Only about one in five people
who are potential users of
hearing aids choose to
purchase them, and of those
who actually do purchase
them, two in five report that
they are not satisfied with
their devices. What's going
on here? Part 1 of this 3-part
series examines four widely
held “myths” about hearing
aid design.The author
concludes that fidelity is one
of the most-overlooked
factors in the design of
hearing aids, and high-fidelity
hearing aids have the
potential to improve both
speech intelligibility and
satisfaction with the devices.
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Myths that Discourage Improvements
in Hearing Aid Design

Myths about fidelity and why we fail to persuade 80% of potential
consumers to purchase and use hearing aids

By Mead C. Killion, PhD

s the author approaches his 65th
Abirthday after 40 years in the hear-

ing industry, it seems like a good
time to reflect on where we are and spec-
ulate on how we got there here. The moti-
vation for these reflections comes partly
from three MarkeTrak studies* which
report:

1. 80% of those who admit they need
hearing aids don’t buy them;

2.40% of those who do buy hearing
aids do not place themselves in the
“satisfied” category;

3. Hearing in noise is the largest
improvement sought by those wear-
ing hearing aids, and

4. Improved sound quality is the sec-
ond largest improvement sought by
those wearing hearing aids.

Despite the importance of hearing in
noise, only 20% to 30% of dispensing pro-
fessionals obtain directional-microphone
hearing aids for their patients. In contrast,
most recommend the use of digital noise
reduction even though, to our knowledge,
no one has developed a digital noise reduc-
tion scheme that improves the ability to
understand speech in 83 dB SPL babble
(party) noise over and above the improved
audibility some signal processing gives
(improved audibility which could have
been achieved with an improved fitting in
the first place).

aids and amplification devices.
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Dreschler’s data* show that none of the
popular digital noise reduction hearing aids
he tested significantly improved speech
intelligibility in cocktail party noise or car
noise. This is not surprising, since one can
argue that it is theoretically impossible to
improve speech understanding in multi-
talker babble by “noise reduction circuits”
unless the noise reduction circuit can differ-
entiate between talkers, and decide which
talkers are noise and which talker is the
desired signal. To paraphrase Villchur,’ the
noise reduction circuit would need to iden-
tify each talker in order to avoid combining
syllables and words from one talker with
those from another.

Our experimental data on modern digi-
tal hearing aids recorded in an R-SPACE™
simulation® of a noisy restaurant showed
the same result: Our hearing-impaired sub-
jects obtained higher intelligibility in noise
with the original sound, only louder and
without distortion (the amplified sound
recorded from the open ear of the KEMAR®
manikin) than with any digital noise
reduction scheme (this is addressed in
depth with Figures 7 and 8).

Perhaps as a result of our failure to sig-
nificantly improve the hearing aid user’s
ability to hear in high-level noise, the actu-
al number of non-veterans with hearing
loss who are being served appears to have
declined in the last 10 years. Even when
increasing VA sales and binaural usage are
taken into account, new users as a percent
of sales have dropped from 53% in 1989 to
32% in 2000.> An increasing percentage of
those needing hearing aids don’t
come to us for help. And the per-
centage of satisfaction among those
who do purchase hearing aids has
not improved as we moved from
analog to digital, and as the average
selling price of hearing aids has
nearly doubled.!

On the surface, these results
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don’t make sense. Technology has provided
a dramatic increase in the theoretical capa-
bilities of hearing aids. While the experi-
ments described later in this article suggest
that some excellent hearing aid designs are
available today, it also appears that some
modern designs provide neither good
intelligibility in high-level noise nor excep-
tional sound quality.

These results would make sense, how-
ever, it four popular myths about hearing
aids and hearing-impaired listeners have
been influencing some hearing aid designs.

Four Popular Myths in

Hearing Aid Design

Myth 1. Normal-hearing engineers can-
not judge the fidelity of hearing
aids because they don’t have a
hearing loss.

Myth 2. Fidelity doesn’t matter to those
with hearing loss because they
can’t hear the difference anyway.

Myth 3. Intelligibility and fidelity are
antagonistic: good signal process-
ing for noise will necessarily sac-
rifice fidelity.

Myth 4. Good fidelity is impossible in
hearing aids because of transduc-
er limitations.

Do these myths matter? The myth that
a 5-6 kHz bandwidth is adequate for good
digital hearing aids appears to matter to
children, according to the findings of
Stelmachowicz et al.” Hearing-impaired
children tested on sibilants produced by a
female talker obtained a 39 percentage-
point increase in score when the band-
width was increased from the 6 kHz band-
width typical of modern digital hearing
aids to a 9 kHz bandwidth (Figure 1).

Experiments
Myths are usually based on one or more
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FIGURE 1. Effect of bandwidth on recognition of /s/
(adapted with permission from Stelmachowicz et al,
2001").
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experiences from the past. To find out if
any of these myths is relevant today, we
undertook a series of experiments involv-
ing both normal-hearing and hearing-
impaired subjects.

Subjects included more than 60 normal-
hearing audiologists (depending on the
experiment) and 27 hearing aid wearers: 16
with sloping loss and 11 with flat loss. Both
groups of hearing aid wearers participated in
the intelligibility-in-noise experiment. Only
the 16 sloping-loss subjects participated in
the listening-test experiments. These sub-
jects provided fidelity ratings, dollar-value
ratings, and intelligibility-in-noise measure-
ments. The mean and range of the audio-
grams of the hearing-impaired subjects are
shown in Figures 2 and 3.

Experiment 1: Fidelity ratings.
Hearing aid recordings were made through a
new high-fidelity experimental hearing aid
(with electronic damping, 16 kHz band-
width, and an undistorted input-SPL capa-
bility exceeding 110 dB) and 6 other digital
aids, and compared to the linear-aided open
ear of the KEMAR manikin. Digital hearing
aids involved in the study included products
from (in alphabetical order) Audina, GN
ReSound, Oticon, Phonak, Siemens, Starkey,
and Widex. (Author’s note: The humbers in the
graphs were assigned at random to these aids.)
All aids were programmed using their man-
ufacturer’ autofit option for a 40 dB flat loss,
and recordings were made on a KEMAR
manikin using a diffuse-field inverse filter.
Recordings were made in the acoustically
treated Etymotic Research Classroom or in
R-SPACE,® reproducing the spatially disperse
70 dBA SPL noise of Lou Malnatis busy
pizza restaurant in Elk Grove Village, I1L

The fidelity ratings were obtained from
A-B comparisons using live music. Two per-
forming groups were employed: A string
quartet and a piano trio. A string quartet
provides a complex sound that makes a lack
of frequency-response smoothness appar-
ent. In a piano trio, the bass produces ener-
gy down to 40 Hz, while the brush on cym-
bals produces energy up to 16 kHz. For
these experiments, the string quartet per-
formed the same excerpt of Bach’s
Brandenburg Concerto, No. 3 and Dvorak’s
Americana. The piano trio played the same
segment from Count Basie’s Lil Darling and
from Thelonious Monks Straight No Chaser.
The majority of the listening-test data were
obtained on the Brandenburg Concerto and
Lil Darling selections. Those data are report-
ed here. (Authors Note: The string quartet
was comprised of 3 Chicago Symphony
Orchestra (CSO) members (Joe Golan, princi-
pal second violin; Richard Ferrin, viola; and
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Loren Brown, cello) and 1 professional violin-
ist (David Preves) who had previously soloed
with the CSO. The jazz piano trio used in
these recordings was comprised of 3 well-
known Chicago-area jazz musicians: pianist
Frank Winkler, bassist Rob Kassinger;, and
drummer Jack Cohn.)

For the recorded comparisons used in
the listening tests, the first segment of music
(Segment A) was a recording from the open
ear of KEMAR, and the second segment
(Segment B) was recorded through one of
the hearing aids. As a check on the repeata-
bility of the musicians and ratings, a later
open-ear recording (Segment A') was includ-
ed in each set of the A-B comparisons as an
A-A' comparison.

The subjects were asked to rate on a 0%
to 100% scale the fidelity or similarity of
the sound between A and B, with these
instructions: “If you can hear no difference
between A and B, that is perfect fidelity and
you should write down 100%. If you can’t
imagine it would be possible to hear any
worse reproduction than what you hear in
B, write 0%. A score of 50% indicates ‘fair’.”
As an indication of the consistency of the
musicians and the reliability of the subject
ratings, the A-A' comparisons routinely
obtained average fidelity ratings in the 90%
range.

All recordings were obtained from the
diffuse-field-inverse filtered output of an
ER-11 microphone mounted in the right
ear of the KEMAR manikin. Additional
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FIGURE 2. Average and range of better-ear audio-
gram of 16 subjects with sloping hearing loss.
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FIGURE 3. Average and range of better-ear audio-
gram of 11 flat-loss subjects.
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details about such listening tests can be
found in Killion.®

Experiment 2: Dollar-value ratings.
Palmer et al introduced the use of dollar-
value ratings for hearing aid evaltation at a
time when there was a serious question
about whether anyone would be willing to
pay the $50 or more for a Class D amplifier.
In their study, subjects were told to assume
that they had a hearing loss and enough
money to buy hearing aids, that hearing aids
cost as much as $700, and to write down
after each example how much they would
be willing to pay for a hearing aid that
sounded like the one they had just heard.
Palmer et al.s results showed that each per-
centage quality point was worth $6.75 on
the average. Since there was often a 20-30
point improvement in judged quality for the
Class D receiver, it was clear that many sub-
jects would be willing to pay substantially
more for the improved quality.

For the fidelity-rating and dollar-rating
experiments in the present study, subject
groups were split in each session: One-half
of the subjects were asked to perform
fidelity ratings, and the other half were
asked to do dollar-value ratings using
essentially similar instructions to those
used by Palmer et al.,’ except that they
were told to assume that a “perfect” pair of
hearing aids costs $5000.

Experiment 3: Intelligibility in
Noise. In order to compare the effect of dig-
ital noise reduction with noise reduction
from a directional microphone, recordings
of each hearing aid were made in R-SPACE,
a horizontal array of 8 loudspeakers in an
acoustically treated room.® When pre-
recorded restaurant noise was reproduced at
its 78 dBA level, the subjective impression
when the listeners closed their eyes was that
they were sitting in Lou Malnati’s restaurant.
Compton' reported the validation of this
sound-field simulator, concluding that sub-
jects required nearly identical signal-to-
noise ratios (SNRs) for 50% correct per-
formance (SNR-50) in either the real or the
simulated environment.

A recording of the female talker used in
the QuickSIN test' was time-locked with
the noise and presented from a position in
front of the KEMAR manikin at decreasing
SNRs, so that the QuickSIN scoring method
could be used to obtain SNR-50 for each
subject listening to each hearing aid.

Results and Discussion

First, it is interesting to note that the
fidelity ratings can be nicely predicted by a
25-band Accuracy Score based on the
1979 Consumers Union procedure using
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Stevens Mark VI loudness values to weight
the importance of defects in the frequency
response.® The only important exception
was Hearing Aid #7, which had prominent
AGC distortion in addition to a rough fre-
quency response.

Using the data from these experiments,
we can evaluate and place the myths into
context:

MYTH 1: Normal-hearing persons
cannot judge the fidelity of hearing
aids because they don't have a hear-
ing loss. The data in Figure 5, averaged
over the string-quartet and piano-trio
fidelity ratings, indicate that normal-hear-
ing subjects give fidelity ratings that are
almost the same as those of hearing-
impaired subjects.
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FIGURE 4. Normal-subject fidelity ratings on Bach's
Brandenburg Concerto No. 3 vs. calculated 25-band
response-accuracy score. Randomly assigned num-
bers designate hearing aids tested.
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FIGURE 5. Fidelity ratings: Hearing-impaired vs. nor-
mal-hearing subjects. Average of string quartet and
piano trio ratings.

¢ $10,000

= ' MAXIMUM BINAURAL PRIGE = $5000

&

[+ 4

] !

= ngidell I
8 -g%

] »

8 $1,000 .

@

a 4

a

<

&

H 7

o

4

x o

8 s1004

% $100 $1,000 $10,000

NORMAL-HEARING-S UBJECT DOLLAR RATING

FIGURE 6. Dollar-value ratings: Hearing-impaired vs.
normal-hearing subjects. Average of string quartet
and piano trio ratings.

JANUARY 2004

MYTH 2: Sound quality doesn't
matter to those with hearing loss
because they cant hear the differ-
ence. On the contrary, the results shown
in Figure 6, averaged over the string-quar-
tet and piano-trio dollar-value ratings,
indicate that good fidelity means even more
to hearing-impaired subjects than to nor-
mal-hearing subjects (and they can cer-
tainly hear the difference).

Indeed, when one of the low-valued
aids was presented, one subject jumped up
out of her chair and said, “I wouldn't pay
anything for a hearing aid that sounded
like that!” By their dollar-value ratings,
hearing-impaired subjects say they would
be willing to pay $30 to $50 per percentage
point of fidelity increase. They downgrad-
ed the value of some low-fidelity digital
hearing aids by $1000 to $2000.

MYTH 3: Sound quality must be
sacrificed to obtain good intelligibility
in noise. Myth 3 is not supported by the
results shown in Figures 7 and 8, which
indicate that just the opposite is true: For
both our flat-loss and sloping-loss subjects,
good intelligibility in noise depended on the
highest fidelity. The higher the fidelity, the
higher the intelligibility in noise. Over the
years, notable researchers and clinicians
such as J. Donald Harris, Edith Corliss &
Ed Burnett, Jim Miller & Art Niemoeller,
and Tom Tillman & Wayne Olsen have all
suggested that the best intelligibility would
be achieved with the highest fidelity*

Judging from the data shown here, it
appears they were right. The explanation
that poor sound quality in hearing aids
naturally results from the processing
required by the user’s hearing loss contains
a serious error in fact.

MYTH 4: Good fidelity is impossi-
ble in hearing aids because of trans-
ducer limitations. High-fidelity hearing-
aid electret microphones with 16 kHz
bandwidth have been frequently used in
broadcast and recording studios since the
1970s. Hearing aid receivers have been
used in earphones with 16 kHz bandwidth
for research since 1984 and stereo ear-
phones for audiophiles since 1991. The lat-
ter have obtained the highest ratings in
stereo magazines in the US (Figure 9).

More On Fidelity

The experimental hearing aid (now des-
ignated the Digi-K™) discussed in this arti-
cle uses bandwidth extension and response
smoothing, and is designed to produce high
accuracy and fidelity ratings. A series of
“biquad” filters is available in the Gennum
Paragon series of digital circuits. By judi-
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FIGURE 7. Intelligibility in

vs fidelity: 11 flat-loss hearing-impaired subjects. The

best intelligibility in nois

from the amplified open ear.

cious use of these filters, numerical overload
and loopback distortion can be avoided,

allowing hearing aids

110 dB input SPL capabilities without audi-
ble distortion. Experience teaches which fil-
ters have which limitations.

One of the limitations to the earlier K-
AMP design was that the acoustic damping

elements necessary to

cy response had a tendency to become

clogged on a regular

The first attempts to eliminate the dampers
through electronic damping used program-

mable analog filters.!
multiple digital filters
the programmability
digital

hearing aid

70 dBA restaurant noise  FIGURE 8. Intelligibility in 70 dBA restaurant noise
vs fidelity: 16 sloping-loss hearing-impaired sub-
jects. The best intelligibility in noise (lowest SNR-50)

came from the amplified open ear.

e (lowest SNR-50) came

cients required to smooth the frequency
response and to add the appropriate COR-
FIG (COupler Response for Flat Insertion
Gain) response.'* The result for a BTE
hearing aid is shown in the curve labeled
“Equalized” in Figure 10. The process is
simpler with ITE, ITC, and CIC hearing
aids because the shorter receiver tubing
means fewer peaks need to be smoothed.
Before submitting the experimental
hearing aid to the formal listening test
experiments, informal listening tests simi-
lar to those used in the K-AMP develop-
ment were used.” No audible distortion
was detected by the author upon intense
violin playing (including high double

to be produced with

smooth the frequen-
basis in some ears.
2 The availability of

in conjunction with
already present in a

meant that electronic
could be

damping
incorporated  into
the hearing aid with-
out requiring a sepa-
rate programmable
circuit.”

Figure 10 shows
the undamped and
the smoothed
response of an
experimental BTE
hearing aid with 16
kHz bandwidth,
developed in
response to the data
obtained by
Stelmachowicz et
al.” A ‘branchless
Zwislocki coupler in
a hearing aid test-
box allows the fre-
quency response of
a hearing aid to be
read by a computer
out to 16 kHz.
Associated software
calculates the
biquad filter coeffi-
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FIGURE 9. Reviews of high-fidelity in-the-ear earphones that use hearing aid
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FIGURE 10. Electronic damping applied to a BTE hearing aid. The black line shows
the undamped condition, the blue line shows the CORFIG response target, and the
red line shows the equalized condition.
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stops), directing a choir, singing, or playing
a large grand piano as intensely as possible.
The prototype 16 kHz BTE aids passed the
same tests. It is the author’s observation
that, even without such activities, high-
level signals are now commonplace. The
writer and friends recently went to a popu-
lar Italian restaurant in Minneapolis, where
the background levels ranged between 85
dBA and 95 dBA; it was necessary to talk
over those levels to be heard. Chicago area
blues bars can run a steady 105 dBA-110
dBA. Even the Chicago Symphony
Orchestra can produce 103 dBA-105 dBA as
far back as the seventh row balcony during
the finale of some boisterous pieces.

In a previous paper,” the author argued
that, in many cases (eg, where no gain is
required for loud sounds), the ideal hearing
aid should “do absolutely nothing most of
the time,” providing acoustically transpar-
ent amplification for intense sound and
appropriate gain and frequency-response
shaping for quiet sounds. Does the idea of
rejecting these myths and creating a high-
fidelity hearing aid that doesn’t do anything
except make sounds audible and attempt to
place them in their normal place on the
loudness scale (as Villchur® suggested in
1973) work in practice? Our experience
suggests that it does.

Conclusions

1. Fidelity promotes intelligibility. In fact,
improving fidelity appears to be the
only way to increase intelligibility.

2. Hearing-impaired subjects judge
fidelity surprisingly similar to nor-
mal-hearing subjects.

3. These 4 myths have been standing
in our way. b
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