
Influence of Audibility and Distortion on
Recognition of Reverberant Speech for Children
and Adults with Hearing Aid Amplification
Marc A. Brennan, PhD1 Ryan W. McCreery, PhD2 John Massey, AuD3

1Department of Special Education and Communication Disorders,
University of Nebraska-Lincoln, Lincoln, Nebraska

2Center for Hearing Research, Boys Town National Research Hospital,
Omaha, Nebraska

3Florida Ear and Sinus Center, Silverstein Institute, Sarasota, Florida

J Am Acad Audiol 2022;33:170–180.

Address for correspondence Marc A. Brennan, PhD,
marc.brennan@unl.edu

Keywords

► hearing loss
► hearing aids
► speech perception
► adults and children

Abstract Background Adults and children with sensorineural hearing loss (SNHL) have trouble
understanding speech in rooms with reverberation when using hearing aid amplifica-
tion. While the use of amplitude compression signal processing in hearing aids may
contribute to this difficulty, there is conflicting evidence on the effects of amplitude
compression settings on speech recognition. Less clear is the effect of a fast release
time for adults and children with SNHL when using compression ratios derived from a
prescriptive procedure.
Purpose The aim of the study is to determine whether release time impacts speech
recognition in reverberation for children and adults with SNHL and to determine if
these effects of release time and reverberation can be predicted using indices of
audibility or temporal and spectral distortion.
Research Design This is a quasi-experimental cohort study. Participants used a
hearing aid simulator set to the Desired Sensation Level algorithm m[i/o] for three
different amplitude compression release times. Reverberation was simulated using
three different reverberation times.
Participants Participants were 20 children and 16 adults with SNHL.
Data Collection and Analyses Participants were seated in a sound-attenuating booth and
then nonsense syllable recognition was measured. Predictions of speech recognition were
made using indices of audibility, temporal distortion, and spectral distortion and the effects of
release time and reverberation were analyzed using linear mixed models.
Results While nonsense syllable recognition decreased in reverberation release time
did not significantly affect nonsense syllable recognition. Participants with lower
audibility were more susceptible to the negative effect of reverberation on nonsense
syllable recognition.
Conclusion Wehave extended previous work on the effects of reverberation on aided
speech recognition to children with SNHL. Variations in release time did not impact the
understanding of speech. An index of audibility best predicted nonsense syllable
recognition in reverberation and, clinically, these results suggest that patients with less
audibility are more susceptible to nonsense syllable recognition in reverberation.
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Introduction

Purpose
Improving the ability of adults and children with SNHL to
communicate is of paramount importance. It is well estab-
lished that adults and children with SNHL correctly recog-
nize fewer words than adults and children with “normal”
hearing (NH), even with the provision of hearing aid ampli-
fication.1,2 Children, regardless of hearing status, recognize
fewer words in sentences than adults in conditions with
noise or reverberation.2,3 Most environments encountered
by adults with hearing loss have a favorable signal-to-noise
ratio (SNR) with minimal reverberation, but listening situa-
tions rated as difficult include thosewith less a favorable SNR
and greater reverberation.4–7 Reverberation is a particularly
problematic environment for both adults and children, in
that their ability to correctly repeat back spoken words
degrades.3,8 This negative effect of reverberation on under-
standing is particularly problematic for children, who com-
monly receive academic instruction in reverberant
environments9 but it is also problematic for adults who
wish to communicate in restaurants or understand a sermon
at a house of worship.7,10,11 Consequently, improving the
ability of children and adults with SNHL to correctly perceive
speech in environments with reverberation is a necessary
step toward improving their outcomes in real-world listen-
ing environments. Toward that end, this experiment exam-
ined the influence of simulated room reverberation and
three different hearing aid release times for amplitude
compression amplification on speech recognition and indi-
ces of audibility, temporal distortion, and spectral distortion.
Predictability of speech recognition from the indiceswas also
assessed. Participants were children and adults with senso-
rineural hearing loss (SNHL).

Effects of Amplitude Compression Parameters on
Acoustic Cues and Speech Recognition
Amplitude compression is a signal processing method used
by hearing aids and different amplitude compression param-
eters have been documented to influence acoustic cues used
to recognize speech. The attack and release times refer to the
time required for the amplitude compression circuit to
adjust to increases and decreases, respectively, in the input
level. The compression ratio is the change in output level that
occurs as the input level varies, with higher compression
ratios resulting in smaller changes in output level. Input
levels above the knee point are compressed and input levels
below the knee point are linearly or expansively amplified.12

Higher compression ratios in conjunction with fast attack
and release times and greater numbers of channels improve
audibility for low-input levels,maintain loudness comfort for
high-input levels, and improve the SNR for negative SNRs.
However, higher compression ratios are also associated with
increased temporal and spectral distortion of the speech
signal.13–18 These temporal and spectral distortions include
reduced modulation depth,14 increased correlation of inde-
pendent sound sources,19 reduced spectral contrast,15 and
decreased SNR for positive SNRs.17,20

Perhaps because of the complex relationship between
amplitude compression parameters and acoustic cues, dif-
fering results between studies on the effect of different
amplitude compression parameters on speech recognition
have been observed. A common approach has been to
systematically vary an amplitude compression setting,
such as the compression ratio.21 Typically, fast attack and
release times were used, in conjunction with a fixed knee
point. Sometimes the gain across frequency was set to a
prescriptive procedure but otherwise a high and audible
presentation level was used. For adults, such a procedure
has been documented to degrade speech recognition for
consonants, vowels, words, and sentences—both in quiet
and in noise.15,21,22 The lowest compression ratio that
resulted in poorer performance varied across studies and
ranged from 3:1 to 5:1.

A problem with studies that used a high knee point or
compression ratio is that audibility and distortion varied
across subjects in a way that it does not normally with
prescribed hearing aids fitted in clinical settings. Instead,
the compression parameters are often set as specified by a
prescriptive procedure, such as the National Acoustic Labo-
ratories’ nonlinear fitting procedure versions 1 and 2 NAL-
NL1, NAL-NL223: CAM2,24 or the Desired Sensation Level
multistage input/output algorithmDSLm[i/o]25; Knee points
and compression ratios reported for CAM2, DSL m[i/o], and
the nonlinear versions of NAL and have ranged from 30 to
70 dB SPL and 1.0 to 3.1, respectively, with higher knee points
and compression ratios being prescribed for children, higher
frequencies, and greater hearing loss.25,26

Another approach is to systematically vary the compres-
sion speed, but otherwise use knee points, compression
ratios, and gains as prescribed by a prescriptive proce-
dure.2,20,27–30 With such an approach, the use of a fast
compression speed can improve speech recognition in quiet,
especially for low-level inputs.12,31 In noise, Moore et al32

observed better sentence recognition with fast than slow
compressionwhen using 8 or 16 channels of compression. No
difference between compression speeds was observed when
using four channels of compression. Paradoxically, Alexander
and Masterson20 observed better sentence recognition with
fast compression for four channels but not for 8 or 16
channels. Several other studies did not observe a change in
speech recognition between different compression
speeds.2,27–29 Any number of methodological differences
may have contributed to the varying results across studies,
including the use of adaptive compression by Rallapalli and
Alexander28 or adjusting the gain prior to instead of after
compression amplification.27 Regardless of the reason for
differing results across studies, it appears that fast compres-
sion when fit using a prescriptive procedure can improve
speech recognition relative to a slower compression speed or
linear amplification.

It is necessary to assess the effect of different compression
speeds on speech recognition for children with SNHL. Chil-
dren with SNHL have poorer temporal resolution,33 children
are more suspectable to temporal distortions than adults,34

and children place greater reliance on dynamic acoustic
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cues.35 Consequently, children with SNHL might be more
susceptible to the temporal distortion introduced by a faster
release time than adults with SNHL. As noted above, children
with SNHL are prescribed higher compression ratios than
adults with SNHL. The use of higher compression ratios for
children with SNHL could have an unintended consequence.
Specifically, the use of faster release times could have a
greater decrement on speech recognition when using a
prescriptive procedure derived for children.

While studies are mixed, only one study found a detri-
ment of fast acting compression relative to linear amplifica-
tion for children’s perception of acoustics patterns in
speech.36 Most studies observed better perception for a
variety of speech stimuli, including sentences in quiet and
words in quiet and noise37,38 While Liu et al39 observed
better sentence recognition in noise with adaptive than fast
acting wide-dynamic range compression (WDRC), a differ-
ence in sentence recognition in noise was not observed
between slow and fast compression by Brennan et al.2 Possi-
bly the use of a faster-acting WDRC or adaptive compression
by Liu et al contributed to the divergent result relative to
Brennan and colleagues.

Effect of Reverberation
Due to the importance placed on being able to communicate
in reverberant environments,7,9 it is necessary to understand
the effect of different release times on speech recognition in
reverberation. Reverberation results in temporal smearing of
both the desired signal and any undesired noise, resulting in
decreased modulation depth of both speech and noise40 and
increased temporal distortion.41 Reverberation also results
in a smaller difference in SNR between different release
times.16

Several studies have examined the influence of different
amplitude compression parameters on speech recognition in
reverberation.16,28,29,41–44 Only Rallapalli and Alexander28

and Reinhart et al44 included noise and none examined
children. The studies by Reinhart and colleagues examined
the recognition of nonsense syllables and sentences in
simulated rooms with different reverberation times (0, 0.5,
1, 2, and 4 s). They used a hearing aid simulator with six
frequency filter bands, 45 dB SPL kneepoint threshold, 2.1 or
3:1 compression ratio, 10 milliseconds attack time, and four
different release times (12, 90, 800, and 1,500ms). Partic-
ipants recognized more words41 and sentences43 in rever-
beration as release time was increased. In contrast to the
findings of Reinhart and colleagues, studies by Novick et al29

Shi and Doherty42 and Rallapalli and Alexander28 observed
that sentence recognition in several reverberant environ-
ments did not differ for the tested amplitude compression
release times (40-, 90-, 160-, 320-, 640-, and 1,500ms).
Although Rallapalli and Alexander used a fixed 2:1 compres-
sion ratio, the compression knee points were set to the levels
of the long-term average speech spectrum and Novick et al
and Shi and Doherty set the compression knee points and
ratios to either the manufacturer’s (Oticon, Smørum,
Denmark) proprietary algorithm or to the NAL-NL1
prescription.

Thus, it appears that studies to date that examined the
effect of reverberation and used a common clinical proce-
dure observed no difference in the ability to correctly repeat
sentences across a variety of release times. In contrast,
studies that used a high knee point and compression ratio
observed an effect of the release time on speech recognition.
However, prescriptive procedures, such as DSL m[i/o], pre-
scribe lower knee points and higher compression ratios for
children25 and children are more suspectable to temporal
distortions than adults.34 Consequently, even when fit using
a prescriptive procedure, an effect of a faster release time on
speech recognition in a reverberant environment may be
more apparent for children with SNHL compared with pre-
vious research with adults.

Indices of Audibility, Temporal Distortion, and
Spectral Distortion
Due to the complex relationship of amplitude compression
parameters on acoustic cues and speech recognition, there is
interest in developing indices of audibility, temporal distor-
tion, and spectral distortion that correlate with behavioral
data.45–47 The validation of such indices would be useful for
two reasons. First, such indices could assist clinicians in
selecting appropriate release times for their patients. Sec-
ond, these indices can be used to assess the contribution of
differing effects of audibility, temporal distortion, and spec-
tral distortion to changes in speech recognition with rever-
beration and different release times.

Procedures include indices of audibility, temporal distor-
tion, and SNR.19,45,48,49 Indices of audibility, such as the
speech intelligibility index (SII), can predict differences in
speech recognition across listeners in quiet and noisy con-
ditions and can account for variations in speech recognition
between different amplitude compression settings.50 To
accurately predict speech recognition in reverberation, indi-
ces that quantify temporal distortion, such as the envelope
difference index (EDI) or Hearing-Aid Speech Perception
Index (HASPI), are hypothesized to better predict perfor-
mance than indices that do not quantify temporal distortion.
The EDI quantifies temporal distortion to the waveform
envelope, with higher values indicting greater temporal
distortion. Along with temporal distortion, the HASPI also
quantifies spectral distortion and audibility of the speech
signal. In general, increased audibility increases HASPI val-
ues; however, changes to the temporal envelope or nonlinear
deviations from the original spectrum decrease the values.
Unlike the SII, HASPI does not account for the reduction in
speech recognition associated with excessively high presen-
tation levels (i.e., level distortion factor). Consequently,
regardless of the output level or degree of hearing loss, the
HASPI predicts 100% recognition of speech once a sufficient
SNR is achieved.51

Without considering the effects of reverberation, the EDI
and HASPI predict poorer speech recognition with faster
release times relative to slower release times.13,45,52 Both the
EDI and HASPI can accurately predict changes in speech
recognition for different amplitude compression param-
eters.20,45,46 However, Alexander and Masterson20 also
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observed that the amplitude compression parameters that
resulted in the best sentence recognition (four channels with
a fast release time) did not result in the most favorable EDI.
EDI and HASPI values decrease in the presence of reverbera-
tion due to temporal distortion and HASPI values appear to
accurately predict decreased speech recognition with longer
reverberation times.41,53,54 The decreased nonsense syllable
recognition with faster release times and longer reverbera-
tion times observed by Reinhart et al41 was accurately
captured by the EDI. Most studies that evaluated the EDI
or HASPI used fixed amplitude compression param-
eters41,45,46,54 or did not measure speech recognition in
reverberation with amplitude compression.52,53 Only Alex-
ander andMasterson20 used amplitude compression param-
eters set to a prescriptive procedure. Thus, it is unclear the
extent to which predictions of speech recognition with the
EDI or HASPI extend to conditions with knee points and
compression ratios set based on a prescriptive procedure.

Summary, Purpose, and Hypotheses
The first purpose of this study was to document, using
hearing aid and reverberation simulators, the effect of differ-
ent release and reverberation times on the recognition of
nonsense syllables for children and adults with SNHL. The
following hypotheses were made:

1. Nonsense-syllable recognition will increase as the rever-
beration time is decreased.

2. Due to less temporal distortion, nonsense-syllable recog-
nition will increase with a slower release time.

3. Because the pediatric version of DSL m[i/o] prescribes
higher compression ratios,25 the difference in nonsense-
syllable recognition by release timewill be larger with the
pediatric than with the adult version of DSL m[i/o].

4. Because children relymore on acoustic cues than adults,34

children will show a greater benefit with a slower release
time than the adult participants.

The second purposewas to determine the contributions of
audibility, temporal distortion, and spectral distortion to
changes in nonsense syllable recognition with changes in
the release and reverberation times. It was hypothesized that
an index that incorporated audibility, temporal distortion,
and spectral distortion (HASPI) would better predict non-
sense-syllable recognition than indices that only incorporat-
ed audibility (SII) or envelope distortion (EDI).

Method

Participants
The data were collected at Boys Town National Research
Hospital under approval from the Institutional ReviewBoard.
Assent or consent was obtained, and participants received
$15 an hour, with a typical 1- to 2-hour study visit duration.
Participants underwent otoscopy followed by pure-tone
threshold audiometry at all octave frequencies and 6 kHz—
following the procedures of American Speech-Language-
Hearing Association.55 Participants were split into two
groups: 20 children with SNHL (age in years: range¼6–17,

mean¼11) and 16 adults with SNHL (age in years: range
¼51–68, mean¼62). Audiometric thresholds are shown
in ►Fig. 1. A repeated measures analysis of variance indicat-
ed that audiometric threshold differed significantly by test
frequency (F[6,476]¼9.4, p<0.001) but did not differ sig-
nificantly by test ear (F[1,476]¼0.04, p¼0.845) or age group
(F[1,476]¼0.2, p¼0.660) and none of the higher order
interactions were significant (p>0.05). Age of identification
for the children ranged from birth to 7 years (mean¼2.3
years) and all the childrenwith SNHL were hearing aid users.
In the adult group, age of onset for hearing loss ranged from
birth to 63 years (mean¼42 years) and eight of the adults
were hearing aid users. All used spoken English as their
primary language and all of the childrenwere inmainstream
classrooms.

Equipment and Stimuli
Equipment consisted of a double-walled sound-attenuating
room (where all experimental testing took place), Knowles
Electronics Manikin for Acoustic Research (KEMAR) with an
IEC 711 coupler (GRAS Sound & Vibration, Holte, Denmark),
personal computer, RME Babyface sound card (Haimhausen,
Germany), PreSonus HP4 headphone distribution amplifier
(Baton Rouge, LA), and Sennheiser HD-25 (Wedemark,
Germany) headphones.

Stimuliwere 693 consonant-vowel-consonant nonsense syl-
lables fromMcCreeryandStelmachowicz56withmeanduration
of 0.74 seconds (range¼0.51–1.1). Following the procedure of
Reinhart et al41 these nonsense syllables were convolved with
impulse responses for a 5.7 m by 4.3 m by 2.3 m roomwith the
sound source 1.4 m from the subject. The impulse responses
were derived using the real-time spatial audio processor (Spat,
https://forum.ircam.fr/projects/detail/spat/) implemented in
the Max 6 programming language. The reverberation was
simulatedwithtwolayers.Thefirstusedanimage-sourcemodel
calculation to present first- and second-order reflections.
The second layer used a randomized combfilter tail to generate
thedecayof the late reflection. These two layerswere combined
to simulate a 0-, 0.5-, and 1-second reverberation time. The 0-
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Fig. 1 Audiometric thresholds for the participants. Age group is
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second reverberation time condition corresponds to an anecho-
ic chamber and these times encompass the range of reverbera-
tion times measured previously in classrooms.57–59

Amplification
Stimuli were amplified bilaterally using a previously de-
scribed hearing aid simulator implemented in MATLAB
2015b.2 Thresholds in hearing level were converted to sound
pressure level using a conversion factor for KEMAR and
entered into the DSL m[i/o] program. The stimulus used to
measure hearing aid output consisted of the “carrot passage”
from the Verifit electroacoustic system (Audioscan, Dor-
chester, Ontario) set to the long-term average speech spec-
trum,60with an overall level of 60 dB SPL. Hearing aid output
was measured for one-third octave bands.61 Hearing aid
output was estimated by first measuring the one-third
octave band output levels with the hearing aid stimulator
(i.e., the input levels to the headphones) and then adding a
previouslymeasured conversion factor. This process estimat-
ed the hearing aid output levels for Sennheiser HD-25 head-
phones attached to KEMAR.When DSLm[i/o] prescribed less
output than the input level the output was instead set to
LTASS. Otherwise, the estimated output for the long-term
average speech spectrum on KEMARwas set towithin 5dB of
the DSL m[i/o] target from 250 to 8,000Hz for most partic-
ipants. Hearing aid output was set individually for each ear
and using the pediatric and adult versions of the algorithm
for the children and adults with SNHL, respectively. Due to
the severity of hearing loss for several participants and
because gain was limited to 65dB, output deviated by
more than 5dB for some of the participants. The mean
absolute fit-to-target differences were 2.7, 2.2, 1.0, 0.7, 1.1,
0.4, and 2.4 dB for 0.25, 0.5, 1, 2, 4, and 8 kHz, respectively.

Following a similar procedure to that of Reinhart et al41

three different release times—12-, 90, and 1200milliseconds
—were used. The attack timewas always 10milliseconds. The
compression ratio used in each filterbank channel was that
prescribed by DSLm[i/o] and themean compression ratio for
the frequencies 0.5, 1, 2, 4 kHz, respectively,were 1.2, 1.3, 1.4,
and 1.6 (adults) and 1.5, 1.8, 1.9, and 1.9 (children). Other-
wise, the hearing aid settings were the same as those used by
Brennan et al2 and included the same eight-channel filter-
bank and 10:1 output limiter.

Procedure
The nonsense syllables were presented bilaterally at 60dB
SPL to the input of the hearing aid simulator. The presenta-
tion level was calibrated in a 6 cc coupler to the root-mean-
square of the concatenated nonsense syllables. For each
participant, 450 nonsense syllables were randomly assigned
to one of nine conditions (three reverberation times� three
release times), for 50 nonsense syllables per condition. An
additional 10 randomly selected nonsense syllables were
used for practice. Practice was always with the 0-second
reverberation time. Practice for each participant was con-
ducted using a randomly chosen release time. The examiner,
who was the third author, was seated adjacent to the
participant. Responses for each nonsense syllable were

then scored as incorrect or correct by the examiner. Feedback
was not provided to the participants and the order of
conditions was randomized for each participant.

Speech Intelligibility Index, Envelope Difference
Index, and Hearing Aid Speech Perception Index
UsingMATLAB 2019a the SII, EDI, and HASPI were calculated
for each individual stimulus, within each reverberation and
release time condition. The maximum value across the two
ears was selected and then averaged across stimuli to com-
pute an overall mean for each subject. For SII, participant
thresholds in dB SPL were linearly interpolated to the center
frequencies for one-third octave filters, adjusted to account
for the internal noise spectrum and transformed to one-third
octave band levels. The SII was then calculated following the
one-third octave band procedure, using the standard band
importance function and level distortion factor, described by
the American National Standards Institute.48 The EDI was
calculated following the procedure detailed by Jenstad and
Souza.45 Each stimulus was rectified, low-pass filtered using
a Butterworth filter at 50Hz, downsampled to 1 kHz and
scaled by the mean amplitude. The difference in amplitude
between the compressed and uncompressed stimulus for
each sample was calculated and then divided by the total
number of samples times two. The uncompressed stimulus
was each nonsense syllable amplified with linear amplifica-
tion in the 0-second reverberation time condition. HASPI
version 2 values were calculated usingMATLAB code provid-
ed by the developers.54 The reference stimulus was each
unaided nonsense syllable (60 dB SPL) for the 0-second
reverberation time. SII, EDI, and HASPI values can range
from 0 to 1. Higher values with the SII and HASPI indicate
better audibility and intelligibility, respectively. Lower val-
ues with the EDI indicate less temporal distortion.

Analyses
Outcome variables included proportion correct nonsense
syllable recognition, SII, EDI, and HASPI values. A series of
linear mixedmodels with random intercepts for each subject
were then completed to answer each of the following re-
search questions:

(1) Does release time, reverberation time, or age group
affect nonsense syllable recognition?
(2) Do indices that incorporate audibility, temporal dis-
tortion, and spectral distortion (HASPI) better predict,
relative to audibility (SII) or temporal distortion alone
(EDI), individual changes in nonsense syllable recognition
for different release or reverberation times?

As recommended by Richardson62 the order of conditions
was included in each statistical model; however, for simplicity,
is otherwise not reported.Model fits and statistical significance
were evaluated by comparing Akaike’s information criterion
(AIC) and computing the χ2 change, respectively. The AIC is a
goodness-of-fit measure that accounts for the number of
parameters in amodel, with smaller values representing better
fit. The χ2 change was computed by subtracting the log-likeli-
hood of the statistical model with values from an index (e.g.,
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HASPI) to that of a statistical model without the values from an
index. For simplicity, only significant interactions were
reported. For reviews and examples of the application of linear
mixed-modeling in speech and hearing science, see Oleson
et al63 and Walker et al.64

Results

►Fig. 2 depicts proportion correct nonsense syllable recog-
nition for the adults (top panel) and children (bottom panel).
The potential effects of reverberation time, release time, and
age group were evaluated using a linear mixed effects model
and is shown in ►Table 1. Relative to the 0-second reverber-
ation time condition, mean nonsense syllable recognition for
the adults decreased significantly by 0.13 (SD¼0.07) and
0.14 (SD¼0.06) for the 0.5- and 1-second reverberation time
conditions, respectively. Nonsense syllable recognition did

not change significantly from the 12- to 90- or 1,200 milli-
seconds release times (p¼0.971 and 0.456, respectively) and
did not differ significantly for the child and adult participants
(p¼0.671). While not hypothesized, mean nonsense syllable
recognition from the 0- to 0.5- and 0- to 1-second reverber-
ation time decreased by less for the children (M¼0.7) than
the adults, and these smaller decreases in nonsense syllable
recognition with the addition of reverberation for the chil-
dren relative to the adults were statistically significant (p
�0.045). None of the interactions of the reverberation time
with release time conditions were significant.

►Table 2 contains the bivariate relationships of the predic-
tor and independent variables. Due to the lack of a significant
effect of the release time condition, index values and nonsense
syllable recognition were averaged across the three release
times. Nonsense syllable recognition was significantly corre-
lated with SII and HASPI for all three reverberation time
conditions, but there was no relationship with the
EDI. ►Fig. 3 compares the SII, EDI, and HASPI values to
nonsense syllable recognition. Lines depict the predicted
nonsense syllable recognition, generated from each linear
mixed model. SII, EDI, and HASPI values were similar for the
adult and child participants. While SII values did not differ by
reverberation time, HASPI values decreased with the addition
of reverberation by a mean of 0.27 and EDI values increased
with reverberation by a mean of 0.16. EDI and HASPI values
varied by release time, with amaximummean change of 0.05.

Models were compared by computing the χ2 change,
which subtracted the log-likelihood of a linear mixed effects
model with the SII, EDI, or HASPI to that of a linear mixed
effects model without the additional predictor variable.
Because there was not a significant effect of release time,
release time was not included as a fixed effect. Including the
SII significantly improved the fit of the model (χ2(6)¼77.4,
AIC¼�666.2, p <0.001). As SII increased, nonsense syllable
recognition increased by a model estimated 0.155 for each
0.1 unit increase in SII (95% CI: 0.102, 0.209, p<0.001). There
was also a significant main effect of the reverberation
times and a significant interaction of the 0.5-second rever-
beration time with SII (95% CI: 0.034–0.772, p¼0.032). The
significant interaction was due to the slope between SII and
nonsense syllable recognition being significantly steeper for

Table 1 Linear mixed effect model evaluating effects of age group, reverberation time, and release time on speech recognition.
Correct recognition of nonsense syllables decreased in reverberation

Main effects and interactions Estimate Standard error t-Value p-Value

Intercept 0.621 0.047 13.285 <0.001

Adult vs. child 0.026 0.062 0.425 0.671

0- vs. 0.5-s reverberation time �0.149 0.026 �5.667 <0.001

0- vs. 1-s reverberation time �0.162 0.026 �6.172 <0.001

12- vs. 90ms release time �0.001 0.026 �0.036 0.971

12- vs. 1,200ms release time �0.020 0.026 �0.746 0.456

Child�0.5-s reverberation time 0.071 0.035 2.015 0.045

Child�1-s reverberation time 0.086 0.035 2.455 0.015

Abbreviations: Bold, p< 0.05; NH, “normal” hearing, SNHL, sensorineural hearing loss.

Fig. 2 Nonsense syllable recognition for the adults (top panel) and
children (bottom panel). The release time is indicated by the legend.
Nonsense syllable recognition decreased from the 0- to 0.5 and 1-
second reverberation times. Box plots are shown in the same manner
as in ►Fig. 1.
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Table 2 Correlation matrix

0-s reverberation time 0.5-s reverberation time 1-s reverberation time

Score SII EDI Score SII EDI Score SII EDI

SII 0.872��� 0.851��� 0.835���

EDI 0.290 0.362� 0.164 0.257 0.063 0.050

HASPI 0.713��� 0.679��� 0.350� 0.850��� 0.868��� 0.224 0.832��� 0.878��� 0.012

Abbreviations: Bold, p <0.05; EDI, envelope difference index; HASPI, Hearing Aid Speech Perception Index by reverberation time condition; Score,
correlation of nonsense syllable recognition; SII, speech intelligibility index (SII). Note: �<0.05; ���p<.001.
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the 0.5- than 0-second reverberation time. Specifically,
participants with a lower SII had a larger decrease in non-
sense syllable recognition from the 0- to 0.5-second rever-
beration time than participants with a higher SII. None of the
other interactions were significant. In contrast to the SII
values, nonsense syllable recognition did not vary with
individual variations in EDI values and including the EDI
did not significantly improve the fit of themodel (χ2[6]¼5.5,
AIC¼�594.2, p¼0.483).

While including the HASPI (χ2[6]¼24.9, AIC¼�613.6, p<
0.001) significantly improved thefit of themodelwithout the
HASPI, the resultant AIC was higher (poorer) than the model
with SII. As HASPI values increased, nonsense syllable recog-
nition increased by amodel estimated 0.158 for each 0.1 unit
increase in HASPI (95% CI: 0.061–0.332, p¼0.005). However,
as observed in ►Fig. 3 nonsense syllable recognition in-
creased as HASPI values increased but only when proportion
correct was less than 0.5 approximately. None of the other
main effects or interactions were statistically significant.

Discussion

The present study evaluated the effect of three different
reverberation (0, 0.5, 1 s) and release (12, 90, 1,200ms) times
on nonsense syllable recognition for children and adults.
Contributions of audibility (SII), temporal distortion (EDI),
and combined audibility, temporal distortion, and spectral
distortion (HASPI) to nonsense syllable recognition were
estimated. These effects were evaluated because reverbera-
tion is known to be challenging for listeners3 and fast release
times are argued to impair perception in reverberation.41

Prior work has focused on the effects of reverberation and
release time for adults; however, children commonly receive
academic instruction in reverberant environments and chil-
dren might be more susceptible to temporal distortion. This
workextended prior work by documenting the contributions
of audibility, temporal distortion, and spectral distortion to
individual differences in nonsense syllable recognition in
reverberation.

For these participants with SNHL, nonsense syllable rec-
ognition was reduced by 11-percentage points with rever-
beration than without, and this difference was statistically
significant. Children with SNHL were less affected by rever-
beration than adults with SNHL. There was not a significance
effect of release time—for either the child or adult partic-
ipants—on nonsense syllable recognition, nor was there a
significant interaction of reverberation time with release
time. Individual differences in audibility (SII) strongly con-
tributed to individual differences in nonsense syllable rec-
ognition and individuals with less audibility experienced a
larger decrement in nonsense syllable recognition from 0- to
0.5-second reverberation time condition.

Reverberation
The findings of the present study are consistent with previ-
ous work suggesting that listeners with SNHL are signifi-
cantly impacted by reverberation.8,65 Nonsense syllable
recognition decreased by approximately 0.14 for the adults

but only by 0.09 for the children. While children are more
susceptible to temporal distortion during a psychoacoustic
task,34 this finding seemingly does not support the notion
that children with SNHL are more susceptible to temporal
distortion when perceiving speech with reverberation. Here
we consider the possible contribution of audibility and
presbycusis. Because higher audibility positively impacts
speech recognition in reverberation,8 greater audibility
with amplification for the children may have reduced the
negative impact of reverberation and allowed for greater
access to the speech signal, even in the presence of reverber-
ation. However, the mean SII was not higher for the children
than adults. Nor was this age difference predictable from the
EDI or HASPI, as the mean change in EDI and HASPI values
with reverberation were similar for the children and adults.
Instead, aging is known to cause systemic changes, including
less inhibition throughout the auditory system, undersam-
pling due to loss of neurons, and less regulation of outer hair
cell function.66 Changes in the neural coding of temporal and
spectral informationwith age have been observed for simple
stimuli, including synthesized /da/, /b/ and /p/.67,68 Some of
these changes in neural coding are thought to underlie
deficits in echoic memory and contribute to poorer recogni-
tion of phonemes for older adults.67,69 Possibly, these effects
of aging on the auditory system contributed to the older
adults showing a greater decline in performance with rever-
beration than the children. Replication of this effect is
necessary, however, before these findings can be extrapolat-
ed to the general population.

The changes in nonsense syllable recognition as a function
of the reverberation condition were paralleled by the changes
in the EDI and HASPI values. Specifically, both nonsense
syllable recognition and EDI and HASPI values decreased
from the 0- to 0.5-second reverberation time condition but
showed minimal difference between the two reverberant
conditions. In contrast, as expected, the SII did not vary across
the three reverberation time conditions. Reverberation is
known to temporally and spectrally smear the individual
phonemes in speech. Therefore, the EDI appears to capture
these temporal distortions and the HASPI appears to capture
both the temporal and spectral distortions caused by rever-
beration. The decrease in HASPI values with reverberation
observed in this study is consistent with the HASPI measure-
ments made by Muralimanohar et al.53 A modification of the
SII that accounts for early relative to late reflections may have
better captured individual differences in the relationships
between audibility and speech recognition.

Although the changes in EDI and HASPI values between the
different reverberation conditions coincided with the changes
in nonsense syllable recognition, it was observed that the SII
best predicted individual nonsense syllable recognition.
Increases in SII values corresponded with increased nonsense
syllable recognition for each reverberation time condition. In
contrast, individual variability in EDI values did not correspond
to individual variability in nonsense syllable recognition—for all
three reverberation timeconditions. BecauseHASPIvalueswere
at or near ceiling (>0.8) for the 0-reverberation time condition,
HASPI values over predicted performance for this condition.

Journal of the American Academy of Audiology Vol. 33 No. 3/2022 © 2022. American Academy of Audiology. All rights reserved.

Influence of Audibility and Distortion on Speech Recognition Brennan et al. 177

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



This over prediction may have been due to the lack of a level
distortion factor. Even for the conditions with reverberation,
individual changes in HASPI values did not correspond well to
individual differences in nonsense syllable recognition, except
perhaps for the participantswith nonsense syllable recognition
less than approximately 0.5. A more consistent relationship of
HASPIvalues tosentence recognitionwasobservedbyKatesand
Arehart.54Numerousmethodological differences could account
for these disparate results, including the fact that theHASPIwas
updated to better model their reverberation data and, conse-
quently, would not be expected to model a new set of data as
well and the use of longer, by 2seconds, reverberation time by
Kates and Arehart. To better account for the nonlinear relation-
ship of HASPI values to nonsense syllable recognition, we
considered log transforming the HASPI values. However, be-
cause one purpose of this study was to examine the predictive
valueof theHASPI relative to theSII andEDI, this transformation
was not completed. These data, then, suggest that while indices
of temporal or spectral distortion can capture the effects of
reverberation on temporal and spectral cues, individual suscep-
tibility to reverberation was best predicted by SII. Thus, the
results presented herein are consistent with the notion that
reduced audibility (due to greater hearing loss) is associated
with a poorer ability to extract temporal and spectral cues from
speech,70,71 making such individuals more susceptible to the
deleterious effects of reverberation on temporal and spectral
cues.

Release Time
In the present study, changing the release time of amplitude
compression did not impact nonsense syllable recognition
and the effect of release time on this measure did not differ
by reverberation time. This finding did not support the
hypothesis that children are more susceptible than adults
to temporal distortion created by a fast release time. Note
that the children were fit to DSL-child, which prescribed
higher compression ratios than the DSL-adult procedure
used for the adults. To the extent that higher compression
ratios negatively impact speech recognition, a larger effect of
manipulating the release time on nonsense syllable recogni-
tion might have been expected for the children than adults.
Instead, release time did not have an effect on both the child
and adult participants. Such a finding does not support the
notion that the increased compression ratios associatedwith
DSL-Child relative to DSL-Adult lead to greater temporal
distortion, which in turn, cause a greater negative effect of
a fast release time on speech recognition. Instead, the
changes in EDI and HASPI values from the slowest to fastest
release time were similar for the children and adults. Incon-
sistent with the effect of release time on nonsense syllable
recognition, EDI values decreased and HASPI values in-
creased as the release time increased. However, the changes
in values were a maximum of 0.05 and, based on prior
work,45 not likely to impact perception. The changes in the
EDI and HASPI values as the release time changed are
consistent with the designs of the EDI and HASPI. Specifical-
ly, deviations from the original temporal envelope, especially
for low- and mid-levels with the HASPI, are penalized.

Although, this experiment did not explicitly test the effect
of varying the compression ratios on nonsense syllable
recognition, the lack of a change in nonsense syllable recog-
nition with release time when using individual compression
ratios is consistent with extant work. Specifically, the data
were consistent with previouswork in adults,29,42where the
compression ratios were prescribed for each participant
based on the degree of hearing loss and contrasts with
work that used the same high 2.1:1 or 3:1 compression ratio
for all participants.41,44 While using the same compression
ratio for all participants induces greater temporal and spec-
tral distortions, leading to poorer SNR in reverberation16 and
greater variance in audibility across listeners, studies that
have used compression ratios prescribed for each participant
suggest that these distortions caused by a fast release time
are insufficient to affect perception.

Additional considerations include the choice of stimuli, pre-
sentation level, and number of compression channels. The use of
nonsensewordsmayhave limited the effect of changes in release
timeonaudibilityanddistortion.Due tobeing longer induration,
sentences providemore opportunities to engage the compressor
and therefore larger differences in performance might be
expected. However, given that Shi and Doherty42 and Novick
et al29 also used sentences butdidnotobserve anegative effectof
fast compression suggests otherwise. Instead, their findings
support the argument that—when using compression ratios set
to a prescriptive procedure—the negative effect of a fast release
time on perception is at best negligible.

Several studies have compared amplitude compression to
linear amplification. As the presentation level decreased,
larger increases in the correct recognition of words with
amplitude compression amplification relative to linear am-
plification occurred.12,72 This benefit of amplitude compres-
sion amplification is presumably due to greater gain at
lower- relative to higher input levels, which in turn improves
low-level audibility.45 Consequently, differences in perfor-
mance across various release times might be observed when
using a lower presentation level than the 60dB SPL presen-
tation level used in the current study.

Conclusion

The present study advances our understanding of the influence
that reverberation and release time have on speech recognition.
Relative to recent work, this study used compression ratios
derived from the DSL m[i/o] prescriptive procedure. Due to the
use of lower compression ratios, it was hypothesized that the
negative effect of release time on performance that was previ-
ously observed would be smaller. Consistent with this view, an
effect of the release time on proportion-correct recognition was
not observed. While reverberation decreased nonsense syllable
recognition, the lack of an interactionwith release time indicates
that a fast release time, when using a prescriptive procedure,
should not impact speech recognition for children or adults with
SNHL. Theworkherein also suggests thatdifferences in audibility
contributedthemost to individualvariability innonsensesyllable
recognition and that reverberation has a larger negative impact
for individuals with a lower SII value.
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