Dodge HWJ et al. Electroencephalographic rhythms from the depths of
the parietal, occipital and temporal lobes in man. Electroencephalography and Clinical Neurophysiology 1956;
8: 263–278.
46. Herdman AT, Lins O, Van Roon P et al. Intracerebral sources of human auditory steady-state responses.
Brain Topography 2002; 15: 69–86.
47. Purdon P, Purdon A, Jaaskalainen I et al. Concurrent Recording of 40-Hz Auditory Steady State Response and
Functional MRI Human Brain Mapping. Hungary: Budapest; 2004, pp. 2.
48. Plourde G & Picton TW. Human auditory steady-state response during general anesthesia. Anesthesia and
Analgesia 1990; 71: 460–468.
49. Plourde G & Boylan JF. The auditory steady state response during sufentanil anaesthesia. British Journal of
Anesthesia 1991; 66: 683–691.
50. Plourde G. The effects of propofol on the 40-Hz auditory steady-state response and on the
electroencephalogram in humans. Anesthesia and Analgesia 1996; 82: 1015–1022.
51. Yli-Hankala HL, Edmonds HL, Heine MF et al. Auditory steady-state response, upper facial EMG, EEG and
heart rate as predictors of movement during isoflurane-nitrous oxide anaesthesia. British Journal of
Anesthesia 1994; 73: 174–179.
52. Plourde G & Villemure C. Comparison of the effects of enflurane/N2O on the 40-Hz auditory steadystate response versus the auditory middle-latency response. Anesthesia and Analgesia 1996; 82: 75–83.
53. Plourde G, Baribeau J & Bonhomme V. Ketamine increases the amplitude of the 40-Hz auditory steadystate response in humans. British Journal of Anesthesia 1997; 78: 524–529.
54. Gilron I, Plourde G, Marcantoni W et al. 40 Hz auditory steady-state response and EEG spectral edge
frequency during sufentanil anaesthesia. Canadian Journal of Anaesthesia 1998; 45: 115–121.
55. Plourde G, Villemure C, Fiset P et al. Effect of isoflurane on the auditory steady-state response and on
consciousness in human volunteers. Anesthesiology 1998; 89: 844–851.
56. Bonhomme V, Plourde G, Meuret P et al. Auditory steady-state response and bispectral index for
assessing level of consciousness during propofol sedation and hypnosis. Anesthesia and Analgesia 2000; 91:
1398–1403.
57. Plourde G, Chartrand D, Fiset P et al. Antagonism of sevoflurane anaesthesia by physostigmine: effects on
the auditory steady-state response and bispectral index. British Journal of Anesthesia 2003; 91: 583–586.
58. Munglani R, Andrade J, Sapsford DJ et al. A measure of consciousness and memory during isoflurane
administration: the coherent frequency. British Journal of Anesthesia 1993; 71: 633–641.
59. Meuret P, Backman S, Bonhomme V et al. Physostigmine reverses propofol-induced unconsciousness and
attenuation of the auditory steady state response and bispectral index in human volunteers. Anesthesiology
2000; 93: 708–717.
60. Plourde G. Auditory evoked potentials and 40-Hz oscillations. Anesthesiology 1999; 91: 1187–1189.
61. Plourde G, Stapells DR & Picton TW. The human auditory steady-state evoked potentials. Acta
Otolaryngologica (Stockh) 1991; 491(supplement): 153–160.
62. Suzuki T, Kobayashi K & Umegaki Y. Effect of natural sleep on auditory steady state responses in adult
subjects with normal hearing. Audiology 1994; 33: 274–279.
63. Bullock TH. Introduction to induced rhythms: A widespread, heterogeneous class of oscillations. In
Basar E & Bullock TH (eds.) Induced Rhythms in the Brain (Brain dynamics series). Boston: Birkhauser, 1992,
pp. 1–26.
64. Uchida S, Nakayam H, Maehara T et al. Suppression of gamma activity in the human medial temporal lobe
by sevoflurane anesthesia. NeuroReport 2000; 11: 39–42.

Auditory evoked potentials 139
65. Pantev C, Roberts LE, Elbert T et al. Tonotopic organization of the sources of human auditory steadystate responses. Hearing Research 1996; 101: 62–74.
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