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W hile electrophysiologic
measures often are
used for diagnostic

purposes, the outcomes of this test-
ing can be extremely useful also
in the selection and fitting of hearing aids.
For example, some of these measures assist
in predicting hearing thresholds—important
for determining hearing aid gain and output
settings. Aided measures can be used for
verification of the fitting; this was discussed
by Harvey Dillon on these pages last year.
And, electrophysiologic results also can be
used to monitor the effects of amplification
and rehabilitative audiology over time.

This is all good, assuming that it leads
to appropriate decisions regarding the need
for and function of amplification. But all is
not simple when the various signals used for
electrophysiologic testing are processed
through modern hearing aids. And clinically
things can become even muddier when the
electrophysiologic expert is not the hearing
aid expert, and vice versa. Perhaps a Page
Ten article on this topic would be a good
idea?

Our guest author this month is Kelly
Tremblay, PhD, associate professor at the
University of Washington in Seattle. Dr. Trem-
blay is an internationally known researcher
in the area of electrophysiologic measures,
and has received numerous awards for her
research. She serves on the editorial board
for several audiology journals, and publishes
extensively herself. In addition to her journal
articles, look for her book chapters in the
soon-to-be-released book Auditory Evoked
Potentials Basic Principles and Clinical Appli-
cation. Dr. Tremblay also provided us with
an excellent Page Ten article a few years
back. If you happened to miss it, you can
find past Page Ten articles at The Hearing
Journal achives at www.audiologyonline.com.  

Although many of you think of Kelly as
a researcher, she also has been a clinician
for 20 years, trained by none other than
Richard Seewald back at Dalhousie Uni-
versity in Halifax in the 1980s. Her clinical
background is apparent in her research,
which often involves the search for answers
to important clinical questions. Kelly’s roots
are in Canada, and she is spending this
year on sabbatical in Toronto.

At Dr. Tremblay’s University of Wash-
ington web page, she displays the follow-
ing quote from Thomas J. Watson of IBM
fame: “The ability to ask the right question
is more than half the battle of finding the
answer.” Kelly and her colleagues are def-
initely asking some good questions about
electrophysiologic measures of hearing aid
performance, and some of their findings are
surprising. You’ll enjoy reading about them
on the following pages.

Gus Mueller
Page Ten Editor

Page10

Hearing aids and the brain: 
What’s the connection?
By Kelly L. Tremblay

1I remember that you wrote a Page Ten arti-
cle 3 or 4 years ago about “plasticity” of the

auditory system. Are you going to provide us
with an update?   
I certainly am. But first, how about a quick review? The term
“auditory plasticity” is sometimes used to describe the brain’s capac-
ity to change. We typically think of hearing as it relates to the ear,
but sound travels along many nerve fibers and through many
nuclei before reaching the auditory cortex. Along these pathways,
the acoustic content of the signal (i.e., frequency, intensity, and

timing information) is coded by highly organized neural systems. 
Even though we are typically born with the capacity to code this acoustic informa-

tion, our brain—specifically the central auditory system—“changes” as a function of
auditory deprivation and stimulation. It reorganizes itself throughout our lifespan accord-
ing to the auditory input that it receives.

2What do you mean when you talk about “deprivation” and
“stimulation”?

Think of the saying “Use it or lose it.” The central auditory system of a person who has
been diagnosed with a conductive or sensorineural hearing loss has experienced depri-
vation-related plasticity. For example, physiological maps in the brain used to code fre-
quency information change when they have not been activated for a period of time.

3So what happens when you fit the person with hearing aids
or a cochlear implant?

A couple of things are presumed to take place. First, introducing sound to a previously
deprived auditory system again alters the way spectral and temporal information is rep-
resented in the central auditory system. Irvine and Rajan refer to this process as “stimu-
lation-induced” or “use-related” neural plasticity.1

Second, hearing aids and cochlear implants, through signal processing circuitry, mod-
ify the content of the incoming sound and deliver a modified signal to the central audi-
tory system. In a sense, these modified signals are new signals because they are unfamiliar
to the listener and so are likely to stimulate the auditory system in a new way. It is widely
believed that people learn how to relate the modified signal, and the altered neural spec-
tral and temporal codes, to an existing memory of sound.2,3

4Could this influence the success of a hearing aid fitting?

Most definitely. Hearing healthcare providers are typically trained to approach re/habil-
itation by improving audibility (by means of hearing aids, cochlear implant, or assistive
listening devices). Obviously, this is a critical first step. But successful rehabilitation
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depends also on the central auditory system’s ability to represent
and integrate new spectral and temporal information delivered
by a hearing prosthesis.

5Do you think what you just described under-
lies some of the performance variability seen

among hearing aid users?  

It’s possible that the degree of benefit a particular patient receives
from hearing aids (or a cochlear implant) depends in part on the
ability of that person’s system to adapt to the modified cues deliv-
ered by the device. People who don’t experience significant ben-
efits from cochlear implants may have auditory systems that are
less plastic, i.e., less capable of representing new cues. 

Additionally, poor speech perceivers may have more difficulty
learning how to associate these new neural patterns with an exist-
ing memory of sounds. It’s this rationale that underlies the use
of auditory training exercises—yet another form of auditory
stimulation.

6What exactly do you mean by “auditory
training”?

Auditory training is a treatment program that uses repetitive lis-
tening exercises to improve a patient’s ability to perceive auditory
events. These exercises are sometimes conducted with a listening
partner at home or during weekly sessions with an audiologist.
For people who are computer savvy, interactive computer pro-
grams are also becoming popular. In any event, a signal is pro-
vided, the person executes a task, and feedback (describing a
correct or incorrect response) is given.

Auditory training programs may be categorized as analytic,
synthetic, or a combination of the two (for a review, see Swee-
tow and Palmer, 20054). Let me explain. Analytic (or bottom-
up) training focuses on the acoustic content of the signal, and
the task involves identifying or discriminating sounds that dif-
fer acoustically. One example might involve learning to identify
certain consonant-vowel syllables (e.g., “thee”) from a set of
sounds that are acoustically similar (e.g., “vee,” “fee”). The idea
is that if a person can learn to differentiate acoustic cues, this
ability might in turn contribute to improved speech perception.
By this I mean that a patient might be less likely to confuse the
consonants “th” and “v” when they occur in the context of a word
and/or sentence.

7That seems like a reasonable approach. But,
how does it differ from the synthetic method?

Synthetic (top-down) training is designed to improve a person’s
ability to attend to, integrate, and use contextual information.
Many examples can be found in the literature, but I get only 20
questions, so I’ll keep this short and describe just one of them.  

Think of a task in which a person is asked to repeat a word or
a sentence in the presence of competing noise. At first, the sig-
nal-to-noise ratio (SNR) might be favorable, so the person may
have no problem completing the task. Eventually, the SNR is low-
ered so the task becomes more difficult.  

The purpose of this type of exercise is to stress the system so

that the patient can improve his or her ability to separate signals
from noise. Because SNRs are often poor in real-world listening
environments (think restaurants, classrooms), the goal of this type
of training exercise is to improve a person’s ability to “hear” in
noisy listening environments.

8I’ve been hearing about these types of train-
ing programs lately. What can you tell me

about research in this new area?  

It’s interesting that you describe auditory training as a “new”
area, because it’s been part of audiology for decades. Carhart, for
example, described the importance of auditory training as part
of the profession of audiology.5 However, because the effective-
ness of auditory training has been questioned and reimburse-
ment for rehabilitative services has become more difficult, many
clinics have shifted their focus to simply dispensing devices. For
this reason, training exercises are rarely used in clinics and audi-
ologists are often unfamiliar with this approach to rehabilitation.

But to get back to your question, the concept of auditory
training has attracted a lot of attention recently. Training pro-
grams designed to improve the auditory perception of children
with listening, learning, and language problems have become
prevalent over the last decade. Many of these training programs
would fall under the “analytic” category and are designed to
improve the acoustic representation of sound.

9What about people with hearing loss? Are
these programs being used with them as

well?  

Yes, we’re seeing a resurgence of training programs designed to
improve the speech perception of people with hearing loss. One
reason for this resurgence, I believe, is all the information we have
acquired recently about brain plasticity.  

Over the past decade, animal and human experiments have
taught us a lot about physiological and perceptual plasticity. The
ability to alter neural response patterns, through training, is
provocative and the translation of this basic science to auditory
rehabilitation is obvious for those of us interested in the rehabil-
itation of hearing-impaired patients. Now the challenge is to
extend these neuroscience principles successfully from the labo-
ratory to the clinic.

10Is there any research evidence showing
that these training programs work? 

A literature search will uncover many training experiments that
report varying degrees of training-related improvements in per-
formance scores. However, the important question is, what con-
stitutes “significant improvement.”   

It is not uncommon to observe statistically significant gains
of 5%-10% (or more) on a specific test following training. How-
ever, does this numeric change translate into significant changes
in the ability to communicate in the real world? Ultimately, the
answer to your question, “Do these training programs work?”
will come from hearing aid and cochlear implant users.
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11Here we’re talking about auditory train-
ing, but I know you’re an electrophysiol-

ogist. So, I have to ask, can you use electro-
physiological measures to determine if hearing
aids alter the neural representation of sound?
Or to measure the effects of auditory training?
Okay, now we’re getting to the good stuff! As you might have
guessed, this is a question we’re working on, so I’ll share with you
what we know so far. Tempting as it is to start recording electro-
physiological measures after fitting a hearing aid, or before and
after training exercises, things are not that simple.

12What do you mean? 

Well, audiologists are trained to recognize how important their
choice of stimulus, rise-time, rate, and presentation level is when
they are recording auditory evoked potentials (e.g., the ABR).
This is because the physical characteristics of the stimulus greatly
affect the morphology (latency and amplitude) of the evoked
response. 

Now, think about hearing aids and cochlear implants. These
devices modify the physical characteristics of sound. Hearing
aids introduce noise, compress signals, and alter the frequency
content of the signal. So, when evoked potentials are recorded
using sound delivered through a hearing aid, the effects of the
hearing aid processing on the physical characteristics of the sound
likely affect the evoked neural response pattern. This interaction
might seem obvious, but you’d be surprised to discover how rarely
these issues are taken into consideration when you read publi-
cations. 

Here’s the take-home message: We know very little about how
signal processing (through a hearing aid or cochlear implant)
affects neural activity. Therefore, we need to be careful not to
assume that our interpretation of latency and amplitude patterns
recorded in aided and unaided conditions reflect similar neural
properties.

13I need more specifics. Let’s start with the
aided ABR. There is research on this topic,

right? 

Oh yes, research using aided ABR recordings can be found in the
literature.6-12 Unfortunately, however, recording aided ABRs
proved problematic for several reasons. First, because clicks or
tone-bursts are very brief, they do not activate the hearing aid cir-
cuitry in a way that longer-duration signals, such as naturally pro-
duced running speech, do. Also, brief stimuli are often distorted
by the hearing aid and introduce artifacts. Other confounding
variables include stimulus presentation rate and how compres-
sion characteristics of the hearing aid interact with the stimulus
onset.13

Another important point to keep in mind is that the delay
characteristics of the digital processor in digital hearing aids, often
referred to as “group delay,” will interfere with the onset response
of the ABR. This is further complicated by the fact that the delay
in digital hearing aids varies significantly across frequency and
among hearing instruments.14-16

14I know you’ve done a lot of work with
cortical auditory evoked potentials. Do

these concerns apply to cortical potentials as
well?  
Absolutely. In fact, they likely apply to all physiological measures
that are sensitive to the acoustic content of the signal. When sound
is processed through a hearing aid (or cochlear implant), the con-
tent of the signal is modified. To date, though, we know very lit-
tle about the effect of these acoustic modifications on the
physiological encoding of sound.

This point might also explain the inconsistency of the find-
ings in the limited number of studies that have recorded cortical
evoked potentials in hearing aid wearers.17-22 In most cases, the
functional status of the hearing aid, and circuitry information,
was not reported. 

15Does this mean we shouldn’t measure
the physiological responses of hearing

aid wearers? 

No. It just means we need to learn how hearing aid processing
interacts with the neural representation of sound. Whether you’re
estimating aided thresholds or assessing stimulation-related changes
in the brain following amplification or auditory training, when
sound is delivered through a hearing aid, the hearing aid itself
becomes a source of variables. 

16Do you have an example of what you
mean by that?  

Sure do. Let me tell you about a recent experiment we did. We
asked a very simple question: Does hearing aid amplification (pro-
viding approximately 20 dB of gain) affect the latencies and ampli-
tudes of P1-N1-P2 responses? 

Just as with ABR responses, we would expect P1-N1-P2 peak
latencies to become shorter in latency and larger in amplitude as
the intensity of the evoking stimulus increases. In this study, how-
ever, instead of increasing the intensity of the stimulus using the
evoked potential equipment, we used the hearing aid to provide
20 dB of gain. 

We presented a speech sound in soundfield at 64 dB SPL (a
level similar to conversational speech) and tested participants in
unaided and aided conditions. Remember, in theory, when sound
is amplified by a hearing aid (e.g., 20 dB), we would expect P1-
N1-P2 peak responses to be larger in amplitude (strength) and
shorter in latency (neural conduction travel-time) when com-
pared with unaided neural responses. This assumption is based
on decades of research on the P1-N1-P2 response demonstrat-
ing that increases in stimulus intensity, even as small as 2 to 3 dB,
result in shorter peak latencies and increased peak amplitudes.23,24

So, are you ready for the results? Despite 20 dB of gain pro-
vided by a hearing aid, we saw no significant differences in peak
latencies or amplitudes when comparing unaided and aided record-
ings.25,26

17That’s very strange! How do you explain
it?  
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I don’t know. It’s bizarre. Why wouldn’t 20 dB of gain affect peak
latencies and amplitudes? What I can tell you is that these results
show that the physiological encoding of sound deviates from our
textbook rules (which are based on unaided recordings) when
sound is delivered through a hearing aid. Presumably, the hear-
ing aid is introducing some type of effect.

18What type of effect?

A number of possibilities come to mind. We’re currently exam-
ining the effects of signal-to-noise ratios and compression on
evoked neural activity. As an example, because the stimulus input
level was 64 dB SPL and compression was activated at output
levels approximating 70 dB SPL, compression activation might
have altered the signal in a way that interfered with the physio-
logical detection of the 20-dB gain in intensity.

While some of these possibilities might be obvious to hearing
aid experts, they might not be to electrophysiologists, who are
often unfamiliar with hearing aid processing. So, the point I want
to emphasize here is this: When you’re recording evoked poten-
tials in response to sound that’s been processed by a hearing aid
(or cochlear implant), two specialty areas are being combined
(hearing aids and electrophysiology). 

It’s important to understand variables specific to each of these
fields, as well as potential interactions, if you want to understand
the aided evoked recordings. Without a detailed understanding
of amplification effects on neural encoding, conclusions about
brain plasticity related to hearing aid amplification might not be
valid. For example, individual evoked response patterns might
reflect differences among hearing aid processors rather than dif-
ferences in brain activity. Or, inadequate gains following audi-
tory training could be erroneously attributed to reduced plasticity
of the person’s auditory system when, in fact, the inadequate gains
were related to reduced audibility or distortion introduced by the
hearing aid.

19So what’s your advice to people inter-
ested in recording aided evoked poten-

tial measures?

I’m going to sound like a broken record, but I’d tell them to resist
the temptation to ignore the hearing aid and spend some time
figuring out what the device is doing to the signal. Whether you’re
interested in estimating aided thresholds or assessing stimulation-
related changes in the brain associated with amplification, when
sound is delivered through a hearing aid, the hearing aid itself
becomes a source of variables. We recently published separate arti-
cles that provide tips for quantifying the output of the hearing
aid27 and discuss how these measures can assist in interpreting
evoked cortical responses.28

20So now you have most of the answers,
right?

Ha, you’re funny. We’re just getting started!  
So here’s my plea to readers: Consider returning to school and

completing a research degree (a PhD)! We need more scientists

with clinical experience to take on issues like these and to re-ignite
the excitement of auditory rehabilitation. Whether or not evoked
potentials play a role in our quest to improve the communica-
tion abilities of hearing-impaired people, combining the exper-
tise of clinicians and scientists will undoubtedly translate into
new, and hopefully more effective, approaches to auditory reha-
bilitation.

ACKNOWLEDGMENTS
Thanks for this opportunity. Also, I would like to acknowledge the assistance of
Curtis Billings and Candace Kukino.

REFERENCES
1. Irvine DRF, Rajan R: Injury- and use-related plasticity in the primary sensory cortex of

adult mammals: Possible relationship to perceptual learning. Clin Exp Pharmacol Phys-
iol 1996;23:939-947.

2. Watson CS: Auditory perceptual learning and the cochlear implant. Am J Otol 1991;12
Suppl:73-79.

3. Robinson K, Summerfield AQ: Adult auditory learning and training. Ear Hear 1996;17:51S-
65S.

4. Sweetow R, Palmer CV: Efficacy of individual auditory training in adults: A systematic
review of the evidence. JAAA 2005;16:494-504.

5. Carhart R: Auditory Training. New York: Holt, Rinehart and Winston, 1960.
6. Beauchaine KA, Gorga MP, Reiland JK, Larson LL: Application of ABRs to the hearing-

aid selection process: Preliminary data. J Sp Hear Res 1986;29:120-128.
7. Kileny P: Auditory brainstem responses as indicators of hearing aid performance. Ann

Otol Rhinol Laryngol 1982;91:61-64.
8. Hecox KE: Role of auditory brain stem response in the selection of hearing aids. Ear Hear

1983;4:51-55.
9. Mahoney TM: Auditory brainstem response. Hearing aid applications. In Jacobson JT,

ed. The Auditory Brainstem Response. San Diego: College-Hill Press, 1985:349-370.
10. Wall LG, Dalebout SD, Davidson SA, Fox RA: Effect of hearing impairment on event-

related potentials for tone and speech distinctions. Folia Phoniatr 1991;43:265-274.
11. Kiessling J: Hearing aid selection by brainstem audiometry. Scand Audiol 1982;11:269-

275.
12. Gorga MP, Kaminski JR, Beauchaine KA, Jesteadt W: Auditory brainstem responses to

tone bursts in normally hearing subjects. J Sp Hear Res 1988;31:87-97.
13. Gorga MP, Beauchaine KA, Reiland JK: Comparison of onset and steady-state responses

of hearing aids: Implications for use of the auditory brainstem response in the selection
of hearing aids. J Sp Hear Res 1987;30:130-136.

14. Kates JM: Principles of digital dynamic-range compression. Trends Amplif 2005;9:45-
76.

15. Stone MA, Moore BC: Tolerable hearing aid delays. I. Estimation of limits imposed by
the auditory path alone using simulated hearing losses. Ear Hear 1999;20:182-192.

16. Dillon H, Keidser G, O’Brien A, Silberstein H: Sound quality comparisons of advanced
hearing aids. Hear J 2003;56:30-40.

17. Gatehouse S, Robinson K: Acclimatisation to monaural hearing aid fitting: Effects on
loudness functions and preliminary evidence for parallel electrophysiological and behav-
ioural effects. In Kollmeier B, ed. Psychoacoustics, Speech and Hearing Aids. Singapore:
World Scientific, 1996: 319-330.

18. Kurtzberg D: Cortical event-related potentials assessment of auditory system function.
Sem Hear 1989;10:252-261.

19. Rapin I, Graziani LJ: Auditory-evoked responses in normal, brain-damaged, and deaf
infants. Neurology 1967;17:881-894.

20. Sharma A, Martin K, Roland P, et al.: P1 latency as a biomarker for central auditory
development in children with hearing impairment. JAAA 2005;16:564-573.

21. Kraus N, McGee TJ: Mismatch negativity in the assessment of central auditory func-
tion. AJA 1994;July:39-51.

22. Korczak PA, Kurtzberg D, Stapells DR: Effects of sensorineural hearing loss and personal
hearing aids on cortical event-related potential and behavioral measures of speech-sound
processing. Ear Hear 2005;26:165-185.

23. Martin BA, Boothroyd A: Cortical, auditory, event-related potentials in response to peri-
odic and aperiodic stimuli with the same spectral envelope. Ear Hear 1999;20:33-44.

24. Rapin I, Schimmel H, Tourk LM, et al.: Evoked responses to clicks and tones of varying
intensity in waking adults. Electroencephalography Clin Neurophysiol 1966;21:335-344.

25. Billings C, Tremblay KL, Souza PE: Effects of amplification and stimulus intensity on
cortical auditory evoked potentials. Association for Research in Otolaryngology Mid-
winter Meeting. Baltimore, 2006.

26. Tremblay KL, Billings CJ, Friesen LM, Souza PE: Neural representation of amplified
speech sounds. Ear Hear 2006;27:93-103.

27. Souza PE, Tremblay KL: New perspectives on assessing amplification effects. Trends
Amplif 2006 (in press).

28. Tremblay K, Kalstein L, Billings C, Souza PE: The neural representation of consonant-
vowel transitions in adults who wear hearing aids. Trends Amplif 2006 (in press).




