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Abstract

OBJECTIVE—There is interest in using cortical auditory evoked potentials (CAEPS) to evaluate

hearing aid fittings and experience-related plasticity associated with amplification; however, little

is known about hearing aid signal processing effects on these responses. The purpose of this study
was to determine the effect of clinically relevant hearing aid gain settings, and the resulting in-the-
canal signal-to-noise ratios (SNRs), on the latency and amplitude of P1, N1, and P2 waves.

DESIGN & SAMPLE—Evoked potentials and in-the-canal acoustic measures were recorded in
nine normal-hearing adults in unaided and aided conditions. In the aided condition, a 40-dB signal
was delivered to a hearing aid programmed to provide four levels of gain (0, 10, 20, and 30 dB).
As a control, unaided stimulus levels were matched to aided condition outputs (i.e., 40, 50, 60, and
70 dB) for comparison purposes.

RESULTS—When signal levels are defined in terms of output level, aided CAEPs were
surprisingly smaller and delayed relative to unaided CAEPs, likely resulting from increases to
noise levels caused by the hearing aid.

DISCUSSION—These results reinforce the notion that hearing aids modify stimulus
characteristics such as SNR, which in turn affects the CAEP in a way that does not reliably reflect
hearing aid gain.

Keywords
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1. Introduction

There is growing interest in cortical auditory evoked potentials (CAEPS) as a measure of
cortical function in hearing aid users. Aided CAEPs1, or evoked potentials recorded from
individuals while wearing their hearing aids, may be of use to evaluate hearing aid fittings as
well as experience-related plasticity associated with amplification. Aided CAEPs are not
new, in fact reports of recording CAEPs from aided individuals date back to 1967 (Rapin &

"Corresponding Author: Curtis J. Billings, Ph.D., National Center for Rehabilitative Auditory Research, Portland VA Medical Center,
3710 SW U.S. Veterans Hospital Rd (NCRAR), Portland, OR 97239, USA, Phone: 00-1-503-220-8262 ext. 54574, Fax:
503-402-2824, curtis.billings2@va.gov.

1we use the term “aided CAEPS” to refer to CAEPs recorded from an individual who is wearing a hearing aid at the time of testing,
such that sound field stimuli are processed by the hearing aid and delivered to the individual’s ear canal.
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Graziani, 1967), and the idea has been revisited many times since (Billings et al., 2007;
Gatehouse & Robinson, 1996; Golding et al., 2007; Gravel et al., 1989; Korczak et al., 2005;
Kraus & McGee, 1994; Kurtzberg, 1989; Marynewich, 2010; Purdy et al., 2005; Rapin &
Graziani, 1967; Sharma et al., 2004; Stapells & Kurtzberg, 1991; Tremblay, Billings et al.,
2006; Tremblay, Kalstein et al., 2006). However, more than 40 years later, the utility of
aided evoked potentials has yet to be established. One reason for this is conflicting evidence
showing that CAEPs are affected by amplification in some individuals/studies but not
others. Given these conflicting results, it is important to consider how the hearing aid signal
processing alters the acoustic content of the stimulus and, in turn, affects the evoked
responses. Hearing aid signal processing causes many acoustic modifications to a stimulus
(e.g., rise-fall time, signal level, etc) that are likely to affect CAEPs; however, it remains
unclear if and how these acoustic modifications affect the aided CAEP. Before aided CAEPs
are to be of use clinically, it must be determined what hearing aid factors contribute to the
aided evoked potential.

One can assume that signal level is an important factor, because decades of literature
indicate that when signals are presented in quiet, the latency of P1-N1-P2 components
increases (i.e., neural conduction time increases) and amplitude decreases (i.e., magnitude or
synchrony of the response decreases) as signal level is reduced (e.g., Adler & Adler, 1989;
Picton et al., 1977). When signals are presented in background noise, however, signal-to-
noise ratio (SNR) is a key contributor to the morphology of CAEPs, including the P1, N1,
and P2 waves (Billings et al, 2009; Kaplan-Neeman et al., 2006; Whiting et al, 1998).

Noise is always present in an amplified signal and contributors may range from amplified
ambient noise to circuit noise generated by the hearing aid. Therefore, it is important to
consider the effects of noise on aided CAEPs. In a previous study (Billings et al., 2009) we
examined the effect of SNR on CAEPSs using computer generated signal changes that varied
in SNR. Results demonstrated that CAEPs were primarily sensitive to SNR, rather than
absolute signal level. A hearing aid was not used so it is unclear how the results generalize
to wearable hearing aids when programmed clinically and gain settings are altered.
Clinically, it is important to understand the effect of SNR in cases where aided CAEPs are
recorded, because hearing aids amplify ambient noise in addition to the signal of interest.
Clinicians might encounter problems when fitting a hearing aid if they assume that
increasing the signal level (adjusting the gain) will improve the morphology of the evoked
response. If increases in gain increase signal and noise levels together, CAEP patterns might
not change as expected (Billings et al., 2009) and over amplification could result. The
contributions of SNR to the aided CAEP may also help to explain a significant portion of the
variability in the aided CAEP literature. For example, if a study tested individuals near
threshold where amplified ambient noise was inaudible, then amplification effects would
likely be present; while in contrast, if individuals were tested at suprathreshold levels,
amplification effects may be absent because SNRs remained the same.

In this experiment, we set out to determine: (1) the effect of output level on aided CAEPs,
by manipulating hearing aid gain, and (2) the contribution of in-the-canal SNR levels to
resulting CAEP measures. To do this, signal input level was held constant while hearing aid
gain settings were manipulated. We hypothesized that amplification and increments in gain
would affect latencies and amplitudes of the aided CAEP, but only to the extent that SNRs
changed across unaided and aided conditions and different gain settings.

2. Methods

Using a repeated measures design, participants were tested under nine conditions. Five were
unaided conditions (30, 40, 50, 60, and 70 dB SPL) and four were aided conditions (40 dB
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SPL with 0, 10, 20, and 30 dB gain provided by the hearing aid). Amplitude and latency
values for evoked responses P1, N1, and P2 were determined and analyzed. In addition, in-
the-canal acoustic measures were completed for each participant and all conditions.

2.1. Participants

2.2. Stimuli

Nine young normal-hearing individuals participated in this study (mean age = 24.1 years,
SD = 2.8; 3 male and 6 females; all right-handed). Participants had normal hearing from 250
to 8000 Hz (<20 dB HL) and normal immittance measures (single admittance peak between
+ 50 daPa to a 226 Hz tone and present ipsilateral acoustic reflexes). Tympanometry and air
conduction testing were completed prior to each session to ensure stability of middle ear
function and hearing sensitivity. As in our previous studies (Billings et al., 2007; Tremblay,
Billings et al., 2006) we elected to use normal-hearing individuals to control for the effects
of hearing impairment that would also affect the evoked response. All participants were in
good general health with no report of significant history of otologic or neurologic disorders.
All participants provided informed consent and research was completed with approval from
the pertinent institutional review board.

The stimulus was a 1000 Hz tone with rise/fall times of 7.5 ms and duration of 756 ms.
Although CAEP stimuli need not be longer than 50 ms, a longer stimulus was used for two
reasons: (1) there is a movement toward using ecologically relevant speech sounds for
CAEP research (Ostroff et al., 1998; Martin et al. 2007) and a longer stimulus more closely
approximates syllables and words; and (2) this duration was used in our previous research
(Billings et al., 2007, 2009), which enables us to compare our results to previously published
findings.

In the unaided conditions, the signal was presented at five stimulus levels: 30, 40, 50, 60,
and 70 dB SPL. In the aided condition, the stimulus was presented at one level: 40 dB SPL,
and the overall hearing aid gain was adjusted to provide 0, 10, 20, or 30 dB gain at 1000 Hz.
By design, the four aided in-the-canal output levels matched four of the unaided in-the-canal
levels (i.e., 40, 50, 60, 70 dB SPL). Table 1 illustrates the design of the study. The unaided
30 dB SPL condition was included because it resulted in an in-the-canal SNR that was
slightly less than that measured in the aided O dB gain condition thus ensuring that all aided
SNRs fell within the range of unaided SNRs. An output-level design was used for this study
(i.e., the level after amplification) because it was useful for comparisons with our previous
studies where input level (i.e., the level prior to amplification) was the independent variable
(Billings et al, 2007). For all conditions, stimuli were presented in the sound field (6.5" x 6’
double-walled, sound-treated booth) through a speaker (JBL Professional LSR25P). The
participant was seated in the center of the room, 1 meter from the speaker at 0° azimuth.
Distance measurements were repeated during and between each condition to ensure minimal
movement. Sound field root mean square stimulus levels were calibrated using a sound level
meter placed at ear level with linear weighting and using a fast time constant (125 ms). For
all conditions, the left ear was plugged with a foam ear plug. It should be noted that all
participants reported a subjective change in signal level and were able to recognize changes
in gain.

2.3. In-the-Canal Measurement Procedures

Similar to our previous studies, acoustic recordings for each individual were made using the
Etymotic ER7c probe microphone to measure stimulus level in the ear canal (Billings et al.,
2007; Tremblay, Billings et al., 2006). Output of the ER7c probe microphone was digitized

by a Tucker-Davis Technologies real-time processor (RP2) and then recorded and analyzed

in Matlab. Tone and noise levels were calculated as 1/3 octave band measures of the band
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centered at 1000 Hz. Noise measurements were taken from 400 ms analysis windows
immediately preceding or following the 1000-Hz tone.

In-the-canal acoustic measurements were used for two purposes. First, prior to testing, in-
the-canal measures were used to adjust overall gain of the hearing aid with the purpose of
matching output in the ear canal for unaided and aided conditions for each subject. Second,
in the canal measures were made during electrophysiological testing for an online measure
of levels at the eardrum. This was done as there was the chance of head movement over time
by the subjects despite instructions to remain still during testing. Online measurements were
completed at the beginning and end of each of the two blocks (i.e., four times for each
condition tested). For all conditions, the four values did not vary by more than 2 dB SPL.
These four values were averaged for each individual, and then the mean of the individual
averages was taken resulting in a grand mean measure of all nine participants for each
condition (Table 1).

2.4. Hearing Aid

A digitally programmable analog behind-the-ear hearing aid coupled to a foam stock
earmold was used. It was the same hearing aid programmed to the same frequency response
used in our previous study (Billings et al., 2007). According to the manufacturer’s published
specifications, the frequency range of this hearing aid extends from 210 to 6500 Hz. The
hearing aid was set to amplify omnidirectionally with a deactivated volume control. No
other signal processing algorithms were active during testing (e.g., noise reduction, feedback
suppression, etc.). Electroacoustic verification using a 1000-Hz tone demonstrated a
compression knee point of 65 dB SPL, a compression ratio of approximately 2: 1, and attack
and release times of 5 and 30 ms, respectively. With an input level of 40 dB SPL, hearing
aid processing was likely linear for all conditions tested. Processing delay measurements
using the Fonix 7000 (Frye Electronics; Tigard, OR) revealed a signal processing delay of
0.5 ms across the four gain settings. To differentiate sources of background noise measured
in the ear canal, we completed aided coupler measurements comparing an unplugged
microphone condition with a plugged condition to try and eliminate as much ambient noise
as possible (Zakis & Wise 2006). Measurements for the two conditions were within 4 dB
SPL at all gain settings, indicating that the majority of background noise added by the
hearing aid was due to internal circuit noise rather than amplified ambient noise. Figure 1
displays the in-the-canal 1/3 octave band levels of the tone and underlying noise as
measured using a Briel & Kjer Ear Simulator (Type 4157) and Ear Canal Extension (DB
2012) for four of the stimulus levels tested. Increases in background noise can be seen as
hearing aid gain is increased.

2.5. Electrophysiology

Each stimulus was presented in a homogeneous train for a total of 500 stimulus
presentations for each stimulus condition; this was done across two blocks of 250
presentations. This block design was used because it is representative of the type of stimulus
presentation method used when estimating hearing thresholds in clinical settings. Five-
minute listening breaks were given between blocks and between recording conditions. An
inter-stimulus interval (offset to onset) of 1910 ms was used. Stimulus presentation order
within unaided or aided condition was randomized. Unaided conditions were presented one
day and aided conditions were presented on the other day with order randomized across
subjects. Subjects were instructed to ignore the stimuli and watch a silent close-captioned
movie of their choice.

Evoked potential activity was recorded using an Electro-Cap International, Inc. cap which
housed 64 tin electrodes. The ground electrode was located on the forehead and Cz was the
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reference electrode. Data were re-referenced offline to the nose electrode. Horizontal and
vertical eye movement was monitored with electrodes located inferiorly and at the outer
canthi of both eyes. The recording window consisted of a 100 ms pre-stimulus period and a
700 ms post-stimulus time. Evoked responses were analog band-pass filtered on-line from
0.15 to 100 Hz (12 dB/octave roll off). Using a Neuroscan " recording system, all channels
were amplified with a gain x 500, and converted using an analog-to-digital sampling rate of
1000 Hz. Trials containing ocular artifacts exceeding +/— 70 microvolts were rejected from
averaging. Following ocular artifact rejection, the remaining sweeps were averaged and
filtered off-line from 1 Hz (high-pass filter, 24 dB/octave) to 30 Hz (low-pass filter, 12 dB/
octave).

2.6. Data Analysis and Interpretation

3. Results

To compare our results with the published literature, responses were analyzed from
electrode Cz. Electrode site Cz was analyzed because frontal-central sites such as this are
typically used to estimate hearing thresholds, and other experience-related changes, both in
research and in clinic. Our results would therefore apply to clinical procedures using similar
methods. In addition, global field power measures were used to quantify simultaneous
activity from all electrode sites (Skrandies, 1989). Global field power (GFP) is the standard
deviation across channels as a function of time. Wave P1, N1, and P2 were analyzed at
electrode site Cz, and for GFP, waves N1 and P2 were analyzed from the GFP waveform.
The P1 component was not included because it is not robust enough to be present in GFP
measures. Peak amplitudes were calculated relative to baseline, and peak latencies were
calculated relative to stimulus onset. Latency and amplitude values of each wave were
determined by agreement of two judges. Each judge used temporal electrode inversion,
global field power traces, and grand averages to determine peaks for a given condition.

Repeated-measures analyses of variance (ANOVA) were completed on amplitude and
latency measures of each component of the evoked response (P1, N1, and P2). The 2 x 4
analysis included the factors of amplification (unaided and aided) and output level (40, 50,
60, 70 dB SPL). Greenhouse-Geisser corrections (Greenhouse & Geisser, 1959) were used
where an assumption of sphericity was not appropriate. In addition, linear regression
analysis was completed on latency and SNR.

3.1. Effect of Output Level & Hearing Aid Gain on CAEP Latencies & Amplitudes

Figure 2 illustrates the latency and amplitude growth functions for Cz waveforms. Repeated
measures ANOVA results, summarized in Table 2, demonstrate significant effects of output
level for many of the peaks. In general, as would be expected, latency decreased and
amplitude increased as output level increased. There was one exception to the general
pattern of decreased latency with increasing output; the aided 70 dB output condition tended
to have longer latencies than would be expected, especially at electrode Cz. Only P2
amplitude resulted in a significant output by amplification interaction, indicating that for all
measures except P2 amplitude, the significant effect of output on amplitudes and latencies
was similar across unaided and aided conditions.

3.2. Effect of Amplification (Unaided versus Aided Comparisons)

There were significant differences in evoked brain activity when sounds were presented
through a hearing aid compared to the unaided conditions in which output levels were the
same. That is, even though in-the-canal levels were equal, raising the expectation that CAEP
morphology obtained under the two conditions to be equal, aided CAEP latencies were
generally prolonged and smaller in amplitude compared to unaided conditions for all
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measures except N1 amplitude (see Table 2). Figure 3 illustrates this effect in a way
analogous to the main effect of amplification in the repeated measures ANOVA,; the four
aided output conditions and the four unaided conditions were collapsed to make one aided
and one unaided waveform respectively.

3.3. Acoustic Recordings and Effect of SNR

Table 1 (right) illustrates the average online in-the-canal levels recorded for all participants
and Figure 4 shows representative unaided and aided ER7c¢ acoustic recordings from one
individual, demonstrating obvious modifications to the noise floor relative to the signal. In
order to understand the effect of SNR on CAEP morphology, in-the-canal SNRs were
computed for each individual and condition. To determine the effect of SNR and condition
variables, linear regression of logarithmic latency on SNR and condition (unaided vs. aided)
was completed for P1, N1, and P2 using the following model: log(latency) = alpha +

beta; (SNR) + betay(condition) + betag(interaction). Interaction terms were initially included,
but were subsequently removed because they were not significant. The SNR coefficients
were significant for all waves [P1 (beta; = —.009, standard error = .001, d.f. = 80, t value =
—6.06, p value <.001); N1 (beta; = —.005, standard error = .001, d.f. = 80, t value = —3.57,
p value =.001), P2 (beta; = —.005, standard error =.001, d.f. = 80, t value = —5.92, p value
<.001)]. Coefficients for the amplification condition (unaided vs. aided) were not significant
for any of the waves. These results are in agreement with Figure 5 which displays a scatter
plot of P1, N1, and P2 latencies taken from Cz and plotted as a function of in-the-canal
SNRs for the unaided (triangles) and aided (circles) data. The effect of hearing aid signal
processing on SNR is also apparent: the SNR range is much larger for the unaided condition
(4.5 to 49.9 dB) than it is for the aided condition (8.8 to 22.2 dB), suggesting a clearer
separation between signal and noise floor in the unaided condition. It is also apparent that
the distribution of aided latencies falls within the same range as the unaided latencies
indicating no difference between conditions when SNR is taken into account.

4. Discussion & Conclusions

The purposes of this experiment were to determine the effects of: (1) variations in output
level on aided CAEPs, resulting from manipulations to hearing aid gain, and (2) in-the-canal
SNR levels on CAEPs. The design of this study complemented our previous work, in which
input stimulus level (i.e., levels delivered to the hearing aid) was varied systematically while
hearing aid gain was held constant (Billings et al., 2007). In the current experiment, we kept
input level constant in the aided condition and varied hearing aid gain. This experiment
simulates a recording condition that might take place in a clinical setting where hearing aid
gain might be altered to estimate hearing thresholds, or evoke a desired response.

4.1 Effect of Output Level & Hearing Aid Gain on CAEP Latencies & Amplitudes

The results reported here clearly demonstrate the expected outcome of CAEP latency and
amplitudes being affected by overall signal level (i.e., as signal level increases, latencies
decrease and amplitudes increase). These results are consistent with our previous published
findings (Billings et al., 2007). When level is changed by the hearing aid (i.e., sound field
speaker level is fixed and gain is varied) as in the current study, this pattern of decreasing
latency and increasing amplitude with increasing output also applies. However, there were
exceptions. For example, the 70 dB SPL aided condition (i.e., 30 dB gain condition) did not
fit the general pattern as latencies were longer than expected (see Figure 2). The general
change in function shape is likely due to a combination of SNR and other signal processing
effects.

Int J Audiol. Author manuscript; available in PMC 2012 July 1.
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4.2 Effect of Amplification (unaided vs. aided) & Contributions of SNR

Given that CAEPs are sensitive to signal level, it follows that equal signal levels in the ear
canal during unaided and aided conditions should result in similar CAEPs. However, our
results demonstrate that this assumption is not necessarily true. Even though the sound
levels (in the ear canal) were similar in the unaided and aided conditions, CAEP morphology
differed. Aided condition latencies were delayed and amplitudes were smaller than the
unaided condition at equivalent in-the-canal levels. This finding is important because if
CAEP morphology was determined primarily by signal level, one would hypothesize that
there would be no difference between aided and unaided growth functions because in-the-
canal output levels were the same.

When SNRs were compared in this study, large differences between aided and unaided
stimuli were found (Table 1). For example SNRs in the aided condition varied between 11.6
and 20.5 dB, while unaided SNRs varied between 6 and 47.9 dB. The resulting aided CAEP
morphology (see Figure 3) was generally weaker (longer in latency and smaller in
amplitude) than unaided CAEPs. The relationship between SNR and CAEP morphology is
further illustrated in Figure 6. Despite a similar overall signal level in the ear canal, evoked
CAEP patterns were dramatically different, as were the SNRs. The contribution of SNR to
CAEP morphology is further emphasized by the significant SNR regression coefficients.
When SNR was taken into account in the regression, no significant effect of amplification
(unaided vs. aided) was found.

We speculate that the reduction of SNR in the aided condition is likely due to the hearing
aid’s introduction of circuit noise and some amplification of ambient noise. The effect of
gain setting on noise levels is clearly demonstrated in Figure 1 where background noise
levels, measured in the ear canal with the hearing aid on, increased between 5-30 dB SPL
depending on the gain condition and the frequency in question. It is noteworthy that at least
for amplitude, effects of amplification were greatest on the P2 wave rather than N1 wave.
The significance of these P2 findings is not clear at this time given our limited
understanding of the functional significance of P2; however, recent studies demonstrate that
the P2 amplitude changes may represent higher level neural processes beyond the encoding
of stimulus acoustics such as those related to stimulus exposure or auditory training
(Tremblay et al., 2001; Tremblay et al., 2009).

Only normal-hearing individuals were tested in this study. This was done so that the
relationship between signal level and evoked brain activity could be determined in the
absence of confounding variables that are present in people with hearing loss. They include
variables such as age, duration of hearing loss, and varied audibility across frequencies. In
addition, the impact of stimulus SNR on CAEPs will be very important to study in people
with hearing loss because noise levels may or may not be audible to the individual. It would
also be important to consider how SNR varies across frequency and time. For example, the
frequency response of the hearing aid may lead to audible background noise in certain
frequency ranges but not in others as a result of the programmed frequency response.
Furthermore, the effects of compression can result in differing SNRs over time depending
on characteristics of the incoming signal and noise and the compression settings of the
hearing aid (Naylor & Johannesson, 2009). Collectively, these issues reinforce the point that
CAEPs recorded through hearing prostheses should not be regarded in the same way as
those obtained without prostheses.

4.3 Other contributing variables introduced by the hearing aid

While it is clear that SNR is an important contributor to the results of the current study, there
may be other important signal processing contributors to aided CAEP morphology,

Int J Audiol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Billings et al.

Page 8

especially when non-linear amplification is used. In particular, hearing aid signal processing
characteristics that affect the first 30-50 ms of the stimuli would be especially important
factors in determining the morphology of the evoked response (Onishi & Davis, 1968).
Compression characteristics, for example, would likely affect stimulus rise slope, rise time,
and introduce overshoot of the onset. Such modifications to the first 30-50 ms of a stimulus
have been demonstrated recently by Marynewich and colleagues (2010) even when linear
hearing aids are used. Because of the potential effects of the hearing device settings on the
acoustic content of the signal, we cannot be certain that results described here will
generalize to all wearable hearing aids. This point further illustrates the current limitations
of our understanding of aided CAEPs and cautions against the clinical use of aided CAEPs
at this time. At a minimum, future aided CAEPs studies should include in-the-canal acoustic
recordings to allow for analysis of SNR and onset modifications made by the hearing aid. In
addition, the interaction between device settings and hearing loss must be determined before
clinical application could take place.

4.4 Conclusions

Results from this experiment demonstrate that hearing aid gain settings alter the latency and
amplitude of aided CAEP responses. Because of noise in the output of the hearing aid, aided
SNRs are considerably smaller than unaided SNRs when absolute signal level is equivalent.
Therefore, signal-to-noise ratio is an important factor to be aware of when recording aided
CAEP measures. While the use of CAEPs can provide valuable information to determine if
an audible signal reached the level of the cortex, an important realization from this
experiment is that signal processing of a hearing aid contributes to the latency and amplitude
of evoked responses. For this reason, it is important to question how amplification alters
other aspects of the stimulus (e.g., rise slope, rise time) and how these effects vary across
instruments, and interact with a person’s sensitivity threshold at different frequencies. More
importantly, it is necessary to acknowledge that CAEPs recorded through hearing prostheses
should not be regarded in the same way as those obtained without prostheses. And finally, it
is time to critically question if it will be possible to control all of the potential variables that
might arise in a clinical setting when using aided CAEPs.
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CAS central auditory system
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Noise &

Figure 1.

Signal and noise spectra (in 1/3 octave bands) in unaided and aided conditions as measured
in a B&K Ear Simulator positioned in the sound field. Overall signal levels at 1000 Hz are
approximately equivalent in unaided and aided conditions. In contrast, background noise in
the 1000 Hz octave band is very different in the unaided and aided conditions as a result of
circuit noise produced at the four gain settings.
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Figure 2.

Output level growth functions at electrode Cz for P1, N1, and P2 waves. Latency (left) and
amplitude (right) measures are displayed for the aided (solid line, filled circles) and unaided
(dotted line, open triangles) conditions. Error bars represent 1 standard error of the mean. In
the unaided conditions, latencies decrease as the stimulus level increases. Aided response
show a similar function except at the highest stimulus level. Most important is the difference
between unaided and aided responses despite similar signal levels being present in the ear
canal.
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Grand mean waveforms (n=9) for aided (solid line) and unaided (dotted line) conditions
obtained using signals that were equal in signal level according to in-the-canal recordings.
The four aided and four unaided signal level conditions were collapsed into one aided and
one unaided waveform respectively. Scalp topography for a small subset of electrodes is
shown and GFP (below) is also illustrated. Despite signals being similar in stimulus level in
the ear canal, unaided peak latencies are earlier and amplitudes are larger when compared to
the aided condition. These results suggest that the hearing aid is affecting more than just
signal level, otherwise there would be no difference between unaided and aided conditions.

Int J Audiol. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Billings et al.

Page 14

Unaided

3 J
c SNR

=3 -
=

g

5

L

. 4
©

z

'E- -
£

{ -

Time (secs)

Figure 4.

Time waveforms of in-the-canal acoustic recordings for one individual. The unaided (left)
and aided (right) conditions are shown together. Signal output as measured at the 1000 Hz
centered 1/3 octave band was approximately equivalent at 73 and 74 dB SPL for the unaided
and aided conditions. However, noise levels in the same 1/3 octave band were
approximately 26 and 54 dB SPL, demonstrating the significant change in SNR.
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Figure 5.

Scatter plots of P1, N1, and P2 latency taken from Cz and plotted as a function of SNR. Data
for the nine participants demonstrate that as SNR increases, latency decreases. Also note the
wide range of unaided SNRs (open triangles) in contrast to the limited range of aided SNRs
(filled circles). Therefore, these aided CAEPs do not differ across hearing aid gain settings,
because SNR is similar across the different gain conditions.
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Two examples showing grand mean CAEPs recorded with similar mean output signal levels.
Panels a. (40 dB input signals) and b. (60 dB input signals) show unaided and aided grand
mean waveforms evoked with corresponding in-the-canal acoustic measures. Despite similar
input and output signal levels, unaided and aided brain responses are quite different. Aided
responses are smaller than unaided responses, perhaps because the SNRs are poorer in the

aided condition.

Int J Audiol. Author manuscript; available in PMC 2012 July 1.



Page 17

Billings et al.

§0C (92) 8'95 (SaeLL 0L 0 or
L'6T w1 oL (1°2) 299 09 (14 o
T'8T (CRIRWE (r'2) ¢ss 0S 0T oy
91T (0one1e (02 ger or 0 oy
papIv
6Ly (£°0) 9z (@ e 0L - 0L
8L (90) 9'9¢ (CRakar 09 - 09
8.2 (8'0) 992 1) v'vS 0S - 0§
WA (8°0) 92 (CRINiR74 or - oy
09 (L0) g9z (91) 528 0 - 0
papreun

UNS  (as) uesw ssioN  (@S) uesw [eubls  Indino  ures  |eufis

ndinQ [eued-ayi-uj uBiseq |euswiIadx3

"S|aAs] SNjNWINS 1dS gp aJe sanjeA asiou pue Jeubis |1V
"ZH 000T Je PaJaluad pueq ayl JO SanjeA pueq aArlI0 g/T se paAe|dsip suedionsed g syl J0) (1ybu) Indino feued-ayi-ul uesw pue (Ua|) ubisap |eiuswiLiadxg

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Int J Audiol. Author manuscript; available in PMC 2012 July 1.



Page 18

Billings et al.

NIH-PA Author Manuscript

0700
19€°0

9640
6500

9100
L0
L17'0

¥ST°0

60€0
TEE0

anfen-d

ndinQ x uonedyjdwy

(rz'e) 191
(¥2'e) €0T'T

(v2'e) Tve0
(vz'e) evse

(¥z'e) ¥8T¥
(¥2'e) 6170
(v2'e) 586°0

(r2'e) ¥16'T

(ve'e) €921
(#2'€) 09T'T

(4p) onsners-o

1000 >
99¢'0

1000 >
1000 >

¥20°0
§9¢'0
9000

¢000

<000
¢000

anjen-d

(8'7) 9vT'6E
(8'T) 08299

(8'T) €0TL
(8'T) 695°GL

8T 2LLL
8'T) ser'T
(8'T) TLE8°€T

(8'7T) 26T'6T

(8'T) ¥58°8T
(8'T) 28902

(4p) onsness-4

(papre 'sA papreun) uoiyeaiyljdwy J0 108443

¢00'0
5000

8800
€000

€00
0970
1960

€00

2900
8000

anfen-d

(¥2'€) 599'9
(¥2'e) 29v's

(vz'e) esr'e
(¥z'e) ¥21'9

(v2'e) L£9C
(¥2'€) 088'T
(v2'e) 2800

(re'e) v6ee

(v2'e) 6612
(¥2'€) 820°'G

(4p) onsnes-4

[3A97 INAINO 40 1083

Zd
TN
apny|dwy
Zd
TN
Aousre]
d49
¢d
TN
Td
apnudwy
4]
TN
Td
Aousre]
)

¢?olqel

"papNaul a1e Zd pue ‘TN ‘Td siuauodwod ssosoe spnujdure
pue Aouale| o) s)nsay ‘(d49) Jamod pialy [2go|B 1o) pur zD 8p0J1d8]a 18 Pa1da]09 Blep Jo) sINsal (WAONY) 82UBLIRA JO sasAjeue sainsesw-pajeaday

NIH-PA Author Manuscript

‘S)NS9Y VAONY

NIH-PA Author Manuscript

Int J Audiol. Author manuscript; available in PMC 2012 July 1.



