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Aversiveness of loud sounds is a frequent complaint by hearing-aid users,
especially when fitted bilaterally. This study investigates whether loudness
summation can be held responsible for this finding. Two aspects of loudness
summation should be taken into account: spectral loudness summation for
broadband signals and binaural loudness summation for signals that are
presented binaurally. In this study different aspects were investigated: (1) the
effect of different symmetrical hearing losses according to the classification
of Bisgaard ef al. (2010): N2, N3, N4, S2, and S3, and (2) the effect of spectral
shape of broadband signals, by using high frequency noise and low frequency
noise. For the measurements we used a well-standardized technique
“Adaptive Categorical Loudness Scaling” (ACALOS). Also loudness
matching was applied as a potentially clinical technique to get information
about the individual loudness perception. Results show large individual
differences in binaural loudness perception especially for broadband stimuli.

INTRODUCTION

Nowadays, the majority of listeners with hearing loss are fitted bilaterally. The use of
two hearing aids increased over the last decades and reached values of about 75% in
the US (Kochkin, 2009) and about 70% in Europe (see www.ehima.com). Bilaterally
fitted hearing aids have been shown to improve speech intelligibility both in quiet and
in noise and to improve localization (Boymans et al., 2008; 2009). However, with
respect to aversiveness of loud sounds bilateral fittings typically have poorer scores
than unilateral fittings (Boymans et al., 2009). Loudness complaints remain a major
reason for revisiting the hearing aid dispenser (Jenstad et al., 2003) and averseness of
loud sounds is one of the main reasons to be dissatisfied with a hearing aid fitting
(Hickson et al., 2010).

It is generally accepted that hearing aid rehabilitation involves successive steps, starting
with a first-fit based on a prescriptive formula, followed by individual fine tuning based
on subjective responses and/or technical measurements using in-situ responses.
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Over the years a number of prescriptive formulas have been developed. The linear
prescriptive formulas (e.g., NAL-R) have been replaced by non-linear prescriptions
as NAL-NL2 (Dillon, 2012), taking into account that the amount of gain required is
not only frequency dependent, but also level dependent.

Nonlinear fitting formulas show some relationship with the loudness growth at
different frequencies. The level of detail of knowledge about loudness perception
required for an effective first-fit setting is still in debate. But the dynamic range as the
frequency-dependent range between the individual thresholds and the levels of
uncomfortable loudness is generally accepted and applied in different forms in
nonlinear prescriptive formulas.

Due to the fact that the hearing loss is often strongly frequency-dependent, loudness
growth is usually measured with narrow-band signals. Loudness curves measured in
individual hearing-impaired subjects can be compared with loudness curves of
normal-hearing listeners and thus transferred into level-dependent gain prescriptions
for hearing aid amplification settings to normalize loudness (Herzke and Hohmann,
2005).

However, in this approach, two aspects of loudness perception are not taken into
account: spectral loudness summation (in case of the presentation of broadband
signals instead of narrow-band signals) and binaural loudness summation (in case of
bilateral presentation instead of unilateral). This includes also the binaural loudness
perception of broadband signals which can be referred to as binaural spectral loudness
summation. This combined effect has to be considered because typically two hearing
aids are worn and they will typically process broadband signals as speech or
environmental sounds.

These three types of loudness summation may require individual corrections. Recent
data of hearing-impaired listeners (Oetting et al., 2016) showed large individual
differences in spectral loudness summation and binaural loudness summation after
careful narrowband loudness normalization. Some of the listeners showed loudness
perception for binaural broadband signals that was fully in agreement with normal-
hearing reference data whereas others showed a higher-than-normal loudness
sensitivity of up to 30 dB SPL for the binaurally presented broad-band signals. Given
the magnitude of the inter-individual differences found, it can be assumed that these
findings are relevant for loudness adjustments during bilateral hearing aid fittings.

In this study we measured spectral and binaural loudness summation as well as the
combination, binaural spectral loudness summation. Listeners with different
audiometric shapes were tested to investigate if the shape of the audiogram could
explain the individual differences.

METHODS

Subjects

The inclusion criteria were: Age above 18 years; Native speaker of Dutch.
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From the clinical files we selected subjects with mild to moderate symmetrical hearing
losses (differences between both ears at 0.5, 1, 2 and 4 kHz < 10dB) and their pure-
tone audiograms were classified according to Bisgaard et al. (2010). Twelve women
and 10 men participated with an average age of 70 years. The classifications of the
audiograms of the 44 ears included can be seen in Fig. 1.
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Fig. 1: Standard audiograms according to Bisgaard et al. (2010). There are 1,
11, 18, and 6 ears in the categories N1 to N4, and 6 and 2 ears in categories
S2 and S3, respectively.

Equipment

All measurements were conducted in a sound-insulated booth in two sessions of about
2 hours each. Pure-tone audiograms (air and bone conduction) were measured with
DECOS audiometers, using TDH39 headphones. Sennheiser HDA 200 headphones
were used for the loudness scaling and the loudness matching. Both procedures were
conducted using the framework for psychoacoustic experiments (Ewert, 2013).
Signals were presented using a RME Fireface UC at 44.1 kHz. Headphones were
calibrated using a Briiel & Kjer artificial ear type 4153, a 0.5-inch microphone type
4134, a microphone preamplifier type 2669, and a measuring amplifier type 2610.
Headphones were free-field equalized according to ISO 389 (2004) and levels are
expressed as the equivalent free-field level in dB SPL(FF).

Stimuli

All stimuli were 1-s noises with 50-ms rise and fall ramps. For the narrow-band
signals one-third octave low-noise noises (LNN; Kohlrausch et al., 1997) were used.
The narrow-band stimuli had center frequencies of 250, 500, 1000, 2000, 4000, and
6000 Hz. The stimuli to assess loudness summation effects consisted of uniformly
exciting noise (UEN, Fastl and Zwicker, 2007) with bandwidths of 1, 5, and 17 Barks,
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referred to as UEN1 (bandwidth: 210 Hz), UENS (1080 Hz) and UEN17 (5100 Hz),
respectively. The UEN noises were centered at 10.5 Bark (1370 Hz).

In addition to the UEN noises a speech shaped noise referred to as IFnoise
(international female noise) was included in the test battery. The IFnoise was
generated to match the spectral shape as the long-term average speech spectrum for
females (Byrne et al., 1994).

Loudness Scaling Procedure

After the inclusion criteria were checked, categorical loudness scaling using
ACALOS was performed to measure the individual loudness perception. During the
ACALOS procedure listeners had to rate the perceived loudness on an 11-point scale
from “not heard” to “too loud”, which were transformed into numerical values in
“Categorical Units” (CU) from 0 to 50. Stimuli were presented in a pseudo-random
order with levels between —10 and 105 dB HL. A monotonically increasing loudness
function was fitted to the responses for each of the ACALOS measurements using the
BTUX fitting method (Oetting et al., 2014). The model function consists of two linear
parts with independent slopes miow and mnigh with a smooth transition range (see Brand
and Hohmann, 2002).

Before loudness summation was determined for the broadband signals the UEN and
IFnoise noises were corrected for each hearing impaired subject individually aiming
to restore the loudness of the narrow-band signals to that of the average normal
hearing listener (narrow-band loudness normalization). The required gain (Fig. 2) was
defined as the difference in level for each loudness category between the individual
loudness functions of the narrow-band signals and the average normal hearing
loudness function. To quantify the level of correction, for each narrow-band signal
the compression ratio (CR) was calculated defined as the ratio between input and
output level at 40 and 80 dB input level according to:
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Fig. 2: Gain correction at 4000 Hz to Fig. 3: Compression ratio of 2.1, cal-
the normal-hearing reference. culated for the 4 kHz signal of Fig. 2.

186



Spectral and binaural loudness summation

I —— Spectra| Summation

7 7
UENS (L) / ifnoise (L)

=N WA
o a a o

Loudness (CU)

o

UENS (R) ifnoise (R)

=N WA
o a a o

Loudness (CU)

o

ifnoise (B)

Summ,

=N WA
a a a o

Loudness (CU)

(]

0O 20 40 60 80 100 0O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Level (dB SPL) Level (dB SPL) Level (dB SPL) Level (dB SPL)

Fig. 4: Results for a hearing-impaired listener for spectral loudness
summation for signals with increasing bandwidth (from left to right) and
binaural loudness summation: from unilateral (upper rows) to bilateral
(bottom row) presentation.

RESULTS

The narrow-band loudness normalization fitting method showed decreasing gains
with increasing presentation level (Fig. 3). The results show that this fitting was able
to restore normal loudness perception of narrow-band signals (UEN1, left panels in
Fig. 4). However, normal loudness perception for narrow-band signals is no guarantee
for normal loudness perception for broadband and binaurally presented signals, in
fact, huge inter-individual variability was found in these conditions. Examples of such
differences are shown in Fig. 4. In Fig. 4 spectral loudness summation (with increasing
bandwidth from left to right) is shown to be higher than normal at high levels for both
UENI17 and IFnoise at both ears (see arrows 1 and 2). In the same subject binaural
spectral loudness summation (lower panel) for these same stimuli is even higher
(arrows 3).

Figure 5a shows individual data per ear for the differences in spectral loudness
summation at 35 CU (calculated as the level differences of the average level of
UEN17 and IF noises relative to the average level of UEN1 and UENS). Even within
a Bisgaard classification large inter-individual differences in loudness summation
were found. The differences between hearing loss configurations suggest a trend for
more spectral loudness summation for hearing impaired subjects with increasing
hearing loss, especially at configuration N4. Figure 5b shows the binaural loudness
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Fig. S: Individual spectral loudness summation (5a) and binaural loudness
summation (5b) per ear. Left hand side: left ear. Right hand side: right ear.
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Fig. 6: Compression ratios for all subjects at 500 Hz (left panel) and at
6000 Hz (right panel) for different hearing loss categories.

summation effect (calculated as the level differences of the average binaural UEN 17
and IF noises relative to the average level of the monaural UEN17 and IF noises for
both ears individually) as a function of hearing loss configuration. For binaural
loudness summation the group data are more uniform across different audiogram
configurations. However, we also found an extreme high level of binaural loudness
summation for the single subject with hearing loss configuration S3.

Figure 6 shows the calculated CRs per ear for different hearing loss categories for
narrow-band signals at 500 Hz and 6000 Hz. At both frequencies CRs tend to increase
with increasing hearing losses. The CRs at 6000 Hz are higher than at 500 Hz, not only
due to the fact that the hearing losses in the higher frequencies are on average higher,
but also due to the fact that the increase of CR with increasing hearing loss tends to be
stronger at 6000 Hz than at 500 Hz. CRs may therefore be used to characterize the
amount of loudness compensation used in a certain narrow-band region.
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DISCUSSION AND CONCLUSIONS

Although narrow-band loudness normalization has proven to give good individual
results for narrowband signals, the current results show that this does not guarantee
loudness normalization for broadband stimuli or stimuli presented binaurally.
Furthermore, the large individual variability of spectral and binaural loudness
summation could not be predicted from the hearing loss configuration. The only
observed trends were higher spectral loudness summation in listeners with N4
audiograms and higher binaural loudness summation in a subject classified as S3.

In further analysis the compression ratios may be useful to investigate if the amount
of loudness summation can be predicted by the amount of loudness compensation
(applied gain for broadband signals).

The high individual variability in loudness perception for binaurally presented
broadband signals can be one of the causes of aversiveness for loud sounds of bilateral
hearing aid users. The individual differences are that large that they should be taken
into account during the hearing aid fitting procedure. Currently, the most common
fitting rules only utilize average gain corrections for bilateral fittings that are identical
for all hearing-impaired subjects. NAL-NL1 and NAL-NL2 utilize a bilateral
compensation (reduction in gain) with respect to a unilateral fitting of 3 and 2 dB,
respectively, for input levels below 40 dB increasing to 6 and 8 dB, respectively at 90
dB SPL and above. (Byrne et al., 2001; Keidser et al., 2012). Our results show
bilateral summation effects above 20 dB at high levels.

Therefore, there is a need to adjust fitting rules for bilaterally fitted hearing aids to
take the large individual differences in loudness summation into account. A loudness-
based approach based on individual measurements will require extra tests and thus
requires extra time that is usually scarce. For this purpose we compared loudness
matching with loudness scaling to find out if the first method is applicable in clinical
practice and can be used as an alternative with reduced testing time. Preliminary
results indicate that loudness matching could be suitable. A typical loudness scaling
condition takes about 2 minutes. A single comparison between conditions therefore
takes about 4 minutes. The loudness matching procedure compares 15 conditions in
about 10 minutes.

More important is that the loudness matching produces about equivalent results to the
loudness scaling data. That is, in one and the same subject, the amount of loudness
difference between two stimuli (narrow-band vs. broad-band and monaural vs.
binaural) at 35 CU is in qualitative agreement in both procedures.
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