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Detection thresholds for distortion from noise reduction

7.1 Introduction

Most modern hearing aids have a single-microphone noise-reduction algorithm that is
designed to make listening in noisy environments more comfortable and less effortful.
The algorithm should reduce background noise without affecting the target speech sig-
nal. For this purpose, the noise-reduction algorithm continuously analyses the input
signal to differentiate between speech and background noise. Based on the estimated
ratio between speech and noise, the algorithm can adjust the hearing-aid gain during
each timeframe for noise-dominated frequency channels (Chung 2004). However, be-
cause speech and noise enter the hearing aid as a mixed signal, it is difficult for the
noise-reduction algorithm to separate them completely. Therefore, reduction of noise
is usually accompanied by signal distortions. An increase in noise-reduction strength
will decrease the amount of residual noise (desired effect) while adding distortions
(other than noise-level differences) to the speech and remaining noise (unwanted ef-
fect). Because noise-reduction algorithms offer no way of controlling noise reduction
and signal distortion independently (Loizou 2007), the ideal situation of total noise
removal without distortion can never be achieved in practice (unless there is a-priori
knowledge available on the original speech and noise signals). Thus, a challenge in
the design and fitting of a noise-reduction algorithm is to find the optimal trade-off
between residual noise and distortion.

Current single-microphone noise-reduction algorithms are not able to improve speech
intelligibility in noise, but the reduction of noise can make listening more comfortable
and less effortful (Boymans and Dreschler 2000; Bentler et al. 2008), despite speech
distortion. Studies that tried to demonstrate such perceptual effects of noise reduc-
tion gave inconsistent results (Alcàntara et al. 2003; Bentler et al. 2008; Boymans and
Dreschler 2000; Ricketts and Hornsby 2005). These inconsistencies were likely caused
by differences between noise-reduction systems and differences between listeners. For
instance, noise-reduction systems from different hearing aids vary in the degree they
reduce noise annoyance and affect speech naturalness (see Chapters 3 to 5). The reason
for differences in preference may be that individual listeners differ in the way they bal-
ance for instance noise annoyance and speech naturalness, in their personal preference
for a specific noise-reduction system (Houben et al. 2012).

It is not known to what extent hearing loss influences the preferred balance between
residual noise and distortion. There are indications that hearing-impaired listeners are
less sensitive to speech distortions than normal-hearing listeners. Marzinzik (2000)
found that hearing-impaired listeners judged speech to sound more natural with noise
reduction than that for unprocessed. They hypothesized that hearing-impaired listen-
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Chapter 7

ers were less sensitive to speech distortion and therefore looked for other cues while
judging speech naturalness, for instance the presence of background noise. If hearing
loss is indeed accompanied by a reduced ability to hear signal distortions, hearing-
impaired listeners may tolerate more speech distortion and thus stronger noise reduc-
tion than normal-hearing listeners. Studies that investigated distortion caused by other
types of signal processing also indicated that hearing-impaired listeners are less sen-
sitive to signal distortions (Lawson and Chial 1982; Stelmachowicz et al. 1999). How-
ever, there are also results to indicate that listeners with hearing loss are similar to
listeners with normal hearing in their ability to perceive distortion changes (Arehart et
al. 2010). Currently it is not known whether hearing loss influences the just noticeable
differences (jnd) of noise-reduction processing. This knowledge could improve both
the customization of noise reduction to the specific hearing loss of the user and the
development of new noise-reduction algorithms that are targeted at hearing-impaired
users. Measurements of just noticeable differences for distortion caused by noise re-
duction algorithms are complicated by the fact that noise reduction processes speech
and noise simultaneously. The resulting stimuli thus contain different cues, namely the
reduction in noise and the introduction of distortions. Subjects can use these different
cues for what they perceive as distortion, and the results are difficult to interpret. To
overcome this problem we used a noise-reduction system in which we had access to
calculated gain reductions. This system allows us to separate the distortions in speech
and noise from the reductions in noise level, which, in turn, allows us to measure the
detection threshold for distortion (the negative effect of noise reduction) without the
confounding effect of differences in noise levels (the positive effect of noise reduction).
The main research question that we wanted to answer is:

Q1. Does the detection threshold for noise-reduction induced signal distortions (other
than level changes) differ between normal-hearing and hearing-impaired sub-
jects?

Signal distortion refers here to all changes to the speech and noise signal that remain
after we corrected separately for changes in overall level of speech and noise. Be-
sides speech distortion, this can also include distortion of the remaining noise. A well-
known example of processing artifacts caused by noise reduction is musical noise, a
tonal character that was not present in the original signal (Berouti et al. 1979). Musical
noise occurs because of small isolated peaks that remain in the signal spectrum, and
can even be more disturbing to the listener than the original interfering noise (Loizou
2007). To verify whether noise reduction caused distortions both in the speech and the
noise segments of our stimuli, we also measured detection thresholds for distortion of
speech and distortion of noise separately:
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Detection thresholds for distortion from noise reduction

Q2. Are the thresholds for noise-reduction induced signal distortions related to thresh-
olds for distortions in the speech signal or to the distortions in the noise signal?

In all three conditions the strength and temporal pattern of the attenuations were the
same, but the conditions differ in whether this attenuation was applied to speech,
noise, or both. For clarity, we will use the terms overall distortion, speech distortion,
and noise distortion to distinguish between the three separate conditions, irrespective
the subjective impression of whether the distortion is ascribed to the speech or to the
noise. To measure the threshold for overall distortion, we presented the participant
with signals that consist of speech in noise that was processed by noise reduction. To
measure speech distortion the participants listened to processed speech only (no noise
present) and to measure noise distortion they listened to processed noise (processed
speech present which is equal for target and reference condition, see methods).

The detection thresholds for distortion provide information on how much noise re-
duction can be applied before a listener experiences audible distortions. For practical
use it is important to know the level at which distortions can be detected by hearing
impaired listeners (Q1), because we expect that the noise reduction can be set to at
least this strength. In addition to this theoretical base value of acceptable noise reduc-
tion strength, we also wished to determine the amount of audible distortions that is
actually accepted by the hearing-impaired listener in exchange for a reduced level of
background noise. This level is expected to be higher than the detection threshold. To
investigate these issues, we determined the preference of the subjects for noise reduc-
tion strength, and determined whether there was a difference between normal-hearing
subjects and hearing-impaired subjects. In addition, we related the optimal values for
the trade-off (thus the preferred noise-reduction strengths) to the individual detection
thresholds.

Q3. Is there a difference between normal-hearing subjects and hearing-impaired sub-
jects in their preferred noise-reduction strength, both absolute and relative to
their detection threshold?

To determine the preference for noise-reduction strength subjects listened to the speech
in noise that was processed by noise reduction. Thus, both the negative (distortion) and
positive (reduced noise level) effects of noise reduction were included. Participants
could vary the noise-reduction strength to choose the setting that they would prefer
for prolonged listening. We compared individual preferences of the subjects to their
individual detection thresholds for overall distortion.
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Chapter 7

7.2 Methods

7.2.1 Subjects

We estimated the required sample size using a power calculation based on data from
a pilot experiment with three normal-hearing subjects. Their between-subjects stan-
dard deviation for the threshold for overall distortion was 1.18 dB. To be able to detect
a difference of 2 dB (the stepsize of the adaptive procedure for threshold measure-
ment) between the thresholds of the two subject groups (normal hearing and hearing
impaired), seven subjects should be included per group for α = 0.05 and 1-β = 0.8. Be-
cause between-subject differences are expected to be somewhat higher for the group of
hearing-impaired subjects, 12 subjects were included per group.

Twelve normal-hearing subjects aged between 19 and 50 years (average 26.4 years) and
12 subjects with sensorineural hearing loss aged between 53 and 69 years (average 61.1
years) participated in this laboratory study. Figure 7.1 shows the hearing thresholds
and the corresponding standard deviations for the test ears averaged over all subjects.
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Figure 7.1: Average hearing thresholds for the normal-hearing and hearing-impaired group (one ear per
subject). The error bars show the standard deviation between subjects.

7.2.2 Stimuli

The input signals for the noise-reduction algorithm consisted of concatenated Dutch
sentences (female speaker) in a stationary background noise with the same spectrum
as the speech (Versfeld et al. 2000). We combined speech and noise at an SNR of +5
dB based on the A-weighted sound level of the sentences. Thirteen sentences (approx-
imately 35 s) preceded the sentences actually used, to allow the noise-reduction algo-
rithm to adapt to the input signals. The noise was continuous, but the speech paused
one second between successive sentences.
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Stimuli for the threshold measurements consisted of five unique sentences, with 0.2s
of noise before and after the sentence. All stimuli were presented monotically with
Sennheiser HDA200 headphones. The overall level of the original speech in noise at
+5 dB SNR was 70 dB(A). For hearing-impaired subjects, the stimuli were amplified
according to the individual linear NAL-RP prescription rule (Byrne et al. 1991).

7.2.3 Signal processing

We used a state-of-the-art noise-reduction algorithm from literature (Rangachari and
Loizou 2006). This algorithm in its original form causes musical noise. From recordings
of noise reduction in commercially available hearing aids, it appeared that no musical
noise was audible in a selection of hearing aids (see Chapters 3 to 5). To ensure that our
results are representative of hearing aid noise reduction, we made two adjustments to
the noise-reduction algorithm to minimize musical noise. First, we limited the maxi-
mum gain reduction that can be applied by the noise reduction from infinity (original
Wiener filter) to a fixed value between 0 and 30 dB. This procedure has been used pre-
viously to adapt an ideal binary mask to resemble hearing aid processing (Anzalone et
al. 2006; Chapter 6). The variable used to adjust noise-reduction strength and thereby
distortion was the maximum attenuation, as was carried out previously by Houben et
al. (2012) with another noise-reduction algorithm to determine preference for noise-
reduction strength. Second, as is common in hearing aids, we limited the number of
frequency channels for the gain signal to fifteen channels, instead of using all available
frequency bins separately.

Figure 7.2 schematically summarizes the steps that were used to process the stimuli,
which will be explained in detail in the next paragraphs.

Correction
CorrectionRMS

Equal loudnessEqual processingEqual rms
Original speechProcessed speechProcessed noiseRMS Matched noise

EstimatedSNR+ Noiseestimation
Originalspeech
Original noise

Frozen part (processed once) Variable part (processed for each Amax)
Gainfunction - x xDistorted speech

- x
Loudness

Residual noisexx
Figure 7.2: Processing scheme for the stimuli. The four resulting signals, shown on the right of the
figure, are the basis for the stimuli that were used during the measurements.
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Estimation of the signal-to-noise ratio (SNR)

Speech and noise signals were combined before entering the noise-reduction algorithm
so that the noise-reduction algorithm had to estimate which part of the signal was
speech and which part noise. For this purpose we used a minimum controlled re-
cursive average algorithm (called MCRA2) that estimated the noise spectrum. This
algorithm was implemented by Loizou (2007) according to the description by Ran-
gachari and Loizou (2006). The algorithm updates the noise estimate in each time
frame using a time-frequency-dependent smoothing factor that varies with the prob-
ability that speech is present. Based on the noise estimate made by the MCRA2 al-
gorithm, the signal-to-noise ratio (SNR) of the input signal was estimated using the
decision-directed approach (Ephraim and Malah 1984). This method estimates the
SNR in each time-frequency unit as a weighted average of the estimated SNRs of the
previous and current frames.

Frequency channels

We smoothed the SNR estimate across frequencies to reduce high contrasts in gain.
The original algorithm calculated time-frequency units by fast Fourier transformation
(FFT) on 20-ms Hamming-windowed segments, with a 50% overlap between the seg-
ments. All sound files had a sample rate of 44.1 kHz, leading to an FFT size of 882
samples per frame. We averaged the noise-estimates over several frequency-bins to
obtain 15 different frequency channels, logarithmically divided over frequencies be-
tween 50 and 8000 Hz.

Gain function

Based on the estimated SNR, the gain function determines the amount that each time-
frequency unit will be attenuated. Our gain function consisted of two parts: (1) for
SNRs lower than 0 dB, a fixed attenuation was applied (Amax) and (2) for SNRs higher
than 0 dB, the linear attenuation Gk in each frequency band (k) was determined from
the estimated signal-to-noise ratio (ε̂k, also linear) by a parametric Wiener filter (Lim
and Oppenheim, 1979):

Gk = (
ε̂k

1 + ε̂k
)β (7.1)

In order to let the two parts of the gain function correspond to each other at 0 dB SNR,
parameter β was related to Amax as follows (with Amax in dB):

β =
−Amax

20 log10(0.5)
(7.2)
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Figure 7.3: Noise-reduction gain as a function of the estimated signal-to-noise ratio (SNR) for different
values of Amax (the variable determining the noise-reduction strength). Time-frequency units dominated
by noise (SNR < 0 dB) were attenuated with the maximum strength (Amax), whereas the attenuation for
speech-dominated time-frequency units (SNR > 0 dB) was determined by the parametric Wiener filter.

Figure 7.3 shows the resulting attenuation as a function of estimated SNR for different
values of Amax (all in dB).

The decision-directed approach allows the gain function to influence the SNR estimate
so that changing the noise-reduction strength also changes the estimated SNR. For our
experiment, this was undesirable because the same SNR estimate for each value of Amax

was required, to ensure that the attenuation pattern remains fixed between conditions
and only the depth of attenuation differs. We therefore estimated the SNR only once
(see Figure 7.2) and froze the result. This frozen SNR estimate was then used as input
for the gain function for each value of Amax. This frozen SNR estimation was obtained
with a value of β = 0.5 in the gain function (i.e. the square-root Wiener filter (Loizou
2007)).

Figure 7.4 shows the effect of applying the attenuation on the complete speech-in-noise
time signal and the corresponding time-frequency attenuation pattern for one of the
stimuli with different values of Amax (and corresponding values of β).

Normally, the speech and noise are mixed before they enter the noise reduction and it
is not possible to obtain separate estimates of the speech and noise components after
processing. However, by applying the recorded attenuation (Figure 7.4) separately to
the speech and the noise signals, we could artificially obtain the combinations that are
required to separate the perceptual effects of speech distortion and residual noise.

Level corrections

Because noise reduction alters the sound signal, the loudness of signals after processing
can differ from that of the input signals. To reduce loudness as a possible cue for
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Figure 7.4: Effect of noise reduction for one sentence in stationary noise at an SNR of +5 dB for different
values of the maximum attenuation Amax. The time signals in dark gray show the input speech and
noise signal and light gray curves show the output of the noise-reduction algorithm. The spectrogram-
like plots show the attenuation pattern determined by the noise-reduction algorithm with the time-
frequency units that were not attenuated in white, the units that were attenuated with 10 dB in black
and the units with an attenuation between 0 and 10 dB in gray.

detection in the listening experiment, we removed level differences with the loudness
model (Glasberg and Moore, 2002). First, the loudness of the unprocessed speech was
estimated using the loudness model. We then amplified the processed speech signal
until it had the same calculated loudness as the input signal (difference< 0.1 phons). In
the scheme in Figure 7.2 the resulting signal is denoted “processed speech”. The same
amplification was then used for the noise after noise reduction, so that the output SNR
of the noise reduction was preserved (“processed noise”, Figure 7.2)

Because we only wanted to study the negative effects of noise reduction (i.e., distor-
tion) and not the positive effects (i.e., reduction of noise level), we changed the level of
the reference noise (“rms matched noise”, Figure 7.2), to match the level of the noise
after noise reduction (“processed noise”).

To further avoid effects of potential cues from remaining small differences in loudness
between stimuli, we applied level roving (see description of the procedure for thresh-
old measurements).
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7.2.4 Processing conditions for threshold measurements

We determined the detection thresholds for noise-reduction distortion in the complete
speech-and-noise signal, and in the speech signal and noise signal separately. For each
threshold that was determined, a reference stimulus and a target stimulus were re-
quired to perform the detection task (see description of the procedure for threshold
measurements). Table 7.1 summarizes the formation of these reference and target stim-
uli by combinations of the four conditions that resulted from processing (see the right
part of Figure 7.2: original speech, processed speech, processed noise and rms matched
noise).

Table 7.1: Overview of the combinations of different speech and noise signals used to obtain the target
and reference stimuli for the measurement of three different types of distortion.

Threshold to determine Reference stimulus Target stimulus
Detection of overall distortion Original speech Processed speech

rms Matched noise Processed noise

Detection of speech distortion Original speech Processed speech
No noise No noise

Detection of noise distortion Processed speech Processed speech
rms Matched noise Processed noise

To determine the detection threshold for overall distortion, the target condition was the
combination of processed speech and processed noise, with Amax as the adaptive vari-
able. The reference stimulus was the combination of original speech and rms matched
noise. Thus, the target and reference had equal speech and noise levels (apart from
level roving) but differed in the amount of distortion in both speech and noise.

To determine the threshold for speech distortion, we omitted the noise and compared
only the original speech (reference) with the processed speech (target). Again, the
adaptive variable was Amax, which determined the amount of distortion of the pro-
cessed speech.

To determine the threshold for noise distortion, the target contained processed noise
and the reference unprocessed noise that had the same rms level (rms matched noise).
In both the reference and the target, we added processed speech to the noise (see Table
7.1). The speech processing was equal for target and reference (with the same Amax as
the noise in the target signal), so that the only difference between target and reference
was a difference in noise processing. The reason for adding the speech to the noise in
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this condition was to prevent the participant from listening to the “ghost image” of the
removed speech in the processed noise. Such a “ghost image” of speech arises because
the noise-reduction algorithm sets the attenuation to zero dB in time-frequency units
where speech is present. This lack of attenuation during speech is automatically ap-
plied to the noise. By adding the speech, we were able to mask the ghost image and
determine the detection threshold for distortions from changes in the noise signal only.

7.2.5 Procedure for threshold measurements

The detection threshold was determined with an adaptive up-down procedure that
estimates the 79.4% correct response level (Levitt 1992). For each presented distor-
tion level in this procedure, we used a three-interval two-alternative forced-choice
paradigm to determine whether the participant could detect the distortion. Subjects
were asked to choose which of the last two sound samples was equal to the first sample.
They were instructed to concentrate on differences in distortion rather than differences
in loudness. Each run of the adaptive procedure started with a relatively high value
for Amax (17 dB). First, Amax was decreased by 3 dB after each correct response and
increased by 3 dB after each incorrect response (one-up one-down procedure). After
three turn points, the one-up one down-procedure was changed to one-up three-down:
Amax was decreased by 2 dB after three successive correct responses and increased by
2 dB after each incorrect response. This procedure continued until six turn points had
occurred in the one-up three-down procedure. The detection threshold was defined
as the mean of the values of Amax at the last six turn points, corresponding to 79.4%
correct response (Levitt 1992). If the standard deviation of the values at the six turn
points of a run exceeded twice the stepsize (2 x 2 dB), we considered that particular
measurement to be unreliable and discarded the threshold from the dataset.

Detection thresholds were measured twice (test and retest) for each of the three mea-
surement conditions (overall distortion, speech distortion, and noise distortion). The
first run for each condition (test) was preceded by 12 adaptively presented training
sentences. For the second run (retest) only three training sentences were used. The
maximum value of Amax was 30 dB. For small values of Amax the stepsize was reduced.
When the adaptive procedure required Amax values below 2 dB, the stepsize was de-
creased to Amax/2, with a minimum stepsize of 0.125 dB.

To reduce the effect of possible remaining differences in loudness between stimuli,
we applied level roving. The reference stimulus was at a random amplification or
attenuation of 0 dB, 1 dB, or 2 dB.
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7.2.6 Measurement of preferred noise-reduction strength

We determined the individual preference of subjects for noise-reduction strength us-
ing a procedure in which the participants could manually adjust the strength for noise
reduction. Whereas during the detection task the subjects were presented with the
negative effects of noise reduction (i.e. distortion) only, they could now hear both
the negative (distortion) and positive (reduction of noise level) effects. To familiarize
the participants with both effects of noise reduction, they had to listen to a training
sentence in noise twice: first without processing and then with the maximum noise-
reduction processing (Amax = 30 dB). At this strength both the reduction in noise level
and the distortion of speech were clearly audible for all subjects. After this exam-
ple, the same sentence in noise was presented with a lower level of noise-reduction
strength. Each sentence started at a different level of Amax, with levels set to 3, 6, 9,
12 and 15 dB. Subjects could now adjust the noise-reduction strength to the level that
they preferred. This was achieved with two buttons: one for “more noise reduction”
and one for “less noise reduction”. Each time they pressed a button the level of Amax

was increased or decreased with 3 dB and the sentence was presented again at the
new noise-reduction strength. Subjects were asked to search for the noise-reduction
strength that they would prefer for prolonged listening. This procedure was repeated
for each of the five unique sentences that were used during the detection task.

All stimuli consisted of the processed speech embedded in the processed noise (see
Figure 7.2). Note that the processing resulted in equal loudness of speech for all stimuli
(see Figure 7.2), but that the level of the residual noise was lower for higher values of
Amax.

7.3 Results

7.3.1 Q1. Detection threshold for overall distortion and hearing impairment

Three measurements (of a total of 48 measurements) for the detection threshold for
overall distortion were discarded because the standard deviation of the turn points
exceeded the reliability criterion of 4 dB. For each of these measurements the corre-
sponding test or retest measurement was available and thus there was at least one
reliable data point for each combination of condition and subject.

Figure 7.5 (left) shows the average detection thresholds for both groups for overall dis-
tortion and the corresponding 95% confidence intervals among subjects. The average
detection threshold for overall distortion was 2.3 dB higher for the hearing-impaired
subjects (6.7 dB) than for the normal-hearing subjects (4.4 dB). This difference was sta-
tistically significant (t-test, p = 0.04).
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Figure 7.5: Detection thresholds for noise-reduction induced signal distortions averaged over all sub-
jects per group. Error bars show the 95% confidence interval among subjects.

There was no significant correlation between the detection threshold for overall distor-
tion and the hearing threshold of the individual, summarized as the pure tone average
(PTA) of 0.5, 1, 2 and 4 kHz (Pearson’s correlation coefficient r = 0.40, p = 0.052).

7.3.2 Q2. Detection thresholds for speech and noise separately

Seven measurements for the threshold for speech distortion and nine measurements
for the threshold of noise distortion were discarded because the standard deviation of
the turn points exceeded the 4 dB reliability criterion, and one measurement for the
noise-distortion threshold was discarded because the adaptive procedure reached the
ceiling level for Amax of 30 B. For each of these measurements the corresponding test
or retest measurement was available and thus there was at least one reliable data point
for each combination of condition and subject.

The group-averages for the detection thresholds for speech distortion and noise dis-
tortion are shown in the right hand side of Figure 7.5. Average thresholds for speech
distortion and noise distortion were higher than the threshold for overall distortion
according to paired t-tests after Bonferroni correction for 3 comparisons (uncorrected
p = 0.01 for the difference between speech distortion and overall distortion, and uncor-
rected p < 0.01 for the difference between noise distortion and overall distortion). The
thresholds for speech and noise distortion did not differ from one another (uncorrected
p = 0.092).

Correlation analysis revealed that thresholds for speech distortion and noise distortion
were both correlated with those for overall distortion (Pearson’s correlation coefficient
r = 0.68, p < 0.001 for the speech distortion and overall distortion, and r = 0.46, p =
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0.023 for noise distortion and overall distortion), but that thresholds for speech dis-
tortion and noise distortion were not significantly correlated to each other (Pearson’s
correlation coefficient r = 0.31, p = 0.143).

Further analysis revealed that the differences between normal-hearing and hearing-
impaired listeners were not significant for speech distortion or for noise distortion
thresholds (t-test, p = 0.38 for speech distortion and p = 0.15 for noise distortion).

7.3.3 Q3. Preferred noise-reduction strength

Figure 7.6 shows the individually preferred Amax values plotted against the individ-
ually measured detection thresholds for overall distortion. All data points fell above
the diagonal, showing that for each subject the preferred noise-reduction strength was
above the detection threshold for distortion. Detection threshold and overall prefer-
ence were not significantly correlated (Pearson’s correlation coefficient r = 0.54, p =
0.07 for normal-hearing subjects and r = 0.53, p = 0.08 for hearing-impaired subjects).

Figure 7.7 shows the group-average preferred Amax (left panel, “preferred Amax”) and
the difference between the preferred Amax and the individual detection threshold for
overall distortion (right panel, “relative preferred Amax”). The absolute preferred noise-
reduction strength did not significantly differ between normal-hearing and hearing-
impaired subjects (t-test: p = 0.25). The average relative preference was significantly
higher for normal-hearing listeners than for hearing-impaired listeners (t-test, p = 0.02).
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Figure 7.6: Individually preferred noise-reduction strength plotted against the individual threshold for
the detection of overall distortion.
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Figure 7.7: Average preferred value for Amax for both subject groups (“preferred Amax”, left panel) and
the difference between that preferred value and the detection threshold (“relative preferred Amax”, right
panel). Error bars show the 95% confidence interval among subjects.

7.4 Discussion

7.4.1 Q1. Detection threshold and hearing loss

The detection threshold for distortion caused by noise reduction was higher for
hearing-impaired subjects than for normal-hearing subjects, which implies that
hearing-impaired listeners are less sensitive to distortions caused by noise reduction
than normal-hearing listeners.

Marzinzik (2000) found differences between normal-hearing and hearing-impaired
subjects in their judgments on speech naturalness after noise-reduction processing and
suggested that this was because hearing-impaired subjects were less able to notice the
speech distortions due to noise reduction. This was, however, based on results from
quality judgments only and Marzinzik did not measure objectively whether subjects
could hear distortions. Our results show that hearing-impaired subjects indeed had a
higher threshold for distortion, but it is not unlikely that the hearing impaired in the
study of Marzinzik would have been able to detect distortions. In the subjective ex-
periment other cues could have been dominating judgment of the hearing-impaired
subjects regarding naturalness.

On average, hearing-impaired subjects could detect distortion for an Amax of 6.7 dB.
Given that the threshold measured in the present study represents a just noticeable
difference that is obtained by direct comparison with an undistorted reference, it is
expected that the distortion at threshold are not annoying for the listener. Noise re-
duction in hearing aids is generally limited to a maximum attenuation in the order of a
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magnitude of 10 to 20 dB for their strongest settings (Chung 2004). Several algorithms
also provide the possibility to set a lower value for the maximum gain reduction. Thus,
if noise reduction is set to its maximum strength in hearing aids this may cause audi-
ble distortions to the speech signal. Of course this is also dependent on other settings
of the noise reduction, such as the time constants (see Chapter 1). Additionally, the
amount of distortion depends on the type of input noise and the input SNR (Houben
et al. 2011; Chapter 3). For lower SNRs, the noise-reduction algorithm is likely to make
more errors in estimating the SNR, therefore causing more distortions to the signal.
Thus, for lower input SNRs the detection threshold for distortion is expected to be
higher. Indeed, preference results of normal-hearing listeners for hearing aid noise re-
duction showed that degradation in speech naturalness was a more determining factor
for the preference at low input SNR (-4 dB) than at higher input SNR (+4 dB).

The weak relationship between detection thresholds and pure tone average thresh-
olds implies that hearing threshold is not the main factor in determining the detection
threshold for speech distortion. This is not surprising, because the NAL-RP ampli-
fication compensated for hearing threshold, so that audibility is not expected to be
the main factor determining the detection threshold. A more plausible cause is a dif-
ference in suprathreshold processing, for example temporal and frequency resolution
and modulation detection.

7.4.2 Q2. Detection threshold for speech and noise separately

The detection thresholds for the noise-reduction attenuation pattern applied to speech
(speech distortion) and to noise (noise distortion) did not differ from one another but
were both higher than the detection threshold for overall distortion. This implies that
the effects of noise reduction on speech and on the remaining noise both contribute to
the perception of overall distortion: if the detection of overall distortion was mainly
determined by one type of distortion, the threshold for that type would not differ from
that for overall distortion.

Thresholds for speech distortion and for noise distortion were both significantly corre-
lated to the threshold for overall distortion, but not to each other. This indicates that
both speech distortion and noise distortion correspond to different aspects of overall
distortion, with speech distortion as the main factor determining the overall distortion,
but noise distortion also contributing.

Inter-subject variability was higher for the detection of speech and noise distortion
than for the detection of overall distortion. This caused an insignificant difference
between the normal hearing and hearing impaired groups. However, the trend of
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higher thresholds for hearing-impaired listeners for overall distortion was also present
in speech distortion and noise distortion, albeit not significantly (Figure 7.5). It remains
possible that a large number of subjects would also reveal a significant effect of hearing
loss on detection thresholds for speech distortion and noise distortion.

7.4.3 Q3. Preference for noise-reduction strength and detection threshold

As expected, the preferred noise-reduction strength for each individual was higher
than or equal to the individual’s detection threshold for distortion (see Figure 7.6). As
long as the distortion is not audible the effect of noise reduction is a decrease in noise
level, whereas the speech remains undistorted. Thus, although we can not directly
use the detection threshold for predicting the preferred strength for noise reduction
(as correlations were low), it provides important information on the amount of noise
reduction that can be applied without being disadvantageous for an individual. Given
that we did not measure the sensitivity of subjects to a reduction in noise level in this
study, we cannot discriminate whether noise reduction was indeed positive or just neu-
tral. Here it is important to note that we measured preference after the processed signal
was amplified to correct for possible reduction in speech level due to noise reduction.
If such a correction was not applied, as is often the case in hearing aids (see the acousti-
cal analyses in Chapters 3 and 5), the preferred noise-reduction strength may be lower
because noise reduction also affects the speech level.

The group-average preferred noise-reduction strength did not differ between normal-
hearing and hearing-impaired subjects (Figure 7.7, left panel), which is also in line with
previous findings (Marzinzik 2000; Anderson et al. 2009; Luts et al. 2010; Houben et
al. 2011). The higher detection thresholds for hearing-impaired subjects did not result
in higher preferred noise-reduction strengths. In fact, the preferred noise-reduction
strength seemed even lower for hearing-impaired listeners, although this was not sig-
nificant. A lower mean preferred noise-reduction strength in hearing-impaired lis-
teners combined with a higher threshold, lead to a significant difference in the rel-
ative preference between normal-hearing and hearing-impaired subjects. Thus pre-
ferred strength of hearing-impaired subjects was closer to their detection threshold
than that of normal-hearing subjects (Figure 7.7, right panel). Our interpretation of
these findings is that, although stronger noise reduction can be applied for hearing-
impaired listeners before distortions are audible, they seem to tolerate fewer distor-
tions than normal-hearing listeners, once distortions are audible. This implies that
avoiding speech distortion is more important for hearing-impaired subjects than for
normal-hearing subjects, probably due to their impaired ability to understand speech.
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Inter-individual differences in preferred noise-reduction strength were high within
both subject groups (see Figure 7.6; individual preferred values for Amax ranged from
4.2 to 27.0 dB), which is in line with previous findings (Houben et al. 2011). This
broad range of preferred settings for Amax implies that it would be useful to have the
possibility to adjust the noise-reduction strength in hearing aids over a wide range
of settings. The individually preferred trade-off between speech distortion and resid-
ual noise seems to depend not only on audibility of distortions, but also on how well
an individual tolerates the presence of noise. Research into the acceptable noise level
(ANL) has shown that noise tolerance is not related to hearing loss, indicating that the
acceptance of noise is an individual characteristic (Mueller et al. 2006; Nabelek et al.
2006).

7.5 Conclusions

In this study a method was developed and applied to determine the detection thresh-
old for the negative effects of noise reduction (i.e., distortion of the signal) indepen-
dently from the positive effects (i.e., reduction of noise level). The results show that
detection thresholds for distortion were higher for hearing-impaired subjects than for
normal-hearing subjects. This suggests that stronger noise reduction can be applied
for hearing-impaired listeners without negative effects on the perceived sound qual-
ity. However, the preferred noise reduction strength of hearing-impaired listeners
was closer to their individual detection threshold for distortion than that of normal-
hearing listeners, implying that hearing-impaired listeners accept fewer audible distor-
tions than normal-hearing listeners do. The overall effect was that the preferred noise-
reduction strength did not differ between the groups, but the weighting of underlying
causes (audibility and acceptability of distortions) did differ between the groups.
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