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ABSTRACT

This article introduces the cortical auditory evoked potential
(CAEP) and describes the use of the N1-P2 response complex as an
objective predictor of hearing threshold in adults and older children.
The generators of the CAEP are discussed together with issues of
maturation, subject factors, and stimuli and recording parameters for use
in the clinic. The basic methods for response identification are outlined
and suggestions are made for determining the CAEP threshold.
Clinical applications are introduced and the accuracy of the CAEP as
an estimator of hearing threshold is given. Finally, a case study provides
an example of the technique in the context of medicolegal assessment.
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Learning Outcomes: As a result of this activity, the participant will be able to (1) describe the clinical uses
and limitations of the N1-P2 cortical auditory evoked potential and (2) list the main stimulus and recording
parameters for the adult N1-P2 cortical auditory evoked potential when used in the clinic to estimate the

hearing threshold.

Introduced clinically in the late 1960s and
early 1970s as an objective predictor of hearing
threshold in adults and older children, the N1-
P2 response provides a historical perspective to
cortical auditory evoked potentials (CAEPs).
The N1-P2 CAEP remains a valuable clinical

tool for adults and older children who are
unable to participate or reliably respond in
conventional/standard  audiometric  proce-
dures.!  Obvious client groups include
adults pursuing medicolegal compensation for
alleged occupational hearing loss,”™ patients
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(frequently adolescents) with suspected nonor-
ganic hearing loss, and adults with marked
learning difficulties or dementia. The advan-
tages of the CAEP over the tone-evoked audi-
tory brainstem response include Dbetter
frequency specificity, inclusion of higher neu-
rologic centers, less reliance on patient relaxa-
tion, and, especially if specialized equipment is
used, somewhat better accuracy and shorter test
time.®

The N1-P2 response is considered an
obligatory exogenous evoked (or event-related)
potential; that is, it does not involve cognitive
processing although it is affected by arousal
level. As other articles in this issue will show,
CAEPs may be recorded in infants but the
classic N1-P2 response does not fully mature in
its ability to predict auditory sensitivity until
subjects reach their late teens.”

RESPONSE GENERATORS

Before discussing the generators of peaks N1
and P2, it may be helpful to introduce P1, the
vertex-positive peak preceding N1. Simplisti-
cally, P1 is thought to arise from the primary
auditory cortex, but P1 also may have contri-
butions from the hippocampus, planum tem-
porale, the lateral temporal cortex, and
neocortical areas.>® P1 has a latency of around
250 milliseconds in very young infants,' re-
ducing with full maturity to typically 50 milli-
seconds. Peaks P1 and N2 are less prominent in
the mature CAEP, which is dominated by N1
and P2, on which this article will focus.

The adult N1 is thought to have three
temporally overlapping components.'! The pri-
mary contribution to the stimulus onset N1 is
frontocentral with a peak latency of 100 milli-
seconds and slightly greater activity at the scalp
over the hemisphere contralateral to stimula-
tion. It has bilateral and tangential generators in
the auditory cortices on the superior temporal
lobe. The second component of N1 is maxi-
mally recorded at midtemporal electrodes and is
therefore called the T-complex. It consists of a
positive peak around 100 milliseconds and a
negative peak around 150 milliseconds, and it is
thought to originate in the auditory association
cortex of the superior temporal gyrus with a
radial orientation. The T-complex is much

larger and slightly earlier over the hemisphere
contralateral to stimulation, compared with the
ipsilateral hemisphere. The third component of
the stimulus onset N1 has a variable latency
around 100 milliseconds and may be associated
with widespread transient arousal to increase
sensory and motor responses to sound. Dipole
source estimation indicates two distinct source
activities underlying N1 with latencies of 100
and 145 milliseconds, both symmetrically lo-
calized in Heschl’s gyrus of both hemispheres.
P2 also appears to have multiple generators, in
the primary and secondary auditory cortex in
Heschl’s gyrus of both hemispheres.

The tonotopic organization and time
course of maturation for N1 and P2 differ.!?
Whereas N1 continues to mature into the teens,
P2 (initially fused with P1 in infancy, when N1
may not be evident) has near-adult latency by
age 2 years.

SUBJECT FACTORS

In addition to the issue of maturation of the
response (see above, together with other articles
in this issue dealing with infant testing), the
level of subject arousal, alertness, and attention
are known to influence the latency, amplitude,
or variability of the N1-P2 response. In general,
a larger or less variable response is recorded
when the subject is asked to read a book or
attend to the stimuli (e.g., count the stimuli)
rather than simply sit with eyes open.m’14 Itis
generally held that the N1-P2 response is
attenuated by sleep (which is therefore to be
avoided when testing), but many studies have
shown a more complex picture, in which re-
sponse latencies increase during the stages of
sleep but the amplitude of the response may
either increase or decrease, depending on the
sleep stage.ls’16 Unless the stage of sleep is
assessed and controlled, it is prudent to employ
a test protocol in which sleep is avoided.

STIMULUS

The CAEP may be evoked by the onset (from
silence) of an audible stimulus, to stimulus
offset,'” or to an abrupt change (e.g., frequency,
phase, temporal or level change) in an otherwise
continual stimulus, where the response is
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referred to as the “acoustic change complex.”"®

The stimulus onset response, which is used to
estimate audiometric sensitivity, is triggered by
the onset of the stimulus, and any stimulus
more than approximately 30 milliseconds after
stimulus onset does not contribute to the re-
sponse.’”! This has important implications
for the choice of tone burst duration and for the
use of speech tokens as stimuli. In brief, it is the
level and spectral content of the first few milli-
seconds of the stimulus that matters, providing
that this evokes a response. Tonal stimuli must
have their onset and offset controlled with
specified rise and fall times if broad-spectrum
clicks are to be avoided. The optimum value for
tone burst rise time is a compromise between
the conflicting demands of frequency specificity
(best for long rise times) and neural synchrony
(best for shorter rise times).%? In clinical prac-
tice, tone burst rise and fall times in the range 10
to 20 milliseconds are popular.

In a recent study, Bardy et al demonstrated
that a stimulus with greater spectral complexity
evokes an on average 31% larger CAEP in terms
of amplitude.”® They used bursts of tones
comprising four simultaneous unrelated fre-
quencies within an octave range. They argued
that this is not simply a bandwidth effect; band-
limited noise stimuli of the same bandwidth
evoked a smaller CAEP, as did more conven-
tional single-frequency tone burst stimuli. This
stimulus holds the promise of reduced test times
or greater precision of the N1-P2 threshold

estimate.

RECORDING PARAMETERS

The parameters employed in research and clin-
ical practice often differ, reflecting their con-
flicting demands. In the former, investigating
sometimes subtle effects, it is common to see
the use of multiple recording channels, large
numbers of sweeps, and wide filter bandwidths.
In the latter, where clinical efficiency is impor-
tant for response identification rather than
response characterization, the recording param-
eters are chosen to maximize the speed of
response-to-noise ratio improvement. Further-
more, the use of CAEPs to predict the auditory
threshold also involves the determination of the

stimulus level at which a CAEP is absent. What

follows is a discussion of the parameters used in
clinical practice.

A single recording channel is adequate,
with the noninverting electrode placed at or
slightly anterior to the vertex and the inverting
electrode at the mastoid. Either mastoid is
acceptable, although a slightly larger response
is often recorded using the contralateral
mastoid.?*

At near-threshold stimulus levels, the N1-
P2 response has a spectral peak in the 2 to 5 Hz
range (the reader is encouraged to consider the
response as a single cycle of a sine wave and
calculate its frequency from typical latencies of
N1 and P2). A high-pass filter at 1 Hz and a
low-pass filter at 15 Hz are effective in attenu-
ating noise beyond the primary spectral range of
the response. Amplifier gain is chosen so that an
artifact rejection level of + 50 WV or + 75 pWV
is obtained. Unlike research studies in which a
separate eye blink recording channel is used to
eliminate artifacts, in clinical work, no eye blink
channel is used. The recording time base (also
referred to as recording epoch or sweep time)
may be 500 to 1000 milliseconds. When values
over 500 milliseconds are used, it is helpful to
include a period of prestimulus recording, where
no response will be seen. This facilitates an
estimation of the residual noise in the recording
and allows any candidate response to be seen as
distinct from ongoing background activity.

The stimulus repetition rate for the aver-
aging process is an interesting compromise
between conflicting considerations. The maxi-
mum rate that can be used without suffering a
decrement in response size is typically one
stimulus every 10 seconds,*® but for clinical
efficiency, we care more about the rate at which
the signal-to-noise ratio is most improved; the
faster the averaging process, the greater the
signal-to-noise ratio improvement. In adults,
the optimum rate appears to be one stimulus
every 1 to 2 seconds (0.5 to 1 Hz) with some-
what slower rates being preferable in in-
fants.!”?72% If we stimulate faster than one
stimulus every 10 seconds, then an interesting
effect is seen, which has relevance to the
number of sweeps we choose to use in the
average. The response to the first stimulus in
an averaging run has been preceded by a period
of silence so suffers no effect of habituation;
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successive responses are smaller as habituation
occurs. Most of the habituation occurs in the
first three or four stimuli,?® and it is not unusual
to see a response in the unaveraged recorded
brain activity for initial stimuli. There is some
evidence that reducing the predictability of the
stimuli increases response amplitude. Several
tactics have been investigated and found to be
effective, including varying the interstimulus

sponse change with the magnitude of the
stimulus; larger amplitudes and shorter laten-
cies are associated with high-level stimuli.3>3*
Amplitude reduces and latency increases as the
stimulus level approaches the CAEP threshold.
Knowledge of these input-output functions can
aid waveform interpretation. Some specialist
CAEP systems offer an objective assessment
of response detection, given in the form of a

interval,*® side of presentation, or frequency of  p value, and have been validated in clinical

the stimulus.>*? However, some studies have
failed to observe such effects.>?® It is possible
that an effect is seen only when used sparingly,
otherwise the variability of the stimulus loses its
attention-grabbing novelty.

The number of required sweeps or stimulus
presentations within an averaging run depends on
the size of the response. For supra-threshold
stimulus levels, a few tens of sweeps may be
sufficient to identify a response with a high level
of confidence. However, testers must resist the
temptation to terminate averaging for very low
numbers of sweeps (< 10) because they think they
can identify a response; the risk of mistaking noise
as a response is unacceptably high. At levels close
to threshold, where the response is small, 50 to
100 sweeps may be necessary to provide a suffi-
ciently high response-to-noise ratio. Similarly,
the requirement for response absence usually
involves there being no recorded candidate re-
sponse, with a level of residual noise in the
waveform that is sufficiently low to provide
confidence that a small response is not obscured
by noise. At stimulus levels that will define the
CAEP threshold, it is important to replicate the
level. In the case of response presence, replication
allows the consistency of the response to be
assessed whereas in the case of response absence,
the difference between the waveforms may be
used as a measure of residual noise.

There is no agreed value for the aspect ratio
used to display CAEP waveforms but guidance
for clinical practice for CAEP testing is in
preparation by the British Society of Audiology,
which recommends 100 milliseconds = 5 V.

RESPONSE CHARACTERISTICS
AND INTERPRETATION

In common with evoked potentials of all mo-
dalities, the amplitude and latency of the re-

populations.35 Values of 0.05 or less are usually
used, where this is the probability of no re-
sponse being detected. For systems without
objective scoring, the tester should apply con-
sistent and predefined criteria for response
detection and response absence. Note that there
are three, not two, possible outcomes: response
detected, response absent, and inconclusive.

The criteria for response detection should
include:

1. The response should have an appropriate
waveform morphology, amplitude, and
latency.

2. The response should be repeatable, as judged
by similarity between replicates.

3. The response morphology, amplitude, and
latency should follow the expected trend of
smaller amplitudes and longer latencies com-
pared with responses obtained for a higher-
level stimulus, when available.

4. The response should have a sufficiently high
response-to-noise ratio to provide the tester
with a high degree of confidence that the

response is genuine.

The response-to-noise ratio requires an esti-
mation of the magnitude of both the response and
the residual noise in the averaged waveform. The
response may be taken as the N1-P2 peak-to-
peak amplitude. The residual noise in an averaged
waveform is provided by some systems. Where
this is unavailable, one practical estimate is to
superimpose a pair of replicated waveforms and
subjectively judge the average gap between them,
across the entire recording window.

The criteria for response absence should
include:

1. There should be no likely response present; a

possible response with a response-to-noise
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ratio less than that needed for response
presence is not sufficient to qualify for re-
sponse absence.

2. The residual noise in the waveform(s) must
be sufficiently low to be confident that a
small response is not obscured by noise. A
value of 2 AV has been suggested by Van
Dun et al.*

It is not sufficient to say, “I can’t see a
response”; the tester must have a high degree of
confidence that a response is genuinely absent.
Waveforms that do not meet the above criteria
for response detection or response absence must
be regarded as inconclusive and take no part in
the definition of the CAEP threshold. Resolv-
ing inconclusive levels normally requires further
averaging but occasionally, small or odd-look-
ing responses remain inconclusive even after
further averaging.

DEFINING THE CAEP THRESHOLD
The CAEP threshold is defined as the lowest
level at which a response is detected; ideally, a
response is absent at a level of 10 dB or less
below this level and, ideally, a demonstration
of a response 5 or 10 dB above this level. It is
sometimes sufficient to obtain responses down
to a certain level without the need to obtain a
formal threshold, for example in clinical cases if
responses are recorded down to 20 dB hearing
loss (HL). Such results should be described
using the format <20 dB HL. Conversely, if no
response was recorded at any stimulus level up
to, say, 100 dB HL, where response absence was
demonstrated, the results should be described
using the format >100 dB HL.

ACCURACY AND LIMITATIONS

There is an average difference between CAEP
thresholds and the pure tone audiometry
(PTA) thresholds in cooperative subjects; this
is known as a bias and is typically 5 to 10 dB
(e.g., 6.5 dB was reported by Lightfoot and
Kennedy and 7.5 dB by Ross et al®*". The
CAEP threshold suggests a slightly more ele-
vated threshold than the PTA. The value of
this bias will depend to some extent on the
methods used for stimulus calibration, response

acquisition and analysis, the presence of any
loudness recruitment, and the presence of
certain comorbidities. A smaller bias has been
observed for greater degrees of hearing loss,® an
effect attributed to recruitment. If the bias is to
be subtracted from the CAEP thresholds, the
bias must be determined locally. It is techni-
cally valid to subtract the bias when predicting
the PTA threshold but this subtraction must be
stated in any report. After subtracting any bias,
there will be a spread of values in the CAEP-
PTA difference in cooperative subjects. After
accounting for their 6.5 dB bias, Lightfoot and
Kennedy found that 94% of threshold estimate
differences were <15 dB.® Such information
may allow a confidence range to be associated
with CAEP results.

For example, a CAEP threshold of 50 dB
HL is obtained. The bias is rounded to 5 dB.
Subtracting the bias gives the best estimate of
the PTA as 45 dB HL; there is 95% confidence
that the PTA lies in the range 30 to 60 dB HL
(45 + 15).

An Achilles heel of the CAEP is that in a
small proportion of cases, the CAEP threshold
can overestimate any hearing loss by more than
20 dB.3*%7 This can sometimes be attributed to
subject fatigue or drug effects but is usually
inexplicable, cannot be anticipated, and to date
there is no effective means of mitigating the
effect.

CASE STUDY

A man in his mid-50s worked for 11 years as a
welder in a noisy shipyard. Industrial relations
between management and the workforce were
poor, and claims for compensation relating to
occupational hearing loss were common. His
union arranged for all similar members to be
assessed and supported his claim for occupa-
tional hearing loss. Hearing protection was
available but the man complained that wear-
ing it made him unable to hear warning sirens.
Pure tone audiometry performed on behalf of
both the plaintiff and defendant showed a
fairly flat pattern bilateral symmetrical senso-
rineural hearing loss ranging from 60 to
80 dB HL. Hearing aids had never been
sought. Medical experts disagreed on causation;
one claimed the hearing loss was a consequence
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of noise exposure and the other suggested the
flat audiometric pattern, if genuine, showed that
it was unrelated. The possibility of nonorganic
hearing loss was raised. An independent CAEP
testing was arranged to provide an objective
assessment of the degree and contour of the
man’s hearing loss. At the interview, there were
signs of nonorganic behavior (exaggerated diffi-
culty in following instructions and hypersensi-
tivity during tympanometry and electrode
attachment).

Fig. 1 shows the CAEP waveforms ob-
tained with 1 kHz tone burst stimuli, suggest-
ing CAEP thresholds of 15 dB HL on the right
and 30 dB HL on the left. Using a bias figure of
5 dB, these results suggested behavioral
thresholds of 10 dB HL on the right and
25 dB HL on the left. Tests at higher frequen-
cies showed a modest high frequency loss,
consistent with the combined effects of age
and noise exposure.

FiE
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The equipment used in Fig. 1 was devel-
oped by the author in collaboration with Cam-
bridge Electronic Design Ltd. (Electronic
Design Ltd., Cambridge, UK). The man’s claim
was upheld but his disability and associated
compensation were based on the CAEP results.

SUMMARY

The N1-P2 CAEP is a valuable but underused
tool in the audiologist’s armory. It is most useful
in cases of adults and older children unable or
unwilling to perform accurate pure tone audi-
ometry. It is less affected by muscle activity and
is more frequency-specific than the auditory
brainstem response. Disadvantages include
poorer precision of threshold estimation in
infants and younger children and the lack of
time-efficient software and objective CAEP
detection in mainstream auditory evoked po-
tential systems.
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Figure 1 Cortical auditory evoked potential results at 1 kHz. Abbreviations: AMP, response amplitude; CC,
cross-correlation coefficient; HL, hearing level; p, p value; RN, residual noise; S/N, response signal-to-noise
ratio; STAT, status (Y=present; N=absent; ?=inconclusive); SWP, sweeps.
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