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ABSTRACT

The Receiver-In-Ear style of hearing aids has over-
taken the hearing aid market. Data from the US in
2019 indicated that almost 79% of the hearing aids
dispensed were of this style. The popularity of the RIE
makes sense. It is robust, comfortable, discreet to
wear, and can offer the most comprehensive collec-
tion of features. A significant drawback of the RIE is
that the microphones are in an unnatural location to
deliver sound to the individual ear. While artificial pin-
na compensation algorithms mitigate this drawback
to some degree, the most natural sound reaches the
ear in the organic way nature intended — it is collect-
ed by the pinna. As yet another example of how the
Beltone philosophy inspires innovations that mimic and
preserve natural hearing processes, the Beltone
Imagine™ RIE hearing aid can be fit with the M&RIE
(Microphone & Receiver-In-Ear). This innovative receiv-
er module places a microphone in the user’s ear canal
so that sound can be naturally shaped by the individu-
al's unique anatomy, giving users all the benefits of the
RIE style with the most natural sound quality.

In 2019, Receiver-in-Ear (RIE) made up 78.9% of the
hearing aids dispensed in the US.? There are good rea-
sons for the popularity of the RIE style. Hearing Care
Professionals (HCPs) can have them on hand to demo
or even fit them instantly with a stock dome, the style
is comfortable to wear and virtually invisible on most
ears, and the RIE often will have the best complement
of noise management and wireless connectivity fea-
tures compared to other hearing aid styles. Wireless
connectivity will, in addition, probably be more robust
and reliable than what is typical of custom hearing aids.
Finally, there is evidence that users are happier overall
with the RIE style, which is a good reason to continue
to fit them. MarkeTrak 10 reported a satisfaction rate of
84% with hearing aids that sit Behind-The-Ear (most of
which would be RIE) versus 79% with custom hearing
aids.®

Are there issues with RIE?

Despite its many advantages, some users may find
sound quality with the RIE style to be unnatural, dif-
ficult to adjust to, and in the worst case perhaps even
detrimental to their listening goals. A fundamental dis-

advantage of the RIE design is that the microphones
which pick up the sound are located above or even be-
hind the outer ear. This is not an advantageous location
for sound quality, as it is not where sound naturally is
picked up and channeled to the eardrum. The brain of
an individual person expects to receive sound that has
been shaped by the body, head and ear anatomy of
that person. Hearing sound through a hearing aid that
collects the sound in the wrong anatomical position
could potentially interfere with natural hearing process-
es in the brain, perhaps working against the positive ef-
fects of making inaudible sounds audible. This is espe-
cially true for those with milder hearing losses because
when people in this severity group are driven to seek
help, it is due to difficulties hearing in noise rather than
lack of audibility of everyday speech and sounds. They
will most often report hearing well in many of their daily
life situations. This means that their minimum expecta-
tions to hearing help would be 1) to help them hear in
noise, and 2) to not degrade their hearing in any other
ways. RIE hearing aids with their microphone position
above the ears can go some way toward meeting the
first expectation but may not fulfill the second as well
as they could.

Advantages of the microphone

in the ear

With the introduction of In-The-Ear (ITE) hearing aids
decades ago, considerable research effort was spent
on documenting the relative advantages of hearing aid
microphone placement within the ear. It was reported
that microphone placement within the pinna was su-
perior to Behind-The-Ear (BTE) microphone placement
from an acoustic perspective,*® and that it provided
better speech recognition in noise,®® as well as better
ability to localize sound sources.® More recent investi-
gations corroborate these findings and have added to
them by examining advantages in other ways.

Cubick et al'® demonstrated how spatial hearing abili-
ties and speech recognition performance decreased
when people listened through hearing aids that have
unnatural microphone location above the ear. In their
experiment, listeners with normal hearing thresholds
were provided with high quality linear amplification to
isolate the effects of the microphone location rather
than sound processing. They suggested that the de-
grading effects on speech recognition in the presence



of competing sounds that they observed in listeners
with good hearing could have consequences for hear-
ing aid users’ ability to segregate different sounds, in-
cluding multiple talkers. In other words, the very prob-
lem that might drive people with mild hearing loss to
try hearing aids — hearing difficulties in situations with
competing sounds — could potentially be made even
worse due to microphone location.

Is spatial hearing important for people with hearing
loss? Most, including both hearing aid users and non-
users, do not explicitly express their difficulties or wish-
es in terms of perceiving sounds in space. For exam-
ple, a person might say that they struggle to follow the
conversation at a family gathering. But what they prob-
ably do not recognize is the role that spatial hearing
plays in their ability to segregate the stream of sounds
picked up by the ears to form an auditory scene and
function efficiently within that scene. Byrne & Noble™
discussed the significance of localization to hearing in
real world situations, pointing out that it is such a natu-
ral part of living that it is taken for granted. It is now rec-
ognized that in real life, listeners must “locate, identify,
attend to, and switch attention between signals so as
to maintain communicative competence and a sense
of connection with their surroundings”.'? #% Results
from MarkeTrak 10 do support that spatial hearing is
a contributor to overall satisfaction with hearing aids.
The strongest factor driving satisfaction was found to
be “Hearing aid performance and sound” and a con-
tributor to this factor was “Ability to tell direction” of
sound.™ A growing body of research is concerned with
how localization cues interact with hearing in dynamic
situations, and what technical aspects of hearing aids
may support or work against spatial hearing ability.

As previously mentioned, it is well-established that a
microphone location within the pinna is better than
above it in terms of preserving the spectral filtering of
the sound done by the pinna and this has been con-
firmed by more recent research as well.'#¢ |t has also
been shown that commercially available hearing aids
in their default programs introduce spatial cue distor-
tions due to both microphone location as well as sound
processing features, such as adaptive directionality.’”18

To compensate for possible degrading effects on lo-
calization and sound quality, hearing aid manufacturers
may use a pinna compensation algorithm to make up

for the disadvantageous microphone location above
the ear. This type of processing uses the hearing aid’s
two-microphone system to create spatial directivity
patterns that resemble those of an average ear on an
average head and torso. Improved front-back localiza-
tion has been reported with pinna compensation algo-
rithms. 92" While, this is good news for RIE users, pinna
compensation algorithms nonetheless have two weak-
nesses. One is that, as mentioned, they are made for
an average ear and tuned to work on an anthropomor-
phic mannikin. Not only will the benefit vary along with
the large amount of individual variation in ear character-
istics, it has also been shown that mannikins are poor
stand-ins for humans when metrics for localization are
considered.®

Another issue with pinna compensation algorithms is
that they cannot account for sound coming from all
azimuths and elevations. They are tuned to work for
sound coming from in front on the horizontal plane.
In this way, they are unlike the human ear, which will
shape the incoming sound uniquely as it arrives from
anywhere in the surrounding space. The importance
of this in terms of monaural spectral cues is obvious,
but the location of sound pickup also has a dramatic
effect on the binaural interaural level difference (ILD)
cues. Udesen et al'* measured ILD at various loca-
tions around the pinna and showed up to a 30 dB error
depending on location. Along with the fact that pinna
compensation is not individualized, perhaps this is a
contributing factor to the conclusion of a meta-analysis
study that pinna compensation may be less helpful in
the real-world than in laboratory settings.?

A hearing aid solution that

preserves spatial hearing cues

The Beltone philosophy looks to nature to inspire in-
novations in hearing aids. With Beltone Imagine, we
leverage nature by taking advantage of the individual
wearer’s ears to personalize the sound in a way no oth-
er technology can. The new M&RIE solution combines
all the advantages of the RIE style with a microphone
in the ear canal to deliver sound to each user’s ear us-
ing their own unique ear anatomy. A microphone pack-
aged in the tiny receiver module allows the sound to be
picked up within the entrance to the user’s ear canal,
processed in the over-the-ear device and delivered by
the receiver inside the ear canal. Microphones on the



device mean that M&RIE can be combined with direc-
tional technology when additional boost in signal-to-
noise ratio (SNR) is desirable. M&RIE allows users full
benefit of binaural processing by the brain. When the
spatially encoded information is presented to the brain
in the format it expects, the benefits include better
SNR, better estimation of direction of arrival of sound,
better depth and distance perception, and synergy
between the visual and auditory systems. All of this
contributes to the most natural listening experience.

Evidence supporting M&RIE

Technical measurements of M&RIE show that the filter-
ing properties with its in-ear location are almost identi-
cal to the open ear. Figure 1 illustrates how M&RIE is
situated on the ear with the yellow dots representing
the microphone locations. In addition to the two micro-
phones in the device above the ear, this solution has a
microphone on the outside-facing part of the receiver
module inside the ear canal. The three-dimensional
plots show the intensity of different frequency sounds
presented at angles from O to 360 degrees for an open
ear, M&RIE and the pinna compensation algorithm us-
ing the microphones on top of the ear. While the pinna
compensation algorithm roughly approximates the
results with the open ear, the M&RIE preserves them
very precisely.
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Figure 1. The M&RIE receiver module contains both a microphone and a
receiver. The 3-dimensional plots show the intensity measured in the ear
canal per frequency and angle of presentation for the open ear, a pinna
compensation algorithm, and the M&RIE. Blue colors indicate less intensity,
and red colors indicate greater intensity. With the M&RIE microphone loca-
tion, the spectral filtering of the head and outer ear are nearly identical to

that of the open ear canal. The pinna compensation algorithm using the two
microphones above the ear is a good approximation, but is based on aver-
age data.

It is of course of even greater interest whether the
M&RIE microphone location brings perceptual ben-
efits that match the acoustic measurements. One
way to get an impression of how spatial hearing may
be affected is via a localization task. As mentioned,
improvements in front-back localization have been
reported for pinna compensation algorithms relative to
omnidirectional microphones. To validate the benefit
of localization with M&RIE compared to omnidirec-
tionality and pinna compensation, an internal test
was conducted including five adults with hearing
thresholds within normal limits and 10 adults with
audiograms similar to the standard N1, N2 and N3
audiograms.?®

The listeners were seated in an array of 12 loudspeak-
ers spaced 30 degrees apart and adjusted such that
the participants’ ears were on the same horizontal
plane as the center of the speakers. Participants were
encouraged to keep their heads stationary through-
out the experiment. Signals were presented randomly
from the speakers and each angle was tested 4 times,
with a total of 48 signal presentations. The task was
to identify the speaker where the signal originated, by
naming the speaker number. Participants had a sketch
of the speaker set-up on a piece of paper to help them.
This test was repeated twice.

Results with five listeners with normal hearing thresh-
olds represent the potential of the M&RIE solution. As
can be seen in Figure 2, these listeners showed dra-
matic benefit of the pinna compensation both in front-
back and overall localization. These listeners made
29% fewer front-back confusions on average with
M&RIE than with omnidirectional. They made 17%
fewer overall localization errors with M&RIE than with
omnidirectional. They furthermore showed equally as
much benefit for M&RIE relative to pinna compensa-
tion, illustrating the importance of one’s unique ear
characteristics in localization. As expected, the ten lis-
teners with hearing loss performed worse than those
with normal hearing on all the localization tasks regard-
less of the condition. It is well-established that people
with hearing loss show degraded performance in this
area, and that they are less sensitive to acoustic effects
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due to microphone location.?*2® Although less dramatic
than for the listeners with normal hearing, the listeners
with mild hearing loss in the internal study did show
benefit on average with both pinna compensation and
M&RIE, although only results with M&RIE were signifi-
cantly better. On average, front-back localization errors
decreased by 10%, and overall localization errors by
9% relative to the omnidirectional condition. Notably,
there was quite a lot of individual variation. This sug-
gests that some individuals can better take advantage
of the preserved localization cues than others despite
similar hearing sensitivity.
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Figure 2. The top panel shows the percentage of errors on a front-back
localization task while the lower panel shows percentage of errors for overall
localization. Errors in localization decreased for both listeners with normal
hearing and listeners with mild hearing loss with pinna compensation com-
pared to omnidirectionality. Further benefit was shown with M&RIE.

Good spatial hearing is a contributor to our sense of
naturalness of sound. It is part of what helps us per-
ceive sounds as occurring outside the head, in space.
It is therefore of interest also to ask listeners about their
sound quality preferences as a function of microphone
location. As an extension of the internal listening test,
participants were given the opportunity to evaluate the
three microphone conditions on a walk outdoors and
in a crowded lunchroom. The hearing aids were pro-
grammed with omnidirectionality, pinna compensation

and M&RIE in random order and both the participant
and investigator were blinded to the conditions. Partici-
pants were asked to indicate a preference in terms of
naturalness of the sound. Of the listeners with normal
hearing, three of five preferred M&RIE, one preferred
pinna compensation, and one preferred omnidirec-
tional. Of the listeners with hearing loss, nine preferred
M&RIE and only one preferred omnidirectional.

A more structured way to evaluate sound quality in
hearing aids has been developed by Legarth et al*®
based on a MUSHRA approach.?”28 Advantages of this
method are that it is double-blinded, reliable and can
overcome limitations of auditory memory. It has fre-
quently been used to quantify both overall sound qual-
ity preferences as well as dimensions of sound qual-
ity in hearing aids. Participants listen to sound stimuli
over headphones and rate them relative to high and
low anchors. This method was also used to evaluate
sound quality for the M&RIE concept relative to pinna
compensation.

In order to evaluate sound quality resultant from mi-
crophone location, it is necessary for individuals to be
able to evaluate the sound as it would be shaped by
their unique anatomy as it arrives at the microphone. To
make this possible for headphone listening, the sound
stimuli for each listening condition needed to be modi-
fied according to a set of data derived from measure-
ments of how sound presented from varying distances
and directions was filtered by their anatomical features.
Therefore, a set of filters for five listeners’ right and left
ears was determined for M&RIE microphone placement
and for RIE microphone placement above the pinna,
and then placed in the signal path between the sound
stimuli and the headphones along with a correction for
the headphone response. The result is a true reproduc-
tion of the naturally occurring sound pressures in their
ears for each condition.

For the listening test, the five normal-hearing partici-
pants evaluated overall sound quality and spatial sound
quality. For overall sound quality, they were to listen
for clarity, timbre and naturalness. For spatial sound
quality, they were to listen for ability to localize sounds,
definition of sound, and spaciousness or sense of the
room. The stimuli were created with a simulation tool?®
and included an office scene, a cafeteria scene and
jazz music.
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Results showed that the average overall quality rating
and the average overall spatial quality rating for M&RIE
was twice as high as for pinna compensation. What
is most striking is the lack of variability in the M&RIE
rankings versus the pinna compensation. For both the
overall and spatial sound quality, the ratings of pinna
compensation for individuals range from poor to nearly
as good as M&RIE. This is an expected finding be-
cause the pinna compensation is based on an average
adult. For people who have very different anatomical
characteristics than this average, the sound delivered
via pinna compensation will be less natural and of infe-
rior quality to that picked up at the M&RIE microphone
location. For those who have similar characteristics to
the average, the sound via pinna compensation will be
of quite good quality.
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Figure 3. Individual ratings of overall sound quality and spatial sound quality
for the M&RIE and pinna compensation. “X” shows the mean rating for each
condition. Consistent high ratings with a small distribution were observed
for the M&RIE. More variation in the results with pinna compensation reflect
the variation of individual differences in how sound is filtered by the listener’s
individual anatomy.

Can listening comfort be

affected by microphone location?

A practical issue for hearing aid users is wind noise.
Wind noise is an annoyance that occurs when hearing
aids are exposed to wind and other air flows as users
go about their daily activities. Such air flows can be
generated by something as everyday as walking. Us-
ers are regularly exposed to greater wind noise annoy-
ance as they engage in outdoor activities. Wind noise
is caused by turbulent flow of air at the microphone
ports, that is picked up by the microphones and ampli-
fied. It is worst for microphone locations that are close
to obstructions that cause the turbulent airflow — like
the pinna. Therefore, microphone location on top of or
behind the pinna have the worst microphone place-
ment in terms of wind noise. Even for the smaller RIE
style that is better concealed by the pinna, this micro-
phone placement is disadvantageous.*® Hearing aid
manufacturers have developed signal processing algo-
rithms that can identify wind noise and reduce gain,
but in terms of sound quality and maintaining audibility,
this is vastly inferior to not having wind noise enter the
hearing aid in the first place. Hearing aid microphone
placement within the ear canal has been shown to dra-
matically reduce wind noise depending on orientation
to the air flow.®!

Wind tunnel measurements comparing M&RIE to on-
the-device microphone location are in agreement with
other studies and confirm how the advantages of
M&RIE extend to reduction of wind noise. A M&RIE re-
ceiver was attached to an RIE hearing aid and mounted
on a KEMAR. Measurements of the output of all three
microphones (the two microphones on the hearing aid
located above the ear and the M&RIE in the ear canal)
were taken at varying angles of incidence of wind at
speeds of 2 m/s, 4 m/s and 8 m/s. Figure 4 shows the
average reduction in wind noise across all angles for
the M&RIE microphone location versus the front micro-
phone location. The results compared to the rear mi-
crophone location on the hearing aid were similar. Wind
noise was reduced by 14 to 19 dB with the M&RIE. At
5 m/s, which corresponds to a fresh breeze that could
make small trees sway, the reduction in wind noise lev-
el with M&RIE compared to omnidirectional was 15 dB.
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Figure 4. Reduction in wind noise with M&RIE compared to omnidirectional
microphone on the RIE at different wind speeds.

How does M&RIE fit in to

Beltone Imagine?

Because microphone placement within the ear canal is
the most natural position to collect sound, any hearing
aid user can potentially benefit. As a reflection of this,
the fitting range for the M&RIE solution is quite broad.
It should be noted that people with mild-to-moderate
hearing loss will derive the greatest benefit from ac-
cess to the preserved high frequency spatial hearing
cues. Vital spectral information for resolving front-back
confusions as well as localization of sounds vertically is
encoded in frequencies above 5000 Hz.%? The Beltone
Imagine fit with the M&RIE shines with its extended high
frequency bandwidth and ability to make these impor-
tant cues available to the many users with milder hear-
ing losses. Because the auditory system can adapt to
some extent in localizing sound sources as a function
of different hearing aid microphone location,®3# fitting
new users with the M&RIE is likely to give them the
most natural-sounding introduction to amplification be-
cause it will immediately bring them closer to “hearing
with their own ears”.

All listeners, regardless of hearing status, intuitively ap-
ply different listening strategies based on the interac-
tion of their listening intent and the acoustic environ-
ment. In some situations, natural sound quality and
reliance on spatial hearing cues to segregate sounds
in the environment are most important. In others where
there is more interfering noise, enhancement of SNR
gains importance in fulfilling listening goals. Crosslink
Directionality 3 is the evidence-based binaural hear-
ing strategy that Beltone applies to support and lever-
age binaural hearing processes in the brain.®® Within

this strategy, people who are fit with the M&RIE will
have the microphone in the ear canal active when they
are in quiet, speech only, and relatively uncomplicated
listening environments with limited interfering noise. In
other environments, the strategy switches to use the
microphones on the Beltone Imagine devices to en-
hance SNR while maintaining access to surrounding
sounds. M&RIE can also be activated in dedicated lis-
tening programs. For example, due to the significant
protection against wind noise and the superior natural
sound quality, M&RIE is selected as default in the Out-
door program.



Summary

Many current and potential hearing aid users may be
sensitive to degrading effects on localization and sound
quality of the microphone location on the RIE style
hearing aids which they are most likely to be fit with.
A new fitting option for RIE is introduced with
Beltone Imagine to solve this issue. The M&RIE encas-
es both a receiver and microphone in the module which
inserts into the user’s ear canal. By picking up the sound
in the ear canal, the unique sound filtering properties
of the user’s own anatomy are preserved, allowing the
brain to receive the sound as nature intended. Benefits
of M&RIE include better localization and spatial hear-
ing and sound quality, even compared to pinna com-
pensation algorithms. M&RIE is merged into Crosslink
Directionality 3, the newest version of the Beltone bin-
aural strategy for optimizing microphone settings ac-
cording to the listening environment. M&RIE can also
be selected for use in customized listening programs in
Beltone Imagine.
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