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Figure 3-1: Scatterplot of mean MUSHRA ratings and dHASQI quality predictions for the 

filtered bandwidth dataset using a digitally shaped reference signal. r: Pearson linear 

correlation coefficient, rs: Spearman rank correlation coefficient, MSE: mean square 

error, rMSE: root mean square error. 
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Figure 3-2: Scatterplot of mean MUSHRA ratings and mHASQI quality predictions for the 

filtered bandwidth dataset using a recorded hearing aid reference signal. r: Pearson linear 

correlation coefficient, rs: Spearman rank correlation coefficient, MSE: mean square 

error, rMSE: root mean square error. 

  



99 

 

 

Figure 3-3: Scatterplot of individual MUSHRA ratings and dHASQI quality predictions 

for the filtered bandwidth dataset using a digitally shaped reference signal. r: Pearson 

linear correlation coefficient, MSE: mean square error, rMSE: root mean square error. 
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Figure 3-4: Scatterplot of individual MUSHRA ratings and mHASQI quality predictions 

for the filtered bandwidth dataset using a digitally shaped reference signal. r: Pearson 

linear correlation coefficient, MSE: mean square error, rMSE: root mean square error.  
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3.3.4 Frequency lowering 

Figures 3-5 and 3-6 represent the scatterplots for the mean subjective ratings and mean 

dHASQI and mHASQI scores, respectively, for the frequency lowering correlations. 

Figures 3-7 and 3-8 are similar figures, except that they illustrate individual speech quality 

ratings and HASQI scores. The mean dHASQI scores resulted in a very high linear 

correlation (r = 0.98, p < 0.001) and a moderately high rank correlation (rs = 0.73, p < 0.05) 

between the HASQI output and subjective ratings, although lower rank correlation 

compared to the filtered bandwidth. The strength of correlation was higher for mean ratings 

compared to individual ratings (r = 0.52, p < 0.0001).  For both average and individual 

ratings, all the data points fell left of the line, again suggesting that the HASQI scores 

underestimated the true subjective scores (means: MSE = 0.033, rMSE = 0.180, 

individuals: MSE = 0.079, rMSE = 0.281). dHASQI predicted a mean rating of 0.463 for 

the FC-off condition, which corresponded to a mean subjective rating of 0.688. For the 

NFC anchor condition, dHASQI predicted a mean rating of 0.226 compared to a mean 

subjective rating of 0.300. For the ANFC anchor condition, dHASQI predicted a mean 

rating of 0.162 compared to a mean subjective rating of 0.189. The RM-ANOVA revealed 

a significant main effect of FC setting (F(1.78,14.2) = 37.69, p < 0.0001, η2 = 0.61) on the 

dHASQI scores. The main effect of stimulus, and interaction of FC setting x stimulus, were 

both non-significant.  Post-hoc Bonferonni contrasts revealed that both anchor conditions 

were significantly different from every other condition except each other, and that the 

ANFC-1 (max FC processing) condition was different from every other condition. Anchor 

conditions presented lower ratings compared to reference conditions. No other condition 

was significantly different from any other.  

The mean mHASQI scores also resulted in a high correlation (r = 0.94, p < 0.001) and 

moderately high rank correlation (rs = 0.73, p < 0.05) between the HASQI output and 

subjective ratings averaged across listeners per condition. The strength of correlation was 

higher for mean ratings compared to individual ratings (r = 0.52, p < 0.0001). For both 

average and individuals ratings, the majority of the data points were slightly right of the 

diagonal line, suggesting that mHASQI overestimated the true subjective scores (means: 

MSE = 0.019, rMSE = 0.139, individuals: MSE = 0.070, 0.264), although they better 
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represented the true subjective scores compared to dHASQI (means: MSE = 0.033, rMSE 

= 0.180, individuals: MSE = 0.079, rMSE = 0.281). mHASQI predicted a perfect mean 

rating of 1.000 for the FC-off condition compared to a mean subjective rating of 0.688. For 

the NFC anchor condition, mHASQI predicted a mean rating of 0.289, compared to a mean 

subjective rating of 0.300. For the ANFC anchor condition, mHASQI predicted a mean 

rating of 0.160 compared to a mean subjective rating of 0.189. A mid-quality condition, in 

which ANFC was fine-tuned to the individual, was subjectively rated as 0.659, compared 

to a mean mHASQI prediction of 0.722. The RM-ANOVA revealed a significant main 

effect of FC setting (F(2.75,21.99) = 131.13, p < 0.0001, η2 = 0.81) on the mHASQI scores. 

Post-hoc Bonferonni contrasts revealed an almost identical pattern of effects as for 

dHASQI, except that the ANFC-2 and ANFC-4 conditions were also significantly different 

from one another. There was a significant main effect of stimulus (F(1,8) = 7.99, p < 0.05, 

η2 = 0.03), suggesting that mHASQI produced significantly different scores for the two 

speech passages, unlike dHASQI. The interaction of FC setting x stimulus was non-

significant. The FC-off condition was excluded from mHASQI analysis.  
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Figure 3-5: Scatterplot of mean MUSHRA ratings and dHASQI quality predictions for the 

frequency compression dataset using a digitally shaped reference signal. r: Pearson linear 

correlation coefficient, rs: Spearman rank correlation coefficient, MSE: mean square 

error, rMSE: root mean square error. 
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Figure 3-6: Scatterplot of mean MUSHRA ratings and mHASQI quality predictions for the 

frequency compression dataset using a recorded hearing aid reference signal. r: Pearson 

linear correlation coefficient, rs: Spearman rank correlation coefficient, MSE: mean 

square error, rMSE: root mean square error. 
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Figure 3-7: Scatterplot of individual MUSHRA ratings and dHASQI quality predictions 

for the frequency compression dataset using a digitally shaped reference signal. r: Pearson 

linear correlation coefficient, MSE: mean square error, rMSE: root mean square error. 
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Figure 3-8: Scatterplot of individual MUSHRA ratings and mHASQI quality predictions 

for the frequency compression dataset using a digitally shaped reference signal. r: Pearson 

linear correlation coefficient, MSE: mean square error, rMSE: root mean square error. 
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3.3.5 Automatic noise reduction  

Figures 3-9 and 3-10 represent the scatterplots for the mean subjective ratings and the mean 

dHASQI and mHASQI scores, respectively, for the automatic noise reduction correlations. 

Figures 3-11 and 3-12 are similar figures, except that they illustrate individual HASQI 

scores and speech quality ratings. The dHASQI scores resulted in a high linear correlation 

(r = 0.836, p < 0.001) and a high rank correlation (rs = 0.826, p < 0.001), when averaged 

across conditions. The strength of correlation was higher for mean ratings compared to 

individual ratings (r = 0.42, p < 0.0001).  For both average and individual ratings, the data 

points fell left of the line, suggesting that the HASQI scores underestimated the true 

subjective scores by a larger magnitude (means: MSE = 0.234, rMSE = 0.484, individuals: 

MSE = 0.282, rMSE = 0.531), when compared to the  other datasets. dHASQI predicted a 

mean rating of 0.178 and 0.196 for the +10 dB SNR speech-shaped noise and multitalker 

babble conditions, which were subjectively rated 0.870 and 0.863, respectively. dHASQI 

predicted a mean rating of 0.008 and 0.011 for the -10 dB SNR speech-shaped noise and 

multitalker babble conditions, which were subjectively rated 0.080 and 0.084, respectively. 

The RM-ANOVA revealed main effects of hearing aid (F(1.49, 19.43) = 70.3, p < 0.0001, η2 = 

0.13),  listening condition (F(1.12,14.58) = 226.59, p < 0.0001, η2 = 0.49), and noise reduction 

(F(1, 13) = 240.65, p < 0.0001, η2 = 0.08) on the dHASQI scores. The results also revealed 

significant interactions of hearing aid x listening condition (F(2.32, 30.2) = 104.82, p < 0.0001, 

η2 = 0.05), hearing aid x noise reduction (F(1.54, 20) = 73.42, p < 0.0001, η2 = 0.03), listening 

condition x noise reduction (F(1.79, 23.24) = 138.02, p < 0.0001, η2 = 0.03) and hearing aid x 

listening condition x noise reduction (F(2.76, 35.87) = 109.36, p < 0.0001, η2 = 0.04). Post-hoc 

Bonferroni contrasts were performed on the same contrasts reported by Scollie, Levy, et 

al. (2016). In this study, all four manufacturer’s hearing aids were significantly different 

from one another. Additionally, each hearing aid’s noise reduction algorithm yielded 

significantly higher quality scores when switched from off to on. Post-hoc Bonferroni 

contrasts were also used to determine if dHASQI produced different scores for each 

listening condition. Each combination of SNR and noise type was significantly different 

from one another. dHASQI produced higher scores as SNR increased, and in multitalker 

babble relative to speech-shaped noise.   
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The mean mHASQI scores also resulted in a high linear correlation (r = 0.899, p < 0.001) 

and a high rank correlation (rs = 0.826, p < 0.001). The strength of correlation was higher 

for mean ratings compared to individual ratings (r = 0.46, p < 0.0001). For average scores, 

the data points were closest to the line (MSE = 0.006, rMSE = 0.079) relative to the other 

datasets, indicating relatively good predictability of subjective scores. For individual 

scores, the data points were a similar distance from the line (MSE = 0.055, rMSE = 0.234) 

as observed in the filtered bandwidth dataset for individual mHASQI scores (MSE = 0.054, 

rMSE = 0.235, Figure 3-4). mHASQI predicted a perfect mean rating of 1.000 for the +10 

dB SNR speech-shaped noise and multitalker babble conditions, which were subjectively 

rated 0.870 and 0.863, respectively. mHASQI predicted a mean rating of 0.216 and 0.291 

for the -10 dB SNR speech-shaped noise and multitalker babble (anchor) conditions, which 

were subjectively rated 0.080 and 0.084, respectively. A mid-quality version, represented 

by hearing aid-processed speech with multitalker babble at a 5 dB SNR with noise 

reduction activated, was subjectively rated as 0.482, compared to a HASQI prediction of 

0.587. The RM-ANOVA revealed main effects of hearing aid (F(2.16, 27.69) = 217.32, p < 

0.0001, η2 = 0.57),  listening condition (F(1.92,24.99) = 642.63, p < 0.0001, η2 = 0.89), and 

noise reduction (F(1, 13) = 265.26, p < 0.0001, η2 = 0.27) on the mHASQI scores. The results 

also revealed significant interactions of hearing aid x listening condition (F(4.69, 60.97) = 

53.02, p < 0.0001, η2 = 0.28), hearing aid x noise reduction (F(2.46, 31.92) = 111.01, p < 0.0001, 

η2 = 0.15), listening condition x noise reduction (F(2.57, 33.42) = 138.02, p < 0.0001 η2 = 0.22) 

and hearing aid x listening condition x noise reduction (F(4.54, 58.98) = 62.95, p < 0.0001, η2 

= 0.21). Post-hoc Bonferroni contrasts revealed significant differences identical to those 

identified by dHASQI, except between two of the manufacturers’ hearing aids, which were 

not significantly different. The +10 dB SNR conditions were excluded from this analysis 

because they were only measured using one hearing aid to generate references and anchors. 

A +10 dB SNR condition was not measured for the other three hearing aids.    
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Figure 3-9: Scatterplot of mean MUSHRA ratings and dHASQI quality predictions for the 

automatic noise reduction dataset using a digitally shaped reference signal. r: Pearson 

linear correlation coefficient, rs: Spearman rank correlation coefficient, MSE: mean 

square error, rMSE: root mean square error. 
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Figure 3-10: Scatterplot of mean MUSHRA ratings and mHASQI quality predictions for 

the automatic noise reduction dataset using a recorded hearing aid reference signal. r: 

Pearson linear correlation coefficient, rs: Spearman rank correlation coefficient, MSE: 

mean square error, rMSE: root mean square error. 
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Figure 3-11: Scatterplot of individual MUSHRA ratings and dHASQI quality predictions 

for the automatic noise reduction dataset using a digitally shaped reference signal. r: 

Pearson linear correlation coefficient, MSE: mean square error, rMSE: root mean square 

error. 
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Figure 3-12: Scatterplot of individual MUSHRA ratings and mHASQI quality predictions 

for the automatic noise reduction dataset using a digitally shaped reference signal. r: 

Pearson linear correlation coefficient, MSE: mean square error, rMSE: root mean square 

error.  
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3.4 Discussion 

The goals of this study were to determine: (1) if the HASQI metric predicts hearing aid 

speech quality rated by hearing-impaired listeners, (2) if HASQI is sensitive to differences 

in signal-processing adjustments across listeners, and (3) if the artificial ceiling due to 

inaudible ambient noise and response peaks could be overcome by modifying the HASQI 

reference signal selection strategy. The results of the study indicate that the HASQI metric 

is predictive of speech quality, sensitive to differences in signal processing, and that the 

modified reference strategy was effective. Specifically, the linear correlation coefficients 

across all three datasets were 0.84 or higher, indicating a strong relationship between 

HASQI and subjective listener ratings. These findings suggest that HASQI predicted the 

speech quality from real stimulus adjustments relatively well, and the correlation 

coefficients were comparable with previous HASQI validation studies for hearing aid 

signal-processing adjustments as rated by hearing-impaired listeners (Huber et al., 2014; 

Kates & Arehart, 2014). Further, the average HASQI scores across listeners were sensitive 

to changes in speech quality due to signal-processing adjustments. Finally, the use of a 

reference signal that was recorded using the same recording apparatus as the test signal 

reduced the MSE and rMSE, essentially removing the artificial ceiling caused by inaudible 

ambient noise in the recording apparatus. This allowed the range of HASQI outputs to be 

more representative of listeners’ ratings.    
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3.4.1 Sensitivity to signal processing 

HASQI was sensitive to signal-processing adjustments present in each of the three 

validation datasets, as indicated by the values in Tables 3-3 and 3-4. This was the case for 

both reference signal strategies. In the filtered bandwidth dataset, HASQI scores increased 

significantly as the low-pass filter cut-off in the stimulus was increased. Interestingly, 

HASQI did not produce significantly different scores between the 4 kHz cut-off and 

wideband conditions, while the listeners did detect a difference in the validation dataset. 

The mean threshold for these listeners at 4 kHz was just under 60 dB HL and increased as 

frequency increased. Extended high-frequency amplification (especially at 4 kHz and 

above) is not always beneficial for speech quality (Arehart et al., 2010; Versfeld, Festen, 

& Houtgast, 1999) especially for listeners with steeply sloping audiograms  (Moore, 

Füllgrabe, & Stone, 2011; Ricketts et al., 2008). HASQI’s middle ear simulation also 

attenuates energy above 5 kHz (Kates, 2013), which would reduce the high frequency 

energy present in the wideband signal. This reduction may have impacted the wideband 

condition above 5 kHz sufficiently to produce a comparable score to the 4 kHz condition. 

In summary, while the sensitivity findings from the filtered bandwidth validation may seem 

trivial relative to advanced signal-processing characteristics studied in the other datasets, 

the correlation coefficient confirmed that our HASQI implementation was strongly 

predictive of subjective ratings, and was sensitive to most stimulus changes that reflect the 

audibility provided by many hearing aids (Kimlinger et al., 2015). 
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Table 3-3: Summary of sensitivity ANOVA results for dHASQI. df = degrees of freedom.  

Dataset Factor  num df  denom df  F  p  

Bandwidth Cut-off  1.99  39.73  444.46  < 0.0001 

 

Frequency Frequency 1.86  14.89  38.86  < 0.0001 

compression compression 

   

Stimulus 1  8  3.77  0.09 

   

Frequency 1.38  19.43  70  < 0.0001 

Compression 

X Stimulus  

 

Automatic Manufacturer 1.49  19.43  70  < 0.0001 

noise  

reduction Listening 1.12  14.58  226.59  < 0.0001 

  Condition 

 

  Noise  1  13  240.65  < 0.0001 

  reduction 

 

  Manufacturer 2.32  30.17  104.82  < 0.0001 

  X Listening 

  Condition 

 

  Manufacturer 1.54  20  73.42  < 0.0001 

  X Noise  

  reduction 

 

  Listening 1.79  23.42  138.02  < 0.0001  

  Condition  

  X Noise 

  Reduction 

 

  Manufacturer 2.76  35.87  109.36  < 0.0001 

  X Listening 

  Condition 

  X Noise 

  Reduction 
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Table 3-4: Summary of sensitivity ANOVA results for mHASQI. df = degrees of freedom.  

Dataset Factor  num df  denom df  F  p  

Bandwidth Cut-off  2.03  40.67  497.98  < 0.0001 

 

Frequency Frequency 2.75  21.99  131.13  < 0.0001 

compression compression 

   

Stimulus 1  8  7.99  < 0.05 

   

Frequency 1.84  14.69  1.83  0.2 

Compression 

X Stimulus  

 

Automatic Manufacturer 1.49  27.69  217.32  < 0.0001 

noise  

reduction Listening 1.92  24.99  642.63  < 0.0001 

  Condition 

 

  Noise  1  13  265.26  < 0.0001 

  reduction 

 

  Manufacturer 4.69  60.97  53.02  < 0.0001 

  X Listening 

  Condition 

 

  Manufacturer 2.46  31.90  111.01  < 0.0001 

  X Noise  

  reduction 

 

  Listening 2.57  33.42  162.1  < 0.0001  

  Condition  

  X Noise 

  Reduction 

 

  Manufacturer 4.54  58.98  62.95  < 0.0001  

  X Listening 

  Condition 

  X Noise 

  Reduction 
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The findings from the frequency lowering dataset validation are consistent with those of 

Kates, Arehart, Anderson, Muralimanohar, & Harvey (2018). We found that HASQI was 

sensitive to differences in frequency lowering strength, particularly between the ANFC-

max versus FC-off conditions and NFC-max versus FC-off conditions. That is, HASQI 

produced lower scores as the degree of frequency lowering processing was increased to its 

strongest settings. Kates et al. (2018) found significant differences in HASQI scores 

between mild, moderate, and maximum frequency lowering processing conditions. Our 

study did not find a HASQI rating difference between the FC-off and moderate FC-fine-

tuned conditions. Recall that this moderate setting was fine-tuned following a protocol 

designed to provide individualized audibility improvement while minimizing sound quality 

decrement and that the participants in this study were candidates for FC (Glista et al., 2018). 

This result may provide objective validation of this fitting method and may also draw a 

distinction between measurement of FC sound quality effects in participants who are 

candidates versus participants who are not candidates for this technology. Finally, this 

study evaluated FC in isolation, not in combination with other signal processing, unlike the 

study by Kates et al. (2018), which may also explain the difference between these results 

and those of the previous study. The findings from our study suggest that HASQI did not 

degrade speech quality as judged by FC candidates when fine-tuning adjustments of 

frequency lowering were applied. These findings do not address the impact of FC on sound 

quality when combined with other additional signal processing features.  

The findings from the automatic noise reduction dataset validation are also consistent with 

the findings from Kates et al. (2018). In our study, HASQI scores were significantly 

different between hearing aids from four manufacturers. This suggests that the combination 

of hardware and signal-processing between hearing aids is sufficiently different to produce 

meaningfully different speech quality, which is consistent with the findings of Kates et al. 

(2018). We also found that increasing noise reduction to its maximum setting improved 

speech quality when averaged across all four hearing aids, as well as within each hearing 

aid. This can be interpreted as an outcome that may be beneficial to hearing aid users in 

the application of noise reduction algorithms. Finally, we found that each combination of 

SNR and noise type yielded significantly different degrees of quality change. Recall that 

the listening conditions used various combinations of noise (multitalker babble or speech-
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shaped noise) and SNR (0 or 5 dB). HASQI scores increased as SNR increased, and HASQI 

scores were greater in multitalker babble compared to speech-shaped noise. As SNR 

increased, HASQI scores increased significantly, and speech passages with a higher SNR 

better aligned with the high-quality reference signals. These findings are consistent with 

those of Kates et al. (2018). The finding that HASQI produced significantly greater scores 

for multitalker babble compared to speech-shaped noise was interesting and novel but 

contrasts behavioral findings for speech reception threshold differences between types of 

competing noise.  Multitalker babble consists of intermittent acoustic content, pauses, and 

peaks which may on occasion mask the speech signal, distorting the test signal relative to 

the reference signal, but may also leave occasional quiet portions in which speech may not 

be masked. Furthermore, the vocal content in the multitalker babble more closely 

resembles the vocal content in the test signal, which may reduce the measured differences 

between the test signal and reference signal compared to other types of non-vocal noise. 

Speech-shaped noise, on the other hand, consists of the spectral, but not temporal 

characteristics of acoustic vocal content and masks the entire duration of the primary 

speech signal. Based on the present results, speech-shaped noise degrades speech quality 

more than multitalker babble. Behaviorally, normal-hearing listeners can take advantage 

of the quiet periods in multitalker babble to improve intelligibility (known as “listening in 

the dips” or “glimpsing” (Cooke, 2006; Lorenzi, Gilbert, Carn, Garnier, & Moore, 2006). 

However, hearing-impaired listeners repeat sentences no more effectively in competing 

speech than in steady-state noise, because they lack the temporal fine structure cues to do 

so (Duquesnoy, 1983; Lorenzi et al., 2006; Moore, 2008). Further research is needed to 

understand the difference between subjective quality ratings for different types of 

competing noise and how they relate to HASQI.   
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3.4.2 HASQI across hearing aid users 

One of the interesting aspects of this study design was that stimulus adjustments were 

treated as within-subjects variables across individuals wearing real hearing aids. Kates et 

al. (2018) tested the impact of hearing aids programmed for standardized audiograms 

(Bisgaard et al., 2010) as a within-subjects variable, and found that HASQI produced 

higher scores for an S2 (mild-sloping-to-severe) versus an N4 (flat moderately severe) 

audiogram. This was interpreted as the S2 having less hearing loss in the low frequencies, 

thereby requiring less hearing aid signal-processing, which in turn resulted in minimally-

distorted speech passages. Our study investigated the effect of audiogram from the 

perspective of generalizability of signal-processing adjustments on HASQI scores across 

listeners with a range of audiograms, rather than across standard audiograms. We found 

that HASQI was sensitive to most signal-processing adjustments across all the audiograms 

in their respective datasets, despite the differences in signal-processing changes associated 

with each audiogram. These individual differences included (a) the varying impact of 

changes in acoustic bandwidth on audible bandwidth; (b) the individualized setting of 

frequency compression using a fine-tuning protocol; and (c) the varying impact of fixed 

SNR and fixed noise reduction strength across the varying auditory dynamic ranges of 

listeners. These findings suggest that changes in each of these signal parameters elicit 

changes in speech quality, at least across the audiograms tested here. It may be important 

to study the generalizability of HASQI for other hearing profiles, such as those with 

reverse-sloping, conductive, or severe-to-profound hearing losses.    

3.4.3 Effects of inaudible noise  

HASQI’s sensitivity to inaudible ambient noise restricts the highest HASQI value that can 

be measured (Kates et al., 2018), and this was observed in our study. The dHASQI metric, 

using a clean digitally-shaped reference, produced a value that underestimated its 

corresponding speech quality rating. The underestimation likely occurred due to an SNR 

that was sufficiently large for speech to be subjectively rated as relatively high-quality. For 

example, the dHASQI scores were relatively low for conditions that had relatively high 

subjective scores of 0.75 or higher (i.e., the fine-tuned ANFC condition, the +10 dB SNR 

condition, and the full bandwidth condition) and all scores showed a clear upper limit of 
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measurement. Estimates of speech audibility only require the peaks of the signal in their 

calculation, corresponding to an SNR of about 10 dB (ANSI, 1997, 2014; Kates et al., 

2018). This implies that intelligibility metrics only measure portions of the signal in which 

speech content is present and not entirely masked. The SII also includes corrections to 

account for upward spread of masking and/or in-band masking for when noise is present. 

HASQI, on the other hand, relies on signal fluctuations for the entire signal duration. 

Unlike the SII, it does not rely on speech peaks alone and it does not include corrections 

for masking. This implies that noise during low-level portions of speech will contribute to 

the overall quality rating. This was apparent for the automatic noise reduction dataset 

reference condition dHASQI score, in that a +10 dB SNR produced a low score, and for 

the filtered bandwidth and frequency lowering reference conditions, in that inaudible 

ambient noise limited the dHASQI score to below 0.5. Kates et al. (2018) reduced the 

impact of inaudible noise by averaging multiple HASQI analyses for the same condition. 

This strategy, however, continued to yield a relatively low score.  

These impacts of low-level noise were the motivation for investigating the use of an 

alternative reference signal strategy. The dHASQI analysis, which compared hearing aid 

recordings to digitally-shaped references, underestimated the corresponding subjective 

ratings across all three validation datasets, and this was confirmed with the MSE and rMSE 

measurements. The mHASQI analysis, which compared hearing aid test recordings to 

hearing aid reference recordings that were recorded using the same apparatus, annulled the 

impact of inaudible noise and ensured that the analysis was based on the effects of additive 

noise and/or automatic noise reduction alone. The reference condition in all datasets 

yielded perfect HASQI scores of 1.00. The mid-level fine-tuned ANFC condition from the 

FC dataset yielded a HASQI score of 0.685, corresponding to a subjective rating of 0.722. 

This strategy showed smaller errors between average HASQI scores and average listener 

ratings. The recorded reference strategy produced mHASQI scores that were more 

representative of real human subjective ratings for all three validation datasets that we 

tested. 

Another contributor to the artificial ceiling observed in the dHASQI scores, specifically in 

the current study, may be attributed to the use of the DSL v5.0 formula. HASQI shapes its 
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reference signal and training data test signals (Arehart et al., 2010; Kates & Arehart, 2014) 

for listener thresholds using the linear NAL-R prescriptive formula (Byrne & Dillon, 

1986). Therefore, the same gains are applied to a signal regardless of level fluctuations 

within the signal. In the current study, DSL v5.0 was used to amplify the reference and test 

signals to match the prescriptive formula implemented in the corresponding subjective 

datasets. DSL v5.0 is a nonlinear prescriptive formula (Scollie et al., 2005) meaning that 

softer sounds are amplified with more gain compared to louder sounds. In the dHASQI 

analysis, the digitally-shaped reference signal was linearly shaped using DSL v5.0-

prescribed gains that were derived from the average input level of the corresponding 

stimulus. In other words, both the loud and soft signals of the reference signal were 

amplified with the same gains. However, like the stimuli in the subjective tests, the test 

signals were amplified using nonlinear gains and this may have introduced additional 

distortions relative to the linear digitally-shaped reference. This would have inflated the 

sound quality degradations, contributing to the artificial ceiling observed in the data. This 

issue also would have occurred if linear NAL-R shaping was digitally applied to the 

reference signal, as specified by HASQI (Kates & Arehart, 2014). This issue was subsided 

using a recorded reference signal, because the reference signal was amplified using 

nonlinear gains like the test signal. Future HASQI investigations may look to digitally 

shape the reference signal using a nonlinear prescriptive formula through a hearing aid 

simulator, such as the University of California: San Diego’s Open Speech Platform 

(Garudadri et al., 2017) or the University of Oldenburg’s Open Source Master Hearing Aid 

(Herzke, Kayser, Loshaj, Grimm, & Hohmann, 2017). This would allow the reference 

signal to better resemble signals produced by today’s nonlinear commercial hearing aids.  
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3.4.4 Implementation considerations 

While mHASQI resolved the issue of degradations in the signal due to inaudible low-level 

noise, there are still considerations to be addressed. The rationale behind mHASQI was to 

use a recorded reference signal so that inaudible low-level noise would not artificially 

inflate the degree of signal degradation. This strategy resulted in HASQI scores that were 

better aligned with listener ratings. This reference signal strategy, however, limits the use 

of mHASQI to a single hearing aid and only allows for signal-processing quality 

measurements of that instrument alone. Different manufacturers’ hearing aids have 

different receiver responses and different amounts of processing noise, and these 

differences are sufficient to produce statistically different MUSHRA ratings (Scollie, Levy, 

Pourmand, et al., 2016) and statistically different HASQI scores using a digitally-shaped 

reference signal (Kates et al., 2018). The recorded reference signal strategy biased 

mHASQI measurements towards the device used as the reference. For example, in the 

automatic noise reduction dataset, the reference signal was recorded through only one of 

the hearing aids. The mean predicted quality value for the reference-based hearing aid was 

0.61, whereas the others ranged between 0.54 and 0.57. In the dHASQI analysis, a different 

hearing aid yielded the highest score. In the mHASQI analysis, the non-reference hearing 

aids’ scores were affected by degradations from multiple sources (i.e., differences in 

receiver response and differences in processing noise between devices) whereas the 

reference-based hearing aids’ scores were affected by degradations from only one source 

(signal-processing degradations). This reference signal strategy effectively prevents the use 

of mHASQI for cross-manufacturer comparisons, which may be problematic if the relative 

differences in mHASQI were used to select a hearing aid, for example. A future HASQI 

investigation using the recorded reference-signal strategy could record the reference signal 

through the output of a high-fidelity earphone that has been matched to prescriptive targets. 

These recordings would include environmental noise from the measurement system but 

would omit hearing aid processing noise as there is likely less noise in the earphone 

transducer compared to a hearing device that includes digital-signal-processing hardware. 

This strategy would omit ambient noise caused by the recording system and include sound 

quality degradations due to signal-processing, receiver responses, and processing noise 

between hearing aids without bias towards the device being used to record the reference 
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signal. The presence of hearing aid noise may continue to introduce a ceiling effect, but 

less so compared to a digital reference strategy where the recording noise is also 

considered.   

Another implementation consideration relates to the sensitivity of dHASQI and mHASQI 

to differences between stimulus conditions. While the two metrics were highly related to 

subjective human ratings, and successfully detected differences between conditions, the 

statistical differences within dHASQI and within mHASQI did not always correspond to 

the corresponding statistical differences between subjective human ratings. Table 3-5 

displays a summary of RM-ANOVA effects for dHASQI, mHASQI and the MUSHRA 

ratings from each of the validation datasets. In the frequency lowering dataset, only 

mHASQI detected a significant difference between stimuli. In contrast, only dHASQI 

detected a significant interaction between frequency-compression setting and stimulus. In 

this dataset, each stimulus was a female-spoken passage with predictable acoustic content 

by the same speaker. Therefore, the difference in quality scores was likely attributable to 

spectral differences between the words in the speech passages, despite the two passages 

yielding promising test-retest intraclass correlations of 0.89 and higher in the behavioral 

study. Likewise, the main effect of noise reduction in the automatic noise reduction study 

was not apparent in the corresponding behavioral dataset. Both HASQI implementations 

found that all four hearing aids’ noise reduction algorithms significantly improved speech 

quality, whereas listeners subjectively found that only one hearing aid’s noise reduction 

algorithm improved perceived speech quality. The HASQI implementations also detected 

significant differences in speech quality between almost all four manufacturers’ hearing 

aids, whereas listeners were unable to differentiate speech quality between several hearing 

aid pairings. Furthermore, the ordering of hearing aids from most preferred to least 

preferred was not the same between predicted and behavioral results. Behavioral ratings 

are highly variable and this was illustrated by when comparing scatterplots for individual 

speech quality scores to scatterplots for mean speech quality scores. Across all datasets, 

correlation strength was weaker and MSE and rMSE values were greater using individual 

scores, suggesting poorer model accuracy and predictability when using individual scores 

rather than average scores. Individual variability can be influenced by many factors 

including acclimatization, cognition, loudness discomfort levels, and intelligibility versus 
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quality preferences - factors that are not included in computing the HASQI metric (Kates 

et al., 2018). Behavioral ratings within individuals can also lack reliability between test 

sessions (Gabrielsson et al., 1988; Narendran & Humes, 2003). In contrast, the HASQI 

scores for each single condition in this study only varied by differences in prescribed DSL 

v5.0 reference-shaping between listeners and not individual variability. HASQI may have 

also been sensitive to imperceptible differences between various signal-processing settings, 

as it was to inaudible ambient noise. In summary, compared to human listeners HASQI 

was more sensitive to signal-processing adjustments, despite a strong positive association 

between predicted and behavioral results. Therefore, clinical use of HASQI would be most 

appropriate if future studies established the minimum change in HASQI necessary to 

produce a change in perceived sound quality. Otherwise, small changes to hearing aid 

fitting parameters could be misinterpreted as clinically important if based on HASQI score 

changes in isolation. 
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Table 3-5: Significance of statistical tests across dHASQI, mHASQI, and subjective ratings 

from original studies. Sig = statistically significant, Non-Sig = statistically non-significant.  

Dataset Factor   dHASQI mHASQI Subjective  

Bandwidth Cut-off   Sig  Sig  Sig 

 

Frequency Frequency  Sig  Sig  Sig 

compression compression 

   

Stimulus  Non-Sig Sig  Not Reported 

   

Frequency  Sig  Sig  Sig 

Compression 

X Stimulus  

 

Automatic Manufacturer  Sig  Sig  Sig 

noise  

reduction Listening  Sig  Sig  Sig 

  Condition 

 

  Noise   Sig  Sig  Non-Sig 

  reduction 

 

  Manufacturer  Sig  Sig  Not Reported 

  X Listening 

  Condition 

 

  Manufacturer  Sig  Sig  Not Reported 

  X Noise  

  reduction 

 

  Listening  Sig  Sig  Sig  

  Condition  

  X Noise 

  Reduction 

 

  Manufacturer  Sig  Sig  Not Reported  

  X Listening 

  Condition 

  X Noise 

  Reduction 
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3.5 Conclusions and future directions 

The findings from this article contribute to the research literature on applying the objective 

speech quality metric, HASQI, to hearing aid processed speech by extending past findings 

to new hearing aid and signal parameters, by testing across groups of hearing aid users, and 

by contrasting two strategies for developing a reference signal. The findings show that 

HASQI is positively associated with behavioral speech quality ratings of hearing aid 

processed stimuli. The findings also show that HASQI is sensitive to differences in hearing 

aid signal-processing adjustments across a group of hearing-impaired listeners. The 

dHASQI implementation (in which HASQI implemented a digital reference) revealed that 

this metric can detect differences between the hardware and signal-processing 

combinations belonging to different hearing aids. This analysis also revealed dHASQI’s 

sensitivity to background and processing noise, which creates an artificial measurement 

ceiling and contributes a significant discrepancy between predicted and behavioral results. 

The mHASQI implementation incorporated a recorded reference signal strategy and 

overcame the ceiling issue by using the same recording apparatus for the reference and test 

signals, so both signals would contain the same inaudible ambient noise. However, the use 

of a recorded hearing aid reference signal also biased mHASQI towards the test hearing 

aid that was used to make the recording, removing the utility of cross-device comparisons 

in this analysis.  

There are several other areas to consider in future studies. First, the datasets analyzed here 

did not encompass all the types of signal processing that occur in hearing aids or even all 

types of hearing aids, nor did they represent all degradations encountered in realistic 

listening environments (such as reverberation, different talker’s voices, and spatial 

configuration of talkers and maskers, to name a few). Second, two of the datasets (filtered 

bandwidth and automatic noise reduction) were gathered from listeners presenting with 

high frequency thresholds no greater than 75 dB HL on average, so the results do not 

necessarily transfer to listeners with greater degrees of hearing loss. Third, the validity and 

sensitivity here were measured over perceptual listener averages, rather than incorporating 

data points for each individual listener. At the individual level, subjective variability may 

produce lower correlation coefficients with objective metrics such as HASQI. Finally, the 
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digital reference signal was amplified using linear amplification, which is not 

representative of the nonlinear fitting formulas used to prescribed most of today’s 

commercial hearing aids. These considerations highlight many possible directions for 

future research on objective metrics of speech quality. Future investigations should 

examine additional signal-processing features (such as feedback cancellation, speech 

enhancement, different gain models, etc.) across a variety of manufacturers’ hearing aids, 

across a wider a range of audiograms, and in as many realistic listening environments as 

possible. Future research should also investigate the impact of processing the digital 

reference signals using nonlinear amplification. Furthermore, this research will be 

complemented by HASQI analyses at the individual level, behavioral investigations of 

factors influencing within-individual variability, and the incorporation of those factors in 

future model developments.  
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Chapter 4  

4 Comparison of music sound quality between hearing 
aids and music programs7 

4.1 Introduction 

Listening to music is an important and enjoyable part of many people’s lives. Music 

listening can improve quality of life through its recreational and rehabilitative function. For 

example, music involvement can enhance IQ in developing children (Hille, Gust, Bitz, & 

Kammer, 2011), and can mitigate symptoms of Alzheimer’s disease in older adults 

(Simmons-Stern, Budson, & Ally, 2010). Unfortunately, facilitating music listening in 

hearing aid wearers is not fully understood, and making music enjoyable through hearing 

aids can be challenging for some fittings. In this article, we will share the results of a sound 

quality experiment that tested whether music programs in a wide range of leading hearing 

aid models provide good music quality, including for the listeners’ own favorite music 

passages. 

4.1.1 The acoustics of speech and music 

We fit hearing aids to improve audibility of sounds, such as speech and music. However, 

hearing aids are often programmed for listening to speech – and we should remind 

ourselves that speech and music can be quite different. Speech is produced by the human 

vocal tract and has well-defined acoustic properties that are fairly consistent across 

languages (Byrne et al., 1994) and that have predictable variations across genders, ages, 

and vocal effort levels (Byrne et al., 1994; Olsen, 1998).  Average speech levels typically 

vary between 55 and 66 dBA (Olsen, 1998) with a dynamic range of 20 – 30 dB (Holube, 

                                                 

7 A version of this chapter has been published (See Appendix B): Vaisberg, J. M., Folkeard, P., Parsa, V., 

Froehlich, M., Littmann, V., Macpherson, E. A., & Scollie, S. (2017). Comparison of music sound 

quality between hearing aids and music programs. AudiologyOnline, Article 20872. Retrieved from 

www.audiologyonline.com 
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Fredelake, Vlaming, & Kollmeier, 2010). Speech tends to have more low-frequency energy 

and a fundamental frequency as low as 100 Hz and 160 Hz for males and females, 

respectively (Cornelisse, Gagne, & Seewald, 1991). 

Music, in contrast, can originate from a variety of sources, such as voices and instruments. 

Music has the potential of having a much larger dynamic range, broader frequency 

spectrum, and higher overall level (Chasin & Hockley, 2014). We can illustrate these 

differences between speech and music using displays of the energy, across frequencies, in 

each type of signal across frequency. The speech range is sometimes called a “speech 

banana”, as shown in Figure 4-1. This is compared to the range of energy in music, with 

both speech and music overlaid on the dynamic range of the human auditory system. The 

acoustic differences between speech and music are large, and may pose challenges for 

designing hearing aid programs that work as well for music as they do for speech.   

These characteristics can also depend on the exact instruments and genre, and whether 

music is listened to live or via a recording. For example, Kirchberger & Russo (2016) found 

that the dynamic range of recorded classical music was between 20-32 dB while the 

dynamic range of recorded jazz was 13-23 dB, and that there was more relative low 

frequency energy in a choir genre versus a pop recording. In fact, previous studies have 

shown that hearing aid sound quality ratings can be affected by music genre (Arehart, 

Kates, & Anderson, 2011; Davies-Venn, Souza, & Fabry, 2007). Does this mean that fitting 

hearing aids for music listening is not a generic problem, but rather one that may need to 

be tailored to the individual music preferences of the hearing aid wearer? 
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Figure 4-1: Frequency-intensity range of speech and music within the audibility of the 

human auditory system. Adapted from Limb (2011).  

 

4.1.2 Hearing aids and music programs 

Many hearing aid manufacturers have incorporated music programs, designed to improve 

the sound quality of music, into their products. While the parameters of each music 

program differ between manufacturers, common features of a music program include 

slower compression, less noise reduction, reduced directionality, and reduced feedback 

cancellation, compared to programs intended for use with speech (Moore, 2016). At least 

one study has shown that different models provide different output levels for music, but 

also showed that individual preferred listening levels vary considerably across listeners 

(Croghan, Swanberg, Anderson, & Arehart, 2016; Galster, Rodemerk, & Fitz, 2014). 

Previous studies report that many hearing aid users report difficulty listening to amplified 

music (Leek, Molis, Kubli, & Tufts, 2008). A recent survey found that only 40% of its 

respondents reported having a music program in their aids (Madsen & Moore, 2014). Those 
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who did report having a music program reported music listening experiences that were 

essentially similar to those of users who did not have a music program. This raises the 

question of whether music programs were effective at improving music listening 

experiences for these hearing aid users.  

Overall, the idea of creating a music program that makes music more enjoyable for hearing 

aid users is important, but is also complex. The vast differences in music types and genres, 

hearing aid signal processing, and listener individuality create a highly variable set of 

possible combinations. For these reasons, it is important to determine whether modern 

hearing aid music programs produce good sound quality across a wide range of genres and 

listeners. 

4.1.3 Study purpose 

The purpose of this study was to examine the sound quality of hearing aid processed music 

across a wide range of hearing aid models and music genres. Specifically, we compared 

hearing impaired listeners’ subjective sound quality ratings of music processed by several 

premier hearing aids’ respective universal and music programs.  

4.2 Methods 

4.2.1 Participants 

Participants were recruited from the National Centre for Audiology’s Translational 

Research Unit participant database at Western University. A total of 26 adults between 

ages 20 and 84 (mean = 71 yearrs, standard deviation = 12, 15 males, 11 females) 

participated in this study. All participants were regular users of hearing aids, and had 

bilateral symmetrical sensorineural hearing loss. Hearing losses ranged from 35-40 dB in 

the low frequencies to 65-70 dB in the high frequencies. Figure 4-2 displays the average 

and individual thresholds for all participants included in this study. This study was 

approved by the Western University Health Sciences Research Ethics Board. All 

participants completed informed consent and were compensated for their time.   
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Figure 4-2: Pure-tone air conduction audiometric thresholds for all participants (n=26). 

The left panel represents thresholds for participants’ left ears and the right panel 

represents thresholds for the participants’ right ears. The light grey lines represent 

individual audiograms and the dark grey lines represent the mean audiograms across 

participants for each ear.  

 

4.2.2 Test conditions 

Hearing aids used in this study included five recently-available premier hearing aids from 

leading manufacturers. The hearing aids were individually programmed to each 

participant’s thresholds based on each manufacturer’s proprietary fitting formula at default 

settings for all parameters. Participants listened to music clips (described in the next 

section) processed through two program settings within each hearing aid. The first program 

was the manufacturer’s “first fit” (universal program) and the second program was the 

manufacturer’s proprietary music program. Note that the fifth hearing aid did not offer a 

music program so recordings were generated using only its universal program. However, 

these recordings were duplicated to provide a balanced set of stimuli against the other four 

hearing aids. A summary of the hearing aids and programs can be found in Table 4-1.  
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Table 4-1: Summary of hearing aids and program settings used in this study.  

Hearing Aid      Program 1 Program 2 

Hearing Aid 1 (HA1)     Universal Music 

Hearing Aid 2 (HA2)     Universal Music 

Hearing Aid 3 (HA3)     Universal Music 

Hearing Aid 4 (HA4)     Universal  Music 

Hearing Aid 5 (HA5)     Universal Universal 

 

4.2.3 Music genres and recordings 

Pre-recorded music samples were selected from four different music genres: classical, jazz, 

folk, and pop. Samples were 15 to 30 seconds in length, comprising at least a full musical 

phrase. The classical sample included a full orchestra passage playing at a moderate-to-fast 

tempo. The pop sample consisted of a female vocalist, drums, electric guitar, piano, and 

bass guitar playing at a moderate tempo. The folk sample included acoustic guitar, drums, 

melodic percussion instruments, and bass guitar playing at a fast tempo. The jazz sample 

included electric guitar, upright bass, and snare drum with brush drumsticks playing at a 

slow pace. A fifth genre, individualized for each participant, was also included. For this 

genre, participants chose a favourite song, from which a 15-30 second sample was 

included.  

In order to play the hearing aid processed samples without the listeners knowing which aid 

was which, we made recordings of each hearing aid and played them back using earphones. 

Each of the five samples was recorded through the individually-fitted hearing aids and 

hearing aid programs. This yielded a total of 10 recordings per participant. Hearing aids 

were fitted using double dome couplings and were recorded on a mannequin (Bruel & 

Kjaer Head & Torso 4128 C) placed in the center of a double-walled sound-attenuated 

booth. Music samples were delivered to the mannequin from an Anthony Gallo A’Diva 

loudspeaker at 0 degrees from 76 cm away. The presentation levels were 60, 72, 73, and 
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78 dB SPL for the jazz, classical, pop, and folk samples, stimuli, respectively, and 73 dB 

SPL for the favourite sample.  

The hearing aid recordings were compared to high and poor quality samples when the 

listeners made their ratings (described below). The high quality samples, or “references” 

were the original samples digitally filtered to match DSL v5.0 adult targets. The poor 

quality samples, or “anchors” were highly distorted versions of the reference stimuli. 

Distortions were created by digitally center-clipping the music stimuli at 10% of the peak 

level. Altogether, there were a total of 70 stimuli per participant.  

4.2.4 Ratings 

A sound quality rating for each sample was obtained using the “multiple stimulus test with 

hidden reference and anchors” (MUSHRA) task (ITU-R, 2015). Ratings were made on a 

continuous scale ranging from “Bad=0” to “Excellent=100”, as shown in Figure 4-3. 

Listeners were seated in a double-walled sound booth, in front of a laptop, wearing insert 

earphones with a broadband frequency response (Etymotic ER-2). Participants completed 

a practice run with three stimuli, and adjusted the volume to their most comfortable 

listening level before ratings began. The ratings were done in groups of seven stimuli at a 

time (the same sample processed by the five hearing aids plus the corresponding reference 

and anchor stimuli), and there were 10 of these groups, corresponding to the 10 

combinations of genres and program types (universal or music). Presentation order of the 

10 groups was randomized between participants.  Rating all 10 groups took 30 to 60 

minutes to complete.  
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Figure 4-3: Screenshot of software used to gather the sound quality ratings of hearing aid 

processed music samples. Clicking on the lettered button played the processed sample 

randomly assigned to it. Participants adjusted the sliders to indicate their sound quality 

ratings.  

4.3 Results 

4.3.1 Analysis 

The sound quality ratings were analyzed using a three-way repeated measures analysis of 

variance, using Greenhouse-Geisser corrections, with genre [5], hearing aid [5], and 

program [2] as within-subjects factors. Post-hoc analyses were completed using Bonferroni 

corrections when appropriate to locate significantly different contrasts. Sound quality 

rating data for universal and music programs are presented in Figures 4-4 and 4-5, 

respectively, and compared in Figure 4-6.  
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4.3.2 Effect of model and genre  

Hearing aid model was a significant factor in sound quality ratings (F(3.2,79.5) = 19.7, p < 

0.001) collapsed across all programs and genres. HA1 was rated significantly higher than 

all other hearing aids (p < 0.001), except for HA2.  HA4 was rated significantly poorer 

than all other hearing aids. Given that a major question of this study was the effect of music 

program on sound quality, further analysis was done to compare effects between hearing 

aids within the universal and music programs separately.  

For either the universal programs (Figure 4-4) or the music programs (Figure 4-5), some 

hearing aids had better sound quality for music than others. Comparing specific pairs of 

hearing aids, we see that HA1 outperformed the other models, but not HA2, among the 

universal programs. Among the music programs, HA3 improved relative to its own 

universal program, and both HA1 and HA2 were better than HA4 and HA5. The better-

performing models across universal and music programs had average sound quality ratings 

of about 75%, which roughly corresponds to a rating of “good”. 

Breaking this down by musical genre, we see that an interaction was also present between 

model, program type, and genre (F(8.3,207.1) = 2.0, p < 0.05). This suggests that sound quality 

ratings differed significantly between hearing aids, and that these differences depended on 

whether the hearing aids were in a music program for at least some hearing aid models and 

music genres. The genre-specific ratings are shown in the right panels of Figure 4-4, for 

the universal programs, and Figure 4-5, for the music programs. HA1 was rated as having 

better sound quality than other hearing aids seven times in the universal program and eight 

times in the music program, which was more than other hearing aids. We also saw that 

there were more significantly different paired comparisons within the Jazz and Pop genres, 

suggesting that these genres were more sensitive to the differences between models.  
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Figure 4-4: Boxplots showing the sound quality ratings for all hearing aids in the 

universal program across genres (on the left) and separated by genre (on the right). 

Asterisks indicate statistically significant differences between hearing aid models.  

 

Figure 4-5: Boxplots showing the sound quality ratings for all hearing aids in the music 

program across genres (on the left) and separated by genre (on the right). Asterisks 

indicate statistically significant differences between hearing aids models.  
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4.3.3 Effect of music programs 

Across genres, we saw a significant interaction of program by hearing aid (F(4,100) = 8.3, p 

< 0.001). This suggests that music programs improved sound quality relative to the 

universal programs for some models more than others (Figure 4-6; left panels of Figures 

4-4 and 4-5 combined). Hearing aid sound quality improved significantly for the music 

programs offered by HA2 and HA3. For all other hearing aids, the universal and music 

programs did not result in different sound quality ratings (including HA5, for which the 

universal and music program recordings were duplicates).  

 

 

Figure 4-6: Boxplots showing the MUSHRA sound quality ratings for both programs for 

each hearing aid, across all genres. The dark grey boxplots represent the music program 

and the white boxplots represent the universal programs. Asterisks indicate statistically 

significant differences between programs within each hearing aid. 
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4.4 Discussion 

In this study, hearing aid users rated the sound quality of music samples processed by 

several manufacturers’ premier hearing aids, in both universal and music programs. All 

hearing aids were set to the manufacturer’s default settings. Overall, this study revealed 

significant between-model differences in sound quality for music. HA1 was rated as having 

the overall best sound quality across programs and genres. In the universal program, HA1 

was rated significantly higher than hearing aids HA3, HA4 and HA5. In the music program, 

HA1 was rated significantly higher than hearing aids HA4 and HA5. 

4.4.1 Does music program matter? 

Overall, the majority of music programs tested did not significantly improve music sound 

quality. These results are consistent with recent survey findings of Madsen & Moore 

(2014), in which perceptions of music did not differ between using versus not using a music 

program. This was possibly due to hearing aids having good sound quality in either 

program, leaving little room for improvement for some devices. In other devices (HA3) the 

music program was effective, with higher ratings in the music program than in the universal 

program. In other words, sound quality and music program strategies may vary across 

models, and some combinations of model and program may be more effective than others.  

4.4.2 Does genre matter? 

Our results show that sound quality differences between hearing aids may be more apparent 

for some genres of music compared to other genres. This finding is consistent with previous 

results from simulated hearing aids tested by Arehart et al., (2011). Clinically, this may 

mean that the most suitable hearing aid, and whether it needs or has a music program, may 

depend on the type of music that the patient would like to enjoy. In this study, HA1 was 

rated, in all genres, as having the highest sound quality more frequently than any other 

hearing aid. Some genres seemed to interact more often with hearing aid model and 

program. For example, there were only a few noticeable differences for classical music, 

while the jazz sample elicited many noticeable differences. The individual patient’s 

preferences for music type is an important consideration. 
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4.4.3 Why did sound quality vary?  

The sound quality of hearing aid processed music can be affected by electroacoustic 

parameters, including some that we can manipulate when fitting hearing aids. For example, 

some studies have examined bandwidth and music sound quality. Hearings aids typically 

amplify frequencies between 200 and 5000 Hz. However, Franks (1982) found that 

listeners preferred music that had additional gain in the low-frequency range below 200 

Hz. Moore, Füllgrabe, & Stone (2011) and Ricketts, Dittberner, & Johnson (2008) also 

found that hearing-impaired listeners preferred music with additional gain in the extended 

high-frequency range, although listeners with steeply sloping audiograms may prefer a 

narrower bandwidth.  Clinically, this may mean that hearing aids with a more robust bass 

response may produce better music sound quality.  

Other studies have examined the effects of different compression settings on music sound 

quality. Compression compensates for elevated thresholds by amplifying low-level signals 

more so than high-level signals, thereby reducing the dynamic range of the hearing aid 

output. However, for music sound quality, linear settings are frequently preferred to more 

compressive settings (Arehart et al., 2011; Croghan, Arehart, & Kates, 2014; Kirchberger 

& Russo, 2016). If compression is used, longer time constants are frequently preferred to 

shorter time constants (Arehart et al., 2011; Croghan et al., 2014; Moore et al., 2011). 

Clinically, this may mean that slower-acting compression systems, or systems that are more 

linear, may produce better hearing aid sound quality.  

Given these clear messages in the literature, we examined the results of the present study 

to determine if low-frequency and compression characteristics seemed to relate to the 

sound quality ratings we measured. Specifically, we selected one participant whose results 

were most representative of the group results of the study. This person’s ratings can be 

found in Table 4-2 for the highest and lowest-rated hearing aids, and for the music program 

that differed the most from the corresponding universal program. In both of these contrasts, 

the listener rated the better and worse hearing aid conditions very differently, with 40 to 

50% improvement for the hearing aid with the better sound quality. This is a substantial 

change and is likely of clinical importance. 
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Table 4-2: List of participant’s ratings of 2 hearing aid recordings for the folk clip.  

  

  Hearing Aid Comparison  Between-Program Comparison 

Hearing Aid HA1  HA4   HA3   HA3 

Program Universal Universal  Music   Universal 

Rating (%) 100  50   92   58 

 

In order to learn what was different about the hearing aids and programs listed in Table 4-

2, we analyzed the spectral and compression characteristics of hearing aid recordings of 

the folk music clip. This included the aided Long Term Average Spectrum (LTAS) of each 

hearing aid in 1/3rd octave bands from 100 Hz to 16000 Hz recorded in a 0.4 cc coupler.  

We compared the LTAS to the participant’s 0.4-cc coupler-based thresholds for the same 

overall level (Figure 4-7). To measure compression, we calculated each hearing aid’s short-

term compression ratio by dividing the input dynamic range by the output dynamic range 

across frequencies (Figure 4-8).      
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Figure 4-7: Frequency response curves of the highest and lowest rated hearing aids (left) 

and hearing aid with the biggest difference between programs (right). Solid lines represent 

the 0.4-cc coupler long term average spectrum of the output in response to the folk music 

sample, while dashed lines show the aided peaks and valleys of the signals. The distance 

between the dotted lines for a single colour is the dynamic range of the hearing aid output. 

The dark lines are pure tone detection thresholds, plotted in dB SPL in the 0.4-cc coupler.     

The left panel in Figure 4-7 illustrates the hearing aid outputs for the best-rated hearing aid 

(HA1) versus the poorest-rated hearing aid (HA4). Clear differences between the shape of 

the aided frequency response of the two hearing aids can be noted. In the low frequencies 

(about 100 – 500 Hz), HA1 provided about 10 dB more output for music than did HA4. In 

the high frequencies (about 8000 – 10,000 Hz) HA1 exceeded HA4 by an average of 16 

dB.  Overall, the better-rated hearing aid had a broader bandwidth and provided a higher 

listening level for the bass frequencies of this music sample. 

The right panel in Figure 4-7 illustrates the hearing aid outputs for the hearing aid with the 

largest differences between its universal and music programs (HA3). Similar to the best-

worst comparison above, there are differences in low-frequency output. The music program 

exceeded the universal program by an average of 10 dB, particularly below about 300-400 

Hz. Overall, the better-rated program had a higher listening level for the bass frequencies.  

We also compared the effective short-term compression ratio for the music signal for the 

same two pairs of hearing aid recordings. This is not an input/output curve – recall that we 


